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ABSTRACT 

A representative sample of 12 extended quasars from the 3CR catalog has been imaged at 4.9 GHz using 
the VLA. These full synthesis observations typically achieve an rms noise of 20 ¡jJy per beam, at a 
resolution (FWHM) of 0'.,34 to 0''38. Jets are detected on at least one side of every source. The jets are well 
collimated compared with those in less powerful sources, but spreading is detected in most of them. The 
opening angles of several jets are not constant, but show recollimation after an initial regime of rapid 
spreading. Many of the jets contain quasiperiodic strings of knots, of which the knot closest to the central 
feature is usually the brightest (until the jet nears its hot spot). The degrees of linear polarization at the jet 
knots range from <5% to —50%, but show no common trend with distance along the jets. In knots that are 
elongated in directions close to that of the jet, the E vectors tend to be orthogonal to the jet axis. The 
exceptions—misaligned knots with misaligned polarizations—tend to be bright features near large bends in 
the jets. Many of the jets are initially straight to within a few degrees, but bend more in the outer part of 
the source. The prominence of the inner, straighter jet segments relative to the extended lobes correlates 
significantly with the prominence of the milliarcsecond-scale central features, but the prominence of the 
more bent jet segments does not. Candidates for counteijet emission are detected in seven sources, but there 
is no unambiguous, continuous counterjet in any of them. Estimates of the flux density ratios between the 
straighter jet segments and the counterjets based on these tentative detections range from 1.2:1 to >175:1. 
There is no evidence in this sample that counterjet detectability correlates with such putative inclination 
indicators as central feature prominence or projected linear size. There is also no evidence that the 
prominence of the counterjets anticorrelates with that of the jets as predicted by simple relativistic-beaming 
models for the jet/counterjet asymmetry. There is, however, strong evidence that large bends in the main jet 
favor counterjet detection, and there are no counterjet candidates opposite long, uninterrupted straight 
segments of the main jets. The detectability of the counterjets in these quasars may therefore be strongly 
influenced by interactions between the underlying beams and inhomogeneities in the surrounding material. 
We offer a new empirical definition of the term “hot spot” that is intended to improve the distinction 
between such features and “jet knots.” Both the compactness of hot spots and their position in the lobe are 
affected by whether they are fed by a detectable jet. When the hot spots differ significantly in compactness, 
the more compact one is always on the jetted side. Jetted hot spots are also more likely to be recessed deeply 
from the outer edge of their lobes than are their counteijetted counterparts. The jetted hot spot is less 
prominent relative to other extended emission if the jet bends through a large angle, particularly if a large 
bend occurs abruptly. The counteijetted hot spot is also less well defined if the jet is more bent. The lobes 
of several sources show considerable inhomogeneity, including filamentation. There is little difference in the 
inhomogeneity of the jetted and counterjetted lobes if the hot spots are excluded. The lobes have a common 

lrThe NRAO is operated by Associated Universities, Inc., under cooperative agreement with the National Science Foundation. 

766 Astron. J. 108 (3), September 1994 0004-6256/94/108(3)/766/55/$0.90 © 1994 Am. Astron. Soc. 766 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
94

A
J 

 1
08

. 
. 7

 6 
6B

 

767 BRIDLE ETAL.: TWELVE 3CR QUASARS 767 

linear polarization pattern, with low polarization at the center and high polarization (often reaching 40% to 
60%) near the edges. This pattern matches the expectations of models in which the magnetic field in the 
lobes is provided by passively expanding the field in the jets. The lobes in sources with promising counterjet 
candidates are often S-symmetric relative to the jet axis and their hot spots are more misaligned than in 
sources without such candidates. Counterjets may therefore be easier to detect if the jets change orientation 
during the lifetime of the source. We outline the implications of our results for various models of the 
prominence and asymmetries of central features, jets, counterjets, and hot spots. The correlations between 
the prominence and sidedness of the large-scale straight jet segments and of the small-scale central features 
favor models in which the kiloparsec-scale jets initially have bulk relativistic velocities. The slope of the 
prominence correlation is less than expected if the larger-scale jets have characteristic Lorentz factors as 
high as those in the milliarcsecond-scale features, however. This result is fragile within our small sample, 
but other aspects of our data also suggest that another phenomenon, closely coupled to jet bending, helps 
to determine the prominence of features far from the central region. Overall, our data favor “tired jet” 
models in which the average jet velocity decreases with increasing distance from the central object. This 
makes it harder for the simplest relativistic-jet models to account for the systematic differences in 
compactness and placement of jetted and counterjetted hot spots. The models may need refinement to 
include a range of Lorentz factors in the jets at any given distance from the quasar. 

1. INTRODUCTION 

Although many extended extragalactic radio sources with 
powers >1025 WHz-1 at 1.4 GHz have two-sided large- 
scale structures (the “classical double” morphology), the ra- 
dio jets in these sources are overwhelmingly one-sided (e.g., 
Bridle 1984). It is important to understand why the jets ap- 
parently break the brightness symmetry of the lobes so 
strongly in the powerful extended sources. 

There are at least three interpretations of the apparent 
one-sidedness of the jets in the powerful sources. These cor- 
respond to three (not necessarily mutually exclusive) views 
of the energy transport processes: 

(1) There is a beam on the dark side that is intrinsically 
identical to the beam on the bright side, but its synchrotron 
emission is directed away from us by bulk relativistic motion. 
On this view, the “one-sidedness” of the jets in powerful 
sources implies that the beam velocities remain at least 
mildly relativistic to kiloparsec scales. This is a simple ex- 
trapolation to larger scales of the popular models for one- 
sidedness and superluminal motion in parsec-scale jets (e.g., 
Rees 1978; Blandford & Königl 1979; Scheuer & Readhead 
1979). 

(2) There is an active beam on the dark side but its syn- 
chrotron emissivity is low, i.e., the energy pipeline is more 
efficient on the dark side than on the bright side. On this 
view, the two beams may transport the same power, but the 
beam on the dark side may (for example) interact less with 
surrounding gas, or may contain fewer relativistic electrons 
or a different magnetic field strength and configuration, than 
the other. On this view, the brightness asymmetries of jets in 
powerful sources may be induced by asymmetries in the en- 
vironments of the beams or in their content of relativistic 
particles and fields. 

(3) Much less is happening on the apparently unjetted 
side. On this view, the brightness asymmetry of the synchro- 
tron emission from the jets results from a real asymmetry in 
the rate of energy transport by the beams on the two sides of 
the central engine. The engine intrinsically supplies less 
power, or even no power, to the “dark side.” The engine 

must therefore reverse its preference (“flip-flop”) occasion- 
ally to form sources with two similar lobes (Rudnick 1982; 
Icke 1983; Rudnick & Edgar 1984). On this view, the oppos- 
ing beams would be neither identical nor steady in time. 

We select these three possibilities for discussion not because 
they are either fully comprehensive or exclusive, but because 
they provide three convenient model extremes with which to 
compare our data. Many arguments for or against each of 
these interpretations of one-sidedness in quasar jets are in- 
conclusive because the counterjets are usually undetected 
and we cannot quantify the one-sidedness. We therefore tried 
(a) to find evidence of counterjet emission, (b) to quantify 
the jet detection rate and prominence statistics, and (c) to 
explore any systematic differences between the morpholo- 
gies of lobes on the jetted and counterjetted sides, in a 
sample of extended 3CR quasars. We used the VLA at 4.9 
GHz to make sensitive, high-resolution observations of a 
representative sample of twelve such sources. 

Section 2 of this paper describes how we selected the 
sample, and Sec. 3 details our observing strategy, calibration 
and data reduction. Section 4 presents the new images and 
introduces terminology that we use to interpret and quantify 
their main features. Section 5 derives physical parameters for 
the sources and explores correlations among them. Section 6 
discusses and summarizes our main empirical results. 

The rest of the paper discusses how our results affect 
models of energy transport in quasar radio sources. Section 7 
reviews their implications for the three classes of model out- 
lined above. Section 8 summarizes our conclusions and sug- 
gests further work. 

2. THE SAMPLE 

We selected a sample of radio quasars by the strength and 
angular extent of their extended (lobe) radio emission. Our 
initial sample was the 19 strongest quasars with largest an- 
gular sizes >10" in the revised 3CR catalog (Laing et al 
1983). We chose the angular size limit so that details of the 
source structures would be readily resolved by the ~0"35 
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Table 1. Basic properties of the observed quasars. 

IAU 3C 
NAME NAME 

nva S5
b LASC LLSd Refs to other radio data 

(mJy) (■) (h'1 kpc) 
0017+154 3C 9 2.012 18.21 490 14 57 1-5 
0133+207 3C 47 0.425 18.lv 1390 79 262 3,4,6-11 
0229+341 3C 68.1 1.238 19 780 53 228 2,8,12-14 
0710+118 3C175 0.768 16.6v 690 52 212 3,12,14 
0833+654 3C204 1.112 18.21 370 37 159 2-4,9,15-19 
0850+140 3C208 1.11 17.4v 560 14 60 2,3,9,12,16,20,21 
0903+169 3C215 0.411 18.3v 427 60 196 3,4,8,2-2,23 
1100+772 3C249.1 0.311 15.7v 800 53 149 3,4,8,9,14-16,24-27 
1137+660 3C263 0.646 16.3v 1130 51 198 3,4,8,14,17,26,28-31 
1618+177 3C334 0.555 16.4v 626 58 215 3,8,12,14,15,22,26,29,32,33 
1622+238 3C336 0.927 17.5v 830 28 118 3,4,8,34 
1704+608 3C351 0.371 15.3v 1260 75 230 2,3,8,14,35,36 
2120+168 3C432 1.805 17.96 407 15 63 3,12,13,34,37 

Notes to Table 1 
(a) Redshifts ànd visual magnitudes from Hewitt & Burbidge (1987); 

"v" connotes a known variable. 
(b) Integrated 5 GHz flux density (mJy) in 1986/87 on Baars et al. (1977) 

scale; from our VLA data or Gregory & Condon (1991), whichever is 
larger. 

(c) Largest angular size in arc seconds. 
(d) Projected largest linear size in h'1 kpc (using a Friedmann cosmology 

with Ho=100h km s’1 Mpc'1, qo=0.5) . 
References to Table 1 

(1) Kronberg, P. P., in Bridle & Perley (1984) 
(2) Laing (1981) 
(3) Miley & Hartsuijker (1978) 
(4) Pooley & Henbest (1974) 
(5) Swamp et al. (1982) 
(6) Femini et al (1991) 
(7) Vermeulen et al (1993) 
(8) Swamp et al (1984) 
(9) Burns et al (1984) 
(10) Bentley et al (1975) 
(11) Burch (1979) 
(12) Jenkins et al (1977) 
(13) Wardle, J. F. C., in Cawthorne et al (1986) 
(14) Leahy et al. (1989) 
(15) Eine & Scheuer (1980) 
(16) Laing, R. A., in Bridle & Perley (1984) 
(17) Owen et al (1978) 
(18) Owen & Puschell (1984) 
(19) Hough et al (1993) 

(20) Cawthorne et al. (1986) 
(21) Menon (1976) 
(22) Hintzen et al. (1983) 
(23) Wardle, J. F. C., Potash, R. I. & Roberts, D. H., 
private communication 
(24) Laing, R. A., private communication 
(25) Lonsdale & Morison (1983) 
(26) Wardle, J. F. C., private communication 
(27) Hough (1986) 
(28) Browne, I. W. A., private communication 
(29) Schilizzi et al (1982) 
(30) Shone et al, in Browne (1987) 
(31) Zensus et al (1987) 
(32) Wardle & Potash (1982) 
(33) Hough et al (1992) 
(34) Feigelson et al (1984) 
(35) Riley & Pooley (1975) 
(36) Kronberg et al (1980) 
(37) Swamp et al (1986) 

(FWHM) synthesized beam of the VLA’s A configuration at 
4.9 GHz. We concentrated on quasars because jets are de- 
tected more readily in quasars than in radio galaxies (Bridle 
& Perley 1984). This maximized our chance to acquire use- 
ful information about the jets, or about systematic differ- 
ences between jetted and counteijetted lobes, if no counter- 
jets were found. If counterjets were detected, new constraints 
could be placed on the alternative models for the one-sided 
appearance of most quasar jets. Because this sample is com- 
posed of quasars, it may, however, be biased toward sources 
that are oriented toward the line of sight if the optical clas- 
sification depends on orientation (e.g., Barthel 1989). Our 
concentration on sources of large angular size should partly 
compensate this possible bias toward end-on sources, but a 
parallel VLA study of extended radio galaxies whose radio 
powers are similar to these quasars has also been undertaken 
(Fernini et al 1993). 

To obtain both high sensitivity and dense coverage of the 
u,v plane, the observations were made as continuous synthe- 
ses. The sample size therefore had to be restricted to conform 
to the available observing time, so we selected a subsample 

of 12 sources from the initial 19 by considering how the 
sources fitted together into the scheduled 24 h observing pe- 
riods. The final subsample was thereby chosen for mutual 
compatibility in right ascension and declination rather than 
by any intrinsic radio property. In particular, we did not se- 
lect for or against prominence of the central features, any 
particular source morphology, or by whether a jet had previ- 
ously been detected. 

Table 1 lists basic properties of the 12 sources that we 
observed, and of 3C47, for which we obtained a deep VLA 
synthesis at 4.9 GHz from Femini et al. (1991). This sample 
of 13 sources includes all 10 3CR quasars whose largest 
projected linear sizes exceed lOOÄ-1 kpc (i/0=100Ä 
km s”1 Mpc-1, g0=0.5) at radio wavelengths. 

3. THE OBSERVATIONS AND REDUCTIONS 

3.1 Strategy 

The sources were observed for as long as possible in 
single observing sessions with the VLA’s A and B configu- 
rations. The detailed hour angle coverages and integration 
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Table 2. VLA observing log. 

Source Name Config Date 
A integ 

time (min) Config Date 
B integ time (min) 

Calib Source min (h) max (h) 
3C 9 
3C 68.1 3C175 3C204 
3C208 3C215 3C249.1 3C263 3C334 3C336 3C351 3C432 

5-May-86 29-Mar-86 29-Mar-86 4- May-86 12-Jul-87 ll-Jul-87 ll-Jul-87 ll-Jul-87 
5- May-86 11- Jul-87 

29-Mar-86 12- Jul-87 

450 327 
436 403 448 431 419 390 442 403 
478 
390 

19-Jul-86 
19-Jul-86 19-Jul-86 19-Jul-86 6-Dec-87 6-Dec-87 6-Dec-87 
6-Dec-87 19-Jul-86 6-Dec-87 

19-Jul-86 6-Dec-87 

61 269 187 
226 70 289 265 
238 183 228 
260 152 

3C 84 
3C 84 3C 84 3C 84 3C 84 3C 84 
3C 84 3C345 3C345 3C345 3C345 
3C 84 

-4.1 
-4.4 -3.0 -4.4 -5.2 
-5.1 -14.4 
1.5 -4.0 -3.7 

-2.8 
-1.9 

4.1 
1.6 4.6 2.9 2.8 
2.0 -7.1 
7.8 
3.8 4.0 4.7 
6.1 

times were dictated by the need for mutual scheduling, gen- 
erally restricting the observations to elevation angles above 
20°. (The one exception was 3C432, which was observed 
down to an elevation of 10°; for this source, the low- 
elevation data were calibrated separately using a model de- 
rived from the high-elevation data). Table 2 gives the observ- 
ing log. To maximize sensitivity, the observations were made 
with 50 MHz bandwidth in two frequency channels, centered 
on 4.835 and 4.885 GHz. The visibilities were averaged for 
20 s. This averaging time is a compromise between a short 
integration to let self-calibration track tropospheric phase 
fluctuations and a long integration to restrict the sizes of the 
data sets. The antenna delay settings were checked before 
each observing run and were reset if any offsets significantly 
exceeded 0.8 ns. 

3.2 Calibration 

All sources contained enough flux density in compact 
structure (central features, hot spots, or both) to allow self- 
calibration. Our observing strategy therefore emphasized (a) 
determining baseline-based errors and (b) minimizing gaps 
in the hour-angle coverage. The primary amplitude and phase 
calibration was interpolated from observations made every 2 
h of one of the strong sources 3C84 and 3C345, and no 
secondary calibrators near the target sources were observed. 
In poor weather, this two-hour phase calibration cycle some- 
times led to ambiguities in the phase wrap on the longer 
baselines in the A configuration. These ambiguities were re- 
solved by restricting the initial antenna phase calibration to 
baselines in the inner third of the w,i; plane. 

The assumed mean positions of the unresolved structure 
of 3C84 and 3C345 (Table 3) provide our primary position 
calibration. The uncertainties in the external phase calibra- 
tion are such that errors in the positions of individual fea- 
tures on our images relative to these mean positions for 3C84 
and 3C345 should be no worse than 0''2. 

The flux densities of 3C84 and 3C345 were referenced to 
that of 3C286 during each observing run, assuming that 
3C286 has flux densities of 7.31 and 7.26 Jy at 4.835 and 

Table 3. Reference frame for radio position calibration. 

Position (B1950.0) 
Used to Calibrate 

3C 84 03 16 29.569 41 19 51.94 3C9, 3C68.1, 3C175, 3C204 
3C208, 3C215, 3C249.1, 3C432 

3C345 16 41 17.608 39 54 10.82 3C263, 3C334, 3C336, 3C351 

4.885 GHz, respectively. The calibration of the amplitude 
scale of the images relative to these assumed values for 
3C286 should always be accurate to ^1%. 

The polarization position angle scales were calibrated us- 
ing observations of 3C286, assuming that its E vector posi- 
tion angle is 33°. The accuracy of these calibrations is ^2°. 
The on-axis instrumental polarization properties were deter- 
mined from the observations of 3C84; the individual antenna 
polarization corrections are generally accurate to better than 
0.1% and 3°. 

The NRAO’s AIPS software was used for all imaging and 
secondary (self) calibration. Preliminary images based on the 
primary (external) calibration were used to determine the po- 
sitions of the brightest compact features in each source. 
These were usually the central features and/or the peaks of 
hot spots. The positions of these features were preserved 
throughout later self-calibration cycles using the Schwab 
(1980) algorithm. CLEAN component models were fed back 
to the self-calibration procedure to refine the phase calibra- 
tion and to adjust the relative amplitude calibration of the 
antennas (without changing the mean amplitude scale). The 
B configuration data were aligned in phase with the A con- 
figuration data by referencing them in the outer u,v range to 
a well calibrated A configuration CLEAN component model. 
After this cross-calibration, the final high-resolution images 
were produced from the combined (A plus B configuration) 
data, sometimes with further iterations of self-calibration. 

For some sources, this procedure converged but failed to 
produce images whose off-source fluctuations were within 
about 50% of those expected from the thermal noise. When 
this occurred, we applied further baseline-based amplitude 
and phase corrections derived from our observations of 
3C84. These baseline-based corrections noticeably improved 
most images to which they were applied, but the principal 
limitations on dynamic range (unremovable sidelobe re- 
sponses to the strongest compact features) remained in some 
images. The remaining imperfections in the deconvolved im- 
ages therefore cannot be attributed either to antenna-based 
time-dependent calibration errors or to time-independent 
baseline-based calibration errors. Their origin is uncertain, 
but many deep high-resolution images of bright extended 
radio structures made using the VLA and the standard AIPS 
software encounter such limits. They may result from aver- 
aging the phase drifts of bright features (hot spots) far from 
the delay tracking center during self-calibration. 

3.3 Imaging 

The data were initially imaged over the whole VLA pri- 
mary beam at low resolution to locate possible confusing 
sources or unexpected large scale structure. Most of the 
sources were then imaged at high resolution over at least four 
times the area of sky containing significant emission, so that 
the images could be deconvolved with an efficient FFT-based 
CLEAN algorithm (Clark 1980—the AIPS task apcln). If 
low-resolution imaging showed significant confusion within 
the primary beam, the high-resolution images were con- 
structed in several pieces using the more CPU-intensive 
Cotton-Schwab ungridded-subtraction CLEAN algorithm 
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Table 4. VLA image catalog. 

FWHM <") 

A+B configuration   r.m.s. Peak to noise r.m.s. Figs. (kiJy) (I) FWHM (") 

B configuration r.m.s. Peak to noise r.m.s. (M-Jy) (I) 
3C 9 3C 68. 3C175 3C204 3C208 3C215 3C249. 3C263 3C334 3C336 3C351 3C432 

20 

0.34 0.37 0.37 0.35 0.36 0.35 0.34 

4300 5900 3800 1900 5900 1050 3400 13900 7650 2700 7200 3850 

1,2 5,6 8,9 10,11 12,13 16,17 20,21 22,23 25,26 27,28 32,33 34,35 

1.30 1.10 1.30 1.10 1.17 1.20 1.10 1.00 1.15 1.25 

52 3600 7600 3800 1190 4600 600 3000 9500 3800 5400 6900 3100 

14,15 18,19 

(Schwab 1984—the AIPS task MX). The reality of faint fea- 
tures was checked by also making Maximum Entropy 
Method (MEM) deconvolutions, using the method of Corn- 
well & Evans (1985—the AIPS tasks VM and VTESS). For 
some sources, the optimal processing proved to be CLEAN- 
ing of the most intense compact structure followed by MEM 
deconvolution of the extended emission. Except where oth- 
erwise noted, however, we made all quantitative measure- 
ments from the CLEANed images. The deconvolved 
CLEAN component models were restored with circular 
Gaussian convolving beams and were superposed on the re- 
siduals from the CLEAN component subtraction. The widths 
of the restoring beams are the mean of the major and minor 
axes of the best Gaussian fit to the central peak of the “dirty” 
synthesized beam derived with uniform weighting of the m,i; 
data. For most images, the corrections to the beam dimen- 
sions in this circularization step were <5%; the worst cases 
are —10%. 

For a few sources, some bright substructures that are im- 
portant to interpreting the radio morphologies are poorly re- 
solved by conventional image processing. For these we used 
the MEM deconvolution to extract morphological informa- 
tion on scales smaller than the conventional synthesized 
beamwidth (e.g., Cornwell & Evans 1985). 

4. THE IMAGES 

Table 4 summarizes the main parameters of the images 
presented below. In the accompanying figures, the total- 
intensity contour maps are of the images made in Stokes I. 
The vector displays show vectors whose lengths are propor- 
tional to the degree of linear polarization p = Vß2 + U2/I 
and whose position angles are those of the E vectors, super- 
posed on selected contours from the Stokes / images. The 
polarized intensities P were adjusted for the Ricean bias 
(e.g., Vinokur 1965; Wardle & Kronberg 1974) using the 
approximate corrections in the AIPS task COMB (see Leahy 
& Fernini 1989). The resolution quoted for each image is the 
FWHM of the Gaussian restoring beam. 

FITS tapes of the image data are available from Alan H. 
Bridle at the National Radio Astronomy Observatory. 

4.1 Terminology 

The terms “central feature,” “jet,” “lobe,” and “hot 

for the optical quasar. Although such features are frequently 
referred to as “cores,” we consider this term to be prejudicial 
for several reasons. It is poorly defined, resolution- 
dependent, and is a relic of a physical model in which these 
features were considered to coincide with the “central en- 
gines” of the sources, rather than with the opaque base of a 
jet. 

A “jet” is a narrow feature that meets the criteria used by 
Bridle (1986), i.e., it is (a) at least four times as long as it is 
wide (after deconvolving the synthesized beam), (b) sepa- 
rable at high resolution from other extended structure (if any) 
either spatially or by brightness contrast, and (c) aligned with 
the nucleus of the parent object where it is closest to it. Many 
jets contain internal, local, brightness enhancements that we 
generically describe as “jet knots.” 

The “lobes” consist of all the other radio emission pro- 
duced by the source. Many lobes in powerful radio sources 
have local brightness enhancements that are conventionally 
called, “hot spots,” but there is no well accepted definition 
of this term (Perley 1989; Laing 1989). We use a new em- 
pirical definition of the term “hot spot” to distinguish a lim- 
ited subset of such features from all other brightness en- 
hancements in jets and lobes. We are attempting thereby to 
isolate a class of feature that marks major changes in the 
apparent direction and/or collimation of a jet, or its abrupt 
termination. Our prime, but not our only, concern is to dis- 
tinguish hot spots from the jet knots that may be only minor 
disturbances within an ongoing, continuous jet. 

Our empirical definition of a hot spot is therefore as fol- 
lows. If no jet is detected, then the hot spot must: (a) be the 
brightest feature in the lobe, (b) have a surface brightness 
that is more than four times greater than that of the surround- 
ing emission and (c) have a linear FWHM (after deconvolv- 
ing the synthesized beam) that is <5% of the largest diam- 
eter of the source. If a jet is detected then we add a further 
condition: (d) the hot spot must be further from the nucleus 
than the end of the jet, which is defined by (dl) its disap- 
pearance, (d2) an abrupt change of direction (i.e., by at least 
30° within a knot diameter), or (d3) decollimation by more 
than a factor of two (as measured by the widths of any ridge- 
like or knot-like features along the putative path of any con- 
tinuing flow). 

Condition (d) is intended to separate hot spots from jet 
knots. No emission “downstream” of a feature with these 
properties will be described as a jet, although it is likely that 
such emission could contain ongoing flows. 

We are trying to distinguish between features in which 
different physical processes may dominate. Both jet knots 
and hot spots are likely to be regions of shock-driven com- 
pression and/or particle acceleration in a flow, so they may 
share many observable characteristics. Definitions that de- 
pend only on surface brightness and angular or linear size, 
independent of relationships with surrounding structure, of- 
ten cannot separate jet knots and hot spots. Our added ingre- 
dient of continuity of jet properties through a feature may 
help to distinguish cases where shocks in a jet are highly 

spot” are used below in ways that require careful definition. oblique, so that the flow remains supersonic beyond them, 
A “central feature” is an unresolved feature coinciding to from major disruptions at nearly perpendicular shocks. The 

within observational errors with the best available position former, if present in radio sources, would be classified as jet 
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knots; the latter would be classified as hot spots. 
Note that by our definition there can be only one hot spot 

per lobe. The features often described in the literature as 
“secondary hot spots” will here be regarded as fine structure 
in the lobes, but will not be referred to as hot spots. 

We acknowledge that the results of applying the above 
criteria for jets, jet knots, and hot spots may depend on an- 
gular resolution, at least until all but a few features of a radio 
source are fully resolved. In particular, the criterion that a hot 
spot should have a FWHM<5% of the largest angular diam- 
eter may be insufficiently stringent. We believe, however, 
that these criteria form a useful basis for classifying features 
of quasar images at the relative resolution achieved in these 
observations. 

4.2 3C9 

Figure 1 shows the total intensity image at 0736 resolution 
from the combined A and B configuration data. This small 
(14", 51h~x kpc) source has the highest red shift in the 
sample [normally given as z=2.012 but see also Tytler & 
Fan (1992) for a revised estimate of 2.0178]. Kronberg et al 
(1991) suggested that the source is gravitationally imaged by 
a galaxy about 10" away, but this suggestion has yet to be 
confirmed by optical data (see also Yee et al. 1993). 

The compact feature D coincides with the optical identi- 
fication. The jet is exceptionally knotty and its terminus in 
the southeast lobe is ill defined. Feature K meets our criteria 
for the hot spot because of its brightness contrast and the 
abrupt change in direction of the ridge line in its vicinity. The 
jet therefore consists of features E through J. It is relatively 

3C9 Total Intensity 4.9 GHz 

Fig. 1. Distribution of total intensity (Stokes I) over 3C 9 with 0"36 
(FWHM) resolution. D is the central feature and K is the jetted hot spot. C 
is the counteijet candidate, and parts of the ridge through B to the counter- 
jetted hot spot A may be an extension of the counteijet. Contours are drawn 
at -1 (dotted), 1, 2, 3, 4, 6, 8, 10, 12,16, 20, 30, 40, 60, 80, 100, 200, 300, 
400, 600, 800, and 1000 times 60 /¿Jy per CLEAN beam area. The peak 
intensity is 86.3 mJy per CLEAN beam area. 

straight in PA 150° until the bright feature F 278 from the 
central feature. F is the most compact feature south of the 
central feature, as determined both by model-fitting to Fig. 1 
and from an MEM deconvolution at 0712 resolution (not 
shown). Feature F marks a significant change in the character 
of the jet, which brightens just before it. The average posi- 
tion angle of the jet between F and I is also conspicuously 
different from that before F, but we do not resolve the struc- 
ture well enough to be sure where this realignment starts. 

There is weak emission between the compact central fea- 
ture D and the brightest part of the northwest lobe, with local 
peaks at C and B. These features could be part of a counterjet 
leading into this lobe. A curved ridge extends northwest from 
B and crosses the lobe before reaching the hot spot A. Some 
or all of this curved ridge may also be part of a bent coun- 
teijet with a further peak near the first bend between B and 
A. The source has an overall S symmetry, but the jetted arm 
is about twice as long as the counterjetted arm in projection. 

Figure 2 shows the polarization data also at 0736 resolu- 
tion, superposed on contours from Fig. 1. The vector distri- 
bution is locally confused, especially in the inner 4" (\6h~l 

kpc) on the jetted side. Beyond 4", the E vectors tend to be 
perpendicular to the local jet axis, and to the outer edges of 
the lobes. The strong discontinuity in the E-vector directions 
near feature F further suggests that this feature marks a point 
where either the jet or the surrounding medium, or both, 
change character substantially. The trend for the E vectors to 
be perpendicular to the jet axis and to the lobe edges further 
from the central feature casts doubt on the likelihood that the 
major deflections of the jet result from gravitational imaging, 
as such imaging would not preserve these relationships 
(Kronberg et al. 1991). The degree of polarization in the jet 
reaches —30% near knot G. The degree of polarization in the 

Fig. 2. Distribution of degree of linear polarization p and E-vector position 
angle x over 3C 9 at 0'.'36 resolution, superposed on contours from Fig. 1. A 
vector of length 1" corresponds to /? = 1. 
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lobes is greatest at their outer edges, where it reaches —40% 
in the southeast (jetted) lobe and —30% in the northwest 
(counteijetted) lobe. 

4.3 3C68.1 

Figure 3 shows the total intensity image at 1"1 resolution 
from the B configuration data only. The source is a wide 
(53", 228h'1 kpc) double with symmetrically placed but 
asymmetrically bright lobes (the integrated flux density of 
the northern lobe is 16 times that of the south lobe at 4.9 
GHz). The weak central feature E had not previously been 
detected. Its radio position agrees well with that of the opti- 
cal identification. Between feature E and the north lobe is an 

elongated feature D, that appears to be a bright segment of a 
jet pointing toward a ridge in the north lobe. There is an 
isolated, extended, bright knot (F) on the likely path of a 
counterjet, directly opposite the peak of feature D. At this 
resolution, there are several subsidiary peaks (G,H,I) in the 
south lobe. 

Figure 4 shows the polarization data at l .'l resolution su- 
perposed on contours from Fig. 3. In the lobes, the E vectors 
are perpendicular to the adjacent boundary, and confused 
near the bright hot spots. At this resolution, the north jet is 
only weakly (9%) linearly polarized. 

Figure 5(a) shows the total intensity of the north lobe, jet, 
and the central feature at 0"35 resolution from the combined 
A and B configuration data. Figure 5(b) shows the south lobe 

3C68.1 Total Intensity 4.9 GHz 
34 11 00 

10 45 

< z _j o HI Q 

02 29 27.8 27.4 27.0 26.6 
RIGHT ASCENSION (B1950) 

Fig. 3. Distribution of total intensity (Stokes /) over 3C 68.1 with I'.'l 
(FWHM) resolution. E is the central feature and B is the jetted hot spot. D, 
C, and the ridge joining them are the jet, and F is the counteijet candidate. 
Contours are drawn at -1 (dotted), 1, 2, 3, 4, 5, 6, 8, 10, 12, 14,16, 20, 30, 
40, 60, 80, 100, 200, 300, 400, 500, 600, 800, 1000, 1200, and 1400 times 
150 jüüy per CLEAN beam area. The peak intensity is 311 mJy per CLEAN 
beam area. 

Degr. of Polarization & Posn. Angle 
3068.1 4.9 GHz 

02 29 27.8 27.4 27.0 26.6 
RIGHT ASCENSION (B1950) 

Polarization scale: 1 arcsec = 0.40 

Fig. 4. Distribution of degree of linear polarization p and E-vector position 
angle x over 3C 68.1 at T.'l resolution, superposed on contours from Fig. 3. 
A vector of length 1" corresponds to /?=0.4. 
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RIGHT ASCENSION (B1950) 

Fig. 5. Distribution of total intensity (Stokes I) over 3C 68.1 with 0'.'35 (FWHM) resolution, (a): North lobe, jet (D, C and the ridge joining them), and central 
feature (E). Contours are drawn at -1 (dotted), 1, 2, 3, 4, 6, 8, 10, 12, 16, 20, 30, 40, 60, 80, 100, 120, 160, 200, 300, 400, 600, 800, 1000, and 1200 times 
80 fúy per CLEAN beam area, (b): South lobe and counterjet candidate (Fl, F2). Contours are drawn at -1 (dotted), 1, 2, 3, 4, 5, 6, 8, 10, 12, 14, and 16 
times 60 /¿Jy per CLEAN beam area. The peak intensity is 124 mJy per CLEAN beam area. 

and the possible counterjet knot F at the same resolution. The 
sensitivity of these images near the north lobe and jet knot D 
is limited by sidelobe responses to the northern hot spot. 

Both D and F are resolved along the major axis of the 
source, but their morphologies are dissimilar. The jet seg- 
ment D is well resolved and qualifies as a jet in its own right 
(Table 8) using the 4:1 axial ratio criterion for jethood. The 
counterjet candidate F contains a bright, compact knot FI 
and a faint extension F2 toward the southeast. We consider 
this combination a counterjet candidate rather than a con- 
firmed counterjet, as it does not satisfy the 4:1 axial ratio 
criterion. 

The bright emission complex in the north lobe is resolved 
into multiple features (A, B, C and extensions), as previously 
documented by Swamp et al (1984). A narrow feature ex- 
tending through the center of the north lobe along the axis of 

feature D projected toward feature C is taken to be an exten- 
sion of the jet in what follows. There are also several reasons 
to believe that feature C is a jet knot. It cannot be the hot 
spot by our definition, as feature B has higher surface bright- 
ness. It might be considered a secondary feature of the lobe 
(not in the path of the jet), but there is evidence that a sinu- 
ous ridge joins its west side to B and its east side to the 
extension of the jet into the north lobe. Feature C may there- 
fore mark the location of a large change in the direction and 
the surface brightness of the jet. In what follows, we consider 
that B, which is the brightest feature in the lobe and lies on 
the ridge emanating from C, is a hot spot marking the termi- 
nus of a jet that deflects and brightens significantly at C. B 
itself shows evidence for compact substructure (see Table 
12). An image with improved angular resolution and sensi- 
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Degree of Polarization & Position Angle 

02 29 27.5 27.4 27.3 27.2 27.1 27.0 26.9 26.8 
RIGHT ASCENSION (B1950) 

Polarization scale: 1 arcsec = 1.00 

Fig. 6. Distribution of degree of linear polarization p and E-vector position 
angle \ over the north lobe and jet of 3C 68.1 at 0'.'35 resolution, superposed 
on contours from Fig. 5. A vector of length 1" corresponds to p = l. 

tivity would be useful to check these interpretations of the 
northern jet and of the (A+B+C) emission complex. 

The most compact feature of the south lobe at this reso- 
lution is H, but this has insufficient brightness contrast with 
other features of the lobe to be considered a hot spot by our 
definition. 

Figure 6 shows the high-resolution polarization data for 
the north lobe and jet, superposed on contours from Fig. 5(a). 
There is no significant linearly polarized emission from the 
jet at this resolution. The increased resolution also reveals a 
well organized pattern in the lobe’s polarization: the E vec- 
tors tend to be perpendicular to the adjacent lobe boundary, 
and to the ridge line of the probable outer jet. The degree of 

polarization increases from <20% to —50% toward the outer 
edges of the lobe. This resolution also shows that the coun- 
terjet candidate (not shown in Fig. 6) is about 5% linearly 
polarized at the peak FI, and about 15% polarized at the 
south and west edges of the more extended emission F2 near 
this peak. 

4.4 3C175 

Figure 7 shows the total intensity image at 1'.'3 resolution 
from the B configuration data only. The source is a wide 
(52", 2\2h~l kpc) double with asymmetrically placed lobes 
that have faint extensions toward the center of the source. A 
previously unknown jet links the central feature to the 
fainter, further southwest lobe. Although the contour at 100 
¿dy per CLEAN beam area apparently extends along a plau- 
sible counterjet path just to the east of the central feature, this 
detail is close to the level of the peak fluctuations far from 
the lobes. As there is no evidence for elongated emission 
here in our higher-resolution data (see Fig. 8), we conclude 
that there is no credible evidence for a counterjet. 

Figure 8 shows the total intensity image at 0'.'38 resolution 
from the combined A and B configuration data. The inner jet 
follows PA237!4±0!3 for the first 12" (49&-1 kpc) between 
the compact central feature M and knot I, but further out it 
curves southward toward feature D in the southwest lobe. It 
expands steadily between features L and H. Beyond H the 
transverse brightness profile is asymmetric, with sharper gra- 
dients to the northwest. 

Using our classification scheme, the compact feature C is 
the hot spot, based on the evidence for a large, abrupt change 
in the ridge line direction and dramatic decollimation beyond 
it. Note, however, that the less compact feature A protrudes 
through the wall of the lobe at its southwest edge and is close 
to the continuation of the original line of the jet. Although 
these are attributes of features that might be called hot spots 
in other sources, there is insufficient brightness contrast be- 
tween A and the nearby lobe emission for A to meet our 
definition of a hot spot. (Feature A therefore fails to meet our 
definition in its own right as well as by comparison with C). 
The northeast lobe is strongly edge-brightened and has the 
compact hot spot (O) at its outermost edge. This hot spot is 
at the vertex of a bright 4‘U”-shaped region of emission that 
extends away from and behind it on both sides. Note that O 
is displaced from the axis of the inner jet projected into the 
northeast lobe, but this axis intersects the narrower northern 
arc of the U-shaped emission region near the hot spot. The 
outer boundaries of both lobes are delineated by sharp 
brightness gradients, to the south and west in the southwest 
lobe and to the south and east in the northeast lobe. 

Figures 9(a) and 9(b) plot the polarization data for the 
lobes on contours from Fig. 8. The degree of linear polariza- 
tion of the jet varies from <14% at knot I to 31% at knot K, 
but the signal is marginal except near the first knot and for 
about 5" before feature D. The E vectors are within 10° of 
perpendicular to the jet axis at knots L and K but become 
closer to parallel by feature D, where the degree of polariza- 
tion again rises to 29%. On the extended ridges within the 
lobes, the E vectors are generally perpendicular to the ridge 
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3^175 Total Intensity 4.9 GHz 

07 10 16.5 16.0 15.5 15.0 14.5 RIGHT ASCENSION (B1950) 14.0 13.5 

Fig. 7. Distribution of total intensity (Stokes/) over 3C 175 with 1'.'3 (FWHM) resolution. Contours are drawn at —1 (dotted), 1, 2, 3, 4, 6, 8, 10, 12, 14, 16, 
20, 24, 30, 40, 50, 60, 80, 100, 120, 140, 160, 200, 240, 300, 400, 500, 600, 800, and 1000 times 100 /Jy per CLEAN beam area. The peak intensity is 145 
mjy per CLEAN beam area. 

3C175 Total Intensity 4.9 GHz 

07 10 16.5 16.0 15.5 15.0 14.5 14.0 13.5 
RIGHT ASCENSION (B1950) 

Fig. 8. Distribution of total intensity (Stokes /) over 3C 175 with 0'.'38 (FWHM) resolution. M is the central feature and C is the jetted hot spot. O is the 
counterjetted hot spot and there is no counteijet candidate. Contours are drawn at -1 (dotted), 1, 2, 3, 4, 5, 6, 8, 10, 12, 16, 20, 30, 50, 70, 100, 120, 160, 
200, 300, 500, 700, 1000, and 1200 times 50 /¿Jy per CLEAN beam area. The peak intensity is 65.0 mJy per CLEAN beam area. 
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3C175 Degree of Polarization & Position Angle 4.9 GHz 

3C175 Degree of Polarization & Position Angle 4.9 GHz 

Fig. 9. Distribution of degree of linear polarization p and E-vector position 
angle x over 3C 175 at 0'.'38 resolution, superposed on contours from Fig. 8. 
A vector of length 1" corresponds to p = l. (a): Southwest lobe, (b): North- 
east lobe. 

lines. Near the hot spots, the distributions are more complex. 
The highest degrees of polarization occur near the edges of 
the lobes, 35% to 45% near knot A, and 40% to 55% north of 
feature B. 

4.5 3C204 

Figure 10 shows the total intensity image at 034 resolu- 
tion from the A and B configuration data. The source is about 
37" (159h-1 kpc) in extent with symmetrically placed lobes, 
both of which have faint extensions toward the south. 
Bremer et al. (1992) report [O n] emission extending ~8" 
south and ~4" north of the quasar. 

A jet consisting of a string of bright knots (I to E) super- 
posed on fainter extended emission links the compact central 
feature J to a recessed bright feature (D) in the west lobe. 
The jet axis is roughly perpendicular to the extended optical 
line emission. The jet is straight for most of its length but 
deflects toward the north shortly before reaching D. There 
are further bright features (C and B) downstream before the 
extended edge-brightened region A. Feature B is noticeably 
elongated perpendicular to the direction to D and could be 
considered a candidate for the hot spot. Only D meets our 
definition, however, because (a) its surface brightness ex- 
ceeds that of B by a factor of 10 or more, (b) there is a large 
change in ridge line direction at its location, and (c) there is 
no evidence for jet emission beyond it that is as well colli- 
mated as the emission leading toward it. There is no evi- 
dence of a counteijet on the east side although there is a 
bright hot spot (L) at the eastern edge of the east lobe. 

Figures 11(a) and 11(b) plot the polarization data on con- 
tours from Fig. 10. The jet has —20% to —30% linear polar- 
ization at knots I, G, F, and E; the E vectors are nearly 
perpendicular to the jet axis at I and F but are misaligned 
with it at G and E. On the extended ridges within the lobes, 
the E vectors are generally perpendicular to the ridge lines. 
Near the brighter features D to B, the distributions are more 
complex. The highest degrees of polarization (50% to 60%) 
occur near the edges of the lobes—north of knot B, west of 
knot A, and on the trailing northern and southern boundaries 
of the east lobe. 

4.6 3C 208 

Figure 12 shows the total intensity image at 037 resolu- 
tion from the A and B configuration data. The source is 14" 
(60/i-1 kpc) in extent with symmetrically placed lobes. A jet 
consisting of several elongated knots (D,E,F) embedded in 
fainter emission links the compact feature G to a recessed hot 
spot (B) in the west lobe. B is the hot spot because it is (a) 
the brightest feature in the lobe (confirmed by an MEM im- 
age not shown here) and (b) the apparent terminus of the jet. 
The jet is straight for most of its length, but deflects toward 
the south shortly before reaching B. There is no evidence of 
a narrow counterjet on the east side. It is unclear how the 
elongated, diffuse feature (H) is related to the other emission 
from the east lobe, but because it is resolved in all directions 
there is no strong reason to associate it with a counterjet. It 
might, however, prevent detection of a narrow counteijet if 
one took a curved route between G and the hot spot J in the 
east lobe. 

Figure 13 plots the polarization data superposed on con- 
tours from Fig. 12. The jet is strongly (40% to 45%) linearly 
polarized at knots D and F. The detected E vectors are within 
15° of perpendicular to the jet axis at knot E and beyond, but 
are misaligned by about 30° with this direction at knot F. On 
the extended ridges within the lobes, the E vectors tend to be 
perpendicular to the ridge lines. Near the hot spots B and J, 
the distributions are more complex. The highest degrees of 
polarization (25% to 40%) in the lobes occur near their 
edges. 
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Fig. 10. Distribution of total intensity (Stokes /) over 3C 204 with 0734 (FWHM) resolution. J is the central feature and D is the jetted hot spot. L is the 
counteijetted hot spot and there is no counterjet candidate. Contours are drawn at —2 and —1 (dotted), 1, 2, 3, 4, 6, 8, 10, 12, 16, 20, 30, 40, 60, 100, 200, 
300, and 500 times 70 yuJy per CLEAN beam area. The peak intensity is 42.4 mJy per CLEAN beam area. 

3C204 Degree of Polarization & Position Angle 4.9 GHz 

3C204 Degree of Polarization & Position Angle 4.9 GHz 

08 33 21.0 20.5 20.0 19.5 19.0 18.5 
RIGHT ASCENSION (B1950) 

Polarization scale: 1 arcsec = 1.25 

Fig. 11. Distribution of degree of linear polarization p and E-vector position angle x over 3C 204 at 0734 resolution, superposed on contours from Fig. 10. 
A vector of length 1" corresponds to p = 125. (a): West lobe, jet and central feature, (b): East lobe and central feature. 
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Fig. 12. Distribution of total intensity (Stokes I) over 3C 208 with 0"37 (FWHM) resolution. G is the central feature and B is the jetted hot spot. J is the 
counterjetted hot spot and there is no counteijet candidate: the broad feature H is considered to be confusing lobe emission (see text). Contours are drawn at 
-1 (dotted), 1, 2, 3, 4, 5, 6, 8, 10,12, 16, 20, 30, 50, 70,100,120, 160, 200, 300, 500, 700,1000, and 1200 times 100 //Jy per CLEAN beam area. The peak 
intensity is 145 mJy per CLEAN beam area. 

4.7 3C 215 

A 2.2 mJy source at (B1950.0) 09h 03m 48?90, +16° 58' 
49:3 and a 1.6 mJy source at (B1950.0) 09h 03m 43?29, +16° 
57' 27"0 are not shown in our figures but their effects were 
subtracted from all images of 3C 215. Neither of these 
sources aligns with the radio structure of 3C 215 in any way 
that suggests a physical relationship to the quasar. 

Figure 14(a) shows the total intensity image at 1'.'2 reso- 
lution from the B configuration data only. The source has a 
complex structure —60" (19kpc) in extent. The com- 
pact feature C coincides with the optical identification. The 
north lobe is edge-brightened and broad with an extended 
region of enhanced emission that peaks at A. The south lobe 
is edge-darkened and resembles a multiply twisted plume. A 
jet enters it on a twisted path almost at right angles to the 
axis of elongation of the plume on its southward path. There 
is an elongated spine of emission in the north lobe that may 

be a counterjet, linking the weak feature B to the region near 
the peak of feature A. [The ridge line of this counterjet can- 
didate is marked by large perturbations in the 2, 6, and 16 
times 75 /Jy/beam contours between B and A in Fig. 14(a), 
and by smaller perturbations in all the other contours along 
its path—see also the grey scale representation in Fig. 14(b)]. 

Figure 15, also at r.'2 resolution, plots the polarization 
data on contours from Fig. 14(a). At this resolution, the po- 
larization structure of the jet is smeared by the beam, but a 
complex distribution of polarization is evident across both 
lobes. The degree of polarization is greatest (45% to 60%) on 
the south and west edges of the north lobe and in the south 
lobe immediately below the jet. The E vectors are roughly 
perpendicular to the plume-like extensions of the south lobe, 
and to the ridge line of A. Elsewhere, the polarization distri- 
bution is complex and the E vectors show no simple (parallel 
or perpendicular) relationship to the major features. 

3C208 Degree of Polarization & Position Angle 4.9 GHz 

Fig. 13. Distribution of degree of linear polarization p and E-vector position angle x over 3C 208 at 0"37 resolution, superposed on contours from Fig. 12. 
A vector of length 1" corresponds to p = l. 
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Fig. 14. Distribution of total intensity (Stokes/) over 3C 215 with 1"2 (FWHM) resolution. C is the central feature and G is the jetted hot spot. The counterjet 
candidate is B and the faint ridge linking it to A. (a): Contours drawn at —1 (dotted), 1, 2, 3, 4, 6, 8, 10, 12, 16, 20, 24, 30, 40, 60, 80, and 100 times 75 /¿Jy 
per CLEAN beam area. The peak intensity is 16.2 mly per CLEAN beam area, (b): Greyscale display emphasizing the flux density range containing the 
counterjet candidate. 

3C215 Degree of Polarization & Position Angle 4.9 GHz 

Fig. 15. Distribution of degree of linear polarization p and E-vector position 
angle x over 3C 215 at 1"2 resolution, superposed on contours from Fig. 14. 
A vector of length 1" corresponds to p=0.33. 

Figure 16 shows the total intensity image at 0"37 resolu- 
tion from the A and B configuration data. 

Figure 17(a) shows an enlargement of the inner region, 
which includes a series of bright curved knots (D,E,F) mark- 
ing major bends in the path of a multiply twisted jet. A 
higher-resolution MEM deconvolution of this region shows 
feature G to be much brighter and more compact than the 
immediately preceding jet knots E and F. We classify G as 
the hot spot because it is also the site of a sudden change in 
the ridge line direction. (It meets our brightness contrast cri- 
terion for a hot spot on the normal high-resolution image 
after deconvolution of the synthesized beam.) 

The diffuse feature H resembles a strongly, but smoothly 
curved section of jet, however, so that G might also be clas- 
sifiable as a jet knot. On this alternative interpretation, there 
would be no hot spot terminating the jet. This might be con- 
sistent with the lobe’s plume-like morphology, which re- 
sembles that of a low-power Fanaroff-Riley (1974) Type I 
source. The north lobe also lacks a clear hot spot, although it 
is edge-brightened. 

Figure 17(b), also at 0'.'37 resolution, plots the polariza- 
tion data for the jet and its environs on contours from Fig. 
17(a). The jet knots are —10% to —20% linearly polarized. 
In most regions of the jet, the E vectors are perpendicular to 
the curved ridge line, and at the hot spot G, they are parallel 
to the incoming jet direction (as expected if it indeed marks 
an abrupt compression of an incident flow). Much of the 
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Fig. 16. Distribution of total intensity (Stokes I) over 3C 215 with 0'.'37 
(FWHM) resolution. C is the central feature and G is the jetted hot spot. The 
counterjet candidate is B and a faint ridge linking it to A (see also Fig. 14). 
Contours are drawn at -1 (dotted), 1, 2, 3, 4, 6, 8,10,12,16, 20, 30, 50, 70, 
100, and 200 times 60 /¿Jy per CLEAN beam area. The peak intensity is 
16.5 mJy per CLEAN beam area. 

region around the jet segment from E to G is >60% polar- 
ized. 

The relationship of the extended hook-like feature H to 
the jet is unclear. The E vectors in this region are perpen- 
dicular to the boundaries of the extended emission. Both the 
polarimetry and the total intensity data are consistent with 
the region north of the jet being the brightest part of a 
twisted plume that eventually meanders south to form the 
edge-darkened south lobe. 

3C 215 is evidently an ambiguous source. It lacks many 
characteristics typical of strong sources, except for the com- 
pact appearance of knot G in the MEM image. It is notewor- 
thy that this source, which has the most distorted jet and lobe 
structures in our sample, also has the longest continuous 
counterjet candidate. 

4.8 3C 249.1 

Figure 18 shows the total intensity image at lr.T resolution 
from the B configuration data combined with data from a 
snapshot observation in the C configuration kindly made 
available to us by R. Barvainis. The two lobes are asymmet- 
ric in size, intensity and surface brightness. The structure is 
—53" {149h~l kpc) in extent. The west lobe is edge- 
brightened with a well resolved hot spot (A) near its western 
end. The east lobe is edge-darkened except for a resolved 

ridge (L) along its southern boundary. A jet enters it on its 
extreme southern edge and terminates abruptly at K, only T.l 
(22/z-1 kpc) from the central feature D. There is enhanced 
emission at C and B along a plausible counterjet path from 
the central feature D toward region A in the west lobe. 

Figure 19, also at 171 resolution, plots the polarization 
data on contours from Fig. 18. At this resolution, the polar- 
ization structure of the jet is smeared by the beam, but a 
complex distribution of polarization is evident across both 
lobes. The degree of polarization is greatest at the edges of 
the lobes, particularly east of feature K at the end of the jet, 
where it reaches 55% to 65%. The E vectors are roughly 
perpendicular to the main ridge in the east lobe and to the 
outer boundaries of the west lobe. Elsewhere, the polariza- 
tion distribution at this resolution is complex and the vectors 
show no simple (parallel or perpendicular) relationship to the 
major features. 

Figure 20 shows the total intensity of the jet and west lobe 
at 0735 resolution from the combined A, B, and C configu- 
ration data. All structures in the east lobe are fully resolved. 
The jet bends at least twice, near E and F, on its path to the 
resolved terminal hot spot K at its east end. A feature sug- 
gested by this image, and strongly supported by a higher- 
resolution MEM deconvolution, is that the jet bends sharply 
to the north and turns south again before entering the hot 
spot K from the northwest. There is also a curious, extended 
feature (H) running north-south that appears to connect to 
the jet near its most southern point, just west of knot I. A 
broad ridge joins the enhanced southern boundary feature L 
in the outer part of the east lobe to the region near the jet. 
The hot spot A in the west lobe is well resolved, with a hint 
of a shell structure reminiscent of that in the north lobe of 3C 
219 (Perley et al. 1980; Clarke et al. 1992). 

The emission along the putative counterjet path is a nar- 
row elongated ridge for the first 3" from the compact feature 
D, but peak C resolves into a diffuse arc whose status as 
counterjet-related emission is arguable. This arc is similar in 
size and luminosity to the “rings” in Hercules A (Dreher & 
Feigelson 1984). Feature B, also on a plausible path for a 
counteijet, has a similar flux density and size but is less 
obviously ring-like. 

Figure 21 plots the polarization data at 0735 resolution on 
contours of total intensity. There is little polarization de- 
tected within 4" of the central feature, and the degree of 
polarization peaks at 25% near knot I. The E vectors are 
oblique to the local ridge line of the curved jet at several 
locations, notably knot E and in the region south of feature 
H. The polarization structure in the east lobe around the jet is 
complex, with high (65% to 75%) polarizations near the end 
of the jet. The polarization in the west outer lobe is well 
organized with the E vectors generally perpendicular to the 
adjacent lobe boundary, but the polarization distribution ap- 
pears more confused in the inner lobe. The highest degrees 
of polarization are again at the edges of the lobes, 45% to 
55% on the south edge and 35% to 45% on the north edge. 
No significant polarization is detected near the putative 
counterjet features. 

Richstone & Oke (1977) and Boroson & Oke (1984) de- 
scribe an emission line system extending for several arcsec- 
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Fig. 17. (a): Enlargement of jet and north part of south lobe from Fig. 16. (b): Distribution of degree of linear polarization p and E-vector position angle x 
near the jet in 3C 215 at 0'.'37 resolution, superposed on contours from (a). A vector of length 1" corresponds to p = l. 

onds around the quasar, plus an extended optical continuum 
that may be of stellar origin. 

4.9 3C 263 

Figure 22(a) shows the total intensity image at 0"36 reso- 
lution from the A and B configuration data. (Little extra 
structure was seen on the lower-resolution images.) The 
structure is 51" (198Ä-1 kpc) in extent. The lobes are asym- 

metrically placed and unequally bright, the jetted lobe being 
brighter and closer to the central feature C. A previously 
undetected jet links C to a bright hot spot (K) in the east 
lobe. Figure 22(b) is an enlargement of the eastern third of 
the source. The jet is strikingly linear, but it does not point 
directly at feature K. There is evidence for a curved 44hook” 
(J) to the northwest of K, which may mark the final path of 
the deflecting jet. There is also a diffuse “bar” of emission 
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Fig. 18. Distribution of total intensity (Stokes /) over 3C 249.1 with 1"1 (FWHM) resolution. Contours are drawn at -1 (dotted), 1, 2, 3, 4, 6, 8, 10, 12, 16, 
20, 24, 30, 40, 60, 100, 160, and 300 times 100 /¿Jy per CLEAN beam area. The peak intensity is 97.3 mly per CLEAN beam area. 

3C249.1 Degree of Polarization & Position Angle 4.9 GHz 

Fig. 19. Distribution of degree of linear polarization p and E-vector position angle x over 3C 249.1 at 1.1 resolution, superposed on contours from Fig. 18. 
A vector of length 1" corresponds to p=033. 
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Fig. 20. Distribution of total intensity (Stokes I) over the jet and west lobe of 3C 249.1 from a composite MEM/CLEAN deconvolution restored with 0"35 
(FWHM) resolution. D is the central feature and K is the jetted hot spot. The counterjet candidate is the straight ridge linking D to the north end of the 
hook-like feature C. Ais the counterjetted hot spot. Contours are drawn at -1 (dotted), 1, 2, 3, 4, 6, 8,10, 12, 16, 20, 24, 30, 40, 60,100,160, 300, and 1000 
times 65 /¿Jy per restored beam area. The peak intensity is 71.0 mly per CLEAN beam area. 

(I) roughly perpendicular to the jet about 2" upstream from 
the hot spot, reminiscent of the jet-crossing feature H in 3C 
249.1 (Sec. 4.8). The jet contains a series of bright, elongated 
knots (D,E,F,G,H) and fainter, apparently continuous emis- 
sion. (The image of the jet is corrupted by undeconvolvable 
sidelobes of the bright hot spot K, and only the features that 
we believe to be significant are labeled.) The west lobe ap- 
pears more relaxed, with a recessed hot spot (B) and a bright 
resolved rim (A) to the northwest. There is no emission 
along the expected path of any similarly straight counterjet. 

Figures 23(a) and 23(b), also at (06 resolution, plot the 
polarization data on contours from Figs. 22(a) and 22(b). 
There is measurable (15% to ~25%) polarization at jet knots 
D, F, and G, with the E vectors perpendicular to the jet axis. 
The degree of polarization is <40% over most of the east 
lobe, but rises to about 50% in the region north of hot spot K 
and toward the southwest. The polarized signal from the dif- 
fuse emission to the north is weak, but there is evidence for 
50% to 60% linear polarization near its northern boundary. 
The area between I and J is only weakly (4% to 8%) polar- 

3C249.1 Degree of Polarization & Position Angle 4.9 GHz 

Fig. 21. Distribution of degree of linear polarization p and E-vector position angle x over the jet and west lobe of 3C 249.1 at 0'.'35 resolution, superposed 
on contours of total intensity. A vector of length 1" corresponds to p = l. 
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Fig. 22. (a): Distribution of total intensity (Stokes I) over 3C 263 with 0'.'36 (FWHM) resolution. C is the central feature and K is the jetted hot spot. J has 
been considered part of the jet. B is the counterjetted hot spot and there is no counteijet candidate. Contours are drawn at -1 (dotted), 1, 2, 3, 4, 6, 8,10, 14, 
20, 30, 50,100, 200, 400, 800, 1600, and 3200 times 75 /Jy per CLEAN beam area, (b): Enlargement of central feature, jet and east lobe. The peak intensity 
is 347 mJy per CLEAN beam area. 

ized. This low polarization, together with the pattem of the 
surrounding E vectors, suggests that the magnetic field direc- 
tion in feature I is almost orthogonal to that of the adjacent 
lobe emission and roughly along the ridge of feature I. The 
degree of linear polarization in the west lobe is up to 50% 
and the vectors are highly organized, with the E vectors per- 
pendicular to the adjacent boundaries of the lobe and parallel 
to the jet axis near the compact hot spot B. 

4.10 3C 334 

The data were confused by an 88 mJy compact source at 
(B1950.0) 16h 18m 18?96, +17° 47' 01". This is not shown in 
our figures but its effects were subtracted from all the im- 
ages. 

Figure 24 shows the total intensity image at 1"15 resolu- 
tion from the B configuration data only. The lobes are 
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3C263 Degree of Polarization & Position Angle 4.9 GHz 

Fig. 23. Distribution of degree of linear polarization p and E-vector position angle x over 3C 263 at 0'.'36 resolution, superposed on contours from Fig. 22. 
A vector of length 1" corresponds to p=T. (a): Central feature, jet and east lobe, (b): West lobe. 

roughly symmetric in size, intensity, and surface brightness. 
The structure is —58" (215/t-1 kpc) in extent and has an 
overall S symmetry. The northwest lobe is sharply bounded 
to the north and west, but has a plume-like extension to the 
south. The southeast lobe is weakly edge-brightened on its 
southeast side, but the lobe emission is everywhere fainter 
than the jet, which deflects as it enters it from the west. 

There is no sign of emission opposite the straight segment 

of the jet (the first 13" from the central feature E). There are, 
however, two relatively compact features on the counterjet 
axis. The closer, D, is an elongated knot that is connected to 
the bright complex B in the northwest lobe by a weak bridge 
of emission. The second is a detached compact 1.8 mJy 
source (A) 55" from the central feature, well aligned with the 
straight segment of the jet at this resolution. Its position is 
(B1950.0) 16h 18m 04?86, +17° 44' 14'.'1. 
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Fig. 24. Distribution of total intensity (Stokes I) over the field of 3C 334 
with r.15 (FWHM) resolution. E is the central feature and A is a confusing 
source, discussed in the text. O is the jetted hot spot and D is part of the 
counterjet candidate (see also Fig. 25). Contours are drawn at -2 and -1 
(dotted), 1, 2, 3, 4, 6, 8, 10, 12, 16, 20, 30, 40, 50, 70, 100, 150, 200, 300, 
500, 700, and 1000 times 110 /xJy per CLEAN beam area. The peak inten- 
sity is 138 mJy per CLEAN beam area. 

We calculate the probability that feature A is a random 
confusing source as follows. First, we note that the angle 
between the straight jet axis and the line joining the central 
feature to A is Io. We then assume that our attention would 
have been drawn to any similarly well aligned neighboring 
source that was within two source diameters of the central 
feature of any of the 12 sources that we imaged. We use the 
rms largest angular size (47") of the 12 sources that we ob- 
served to estimate the mean area (0.041 sqarcmin) per 
source of the sector in which we would have noticed such a 
good alignment with a particular axis of the source. Further, 
we consider that there are four axes per source for which an 
alignment of a neighboring object might be considered “in- 
teresting” (e.g., the straight jet axis, the axis opposite to this, 
and the axes joining the central feature to either hot spot). 
The 5 GHz source counts of Condon (1984) predict 0.0076 
sources per square arcminute brighter than 2 mJy at 5 GHz. 
Taking all these factors into consideration, we would expect 
to find only 0.015 “well aligned” confusing sources among 
our 12 target sources, whereas we observe 1. This estimate of 
the expected number of confusing sources does not account 
for the fact that compact, flat-spectrum objects dominate the 
source counts at high frequency. Feature A is noticeably re- 
solved and has a steep spectral index (1.1 between 1.5 and 5 
GHz), which makes it less likely that we would have ob- 
served such a well aligned object by chance. 

Although this conservative statistical calculation suggests 
that A may be associated with 3C 334, we have no other 
reason to believe that it is an outlying part of the source. 
Specifically, an image of 3C 334 and its environs tapered to 
372 (FWHM) resolution showed no evidence of a connection 

between feature A and the northwest lobe. While it is con- 
ceivable that feature A is an outlying remnant of earlier ac- 
tivity in 3C 334, we do not treat it as part of the source 
structure in what follows. 

Figure 25(a) shows the total intensity of the jet and south- 
east lobe at 0735 resolution from the A and B configuration 
data. All structures in the lobe and the jet are at least partially 
resolved. The ridge line of the jet oscillates in the first 4" 
from the central feature E, but the oscillation does not grow 
appreciably beyond knot H until the large-scale deflection 
near knot N. The jet consists of several elongated knots 
(F,G,H,I,J,K,M,N) embedded in fainter structure. The trans- 
verse profile of the jet is clearly asymmetric beyond knot M. 
A slim “ray” of emission (L and its extension to the north- 
west) joins the jet from the west near knot N. The sudden 
>50° change in direction of the ridge line, coupled with the 
brightness and compactness of feature O, identifies O as the 
hot spot. Downstream from O, an undulating ridge links fea- 
tures P, Q, R, and S. Beyond Q, this forms the edge- 
brightened boundary of the lobe. The brightness contrast and 
appearance of collimation of this ridge might classify it as a 
jet if it emanated from a central feature rather than from a hot 
spot. The ridge may therefore be an example of extended 
secondary outflow from a hot spot. It illustrates the difficulty 
of distinguishing uniquely between jet and hot spot features. 

Figure 25(b) shows the total intensity of the northwest 
lobe, also at 0735 resolution from the combined A and B 
configuration data. The first knot (D) on the putative coun- 
terjet path is resolved, is elongated along this path, and is 
brightened toward the central feature (E). This knot is at 
almost the same distance from the central feature as the hot 
spot O in the southeast lobe. The most compact feature in the 
northwest lobe (C) lies at the other end of the weak emission 
ridge that traces the lobe’s northern boundary. The weak 
emission ridge and knot D are therefore candidates for coun- 
terjet emission, though the presence of ridges at the edges of 
other lobes in this sample makes this identification contro- 
versial. The bright “head” of the lobe breaks into a complex 
tangle of knots and filaments for several arcseconds around 
the peak B at this resolution. Neither B nor C has sufficient 
brightness contrast with their surroundings to qualify as hot 
spots by our definition, however, so we adopt the view that 
there is no hot spot in the northwest lobe. Several filaments 
appear to trail into the plume-like extension toward the 
south. 

Figures 26(a) and 26(b), also at 0735 resolution, plot the 
polarization data on contours from Figs. 25(a) and 25(b). 
Linear polarization is detected all along the jet. The degree 
of linear polarization tends to decrease outward, from ~40% 
near the base to 20% to 30% in the outer jet. Most E vectors 
are within 10° of the perpendicular to the local ridge line. 
The narrow “ray” L that joins the jet from the west near its 
southern limit is apparently >70% polarized, with the E vec- 
tors perpendicular to its ridge line. The undulating line of 
knots beyond hot spot O also has E vectors perpendicular to 
the adjacent lobe boundary, except in the region P immedi- 
ately downstream from O. In the most highly polarized re- 
gions away from feature L, on the east edge of the southeast 
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3C334 Total Intensity 4.9 GHz 

Fig. 25. (a): Distribution of total intensity (Stokes /) 
over the central feature (E), jet, and southeast lobe of 
3C 334 with 0'.'35 (FWHM) resolution. O is the jetted 
hot spot. Contours are drawn at —1 (dotted), 1, 2, 3, 4, 
5, 6, 8, 10, 12, 16, 20, 24, 30, 36, 50, 60, 70, 90, 120, 
150, 200, 300, and 500 times 50 /xJy per CLEAN beam 
area, (b): Northwest lobe and counterjet candidate (D 
and the ridge linking it to C). The peak intensity is 130 
mJy per CLEAN beam area. 

16 18 06.6 06.4 06.2 06.0 05.8 05.6 05.4 
(b) RIGHT ASCENSION (B1950) 
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3C334 Degree of Polarization & Position Angle 4.9 GHz 

Fig. 26. Distribution of degree of linear polarization p 
and E-vector position angle x over 3C 334 at 0'.'35 reso- 
lution, superposed on contours from Fig. 25. A vector of 
length 1" corresponds to /?=0.91. (a): Central feature, 
jet, and southeast lobe, (b): Northwest lobe and coun- 
terjet candidate. 
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lobe, the degree of linear polarization ranges from 45% to 
50%. 

The polarization distribution in the northwest lobe is strik- 
ingly well ordered considering the complexity of the bright- 
ness distribution. The vector orientations are again perpen- 
dicular to the local lobe boundaries and to the ridge lines of 
the filaments. Unfortunately, the polarized signal from the 
ridge and knot that are possibly part of the counterjet is un- 
detectable at this resolution. The degree of polarization is 
highest on the lobe’s north edge, where it reaches 50% to 
60%, and in a few filaments where it reaches 70%. 

4.11 3C 336 

Figure 27 shows the total intensity image at 0'.'34 resolu- 
tion from the A and B configuration data. The structure is 
about 28" (118/î-1 kpc) in extent with asymmetrically 
placed and unequally bright lobes. A jet consisting of a string 
of bright knots (G,F,E,D,C) of increasing brightness super- 
posed on fainter extended emission links the compact feature 
H to a recessed and elongated feature (B) in the south lobe. C 
marks an abrupt change in the direction and collimation of 
the previously straight jet, but B qualifies as the hot spot by 
its surface brightness and compactness. A more diffuse fea- 
ture (A) lies beyond the hot spot but its relationship to it is 
unclear at this resolution. 

There is no sign of a counterjet within the diffuse emis- 
sion north of feature H, opposite the straight segment of the 
jet, but there is a conspicuous knot (I) on the jet axis to the 
west of the north lobe. This knot is followed by a “hook” of 
emission (J) that curves toward the brightest part (K) of the 
extended ridge on the east side of the north lobe. I probably 
marks a major change in direction of a (hitherto undetect- 
able) counterjet. J may thus be part of a deflected flow that 
leads ultimately into K. Feature K has a higher surface 
brightness than I at this resolution, but barely qualifies as a 
hot spot because its angular size is so large relative to the 
largest extent of the source. An MEM deconvolution (not 
shown) suggests that K contains finer-scale structure that is 
indeed brighter than I. We therefore adopt K as the hot spot 
in the counterjet lobe, and consider features I and J to be the 
brightest parts of a curved counterjet candidate. The MEM 
deconvolution also suggests that the north rim of this lobe is 
edge-brightened, and that filamentary features to the south- 
west of K connect the hot spot to the more extended lobe 
emission. 

Figures 28(a) and 28(b) plot the polarization data on con- 
tours from Fig. 27. The degree of linear polarization of the 
jet increases from <13% at the first knot (G) to 23% by knot 
D and 20% at knot C. The E vectors are generally within 20° 
of being perpendicular to the jet axis. The highest degrees of 
polarization (40% to 50%) occur near the edges of both 
lobes, and reach 50% to 70% at the east edge of the north 
lobe. The E vectors are roughly perpendicular to the adjacent 
lobe boundaries. 

Hintzen et al. (1991) found an over-density of images 
within 15" of the quasar at V and I bands and concluded that 
3C 336 is at the center of a rich cluster of galaxies. Bremer 
et al. (1992) detected [O II] line emission with a velocity 

3C336 Total Intensity 4.9 GHz 

Fig. 27. Distribution of total intensity (Stokes /) over 3C 336 with 0'.'34 
(FWHM) resolution. H is the central feature and B is the jetted hot spot. K 
contains the counterjetted hot spot. I and J are part of the counteijet candi- 
date. Contours are drawn at -1 (dotted), 1, 2, 3, 4, 6, 8, 10, 14, 20, 30, 50, 
70, 120, 200, 400, 600, and 1000 times 50 /Jy per CLEAN beam area. The 
peak intensity is 50.4 mJy per CLEAN beam area. 

shear around the quasar, and suggest that the quasar is at the 
center of a strong cooling flow. 

4.12 3C 351 

Figure 29 shows the total intensity image at 3 "5 resolution 
from a brief VLA C-configuration observation kindly sup- 
plied by R. Barvainis. This shows that both lobes have dif- 
fuse extensions that are not well imaged in our higher- 
resolution data, which give details only of the brighter 
structures. These extensions can also be seen on the 1.45 
GHz contour map of 3C 351 by Leahy et al. (1989). 

Figure 30 shows the total intensity image at 1.15 resolu- 
tion from our B configuration data and the C configuration 
snapshot. The lobes are roughly symmetric in size but differ 
greatly in intensity and surface brightness. The structure is 
~75" (230/î-1 kpc) in extent. The northeast lobe includes a 
complex of bright features (J, L, M), previously detected by 
Kronberg et al. (1980), and several filaments. A large, faint 
“fan” of emission extends some 30" to the west of this com- 
plex. The southwest lobe has a bright feature (A) on its outer 
edge. An abbreviated jet points from the partially resolved 
central complex toward the brightest feature (J) in the north- 
east lobe. A marginally detected curved emission arc, whose 
brightest features are at H and I, may continue this jet toward 
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Fig. 28. Distribution of degree of linear polarization p and E-vector position 
angle x over 3C 336 at 0'.'34 resolution, superposed on contours from Fig. 
27. A vector of length 1" corresponds io p = l. (a): North lobe, (b): Central 
feature, jet, and south lobe. 

J. The brightness and compactness of J nominate it as the hot 
spot and it is likely, but we cannot be certain, that it also 
marks the termination, or deflection point, of the jet. 

Figure 31(a) shows the polarization data from the B con- 
figuration data only at 1715 resolution on contours of total 
intensity for the northeast lobe and the jet only. The degree 
of polarization rises rapidly to 20%-25% away from the 

Fig. 29. Distribution of total intensity (Stokes I) over 3C 351 with 3'.'5 
(FWHM) resolution. Contours are drawn at —1 (dotted), 1, 2, 3, 4, 6, 8, 10, 
12, 16, 20, 24, 30, 40, 50, 70, 100, 200, 400, 800, and 1200 times 200 ply 
per CLEAN beam area. The peak intensity is 506 mJy per CLEAN beam 
area. 

bright complex of emission to the north and west of the hot 
spot J. The E vectors are perpendicular to the lobe and fan 
boundaries near the edges of these structures, but are parallel 
to the axis of greatest elongation of the fan at its center. The 
degree of polarization reaches 50% to 65% toward the west 
edge of the fan. Figure 31(b) shows the polarization data for 
the southwest lobe at the same resolution. The basic pattern 
is similar to that in the northeast lobe except that there is 
apparently little perturbation at feature A, unlike the strong 
perturbation near J. 

Figure 32 shows the total intensity of the central region 
and the bright complex in the northeast lobe at 0''37 resolu- 
tion from the A and B configuration data. The curved inner 
jet (features E, F, G) points toward the hot spot J at the lobe’s 
extreme eastern edge. There is marginal evidence of a con- 
tinuation of this curved jet through features H and I into J, 
but this emission is too faint to represent in the contour dis- 
play. It is also confused by sidelobe responses to the hot spot, 
which limit our sensitivity in this region. A narrow filament 
K joins J to the bright resolved feature L on the lobe’s north 
side. A network of filaments extends both south and west 
from this feature. 

The extended central region of Fig. 30 is here resolved 
into two knots D and E, of almost equal brightness, with a 
further, weak knot C to the southwest. The available evi- 
dence strongly favors identifying the compact knot D as the 
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Fig. 30. Distribution of total intensity (Stokes /) over 3C 351 with 1'.'15 
(FWHM) resolution. J is the jetted hot spot. H and I are part of the outer jet. 
Contours are drawn at -1 (dotted), 1, 2, 3, 4, 6, 8,10,12,16, 20, 30,40, 60, 
80, 100,120, 160, 200, 300, 400, 600, 800, 1000, 1200, and 1600 times 120 
yuJy per CLEAN beam area. The peak intensity is 318 mJy per CLEAN 
beam area. 

true central feature, and knot E as a jet knot, while C may be 
part of a counterjet. First, the optical position for the nucleus 
of 3C 351 (see Table 5 below) is within 0?022 in a and 0"15 
in ô of our radio position for D. The accuracy of the optical 
position (Clements 1983) is ±0!011 in a and O'.'OS in Ä Our 
radio error is ~0'.'2 relative to the position given for 3C 345 
in Table 3. The optical nucleus and D thus coincide to within 
the positional errors. Second, VLBI observations of 3C 351 
by Hough et al (19xx) rule out C as a candidate for the 
central feature—the VLBI correlated flux density at 8.4 GHz 
is ~5 mJy. Third, analysis of the residual fringe rates for 
these VLBI data yields a position for the compact structure 
that is incompatible with our position for E but agrees well 
with that of D. 

Note that feature B, which is near the projected axis of the 
main jet, might mark a point of deflection of a counterjet in 
the southwest lobe toward the brighter region A. Feature A 
itself has insufficient brightness contrast with the lobe to be 
termed a hot spot using our definition. 

Figures 33(a) and 33(b) show the polarization data on 
contours from Fig. 32. Figure 33(a) covers the bright com- 
plex in the northeast lobe while Fig. 33(b) displays the re- 
gion close to the central feature. In the lobe, most E vectors 
are perpendicular to the ridge lines of the filaments. In the 
extended jet, where the degree of polarization ranges from 
11% to 31%, they are nearly perpendicular to the jet axis. 
The relatively low (7%) polarization at knot D (compared 
with the 13% polarization at knot E) supports our view that 
D contains the central feature. (The degrees of polarization at 
central features are usually much lower than those at jet 
knots—compare Tables 5 and 11 below.) At this resolution, 
which is too high to detect the “fan” emission, the highest 
degrees of polarization in the lobes are 35% to 50% on the 

3C351 Degree of Polarization & Position Angle 4.9 GHz 

3C351 4.9 GHz Degree of Polarization & Position Angle 

Fig. 31. Distribution of degree of linear polarization p and E-vector position angle x over 3C 351 at r.15 resolution, superposed on contours of total intensity. 
A vector of length 1" corresponds to p=0.33. (a): Northeast lobe, outer jet, and central feature, (b): Southwest lobe. 
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Fig. 32. Distribution of total intensity (Stokes /) over the central region, jet 
(E, F, G, and a faint ridge from H to the hot spot J through I), and northeast 
lobe of 3C 351 with 0"37 (FWHM) resolution. D contains the central feature 
and C is the counteijet candidate. Contours are drawn at —4, -2, and -1 
(dotted), 1, 2, 3, 4, 6, 8, 10, 12, 16, 20, 24, 30, 40, 50, 70, 100, 150, 200, 
400, 600, and 800 times 70 /¿Jy per CLEAN beam area. The peak intensity 
is 159 mJy per CLEAN beam area. 

north side of the northeast lobe, and north of feature A in the 
southwest lobe (not shown). 

4.13 3C 432 

Figure 34 shows the total intensity image at 0''37 resolu- 
tion from the A and B configuration data. The lobes of this 
small (15", 63/t_1 kpc) source are roughly equally bright but 
are asymmetrically placed around the central feature C, the 
jetted lobe being further from this feature. The (previously 
undetected) jet contains an elongated knot (D) and possibly a 
weak ridge in the southeast lobe pointing toward the bright- 
est part of the hot spot H. This ridge is not well resolved 
from other lobe substructure, so we cannot be certain that it 
is a continuation of the jet, but we include it in our integra- 
tion of the jet flux density in Sec. 5.2.1. The structure on the 
west edge of the southeast lobe (features E, F, G) resembles 
a barely resolved ring girdling the path of the jet. There is no 
sign of a counterjet. The hot spot in the northwest lobe is 
hard to identify uniquely at this resolution, but both an MEM 
deconvolution and Gaussian model-fitting imply that B is 
compact, bright, and exactly opposite the jet. We therefore 
believe that B marks the end of a counterjet in the northwest 
lobe, but emphasize that the MEM image was needed to 
confirm that it is a hot spot meeting all our criteria. 

Figure 35 plots the polarization data on contours from 
Fig. 34. The most strongly polarized features (30% to 50%) 
are E, F, and G on the west side of the southeast lobe; the E 
vectors are perpendicular to the ridge line in and between 
these features. The jet and the southeast hot spot are unpo- 
larized at this resolution. The northwest lobe is most highly 
polarized (40% to 50%) on the outer edge, the E vectors 

Fig. 33. Distribution of degree of linear polarization p and E-vector position angle x over 3C 351 at 0'.'37 resolution, superposed on contours from Fig. 32. 
A vector of length 1" corresponds to p=0.S. (a): Northeast lobe, (b): Inner jet and central feature. 
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3C432 Total Intensity 4.9 GHz 

21 20 26.0 25.8 25.6 25.4 25.2 
RIGHT ASCENSION (B1950) 

Fig. 34. Distribution of total intensity (Stokes /) over 3C 432 with 0'.'37 (FWHM) resolution. C is the central feature. D and its weak extension to the southeast 
are the jet. H contains the jetted hot spot. There is no counteijet candidate, but B contains fine structure that we believe is the counterjetted hot spot (see text). 
Contours are drawn at —1 (dotted), 1, 2, 3, 4, 5, 6, 8, 10, 12, 16, 20, 24, 30, 40, 50, 70, 100, 200, 400, and 800 times 50 /uJy per CLEAN beam area. The 
peak intensity is 73.1 mJy per CLEAN beam area. 

3C432 Degree of Polarization & Position Angle 4.9 GHz 

21 20 26.0 25.8 25.6 25.4 25.2 
RIGHT ASCENSION (B1950) 

Polarization scale: 1 arcsec = 1.00 

Fig. 35. Distribution of degree of linear polarization p and E-vector position angle x over 3C 432 at 0'.'37 resolution, superposed on contours from Fig. 34. 
A vector of length 1" corresponds io p = \. 
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everywhere being perpendicular to the adjacent lobe bound- 
ary. 

5. PHYSICAL PROPERTIES 

In what follows, we combine the results from the above 
observations with those derived from the 4.9 GHz image of 
3C 47 by Fernini et al (1991), which we reprocessed 
through all the parameter-estimation steps described below. 
Figure 36 shows the total intensity image of 3C 47, together 
with our labeling for the major features described below (this 
labeling differs from that of Fernini et al, to identify some 
features that they did not distinguish). 

5.1 The Central Features 

Table 5 lists observed parameters for the central features 
of the 13 quasars. For each source, we estimate the param- 
eters of the part of the central feature that is unresolved to the 
VLA. The positions are therefore those of the peak intensi- 
ties of these features. The quoted flux densities and size lim- 
its are the peak flux densities and the 1er upper limits to the 

01 33 42.0 41.5 41.0 40.5 40.0 39.5 39 0 RIGHT ASCENSION (B1950) 

Fig. 36. Distribution of total intensity (Stokes I) over 3C 47 with 1"45 by 
1713 (FWHM) resolution (major axis in PA—81!8), as imaged by Fernini 
et al (1991). G is the central feature and A contains the jetted hot spot. 
There is no counteijet candidate, and H does not meet our compactness 
criterion for being a hot spot. Contours are drawn at — 1 (dotted), 1, 2, 3, 4, 
5, 6, 8, 10, 12, 14, 16, 20, 24, 30, 40, 50, 60, 80, 100, 120, 140, 160, 200, 
240, 300, and 400 times 120 /xJy per CLEAN beam area. The peak intensity 
is 196 mJy per CLEAN beam area. 

FWHM given by fitting two-dimensional Gaussian models 
and a background baseline level to a small region around the 
peak using the AIPS task IMFIT. 

For 3C 334, a single-component model gave unusually 
large residuals and an unusually high upper limit (0''12) to 
the fitted FWHM. A two-component model in which El has 
the listed parameters and a second feature (E2) has FWHM 
0'.'27 along PA 14174 fits the data much better. We therefore 
treat El as the true central feature, and E2 as part of the 
extended jet emission. For the other sources, any evidence 
for such extended emission on scales of —072 near the cen- 
tral feature is marginal. The flux densities of the possible 
emission on this scale in the other sources are less than the 
uncertainties in the integrations over the well resolved jet 
emission. 

Table 5 also lists the positions for the optical identifica- 
tions of these quasars from the references cited by Laing 
et al (1983), from Clements (1983), or from Argue & Ken- 
worthy (1972), whichever has the smaller quoted error. The 
optical positions are generally accurate to better than 075 in 
their reference frame and the radio positions to —072 relative 
to the calibrators listed in Table 3. As the positions of the 
radio central features and the optical objects usually agree 
within 1" in both coordinates, we believe that the identifica- 
tions are unambiguous. For 3C 208, the optical position 
given in the identification paper by Sandage & Wyndham 
(1965) disagrees with ours for the central radio feature by 
over 20". Inspection of the Palomar Sky Survey shows that 
the object in the Sandage & Wyndham (1965) finding chart is 
within an arcsecond of our radio position, however. Thus 
Sandage & Wyndham’s identification is correct even though 
its quoted optical position is erroneous. 

Table 5 also lists the linear polarizations observed at the 

Table 5. Parameters of central features. 

Source Position (B1950.0) 
h m s o'" 

Flux Fitted Density FWHM p (mJy) {") x 

3C 9 

3C 47 

3C 68. 

3C175 

3C204 

3C208 

3C215 

3C249. 

3C263 

3C334 

3C336 

3C351 

3C432 

r 00 17 49.908 
o 00 17 49.944 
r 01 33 40.422 
o 01 33 40.425 

1 r 02 29 27.245 o 02 29 27.24 
r 07 10 15.387 o 07 10 15.379 
r 08 33 18.143 o 08 33 18.146 
r 08 50 22.686 o 08 50 22.70 
r 09 03 44.126 o 09 03 44.14 

1 r 11 00 27.443 o 11 00 27.439 
r 11 37 09.292 o 11 37 09.343 
r 16 18 07.287 o 16 18 07.309 
r 16 22 32.212 o 16 22 32.214 
r 17 04 03.488 o 17 04 03.466 
r 21 20 25.537 o 21 20 25.532 

15 24 16.23 15 24 16.21 
20 42 10.40 20 42 10.16 
34 10 34.43 34 10 34.1 
11 51 24.47 11 51 23.95 
65 24 04.20 65 24 03.86 
14 04 17.36 14 04 16.9 
16 58 16.00 16 58 16.1 
77 15 08.41 77 15 08.57 
66 04 26.90 66 04 26.94 
17 43 30.32 17 43 30.40 
23 52 01.35 23 52 02.0 
60 48 31.23 60 48 31.08 
16 51 45.82 16 51 46.4 

4.9 ± 0.2 <0.104 

73.6 ± 0.1 <0.086 

1.1 ± 0.1 <0.133 

23.5 ± 0.6 <0.077 

26.9 ± 0.2 <0.048 

51.0 ± 0.2 <0.030 

16.4 ± 0.2 <0.047 

71 ± 0.7 <0.053 

157 ± 0.5 <0.034 

111 ± 1.7 <0.07 

20.4 ± 0.2 <0.038 

6.5 ± 0.2 <0.077 

7.5 ± 0.2 <0.062 

0.001 + 64.6 
<0.04 

<0.002 

<0.003 

0.007 
-19.1 

0.004 
-21.6 

0.004 
+74.5 
0.003 +27.9 
0.072 -58.7 
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central features; the degrees of linear polarization are usually 
much lower than those of the jet knots (see Table 11 below). 

In 6 of the 13 sources (3C 47: Vermeulen et al. 1993; 3C 
204: Hough et al. 1993; 3C 208: Hough 1994; 3C 249.1: 
Hough 1986; 3C 263: Zensus et al. 1987; 3C 334; Hough 
et al. 1992), VLBI closure phase data determines the sided- 
ness of the milliarcsecond-scale extended structure near the 
central feature. In all six cases, the fainter and more extended 
of two dominant VLBI components is on the same side of 
the brighter, more compact component as the large-scale jet. 
These VLBI observations have also measured outward 
proper motions on milliarcsecond scales with pattern speeds 
of 3.7A_1c in 3C 47, =s/i-1c in 3C 204, l.S/T'c in 3C 
263, and 1.6ft_1c in 3C 334. 

5.2 The Jets and Counterjets 

5.2.1 Integral properties 

Table 6(a) lists the integrated flux densities for the jet and 
candidate counterjet emission in each source, together with 
the lengths, measured in arcseconds from the central feature, 
of the regions over which the integration was done. These 
integrated flux densities were estimated using the AIPS fa- 
cility TVSTAT as follows. The pixel intensities in a curvilinear 
region of the image that contains the jetlike feature were 
summed and normalized to a flux density. We then subtracted 
an estimate of the extended lobe emission that is superposed 
on this curvilinear region of the image. This estimate was 
made as follows. We defined two similarly shaped compari- 
son regions on each side of the jet region. The sizes and 
shapes of these comparison regions matched those for the jet 
integrations as closely as possible, but were adjusted to ex- 
clude readily identifiable confusing features such as bright 
knots or filaments. The pixel sums from the comparison re- 
gions were renormalized to the same number of pixels as 
those in the jet regions before being averaged and subtracted 
from the jet integration. This procedure corrects the inte- 
grated flux densities for the jets for an extended contribution 
with the average surface brightness of any adjacent large- 
scale structure. In lobes with much internal structure, or 
when jets run near lobe boundaries, discrepancies in the in- 
tegrated flux densities of the two comparison regions may 
dominate the uncertainty in our estimate of the integrated 
flux density of a jet. 

The integrated flux densities of counterjets are harder to 
assess accurately because counterjets are fainter than the jets 
and so are more confused by lobe emission. Their faintness 
exacerbates ambiguities about which features to include in 
the integration. We also emphasize that none of the counter- 
jet candidates in our new images unambiguously meets all of 
our adopted criteria for jethood. For example, in 3C 334 both 
lobes are filamentary. The jet is easy to distinguish from 
confusing filaments by its brightness contrast, but the fainter 
counterjet candidate is not. It is a candidate because it lies 
along a plausible path for the other beam, not because of its 
prominence relative to the filaments. This method of identi- 
fying counterjet candidates is fallible, however, because we 
cannot predict their paths uniquely. These paths need not a 
priori have any particular symmetry relative to those of the 

jets if jets can be bent by local “weather” in galactic envi- 
ronments or if they can have relativistic pattern speeds. The 
path problem also affects the choice of an integration region 
when obtaining upper limits for undetected counterjets. For 
many sources in this sample, the uncertainties in the coun- 
terjet integrations stemming from ambiguities over what 
areas of the image to include as counterjet candidates are as 
large as, or larger than, the uncertainties in the background 
corrections. The following cases are particularly trouble- 
some: 

3C 9: a possible continuation of the counterjet candidate 
through a ridge in its lobe, excluded in Table 6, could in- 
crease the counterjet flux density from 0.36 to 6.2 mly. The 
ridge is not sufficiently distinct to be considered part of the 
counterjet on the present evidence, however. 

3C 47: the combination of large-scale structure and lack 
of a hot spot in the counterjet lobe make the appropriate 
counterjet integration path and the lobe emission correction 
uncertain. The axis of the straight inner segment of the jet 
points toward a curved ridge of emission leading into feature 
H, but this ridge has too little brightness contrast relative to 
the rest of the lobe to be considered a counterjet candidate. 
Our upper limit for the counteijet is conservative and is de- 
termined entirely by scatter in the possible corrections for the 
lobe emission, rather than by suspicion of an explicit coun- 
terjet feature at this flux density level. 

3C 208: the resolved feature H has been interpreted as 
confusing lobe emission, not as a broad counterjet-related 
feature. In setting an upper limit to the integrated counteijet 
emission, we use an integration region whose width equals 
that of the jet, traversing the ridge of feature H before bend- 
ing northward toward the hot spot J. The integrations on the 
adjacent comparison paths disagree by almost 5 mJy because 
they contain different contributions from feature H and other 
background in the lobe. Use of the southern comparison re- 
gion alone suggests that there is no excess flux density at- 
tributable to a counterjet, but use of the northern path pro- 

Table 6. Integrated flux densities of jets and counteijet candidates. 

(a) whole path 
Jet (mJy) Length Counterjet 

(") (mJy) 
Length 
(") 

3C 9 3C 47 
3C 68.1 3C175 3C204 
3C208 3C215 
3C249.1 3C263 3C334 3C336 
3C351 3C432 

331 23 
116 

25 7.4 
26 27 
51 27 
52 66 14 

4.4 

3 5 
6 3 0.5 
3 2 
4 6 1 5 3 

3.3 

8.0 
36.5 
21.0 27.5 12.1 
4.8 9.7 
7.0 

15.6 17.0 6.9 
24.3 6.8 

0.36 <4.2 
2.52 

<0.32 <0.19 <5.1 4.2 
1.0 <0.68 3.3 3.3 0.18 <0.12 

2.1 
0.2 
0.5 0.2 0.03 

1.5 
29.0 11.0 19.0 14.0 4.8 21.0 3.7 24.1 
26.0 15.4 0.7 4.7 

(b) straight jet path 
Jet (nvjy) Length 

(") 
Counterjet (mJy) Ratio 

3C 9 3C 47 
3C 68. 3C175 3C204 3C208 
3C215 
3C249. 3C263 3C334 3C336 3C351 3C432 

1.18 ± 0.04 6.2 2.1 
2.4 5.1 9.7 
2.9 12.4 
7.5 38.5 
3.9 9.4 

1.5 
0.1 0.1 0.1 0.2 0.1 
0.5 
0.9 0.7 
0.1 0.1 0.47 ± 0.05 

1.5 19.6 13.0 6.7 
8.4 4.1 
3.1 
3.6 8.7 12.1 3.7 
2.7 2.2 

0.36 ± 0.02 <1.7 
2.52 ± 0.06 <0.20 <0.19 <1.88 0.11 1.0 <0.22 <0.22 <0.41 0.18 <0.1 

0.04 0.2 

3.3 >3.7 
(1.2) >12 >27 >5.2 
26 12 >34 >17 5 

>9.5 52 >4.7 
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duces a formal excess of 5.1 mJy on the counterjet path. 
Because we see no narrow feature within H that properly 
qualifies as a counterjet candidate, we take the 5.1 mJy value 
as a conservative upper limit. 

3C 215: the low brightness contrast of a long counterjet 
candidate against an extended lobe with other weak internal 
structure leads to a large uncertainty in the background cor- 
rection. 

3C 249.1: only the initial narrow ridge-like feature is in- 
cluded in our counterjet integration. Each of the extended 
hook-like features B and C near the putative counterjet path 
contains an integrated flux density of 2.9 mJy. If both these 
less collimated features were also associated with the coun- 

there is evidence for a counterjet candidate opposite the 
straight jet), the lobe correction was made as on the jet 
side—by subtracting the average of the two adjacent integra- 
tions. Otherwise, an upper limit was derived by subtracting 
the lower of the adjacent integrations. 

Table 6(b) lists the “straight” jet and counterjet flux den- 
sity integrations obtained in this way, together with the an- 
gular length of the path from the central feature to the outer 
boundaries of the integration regions, and the resulting jet/ 
counterjet intensity ratio. Note that for 3C 68.1, the inte- 
grated flux density of the counterjet candidate exceeds that of 
the jet in this restricted region, so we list the ratio in paren- 
theses. 

terjet candidate, its integrated flux density could be increased 
from 0.95 to 6.75 mJy. 

3C 334: we did not include knot C, which does not 
qualify as a hot spot by our definition but which lies on the 
projected counterjet path and is the most promising hot spot 
candidate in the counterjet lobe. Adding C to the counterjet 
integration would increase the estimate from 3.3 to 6.55 mJy. 

3C 336: we included knots I and J in the counterjet inte- 
gration, because there is a hot spot (K) elsewhere in the lobe 
and because J can plausibly be interpreted as part of a coun- 
terjet that deflects into K after brightening at I. (This case is 
the opposite of 3C 334, where knot C was excluded from the 
integration because it is the most promising hot spot candi- 
date in the counterjetted lobe.) If higher-resolution data 
should show that knot I is the hot spot, there would be no 
counterjet candidate in this source. 

Ambiguities about the paths of the counterjets contribute 
significantly to the uncertainties in the integrated flux densi- 
ties in Table 6(a). Although none of the jets is perfectly 
straight, many have long, relatively straight inner sections. 
The counterjet paths are perhaps least ambiguous opposite 
these inner, straighter jet segments. Regions where jets and 
counterjets bend may also be the sites of particularly strong 
interactions with their environments. The straighter segments 
are where it is least likely that jet brightnesses are dominated 
by changes in the internal velocity field induced by such 
interactions. We therefore determined a second set of flux 
densities for the jets and counterjet candidates, using only 
the straighter regions of the jets and the corresponding rect- 
angular areas of sky on the counterjet side. 

These “straight jet” integrations were made from images 
that were rotated and regridded to make the initial segments 
of the jets lie along rows or columns of the data (using the 
AIPS task lgeom). The jet flux density was integrated over a 
rectangular region within which (a) the ridge line of the jet 
deviates from the centerline of the box by less than a jet 
radius (or by less than the synthesized beam HWHM if the 
jet was unresolved) and (b) there is no obvious confusion by 
large gradients in the lobe emission. This integration was 
corrected for lobe emission by subtracting the mean of the 
integrations in the two identically sized rectangles alongside 
the jet. We also integrated over the geometrically equivalent 
rectangles on the counteijet side, to estimate or set limits to 
any counteijet emission opposite these straight jet segments. 
If the integration in the rectangle opposite the straight jet 
segment exceeded those in both comparison regions (i.e., if 

The counterjet lobes in 3C 47 and 3C 175 contain curved 
“hooks” of emission that link their hot spot candidates to the 
line projected into the lobe from the axis of the straight seg- 
ment of the jet. If these emission hooks could be better dis- 
tinguished from other lobe features by higher-resolution ob- 
servations, they might also be evidence for counteijets that 
brighten as they bend away from the axis of the straight jet, 
as in 3C 334 and 3C 336. 

5.2.2 Deflections and bending 

Table 7(a) quantifies the apparent deflections of each jet in 
several ways, reflecting different scales of jet bending and 
alternative deflection mechanisms. Figure 37 illustrates the 
six deflection measures that we have considered. 

The angle 7ft is the difference between the initial and final 
directions of the jet, i.e., between the position angles of the 
jet when closest to the central feature and when closest to the 
terminal hot spot. The position angle can itself be measured 
in two ways. 

The first, henceforth rjlc, uses the central feature as a 
reference. In this approach, the initial position angle is that 
of the line joining the central feature to the first jet knot and 

Table 7. Jet deflection angles. 

(a) Individual Sources 

Was A CounterJet Candidate Detected? 

Referred to 
Central Feature 

Referred to Polynomial Tangent 
TI i (°) Î1 2 n n 3 n n i (°) n 2 n n 3 n 

3C208 
3C263 3C432 3C 47 3C204 3C175 3C336 3C351 3C 68.1 
3C249.1 3C334 
3C215 3C 9 

No 
No No 

Yes Yes Yes Yes Yes Yes Yes 

1.6 2.4 
2.8 4.4 6.1 6.7 
6.9 7.0 7.4 7.7 

25.4 28.7 
31.2 

7.5 
3.0 3.7 
4.4 6.1 7.2 
9.1 13.6 7.4 

10.5 25.4 33..4 31.2 

7.4 
1.5 3.7 
2.0 2.3 2.4 
3.0 
6.6 3.0 4.2 10.2 

20.3 9.6 

30.9 23.4 
10.6 4.2 34.7 
1.2 4.4 8.7 

18.4 
16.9 36.0 55.0 
87.3 

43.1 27.7 
10.6 8.4 34.7 31.4 24.7 
32.4 97.4 
25.5 40.5 74.1 
87.3 

35.5 
19.1 7.4 8.4 
15.8 23.7 
18.2 
15.9 85.8 15.0 12.2 
48.9 
37.5 

(b) Sample Means 
Referred to Was A Central Feature Mean CounterJet   of Candidate T| i il 2 n 3 Detected? (°) (°) {°) 

Referred to Polynomial Tangent 
n ! (°) n 2 n 

NO 4.0 16.3 5.3 18.7 3.2 8.1 26.0 54.6 18.3 33.4 

Notes to Table 7 
T| 1 : Initial (nearest central feature) minus final (nearest hot spot) ri 2: Largest global difference along jet 

1)3: Largest local difference along jet 
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Fig. 37. The six measures of jet deflection introduced in Sec. 5.2.2 and 
Table 7. The filled circles labeled cf and hs denote the peaks of the central 
feature and jetted hot spot, respectively. The open circles denote the peaks of 
jet knots. The left column shows the centrally referenced deflection mea- 
sures. The right column shows the deflection measures obtained from the 
tangents to the jets, as estimated by fitting a polynomial (dashed curve) to 
the positions of these features. 

the final position angle is that of the line joining the central 
feature to the terminal hot spot. (This method can be thought 
of as measuring the “swing” of the central engine between 
the earliest and latest epochs, in a model of the jet trajectory 
based on purely ballistic outflow from an engine whose ori- 
entation varies.) 

The second, henceforth 7}lh uses the local position angles 
of the tangents to the jet direction, as estimated by fitting a 
polynomial curve to the positions of the central feature, jet 
knots and hot spot. The order of the polynomial was in- 
creased until a minimum was reached in the reduced x1 of 
the fit. In this approach, the initial position angle is close to 
that used for 7jlc but the final position angle is referred to the 
outermost segment of the jet rather than to the central fea- 
ture. (This method can be thought of as measuring the 
changes in direction of the jet in a flow model in which the 
streamlines lie along the fitted polynomial.) 

The angle tj2 is the largest difference in position angles 
between any two vectors characterizing the orientation of the 
jet. In a purely ballistic interpretation, 772c measures the larg- 
est possible excursion that could be ascribed to the central 
engine on the time scale of the jet. In a streamline interpre- 
tation, r)2i measures the largest difference in flow direction 
between any two positions along the jet. 

The angle 773 measures the largest difference in position 
angles between any pair of adjacent knots in the jet, i.e., the 
largest local deflection anywhere along the jet path, is 
the largest difference in position angles, measured with ref- 

erence to the central feature, between any adjacent knots in 
the jet (including the terminal hot spot). 773/ is the largest 
change in jet tangent directions between any adjacent knots 
in the jet. 

Table 7(a) lists our estimates of all 6 angles for the jets in 
these 13 quasars, in order of increasing t)1c. We cannot esti- 
mate these angles reliably for the counterjets—the counterjet 
candidates are marginal detections, their inferred paths de- 
pend much more critically on interpretation of ambiguous 
features, and there are sometimes no hot spots (by our crite- 
ria) in the counterjetted lobes. 

Note that although we have just characterized the mea- 
surement of these angles in terms of two simple models of jet 
kinematics, we do not wish to restrict ourselves to just these 
models. For example, the centrally referenced angles rjc 

could also measure jet deflection appropriately for models 
with outflow over a cone of directions within which some 
features appear brighter than others. In such models, a poly- 
nomial fitted to the jet ridge-line need not trace a flow line, 
and r)lc may estimate the (projected) opening angle of the 
cone. To summarize, the “locally referenced” estimates rji 
may characterize the jet deflections well if the jet ridge-line 
traces a streamline, while the “centrally referenced” esti- 
mates r)c could characterize them better if it does not. 

Table 7(a) is ordered by the “initial minus final” bending 
measure 7)u to emphasize a broad correlation within this 
sample between jet deflection and the detection of counterjet 
candidates: all sources with no counterjet candidates have 
771c=ss6!8, whereas those with counterjet candidates have 
771c>6!8. This “perfect” ordering of counterjet candidate de- 
tection by 7)Xc must be coincidental, however: six jets, both 
with and without counterjet candidates, have 60<77lc<8°. 
The “largest deflection” measure r)2c predicts counterjet 
candidate detection almost as well as 77lc. 

Table 7(b) shows a more robust result—the average val- 
ues of all six angles 77 for the sources without counterjet 
candidates are well below the corresponding averages for the 
sources with counterjet candidates. This connection between 
apparent jet bending and the presence of counterjet candi- 
dates evidently depends little on details of how the bending 
is quantified. We explore its implications in Secs. 6 and 7 
below. 

5.2.3 Internal structure 

We derived approximate parameters for the most readily 
distinguishable discrete knots in the jets and counteijet can- 
didates by fitting models to them using the AIPS task IMFIT. 
Well isolated knots were fitted by two-dimensional elliptical 
Gaussian models, superposed on a second-order background 
to account for underlying extended emission. Knots that are 
partially blended or confused by steep gradients in the un- 
derlying emission were modeled by multiple Gaussian com- 
ponents, some of which represented the background gradi- 
ents. Table 8 gives the results of this model-fitting. 

Both A(^ck and Ai^et measure the inclination of the jet 
knot to a reference direction. The distributions of A^ck and 
A0jet both peak strongly near 0°—87% of the jet knots have 
A0jet<2O° and 84% have A^ck<20°, although the inclina- 
tions A^ reach 69°. Because most of the features that we 
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Table 8. Parameters of knots in jets and counterjet candidates. 

Knot 0 ID ( " ) Sine LAS (mJy) (") SAS C) Vck Vjet A\|fck AVj« í>/0 (°) (°) (°) (°) 

3C 9 3C 9 3C 47 3C 47 3C 47 3C 47 3C 47 3C 47 3C 68.1 3C 68.1 3C 68.1 3C 68.1 3C175 3C175 3C175 3C175 3C175 3C175 3C175 3C204 3C204 3C204 3C204 3C204 3C208 3C208 3C208 3C215 3C215 3C215 3C249.1 3C249.1 3C249.1 3C263 3C263 3C263 3C263 3C263 3C263 
3C334 3C334 3C334 3C334 3C334 3C334 3C334 3C334 3C334 3C334 3C334 3C334 3C334 3C336 3C336 3C336 3C336 3C336 3C336 3C336 3C351 3C351 3C351 3C351 3C432 3C432 

1.16 0.45 22.9 0.31 

1.96 1.79 

0.67 0.47 0.51 0.86 0.91 3.89 <0.89 2.58 2.41 1.97 0.69 0.28 2.66 0.58 0.67 2.20 1.09 0.79 1.05 

1.03 0.36 0.44 0.99 2.78 3.57 5.42 6.47 7.26 3.06 7.96 9.23 15.57 19.31 23.73 9.63 9.35 8.68 20.75 2.22 5.21 8.46 11.92 21.72 22.68 25.23 1.63 3.79 5.83 7.85 11.64 0.77 1.72 2.72 3.60 5.84 8.25 1.01 5.19 5.97 1.90 4.42 6.95 9.35 11.81 15.38 
19.73 0.03 1.30 2.39 

0.23 :0.17 0.24 0.26 0.24 0.28 0.36 0.54 0.82 ;0.89 

3.76 6.29 8.26 10.00 11.63 13.70 13.96 15.17 15.22 13.69 0.97 1.72 3.12 4.91 6.03 0.61 0.40 1.21 1.85 

1.17 1.88 16.8 
0.88 25.3 2.02 0.41 1.42 0.98 2.23 2.72 3.01 2.78 4.69 1.05 3.04 1.74 0.57 0.42 0.72 1.59 6.70 38.3 0.18 8.27 2.14 0.76 0.49 0.18 

0.59 0.20 • 0.49 

1.07 1.15 1.69 0.39 
0.81 0.27 1.64 

160 158 167 133 146 133 112 43 

0.42 0.20 

1.59 2.45 1.26 1.26 2.09 95.5 1.44 1.23 0.72 0.63 1.13 1.12 3.14 1.29 0.70 0.66 0.56 2.04 1.59 1.23 1.73 6.89 1.23 6.31 8.82 6.72 9.19 1.75 3.22 2.68 0.14 

0.37 0.08 0.22 0.23 0.27 0.45 0.35 0.29 <0.16 0.09 42 <0.11 0.55 0.02 0.88 0.33 0.56 0.60 0.33 0.46 0.55 0.35 0.43 0.55 0.65 

171 103 

161 156 150 143 141 139 134 29 

175 177 177 172 

98 118 

0.08 0.32 0.33 0.13 0.21 0.17 0.12 
0.10 0.17 0.15 0.38 
0.44 0.09 0.27 

0.42 0.44 
0.32 0.30 
0.27 0.15 

.16 <0.16 0.50 0.10 0.92 0.37 1.34 1.49 3.28 2.22 2.04 1.08 1.27 0.63 0.25 0.34 0.45 1.07 0.14 1.82 0.20 0.51 0.15 <0.43 <0.26 0.10 0.06 0.67 0.15 0.29 0.25 0.40 <0.40 0.60 <0.60 

131 114 81 84 112 109 109 109 110 102 
158 141 148 132 145 127 146 144 136 137 131 107 

153 2 5 134 17 33 133 10 0 133 5 13 118 6 15 81 22 31 31 14 12 

97 111 21 0.24 0.06 0.22 85 81 87 
78 98 103 100 99 96 109 109 109 109 109 110 

140 158 147 148 143 142 142 141 141 142 141 139 138 

110 123 120 103 85 80 108 109 110 108 109 128 
151 144 141 139 138 141 142 142 139 127 122 110 

0.22 <0.17 0.088 0.074 0.044 0.043 0.053 0.18 0.10 
0.023 0.025 0.044 0.045 0.021 0.064 0.026 0.038 0.042 0.028 0.023 0.022 0.016 0.012 <0.098 0.024 <0.019 0.003 0.022 0.074 0.13 0.042 0.028 0.055 0.043 0.13 0.042 0.029 0.065 0.033 0.015 0.018 0.012 0.024 
0.023 17 10 2.8 1 4 0.21 

52 18 22 34 30 26 21 26 5 0 33 23 25 10 8 

137 136 

<0.07 0.035 0.10 0.067 0.053 0.048 0.027 0.022 0.025 0.025 0.041 0.013 0.19 0.058 0.046 0.041 0.031 
0.15 0.12 0.14 <0.20 <0.22 

Notes to Table 8 
Knot ID: from Figures in Sec.4, fits with two Gaussian components carry additional designations 1 and 2 ©: angular distance between peak of knot and central feature Sin|. : integrated flux density of knot LAS,SAS: majpr and minor axes of fitted elliptical Gaussian component \y: position angle of major axis of fitted component \|/ck: position angle of line from peak of knot to peak of central feature 

Vjet : local position angle of tangent to jet (from polynomial fit) A\jfck: angle between fitted major axis and line to central feature Ayjet: angle between fitted major axis and local tangent to jet <t>: FWHM of knot transverse to the line from it to the central feature 

identify as jet knots align so well with the local jet axis, the 
distinction between a knot and underlying more continuous 
emission may be somewhat subjective, especially with lim- 
ited angular resolution transverse to the jets. We can, how- 
ever, legitimately recognize a class of strongly misaligned 
knots whose A^et and Ai^ck values differ significantly from 
0°. We return to the properties of these knots in Sec. 5.2.7. 

5.2.4 Spreading 

Table 8 shows that we detect jet spreading in several 
sources: the transverse knot widths tend to grow with 
angular distance 0 from the central feature. The knot widths 
<£> generally do not grow in linear proportion to 0, however, 
as they would in a freely expanding jet. Instead, O/0 is often 
larger at small 0. This is a pattern exhibited by many well 

resolved jets in radio galaxies (e.g., Willis et al. 1981; Fanti 
et al. 1982; Perley et al. 1984; Killeen et al. 1986; Morganti 
et al. 1987; Bridle et al. 1991; Clarke et al. 1992)—an initial 
rapid spreading, followed by slower spreading, or recollima- 
tion. 

We analyzed the collimation properties of the long, rela- 
tively straight jets in 3C 175, 3C 204, 3C 263, and 3C 334 in 
more detail. We used the SLICE facility in AIPS to make 
many profiles transverse to the average jet axes at one- 
beamwidth intervals along the straighter segments of these 
jets. These transverse profiles were analyzed using H. S. 
Liszt’s drawspec profile analysis software to remove poly- 
nomial baselines and fit one-dimensional Gaussian models. 
This procedure allows us to examine the spreading of the 
fainter emission between the knots in addition to the local 
peaks that dominate the two-dimensional model-fitting. It is 
also free of the (at times unwarranted) assumption that the 
longitudinal brightness variations along the jets can be de- 
scribed as superposed Gaussian features. Figures 38 to 41 
show spreading plots for these jets derived from both the 
one-dimensional profile-fitting (filled circles) and the two- 
dimensional model fits (open circles for measurements, open 
triangles for upper limits). The two approaches usually agree 
to within the error in the profile fitting. Where they disagree, 
the profile fitting tends to estimate larger widths than the 
knot modeling. For some cases, especially 3C 175, there is 
evidence that the fainter inter-knot emission is broader than 
the bright knots. 

Figure 42 plots the average spreading rates ((O/0)) for 
these 3CR quasar jets against total lobe power at 1465 MHz, 
superimposed on an ensemble of such spreading data com- 
piled by Bridle (1995a) for jets that are >10/i_1 kpc in 
projected length. The spreading rates from the present study 
are themselves uncorrelated with lobe power, but they strik- 
ingly confirm the absence of spreading rates >0.1 among 
powerful radio galaxies and quasars previously noted in a 
much smaller sample by Bridle (1984). As Fig. 42 shows 
data only for jets whose spreading rates have been directly 
determined, it may represent only the upper envelope of the 
true spreading rate distribution. Despite this selection, it is 
clear that spreading rates >0.10 on >10/î_1 kpc scales are 
common in sources with P^ClO25/*-2 W Hz-1 but rare in 
sources with P1

1
obe>1026/î”2 W Hz”1. 

Figures 39 to 41 give direct evidence for faster-than- 
average spreading in the jets in 3C 204, 3C 263, and 3C 334 
when they are closest to the nucleus—none of these spread- 
ing plots extrapolates to the origin. (The transverse knot 
widths in the ~8/i-1 kpc inner jet in 3C 351, which is too 
short to be shown in Fig. 42, are also consistent with a high 
initial spreading rate of 0.13 for this jet segment, whereas the 
marginally detected outer jet appears to be better collimated 
than this.) The low average spreading rate of the large-scale 
jets in these powerful sources therefore seems to be a prop- 
erty that is imposed by interactions on many-kiloparsec 
scales, not by “initial conditions” near the central objects. 
The spreading rates and internal morphologies of these qua- 
sar jets should therefore be examined directly on subarcsec- 
ond scales, to determine the scale of the recollimation and to 
explore the detailed structures of the jets in the recollimation 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



799 BRIDLE ETAL.: TWELVE 3CR QUASARS 799 

PQ UD UD r" 

oo o 

^0 

Spreading of Jet in 3C175 Spreading of Jet in 3C263 

Angular Distance 0 from Central Feature (arcsec) 

8 
g •S 
0 0.6 
5 

• Profile fitting 
O Knot modeling 

ft 

5.0 10.0 15.0 
Angular Distance 0 from Central Feature (arcsec) 

Fig. 38. The deconvolved FWHM <!> transverse to the jet in 3C 175 plotted 
against angular distance 0 from the central feature. Filled circles show 
one-dimensional Gaussian fits to the transverse intensity profiles, with their 
lo- errors. Open circles show the results of two-dimensional Gaussian mod- 
eling of knots. 

regime. The jets in 3C 204 and 3C 263 also show evidence 
of “flaring” (accelerated spreading) as they approach the hot 
spots. 

5.2.5 Trains of knots 

It has been suggested (Rees 1978; Sanders 1983; Smarr 
et al. 1984; Hardee & Norman 1989) that quasiperiodic 
trains of knots in jets arise from shock cell patterns in con- 
fined flows. The jets in 3C 175, 3C 204, 3C 263, and 3C 334 
all contain trains of knots with an appearance of periodicity. 
Table 9 tabulates their main properties. A strictly periodic 
knot train would have equal values of A0 (Column 4) for all 

Fig. 40. The deconvolved FWHM <I> transverse to the jet in 3C 263 plotted 
against angular distance 0 from the central feature. Filled circles show 
one-dimensional Gaussian fits to the transverse intensity profiles, with their 
1er errors. Open circles show the results of two-dimensional Gaussian mod- 
eling of knots. 

knots after the first. (If the central feature was itself part of 
this train, the first entry in this column would match the later 
entries.) 

Table 9 shows that the knot trains from I to F in 3C 204 
and from D to H in 3C 263 are particularly close to periodic, 
with periods near 2.1 in 3C 204 and 2'.'5 in 3C 263. In nei- 
ther source does the central feature participate in the period- 
icity of the knot train—in both, it is closer to the first knot in 
the train than the periodicity would require. In 3C 175 the 
inter-knot separation lengthens with increasing distance from 
the central feature, while in 3C 334 there is no steady trend. 
3C 334 has the lowest values of the ratio between the knot 

Spreading of Jet in 3C204 Spreading of Jet in 3C334 

ÜL 
e 
$ 
£ 

• Profile fitting 
O Knot modeling 
V Knot modeling limit 

0.0 5.0 10.0 15.0 
Angular Distance 0 from Central Feature (arcsec) 
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Fig. 39. The deconvolved FWHM <I> transverse to the jet in 3C 204 plotted 
against angular distance 0 from the central feature. Filled circles show 
one-dimensional Gaussian fits to the transverse intensity profiles, with their 
1(7 errors. Open circles show the results of two-dimensional Gaussian mod- 
eling of knots, triangles show upper limits from the knot modeling. 

Fig. 41. The deconvolved FWHM <E> transverse to the jet in 3C 334 plotted 
against angular distance 0 from the central feature. Filled circles show 
one-dimensional Gaussian fits to the transverse intensity profiles, with their 
1er errors. Open circles show the results of two-dimensional Gaussian mod- 
eling of knots, triangles show upper limits from knot modeling. 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



800 BRIDLE ETAL.: TWELVE 3CR QUASARS 800 

PQ UD UD r" 

O'! O'! 

Average Jet Spreading Rates 
(Jets >10 kpc long only) 

♦ Radio Galaxies 
o Quasars (published) 
• Quasars (this paper) 

0.00 L— 22.0 24.0 25.0 26.0 
Logi0(P|obein w H2’’ at 1465 MHz) 

Fig. 42. Average spreading rates of jets that are longer than 10A 1 kpc in 
projection, plotted against lobe power in h~2 WHz-1 at 1.5 GHz. 

separation and the transverse FWHM (between 3.5 and 7). 
3C 175 and 3C 263 exhibit higher values (between 12.5 and 
14 for 3C 175, and between 14 and 25 for 3C 263), while 
those for 3C 204 are ill defined (17 to 100) but evidently 
larger than in 3C 334. 

There is a trend for the jet knot closest to the central 

Table 9. Trains of jet knots. 

Source Knot 0 
ID ( " ) 

A0 
(") 

<D 
(") 

3C175 
3C175 
3C175 
3C175 

2.22 
5.21 
8.46 

11.92 

2.22 
2.99 
3.25 
3.46 

0.08 
0.22 
0.23 
0.27 

3C204 
3C204 
3C204 
3C204 
3C204 

I 
H 
G 
F 
E 

1.63 
3.79 
5.83 
7.85 

11.64 

63 
16 
04 

2.02 
3.79 

<0.16 
0.09 

<0.11 
0.02 
0.25 

3C263 
3C263 
3C263 
3C263 
3C263 

D 
E 
F 
G 
H 

1.90 
4.42 
6.95 
9.35 

11.81 

1.90 
2.52 
2.53 
2.40 
2.46 

0.12 
0.14 
0.10 
0.17 
0.15 

3C334 
3C334 
3C334 
3C334 
3C334 
3C334 
3C334 
3C334 
3C334 
3C334 

F 
Gl 
H 
I 
J 
Kl 
K2 
M 
NI 
N2 

1.30 
2.39 
3.76 
6.29 
8.26 

10.00 
11.63 
13.70 
13.96 
15.17 

1.30 
1.09 
1.37 
2.53 
1.97 
1.84 
1.63 
2.07 
0.26 
1.21 

0.27 
<0.16 

0.38 
0.42 
0.44 
0.48 
0.32 
0.30 
0.35 
0.38 

Notes to Table 9 

0: separation of peak from central feature 
À0: separation of peak from previous peak 

<I>: FWHM of knot transverse to jet 

feature to be brighter than the more distant knots until the jet 
is close to its terminating hot spot. This statement holds for 
3C 175, 3C 204, 3C 208, 3C 215, 3C 249.1, 3C 263, 3C 334 
(interpreting E2 as the first jet knot and not as part of the 
central feature), and 3C 351. In 3C 68.1 and 3C 432, the jets 
do not contain long well resolved knot trains with which to 
test this statement. Only in 3C 9 and 3C 336 is it clearly 
false, in the sense that both jets have long segments in which 
they brighten with distance from the central feature. In sev- 
eral sources, a large fraction of the integrated jet flux density 
arises within a few hot spot diameters of the terminal hot 
spot: examples are 3C 68.1 (82% of the integrated jet flux 
density is in knot C), 3C 204 (28% of the integrated jet flux 
density is in knot E), 3C 263 (62% of the integrated jet flux 
density is in knot J), and 3C 336 (58% of the integrated jet 
flux density is in knot C). 

5.2.6 Magnetic field strength, minimum pressure, and synchrotron lifetime 

Where the jet and putative counterjet features are re- 
solved, we can estimate the equipartition magnetic field 
strengths i?eq, minimum internal pressures, and the synchro- 
tron lifetimes fsyn of the electrons radiating in the equiparti- 
tion field strength at the observed frequency, subject to the 
conventional assumptions about synchrotron-emitting plas- 
mas (Pacholczyk 1970). Table 10 summarizes the results, 
with limits to quantities for the unresolved features. These 
parameters may be used, subject to the caveats given in the 
table, for studies of jet confinement, recollimation, and sta- 
bility. 

Table 10 also computes the ratio £ between the light-travel 
time tc from the central feature to the jet knot and the syn- 
chrotron lifetime isyn. Where f >1, one or more of the fol- 
lowing will apply: (a) the radiating particles have been reac- 
celerated since leaving the quasar nucleus, (b) the radiating 
particles did not (in their own frame) travel the entire dis- 
tance from the nucleus radiating with their present emissiv- 
ity, or (c) the field strength is below that given by the equi- 
partition assumptions, f will be underestimated if the jets are 
oriented away from the plane of the sky, if much of the 
detected knot emission is in small structures such as sheets 
or filaments that do not fill the dimensions estimated here, or 
if there is more energy in ions than in radiating electrons. £ 
will be overestimated if the spectra of the knots steepen 
above, or flatten below, 4.9 GHz. 

Finally, note that if Doppler boosting is important in these 
jets, the values in Table 10 should be modified by beaming 
correction factors (see Sec. 7.1). 

5.2.7 Polarimetry 

Table 11 lists the polarimetric properties of the total emis- 
sion at the positions of the peaks of the knots in the jets and 
counterjet candidates. We have not corrected these polariza- 
tion parameters for the contribution of more extended emis- 
sion to the total or polarized intensities at these positions. 
Thus, if the jet is superposed on lobe emission, the quoted 
polarization is the sum of the jet and lobe contributions. 

The values of the degree of polarization p at the knot 
peaks range from 5% to —50%, but are typically —25%. The 
degrees of polarization are uncorrelated with the orientation 
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Polarization Angle Axck Polarization Angle Axjet 
Relative to Line from Central Feature to Knot Relative to Local Jet Axis 

Fig. 43. Polarization alignment data for jet knots, (a—left) plots the angle A*ck between the observed E vectors and the line joining the knot to the central 
feature against the orientation A</rck of the major axis of the knot relative to the same reference direction, (b—right) plots the same relationship taking the local 
tangent to the jet as the reference direction. 

of the E vectors relative to the jet (A*jet), to the major axis of 
the knot (A^k) or to the direction to central feature (A^ck). 
The degree of polarization also does not depend systemati- 
cally on the orientation of the knots themselves relative to 
the tangent to the jet (A^jet), or relative to the direction to the 
central feature (A0-ck). 

By contrast, the orientational parameters correlate with 
each other. The E-vector orientation is systematic relative to 
the local axis of the jet, 78% of the jet knots having 
A*jet>70°. It is almost as well organized relative to the ma- 
jor axes of the individual knots, 67% having A^k>70°. 
(These correspond to the apparent magnetic vector lying 
within 20° of the local jet tangent and of the major axis of 
the knot, respectively). Figure 43 illustrates that the polariza- 
tion and the knots are often well aligned with the jets and 
with the direction to the central feature—note the clustering 
toward the upper left-hand corners (A*=90°, A^=0°) in 
both panels. 

Figure 43(a) also shows that the distribution of E-vector 
orientations for the more misaligned knots (A0ck>15° m 

Table 8) differs markedly from that of the knots with 
Aif/ck<15°. The misaligned knots are much less likely to 
have A(Yck>70° (i.e., their apparent magnetic vector pointing 
within 20° of the central feature). In contrast, Fig. 43(b) 
shows that the E vectors at most knots align better with the 
jet tangent than with the direction to the central feature, and 
that their orientation relative to the jet is insensitive to the 
knot’s orientation relative to the jet. 

Note also that six of the seven points in Fig. 43(a) with 
A^ck>20° and A^ck<70° represent the largest bends in their 
jets. Thus, the trend for misaligned polarization at misaligned 
knots is dominated by data from the sharpest bends in the 
jets. (In all but one case—3C 215—the sharpest bend is also 
at the end of the jet that is farthest from the quasar. In all but 

one other case—3C 9—it is at the brightest knot, or knot 
complex for 3C 334.) 

Five of the seven points with knot misalignments 
A0jet>2O° [Fig. 43(b)] also represent the sharpest bend in 
their jet, but three of these have A^jet>70° and two have 
A^jet<70o. It is evidently harder to misalign the polarization 
with the jet tangent at the largest bends than it is to misalign 
the jet with the direction to the quasar. 

These results show that the process that misaligns knots at 
bends in the jet also perturbs the pattern of magnetic fields 
along the jet axis. The trend for the E vectors to stay perpen- 
dicular to the jet tangent is stronger than any umemory” of 
the direction to the quasar. 

There is no common progression of the degree of polar- 
ization p at the knot peaks with separation 0 from the cen- 
tral feature. In 3C 47, 3C 263, and 3C 334, the degrees of 
polarization at the knot peaks decrease outwards, but in 3C 
336 they increase outwards, and in 3C 175 and 3C 204 they 
decline and recover. In other sources, the polarizations at the 
knot peaks fluctuate randomly. 

We also plotted profiles of the degree of polarization p 
along the ridge lines of the straighter jet segments where 
they are relatively unconfused by lobe emission, to examine 
the polarization properties between the peaks listed in Table 
11. We found no general trend for p to change systematically 
with increasing distance along these jet segments, but there 
are significant local fluctuations in many of them. 

Fernini et al (1991) commented that the degree of polar- 
ization of the jet in 3C 47 apparently increases as the jet 
enters the south lobe. The degree of polarization along the 
ridges of other jets in this sample also changes noticeably as 
the ridges cross into the lobes, but the change is sometimes a 
decrease. As the emission from the extended lobe structures 
is often highly polarized at these resolutions, the apparent 
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degree of polarization along a jet ridge can change apprecia- 
bly whenever the mixture of jet and lobe emission along the 
line of sight changes. Further analysis is needed to establish 
whether such changes in the apparent polarization at a jet 
ridge reflect changes in the polarization state of the jets, or 
just changes in the blend of polarizations being summed 
along the line of sight. Such analysis is beyond the scope of 
this paper. We emphasize however that, in straight jet seg- 
ments that are not confused by lobe emission, we do not find 
that the degree of linear polarization changes systematically 
with distance from the central radio feature. 

Table 10. Derived parameters of knots in jets and counteijet candidates. 

5.3 The Hot Spots 

Table 12(a) lists the parameters of single-component 
Gaussian models fitted to the hot spots. Because not all the 
hot spot structures are well represented by Gaussian models, 
these parameters are only rough guides to the total flux den- 
sities, angular sizes, and orientations of the hot spots. Some 
hot spots contain compact substructure that was not well 
represented by fitting a single component to all the emission 
that contributed to our classification of the region. Table 
12(b) lists parameters for these more compact substructures, 
which carry the designation 1 after the alphabetic knot code. 

Knot ID (Gauss) 
h2H 

Prain (nf3 K) (yr) 
h-3/7 

3C 
3C 
3C 3C 3C 3C 
3C 3C 47 3C 47 3C 47 3C 47 3C 47 3C 47 3C 68.1 3C 68.1 3C 68.1 3C 68.1 3C175 3C175 
3C175 3C175 3C175 3C175 
3C175 3C204 3C204 3C204 3C204 3C204 
3C208 3C208 3C208 
3C215 3C215 
3C215 3C249.1 3C249.1 
3C249.1 3C263 3C263 3C263 3C263 3C263 
3C263 
3C334 3C334 3C334 3C334 3C334 
3C334 3C334 3C334 3C334 
3C334 3C334 
3C334 3C334 
3C336 3C336 
3C336 
3C336 3C336 
3C336 3C336 
3C351 3C351 3C351 
3C351 3C432 3C432 

1. >2 . 
4. 4. 7. 
5. 2. 
2. 3. 
3. 2. 

>1. 4. 3. 5. 1. 
8. 1. 
5. 4. 6. 6 6 

D E2 
G1 G2 

N1 N2 

4E-04 
2E-04 
8E-04 IE-04 5E-04 3E-04 8E-04 

.6E-05 .3E-05 . 3E-05 .2E-05 .6E-05 .4E-05 .IE-04 .4E-05 
. 6E-04 .0E-05 .0E-04 
.5E-05 .9E-05 .IE-05 .3E-05 .2E-05 .6E-04 .IE-04 
.2E-04 .5E-04 .7E-04 .8E-04 
.8E-04 
.IE-04 .IE-04 .5E-04 
.2E-05 
.3E-05 .9E-04 .2E-04 .4E-04 
.2E-04 .0E-05 .2E-04 .9E-05 .5E-05 .5E-04 
4E-05 8E-04 0E-05 0E-04 3E-04 
8E-05 IE-05 IE-05 0E-05 
5E-05 8E-05 2E-05 3E-05 4E-04 2E-04 
2E-04 
5E-04 .0E-04 
2E-04 .3E-04 

.0E-05 .IE-04 .0E-04 

.9E-05 .0E-04 .3E-05 

6.6E+12 
>1.8E+13 

8.2E+13 
6.1E+13 2.OE+14 
9.9E+13 2.8E+13 2.3E+11 3.9E+11 3.7E+11 1.7E+11 >9.2E+10 6.8E+11 
3.5E+13 1.1E+12 
9.4E+12 2.3E+12 3.6E+12 1.1E+12 
8.7E+11 1.3E+12 
1.4E+12 1.4E+12 8.9E+12 4.4E+12 
3.8E+13 

>8.5E+12 1.0E+13 >1.2E+13 1.1E+13 4.5E+12 
3.4E+13 2.2E+13 1.4E+12 
3.1E+12 1.2E+13 5.5E+12 7.3E+12 
5.5E+12 
2.9E+12 5.2E+12 2.3E+12 2.6E+12 7.7E+12 
6.9E+11 5.1E+13 1.3E+12 

>3.6E+12 6.4E+12 8.2E+11 9.2E+11 9.3E+11 5.6E+11 
1.1E+12 1.6E+12 
9.8E+11 1.9E+12 
4.2E+13 5.5E+12 4.9E+12 
7.7E+12 
3.7E+12 
5.0E+12 6.5E+12 

>5.7E+11 6.2E+13 3.6E+12 
1.7E+12 

>3.6E+12 >1.OE+12 

1.7E+05 
<8.2E+04 2.6E+04 

3.3E+04 1.3E+04 
2.3E+04 5.9E+04 
3.0E+06 2.1E+06 2.1E+06 
3.7E+06 <5.6E+06 1.4E+06 5.8E+04 7.6E+05 
1.6E+05 4.3E+05 3.6E+05 8.6E+05 
1.0E+06 7.5E+05 7.1E+05 7.3E+05 
1.8E+05 2.8E+05 5.7E+04 <1.7E+05 1.5E+05 

<1.3E+05 1.4E+05 2.8E+05 
6.1E+04 1.0E+05 
8.3E+05 
4.5E+05 1.7E+05 
3.0E+05 2.5E+05 
2.7E+05 4.3E+05 2.8E+05 5.3E+05 4.7E+05 2.1E+05 
1.3E+06 5.3E+04 8.2E+05 <3.8E+05 2.5E+05 1.1E+06 1.0E+06 1.0E+06 
1.5E+06 
9.3E+05 6.9E+05 1.0E+06 6.1E+05 5.5E+04 
2.5E+05 
2.7E+05 1.9E+05 
3.3E+05 
2.7E+05 2.2E+05 <1.6E+06 4.9E+04 4.1E+05 
7.1E+05 

<2.7E+05 <6.4E+05 

0.08 
>0.16 1.4 
1.5 5.4 
3.8 1.7 
0.09 0.10 0.08 0.02 >0.02 0.02 5.0 
0.16 0.85 0.31 0.95 
0.35 0.29 0.21 
0.16 0.10 0.16 
0.58 1.9 >0.47 
0.35 >0.18 0.28 
0.09 0.18 0.37 
0.08 
0.20 0.06 
0.16 0.22 
0.09 0.13 0.31 0.23 0.32 
0.93 
0.18 0.01 0.02 

>0.08 0.14 0.04 0.07 
0.10 0.08 
0.15 0.24 0.17 
0.30 1.5 0.27 
0.16 0.12 
0.04 0.71 
0.95 >0.004 0.08 0.03 
0.03 

>0.10 >0.06 

Table 11. Polarization of knots in jets and counterjet candidates. 

Source Knot © ID ( " ) X (°) AXck (°) AXjet (°) AXk (°) 
3C 3C 3C 
3C 3C 3C 3C 3C 47 3C 47 3C 47 3C 47 3C 47 3C 47 
3C 68.1 3C 68.1 3C 68.1 3C 68.1 3C175 
3C175 3C175 3C175 
3C175 3C175 3C175 3C204 3C204 3C204 3C204 3C204 
3C208 3C208 
3C208 3C215 3C215 
3C215 3C249.1 
3C249.1 3C249.1 3C263 3C263 3C263 3C263 3C263 3C263 
3C334 3C334 3C334 3C334 3C334 3C334 3C334 3C334 3C334 
3C334 3C334 3C334 
3C336 3C336 
3C336 
3C336 
3C336 
3C336 3C336 3C351 
3C351 3C351 
3C351 3C432 3C432 

G Dl D2 

1.03 0.99 2.78 3.57 
5.42 6.47 
7.26 3.06 7.96 9.23 15.57 

19.31 23.73 9.63 9.35 8.68 
20.75 2.22 
5.21 8.46 11.92 21.72 

22.68 25.23 1.63 3.79 5.83 7.85 11.64 0.77 1.72 
2.72 
3.60 5.84 
8.25 1.01 5.19 5.97 
1.90 4.42 6.95 9.35 11.81 15.38 

19.73 1.30 2.39 2.87 
3.76 6.29 8.26 10.00 11.63 

13.70 13.96 15.17 
15.22 
13.69 0.97 
1.72 
3.12 
4.91 
6.03 0.61 
0.40 1.21 
1.85 2.02 
2.79 

<0.21 
0.25 0.16 0.30 
0.29 0.09 0.10 
0.29 <0.14 
0.16 <0.14 
0.19 0.14 

<0.10 0.05 0.09 
0.49 0.21 
0.31 <0.20 <0.14 

<0.10 0.19 0.29 0.25 <0.10 0.19 0.19 0.32 
0.40 0.20 0.46 0.20 0.17 
0.11 0.11 0.25 
0.05 0.27 

<0.11 0.20 0.15 <0.08 0.18 
<0.14 0.48 0.39 0.30 0.21 

0.43 0.29 0.21 0.31 0.27 
0.19 0.28 0.39 0.20 

<0.13 
0.13 
0.19 0.23 0.20 <0.17 
0.13 
0.31 0.11 <0.10 <0.40 

74 
6 41 

23 41 -16 
-65 

-56 -40 
68 86 

-10 -40 -40 

36 47 0 
-64 1 58 

19 -11 
-16 80 

48 
66 -30 -24 
-6 27 
14 36 

68 73 64 
61 58 56 41 
31 1 

-57 
-50 -65 -11 
-31 
-53 -38 

82 
36 78 62 82 
30 86 

87 
72 
71 
89 2 
83 83 

17 
4 87 

20 86 39 58 

50 37 
50 57 
78 82 
85 73 

88 76 75 69 78 80 83 86 
80 72 
43 

78 
73 
90 38 
84 67 
88 

79 
52 
88 
70 77 
83 84 

90 
90 83 83 

7 
10 86 
19 85 53 62 82 
78 30 75 54 47 71 
86 81 

89 83 71 
65 77 
81 84 
83 
86 89 71 

83 
75 
80 39 
89 72 74 

84 
19 88 57 
88 52 72 

56 85 67 
82 
83 

1 15 87 
19 83 60 56 84 82 37 
45 
65 36 75 
90 85 
85 73 

87 
88 77 
54 82 
83 78 81 
90 76 90 58 62 
83 
83 86 
73 
90 77 
86 

Assumptions made when computing Table 10: 
Elliptic cylindrical emitting volume, fully filled Major, minor axes = LAS, SAS from Table 8 

Depth = SAS from Table 8 Spectral index = 0.6 Luminosity integrated from 10 MHz to 100 GHz in quasar frar Equal energies in ions and electrons 
Electrons move with random pitch angles Electrons in constant field throughout lifetime H0=100h km s'1 Mpc 1, qo=0.5 

Notes to Table 11 
0: angular distance between peak of knot and central feature 

(knots are listed in order of increasing 0 along the jets, and of decreasing 0 along the counterjet candidates) p: fractional polarization (or 2a upper limit) at position of peak %: apparent position angle of the E vector at the peak Axck: angle between E vector and line from peak to central feature 
Ax jet • angle between E vector and local tangent to jet Áxk: angle between E vector and major axis of knot 
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Table 12. Parameters of hot spots and hot spot candidates. 

(a) Single-Component Fits 
Source Knot ID (") (mJy) LAS 

(") 
SAS 
(") V ( ° ) Y=h ( ° ) AYch ( ° ) 

0 

3C 9 A 3C 9 K 3C 47 A 3C 68.1 B 3C175 C 
3C175 3C204 3C204 
3C208 3C208 3C215 
3C249.1 A 
3C249.1 K 3C263 B 
3C263 K 3C334 0 
3C336 B 3C336 K 
3C351 J 3C432 B 
3C432 H 

5.17 
7.85 38.20 21.72 

28.31 21.04 12.99 18.29 4.98 
6.46 10.19 15.63 7.67 

27.76 16.25 17.68 
7.65 15.27 

25.18 
5.23 7.62 

47.3 15.2 
268. 362 . 

63.5 152. 61.4 42.2 27.7 
203. 

7.3 188. 86.3 20.8 
528. 19.7 
95.1 254. 

201. 5.7 
105. 

0.62 
0.90 

0.51 0.25 0.25 

0.36 
0.28 0.63 0.22 0.35 
0.38 0.21 0.22 

0.24 0.21 
0.26 
0.45 1.37 
0.39 0.34 
0.30 0.76 0.39 1.03 0.22 
0.26 
0.31 

0.21 
0.30 
0.98 0.26 
0.29 0.26 
0.29 
0.29 0.61 0.18 
0.23 0.16 

72 
168 122 

51 32 77 
16 20 7 

110 
43 94 

1 23 
165 71 
118 53 
178 16 
146 

144 124 33 170 50 62 99 

106 
100 92 
111 112 
132 25 37 

46 135 
135 

72 44 89 61 18 15 83 75 69 32 
63 6 89 88 
53 61 87 
16 
48 61 11 

(b) Most Compact Component 
Source Knot 0 ID ( " ) (mJy) LAS 

(") 
SAS 
(") Y ( ° ) Ych ( ° ) AYch ( ° ) 

3C 9 Kl 3C 47 A1 
3C 68.1 Bl 3C175 Cl 3C175 01 3C334 01 3C432 HI 

7.96 38.25 21.61 
28.19 21.11 
17.69 

5.6 239 . 128. 
33.9 88.0 9.6 

0.33 0.79 
0.23 0.36 0.34 0.50 

0.22 0.62 
0.13 0.25 0.26 0.30 

19 107 
15 128 20 89 

7.65 96.6 0.23 0.19 

125 33 170 51 
63 132 

135 
43 
13 

(c) Rejected Candidates 
Source Knot 0 Sint LAS SAS Y Ych Aych ID (") (mJy) C) (") ( ° ) ( ° ) ( ° ) 
3C 47 H 31.19 3C 68.1 H 26.64 3C215 A 21.90 3C334 C 26.72 
3C351 A 36.58 

166. 4.76 1.87 2.7 1.28 0.76 
23.4 2.49 2.23 
3.3 0.55 0.27 6.0 1.19 0.70 

139 38 79 67 176 71 
50 149 81 
91 133 42 119 30 89 

Despite the model-fitting uncertainties, Table 12 contains 
some notable trends: 

(a) All five lobes that contain no hot spots by our criteria 
(3C 47 N, 3C 68.1 S, 3C 215 N, 3C 334 NW and 3C 351 
SW) are on the counterjetted side of the source. (In all five, 
the most promising candidate [Table 12(c)] had a surface 
brightness <25 mJy per sq arcsec, whereas the features that 
met our criteria all have brightnesses >50 mJy per sq arc- 
sec.) The five sources without hot spots (by our criteria) in 
their counterjetted lobes are also the five largest sources in 
the sample by angular extent, and among the seven largest by 
projected linear extent. (The mean projected linear size for 
the five sources without counterjetted hot spots is 
226±26h~1 kpc, while that for the eight with counterjetted 
hot spots is 127±62h~1 kpc.) This apparent trend for the 
more extended sources to lack counterjetted hot spots may be 
real, for there is no comparably clear connection between the 
presence of counterjetted hot spots and the linear resolution 
of our images (as might be expected if the effect is produced 
solely by differing relative resolutions for sources of differ- 
ent sizes). 

(b) In nine sources the hot spot candidates differ in area 
by more than 25%. In all nine, the jetted hot spot is the more 
compact. Only in 3C 175 and 3C 334 is the smaller hot spot 
candidate (by area) in the counterjetted lobe; in both sources, 
the hot spots differ in area by less than 2%. In 3C 175, the 
jetted hot spot is smaller than its counterjetted counterpart on 
the minor axis, but not on the major axis. In 3C 334, the 
feature in the counteijet lobe (C) does not qualify as a hot 
spot because of low brightness contrast, and might be a knot 

in the counterjet. We conclude that there is a strong trend for 
the jetted hot spot to be the more compact when there is a 
significant size asymmetry. 

(c) The ratio of the compactness of the jetted to that of the 
counterjetted hot spots also depends on the apparent power 
of the central feature (linear correlation coefficient r=0.83 
for all 13 sources). The extrema of this trend are defined by 
the sources with the three least powerful central features (3C 
68.1, 3C 215, and 3C 351), which have the smallest ratios of 
hot spot areas (jetted/counterjetted), while the four with the 
most powerful central features (3C 204, 3C 208, 3C 263, and 
3C 334) have similar-sized hot spots or candidates on both 
sides. There is no similarly clear dependence of hot spot 
compactness ratios directly with red shift. 

(d) In this sample, any systematic asymmetries in the in- 
tegrated flux density between the hot spot candidates in the 
jetted and counterjetted lobes are much weaker than those 
described above for hot spot compactness. The asymmetry in 
the hot spot surface brightnesses is also correspondingly 
weaker. 

(e) Hot spots that are fed by jets are more likely to be 
deeply recessed into their lobes than are those on the coun- 
terjet side (Fig. 44). We measure hot spot recession by the 
ratio R of the angular distance 0 from the central feature to 
the peak of the hot spot (Table 12) to the largest angular 
extent of the lobe (Table 15, Sec. 5.4 below). No hot spot on 
the counterjet side has i?<0.82, but 7 of the 13 jetted hot 
spots have Æ <0.73. The two most deeply recessed jetted hot 
spots are in 3C 215 and 3C 249.1, which have the lowest 
lobe powers (and redshifts) in our sample. 

There are no sample-wide trends involving hot spot colli- 
mation (as defined by the angle subtended by the hot spot at 

ZJ o C/D 

CD _Q 
E 3 

O CO 

© n 
E 

Recession R of Hot Spot 

Fig. 44. Distributions of hot spot recession parameter R in jetted and coun- 
teijetted lobes. R is the ratio between the angular distance from the central 
feature to the hot spot and the largest angular extent of the lobe. 
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Table 13. Derived parameters of hot spots and hot spot candidates. Table 15. Integrated properties of lobes. 

(Gauss) 
h2n 

Pmin (nr3 K) h4/7 (yr) 
h-m 

3C 9 3C 9 3C 47 
3C 47 3C 68.1 3C 68.1 3C175 3C175 3C204 3C204 
3C208 3C208 3C215 3C215 3C249.1 
3C249.1 3C263 
3C263 3C334 
3C334 3C336 
3C336 3C351 3C351 3C432 3C432 

4.8E-04 4.1E-04 
2.0E-04 5.7E-05 9.9E-04 
7.4E-05 3.0E-04 4.0E-04 5.5E-04 4.8E-04 4.5E-04 7.8E-04 
3.5E-05 1.3E-04 1.1E-04 2.8E-04 2.3E-04 
6.3E-04 1.1E-04 1.5E-04 4.1E-04 
2.7E-04 
5.6E-05 5.4E-04 3.9E-04 
1.0E-03 

8.4E+13 6.2E+13 1.4E+13 1.2E+12 
3.6E+14 2.OE+12 
3.3E+13 5.6E+13 1.1E+14 
8.4E+13 7.1E+13 2.2E+14 4.4E+11 6.OE+12 4.7E+12 
2.8E+13 
1.8E+13 1.4E+14 4.6E+12 
8.OE+12 6.0E+13 
2.6E+13 1.1E+12 
1.0E+14 5.5E+13 3.7E+14 

2.6E+04 
3.3E+04 1.4E+05 9.2E+05 1.0E+04 
4.9E+05 6.8E+04 4.6E+04 
2.5E+04 3.1E+04 3.5E+04 
1.5E+04 
1.9E+06 2.7E+05 
3.4E+05 9.0E+04 
1.1E+05 2.4E+04 3.2E+05 2.1E+05 4.2E+04 7.9E+04 
9.8E+05 3.3E+04 3.7E+04 
8.8E+03 

2.7 
3.3 2.9 0.36 30. 0.77 
5.5 
6.1 7.2 
8.3 2.0 
5.9 0.12 
0.40 0.42 
0.78 3.2 8.7 
1.0~ 1.0 2.5 2.7 
0.38 7.7 
1.9 12 . 

Assumptions made when computing Table 13: 
Elliptic cylindrical emitting volume, fully filled Major, minor axes = LAS, SAS from Table 12 Depth = SAS from Table 12 

Spectral index = 0.8 
Luminosity integrated from 10 MHz to 100 GHz in quasar frame Equal energies in ions and electrons Electrons move with random pitch angles 

Electrons in constant field throughout lifetime Ho=100h km s'1 Mpc"1, qo=0.5 

the central feature). The flux density ratio between the jetted 
and counterjetted hot spots is larger when the jetted hot spot 
is well collimated (r = —0.76, see Table 22), but the signifi- 
cance of this trend depends strongly on just two sources, 3C 
68.1 and 3C 351, with unusually large flux density ratios 
between their hot spots. 

We discuss trends involving hot spot prominence in Sec. 
5.5. 

Table 13 lists derived physical properties for the hot spots, 
assuming that their spectral indices are ofhs=0.8, but other- 
wise with the same assumptions as in Table 10. The “reac- 
celeration indicator” f=ic/isyn is generally higher for the hot 
spots than for the jet knots (Table 10), because the hot spots 

Table 14. Polarization of hot spots. 

Source Knot 0 ID {" ) X (°) AXch (°) AX jet (°) AXh (°) 
3C 9 3C 9 3C 47 3C 68.1 3C175 3C175 3C204 3C204 
3C208 
3C208 3C215 
3C249.1 
3C249.1 3C263 3C263 3C334 
3C336 3C336 
3C351 3C432 3C432 

5.17 
7.85 38.20 21.72 

28.31 21.04 12.99 18.29 
4.98 6.46 

10.19 15.63 7.67 
27.76 
16.25 17.68 
7.65 15.27 

25.18 5.23 7.62 

0.02 0.37 
0.23 0.17 0.17 
0.16 0.29 0.15 0.03 

0.13 0.04 0.14 
0.13 0.02 
0.20 0.30 0.02 

24 72 27 
88 -67 

-30 -38 61 -48 
-16 -63 44 
-23 -44 
-51 -18 
-6 -17 
62 29 

60 52 
6 82 

63 88 43 34 
56 86 11 
56 
65 25 17 
30 31 54 
16 74 

12 
1 

7 
46 
16 

48 84 
85 37 
81 73 54 41 
55 54 
74 50 24 67 
36 
89 56 
70 64 
13 13 

Notes to Table 14 
0: angular distance between peak of hot spot and central feature p: fractional polarization (or 2o upper limit) at position of peak 

X: apparent position angle of the E vector at the peak 
Axch: angle between E vector and line from peak to central feature 

AXjet * angle between E vector and tangent to jet before hot spot (for jetted hot spots only) A%h: angle between E vector and major axis of hot spot 

Jetted Side Unjetted Side 
Integrated Flux Density (mJy) 

Largest Integrated Extent Flux Density 
(" ) (mJy) 

Largest Extent 
(") 

3C 9 3C 47 3C 68.1 3C175 3C204 
3C208 3C215 
3C249.1 3C263 3C334 
3C336 3C351 3C432 

45 
690 612 
259 159 90 175 234 
739 177 
205 1046 156 

8.5 42 24 
31 18.0 7.5 32 
29 17 
29 11.5 37 8.2 

110 402 
45 367 

122 
400 199 454 
191 276 523 

5.8 
35 30 21 18.2 

6.5 27 
18 
33 32 
16.3 38 6.4 

* excluding jets and counterjet candidates 

tend to be both brighter and further from the central features. 
Note, however, that we find values of ^>1 in both jetted and 
counterjetted hot spots (3C 175, 3C 204, 3C 208, see Sec. 7). 

Table 14 lists the polarization properties at the peaks of 
the hot spots. There are no strong trends involving the de- 
grees of polarization, or the E-vector orientations, of the hot 
spots on the jetted and counterjetted sides. The lack of trends 
among these quantities in our sample may be influenced by 
the strictness of our compactness criterion for hot spots, as 
the internal polarization distributions of most structures that 
meet it are poorly resolved. 

5.4 The Lobes 

Table 15 lists the integrated flux densities of the jetted and 
counterjetted lobes in each source. These estimates do not 
include the flux densities of the embedded jets or counterjet 
candidates, if any. They were obtained by summing pixel 
intensities and normalizing by the CLEAN beam area using 
the TVSTAT facility in AIPS, then subtracting the integrated 
contributions from the jets and counteijet candidates as ap- 
propriate. Table 15 also shows the distances from the central 
feature to the furthest point that can reliably be said to in- 
clude lobe emission, to measure the “largest extent” of the 
lobe. 

The jetted lobe is not systematically stronger or weaker 
than the counterjetted lobe, nor does it extend systematically 
further or less far from the quasar. (The jetted lobe is weaker 
than the counterjetted lobe in 8 of the 13 and extends further 
from the central feature than does the counterjetted lobe in 7 
of the 13.) The ratio of flux densities between the jetted and 
counterjetted lobes correlates significantly with several pa- 
rameters, however. The ratio for the extended emission alone 
increases with the projected linear size of the source {r 
=0.74). The ratio including the hot spots correlates less well 
with linear size (r=0.66), but anticorrelates significantly (r 
= -0.75) with the angle subtended by the jetted hot spot at 
the central feature, the latter trend depending strongly on the 
data for 3C 68.1 and 3C 351. 

The detectability of the counterjet candidates does not de- 
pend systematically on the ratio of the integrated lobe flux 
densities. For example, the two most convincing counteijet 
candidates, in 3C 68.1 and 3C 215, are found in the sources 
with the largest and smallest lobe-to-lobe intensity ratios, 
respectively. Counterjet detectability also does not seem to 
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depend systematically on the ratio of the extents of the lobes. 
For example, the sources with the largest ratios of jetted lobe 
to counter]etted lobe extents include two (3C 9 and 3C 
249.1) with counterjet candidates and one (3C 175) without. 

We have looked for lobe properties that correlate with jet 
sidedness, as tests of models for jet asymmetry. For example, 
in the Doppler favoritism model of jet one-sidedness, the 
extended lobe emission, which is likely to be unbeamed, 
should reflect the underlying symmetry of the power supply 
from the nucleus. Conversely, a real asymmetry in the power 
supply might manifest itself as an asymmetry in the content 
of the lobes. 

We have attempted to quantify the morphological charac- 
teristics of the lobes of these quasars using two measures of 
lobe inhomogeneity. As we are interested primarily in the 
lobe emission, we used the AIPS task blank to prepare two 
sets of edited images, the first with the (potentially beamed) 
jet emission excised, and the second with both the jet and the 
hot spots removed. The putative counterjet emission was not 
removed from either of these sets of edited images. The ed- 
ited images of each lobe were then analyzed for inhomoge- 
neity using two independent methods. 

The first method employed the Sobel edge enhancement 
filter (see, e.g., Pratt 1978), as implemented in the AIPS 3X3 
filtering task niner. The Sobel filter computes a quantity 
proportional to the intensity gradient 

as a function of position on the image. By summing the 
values in the Sobel-filtered image over the region containing 
the lobe, and normalizing by the integrated lobe flux density, 
we obtain a measure of integrated lobe inhomogeneity that 
depends only on the lobe structure (not on the intensity). 
Because the output of the Sobel filter is everywhere positive, 
this measure of the integrated inhomogeneity increases with 
the area over which the integration is performed, even if 
some of the area contains only noise. We therefore also used 
blank to excise all regions of the image with signal-to-rms 
noise ratios <3 before applying this filter. 

The second method uses structure functions, as imple- 
mented in the AIPS task stfun. The structure function 
S(lx,ly) of an image is given by the expression 

+ lx,y + ly)f 
ç/i i \ _ min -y ^min 7 

^Lx,ly) (x -x • ïïv -v • ) 

where lx and ly are pixel lags, I(x,y) is the image intensity 
as a function of position, and xmin, *max, .ymin, are the 
pixel extrema of the input image. By computing S(lx,ly) 
over a range of 25 pixels in lx and ly, we constructed a 
two-dimensional structure function for each lobe consisting 
of 51X51 elements, with the origin blanked. This function 
measures the degree of inhomogeneity in the original image 
up to scale sizes corresponding to about 2'.,5. The inhomoge- 
neity measure was derived by computing the mean value of 
the structure function, and normalizing by the square of the 
integrated lobe flux density. The resulting quantity resembles 
the measure derived from the Sobel filter in that it depends 

only on the structure of the lobe, but differs from the Sobel- 
filter measure in that it takes moderate-scale inhomogeneities 
into account as well as those that contribute to local bright- 
ness gradients. 

Table 16 shows the results of this analysis, as logarithmic 
ratios of the inhomogeneity measures for the jetted to the 
counter]etted lobes. The estimators agree over which lobe is 
the more inhomogeneous when either estimator is outside the 
range 0.0±0.2. We conclude that our two methods for esti- 
mating lobe inhomogeneity agree well with each other. If the 
hot spots are not removed, there is a tendency, significant at 
the 2.5(j level, for the jetted lobe to be the more inhomoge- 
neous. If the hot spots are removed, a small effect remains, 
but only at the la- level. These inhomogeneity measures re- 
inforce our conclusion in Sec. 5.3 that the more compact hot 
spots preferentially appear in the jetted lobes. They further 
show that these hot spots represent the main difference in 
inhomogeneity between the two lobes. Note that this includes 
the contributions to the inhomogeneity from any less com- 
pact features (ridges, filaments, or other fine structure) in 
either lobe. 

The evidence for counterjets improves as the lobes depart 
from collinearity and symmetry. For example, apart from 3C 
68.1, the stronger counterjet candidates (3C 9, 3C 215, 3C 
334, and 3C 351) are in sources whose jetted and counterjet- 
ted lobes are displaced to opposite sides of the jet-counterjet 
axis (S symmetry). Such displacements of most of the lobe 
emission from the jet-counterjet axis could be seen as evi- 
dence for a long-term perturbation of the symmetry axis of 
the underlying beam, independent of the evidence for pertur- 
bations (wiggling) of the jets themselves. The sources with 
the least evidence for counterjet emission (3C 175, 3C 204, 
3C 208, 3C 263, and 3C 336) show much less morphological 
evidence of perturbation of the beams. For 3C 249.1, which 
displays only weak evidence for a counterjet if one excludes 
the emission “rings” in the west lobe, there is some morpho- 
logical distortion (to C symmetry). These results are sup- 
ported by considering the alignments between the peaks of 
the hot spots (or hot spot candidates) and the central features. 
The mean hot spot alignment angle (<ACh,Jetside~'Ach,cjetsidJ for 

the seven sources with counterjet candidates is 15! 1, while 
that for the six without counterjet candidates is 4!0. 

The above relations between lobe morphology and coun- 
terjet detectability reinforce the conclusions drawn in Sec. 
5.2.2 from comparing counterjet detections directly with jet 
bending parameters. 

The polarimetry of the extended lobe emission shows a 

Table 16. Inhomogeneity measures of lobes. 

Hot Spots Included Hot Spots Removed 
logJ - logCJ Sobel method logJ - logCJ Struct funct logJ - logCJ Sobel method logJ - logCJ Struct funct 

3C 9 3C 47 3C 68.: 3C175 3C2.04 3C208 3C215 3C249. 3C263 3C334 3C336 3C351 3C432 

0.00 +0.26 +0.59 -0.14 + 0.04 -0.19 +0.12 + 0.31 + 0.46 +0.15 + 0.20 + 0.70 + 0.19 

+ 0.11 +1.05 +1.69 -0.48 + 0.05 -0.12 + 0.33 + 0.31 + 0.98 + 0.13 + 1.11 

-0.18 + 0.04 + 0.31 -0.04 + 0.05 -0.17 + 0.06 + 0.06 + 0.11 0.00 + 0.07 + 0.59 -0.19 

+ 0.14 + 0.53 + 0.94 -0.09 -0.18 -0.39 +0.03 -0.04 +0.22 -0.59 + 0.85 +1.60 -0.58 
Mean +0.05±0.06 
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recurrent pattern—low polarization at the center of the lobes, 
higher polarization at their edges. The implied magnetic field 
orientations (assuming the Faraday rotation corrections to be 
small for 4.9 GHz) are that B prefers to be parallel to the 
lobe boundaries. This pattern resembles that predicted by 
models in which the magnetic field is well ordered on the 
outer boundaries of the lobes and is stretched parallel to their 
major extensions. Clarke et al (1989) and Matthews & 
Scheuer (1990) showed that such polarization patterns are 
expected in models in which the magnetic fields in the lobes 
arise from passive expansion of the fields convected out by 
the jets (so that radial field components are suppressed). Su- 
perposed on these general patterns are features such as 
highly polarized filaments and rings whose magnetic field 
directions tend to be parallel to the intensity ridge lines. 

Table 17. Flux densities of central features and jets with intermediate-scale 
emission assigned to jets. 

Central Whole Straight 
Source Feature Jet Jet 

(mJy) (mJy) (mJy) 

3C 9 3.7 
3C 47 73.6 
3C 68.1 0.8 
3C175 14.1 
3C204 18.8 
3C208 35.7 
3C215 13.1 
3C249.1 50.0 
3C263 141.0 
3C334 95.2 
3C336 15.3 
3C351 5.2 
3C432 5.6 

332.2 2.38 
23.0 6.2 

116.3 2.4 
34.4 11.8 
15.5 13.2 
41.3 25.0 
30.4 6.3 
73.0 34.4 
43.0 23.5 
67.8 54.3 
71.6 9.5 
15.6 11.0 
6.4 2.47 

5.5 Prominence Parameters and Their Correlations 

When trying to discriminate among alternative radio 
source models, it is useful to ask whether the luminosity of a 
particular type of compact emission (e.g., central feature, jet, 
hot spot) scales with the integrated power of the more ex- 
tended emission. For example, in relativistic twin-beam 
models the apparent luminosity of some compact features 
depends on the orientation of the source relative to us, while 
that of the most extended features should not. This section 
examines relationships between features in terms of their 
prominence, defined as the ratio of their integrated flux den- 
sity to that of appropriately selected lobe emission. 

5.5.1 Choice of prominence parameters 

For this work, we normalize prominence measures by the 
extended flux density of one or both lobes, i.e., by the inte- 
grated flux density of the lobe(s) minus that of any hot spots 
or hot spot candidates. This normalization is especially ap- 
propriate when evaluating relativistic twin-beam models, as 
it refers the prominence of all features to those that are most 
likely to be unbeamed and thus independent of orientation. 

A further subtlety involves how to partition the flux den- 
sities in the central features and jets for prominence analysis. 
It is interesting to separate the flux density of milliarcsecond- 
scale structure where possible, because only on such small 
(typically parsec) scales is there widespread evidence for 
highly relativistic flow speeds in powerful sources. Whether 
such speeds persist to much larger (many-kiloparsec) scales 
is indeed a key hypothesis to be tested. 

We do not, however, have 5 GHz VLBI data to show 
directly what fractions of Table 5’s 4.9 GHz VLA “central 
feature” flux densities emanate from milliarcsecond scales. 
We therefore use VLBI data at 8.4 or 10.7 GHz, where avail- 
able (Hough 1986; Hough et al 1992; Vermeulen et al 
1993; Zensus et al 1987; Hough unpublished), to estimate 
this contribution. These estimates are somewhat uncertain 
because we have only limited data on the central feature 
spectra and variability—we therefore simply assume a spec- 
tral index of zero, and invariant flux density. When no VLBI 
data are available, we assume that the milliarcsecond-scale 
fraction of our VLA central feature flux density matches the 

average (—75%) for the sources whose VLBI properties are 
known. The effect of these assumptions on the derived cen- 
tral feature prominence is never dramatic. 

In contrast, the derived jet prominence sometimes in- 
creases significantly if the intermediate-scale flux density de- 
ducted from the VLA central feature is added to that of the 
extended jet. Without imaging on scales from —0.01 to 0.4 
arcsec, we cannot determine unambiguously where to place 
this intermediate-scale flux density. We therefore estimate 
the jet prominence both with and without it in what follows. 
(We do not consider assigning this flux density to the coun- 
terjet, since whenever a VLBI jet has been imaged it points 
toward the VLA jet. It therefore seems reasonable to assume 
that the intermediate-scale emission is also mainly on the jet 
side.) Table 17 lists the flux densities of the central features 
and jets for the case in which the intermediate-scale flux 
density is assigned to the jets. 

Table 18 lists the luminosities and Table 19 the promi- 
nence ratios for the central features, jets, hot spots, and ex- 
tended lobe emission in this sample, subject to the alternative 
normalizations and flux-density assignments discussed 
above. Table 20 lists linear correlation coefficients r between 
the logarithms of the prominence ratios and other parameters 
of the sources that we discuss in detail below. 

5.5.2 Jets, counterjets, and central features 

Figure 45(a) shows a positive correlation between the 
prominence of the straightest segments of the jets (as defined 
in Sec. 5.2) and of the central features. The extrema are 
represented by 3C 263 and 3C 334 (central features and 
straight jets both prominent) and by 3C 68.1 and 3C 351 
(central features and straight jets both inconspicuous). This 
correlation is strong (r=0.83 for the logarithms of the promi- 
nence ratios) when both flux densities are normalized by the 
extended flux density of the jetted lobe, as in Fig. 45(a). It is 
weaker (r=0.65) if the prominence measures are normalized 
by the corresponding flux density of the counterjetted lobe, 
as in Fig. 45(b). (The difference between the correlation 
strengths with these two normalizations is mainly due to 3C 
68.1 and 3C 351, both of which have large ratios of flux 
density between their jetted and counteijetted lobes). 
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Table 18. Luminosities of radio features. 

Logarithmic Luminosities at 5 GHz emitted, P (h'2 W Hz-1) 

Source Pcf,A Pcf,B Pj,A Pj,B Pcj Pjh Pcjh Px 

3C 9 25.06 24.94 
3C 47 25.08 25.08 
3C 68.1 24.07 23.93 
3C175 25.04 24.82 
3C204 25.38 25.22 
3C208 25.65 25.50 
3C215 24.40 24.30 
3C249.1 24.81 24.66 
3C263 25.73 25.69 
3C334 25.47 25.40 
3C336 25.12 25.00 
3C351 23.91 23.82 
3C432 25.17 25.04 

27.18 27.18 24.21 
24.66 24.66 <23.93 
26.30 26.30 24.63 
25.22 25.36 <23.33 
25.01 25.33 <23.42 
25.56 25.76 <24.85 
24.70 24.75 23.90 
24.74 24.89 23.03 
25.10 25.30 <23.50 
25.25 25.37 24.05 
25.80 25.84 24.50 
24.33 24.37 22.44 
25.21 25.36 <23.64 

25.93 26.43 26.81 
25.76 25.55 26.18 
26.86 24.74 26.84 
25.67 26.05 26.53 
26.00 25.83 26.52 
25.65 26.51 26.68 
24.17 24.67 25.87 
24.99 25.33 25.69 
26.43 25.03 26.34 
24.87 24.09 26.25 
26.02 26.45 26.68 
25.51 23.99 26.20 
26.67 25.41 27.13 

Notes to Table 18: 

(a) Parameter codes signify the following: 

(i) Feature identification 

cf = central feature, j = jet, cj = counterjet, 
jh = jet hot spot, cjh = counterjet hot spot, 
x = extended lobe emission. 

(ii) Intermediate-scale flux density assignment 

A = assigned to central feature (as in Tables 5 and 6), 
B = assigned to jet (as in Table 17). 

(b) Spectral indices assumed for corrections to rest frame: 

(i) central features, 0.0 
(ii) jets and counterjets, 0.6 
(iii) hot spots, 0.8 
(iv) extended lobe emission, 1.0. 

These results do not depend heavily on whether the 
intermediate-scale emission is assigned to the central feature 
or to the jet, but the correlation is indeed tightest when only 
the milliarcsecond-scale flux density is used for the central 
feature, and the intermediate-scale flux density is assigned to 
the jet, as shown in Fig. 45. For example, assigning the 
intermediate-scale flux density to the central feature reduces 

Straight Jet Prominence Straight Jet Prominence 
Relative to Extended Jetted Lobe Relative to Extended Counterjetted Lobe 

/ \ LOGfCentral Feature Prominence) LOG(Central Feature Prominence) (.a; (b) 

Fig. 45. The prominence of the straight segment of the jets plotted against 
the prominence of the central features. The left panel (a) shows the strong 
(r=0.83) correlation when both prominence measures are normalized by the 
extended flux density of the jetted lobe. The right panel (b) shows the 
weaker (r=0.65) correlation when both are normalized by the extended flux 
density of the counterjetted lobe. 

the linear correlation coefficient in Fig. 45(a) to r=0.76, and 
in Fig. 45(b) to r=0.57. To simplify what follows, we hence- 
forth emphasize results with the intermediate-scale flux den- 
sity assigned to the jet. 

The central feature and jet prominence data will exhibit 
some “false correlation” because both quantities are normal- 
ized by the same extended flux density and the range of 
normalizing flux densities is similar to the range of the nu- 
merators. This and our use of logarithmic quantities imply 
that the significance of these correlations cannot be inferred 
from the normal distribution. We therefore ran 90 000 trials 
wherein the central feature and jet flux densities in 13-source 
samples were fully randomized up to their observed maxima 
and were normalized by extended lobe flux densities ran- 
domized within the observed range. We then computed cor- 
relation coefficients for the 90 000 sets of random log- 
prominence data. The false correlation coefficient was below 
r=0.83 in 98% of the trials. This should underestimate the 
significance level of the true correlation, because the ob- 
served extended emission flux densities are less evenly dis- 
tributed between their minima and maxima than those in the 
random trials. We infer that there is a better than 98% prob- 
ability that the 13 quasars exhibit a real correlation between 
central feature prominence and straight jet prominence. 

This conclusion is supported by four other lines of argu- 
ment. First, all other apparent prominence-prominence cor- 
relations in this sample were significantly weaker. Second, 
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direct correlation of the central feature and straight jet flux 
densities, without normalization to prominences, yields a 
correlation coefficient of r=0.63, which is also significant at 
the 98% level under the normal statistical assumptions. 
Third, all other direct correlations between the flux densities 
of the central features, jets, counterjets, hot spots, and lobes 
in this sample are significantly weaker than that between the 
central feature and the straight jet. Fourth, we estimated the 
slope of the relationship and its error using method (b) of 
York (1966) to allow for the presence of errors in both sets of 
prominence data, using the observed mean error ratio of 
1.7:1 between the jet and central feature prominences. The 
result, 0.63 ±0.12, is significantly below the unit slope that 
would be expected if the relationship was an artifact pro- 
duced entirely by the normalization. 

Our results therefore suggest that the prominence of the 
milliarcsecond-scale features and of the straighter large- 
scale jet emission are physically related. There is no separa- 
tion of points in this correlation by the fraction of the total jet 
that is included in the straight segment, or by the projected 
length (in kiloparsecs) of the straight segment. There is also 
no correlation (r=0.20) between jet prominence and central 
feature prominence (normalized by the extended flux density 
of the jetted lobe) if we use the integrated flux density of the 
jet, or (r=0.06) that of its “bent” portion alone (the inte- 
grated jet less the straight segment). Note, however, that 
some of these jet flux densities are subject to large uncertain- 
ties from complicated background subtractions, and these 
uncertainties could degrade the correlation. 

Pure relativistic beaming models for the jet/counterjet 
asymmetries predict that the prominence of the counterjets 
should anticoutXdXt with that of the jets and of the central 
features. Our data show no sign of such anticorrelations. 

Figure 46(a) shows that the prominence of the counterjet 
candidates is uncorrelated with that of the straight jet seg- 
ments, normalizing both by the flux density of the total ex- 
tended emission. To account for the upper limits in the coun- 
terjet candidate prominences, we estimate the correlation 
coefficients that involve them using the Spearman method in 
the ASURV survival analysis package (Isobe et al. 1986; 

-3.0 -Z.0 «l.ü U.O 1.0 -3.0 -z.u -i.o u.u 1.0 , Straight Jet Prominence , - x Bent Jet Prominence (a) (b) 
I •detection I I Vupper limit | 

Fig. 46. The prominence of the counteijet candidates plotted against the 
prominence of the straight jet segments (a—left panel) and the bent jet 
segments (b—right panel). In both diagrams, the prominence measures are 
normalized by the total extended flux density of both lobes and the triangles 
are upper limits. 

LaValley et al. 1992). This analysis gives r=0.01 for the 
data shown in Fig. 46(a). Furthermore, if there is any rela- 
tionship between the prominence of the counteijet candidates 
and that of the bent jet segments [Fig. 46(b)], it is a weak 
positive correlation with r=0.62 from the Spearman method 
(in 3C 9, 3C 68.1, 3C 215, and 3C 336, both the counteijet 
candidate and the bent jet segment are prominent, but in 3C 
175, 3C 204, 3C 351, and 3C 432 both are relatively incon- 
spicuous). These results are not materially changed if each 
jet’s prominence is normalized by its own lobe’s extended 
flux density, rather than by the common total, as above. 

The counteijet candidate and central feature prominences 
are also uncorrelated (r = -0.01 from the Spearman analysis 
in ASURV). 

The interpretation of these results is complicated by the 
tendency to false positive correlation in prominence- 
prominence data, but our data contain no direct evidence for 
the hypothesis that counteijet candidate prominence is domi- 
nated by Doppler boosting/hiding. 

5.5.3 Prominence of features and jet bending 

We now examine correlations between the prominence of 
radio features and the six measures of apparent jet deflection 
presented in Table 7. 

The strongest such relationships in our sample are anti- 
correlations between the prominence of the jetted hot spot 
and the centrally referenced measures of jet deflection (Fig. 
47). The extremes are represented by 3C 9, 3C 215, and 3C 
334 (bent jets with weak terminal hot spots), and 3C 263 
(straight jet and a prominent hot spot), but the trend involves 
the entire sample, not just these outliers. The anticorrelation 
is significant at the 1% level or better (|r|>0.68 for a 13- 
source sample) for all three centrally referenced deflection 
angles [r(77lc) = -0.68, r(r]2c) = -Q.ll, r(J73c) =-0.83]. 
The formal correlation coefficients are much smaller for the 
corresponding locally referenced deflection angles 
['■(’7i() = “0-37, r(772i) = -0-28, r(j73i) = -0.07] but are 
markedly diminished by 3C 68.1, whose largest local deflec- 
tion occurs in the complex region near the hot spot and is 
therefore sensitive to interpretation. 

We conclude that the prominence of the jetted hot spots 
generally decreases with the bending of the jet, particularly 
as referenced to the central feature, and particularly when a 
large deflection occurs abruptly (thus producing a large value 
of %c)- 

There is also evidence for a relationship (Table 21) be- 
tween jet bending and counterjet hot spot detection. The 
eight quasars with detected counterjet hot spots have jets that 
bend less than those in the five whose counterjet hot spot 
candidates fail to meet our criteria. Once again, the centrally 
referenced deflection angles display this relationship better 
than the locally referenced ones. 

The strengths of these anticorrelations for the hot spot 
prominence contrast with the situation for the prominence of 
the central features and of the straight jet segments. The 
central feature prominence is completely uncorrelated with 
the centrally referenced bend angles and shows only a weak 
dependence on the locally referenced measures r¡2i and 

Counter Jet Candidate Prominence 
Relative to All Extended Emission 

CounterJet Candidate Prominence 
Relative to All Extended Emission 
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The prominence of the straight jet emission is uncorrelated 
with any of the deflection measures. 

The prominence of the integrated jet emission correlates 
weakly with the centrally referenced deflection measures (r 
=0.51 for the best case—rju) and slightly better with the 
locally referenced measures (r=0.68 for the best case—rju). 
As the straight jet segments show no sign of such a correla- 
tion, we might infer that this weak relationship, if any, is 
contributed by the bent jet segments. This cannot be shown 
directly from this sample, however. The prominence of the 
bent jet segments correlates weakly with the centrally refer- 
enced deflection measures (r=0.47 for the best case—r]lc) 
and slightly better with the locally referenced measures (r 
=0.58 for the best case—rju), both formally weaker than the 
trends for the whole jets. This apparent inconsistency prob- 
ably stems from the small sample size, which makes signifi- 
cance estimates unstable to discrepant data from individual 
sources. Unlike the anticorrelation for the hot spot promi- 
nence, which involves the whole sample, the weak positive 
correlation of jet prominence with the locally referenced 
bend angles arises primarily from two sources—3C 9 and 3C 
68.1. 

The dependence of the counterjet prominence on jet de- 
flection is still harder to assess as we have only high upper 
limits to the prominence for both 3C 47 and 3C 208. There 
appears to be only a weak dependence of counterjet candi- 
date prominence (as opposed to detection) on jet bending, 
itself heavily influenced by the favorable data for 3C 68.1 

809 

and 3C 215. Improved upper limits for the sources without 
counterjet candidates, especially 3C 47 and 3C 208, could 
strengthen the evidence for such dependence. 

To summarize, the evidence for relationships between fea- 
ture prominence and jet bending is stronger for the features 
farther from the quasar nuclei. The inner, straight jet seg- 
ments exhibit no hints of such relationships. For the outer 
jets and counterjets, the putative relationships are positive 
correlations, as yet poorly established. For the hot spots, they 
are negative correlations, much better established. 

5.5.4 Prominence correlations that are absent 

We looked for correlations of central feature, straight jet, 
bent jet, integrated jet, counterjet, and both jetted and coun- 
teijetted hot spot prominence with several physical param- 
eters (Table 20). In all cases involving ratios of jet-to- 
counterjet side parameters, we evaluated correlation 
coefficients for the logarithms of the quantities. No signifi- 
cant correlations (at the 0.5% level or better—|r| >0.73 for a 
13-source sample) were found with (1) largest projected lin- 
ear size, (2) lobe flux density ratio (with or without the hot 
spots), (3) jet spreading rate, (4) jetted hot spot collimation, 
(5) hot spot flux density ratio, (6) hot spot compactness ratio, 
(7) hot spot surface brightness ratio, (8) arm length ratio (the 
ratio of the length of the jetted side to the counterjetted side, 
using either the angular distance from the central feature to 

Initial to Final 
Tangentially Referenced 

Largest Along Jet 
Tangentially Referenced 

Largest Local 
Tangentially Referenced 

O O 

0.0 30.0 60.0 90.0 0.0 30.0 60.0 90.0 0.0 30.0 60.0 90.0 
Initial to Final 

Centrally Referenced 
Largest Along Jet 
Centrally Referenced 

Largest Local 
Centrally Referenced 

CD O 

10.0 20.0 30.0 
Jet Bend Angle iij 

10.0 20.0 30.0 40.0 0.0 
Jet Bend Angle t\2 

10.0 20.0 
Jet Bend Angle TI3 

Fig. 47. The relationships between hot spot prominence measures, and six measures of jet bending, showing the tendency for hot spots to be less prominent 
when the jets are more bent. The upper row plots the prominence against measures of jet bending based on changes in the angles of the tangents to 
polynomials fitted to the jet paths: the change from the initial to the final segments of the jet, the largest difference in angle between any two tangents along 
the jet, and the largest difference in angle between tangents at adjacent jet knots. The lower row plots the prominence against similar bending measures 
referred to the central radio features instead of the local tangents. Note that the angular scales on the deflection axes are not all the same. 
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Table 19. Prominence parameters of radio features. 

Logarithmic Prominence Ratios at 5 GHz emitted, F 

Source Fcf/A^x Fcf, B, jx Fcf,A,cjx Fcf,B,cjx Fjs^A^x Fjst,B,jx 

3C 9 
3C 47 
3C 68.1 
3C175 
3C204 
3C208 
3C215 
3C249.1 
3C263 
3C334 
3C336 
3C351 
3C432 

-1.263 
-0.912 
-2.706 
-1.169 
-0.884 
-0.411 
-1.160 
-0.437 
-0.345 
-0.342 
-1.017 
-2.251 
-1.280 

-1.385 
-0.912 
-2.845 
-1.389 
-1.040 
-0.566 
-1.257 
-0.588 
-0.391 
-0.409 
-1.141 
-2.348 
-1.407 

-1.586 
-0.660 
-1.940 
-1.209 
-0.797 
-0.911 
-1.180 
-0.691 
-0.251 
-0.583 
-1.405 
-1.144 
-1.865 

-1.708 
-0.660 
-2.078 
-1.431 
-0.953 
-1.066 
-1.278 
-0.844 
-0.298 
-0.649 
-1.530 
-1.241 
-1.992 

-1.594 
-1.894 
-2.218 
-2.010 
-1.412 
-0.938 
-1.822 
-1.123 
-1.536 
-0.687 
-1.564 
-2.008 
-2.215 

-1.289 
-1.894 
-2.169 
-1.318 
-0.999 
-0.526 
-1.485 
-0.680 
-1.045 
-0.540 
-1.177 
-1.940 
-1.494 

Source Fjst^cjx Fjst^cjx Fjst,A,x Fjst^x Fjbt,jx Fjbt,x 

3C 9 
3C 47 
3C 68.1 
3C175 
3C204 
3C208 
3C215 
3C249.1 
3C263 
3C334 
3C336 
3C351 
3C432 

917 
643 
446 
052 
324 
437 

1.842 
1.379 
1.442 
0.927 
1.953 
0.902 
2.800 

-1.607 
-1.642 
-1.410 
-1.360 
-0.911 
-1.026 
-1.513 
-0.944 
-0.952 
-0.780 
-1.589 
-0.845 
-2.100 

-2.086 
-2.087 
-2.285 
-2.333 
-1.670 
-1.556 
-2.134 
-1.571 
-1.792 
-1.125 
-2.102 
-2.041 
-2.900 

-1.776 
-2.087 
-2.245 
-1.641 

.257 

.145 

.804 

.136 

.302 
-0.978 
-1.738 
-1.985 
-2.201 

0.853 
-1.462 
-0.481 
-1.036 
-1.758 
-0.712 
-0.902 
-0.630 
-1.121 
-1.142 
-0.362 
-2.319 
-1.292 

0.361 
-1.655 
-0.549 
-1.358 
-2.017 
-1.331 
-1.213 
-1.078 
-1.378 
-1.580 
-0.899 
-2.351 
-1.978 

Source Fj,A,jx Fj,B,jx Fcj , x Fcj,cjx Fjh,jx Fcjh,cjx 
3C 9 
3C 47 
3C 68.1 
3C175 
3C204 
3C208 
3C215 
3C249.1 
3C263 
3C334 
3C336 
3C351 
3C432 

0.854 
-1.325 
-0.473 
-0.993 
-1.250 
-0.509 
-0.854 
-0.510 
-0.979 
-0.557 
-0.336 
-1.836 
-1.243 

0.856 
-1.325 
-0.472 
-0.854 
-0.929 
-0.308 
-0.801 
-0.353 
-0.777 
-0.441 
-0.300 
-1.788 
-1.080 

-2.601 
<-2.257 

-2.204 
<-3.207 
<-3.100 
<-1.836 

-1.972 
-2.664 

<-2.835 
-2.192 
-2.174 
-3.759 

<-3.479 

-2.433 
<-1.812 

-1.365 
<-2.927 
<-2.753 
<-1.717 

-1.681 
-2.473 

<-2.485 
-1.995 
-2.025 
-2.619 

<-3.379 

-0.388 
-0.228 
0.091 

-0.539 
-0.266 
-0.417 
-1.392 
-0.258 
0.355 

-0.940 
-0.120 
-0.651 
0.224 

-0.218 
-0.186 
-1.263 
-0.201 
-0.342 
-0.052 
-0.905 
-0.176 
-0.955 
-1.958 
-0.082 
-1.073 
-1.624 

Notes to Table 19 
(a) Parameter codes signify the following: 

(i) Feature identification 
cf=central feature, j=jet, jst=straight jet, jbt=bent jet, 
cj=counterjet, jh=jet hot spot, cjh=counterjet hot spot. 

(ii) Intermediate-scale flux density assignment. 
A=assigned to central feature (as in Tables 5 and 6), 
B=assigned to jet (as in Table 17). 

(iii) Extended emission used for normalization 
jx=jet lobe, cjx=counteijet lobe, x=sum of both lobes. 

(b) Spectral indices assumed for corrections to rest frame: 
(i) Central features, 0.0 
(ii) jets and counterjets, 0.6 
(iii) hot spots, 0.8 
(iv) extended lobe emission, 1.0. 

the hot spot or the largest angular extent on each side), or (9) 
any of our measures of the difference in inhomogeneity be- 
tween the jetted and counterjetted lobes. 

We find no significant correlations between central feature 
prominence and (1) the ratio of flux densities of the jet and 
counterjet candidates for their straight segments (r=0.52), or 
(2) the flux density ratio per unit length over their entire 
paths (r=0.25). No correlations are apparent between jetted 
lobe hot spot prominence and central feature prominence (r 

= -0.05), straight jet prominence (r = -0.13), or bent jet 
prominence (r=0.08). 

5.6 Other Correlations 

We might expect correlations among physical parameters 
other than the prominence measures, arising from orientation 
alone, from combined orientation and relativistic beaming, or 
from (possibly differential) interactions between the beams 
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Table 20. Linear correlation coefficients, r, between prominence measures and other physical parameters. 

Parameter 
Prominence 
Measure 1c 2c 3c 11 21 31 

Spr 
jh 

Fcf,B/jx 
Fjst,B,jx 
Fjbt,jx 
Fj,B,jx 
Fjh,jx 
Fcj , x 
Fcjh,cjx 

0.02 
0.09 
0.47 
0.51 

-0.68 
0.31 

-0.20 

0.00 
0.10 
0.41 
0.45 

-0.77 
0.31 

-0.17 

0.03 
0.09 
0.19 
0.20 

-0.83 
0.38 

-0.22 

0.12 
0.23 
0.58 
0.68 

-0.37 
0.29 
0.01 

-0.48 
-0.22 
0.57 
0.55 

-0.28 
0.38 

-0.10 

-0.59 
-0.38 
0.43 
0.33 

-0.07 
0.43 

-0.07 

-0.23 
-0.44 
-0.53 
-0.59 
-0,22 
-0.05 
-0.24 

-0.56 
-0.33 
-0.40 
-0.37 
-0.21 
-0.41 
-0.45 

0.45 
0.50 
0.55 
0.54 

-0.12 
0.47 
0.54 

66 
71 
48 

-0.55 
0.21 

-0.38 
-0.41 

Parameter 
Prominence 
Measure hs 

Qcom 
hs 

QTb 
hs 

Qar Qar 
hs x 

Sob Str 
hs hs no no 

Fcf,B,jx 
Fjst,B,jx 
Fjbt,jx 
Fj,B,jx 
Fjh,jx 
Fcj , x 
Fcjh,cjx 

-0.68 
-0.69 
-0.48 
-0.54 
-0.04 
-0.30 
-0.20 

-0.50 
-0.52 
-0.41 
-0.44 
0.42 

-0.40 
-0.73 

0.53 
0.64 
0.01 
0.20 
0.24 

-0.20 
-0.02 

-0.59 
-0.70 
-0.46 
-0.58 
0.18 

-0.27 
-0.56 

-0.22 
-0.31 
0.17 
0.09 
0.26 

-0.33 
0.03 

-0.01 
0.04 

-0.36 
-0.11 
0.30 

-0.49 
-0.56 
-0.34 
-0.43 
0.28 

-0.29 
-0.43 

-0.55 
-0.67 
-0.22 
-0.35 

0.32 
-0.05 
-0.24 

-0.58 
-0.53 
-0.51 
-0.55 
-0.07 
-0.29 
-0.23 

-0.65 
-0.69 
-0.16 
-0.30 
0.10 

-0.16 
0.11 

F - prominence measure for 
cf 
jst 
jbt 
3 
jh 
cj 
cjh 
B 

central feature 
straight jet segment 
bent jet segment 
total jet 
jetted hot spot 
counterjet 
counterjetted hot spot 
all >mas scale cf emission 
assigned to jet 

normalized by- 

extended lobe emission on 
jetted side 
extended lobe emission on 
counterjetted side 

T1 LLS 
Spr 
Col 

Qcom 
QTb 

Qar - 

Sob 
Str 

deflection measure (Sec 5.2.2) 
largest linear size (h'1 kpc) 
mean jet spreading rate 
collimation (angle subtended at 
cf) of hot spot 
logarithm of integrated flux 
density ratio (jet/cj sides) 
lob : total lobe emission 
x : extended lobe emission 
hs : hot spots or candidates 
logarithm of area ratio for 
most compact hot spot components 
logarithm of surface brightness 
ratio for most compact hot spot 
components 
logarithm of arm length ratio 
of lobes (jet/cj sides) 
x : based on furthest extent 
hs : based on hot spots 
Sobel inhomogeneity ratio 
Structure function inhomogeneity 
ratio 
hs : hot spots included 
no : hot spots excluded 

and the surrounding medium. For example, projected linear 
size might anticorrelate with apparent jet bending angle ei- 
ther purely geometrically (because of differing orientations 
of the source axes to the lines of sight) or because stronger 
interactions produce larger beam deflections and smaller 
source sizes. 

We looked for correlations among the following param- 
eters and found none that is significant at the 0.5% level or 
better (|r|>0.73 for a 13-source sample): (1) apparent jet 
deflection angle, (2) largest projected linear size, (3) lobe 
flux density ratio, (4) jet spreading rate, (5) jetted hot spot 
collimation, (6) hot spot flux density ratio, (7) hot spot com- 
pactness ratio, (8) hot spot surface brightness ratio, (9) arm 
length ratio, and (10) the lobe inhomogeneity measures. 
Table 22 lists the results only for the strongest correlation 
found between any two parameter types. 

Excluding the (likely trivial) correlations between param- 
eters that both involve the intensities of the hot spots (e.g., 
the total lobe intensity ratio versus the hot spot brightness 
ratio), Table 22 suggests only three correlations significant at 
the 0.5% level or better that are not mentioned above. (1) 
Larger extended flux density ratios between the lobes are 
correlated with larger inhomogeneity differences between 
them (e.g., Qx vs the Sobel measure with hot spots removed 
has r=0.91); (2) hot spot surface brightness ratio correlates 

with lobe inhomogeneity (e.g., QTbhs vs the Sobel measure 
with hot spots removed has r=0.79); and (3) extended flux 
density ratio correlates with hot spot brightness ratio (r 
=0.77). All three correlations are strongly influenced by two 
sources, 3C 68.1 and 3C 351, whose lobe flux densities and 
hot spot surface brightnesses are exceptionally asymmetric. 
They do not appear to be properties extending through the 
rest of our sample. They suggest, however, that in the most 
extreme cases some “extra” power in the brighter lobe is 
concentrated into ridges and filaments rather than in a broad 
emission plateau. Note that in both sources that contribute 
strongly to this trend, the “extra” power is in the jetted lobe, 
though the inner parts of the jets, and the central features, are 
notably inconspicuous. 

6. DISCUSSION 

6.1 Counterjet Detection 

As detailed in Secs. 4.4 and 5.2.1, we detect no unam- 
biguous counterjets in any source. We do, however, find 
counteijet candidates in seven. The properties of the coun- 
terjet candidates correlate with several other attributes of the 
sample. Section 5.2.2 showed that the detectability of these 
candidates is increased by jet bending. This connection is 
reinforced by more detailed morphological evidence. Most 
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Table 21. Mean jet deflection angles and counterjet hot spot detection. 

Referred to Referred to Central Feature Polynomial Tangent 
Was A TJ T| T| T| TJ T| Mean CounterJet Hot 1c 2c 3c 11 21 31 of Spot Detected? (°) (°) (°) (°) (°) (°) 

8 Yes 8.2 9.8 4.3 26.2 35.6 21.5 5 No 14.6 16.8 8.4 24.5 50.6 34.2 

(but not all) of the counteijet candidate emission is opposite 
parts of the main jets that are strongly curved, or rapidly 
changing in brightness, or both. Counterjet candidates are 
especially hard to find opposite long (>15/*-1 kpc), straight 
segments of the jets (3C 47, 3C 175, 3C 204, 3C 263, 3C 
334, 3C 336). In 3C 215, 3C 334, and 3C 336, the counterjet 
candidate is brighter in the outer part of the source, beyond 
the distance at which the main jet shows a large local deflec- 
tion. (In all three sources, the main jet also brightens in a 
region roughly opposite the counterjet candidate.) Many of 
the better counteijet candidates are also in sources whose 
lobes are significantly displaced to opposite sides of the jet- 
counteijet axis (S symmetry) and whose hot spots are mis- 
aligned (Sec. 5.4). 

The counteijet candidates are therefore most conspicuous 
in parts of sources where the beams appear to change direc- 
tion. The beams may appear to deflect either because they 
interact strongly with their environment or because the ori- 
entation of the central engine has changed over time. In ei- 
ther case, flow velocities are unlikely to be constant in either 
magnitude or direction where most jet! counter jet intensity 
ratios can be measured from our data. If kiloparsec-scale 
flow velocities are often relativistic in Fanaroff-Riley Type 
II sources, counterjets may be detectable only after unfavor- 
able beaming factors are removed on the receding side by 
perturbing the flows. This clearly complicates, and may pre- 
vent, the use of global jet/counterjet intensity ratios for tests 
of “unified schemes” that assume unique values of the 
Lorentz factor in each beam. 

6.2 Jet/Counter jet Ratios 

As discussed in Sec. 5.2.1, estimates of integrated coun- 
terjet powers are complicated by problems both of counteijet 
recognition (e.g., confusion by filaments in the lobes) and of 
correcting faint features for a spatially variable lobe back- 
ground. Jet/counteijet ratio measurement is even harder, be- 

cause the counterjet candidates are not faint replicas of the 
main jets. We therefore face the extra ambiguity of deciding 
which segments of the jets and counteijets to compare when 
deriving the ratio. 

The ratio of peak intensities is easily found but is prob- 
ably not useful: knot-to-knot brightness differences may tell 
us more about local disturbances in the flows than about 
global parameters. 

The integrated flux density ratios (or limits to them) are 
hard to assess if no counterjet is detected. If the jet is curved, 
the trajectory of the invisible counterjet is less certain, and 
we must resort to (poorly justified) assumptions of morpho- 
logical symmetry when deciding which regions to compare. 
Even if the jet is relatively straight, the analysis is still com- 
plicated if the jet does not fill the path from the central fea- 
ture to the hot spot. If the flow and pattern speeds in the jets 
can be comparable to the velocity of light, the appropriate 
exponent of the Doppler factor in the flux boosting expres- 
sion for randomized magnetic fields and particle motions 
may differ from the value of 2+a^ (where ctj is the jet spec- 
tral index, defined via S^v~oc) that is appropriate for a 
smooth jet that ends at a hot spot. Consider, for example, the 
“born-again” relativistic jet (Bridle et al. 1986,1989; Clarke 
et al. 1992). If a single, isolated piece of jet is present on 
both sides, an exponent of 3+a, is appropriate, but if mul- 
tiple jet segments are present, the appropriate value of the 
exponent becomes unclear. Note also that exponents outside 
the range from 2+ay to 3+ay may be appropriate if the jets 
and counteijets contain well ordered magnetic fields 
(Begelman 1993). 

We integrate both the jet and counteijet sides over the 
entire distance from central feature to hot spot in Table 6(a), 
and over a region with the same extent as the straight jet 
segment in Table 6(b). The uncertainties outlined above 
mean that the jet/counterjet ratios from Table 6 should be 
interpreted cautiously, even in the simplest of beaming mod- 
els. The appropriate exponent in the flux boosting expression 
depends not only on the morphologies of the jet and coun- 
teijet, but also on the source model and history used to ex- 
plain them. 

The absolute powers of the counterjet candidates in these 
Fanaroff-Riley Type II sources are similar to, or even ex- 
ceed, the jet and lobe powers of most Fanaroff-Riley Type I 
(plume-like) sources (except in the most optically luminous 

Table 22. Linear correlation coefficients, r, for correlation tests among various physical parameters. 

Parameter Pair r 
pli, LLS -0.40 
T131, Qx 0.32 
X\3ct Spr 0.15 
Î13C, Coljh 0.30 
TjSc, Qhs -0.32 
TI31, Qcomhs -0.44 
Till, QTbhs -0.36 
1130, Qarhs -0.27 
Till, Sobno -0.35 
LLS, Qx 0.74 
LLS, Spr 0.21 
LLS, Coljh -0.67 
LLS, Qhs 0.43 
LLS, Qcomhs -0.43 
LLS, QTbhs 0.59 
LLS, Qarx -0.27 
LLS, Sobno 0.67 

Parameter Pair r 
Qx, Spr 0.62 
Qlob, Coljh -0.75 
Qlob, Qhs 0.84 
Qx, Qhs 0.61 
Qx, Qcomhs -0.56 
Qlob, QTbhs 0.89 
Qx, QTbhs 0.77 
Qlob, Qarx -0.44 
Qlob, Sobhs 0.86 
Qx, Sobno 0.91 
Spr, Coljh -0.42 
Spr, Qhs 0.51 
Spr, Qcomhs -0.23 
Spr, QTbhs 0.54 
Spr, Qarx -0.15 
Spr, Sobno 0.70 
Coljh, Qhs - .76 

Parameter Pair r 
Coljh, Qcomhs -0.05 
Coljh, QTbhs -0.55 
Coljh, Qarhs -0.30 
Coljh, Sobno -0.49 
Qhs, Qcomhs -0.16 
Qhs, QTbhs 0.84 
Qhs, Qarx -0.51 
Qhs, Sobhs 0.80 
Qhs, Sobno 0.58 
Qcomhs, QTbhs -0.63 
Qcomhs, Qarhs 0.30 
Qcomhs, Strno -0.66 
QTbhs, Qarx -0.38 
QTbhs, Sobhs 0.94 
QTbhs, Sobno 0.79 
Qarx, Strhs -0.55 
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galaxies, plume-like structure is uncommon in sources with 5 
GHz total powers above Pfot=1024 5 /z-2 W Hz-1, e.g., Owen 
1993). If these counteijet candidates are indeed the brightest 
parts of counterjets (i.e., they are not merely confusing lobe 
features), this rules out any possibility that the main jets in 
these sources are Doppler-boosted beams with low intrinsic 
radio powers (similar to those in Type I sources). In this 
sense, our observed counteijet powers add to the evidence 
that the beams that form edge-brightened lobes containing 
hot spots are intrinsically more radio-luminous than those 
that form plumes. 

It will be difficult for VLA data to refine the intensity ratio 
measurements given in Table 6, even with longer observa- 
tions. High sensitivity and dynamic range will be frustrated 
by confusion with lobe fine structure, and by problems of 
counteijet recognition similar to those described here. VLA 
full-synthesis observations at 8.4 GHz may, however, enjoy a 
slight advantage over our data if the spectra of the jets are 
flatter than those of confusing fine structure. 

6.3 Jet Properties 

The detailed evolution of the spreading rates (Sec. 5.2.4) 
suggests that, in several of these quasars as in many powerful 
radio galaxies, the jets initially expand rapidly and then 
recollimate. The strong tendency for the closest knot to the 
central feature also to be the brightest (until the region near 
the terminal hot spot—Sec. 5.2.5) suggests that we detect 
jets on these scales in, or shortly after, a regime of strong 
interactions with the ambient medium, i.e., that jet brighten- 
ing and recollimation are closely connected. This is consis- 
tent with models of jet propagation in which strong shocks 
are driven into the jets as they are recollimated. 

Most jet knots align well with the jet direction (Sec. 
5.2.5), and the magnetic field tends to be parallel to the jet in 
these knots (Sec. 5.2.7). The most extreme knot and field 
misalignments tend to occur at the most severe bends in the 
jets, which are often just prior to the hot spot and at places 
where the jet brightens substantially. These extreme cases 
may also be governed by interactions with the surrounding 
medium. 

We therefore have several lines of evidence, from the jets 
themselves, that their properties are modified significantly as 
they travel outwards. 

In contrast, Sec. 5.5.2 showed a link between the promi- 
nence of the inner, straight segments of the jets and that of 
the smallest-scale emission—the central milliarcsecond-scale 
features. Two aspects of the jet prominence data reinforce the 
idea that ongoing interactions modify the initial (parsec- 
scale) properties of the jets as they propagate to many- 
kiloparsec scales. First, the slope of the relation between 
straight jet and central feature prominence, 0.63 ±0.12, is 
significantly less than that of 1.3 expected in constant- 
velocity relativistic-jet models (implying some deceleration, 
see Sec. 7.1). Second, the prominence relationship is absent 
for the bent jet segments (though it could be diminished 
there by observational uncertainties alone). 

Section 5.5.5 also showed how apparent jet bending inter- 
acts with jet prominence. The prominence of the inner, 

straight jet segments is uncorrelated with jet bending. But 
bending weakly affects the prominence of the outer, more 
bent, jet segments, and clearly interacts with our ability to 
find counterjet candidates (the brightest of which are in the 
outer parts of the sources, beyond major bends in the beam 
paths). The prominence of these counteijet candidates is un- 
correlated with that of the central features or straight jets, but 
may be weakly correlated with that of the bent jet segments 
(Sec. 5.5.2). 

The jet prominence data thus reinforce the evidence from 
the jets’ intrinsic properties that jet parameters change with 
distance from the central object via interactions with the sur- 
rounding medium, and that these interactions help to deter- 
mine counteijet prominence. 

6.4 Hot Spots 

Our new images link the properties of jets and of hot 
spots in several distinct, and at first sight contradictory, ways. 

There are systematic differences in compactness and in 
placement between the hot spots in the jetted and counteijet- 
ted lobes (Sec. 5.5). The only lobes that lack hot spots by our 
new definition are on the counterjetted side. More generally, 
whenever there is a >25% difference in compactness be- 
tween the hot spots or hot spot candidates, the jetted hot spot 
is always more compact than the counteijetted. Jetted hot 
spots are also more likely to be deeply recessed from the 
lobe edges. Section 5.4 showed that the properties of the 
jetted hot spots account for the most significant differences 
in inhomogeneity between the jetted and unjetted lobes. The 
hot spots, but possibly not other structures in the lobes, 
therefore seem to retain some memory of whatever initiates 
the jet/counterjet sidedness asymmetry. 

Section 5.5.5 showed that the jetted hot spot is less promi- 
nent when the jet bends through a greater angle, particularly 
when the bend in the jet is abrupt. The counteijetted hot 
spots also tend to be ill defined when the jet is more bent. 
Both trends imply that bending the jets reduces their ability 
to form compact structures in the lobes. A second process 
that is closely connected to jet bending therefore appears to 
compete with whatever couples hot spot properties to the 
initial jet/counteijet asymmetries. 

Note that we also find that increased jet bending enhances 
the chance of detecting a counterjet candidate (Sec. 5.2.2), 
but decreases the chance that the counteijet feeds a compact 
hot spot (Sec. 5.5.5). These relationships are imperfect, but 
suggest some anticorrelation of jet and hot spot properties on 
the counterjetted side. Counteijetted hot spots are also less 
well defined in larger sources (Sec. 5.5.5). 

Laing (1989), using data with higher resolution but poorer 
signal-to-noise ratio than ours, found that 26 of 30 powerful 
sources (including 9 in common with this study) had the 
brighter hot spot on the same side as a jet or a line of com- 
pact knots. He also noted the tendency of bright, compact hot 
spots to be located away from the extreme ends of their 
lobes. Comparing our data with Laing’s, it is unclear whether 
surface brightness or compactness correlates better with jet 
side, but we firmly support his broader conclusion that the 
properties of hot spots depend on whether they are fed by the 
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jet or the counterjet. Models that attribute differences in jet 
prominence primarily to differences in relativistic beaming 
should therefore address whether some properties of the hot 
spot emission are affected by beaming. Section 7.1 discusses 
this further. 

6.5 Summary of Empirical Results 

6.5.1 Detection rates 

Jets and central features were detected in all 13 quasars in 
our augmented sample, whereas counteijet candidates were 
found only in 7 sources. Hot spots meeting our compactness 
criteria were detected in every jetted lobe, but in only eight 
of the counterjetted lobes. 

6.5.2 Links between the central feature and larger scales 

The good correlations between the sidedness of the 
milliarcsecond-scale extended features and of the large-scale 
jets, and between the prominence of the central features and 
of the inner, straighter segments of the jets imply that what- 
ever determines the sidedness and prominence of the parsec- 
scale features also influences the sidedness and prominence 
of kiloparsec-scale jet emission. 

Although the prominence of the bent jet segments is un- 
correlated with the central feature prominence, these seg- 
ments are generally brighter than the counterjet candidates at 
comparable distances from the quasars. Some connection 
with the initial asymmetry therefore persists beyond the 
straight jet segments. This conclusion is reinforced by the 
fact that jetted and counterjetted hot spots show systematic 
differences in their compactness and their recession into the 
lobes. Evidently, some of this initial influence persists even 
to the ends of the jets. 

The lack of clear jet-related differences between any 
properties of the more extended lobe emission suggests that 
this influence, whatever its nature, does not extend much 
beyond the hot spots, however. 

6.5.3 Evidence that large-scale interactions modify jet properties 

In contrast to the above, we found a poor correlation be- 
tween the prominence of the central features and of the more 
crooked segments of the jets, a lack of counterjet candidates 
opposite long straight jet segments, a presence of such can- 
didates when both the jets and the lobes are distorted, a weak 
correlation between counterjet candidate prominence and the 
prominence of the outer, more bent jet segments, and anti- 
correlations between jetted hot spot prominence and counter- 
jet hot spot detection with all three centrally referenced mea- 
sures of jet bending. These all imply that another 
phenomenon, closely coupled to jet bending, eventually sup- 
plants the initial conditions to determine the prominence of 
some features far from the central region. 

We might therefore expect to find some correlation be- 
tween prominence and deflection for the bent parts of the 
jets, on the general grounds that the more severe the pertur- 
bation, the more internal energy will ultimately be converted 
to synchrotron radiation. Table 20 shows that these correla- 
tions are weak for our sample as a whole (the highest value 
of r being 0.58 for rju). We note, however, that the main 

bends in eight of the jets occur in their outer parts and the jet 
brightens substantially near these bends in seven of them (3C 
68.1, 3C 175, 3C 204, 3C 208, 3C 263, 3C 334, and 3C 336). 

7. CONSEQUENCES FOR MODELS OF RADIO SOURCES 

Sections 5 and 6 identified several trends in our data that 
bring new constraints to the issue of what determines the 
asymmetries and prominence of jets and hot spots in radio- 
loud quasars. The most important of these are the results 
showing that the prominence of the central features, jets, and 
hot spots relative to the more extended lobe emission are 
systematically connected to one another and to some at- 
tributes of the source morphologies. 

We now discuss some consequences of these results for 
the three specific views of the energy transport process de- 
scribed in Sec. 1. 

7.1 Bulk Relativistic Flow 

In this model, the observed jet/counterjet asymmetries 
stem mainly from differential Doppler boosting of emission 
from intrinsically symmetrical, relativistically moving 
beams. The bulk velocity of the flow through the emitting 
region produces the asymmetry between the jets and domi- 
nates the apparent prominence of the central features and of 
some portion, perhaps all, of the length of both jets. 

For this model, our most significant results are (a) that the 
large-scale jets are on the same side of the most compact 
milliarcsecond-scale radio feature as the more extended 
small-scale emission in all six cases where this inner sided- 
ness is known, (b) that the prominence of the central features 
and the prominence of the straight parts of the jets are cor- 
related, and (c) that the slope of the prominence relationship 
(0.63±0.12) is less than expected if the straight jet segments 
and the central features contain flows with the same distri- 
bution of Lorentz factors and orientations. If the dispersion 
of intrinsic source properties in this sample is not too large, 
relativistic jet models would require such a correlation, with 
a slope that depends on the relative Lorentz factors of the 
flows through the central feature and through the jet. At any 
given inclination 0 to the line of sight, the slope expected 
from an ensemble of intrinsically similar jets and central 
features with effective spectral indices aj,ac, velocities 
ßjC,ßcc, and Lorentz factors yj,yc for the logarithmic rela- 
tionship plotted in Fig. 45 can be shown to be 

n + ctj ßj 11 — ßc cos 0\ 
n + ac ßc \ 1 - /3;- cos 0/ ’ 

where n is in the range 2<n<3 (depending on the geometry 
of the jet) if the emission is isotropic in the rest frame of the 
flow. 

Consider the case with n=2, ac=0, ^=0.6. Then if the 
Lorentz factor is the same in the milliarcsecond-scale central 
features and in the large-scale jets, the slope of the log 
prominence relationship should be 1.3. The lower observed 
slope of 0.63 ±0.12 implies that y; < yc under a wide range 
of assumptions if the observed dispersion in prominence is 
dominated by the effects of relativistic beaming rather than 
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by intrinsic differences from source to source. For example, 
if yc=5 in all the milliarcsecond-scale central features, and if 
the jets are randomly oriented between about 20° and 70° to 
the line of sight (a range that is compatible with the observed 
range of straight jet and central feature prominences), then 
the observed slope would correspond to y; = 1.6±0.2 in the 
large-scale jets. The estimate of from this argument de- 
pends weakly on the assumed range of orientations (e.g., it 
would be 2.0±0.3 for the range from 10° to 60°), but values 
y; =^2 result from most models in which extended quasars are 
>10° from both the line of sight and the plane of the sky. 

Our data therefore suggest that the flow in the detected 
jets decelerates between the parsec and kiloparsec scales, but 
the small size of our sample makes the result somewhat frag- 
ile. Specifically, the strength of the correlation and the low 
value of the slope depend strongly on 3C 68.1 and 3C 351. 
(Without these two sources, the correlation coefficient de- 
creases from r=0.83 to r=0.67 and the slope estimate 
changes from 0.63±0.12 to 0.87±0.29). The result also de- 
pends to a lesser extent on the assignment of the 
intermediate-scale flux density to the jet rather than to the 
central feature (as discussed in Sec. 5.5.2): assigning the 
intermediate-scale flux density to the central feature reduces 
the correlation coefficient to r=0.76, but also reduces the 
estimated slope to 0.52±0.12. 

It is also interesting that the correlation shows no sorting 
of sources by the fraction of the jet that has been classified as 
straight or by the length of the straight portion (in kilopar- 
secs). This could mean that there is little change in the ve- 
locity field of these jets over their straight segments, no mat- 
ter how long they are. The lack of correlation between the 
prominence of the central feature and of the more bent jet 
segments may indicate, on this model, that beaming into any 
of a wide range of orientations in the outer, bent portions of 
these kiloparsec-scale jets decouples their apparent emission 
from that of the inner, and presumably straighter, parsec- 
scale jets. 

The distribution of “straight segment” jet to counterjet 
flux density ratios, if interpreted as measurements rather than 
limits, is also consistent with y; ~2 if these quasars are ran- 
domly oriented between —20° and —70° to the line of sight. 
This would require the sample to be oriented somewhat 
closer to the sky plane on average than Barthel (1989) pro- 
posed for all quasars. The sample may be biased away from 
the line of sight by our choice of extended lobe-dominated 
quasars for imaging. Note, however, that if the sources for 
which we find only lower limits to the jet/counterjet ratios in 
fact have ratios of order 5 times our limits, the orientation 
distribution could resemble that proposed by Barthel. 

The idea that decreases to a value ^2 on many- 
kiloparsec scales from a higher value in the central features 
is not new (e.g., Owen & Puschell 1984; Bridle & Perley 
1984). The earlier estimates of y; on large scales were, how- 
ever, based on the rates of jet detection in complete samples 
of quasars taken to be randomly oriented relative to us. Our 
estimate differs from these in that (a) it refers only to the 
initial straight jet segments and (b) it does not assume ran- 
dom orientation of the quasar sample. As our jet detection 
rate of 100% conflicts with the assumptions made in the 

earlier analyses, our apparent agreement with their results 
may be coincidental. 

The correlations between largest projected linear size and 
central feature prominence or straight jet prominence, which 
might be expected on the simplest relativistic-beam models, 
are either weak or absent (Table 20). Projected linear size 
may be a particularly poor orientation indicator in this 
sample, however. As well as having the usual problems 
posed by a range of intrinsic linear sizes, our sample may 
avoid the line of sight (as described above) and also the 
plane of the sky (by excluding radio galaxies). Such an atypi- 
cally small range of orientations relative to the observer 
would mean that the absence of size-prominence correlations 
should not be construed as evidence against the relativistic- 
beam model. 

For sources oriented near the line of sight, the apparent jet 
bending could be an inclination indicator, because true jet 
bending can be amplified by projection. For the reasons de- 
scribed above, this sample is unlikely ab initio to be one in 
which large apparent bend angles are a symptom of small 
inclinations to the line of sight. If they were, then in 
relativistic-jet models we might expect to find positive cor- 
relations between jet bending and the prominence of the cen- 
tral features and straight jets, and an anticorrelation between 
jet bending and counterjet prominence. These expectations 
all conflict with our data, but we found several correlations 
that can be understood if the apparent bend angles measure 
intrinsic jet bending. We therefore see no reason to suppose 
that apparent jet bending is an inclination indicator in this 
sample. 

The lack of correlation between the prominence of the 
counterjet candidates and that of the central features or of the 
straight jet segments shows that, even if Doppler boosting 
dominates the prominence of the straight jet emission, the 
prominence of the counterjet candidates is differently 
determined—either by interactions with the surrounding me- 
dium, or by beaming based on different velocity and angular 
distributions, or both. The positive correlation of counterjet 
detection with jet bending reinforces this result but cannot 
directly distinguish interaction-induced emissivity enhance- 
ments from changes in counteijet beaming produced by com- 
binations of slowing, disordering, or redirecting the counter- 
jet flow. For a relativistic-jet model, the fact that the bent jet 
segments are generally brighter than counterjet candidates in 
the outer parts of the same sources implies that some beam- 
ing remains at large distances, even if the flows have been 
disordered and redirected sufficiently to remove the correla- 
tion of their prominence with that of the central features. 

Like the models described in Sec. 7.2 below, the 
relativistic-jet model assumes that energy is supplied con- 
tinuously and equally to both sides of the sources. It is there- 
fore consistent with features on the counterjetted side that 
require recent energy supply (e.g., hot spots O in 3C 175, L 
in 3C 204, and J in 3C 208, whose inferred synchrotron 
lifetimes are shorter than the light travel time to them—Table 
13). 

To explain the tendency for the more compact hot spot to 
be on the jetted side, models in which relativistic beaming 
governs jet prominence must consider the possibility that 
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relativistic effects also modify the appearance of the hot 
spots (Laing 1989). On this view, Doppler favoritism might 
be the mechanism by which the hot spots “remember” the 
small-scale asymmetry. This cannot be achieved within the 
simplest model of a hot spot as a strong perpendicular shock 
marking the disruption of an axisymmetric jet (Blandford & 
Rees 1974). There are good reasons to suppose that the av- 
erage advance speed of the lobe is <0.3c, so if the flow is 
axisymmetric, then the post-shock flow is inevitably sub- 
sonic and beaming effects are minor (Wilson & Scheuer 
1983). Laing (1989) pointed out that a nonaxisymmetric flow 
model (in which the shocks are oblique) is crucially different 
because it allows the post-shock flow to remain supersonic, 
and (given high obliquity) possibly relativistic so that beam- 
ing can remain significant. The observation that jetted hot 
spots are set back from the leading edge of the lobe is con- 
sistent with this idea, as it allows for the possibility of out- 
flow from the hot spot that still has a significant forward 
velocity [compare the 3D hydrodynamic simulations by Wil- 
liams & Gull (1985), Cox et al. (1991), and Norman & Bal- 
sara (1993)]. In this picture, the jetted hot spots are identified 
with the flow immediately beyond the shock, but those in the 
counterjetted lobes are identified with downstream material 
which has slowed down and/or changed direction. Conse- 
quences for particle acceleration mechanisms in relativistic 
oblique shocks were explored by Begelman & Kirk (1990). 

Our discovery of a clear anticorrelation between hot spot 
prominence and jet bending challenges the simplest form of 
this interpretation, however. It argues for a picture in which 
bending a jet robs it of its ability to generate prominent hot 
spots, i.e., in which the history of the jet governs the promi- 
nence of the hot spot. How could sources with very bent jets 
preserve a flow into the hot spot that is fast enough for post- 
shock Doppler beaming to be significant, even with highly 
oblique shocks? If the Lorentz factor in the straight part of 
the jet is indeed only ~2, as suggested by our central feature 
and jet prominence data, and the jets are homogeneous, it is 
unlikely that post-bend, post-shock Lorentz factors could 
stay high enough to modify the appearance of the hot spots 
significantly. 

7.1.1 An inhomogeneous relativistic jet 

This problem may be soluble if the jets are not homoge- 
neous, but contain material flowing with a range of veloci- 
ties, e.g., an ultrarelativistic “spine” surrounded by a slower- 
moving sheath (a sheared boundary layer) as suggested by 
Laing (1993). If the fraction of the material flowing at veloc- 
ity v between ßc and (ß+dß)c is f{ß) dß, then our esti- 
mate of the characteristic Lorentz factor is a weighted 
average satisfying 

[r;(l-/3; COS 0;)p(2+a7) 

= COS 0,)r(2 + "P dß. 

At angles 0;>2O° to the line of sight, we would preferen- 
tially see emission from the slower parts of the jet. Our es- 
timate of ÿ; from this sample would therefore be biased to- 
ward the values in the sheath, where the results of 

interactions with the surroundings should be most apparent. 
The connection between the initial sidedness asymmetry of 
the jets and the hot spot compactness asymmetry would be 
understandable if interactions increase the fraction of slow- 
moving material in the jet but allow some of the flow near 
the center of the jet to remain ultrarelativistic, i.e., if inter- 
actions skew f(ß) while retaining most of its upper range in 
ß. The central part of the decollimating flow through the 
jetted hot spot, being derived from the spine of the jet, could 
acquire a favorable beaming factor, producing a bright, com- 
pact hot spot. The corresponding parts of the flow on the 
counterjetted side would, however, have an unfavorable 
beaming factor and thus be relatively suppressed. The emis- 
sion from the counterjetted hot spots would therefore be 
dominated by slower-moving material derived from the flow 
in the sheath. 

One aspect of the hot spot compactness asymmetry may 
be hard to incorporate in such models, however. Section 5.3 
showed that the compactness asymmetry of the hot spots 
correlates with the apparent power of the central feature, in 
the sense that the asymmetry is smaller when the central 
feature is more powerful. If relativistic flow is important at 
the hot spots, we might instead expect the apparent compact- 
ness asymmetry between the hot spots to increase when the 
central feature is more prominent. In this sample, not only is 
the correlation of hot spot asymmetry with central feature 
prominence weaker than that directly with central feature 
power, but the sign of the correlation opposes that expected 
for intrinsically small redirection angles at the hot spots. 

We infer that the additional complexity inherent in 
inhomogeneous-jet models may allow them to accommodate 
some, but perhaps not all, correlations between distant and 
small-scale features in our sample. We emphasize that this is 
not the only reason for considering such models, however. 
They are more realistic than a model in which f{ß) is taken 
to be a <5 function at any distance along the jet, because a 
confined jet that contains knots and bends must develop 
some dispersion in ß, and the lowest values of ß would 
occur in the boundary layer under a wide range of circum- 
stances. A high-resolution search for center-darkening in the 
inter-knot regions of these jets could test whether they have 
the proposed spine-sheath structure with higher Lorentz fac- 
tors in the spine. 

7.2 Asymmetric Dissipation 

Models of this type can be divided into two main classes: 
those in which the asymmetries are imposed by large-scale 
gradients in the environments of the quasars, and those in 
which the asymmetries originate on parsec scales. 

7.2.1 Large-scale environmental asymmetries 

Although our data show that jet properties are indeed 
modified by interactions with the environment as the jets 
propagate, all models of this class encounter the difficulty 
that an environmental asymmetry which generates a dissipa- 
tion asymmetry is unlikely to manifest itself over several 
orders of magnitude in scale size. Plausible forms of this 
asymmetry would be, for example, an asymmetric density 
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profile in the galaxy induced by a tidal interaction or an 
external wind, or an offset between the location of the central 
engine and the center of mass of the galaxy. 

Source models in which jet brightness is governed by dis- 
sipation could readily accommodate the weak jet-counterjet 
prominence correlation. In particular, if jet bending enhances 
dissipation to synchrotron radiation, then the emission of the 
bent jet segments and the counterjets might both be governed 
by dissipation. A large-scale asymmetry in this process could 
leave a positive correlation between jet and counterjet promi- 
nence, and explain the deficit of counterjet candidates oppo- 
site long, straight jet segments. Note that two of the counter- 
jet candidates (3C 9, 3C 351) are detected as single knots, 
both of which are opposite the innermost knots in straight 
segments of jets with pronounced brightness variations. 
These could be explained as cases in which both the jet and 
counterjet are brightened locally by “pressure adjustment’’ 
shocks relatively near the quasar. Three candidates (3C 215, 
3C 334, and 3C 336) are more distant, bent features opposite 
the brightest, most severely bent portions of the main jets, 
consistent with both the jet and the counterjet being bright- 
ened by bend-induced dissipation. Only one case, 3C 249.1, 
produced an inner, elongated counterjet candidate, again op- 
posite a particularly bright segment of the jet. (It would be 
interesting to determine the curvature of these jet and coun- 
terjet segments in 3C 249.1 at higher resolution). Models in 
which interactions dominate the appearance of all counterjets 
should therefore explore mechanisms that can account both 
for weak features in “straight” counterjets and for brighter 
features in bent counterjets. 

Models that ascribe the intensity asymmetry between the 
kiloparsec-scale jets and counterjets entirely to large-scale 
environmental asymmetries must, however, be asked to ex- 
plain why the prominence and sidedness of the parsec-scale 
central features correlate with those of the straight jet seg- 
ments. This implies a strong coupling of the mechanisms for 
the asymmetries on the two scales. Our data support the idea 
that interactions with the large-scale environment indeed 
modify jet properties significantly. Models that attempt to 
ascribe the observed asymmetries entirely to asymmetries in 
these interactions must, however, seek to explain this cou- 
pling to parsec scales. 

7.2.2 Asymmetries initiated on parsec scales 

The above objection can be circumvented if the asymme- 
try begins on parsec scales (e.g., as an asymmetry in the 
content of relativistic particles and/or magnetic fields in the 
beams, or of their kinematics) and its effects propagate out- 
wards. It would then not be surprising to find a relationship 
between the prominence of the inner jet segments and of the 
central features, though different assumptions about the na- 
ture of the asymmetries could predict different forms for the 
relationship. (If the initial asymmetry was entirely in the 
density of relativistic particles, an approximate proportional- 
ity between central feature and jet prominence might be ex- 
pected, but an asymmetry in field strength or field configu- 
ration would produce a more complicated dependence of 
prominence on distance down the jet as the fields evolve.) 

Dissipative models can clearly accommodate the relation- 

ships among jet bending, hot spot prominence, and counter- 
jet detection. Like the relativistic-jet model, asymmetric dis- 
sipation allows for hot spots on the counterjetted side whose 
inferred synchrotron lifetimes are shorter than the light travel 
time to them (see Table 13). Asymmetrically dissipative jets 
are also likely to generate dissimilar hot spots, as often ob- 
served [though it is not clear why the more dissipative 
(brighter) jet should preferentially form the more compact 
hot spot]. A model in which asymmetric dissipation is the 
only intrinsic asymmetry may have problems explaining the 
trend for the jetted hot spot to be more deeply recessed into 
its lobe. 

7.3 Intrinsic Power Asymmetries/Flip-flop 

This describes the hypothesis that the beam on the jetted 
side, at the time we observe it, supplies more power to its 
lobe than is available on the counterjetted side. To accom- 
modate the predominantly double-lobed appearance of the 
general radio source population (and the detailed symmetry 
of some individual sources), the ratio of power supplied to 
the two sides must vary with time, with a long-term average 
of unity. 

This model trivially accounts for the differences between 
the jetted and counterjetted hot spots. The former are being 
actively resupplied with particles and compressed by an ar- 
riving flow, while the latter are not. Counterjets, being intrin- 
sically less powerful on this model, might be expected to 
generate less compact hot spots (as we observed in 11 of 13 
cases). The need for the “born-again” jet to reexcavate a 
channel into its lobe can explain why recessed hot spots are 
more prevalent in the lobe with the brighter jet. A further 
difference that could be explained by this model is the trend 
for hot spots that are associated with strong secondary fine 
structure to be on the jetted side (Lonsdale 1989): the ongo- 
ing collimated flows needed to support such “multiple hot 
spots” would then occur only on the currently active side of 
the source. (Note that although our sample as a whole does 
not show significant additional inhomogeneity in the jetted 
lobe once the compact hot spots are excluded, both sources 
with strong secondary fine structure—3C 68.1 and 3C 351— 
have such structure only in the jetted lobe). 

The connections between counterjet detection and jet 
bending, and between the prominence of the straight jets and 
central features, might be explicable in this model if the 
power asymmetry between the two sides is connected to the 
directional stability of jets. A mechanism in which the power 
asymmetry increased when the jet direction is steady might 
produce such correlations within a flip-flop model. 

We cannot use our data to test whether the lobe powers 
correlate with the powers of the jets that feed them, as they 
might in some forms of the flip-flop model. Although the 
lobe power and the integrated jet powers in this sample are 
indeed correlated with r=0.70, this correlation coefficient 
would be exceeded 61% of the time because of the common 
dependence of both powers on the redshift, even if the lobe 
and jet properties were intrinsically unrelated. The flux den- 
sity ratios between the jetted and counterjetted lobes and 
between the jets and the counterjet candidates are free of this 
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bias, however. These ratios would be correlated in some 
forms of the flip-flop model, but in our sample their loga- 
rithms are uncorrelated (r = — 0.20). If the lobe power is 
dominated by the time-integrated energy supply in a flip-flop 
model, this lack of correlation requires that the time scale for 
variations in the jet/counteijet power ratio is short compared 
to the lobe generation/decay time scales. (This constraint 
would also avoid large ratios of arm length between the 
lobes.) 

The flip-flop model conflicts with the presence of bright, 
compact hot spots with short synchrotron lifetimes in lobes 
in which we find no counterjet candidates, such as 3C 1750, 
3C 204L, and 3C 208J. As described earlier, this result sug- 
gests that beams are present on the counterjetted side of these 
sources. Thus, we cannot be dealing with a flip-flop model in 
its strictest form, but with a two-beam model with a variable, 
but finite, power asymmetry. 

Several other lines of evidence have recently been devel- 
oped that make the strict flip-flop interpretation interpretation 
of one-sided jets unattractive. Optical synchrotron emission 
on the counterjet side in M87 (Stiavelli et al 1992; Sparks 
et al 1992), and emission line splitting on the counterjet side 
in 3C 120 (Axon et al 1989) also provide circumstantial 
evidence for ongoing flow without detectable counterjets. 

8. CONCLUSIONS 

8.1 Summary of Consequences for Models 

Section 6 summarized the empirical correlations among 
central feature, jet, counterjet candidate and lobe properties 
that are provided by our new images. Section 7 showed that, 
when confronted with these detailed constraints, the simplest 
forms of all three types of model that we introduced in Sec. 
1 are inadequate. Where, then, do our results lead models of 
energy transport in powerful sources? 

We find a correlation between the prominence of the 
milliarcsecond-scale central features and of the straight jet 
segments that reinforces the correlation in sidedness between 
these features. Given the ample evidence for relativistic bulk 
motion in quasar nuclei, we believe that the most attractive 
explanation of these correlations is that the flows through the 
central features and the jets are both relativistic. A strength of 
the twin-relativistic-beam model is that it offers a single co- 
herent explanation of such trends in kiloparsec-scale jet sid- 
edness and prominence for extended sources as well as of the 
apparent superluminal motions, rapid variability, and low 
self-Compton x-ray luminosities of sources with prominent 
parsec-scale features. The slope of the prominence correla- 
tion implies a departure from the simplest, constant-velocity 
form of the model, however: we suggest that the flows in the 
central features are highly relativistic ( ÿc ~ 5) while those in 
the larger-scale jets are mildly relativistic (ÿ; ~ 2). 

Although none of the sources displayed an unambiguous, 
continuous counterjet satisfying all of our criteria for jet- 
hood, the counterjet candidates found in seven sources ex- 
hibited systematic properties connected with jet bending. The 
prominence of these candidates is not anticorrelated with that 
of the straight jet segments (as expected from relativistic 
beaming alone), but instead appears to be enhanced signifi- 

cantly by jet bending. No counterjet candidates were found 
opposite long, straight segments of jets. Our data also sug- 
gest that jets bend more readily further from the quasars, and 
that this bending, particularly when abrupt, decreases their 
ability to form compact hot spots. In this sense, a “tired jet” 
model, in which the average jet velocity (and presumably 
Mach number) decreases on many-kiloparsec scales, is com- 
patible with many of our results, whether or not the large- 
scale flow has a component with a bulk relativistic velocity. 

In the presence of such effects, the twin-relativistic-beam 
model must be modified to unify our results on the promi- 
nence and asymmetries of the hot spots with those on the 
prominence and sidedness of the kiloparsec-scale jets and of 
the parsec-scale features. The required modification is physi- 
cally plausible: allowing velocity structure across the jets at 
all distances from the nucleus, plus deceleration of their 
outer layers as they interact with their surroundings. The 
viability of the modified model depends on whether the ve- 
locity structure can evolve appropriately while the jet bends. 
Unfortunately, the model contains many free parameters, so 
it is hard to test quantitatively without higher-resolution ob- 
servations of the internal structures of the jets. 

The asymmetric-dissipation and intrinsic-asymmetry 
models also require parameters that cannot presently be 
quantified and thus make them hard to test in detail. Never- 
theless, some simple forms of these models appear to be 
ruled out by trends in our data. 

The strong correlations between the sidedness and promi- 
nence of the jets on parsec and kiloparsec scales rule out 
models that ascribe asymmetries in the large-scale emission 
entirely to large-scale asymmetries in dissipation. These cor- 
relations instead require that any intrinsic asymmetries origi- 
nate on the smallest scales. Asymmetric dissipation models 
in their purest form also have difficulties with the jet-related 
asymmetry in hot spot recession. 

The simplest form of intrinsic power asymmetry, the pure 
flip-flop, cannot be reconciled with our evidence for compact 
hot spots with short synchrotron lifetimes in counterjetted 
lobes. 

It seems likely that the correct explanation of the relation- 
ships shown by our data lies in blends of these models. The 
degree to which Doppler favoritism influences asymmetries 
in the sources appears to decrease with distance from the 
quasar. If asymmetric dissipation is also important, it must 
originate on small scales near the nucleus and also modify 
the flow parameters enough to influence the morphology of 
the lobes as well as their brightness. If the jets have intrinsic 
asymmetries, their power ratio at any given time is evidently 
not infinite. Other properties (e.g., their mean velocity and 
collimation), may also be asymmetric, and thus contribute to 
the observed correlations of asymmetries among hot spots, 
counteijet candidates, jets, and central features. To remain 
viable, all models may therefore need to introduce further 
free parameters that compromise their ability to make unique 
predictions. Further work may therefore have to aim more at 
establishing which broad classes of model can generate the 
effects that dominate at various distances from the quasar, 
rather than at testing any simple model’s detailed predictions. 
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8.2 Further Observations and Other Samples 

Because our data imply that interactions and bending of 
the flows influence jet and counterjet visibility, images with 
enough sensitivity and resolution to dissect out the straight- 
est jet segments will be the best arenas for testing relativistic- 
jet models of kiloparsec-scale asymmetries. A sample con- 
taining many sources with straight jets and counterjets could 
test whether Doppler favoritism dominates the appearance of 
the inner, straight segments on both sides. 

Our data suggest a new way to estimate on kiloparsec 
scales from the relation between straight jet and central fea- 
ture prominences. If this approach can be used convincingly 
in larger samples, it will allow new tests of the self- 
consistency of relativistic-beam models. If Fanaroff-Riley 
Type II quasars are indeed drawn from the same population 
as Fanaroff-Riley Type II radio galaxies but are oriented 
systematically closer to our line of sight (Bridle & Perley 
1984; Barthel 1989), then the radio galaxies should have less 
prominent straight jet segments, and much less prominent 
central features, than those in this sample. (If the counterjet 
prominence is determined solely by relativistic beaming, the 
radio galaxies would also have more prominent counterjets, 
and thus smaller jet/counterjet ratios, than in Table 6. Note, 
however, that this test should be confined to the regions op- 
posite the straightest segments of the jets, and may give mis- 
leading results if attempted with whole-jet and whole- 
counterjet data.) It will be important to explore whether the 
same inferred value is consistent with the statistics of all 
powerful sources that “unified” models seek to relate in this 
manner, and whether a distribution around this value is con- 
sistent with intrinsic jet symmetry in such sources. 

Recent results from two other source samples bear on the 
problems discussed here. 

Bridle (1995b) has compiled prominence data for the de- 
tected jets and central features in a sample of 89 Fanaroff- 
Riley Type II radio galaxies and quasars with unambiguous 
double-lobed structures. These data illustrate that many qua- 
sar jets are indeed more prominent than any radio galaxy jets 
at similar lobe powers. For example, 39 sources in this 
sample have z<l and lobe powers P^MO26/*-2 W Hz-1 in 
their rest frames. The geometric mean of the jet prominence 
(relative to the total lobe emission at 1.5 GHz and in the rest 
frame of the source) for the 25 quasars is 4.3 times greater 
than that for the 14 radio galaxies. For the same two sub- 
samples, the geometric mean of the central feature promi- 
nence is 42 times greater in the quasars than in the radio 
galaxies. These results are qualitatively consistent with the 
idea that relativistic beaming affects the prominence of the 
kiloparsec-scale jets, but less than it affects that of the central 

features (e.g., because ÿ; decreases on kiloparsec scales). It 
is desirable to check them (a) in complete samples, (b) taking 
account of nondetections of jets, and (c) separating straight 
and bent segments of the jets. 

Fernini et al (1993) used the VLA with sensitivity and 
resolution comparable to ours in order to image five 3CR 
radio galaxies similar to these quasars in power and angular 
size. They detected a jet in only one such galaxy, and found 
no counterjet candidates. Even allowing for the small sample 
sizes, their results contrast strongly with our detection of jets 
in all 13 quasars and of 7 counterjet candidates. It will be 
important to check whether both these differences in detec- 
tion rate persist in larger, uniformly observed samples of 
Fanaroff-Riley Type II radio galaxies and quasars. As it 
stands, the difference in jet detection rate between the 
samples is consistent with unifying the two source classes 
using the precepts of the relativistic-beam model. The differ- 
ence in counterjet candidate detection rate between them is 
not, however. Rather, it may be still further evidence that 
something other than relativistic beaming helps to determine 
the prominence of the counterjet candidates. 
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