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ABSTRACT 

This paper presents high resolution, high dynamic range Very Large Array (VLA) radio images of five 
luminous classical double radio galaxies (RGs) at 5 GHz. We detect the radio cores of at least four of 
these RGs. A long, continuous radio jet is seen only in one source, 3C 22, in contrast to the 100% jet 
detection in a comparable sample of QSRs. However, there are candidate jets or jet components seen in 
three other RGs. Overall, the jets in these RGs are less prominent, relative to the lobes, than those in 
the quasar sample. We also compare the polarization properties of these RGs at three different 
wavelengths: 3.6, 6, and 20 cm. Moderate depolarization asymmetries between 6 and 20 cm are found 
between the lobes of two RGs, 3C 22 and 3C 324. Finally, we compare our VLA maps with optical 
[O ii] images in search of correlations between radio properties and emission line asymmetries. These 
data will be used to test the RG/QSR unification scheme of Barthel [ApJ, 336, 606 (1989)]. 

1. INTRODUCTION 

This paper is the first of a series that reports on a search 
for jets and counterjets in powerful extended radio galaxies 
(FR class II sources—Fanaroff & Riley 1974). This search 
was motivated by schemes that have been proposed to 
unify radio-loud FRII quasars and FRII radio galaxies as 
members of the same parent AGN population observed in 
systematically different orientations to the line of sight 
(e.g., Bridle & Perley 1984; Barthel 1989). In particular, 
Barthel suggested that all extended radio sources with 
powers i>

178>1027 WHz-1 contain similar jets with bulk 
relativistic velocities (7>2) but that the optical appear- 
ance of their parent objects depends on their orientation 
relative to the observer. He proposed that a bright optical 
continuum and a broad-line region are common to all the 
parent objects, but are hidden by an obscuring dust torus if 
the radio jets are oriented near the plane of the sky. AGNs 
in this orientation would therefore be classified as narrow- 
line radio galaxies. At the other extreme, if the axis of the 
radio jets is near the line of sight, the strong continuum 
and broad lines would not be obscured, and the same 
source would be classified as a radio-loud quasar. (Inter- 
mediate cases might be described either as quasars or as 
broad-line radio galaxies.) In BarthePs model, the parent 

^he National Radio Astronomy Observatory is operated by Associated 
Universities, Inc., under cooperative agreement with the National Science 
Foundation. 

1690 Astron. J. 105 (5), May 1993 

population of intrinsically similar AGNs is randomly ori- 
ented, and the transition from radio-galaxy to quasar prop- 
erties should occur around 44° to the line of sight. 

The apparent flux densities of relativistic jets also de- 
pend strongly on their orientation relative to the observer 
because of beaming effects (e.g., Blandford & Königl 
1979). The extended lobe emission should not be beamed 
significantly, however, as most models of the lobes imply 
that bulk motions within them will be subrelativistic and 
that the pitch angles of the relativistic electron motions 
will be randomized relative to the magnetic fields. The 
prominence of the jets relative to the lobes (measured by 
the ratio of their integrated flux densities) may therefore be 
an indicator of the importance of beaming in any sample of 
FRII sources. 

Unified models of FRII sources, such as BarthePs, pre- 
dict systematic differences between the prominence, rela- 
tive to the lobes, of the jets and counterjets in quasars and 
radio galaxies. In the quasars, the emission from the (ap- 
proaching) jet would be beamed towards the observer and 
that from the (receding) counterjet would be beamed 
away. In FRII radio galaxies, whose jets should be system- 
atically nearer to the plane of the sky, the emission of 
neither jet should be strongly beamed towards the ob- 
server. (Indeed, for galaxies whose jets are close to the 
plane of the sky, relativistic beaming may make both jets 
apparently fainter than they would appear if their veloci- 
ties were nonrelativistic. ) FRII quasars should therefore 
tend to have jets that are more prominent relative to their 
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lobes than those in the radio galaxies (whose jets are 
known to be hard to detect, e.g., Perley et al. 1984). The 
counter]^ should, however, be easier to detect in the radio 
galaxies, and the jet/counterjet ratios should be systemat- 
ically higher in quasars than in radio galaxies. The relative 
prominence (integrated flux density ratios) of jets, coun- 
terjets, and lobes in extended radio galaxies and quasars 
can therefore provide several good tests for unified schemes 
such as Barthel’s if relativistic beaming effects are domi- 
nant (see, also, Bridle 1992). 

A second type of test for such unified schemes may be 
provided by the systematically asymmetric depolarization 
of the lobes of FRII sources that was discovered by Laing 
(1988) and by Garrington et al (1988, 1991). These au- 
thors found, in samples dominated by quasars, that the 
lobe on the side of the brighter jet systematically depolar- 
izes at a longer wavelength than the other lobe. They sug- 
gested that the depolarization asymmetry could depend on 
orientation, if it arises from unresolved structure in a 
Faraday-thick magnetoionic medium that surrounds the 
typical FRII source. According to the unified schemes, the 
lobe that is fed by the brighter jet would also be closer to 
the observer. This lobe would be viewed along a shorter 
path through the magnetoionic medium, and would there- 
fore depolarize at a longer wavelength than the other lobe. 
If the jets in FRII quasars are indeed oriented nearer to the 
lines of sight than those in FRII radio galaxies, and all 
AGNs are surrounded by similar media, we should expect 
to find greater depolarization asymmetries in the quasars 
than in the radio galaxies. 

This series of papers seeks to test the unified schemes 
using data on jet and counterjet prominence and on depo- 
larization asymmetries from sensitive, high resolution 
VLA imaging and polarimetry of samples of FRII radio 
galaxies and quasars. The importance of high-quality im- 
aging for such work was demonstrated by preliminary re- 
sults (reported in Bridle 1990) of a study of a sample of 
twelve extended 3CR quasars (Bridle et al 1993). This 
study showed that fully-sampled VLA syntheses detected 
the brighter jets in 100% of the 3CR quasar sample, and 
found faint counterjet candidates in about half of them. 
The status of these quasar counterjet candidates is ambig- 
uous, however. Most are discontinuous, and none occurs 
opposite an uninterrupted straight segment of the main jet. 
These properties suggest that interactions and perturba- 
tions of the quasar jets play an important role in determin- 
ing their visibility. The quasar study also emphasized the 
difficulty of distinguishing faint jets and counterjets from 
filaments in the lobes of FRII sources. High-quality images 
are clearly crucial to any attempt to test unified schemes 
using jet and counterjet prominence statistics. We have 
therefore sought to obtain images that will let us exclude 
“twisted or broken” regions of jets that may have inter- 
acted strongly with their environments, and that may dis- 
tinguish jets and counterjets from other curvilinear fine 
structure in the lobes. 

This paper defines a sample of 13 FRII 3CR radio gal- 
axies whose properties we wish to compare with those of 
the sample of 13 FRII 3CR quasars obtained by combining 

the Bridle et al ( 1993) quasar sample with the study of 3C 
47 by Femini et al (1991). It presents results on the first 
5 of these 13 radio galaxies to be observed in an ongoing 
program of sensitive, high resolution VLA imaging at 1.4, 
5, and 8.4 GHz. 

Section 2 describes the selection of the radio galaxies 
and Sec. 3 discusses the VLA observing and imaging tech- 
niques. Section 4 describes each source individually. Sec- 
tion 5 presents an analysis of the depolarization asymmetry 
between the radio lobes. Section 6 examines the jet and 
optical emission line asymmetries of the RGs. Section 7 
discusses and summarizes the results of these first observa- 
tions of our sample of 3CR classical double radio galaxies. 

Throughout this paper, we use H0=15 km/s/Mpc, q0 

=0.5, we assume a Friedmann-Robertson cosmology, and 
we quote sky positions in epoch B1950. 

2. SOURCE SELECTION 

2.1 Sample of Radio Galaxies 

Our sample of 3CR radio galaxies was originally se- 
lected to match the criteria in the quasar sample of Bridle 
et al (1993); i.e., an unbiased sample of sources stronger 
than 10 Jy at 178 MHz and > 10" in angular extent. Our 
objective was to have two statistically similar samples in 
terms of redshift, luminosity, and size so that both samples 
can be compared in terms of the jet/counterjet flux density 
ratios. 

The sample of 3CR radio galaxies was drawn from two 
main catalogues: (i) the third Cambridge catalogue of ra- 
dio sources (Spinrad etal, 1985) which contains about 
216 radio galaxies, and (ii) the complete sample of Laing 
et al (1983) which lists radio sources with mhz

> 10 
Jy. The full selection criteria that we used are as follows. 

(1) Declination: 20o<<5<70°. This criterion was neces- 
sary first to have the best possible {u>v) coverage for our 
sources. It also reduced the number of candidate radio 
galaxies from 216 to 121 sources. This range of declina- 
tions is close to that of the quasar sample. 

(2) Redshift: 0.3 <z< 1.4. Except for 3C 9, the RG and 
quasar samples are all inside this range. This further re- 
duced the sample to 43 sources. 

(3) Flux density: Sm MHz> 1° Jy- This criterion helps 
to ensure that sufficient component flux density will be 
available when the sources are well resolved by the VLA. 
With this criterion, 9 more sources were eliminated. 

(4) Largest angular size: 10"<LAS< 100". The lower 
limit was set so that the two radio lobes will not be con- 
fused with any jet structure if it exists given the ~0"35 
resolution of the VLA at 5 GHz. The upper limit allows us 
to conveniently image the radio source with the type of 
VLA configuration (and field of view) used. The sample 
now contains 26 sources. 

2.2 The Observed Radio Galaxy Sample 

This paper presents the results of the first of two rounds 
of VLA observations allocated to this project, in which we 
observed the five radio galaxies shown in bold type in Table 
1. In the second VLA observing round, eight more sources 

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



19
93

A
J 

 1
05

.1
69

0F
 

1692 FERNINI ETAL: VLA IMAGING OF RADIO GALAXIES 1692 

Table 1. Sample of 3CR radio galaxies. 

SOURCE a(1950) 
6(1950) 

LAS 
(") 

1 
(kpc) 

SsGtf* 
(Jy) 

log(L5G/i*) 
(W/Hz) 

3C 20.0 

3C 22 

3C 34.0 

3C 42.0 

3C 55 

3C 244.1 

3C 252.0 

3C 265 

3C 324 

3C 325 

3C 330.0 

3C 356 

3C 441 

00 40 20.00 
51 47 08.1 
00 48 04.73 
50 55 44.8 
01 07 32.58 
31 31 22.5 
01 25 42.67 
28 47 30.4 
01 54 19.03 
28 37 00.6 
10 30 19.61 
58 30 04.3 
11 08 48.84 
35 56 59.8 
11 42 52.0 
31 50 29.1 
15 47 37.3 
21 34 42. 
15 49 13.98 
62 50 21.3 
16 09 13.90 
66 04 22.8 
17 23 06.96 
51 00 14.1 
22 03 49.27 
29 14 43.8 

0.350 51 

0.937 24 

0.689 48 

0.395 28 

0.7348 69 

0.428 51 

1.1035 57 

0.811 78 

1.2063 10 

0.86 16 

0.550 56 

1.079 75 

0.707 29 

204 

135 

254 

119 

372 

226 

326 

429 

276 

429 

155 

4.18 

0.76 

0.43 

0.84 

0.88 

1.12 

0.32 

0.63 

0.61 

0.83 

2.35 

0.38 

0.92 

27.0 

27.2 

26.7 

26.4 

27.05 

26.7 

27.1 

27.0 

27.4 

27.2 

27.2 

27.07 

27.0 

were observed. In total, we observed 13 radio galaxies out 
of a sample of 26 that were well-matched with the assigned 
VLA observing time blocks. In these first observations, all 
five sources were observed at 1.4, 5, and 8.4 GHz. Some 
earlier observations of the sources at these frequencies have 
also been provided by their observers. Table 2 lists the 
subsample of radio galaxies along with the date of obser- 
vation, the array configuration, the frequency, the band- 
width, the integration time, and the name of the observer. 

The sample of RGs in Table 1 has distributions of red- 
shifts and luminosities which are statistically indistinguish- 

Table 3. (a) Calibrators used in the 6 cm A and B configuration 
observations. 

Source Calibrator a(1950) 
hh mm ss.ss 

¿(1950) 
dd mm ss.s 

Flux density 
(Jy) 

3C 22 
3C 55 

3C 265 
3C 324 

3C 356 

3C 286 

0202+319 
0026+346 
1144+402 
1600+335 
1611+343 
Í739+522 
1611+343 

00 26 34.83 
02 02 09.65 
00 26 34.83 

16 00 11.91 
16 11 47.9 
17 39 29.0 
16 11 47.9 

31 58 10.4 
34 39 57.7 
40 15 14.2 
33 35 09.6 
34 20 19.8 
52 13 10.4 
34 20 19.8 

1.47 
1.85 

2.00 
2.30 
0.90 
2.30 

(b) Calibrators used in the 3.6 cm B configuration observations. 

Source Calibrator o(1950) ¿(1950) 
hh mm ss.ss dd mm ss.s 

Flux density 
(Jy) 

3C 22 
3C 55 
3C 265 
3C 324 
3C 356 
3C 286 

0224+671 
0133+476 
0955+476 
1624+416 
1738+476 
1328+307 

02 24 41.17 
01 33 55.10 
09 55 08.53 
16 24 18.25 
17 38 36.31 
13 28 49.65 

67 07 39.7 
47 36 12.8 
47 39 28.2 
41 41 23.5 
47 39 28.7 
30 45 58.6 

2.12 
1.80 
0.84 
1.03 
0.94 
5.2 

(c) Calibrators used in the 20 cm B configuration observations. 

Source Calibrator or(1950) ¿(1950) Flux density 
hh mm ss.ss dd mm ss.s (Jy) 

3C 22 0026+346 00 26 34.83 34 39 57.7 1.85 
3C 265 0953+254 09 53 59.7 25 29 33.6 0.90 
3C 324 1611+343 16 11 47.9 34 20 19.8 2.70 
3C 286 1328+307 13 28 49.65 30 45 58.6 14.70 

able (using a Kolmogorov-Smimov test) from those of the 
QSRs in the Bridle et al. (1993) sample. However, the 
average angular size of the RGs for the subsample of 13 
(34") is somewhat less that that of the QSR sample (43"). 
These properties will be discussed in more detail when 
radio imaging of the larger RG sample is completed. 

3. OBSERVING AND IMAGING TECHNIQUES 

Table 2. Observed sample of 3CR radio galaxies. 

Source Config. Freq 
(GHz 

Bandw. 
(MHz) 

Int.Time 
(min.) 

3C 55 

3C 324 

3C 356 

22/04/90 
12/08/90 
16/09/90 
16/09/90 
22/04/90 
12/08/90 
16/09/90 
07/12/86 
22/04/90 
16/09/90 
12/14/87 
16/09/90 
22/04/90 
31/08/90 
16/09/90 
16/09/90 
22/04/90 
16/09/90 
16/09/90 
07/13/86 

5.0 
5.4 
5.0 
1.4 
5.0 
8.4 
5.0 
1.4 
5.0 
8.4 
5.0 
1.4 
5.0 
8.4 
5.0 
1.4 
5.0 
8.4 
5.0 
1.4 

50 
50 
50 
50 
25 
50 
25 
25 
25 
50 
25 
50 
50 
50 
50 
50 
25 
50 

200 
53 

132 
41 

200 
46 

128 
35 

190 
55 

240 
41 

ISO 
40 

132 
42 

200 
44 

130 
21 

Fernini 
Fernini 
Fernini 
Fernini 
Fernini 
Fernini 
Fernini 
Leahy 
Fernini 
Fernini 
McCarthy 
Fernini 
Fernini 
Fernini 
Fernini 
Fernini 
Fernini 
Fernini 
Fernini 
Leahy 

To detect low surface brightness emission yet still dis- 
tinguish jets from other features, we have sought the high- 
est dynamic range and good angular resolution. To achieve 
the necessary combinations, we: 

(i) observed the sample in the VLA A and B configu- 
rations at 5 GHz using the long total integration times 
noted in Table 2. The two data bases were then added 
together. A final resolution of ~0"35 was obtained. 

(ii) acquired well-sampled (u,v) coverage by observing 
at many hour angles spread over the length of time the 
source was above the horizon. 

(iii) used the bandwidths listed in Table 2. These band- 
widths were chosen to maximize sensitivity while limiting 
the distortions produced by chromatic aberration (e.g., 
Cotton 1989) at the outer edges of the lobes to <5% (as 
measured by the intensity reduction for a point source). 

This strategy was applied to all observing runs allocated 
to this project. Unlike the 5 GHz observations, the 1.4 and 
8.4 GHz observations were made only in the B configura- 
tion. At 1.4 GHz, two sources (3C 55 and 3C 356) were 
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Table 4. (a) RMS noises and dynamic ranges for the 6 cm maps. 

3C 22 3C 55 3C 265 3C 324 3C 356 
I image 30(22) 22(20) 24(20) 30(22) 25(20) 
(rms/beam) 
Q, U images 27 28 32 32 32 
(rms/beam) 
Dynamic 5600:1 2800:1 3500:1 4500:1 1250:1 
Range 

Note to TABLE 4a. 

Flux densities are in ¿íJy. 

(b) RMS noises and dynamic ranges for the 3.6 cm maps. 

3C 22 3C 55 30 265 3C 324 3C 356 
limage 50(30) 15(15) 17(15) 40(25) 24(20) 
(rms/beam) 
Q, U images 31 25 31 27 35 
(rms/beam) 
Dynamic 2700:1 3700:1 4000:1 3000:1 1050:1 
Range 

Note to Table 4b. 

Flux densities are in /jJy. 

(c) RMS noises and dynamic ranges for the 20 cm maps. 

 3C 22 3C 55 3C 265 3C 324 3C 356 
limage 0.3(0.1) 0.6(0.1) 0.35(0.1) 0.65(0.2) 0.4(0.1) 
(rms/beam) 
Q, U images 0.09 0.14 0.13 0.2 0.08 
(rms/beam) 
Dynamic 1900:1 1250:1 3300:1 2300: 1 1600:1 
Range 

Note to TABLE 4c. 

Flux densities are in mJy. 

previously observed by Patrick Leahy who kindly provided 
his data to us. For all the observations, the primary flux 
density and polarization position angle calibrator was 3C 
286 which we assumed to have flux densities of 14.5, 7.4, 
and 5.2 Jy at 1.4, 4.9, and 8.4 GHz, respectively, and a 
polarization position angle of 66° at all frequencies. The 
resulting flux density scale is that of Baars et al ( 1977). 

Table 2 lists the total integration times and band widths 
for the five sources. Table 3(a) lists the primary and sec- 
ondary flux density calibrators used in the 5 GHz obser- 
vations along with their flux densities and their positions. 
Tables 3(b) and 3(c) list the secondary calibrators used in 
the 8.4 and 1.4 GHz observations, respectively. 

The A and B configuration data were calibrated follow- 
ing standard procedures (e.g., Fomalont & Perley 1989) 
using the NRAO AIPS software. For the 20 cm data, ion- 
ospheric Faraday rotation introduces significant errors into 
the apparent E-vector position angles. The ionospheric ro- 
tation at 20 cm was corrected, using a model based on 
observed electron densities, with the AIPS task FARAD. 

After the external calibrations, the data were Fourier 
transformed and deconvolved to obtain CLEANed images of 
the three Stokes parameters I, Q, and 1/ using the 
ungridded-subtraction algorithm in the AIPS task MX. 
These initial clean components served as input models for 
the self-calibration using the AIPS task ASCAL (Schwab 

1980) to correct for atmospheric, system phase, and am- 
plitude variations. 

Table 4 lists the parameters of the final images. The 
theoretical noise is given in parentheses beside the mea- 
sured rms noise. At 3.6 and 6 cm, the rms noises on the 
final images were mostly within 25% of the theoretical 
noise limits. At 20 cm, the images are limited by confusion 
rather than by thermal noise. A greyscale mosaic of these 
RG images is shown in Fig. 1 (Plate 84). Contour maps of 
these radio galaxies are presented in Figs. 2-6. 

4. THE IMAGES 

4.1 Terminology 

The terms core, jet, lobe, and hot spot require careful 
definitions if they are to be used precisely in describing 
features seen on high resolution, high dynamic range VLA 
images. For consistency, we use the definitions proposed by 
Bridle et al (1993) which we summarize as follows. 

(1) Core—a central unresolved feature coinciding to 
within observational errors with the best available position 
for the optical galaxy. 

(2) Jet—a narrow feature that is (a) at least four times 
as long as it is wide (after deconvolving the synthesized 
beam), (b) separable at high resolution from other ex- 
tended structure 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 compact brightness 
enhancements that we will term “jet knots.” 

(3) Lobes—features which contain all of the other radio 
emission produced by the source excluding (1) and (2). 

(4) Hot Spot—if no jet is detected, a feature that (a) is 
the brightest structure in the lobe, (b) has surface bright- 
ness more than four times that of the surrounding emis- 
sion, and (c) has a linear FWHM (after deconvolving the 
synthesized beam) that is < 5% of the largest diameter of 
the source. If a jet is detected, the hot spot must addition- 
ally be further from the nucleus than the end of the jet, 
which is defined by ( 1 ) its disappearance, or (2) an abrupt 
change in direction by at least 30°, or (3) decollimation by 
more than a factor of two. 

The hot spot definition is intended to isolate a class of 
compact, bright, feature that marks a major change in the 
apparent direction and/or collimation of a jet, whether or 
not the jet itself is detectable. Where a jet is detected, the 
definition seeks to distinguish hot spots from the jet knots 
that may be only minor disturbances in an ongoing flow. 

4.2 Discussion of Individual Sources 

4.2.1 3C 22 

Jenkins et al. (1977) first resolved 3C 22 using the 
Cambridge 5 km telescope with 2"5 FWHM at 5 GHz. 
Their map showed two small extended lobes separated by 
about 24". A 5 GHz VLA observation by Schilizzi et al. 
(1982) at 1" resolution revealed two components with un- 
resolved features at the outer edges of the source. No core 
or jet was detected. 

Figure 2(a) shows contours of total intensity at 0"35 
resolution. Several significant new features can be seen. A 
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3C22 IPOL 4885.100 MHZ 3C22.A+B.6.ICLN.1 

3C22 IPOL 4885.100 MHZ 3C22.A+B.6.ICLN.3 

50 55 49 

48 

47 

46 

45 

44 
04.0 03.8 03.6 03.4 03.2 RIGHT ASCENSION 

Fig. 2. (a) 6 cm total intensity map of 3C 22 at 035 resolution from the combined A and B configuration data, (b) Enlargement of the SE lobe of 3C 
22 and its distribution of the E vectors of the linear polarization at 5 GHz. (c) Enlargement of the NW lobe of 3C 22 and its distribution of the E vectors 
of the linear polarization at 5 GHz. (d) Contour map of the total intensity of 3C 22 at 3.6 cm at 0"67 resolution with polarization E vectors overlaid. 
The contours levels are —2, 1, 2, 4, 8, 16  128, and 256 times 0.15 mJy per clean beam area. The peak flux density is 1.36 x 10 1 Jy/beam. The 
/¿-vector scale is such that a vector length of 1 arcsec corresponds to p=0.65. (e) Contour map of the total intensity of 3C 22 at 20 cm at 3"85 resolution 
with polarization E vectors overlaid. The contours levels are —2, 1, 2, 4, 8, 16,..., 128, and 256 times 0.9 mJy per clean beam area. The peak flux density 
is 5.74X 10“1 Jy/beam. The /¿-vector scale is such that a vector length of 1 arcsec corresponds to p—0.\2. 

04.6 04.4 
Pol line 1 arcsec = 1.5000E-t-00 RATIO Peak flux = 1.6283E-01 JY/BEAM Levas 9.0000E-05* ( *2.00,1.000, 2.000, 4.000. 8.000.16.00.32.00.64.00.128.0, 256.0. 512.0} 

3C22 IPOL 4685.100 MHZ 3C22.A+B.6.ICLN.3 
1 I £ I I I T o 

Q. 
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3C22 IPOL 8414.900 MHZ 3C22.X.ICLN.8 

50 55 50 “ 

O 0 

O 
J d 

00 48 06.0 05.5 05.0 04.5 
RIGHT ASCENSION 

04.0 03.5 03.0 

3C22 IPOL 1464.900 MHZ 3C22.20.3.85.ICLN.1 

Fig. 2. (continued) 

compact core is now visible between the two extended 
lobes. Its peak is located at a=00h48m04-731 and 
0 = 50°55/44"84. The optical identification proposed by 
Spinrad et al (1985) coincides with this position to within 

Table 5. Core deconvolved sizes, flux densities, and powers. 

Source Size Total 5s (mJy) 
(max x min, p.a.) 

P5 (W/Hz) 

3C 22 
3C 55 
3C 265 
3C 356 D 

E 

O'.'OO x 0'.'03,109° 
O'M x 0'.'03,13So 

< 0"12 
< O'.TS 
< O'.'20 

7.83 
5.32 
2.62 
1.07 
0.54 

1.71 x 1025 

7.26 x 1024 

4.24 x 1024 

3.37 x 1024 

1.70 x 1024 

0'T. We therefore consider this identification to be con- 
firmed. The radio properties of the 3C 22 core and those of 
the other RGs are listed in Table 5. Sizes have been mea- 
sured by fitting two-dimensional (2-D) elliptical Gaussian 
models (deconvolved from the synthesized beam) using 
the AIPS task imfit. Note that the core of 3C 22 is slightly 
resolved. 

A further new feature is the faint jet which links the 
core and the NW lobe. This jet is best seen in the greyscale 
image of 3C 22 in Fig. 1. It is straight for about 10"6 (60 
kpc), then bends by about 5° with respect to its initial 
direction. The curved jet can be traced for a further 2"4 
(13 kpc) until it blends into the NW lobe. 
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1696 FERNINI ETAL.: VLA IMAGING OF RADIO GALAXIES 1696 

Table 6. Lobe feature sizes, core/lobe-feature distances, and lobe flux 
densities at 5 GHz. 

Deconvolved FWHM Lobe 5s (mJy) 

NW 
0740 x O'.'31 

SE 
0747 x 0732, -77° 

3C 22 
Core - NW HS 

1476 (82.5 kpc) 
Core - SE HS 

11'.'4 (64.4 kpc) 

NW lobe 
260 

SE lobe 
361 

Feature F2 
0725 x 0718,27° 
Feature F6 
0731 x 0724,50° 
Feature F8 
0765 x 0756,139° 
NW HS 
0772 x 0735 

3C 55 
Core - Feature F2 

1275 (67.2 kpc) 
Core - Feature F6 

16'.'0 (86.0 kpc) 
Core - Feature F8 

35" (188.2 kpc) 
Core - NW HS 

36" (194 kpc) 

SE lobe 
236 

NW lobe 
247 

Feature A 
1722 x 0773,0° 

3C 265 
Core - Feature A 

4677 (256.9 kpc) 
NW lobe 

286 

Feature C 
0769 x 0741,178° 
Feature E 
0769 x 0741,0° 

Core - Feature E 
30" (105 kpc) 

SE lobe 
387 

Feature A 
0746 x 0733 
Feature E 
0748 x 0733, -30° 

SW lobe 
128 

NE lobe 
512 

Feature A 
0781 x 0738 
Feature B 
0760 x 0738 
Feature C 
0764 x 0738 
Feature F 
0764 x 0738 

3C 356 
Feature D - Feature A 

50" (286 kpc) 

Feature D - Feature F 
25" (143 kpc) 

NW lobe 
134 

SE lobe 
182 

Both lobes have diffuse emission extending back toward 
the core (Fig. 1). The east lobe has a bright curved tail 
that could either be part of a possible “counterjet” or a 
bright filament on the boundary of the lobe, as commonly 
found in other radio galaxies (e.g., Cygnus A in Perley 
et al 1984). Neither the main jet nor the “possible coun- 
teijet” are on the axis that passes through the eastern hot 
spot, the core, and the western hot spot. These three fea- 
tures are aligned to within 2°, but the straight segment of 
the main jet is 5° northward of this axis, and parts of the 
curved, narrow feature are about 10° southward of it. 

Although the two hot spots are fairly well aligned along 
the radio source axis, they are not symmetric in compact- 
ness. Their sizes were also estimated by fitting 2-D ellipti- 
cal Gaussian models. Table 6 gives the fitted hot spot sizes, 
together with the core/lobe-feature distances and the lobe 
flux densities at 5 GHz. The hot spot in the jetted (NW) 
lobe is the more compact, as is commonly found in other 
powerful radio sources with asymmetric jets (e.g., Laing 
1989). 

Figure 2(b) shows the SE lobe and Fig. 2(c) shows the 
core, jet, and NW lobe. Polarization E vectors are overlaid 
onto the intensity contours where the vector lengths in 
these and the other source maps are proportional to the 
fractional polarization. For the composite I-p~x maps, we 
truncated below a signal-to-noise ratio of 4 in all polariza- 
tion maps in this paper. The jet is weakly polarized 
(<4%), while the “possible counteijet” feature shows 
—20% polarization with the E vectors perpendicular to 
the feature over much of its length. This degree of polar- 
ization and ^-vector orientation are also typical of lobe 
boundary features and filaments in radio galaxies, so they 
do not help us to decide whether this feature is part of a 
counteijet. 

Figures 2(d) and 2(e) show contour maps of the total 
intensity of 3C 22 at 3.6 and 20 cm, respectively, with 
polarization E vectors overlaid. The resolutions are 0"67 
and 3"85 for the 3.6 and 20 cm maps, respectively. The 3.6 
cm map reveals the core, but not the jet; the peak intensity 
of the radio core at this wavelength is 6.2 mJy. 

4.12 3C 55 

This source is a 69" double previously imaged at radio 
wavelengths by Jenkins et al (1977), Schilizzi et al 
(1982), Strom & Conway (1985), and Leahy et al 
(1989). Laing et al (1983) gave an optical identification 
with a galaxy at z=0.27 but Spinrad (private communica- 
tion, reported in Hewitt & Burbidge 1991) has since rei- 
dentified the source with a galaxy at z=0.7348. The radio 
core peaks at a=01h54m19?055 and 0=28,>37'2"84, and is 
slightly resolved (suggesting some jet emission is present). 
Leahy et al also report the detection of this radio core at 5, 
8, and 15 GHz at a preliminary position (Leahy 1992) 
0?004 earlier than ours in right ascension and 0"07 north of 
ours in declination; both of these offsets are well within the 
errors of the radio observations. Both radio positions dis- 
agree by about 2" in 8 with that quoted by Spinrad of 
a=01h54m19?03 and 0=28°37'00"6 for the revised optical 
identification, which is marked by a cross in Fig. 3. This 
discrepancy in declination leaves the new optical identifi- 
cation in some doubt. 

Figure 3(b) shows the detailed structure of the eastern 
lobe. Several resolved features (FI through F6) occur 
along the lower boundary of the lobe (Fig. 1 ). Features F2 
(16.6 mJy peak), F6 (13.2 mJy peak), and F8 (30 mJy 
peak) have the highest surface brightnesses and are re- 
solved (Table 6). However, F8 is the brightest feature in 
the eastern lobe, is > 4 times brighter than the surrounding 
diffuse emission, and is < 1% of the diameter of 3C 55, 
thus meeting our criteria for a hot spot. It is conceivable 
that features FI through F6 might be part of a main jet in 
3C 55 that is not detected within 22" (120 kpc) of the 
core. This would be an exceptionally long “gap” for a jet in 
a radio galaxy, however, and more sensitive observations 
are needed to test whether this collection of features is 
indeed part of a jet, and not merely secondary structure in 
the lobe. The individual features are disparate in their 
alignment and polarization properties [see Fig. 3(b)], cast- 
ing further doubt on their collective status as a jet. 
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3C55 IPOL 4872.600 MHZ 3C55.A+B.6.ICLN.1 

01 54 21 
Peak flux = 6.0720E-02 JY/BEAM Levs = 8.0000E-05 * ( -2.00,1.000, 2.000, 4.000, 8.000,16.00, 32.00, 64.00,128.0, 
256.0, 512.0,1024.) 

RIGHT ASCENSION 

3C55 IPOL 4872.600 MHZ 3C55.A+B.6.ICLN.1 

3C55 IPOL 8414.900 MHZ 3C55.B.X.ICLN.1 

Fig. 3. (a) 6 cm total intensity map of 3C 55 at 0"35 from the combined A and B configuration data, (b) Contour map of the total 
intensity at 5 GHz of the eastern lobe of 3C 55 with polarization E vectors overlaid. The contours levels are similar to those of (a). 
The vector scale is such that a vector length of 1 arcsec corresponds top= 1.5. (c) Same as (b), but for the western lobe of 3C 55. (d) 
Contour map of the total intensity of 3C 55 at 3.6 cm at 0"7 resolution from the B configuration. The contour levels are drawn at —2, 
1, 2, 4, 8, 16,..., 128, 256, and 512 times 50/zJy per CLEAN beam area. The peak flux density is 5.5 X 10-2 Jy/beam. (e) 3.6 cm contour 
map of the total intensity of the eastern lobe of 3C 55 at 0"7 with polarization E vectors overlaid. The contour levels are similar to those 
of (d). The vector scale is such that a vector length of 1 arcsec corresponds top= 1.0. (f) Same as (e), but for the western lobe of 3C 
55. (g) Contour map of the total intensity of 3C 55 at 20 cm at 4"2 resolution with polarization E vectors overlaid. The contour levels 
are drawn at —2, 1, 2, 4, 8, 16,..., 128, and 256 times 1.9 mJy per CLEAN beam area. The peak flux density is 7.4X 10-1 Jy/beam. The 
vector scale is such that a vector length of 1 arcsec corresponds to /?=0.1. 
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3C55 IPOL 8414.900 MHZ 3C55.B.X.ICLN.1 

3C55 IPOL 1417.500 MHZ 3C55.LICLN.1 

01 54 22 19 18 RIGHT ASCENSION 

Fig. 3. (continued) 

The western lobe, shown in detail in Fig. 3(c), has a 
striking “horn”-like structure. The opening angle of the 
“horn” is about 30° and appears to increase toward the 
core following an initially well-collimated structure near 
the western extremity of the lobe. Figure 3(c) also suggests 
that the western hot spot is connected to the horn structure 
by a narrow bridge. This structure resembles that seen in 
the numerical model of a restarting jet by Clarke & Burns 
( 1991 ). Table 6 reports the hot spot sizes of each lobe, the 
core/lobe-feature distances, and the lobe flux densities at 5 
GHz. 

At 3.6 cm, the candidate jet of 3C 55 and the radio core 

are also detected [Fig. 3(d)] at a resolution of about 0"7. 
The peak intensity of the core is 3.4 mJy. Figures 3(e) and 
3(f) reveal the detailed structures of the eastern and the 
western lobes at 3.6 cm with polarization E vectors over- 
laid. Figure 3(g) shows a 20 cm contour map of the total 
intensity at 4"2 resolution with polarization E vectors 
overlaid. 

4.2.3 3C 265 

Earlier resolved radio images of 3C 265 (Jenkins et al. 
1977) revealed two lobes with an angular separation of 
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3C265 IPOL 4872.600 MHZ 3C265.A+B.6.ICLN.1 
31 50 40 

11 42 54 53 
Peak flux = 8.2701 E-02JY/BEAM 
Levs = 7.5000E-05 * ( -2.00,1.000, 2.000, 4.000, 8.000,16.00,32.00, 64.00,128.0, 
256.0, 512.0,1024. 

52 51 RIGHT ASCENSION 

3C265 IPOL «672.600 MHZ 3C265.A+B.6.ICIN.1 

1 42 54.6 

3C265 IPOL 4872.600 MHZ 3C265.A.B.6.ICLN.1 

Pol line 1 arctec s 1.0000E*00 RATIO Peak llux = 8.2701 E-02 JY/BEAM Levs = 7.5000E-05 * ( -2.00, 1.000, 2.000, 4.000, 8.000,16.00. 32.00, 64.00, 128.0, 
RIGHT ASCENSION 

Fig. 4. (a) 6 cm contour map of the total intensity of 3C 265 at 0"35 resolution from the combined A and B configuration data, (b) 
6 cm contour map of the total intensity of the SE lobe of 3C 265 with polarization E vectors overlaid, (c) Same as (b), but for the 
NW lobe of 3C 265. (d) Contour map of the total intensity of 3C 265 at 3.6 cm at 0"7 resolution. The contour levels are drawn at 
— 2, 1, 2, 4, 8, 16,..., 128, 256, and 512 times 50 /¿Jy per clean beam area. The peak flux density is 6.7 X 10~2 Jy/beam. (e) Contour 
map of the total intensity of the SE lobe of 3C 265 at 3.6 cm with polarization E vectors overlaid. The contour levels are similar to 
those of (d). The vector scale is such that a vector of 1 arcsec corresponds to /> = 1. (f) Same as (e), but for the NW lobe of 3C 265. 
(g) 20 cm contour map of the total intensity of 3C 265 at 20 cm at 4"37 resolution with polarization E vectors overlaid. The contour 
levels are drawn at —2, 1, 2, 4, 8, 16,..., 128, and 256 times 0.75 mJy per CLEAN beam area. The peak flux density is 1.15 Jy/beam. 
The vector scale is such that a vector of 1 arcsec corresponds to p=0.\. 

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



19
93

A
J 

 1
05

.1
69

0F
 

1700 FERNINI ETAL.: VLA IMAGING OF RADIO GALAXIES 1700 

3C265 IPOL 8414.900 MHZ 3C265.B.X.ICLN.7 

52 51 RIGHT ASCENSION 

3C265 IPOL 8414.900 MHZ 3C265.BXICLN.7 

Fig. 4. (continued) 
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1701 FERNINI ETAL.: VLA IMAGING OF RADIO GALAXIES 1701 

Fig. 4. (continued) 

78", multiple compact features in the western lobe, but no 
central small-diameter core. Figure 1 shows a greyscale 
display, and Fig. 4(a) shows a total intensity contour map 
at 5 GHz at 0"4 resolution. The source has asymmetrically 
placed lobes, which broaden toward its center. 

The 2.6 mJy core (D) is a new detection. Its peak is at 
a= 1 lh42m52-353 and <5 = 31°50'26"61. This is about 2"5 
from the optical identification proposed by Spinrad et al 
(1985) at a=llh42m52?39 (±0?08) and S=31°50'29"l 
(±1"0), shown by the cross in Fig. 4(a). This positional 
discrepancy leaves the validity of the optical identification 
in doubt. 

Figures 4(b) and 4(c) show the SE and NW lobes of 3C 
265, respectively. The NW lobe contains two bright regions 
{A and C), connected by a faint elongated bridge {B). 
Feature C (34.3 mJy peak) is considerably brighter than A 
(5.4 mJy peak), is slightly more than four times brighter 
than the surrounding lobe emission, and is <1% of the 
diameter of 3C 265. Thus, C meets our conditions for being 
labeled the hot spot in the western lobe. It is unclear if the 
bridge between A and C constitutes a candidate jet in 3C 
265. 

There is no sign of a counterjet on the other side of the 
source. The SE lobe has a bright hot spot (E) at its end. 
The axis through the SE hot spot and features C and A 
does not cross the radio core. There is no sign of a coun- 
terjet on the SE side of the source. 

Figures 4(b) and 4(c) also show the polarization E 
vectors overlaid for the SE and NW lobes, respectively. 
Features A, C, and E are relatively highly (25%) polar- 
ized. The edges of the two lobes are also highly polarized 
(35%-45%), with the E vectors perpendicular to the local 
ridge lines. 

Figure 4(d) shows a total intensity contour map at 3.6 
cm at 0"7 resolution from the B configuration. As in the 6 
cm high resolution maps, the radio core is also detected. Its 
peak intensity is 1.6 mJy. Figures 4(e) and 4(f) show the 
SE and the NW lobes of 3C 265 at 3.6 cm with polarization 
E vectors overlaid. The polarized radio emission appears to 
be evenly distributed in both lobes. The 20 cm total inten- 

sity map at 4"4 resolution with polarization vectors is 
shown in Fig. 4(g). 

4.2.4 3C 324 

An early image of 3C 324 (Jenkins et al. 1977) showed 
an asymmetric double with a 10" lobe spacing. 3C 324 is 
the smallest source in our sample, and its internal structure 
is only marginally resolved by our data. Figure 1 shows a 
greyscale image and Fig. 5(a) shows a total intensity con- 
tour map at 5 GHz at 0"34 resolution. 

The optical identification proposed by Gunn et al. 
(1981) at a=15h47m37U (±0508) and 0=2T34'40"1 
( ± 1"0) is shown by the cross in Fig. 5(a). This object is 
apparently one of the most luminous known galaxies. It is 
now thought (Le Fèvre et al. 1987; Hammer & Le Fèvre 
1990) to be a gravitational mirage produced by the super- 
position of a foreground, possibly spiral, galaxy at z=0.845 
on a background narrow-line galaxy at z= 1.206. There is 
a faint, relatively compact radio feature ( C) near the SW 
lobe of 3C 324. The peak intensity (0.38 mJy) of this 
feature is located at a= 15h47m37s05 and á=2T34'40"8. 
This feature is about 1" from the proposed optical identi- 
fication of Gunn et al. It is unclear, however, if C is the 
radio core of the source, part of a jet or a counterjet, or a 
compact feature in the radio lobe. A 2-D elliptical Gaus- 
sian fit indicates that this feature is well resolved with a 
deconvolved FWHM of 0:38x0"30 (2.2 kpcXl.7 kpc), 
casting doubt on its being the radio core. 

Figure 5(a) shows hot spots {A and E) in the two lobes. 
Both A and E have deconvolved widths which are slightly 
less than 5% of the source major axis, and are greater than 
four times brighter than the surrounding lobe emission. 
The SW lobe has a broad extension (B) toward the center 
of the source. The NE lobe, besides its hot spot, has a 
narrow feature (Z>); this narrow feature is a candidate for 
a jet or a bright lobe filament, but we cannot determine 
which at this resolution. 

Table 6 reports the sizes of hot spots A and C, and the 
flux densities of the NE and SW lobes at 5 GHz. The total 
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1702 FERNINI ET AL. : VLA IMAGING OF RADIO GALAXIES 1702 

integrated flux density of 3C 324 at 5 GHz is 0.64 Jy. 
Besides their differences in flux density, the two lobes are 
also located asymmetrically with respect to the feature 
(C). 

Figures 5(b)-5(d) show polarization maps of 3C 324 at 
6, 3.6, and 20 cm at a resolution of 0"4, 0"7, and 4"1, 
respectively. In Sec. 5, we show that the SW lobe is more 
strongly depolarized than the NE lobe—a common asym- 
metry in classical doubles (Garrington et al 1988; Laing 
1988). 

4.2.5 3C 356 

A previous radio image of 3C 356 by Pedelty et al 
( 1989) showed two radio lobes with an angular separation 
of 72", but no core or jet. Figure 1 shows a greyscale image 
and Fig. 6(a) shows a total intensity contour map of 3C 
356 at 5 GHz at 0"38 resolution. 

Our observations show two compact radio features, ( D) 
and (.E), in the inner part of the source. The peak of the 
brighter feature, (D), is at a= 17h23m06?955 and 
<5 = 5rOO'14"15, in good agreement with that of the optical 

3C324 IPOL 4885.100 MHZ 3C324.A+B.6.ICLN.2 

37.5 37.4 
Peak flux = 1.3379E-01 JY/BEAM Levs = 9.0000E-05 * ( *2.00,1.000, 2.000, 4.000. 8.000.16.00. 32.00, 64.00, 128.0, 256.0. 512.0.1024.) 

37.2 37.1 RIGHT ASCENSION 

3C324 IPOL 4885.100 MHZ 3C324.A+B.6.ICLN.1 

37.4 
Pol line 1 arcsec = 3.0000E+00 RATIO Peak flux = 1.3379E-01 JY/BEAM Levs = 8.0000E-05 * (-2.00,1.000,2.000, 4.000. 8.000.16.00.32.00.64.00.128.0, 256.0, 512.0,1024.) 

37.2 RIGHT ASCENSION 

Fig. 5. (a) 6 cm contour map of the total intensity of 3C 324 at 0"34 resolution from the combined A and 
B configuration data, (b) 6 cm contour map of the total intensity of 3C 324 at 0"34 resolution with 
polarization E vectors overlaid, (c) 3.6 cm contour map of the total intensity of 3C 324 at 0"7 resolution 
with polarization E vectors overlaid. The contours levels are drawn at —2, 1, 2, 4, 8, 16,..., 128, and 256 
times 100 fiSy per clean beam area. The peak flux density is 1.2 X 10“1 Jy/beam. The vector scale is such 
that a vector of 1 arcsec corresponds to 1.3. (d) 20 cm contour map of the total intensity of 3C 324 
at 4'T resolution with polarization E vectors overlaid. The contour levels are drawn at —2, 1, 2, 4, 8, 16,..., 
128, and 256 times 2.1 mJy per clean beam area. The peak flux density is 1.48 Jy/beam. The vector scale 
is such that a vector of 1 arcsec corresponds to p=0.\2. 
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3C324 IPOL 8414.900 MHZ 3C324.X.ICLN.10 

21 34 45 

15 47 37.6 37.4 37.2 37.0 RIGHT ASCENSION 36.8 

Fig. 5. (continued) 

identification suggested by Spinrad et al (1985), which is 
at a= 17h23m06?96 and 5 = 51°00'14'.'l. This peak also ap- 
pears to coincide with the compact peak of the resolved 2.2 
/¿m feature (b) detected by Bales & Rawlings (1990) and 
by Eisenhardt & Choksi (1990). This coincidence does 
not, however, uniquely establish the optical identification 
of the extended radio structure; there is a similarly good 
positional agreement between another galaxy noted by Ri- 
ley etal. (1980) at a= 17h23m06?66 (±0?20) and 
5=SrOO' 18"2 ( ±2"0), the compact 2.2 jitm feature (a) in 
both Bales & Rawlings (1990) and Eisenhardt & Choksi 

(1990), and the fainter radio peak {E) at 
«=17h23m06?663 and ô = 51 W18"09. Rigler et al. (1992) 
suggest that {a/E) is the parent of the radio structure 
because this galaxy has a higher ionization spectrum. They 
also suggest that (b/D), which exhibits an extended opti- 
cal emission line system, is a companion galaxy that has 
wandered into the path of an unseen radio jet emanating 
from (a/E). 

Gaussian fits to our 6 cm data show that both (D) and 
(E) are unresolved (Table 5). Our 3.6 cm data detect both 
(D) and (E) at a resolution of 0"84 [Fig. 6(d)] with peak 
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3C356 IPOL 4872.600 MHZ 3C356.A+B.6.ICLN.2 

3C356 IPOL 4872.600 MHZ 3C356.A+B.6.ICLN.2 

3C356 IPOL 8414.900 MHZ 3C356.B.X.ICLN.8 3C356 IPOL 8414.900 MHZ 3C356.B.X.ICLN.8 
3C356 IPOL 8414.900 MHZ 3C356.B.X.ICLN.8 

Fig. 6. (a) 6 cm contour map of the total intensity of 3C 356 at Ow38 resolution from the combined A and B configuration data, (b) 6 cm contour map 
of the total intensity of the southern lobe of 3C 356 with polarization E vectors overlaid, (c) Same as (b), but for the northern lobe of 3C 356. (d) 3.6 
cm contour map of the total intensity of 3C 356 at 0:'84 resolution. The contour levels are drawn at -2, 1, 2, 4, 8, 16,..., 256, and 512 times 70 /ily per 
CLEAN beam area. The peak flux density is 2.45 X 10-2 Jy/beam. (e) 3.6 cm contour map of the total intensity of the northern lobe of 3C 356 with 
polarization E vectors overlaid. The contour levels are similar to those of (d). The vector scale is such that a vector length of 1 arcsec corresponds to 
p=0.61. (f) Same as (e), but for the southern lobe of 3C 356. (g) 20 cm contour map of the total intensity of 3C 356 at 3"9 resolution with polarization 
E vectors overlaid. The contour levels are drawn at -2, 1, 2, 4, 8, 16,..., 128, and 256 times 0.8 mJy per clean beam area. The peak flux density is 
6.23X 10“1 Jy/beam. The vector scale is such that a vector length of 1 arcsec corresponds to p=0.\2. 

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



19
93

A
J 

 1
05

.1
69

0F
 

1705 FERNINI ET AL. : VLA IMAGING OF RADIO GALAXIES 1705 

3C356 IPOL 1464.900 MHZ 3C356.L.ICLN.1 

flux densities of 1.05 and 0.25 mJy, respectively. Thus, the 
6 to 3.6 cm spectral indices (defined by S^ccv-0) of (2>) 
and (E) are 0.1 and 1.1, respectively. (Z>), therefore, has 
the more typical spectral index for the compact core of an 
extended radio galaxy, whereas {E) has a spectral index 
more typical of a steep-spectrum, compact source. 

We conclude that the available data on the two compact 
radio features near the center of 3C 356 do not resolve the 
identification ambiguity uniquely. Instead, both {a/D) and 
{b/E) display several characteristics of active galactic nu- 
clei and it cannot yet be determined which galaxy is re- 
sponsible for the large-scale radio structure. This ambigu- 
ity may remain until more sensitive radio images detect a 
large-scale radio jet linking one of these two nuclei to the 
radio lobes. 

Figures 6(b) and 6(c) show enlargements of the SE and 
NW lobes of 3C 356 at the same 0"38 resolution with 
polarization E vectors overlaid. The SE lobe [Fig. 6(b)] 
contains three compact structures (A, B, and C) of which 
(A) and (B) are of approximately equal brightness. The 
NW lobe [Fig. 6(c)] has a better defined hot spot (F) and 
a much larger trail of extended emission than the SE lobe. 
The results of fitting 2-D elliptical Gaussian models to 
features (A), (B), (C), and (F) are given in Table 6, 
along with the NW and SE lobe flux densities. 

Figures 6(e) and 6(f) reveal the detailed structures of 
the northern and southern lobes of 3C 356 with polariza- 
tion E vectors overlaid. Figure 6(g) shows a contour map 
of the total intensity at 20 cm at 3 "9 resolution from the B 
configuration. 

5. DEPOLARIZATION ANALYSIS 

Because our three-frequency polarization data were 
taken only in the B configuration, images made from the 

Table 7. Mean depolarization ratios, DP, for the RG lobes. 

DP® DP«0 

3C 22 NW 0.9(0.2) SE 1.0(0.3) NW 1.1(0.4) SE 0.3(0.1) 
3C 55 SE 0.7(0.1) NW 0.8(0.2) SE 1.0(0.3) NW 0.8(0.3) 
3C 265 NW 1.2(0.2) SE 1.0(0.2) NW 0.9(0.3) SE 1.0(0.4) 
3C 324 SW 1.0(0.3) NE 0.9(0.3) SW 0.7(0.3) NE 0.2(0.1) 
3C 356 NW 1.0(0.1) SE 0.9(0.1) NW 0.6(0.1) SE 0.5(0.2) 

Note to TABLE 7. 

Errors are given in parentheses. 

untapered data have different resolutions, ^0"7 at 3.6 cm, 
^ TT at 6 cm, and ^4'.'0 at 20 cm. The images made from 
these tapered data cannot be expected to measure small 
depolarization differences reliably, as they have differing 
sensitivities to large- and small-scale structures at the two 
frequencies. We have, therefore, tapered the (u,v) data to 
obtain similar resolutions of 1'T at 3.6 and 6 cm, and of 4" 
at 6 and 20 cm. The resulting tapered maps should be 
adequate to give a preliminary indication of any gross de- 
polarization asymmetries across these sources. 

We define the depolarization ratio, DP, as the ratio of 
the fractional polarization of the longer wavelength (A2) to 
that of the shorter wavelength (A^ 

DP = 
p{h) 
PW!)’ 

G) 

where p is the fractional polarization at A2 and for each 
component of the radio source. Table 7 reports the mean 
depolarization ratio of each side of the radio galaxy. This 
mean was computed over a region of about 5 beamwidths 
centered around the peak of each lobe. The mean DP was 
computed by summing over the I and P maps at each 
frequency which were first blanked below the 4<r contour 
level. This reduced the amount of blank-sky bias in the 
sums on the p maps. 

The compilation of Tabara & Inoue (1980) estimates 
half-depolarization wavelengths of 17 cm for 3C 356, 23 
cm for 3C 324, > 21 cm for 3C 22 and 3C 55, and > 31 cm 
for 3C 265. Our depolarization data (Table 7) generally 
agree with Tabara and Inoue's results in that neither 3C 55 
nor 3C 265 shows significant depolarization between 8.4 
and 1.4 GHz, and the other three sources show depolar- 
ization only between 4.9 and 1.4 GHz. 

Strom & Conway (1985) report asymmetric depolariza- 
tion in 3C 55 and 3C 265 between 1.4 and 0.5 GHz at 
20"3 X 20"3 esc 8 resolution. Their lower frequency data 
are the only evidence for depolarization in these sources. 
For 3C 324, there is an apparent discrepancy between our 
results and the earlier work of Conway et al ( 1983) and of 
Pedelty et al (1989). We find that the NE lobe is signifi- 
cantly more depolarized at 20 cm, whereas Conway et al 
quote half-depolarization wavelengths of 15 and 22 cm for 
the SW and NE lobes, respectively. Pedelty et al find the 
lobes to be equally depolarized on average, with the stron- 
gest depolarization being in the trailing portion of the west- 
ern lobe. We conclude that the depolarization asymmetry 
of 3C 324 is poorly established at present. 
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Fig. 7. Plot of the depolarization ratio for the two radio lobes vs redshift 
for a sample of quasars and radio galaxies. These data are from Gar- 
rington et al (1991) and this paper. 

For 3C 22, our data provide new evidence for a signif- 
icant depolarization asymmetry between 6 and 20 cm—the 
side that depolarizes at the shorter wavelength being that 
with the fainter, or counter, jet. For 3C 356, we find sig- 
nificant depolarization in both lobes between 6 and 20 cm, 
symmetric to within our errors. This result conflicts with 
that of Pedelty et al (1989) who found depolarization 
only in the south lobe between these wavelengths. We con- 
clude that the depolarization asymmetry of 3C 356 is also 
poorly established. 

Figure 7 plots the lobe depolarization asymmetry ratios 
versus redshifts for the sample of radio galaxies and qua- 
sars that results from combining the Garrington et al 
(1991) sample with our new measurements. The upper 
envelope of this plot clearly reaches to much higher depo- 
larization ratios for the QSRs at the higher redshifts. The 
origin of this effect is unclear, though it may be related to 
higher circumgalactic densities and magnetic fields around 
the objects at higher redshifts. For our present purpose, 
however, Fig. 7 emphasizes that we must compare the de- 
polarization asymmetries of radio galaxies and QSRs at 
similar redshifts to avoid confusion with the apparent z 
dependence. If we consider only the data for z< 1.2, there 
is no evidence for any difference in the depolarization ra- 
tios between the RGs and QSRs, but the numbers of ob- 
jects in both samples are small. 

Recently, Conway et al (1992) examined the unsigned 
depolarization ratios for 13 QSRs and 23 RGs at redshifts 
in the range 0.3 <z< 1. They found that the histogram of 
depolarization ratios had more values close to 1.0 for the 
radio galaxies than for the quasars, suggesting that the 
depolarization asymmetry is weaker for the galaxies. As 
our own, albeit smaller, sample does not confirm this effect, 
we believe that better statistics may be needed before a 
definitive conclusion is reached on this issue. 

For some of the RGs listed in Table 1, CCD broad and 
narrow band [O II] optical images were available to us 
from McCarthy (1988). The location of any extended op- 
tical emission line regions relative to the radio jets and 
lobes may offer clues to the origin of the separation asym- 
metry of the lobes and the brightness asymmetries of the 
jets. McCarthy et al (1987, 1991) report that the radio 
asymmetries (primarily the core-lobe separation asymme- 
try on opposite sides of the source) of powerful radio 
sources are strongly correlated with the asymmetry of the 
emission line regions, in that any asymmetrical line emis- 
sion favors the side of the nucleus that has the closer radio 
lobe. They inferred that the core-lobe distance asymmetries 
have an environmental origin. 

We re-examined the radio-optical relationships by over- 
laying our new radio images onto the optical emission line 
images from McCarthy ( 1988). We aligned the peak of the 
optical emission with the radio galaxy position in each 
case. The overlays are shown in Fig. 8. For 3C 22, McCar- 
thy noted that the optical emission line region is unre- 
solved (the extension to the north is an artifact of the data 
processing), so no conclusion can be drawn regarding the 
jet asymmetry. Above, we noted that the counterjet side is 
more depolarized than the jet side. For 3C 55, no optical 
image was available to us. For 3C 265, the brighter [O ii] 
emission is on the SE side of the nucleus, but there is 
evidently also an extended [O n] emission region towards 
the NW. Thus, the brighter emission line region is on the 
side of the shorter radio lobe, but it is notable that there is 
significant line emission on both sides, no significant depo- 
larization at 20 cm on either, and greater depolarization at 
49 cm on the side of the longer radio lobe. For 3C 324, the 
emission line gas is extended along the radio source axis 
but there is no clear indication of an [O ll] emission asym- 
metry or of a depolarization asymmetry. The symmetries 
of the optical data for this source may also be complicated 
by gravitational lensing (see Sec. 4.2.4). For 3C 356, the 
relation between the [O ll] line-emitting gas and the radio 
source is complicated by the uncertainty in the optical 
identification (Sec. 4.2.5). We note, however, that the SE 
lobe must be closer whether either feature D or feature E 
marks the parent object of the extended radio structure. 
Our data show that the SE (closer) lobe is not strongly 
depolarized at 20 cm, and the NW (further) lobe is the 
more strongly polarized at longer wavelengths (Strom & 
Conway 1985). 

We conclude that there is no clear correlation between 
the depolarization asymmetries of these sources and either 
their emission line asymmetries or their lobe-length asym- 
metries. 

7. DISCUSSION 

The high resolution and high dynamic range of our 6 
cm images have allowed us to define many new features 
associated with these five FRII radio galaxies. 

First, we have detected the radio cores of at least four 
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Fig. 8. Overlays of the narrow band [O ll] optical images (bold contours) from McCarthy (1988) onto 
VLA 6 cm images of 3CR radio galaxies, (a) is 3C 22, (b) is 3C 265, (c) is 3C 324, and (d) is 3C 356. 
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RGs—three for the first time. These detections confirm the 
optical identification of 3C 22, but cast some doubt on the 
identifications of 3C 55, 3C 265, and 3C 356. For 3C 55, 
the offset is about 2" in <5 between the radio and optical 
positions. For 3C 265, the offset of the radio core position 
and the optical identification is 2''5. In both cases, more 
accurate optical positions are now needed to confirm the 
proposed identifications. For 3C 356, it is unclear if feature 
(Z>) or (E) is the radio core—both are associated with 
galaxies. However, D has a flat radio spectrum more typ- 
ical of compact radio cores. Only a deeper radio image that 
is able to trace a radio jet into one or the other can resolve 
the ambiguity for 3C 356. 

Second, a definite radio jet has been detected only in 3C 
22. Candidate jets or jet components are present in 3C 55, 
3C 265, and 3C 324, but in all three cases there is a strong 
possibility of confusion with lobe edge-brightening or fila- 
ments. None of these putative jets meets our quantitative 
criteria for a jet. The low ( 1 in 5 ) rate of unambiguous jet 
detections in this sample stands in strong contrast to the 
observations of a comparison group of extended 3CR 
QSRs by Bridle et al (1993), in which 13 of 13 objects 
have unambiguous jets according to the same quantitative 
criteria. We consider this result to be the most significant 
of this study so far. The much lower incidence of detect- 
able jets in this sample of radio galaxies is broadly consis- 
tent with the RG/QSR unification scheme proposed by 
Barthel (1989) and with the trends of jet-to-lobe promi- 
nence in a larger sample of RGs and QSRs at these powers 
derived by Bridle (1992). 

Section 5 showed that there is little depolarization in 
these five radio galaxies as the wavelength increases from 
3.6 to 6 cm, but three (3C 22, 3C 324, and 3C 356) show 
significant depolarization between 6 and 20 cm. 3C 22, the 
only source in this group in which we have detected an 

unambiguous radio jet, has a strong depolarization asym- 
metry with the jetted lobe being the less depolarized at 20 
cm. In both 3C 324 and 3C 356, the sign of the depolar- 
ization asymmetry is unclear, while both 3C 55 and 3C 265 
exhibit asymmetric depolarization at longer wavelengths. 
Combining our data with those of Garrington et al 
(1991), we found no evidence for differences in the lobe 
depolarization asymmetry between RGs and QSRs at sim- 
ilar redshifts, but the sample is small. 

Section 6 used our improved images to confirm the re- 
sult of McCarthy et al (1987, 1991) that, in sources in 
which the extended optical emission line system is mark- 
edly asymmetric, there is more emission line gas on the 
shorter side of the radio source. This suggests that the 
separation asymmetry of the lobes may be related to an 
asymmetry in the ambient gas density that slows the de- 
velopment of one lobe relative to the other. There is no 
evidence from our data, however, for any further correla- 
tion between the emission line asymmetries and jet sided- 
ness or depolarization asymmetries. 

Later papers will present the VLA data on the other 
sources in Table 1, and will compare the core, jet, and lobe 
properties of this radio galaxy sample with those of the 
quasars from Bridle et al ( 1993). 

This paper was derived from part of the Ph.D. disser- 
tation of I. Fernini presented to the University of New 
Mexico. We thank the NRAO AIPS group for the software 
used in the data reduction and analysis, and Drs. J. P. 
Leahy and P. J. McCarthy for providing us with their VLA 
data. We also thank Linda Rasmussen of the NMSU Vi- 
sualization Center for her help in preparing Fig. 1, and 
Chris Loken for his comments on the text and his help 
with Fig. 1. This work was supported by NSF Grant No. 
AST-9012353 to J.O.B. 
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Fig. 1. Greyscale maps of 3C 22, 3C 55, 3C 265, 3C 324, and 3C 356. 

Femini et al (see page 1693) 
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