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ABSTRACT 
Four compact steep-spectrum quasars (3C 48, 3C 147, 3C 309.1, and 3C 380) have been mapped with a 

resolution of 20 mas at 329 MHz. The structures of all four objects are asymmetric and complex, but they are 
shown here to be consistent with a basic one-sided jet morphology. In this, they are quite similar to other 
classes of radio sources; however, their small scales and convoluted structures suggest that in these objects, 
other factors such as the interaction with the interstellar medium and/or variations in the initial jet direction 
significantly affect the morphology. 
Subject headings: galaxies: jets — interferometry — quasars 

I. INTRODUCTION 

Compact steep-spectrum radio sources (hereafter CSS 
sources) (Kapahi 1981; Peacock and Wall 1982) have no 
obvious relation to the other classes of radio sources (e.g., 
Pearson and Readhead 1988). The structures, on kiloparsec 
scales, of the quasars in this class are much more complex than 
those of either classical double sources or compact, flat- 
spectrum objects (Wilkinson et al 1984c; Fanti et al 1984, 
1985, 1986, 1988). Many CSS objects exhibit turnovers in their 
overall radio spectra in the range 0.1 to 1 GHz which are 
generally ascribed to synchrotron self-absorption (e.g., Jones, 
O’Dell, and Stein 1974; Scott and Readhead 1977). The 
angular sizes of the major emission regions in many of these 
objects have been shown by interplanetary scintillation obser- 
vations to be less than 1" (Readhead and Hewish 1974), which 
is significantly smaller than the width of the outer lobes in most 
double-lobed radio sources. Thus, most of these objects are 
intrinsically small and not just normal double-lobed quasars 
viewed end-on. 

In this paper, we present maps of four CSS objects (3C 48, 
3C 147, 3C 309.1, and 3C 380) at 329.1 MHz with 20 mas 
resolution, and we compare these with both VLBI and VLA 
maps at other frequencies. We show that the nuclear structures 
observed in all these objects are one-sided jets which bend 
through projected angles greater than 90° and are very asym- 
metric. Three of these objects (3C 147, 3C 309.1, and 3C 380) 
have some large-scale radio emission on the side opposite the 
jet. Thus, they could well be two-sided jets in which the jet 
directed away from the line of sight is rendered invisible by 
anisotropic emission. The fourth object (3C 48) shows no evi- 
dence of radio emission on the side opposite the jet and is the 
most unusual of the four objects. Some of these objects have 

highly convoluted structures. The bends are ascribed to inter- 
action between the jet and surrounding interstellar medium 
and/or variations in the initial jet direction. If the bends are 
caused by interaction with the surrounding medium, this inter- 
action must be significantly greater in these objects than in the 
double-lobed and compact flat-spectrum objects and may be 
indicative of recent mergers in this class of object. 

II. THE OBSERVATIONS 

The observations were made during a 54 hr VLBI experi- 
ment from 1800 UT on 1981 January 30 to 2400 UT on 1981 
February 1. A seven station network (see Table 1) was used at a 
center frequency of 329.1 MHz. In order to maximize the u, v 
coverage, each object was observed for about 12 hr. Table 2 
lists the number of baseline hours observed on each source. 
There were no major problems at any station lasting more 
than a few hours, and extensive observations were obtained of 
each object. 

The observations were recorded at each telescope in stan- 
dard Mk II format (Clark 1973), with an effective recording 
bandwidth of 1.8 MHz. The tapes were processed in three 
passes on the five station Caltech/JPL VLBI correlator in 
Pasadena. 

After correlation, it was necessary to edit the data to remove 
spurious and degraded data points. There were several causes 
of degradation. Severe problems were encountered due to loss 
of coherence. The maximum usable coherent integration time 
for each source was set by the time scale for phase variations 
due to electron density fluctuations in both the interplanetary 
medium and the ionosphere. Because these observations were 
made near the solar maximum in 1981, the ionosphere was in a 
highly disturbed state, and coherence times were typically on 
the order of 30-60 s. This contrasts with observations made at 
this frequency in 1975 (Simon et al 1980), for which the coher- 
ence time was on the order of 4 minutes. In addition, the 
coherence time was not constant throughout the observations, 
but it varied strongly with position on the sky and weakly with 
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TABLE 1 
Interferometer Elements 

System 
Station Diameter Temperature Sensitivity 
Name Location (m) (K) (KJy-1) 

JBNK   Jodrell Bank, Cheshire 76 270 0.63 
HSTK   Haystack, MA 46 220a 0.21 
NRAO   Greenbank, WV 43 125 0.21 
IOWA   North Liberty, IA 18 160 0.042 
FDVS   Fort Davis, TX 26 340 0.06 
OVRO   Big Pine, CA 40 195 0.18 
HCRK   Hat Creek, CA 26 210 0.06 

a System temperatures at Haystack were about 360 K for the observations on 3C 48 and 
3C 309.1. 

time of day. In the case of 3C 309.1, for example, the coherence 
time varied from less than 15 s at the start to longer than 30 s 
on all baselines at the end (and was then 60 s on a few 
baselines). For the other sources, coherence times also varied 
by up to a factor of 2. Coherence times were slightly longer 
when both stations on a baseline were in darkness. Observa- 
tions with the MERLIN array (Davies, Anderson, and Morri- 
son. 1980) on baselines of 6 to 135 km have also shown this 
effect. 

The coherence time was also weakly anticorrelated with 
baseline length up to about 1000 km. This is significantly 
longer than the typical scale sizes observed in the ionosphere 
(e.g., Hewish 1952), which is 2 to 10 km, and it is comparable 
to the scale sizes observed in the interplanetary medium 
(Readhead, Kemp, and Hewish 1978). It is likely that the inter- 
planetary medium had a significant effect on the coherence 
times on all the sources. More recent 329 MHz VLBI observa- 
tions (Simon et al 1988) clearly demonstrate that for sources 
within ~80° of the Sun, the interplanetary medium causes 1 
rad and larger phase fluctuations on time scales of ~ 30 s. 

For the purposes of this work, the causes of the short coher- 
ence times are unimportant; their effect was to force us to 
adjust the coherent integration times throughout the corre- 
lation of the data. To minimize the effects of coherence losses, 
we used relatively short integration times (see Table 2). With 
the coherent integration time chosen near the maximum per- 
missible, occasional data points were significantly reduced in 
fringe amplitude. This leads to nonclosing amplitude errors 
and higher phase noise. We therefore discarded data points 
which were affected by loss of coherence. Up to a few percent of 
the observations on each object were deleted for this reason. 
This analysis was performed before the availability of global 
fringe fitting algorithms (e.g., see Schwab and Cotton 1983); 
such algorithms would have resulted in an improvement in the 
data quality. 

TABLE 2 
Sources Observed 

Typical 
329 MHz Coherence 

IAU Flux Baseline Time 
Name Designation z Density Hours (s) 

3C48  0134+32 0.3670 43.5 115 60 
3C 147   0538 + 49 0.545 53 204 60 
3C 309.1  1458 + 71 0.904 16 215 30 
3C 380   1828 + 48 0.691 42 174 60-120 

We were also troubled by radio frequency interference. A 
burst of interference affects the observations at a particular 
station for a brief period. The resulting increase in system tem- 
perature causes a reduction in fringe amplitude. We therefore 
deleted anomalously low fringe amplitudes and their associ- 
ated phases. After editing, the data were incoherently averaged 
for 3 minutes (3C 380) or 4 minutes (3C 48, 3C 147, and 3C 
309.1) and were then calibrated using the procedure of Cohen 
(1973). 

Due to inconsistencies in the measured antenna tem- 
peratures at different stations and varying system temperature 
measurements, it was not possible to make a final calibration 
for the entire experiment from the calibration data for each 
station alone. As a result, the final calibration for each antenna 
was not determined until the maps were made. In addition to 
the above problems, there are several other effects which can 
lead to baseline-related offsets in both amplitude and phase. 
These have recently been discussed by Cornwell (1986) and by 
Wilkinson, Conway, and Biretta (1988). For these observa- 
tions, we believe that poorly matched passband defining filters 
are likely to be the dominant source of such errors (up to 10%). 
Other errors can arise from : 

i) Nonidentical antenna polarizations. 
ii) Imperfect coherence; also, at low frequencies differential 

Faraday rotation through the ionosphere can also cause addi- 
tional decorrelation if the telescope feeds are sensitive to a 
component of linear polarization (see, e.g., Slee and Wraith 
1967) — this effect is in addition to the polarization effect men- 
tioned by Wilkinson, Conway, and Biretta (1988). 

iii) Tape playback errors. 
iv) Positive bias resulting from incoherent averaging of the 

data on insensitive baselines (see, e.g., Moran 1976). 
The final maps produced from these data have a dynamic 

range (i.e., the ratio of the peak flux density on the map to the 
rms flux density in a blank region of sky) which is limited by 
these errors to about 200:1. 

We have assumed a Hubble constant of H0 = lOO/i km s-1 

Mpc”1 and g0 = 0.5 in order to convert angular measurements 
into physical scales and distances. 

III. THE MAPS 

Originally, maps of these sources were made with the 
Caltech version of the Cornwell and Wilkinson (1981) self- 
calibration procedure (Simon 1983; Wilkinson et al. 1984a). 
However, it was clear that the off-source noise level in these 
maps was too high, indicating that systematic errors in the 
data of the types discussed above were limiting the dynamic 
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Fig. le 
Fig. 1.—(a) 3C 48 map at 329.1 MHz with 26 mas beam. The scale is 3.1/T1 

pc mas"1. Contour levels -3, 3, 9, 15, 21, 27, 33, 39, 45, 51, 57, 63, 69, 75, 81, 
87, 93, 99% of maximum (1.26 Jy beam"1), (b) 3C 48 map at 329.1 MHz with 
80 mas beam. Contour levels —5, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90% of 
maximum (4.06 Jy beam"1), (c) VLA map of 3C 48 at 22.5 GHz with 80 mas 
beam. The contour levels are —2.5, 2.5, 5, 10, 20. 30, 50, 70, 90% of maximum 
(0.22 Jy beam"1). This map has been reproduced prior to publication with the 
permission of R. Perley. 

range. A critical reanalysis of the original data subsequently 
revealed previously unrecognized phase offsets associated with 
the processing and fringe-fitting step, as well as significant 
amplitude calibration errors. These errors were corrected and 
new maps were made. 

The maps of 3C 147, 3C 309.1, and 3C 380 were made with 
the Jodrell Bank interactive software OLAF—in particular, 

the “difference mapping” program “MAP,” invented and 
written by R. G. Noble, was used. The basic idea of “ difference 
mapping” has been outlined by Cornwell and Wilkinson 
(1984), while Muxlow et al (1988) have given a brief intro- 
duction to the MAP program itself. The OLAF package also 
allows one to remove an empirically determined amplitude and 
phase offset for each baseline, as described by Wilkinson, 
Conway, and Biretta. (1988). For our maps, the dynamic range 
typically improved by a factor more than 3 compared with that 
of the original maps. For 3C 48, however, the fidelity of the 
map is limited at least as much by the limited m, v coverage as 
by data errors, and the maps presented are those produced 
with the Caltech package. In general, the full resolution of our 
array at high declination is approximately circular, and a res- 
toring beam of FWHM 20 mas has been used. In the case of 3C 
48, which is at a lower declination, the beam is elliptical, but to 
make the interpretation of this complicated structure easier we 
have used a circular restoring beam of 26 mas corresponding 
to the major axis of the ellipse. 

a) 3C48 
This was the most difficult of the four objects to map for two 

reasons. First, and most important, 3C 48 is the most complex 
of these sources on angular scales of 20-400 mas (50 pc-1 kpc), 
and it does not have a single dominant component at this 
frequency. The lack of a clearly identifiable “core” is also 
evident in EVN observations at 5 GHz made by one of us 
(P. N. W.). Second, 3C 48 is at lower declination (32°) than the 
other objects, and Haystack began observing late, so that the 
M, v plane coverage was significantly poorer than for the other 
sources. The combination of complex structure and more 
limited u, v coverage meant that the brightness distribution of 
3C 48 was less well constrained than the other sources. There 
were minor, but significant, differences in the maps produced 
using the Caltech and the OLAF packages. The maps present- 
ed in Figures la and lb were those produced with the Caltech 
package. 
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Notwithstanding our concerns over the detailed fidelity of 
Figure la, we are confident that the general shape of the source 
is correct, since we have unpublished maps at 609 and 1661 
MHz which confirm it. There are a number of striking features 
seen in Figure la that are worthy of comment. 3C 48 has a 
convoluted structure which defies simple classification—in 
fact, it is more complicated than our map reveals, since we only 
account for 16 Jy of the total flux density of 43.5 Jy. The 
remaining 27.5 Jy must be in extended, low-brightness emis- 
sion which is totally resolved by our shortest baseline. The 
overall extent of 3C 48 at low frequencies has been determined 
by the 81.5 MHz VLBI observations of Hartas et al (1983); 
they derive a diameter of > 3"5. 

In order to make more sense of our data, we convolved the 
map in Figure la to a resolution of 80 mas (Fig. lb) so that we 
could compare it with a VLA image at 22 GHz (Fig. 1c; R. 
Perley, private communication). When these two images are 
compared, it is clear that there is a component near the 
southern end of the source (marked by a cross in Figs, lb and 
1c) whose spectrum rises sharply from 327 MHz to 22 GHz. 
We identify this as the active core of 3C 48 and can then 
interpret the structure as that of a one-sided jet, albeit knotty 
and twisted, extending from south to north. 

b) 3C147 
This was the strongest of the four sources, and our map (Fig. 

2a) accounts for 43 Jy of the total flux density of 53 Jy. The 
remaining 10 Jy is in smooth, extended structure; Hartas et al. 
(1983) show that at 81.5 MHz about 15% of the total flux 
density comes from emission with a characteristic size of 4". 
The inner structure of 3C 147 at 327 MHz is dominated by an 
unresolved core at the north eastern end of a 0"2 (0.75 kpc) jet. 
This structure is confirmed by VLBI maps made at higher 
frequencies (Wilkinson et al. 1977; Readhead and Wilkinson 
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1980; Simon et al. 1983h). The surface brightness sensitivity of 
our 327 MHz map is sufficient to reveal several new features of 
the structure. Even at this comparatively low resolution for 
VLBI, the jet is clearly resolved across its main axis and 
appears to be surrounded by a cocoon of emission; this is 
unusual for core-jet sources observed with VLBI. A sharp bend 
(through 105°) at the southwestern tip of the jet is seen more 
clearly in this VLBI map than in the earlier ones, and there is 
also low-brightness emission to the northeast and the south 
east of the core which was not seen in the previous VLBI maps, 
but these have been detected in VLA and MERLIN maps 
(Readhead, Napier, and Bignell 1980; van Breughel, Miley, and 
Heckman 1984; Wilkinson et al. 1984c). 

We convolved our 327 MHz map down to a resolution of 50 
mas (Fig. 2b) to show this emission more clearly and in order 
to compare it with a MERLIN map made at 5 GHz 
(Wilkinson et al. 1984c). The 327 MHz and 5 GHz maps are 
very similar and show that the emission in 3C 147 is, appar- 
ently, two-sided. It is possible that this is an effect of projection 
and the jet swings round to connect up with the northerly 
component; however, the present map does not show any con- 
nection between the two. Finally, it is possible that the south- 
eastern emission seen in the 327 MHz and 5 GHz maps could 
be associated with other jets emanating from the core. Since 
this would be a feature unique to 3C 147 and would be the first 
evidence of poor collimation near the nucleus of a CSS source, 
a high-resolution, high-surface brightness sensitivity VLBI 
map is urgently needed to explore this possiblity. 

c) 3C 309.1 
The map at a resolution of 20 mas is shown in Figure 3a. It 

reveals a one-sided jet which bends through 110° 100 mas 
(400/i-1 pc) from the core, which is at the northwesternmost tip 
(Wilkinson et al. 1986). The jet then apparently curves back on 

FOUR COMPACT STEEP-SPECTRUM QUASARS 

Fig. 2.—(a) 3C 147 map at 329.1 MHz with 20 mas beam. The scale is 3.7/i 1 pc mas 1. Contour levels — 1, 1, 3, 5,10, 20, 30,40. 50, 60, 70. 80, 90% of maximum 
(2.35 Jy beam -1). {b) 3C 147 map at 329.1 MHz with 50 mas beam. Contour levels —0.5,0.5,1,2,4, 8,16, 32,64% of maximum (6.37 Jy beam -1). 
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Fig. 3b 

Fig. 3.—(a) 3C 309.1 map at 329.1 MHz with 20 mas beam. The scale is 4.2/T1 pc mas“ ^ Contour levels -0.3,0.3,0.5,1,2,4,8,16,32,64% of maximum (3.12 Jy 
beam 1). (b) 3C 309.1 core at 329.1 MHz with 20 mas beam. Contour levels -0.3,0.3,0.5,1, 2,4, 8,16, 32, 64% of maximum (3.12 Jy beam“1). (c) 3C 309.1 map at 
329.1 MHz with 50 mas beam. Contour levels -0.2,0.2,0.3,0.6,1.2,2.4,4.8,9.6.19.2,38.4,76.8% of maximum (6.04 Jy beam“1). 
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itself and ends at a hot spot 1" (4/i_1 kpc) from the core. Our 
map is entirely consistent with earlier maps of the compact 
features in 3C 309.1 (Kus, Wilkinson, and Booth 1981 ; Wilkin- 
son et al 1984a, 1986) and does not reveal any weak compact 
components in the relaxed western lobe seen in the MERLIN 
map (Cornwell and Wilkinson 1981). This western lobe must 
contribute most of the missing flux density in our map; the 
total flux density of 3C 309.1 at 327 MHz is 16 Jy, and our map 
accounts for 11.5 Jy. The core region alone is shown in Figure 
3b, and the map convolved with a 50 mas beam is shown in 
Figure 3c. These figures show one new aspect of the structure 
of 3C 309.1: during the course of its apparent bend through 
110°, the jet’s width and surface brightness do not change sig- 
nificantly. This is interesting, since the Wilkinson et al. (1986) 
1.6 GHz VLBI map showed that the jet width increases for the 
first 60 mas (240/i-1 pc) of its length; our map shows that the 
width remains roughly constant out to about 200 mas, while 
the Wilkinson et al. (1986) MERLIN + EVN map shows that 
the jet then “flares” sharply just as it falls below our present 
detection level. The evidence is, then, that the jet is recollimat- 
ed, presumably while passing through the interstellar medium 
(ISM) of the parent galaxy; it may be that the subsequent 
flaring coincides with the jet leaving the ISM, as for example 
has been seen in the quasar PKS 0812 + 020 (Ghigo et al. 1986). 
We leave a more detailed discussion of these and more recent 
measurements of the jet in 3C 309.1 to a later paper. 

d) 3C380 
The full-resolution image of this source is presented in 

Figure 4a. The bright core is elongated in the direction of the 
“knot” located 0"72 (2.9h_1 kpc) to the northwest. This knot 
is resolved in both dimensions and is edge-brightened on the 
side facing the core (see also Wilkinson et al. 1984a). This fact, 
taken with the Wilkinson et al. (1986) 5 GHz VLBI image of 
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the core region, strongly indicates that a jet emerges from a 
core located at the southeastern tip of the jet and extends at 
least as far as the 0"72 component. Given the convoluted 
appearance of 3C 380 on the arcsecond scale as mapped by 
MERLIN (Wilkinson et al. 1984a, b; Flatters 1987), this rep- 
resents some progress in understanding the confusing radio 
structure of this source. The overall size of 3C 380 is 15" 
(Wilkinson et al. 1990 in preparation), and some of this 
extended structure is seen on our shortest baselines. In Figure 
4b we show the map convolved to a resolution of 50 mas to 
reveal the higher brightness parts of the extended structure. 
The map is in good agreement with an unpublished MERLIN 
map at 5 GHz (C. Akujor, private communication). Further 
discussion of this and other recent results on 3C 380 is deferred 
to another paper. 

IV. DISCUSSION 

The four objects (3C 48, 3C 147, 3C 309.1, and 3C 380) were 
selected because of their strength and compact structure. Mor- 
phologically they look quite different, although they do all 
have one-sided core-jet morphologies, with a flat-spectrum 
core at one end of a steep-spectrum jet. The “ cores ” in these 
objects are strikingly different: 3C 48 has a barely visible flat 
spectrum core component; 3C 147 has an amorphous core 
which is highly resolved at higher frequencies; 3C 309.1 has a 
clear flat-spectrum core, which is very similar to those seen in 
flat-spectrum compact objects; and 3C 380 has a dominant 
flat-spectrum core. These morphological differences in both the 
cores and the jets of these objects suggest that different physi- 
cal processes may dominate in different objects of the CSS 
class. As mentioned in the introduction, the relationship 
between these CSS objects and either classical double sources 
or compact flat-spectrum sources is unclear. There are some 

FOUR COMPACT STEEP-SPECTRUM QUASARS 

Fig. 4.—(a) 3C 380 map at 329.1 MHz with 20 mas beam. The scale is 4.0h 1 pc mas h Contour levels 2, 4, 6, 8, 10, 15, 20, 25, 30, 35,40,45, 50% of maximum 
(2.00 Jy beam -1). (b) 3C 380 map at 329.1 MHz with 50 mas beam. Contour levels —2, — 1,1,2,4,8,16,32,64% of maximum (3.09 Jy beam -1). 
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similarities, however, between some objects of the CSS class 
and the other classes, namely : 

1. In some of the CSS objects, there is extended structure on 
both sides on the core. In three of the quasars we mapped, in 
addition to the apparent core-jet structure, there is emission on 
the side of the core opposite to the main beam or jet. In 3C 147, 
the MERLIN map (Wilkinson et al 1984c) shows weak emis- 
sion roughly opposite to the jet to the northeast; a puzzling 
feature in that map, however, is the emission to the southeast 
of the core. Both these areas of emission were also detected at 
329 MHz, confirming that they are real. In 3C 309.1, the emis- 
sion opposite to the MERLIN arcsecond jet is in the form of a 
weak component about 0"9 to the west (Cornwell and Wilkin- 
son 1981; Kus, Wilkinson, and Booth 1981; Wilkinson et al 
1984c). In 3C 380, it is the core which shows elongation in a 
direction nearly perpendicular to the position angle defined by 
the extended northwestern component. Finally, unpublished 
MERLIN observations of 3C 48 show faint, extended emission 
to the south on the arcsecond scale. 

2. Some of the CSS objects have spectra which flatten at 
high frequencies. This is evidence of a flat-spectrum compact 
core within the CSS objects which may be similar to the flat- 
spectrum compact cores in the central components of classical 
doubles. Such sources would include 3C 48, for which we have 
presented evidence for a compact core with a spectrum that 
rises toward higher frequencies 3C 380 and 3C 216. 

3. There is evidence for bulk relativistic motion in some CSS 
objects, such as has been seen in both of the other classes of 
objects. Calculations of the expected inverse Compton X-ray 
radiation for both 3C309.1 (Kus et al 1990, in preparation) 
and 3C 147 (Simon et al 1983a) suggest that bulk relativistic 
motion may be occurring in those objects. In addition, 3C 216 
is a superluminal source (Barthel, Pearson, and Readhead 
1988). 

4. There seems to be a qualitative relationship between the 
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complexity of the structure in a CSS object and its optical 
identification. MERLIN maps (e.g., see Wilkinson et al 1984a) 
and VLBI maps (e.g., see Fanti et al 1988) show that CSS 
sources identified with galaxies tend to show colinear, often 
double, structure on the few kpc scale, similar to that seen in 
double sources on the 100 kpc scale. Identifications with 
quasars show much more distorted structure similar in kind to 
that seen in these four sources. 

It is therefore plausible that the CSS quasars are driven by 
the same kind of central engine as the other types, but that the 
ejected material follows a much more tortuous path through 
the surrounding galaxy, either due to varying directions of the 
primary nozzle or due to a stronger interaction with the inter- 
stellar medium, or both. We are now studying these pos- 
sibilities by means of multifrequency observations of these 
objects at radio wavelengths and optical, infrared, and X-ray 
wavelengths, and we will present a detailed interpretation of 
these observations in a further paper. 
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