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ABSTRACT 
3C 254 is a radio-loud quasar at z = 0.734. Optical line and continuum emission from 
the underlying galaxy is clearly extended and aligned with the radio axis; the object 
shows the so-called 'alignment effect’ which is often seen in powerful radio galaxies. 
This is the clearest case yet of the continuum alignment effect in a radio-loud 
quasar. The object is one of the most lobe-dominated 3C quasars; the significance of 
the aligned emission in this source is discussed in terms of orientation-based 
unification schemes for radio-loud quasars and radio galaxies. 3C254 is a very 
asymmetric radio source and it is shown that the radio structure on the side with the 
shortest nucleus-hotspot distance is interacting with the emission-line gas 
surrounding the quasar. It is also shown that the quasar is surrounded by an 
overdensity of faint objects, consistent with a cluster or group of galaxies around the 
object. 

Key words: galaxies: clusters: general - cooling flows - quasars: emission lines - 
quasars: individual: 3C 254. 

1 INTRODUCTION 

3C 254 is a radio-loud quasar (RLQ) at z = 0.734. Previous 
work by Forbes et al. (1990, hereafter FCFJ) shows that 
the quasar is surrounded by line-emitting nebulosity, out 
to a radius of ~80 kpc from the nucleus. The observed 
[O iii]/[0 n] line ratio in the extended emission implied that 
the emitting gas was at high pressure ( > 106 cm-3 K within 
30 kpc of the nucleus). 

The emission-line properties of 3C 254 make it ripe for 
further investigation. FCFJ argued that the emission-line 
clouds are pressure confined by a hot medium, cooling at a 
rate of more than 900 M0 yr-1 within 35 kpc of the quasar. 
The cooling medium is most likely to be the intracluster 
medium (ICM) of a surrounding cluster of galaxies. Any 
cluster should be detectable in a deep exposure of the qua- 
sar field. 

Another reason for continued study of 3C254 is to 
help determine the connection between powerful (FRII, 
Fanaroff & Riley 1974) radio galaxies (RGs) and radio-loud 
quasars (RLQs). Distant powerful RGs often show strong 
alignment between their radio axes and regions of extended 
optical continuum and line emission, the so-called 'align- 
ment effect’ (McCarthy 1993 and references therein). 
Several authors have suggested that powerful RGs and 
some (or all) powerful RLQs are drawn from the same 
parent population, differing in their observed properties 
because RLQs have their emission axes closer to the line of 
sight than the RGs (Scheuer 1987; Barthel 1989). Thus, 

some quasars should also show the 'alignment effect’ in both 
continuum and line emission. The line emission in 3C 254 is 
the most extended of all of the quasars observed spectro- 
scopically by FCFJ, Bremer et al. (1992), Crawford & 
Fabian (1989) and Crawford, Fabian & Johnstone (1988). 
Consequently, it is possible that the extended structure is 
not as strongly affected by foreshortening and projection 
effects as other quasars studied in the above work. This 
makes the quasar a good candidate for examining the con- 
nection between RGs and RLQs in terms of their extended 
optical emission. 

The study of the extended emission around 3C 254 can 
also increase understanding of the various correlations 
noted between the radio and optical structure of RGs and 
RLQs. These correlations include the Garrington-Laing 
effect (Garrington et al. 1988; Laing 1988), the shared radio 
spectral index/depolarization asymmetry noted by Liu & 
Pooley (1991), and the emission-line/arm-length asymmetry 
noted by McCarthy, van Breugel & Kapahi (1991). With 
these aims in mind, this paper reports further observations 
of 3C 254 in the ultraviolet (UV), optical and infrared (IR) 
wavebands. 

2 OBSERVATIONS AND RESULTS 
2.1 UV spectroscopy 

3C 254 was observed by the International Ultra-violet 
Explorer {IUE) using both the SWP and the LWR (see 
Table 1) in order to better constrain the photoionizing con- 
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3C 254: the alignment effect and unification schemes 127 

Table 1. Log of observations, (a) Spectroscopy, (b) Imaging. 

(a) Telescope Instrument 

WHT 

IUE 
IUE 

ISIS (R600R) 

SWP 
LWR 

Date 

1990- Dec-15 
1991- Jan-15 
1992- Feb-19 
1992-Feb-19 

Exposure 
Time (s) 

3000s 
3000s 
12300s 
7200s 

Wavelength 
Range (Â) 

6100-6800 
8100-8800 
1000-2000 
2000-3200 

Resolution 
(À) 

1.5 
1.5 
5 
5 

Spatial 
Resolution 

(arcsec) 
~ 1 
~ 1 

(b) Tele scope Instrument 

WHT 

WHT 

CFHT 
UKIRT 

Cass. //II 

Cass. //4 

Cass./Marlin 
IRC AM 

Date 

1994-Jan-10 
1994-Jan-10 
1991-May-17 
1991- May-17 
1992- Jun-20 
1991-Jan-25 
1991-Jan-25 

Filter Exposure Seeing Pixel Size Sensitivity1 

(sec) (arcsec) (arcsec) (Mag.arcsec-2 ) 

U 
R 

6250/1352 

[OII]/1352 

I 
J 
K 

1200 
600 
500 
900 
900 
900 
900 

0.7 
0.8 
0.8 
0.8 
1.1 
1.2 
1.2 

0.1 
0.1 

0.27 
0.27 
0.36 
0.62 
0.62 

24.0 ± 0.5 
24.0 ± 0.5 

23.0 ±0.5 
22.5 ± 0.5 
21 ±0.5 

Notes to table: 
Estimated 3<7 surface brightness limit for object. 
2Central wavelength/FWHM in Angstrom. [O n] filter centred at 6430 Â. 

Rest Frame Wavelength (Angstrom) 

Figure 1. IUE spectrum of 3C 254. The spectrum is smoothed by a 
Gaussian of width 100 Â. Systematic noise features have been 
removed. The over-plotted curve is the best-fit power-law to the 
ground-based and HST spectrum of Wills et al. (1993) normalized 
to the published magnitudes of the quasar. 

tinuum of the quasar and thereby improve the estimate of 
the pressure of the surrounding environment of the quasar. 
The spectrum was of poor signal-to-noise ratio. In order to 
determine the shape of the continuum, it was smoothed 
with a Gaussian of full width at half-maximum of 100 Â 
(Fig. 1). The quasar was also observed by the Hubble Space 
Telescope {HST) FOS (Wills et al. 1993). This spectrum can 
be fitted by a power law of slope between 1.3 < a < 1.5 
where/A=Ávl-a erg cm-2 s-1 Â-1. Although the true flux 
scale was not shown by Wills et al., it can be deduced from 
the published magnitudes of the quasar. This leads to a 
value ofi£=10~10for a = 1.5 andA'=1.7 x 10-11 for a = 1.3. 
The latter power law is plotted over the IUE spectrum, 
showing that it is consistent with the UV spectrum. This 
power law has an energy index of av = 0.7, where/vocv-av. 
The spectrum shows some evidence of a drop-off in the flux 

shortward of 900 Â in the rest frame, possibly owing to a 
Lyman limit system. If so, then the redshift of the absorber 
is ~0.65. However, given the quality of the spectrum, it is 
not clear that this feature is real; a further HST spectrum is 
needed. The implications of this result for the estimation of 
the pressure of the quasar environment are discussed in 
Section 3.1. 

2.2 Optical spectroscopy 

3C 254 was observed with the red arm of the ISIS double 
spectrograph on the William Herschel Telescope (WHT) at 
a resolution of 1.45 Â (70 km s-1) and a pixel size of 0.7 Â by 
0.33 arcsec. Typical seeing was ~ 1 arcsec. Two exposures 
were made, centred at the wavelengths of redshift [O n] and 
[O m] (3000 s each). Both exposures were made at position 
angle 105°, close to the position angle of the radio axis. 
The slit width was 1 arcsec, comparable to the seeing. 
Both spectra were taken at low airmass ( < 1.2), the effects 
of differential refraction between the two spectra were 
minimal. 

Figs 2(a) and (b) show a contour plot of the long-slit 
spectrum around the redshifted [On] 23727 and [Om] 
24959, 5007 emission. They clearly show that the extended 
emission has a mainly one-sided structure. Both lines show 
a similar velocity structure, with the high surface brightness 
extended emission close to the nucleus blueshifted relative 
to the nuclear line, and the more extended emission at 
about the same velocity as the nuclear line. 

Fig. 3(a) shows the nuclear [On] and [Om] spectra, 
extracted from an aperture set slightly above the brightest 
nuclear row in Fig. 2, to minimize the effects of extended 
emission in both lines. The extracted spectra were normal- 
ized to the total counts in the continuum for each of the two 
spectra. The [On] spectrum is offset by 150 counts for 
display purposes. Clearly nuclear [O m] has a higher equiva- 
lent width than nuclear [O n]. 

Figs 3(b) and (c) show the extended [On] and [Om] 
emission extracted from apertures 0.7 to 2 arcsec and 2.3 to 
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-4000 -2000 0 2000 4000 
Velocity relative to nuclear [Om] (km/s) 

Figure 2. Contour plots of the long-slit spectra of 3C 254 centred 
at the observed wavelengths of (a) [On] 23727 and (b) [Om] 
24959,5007. Both lines are extended (out to 5 arcsec in these plots, 
but to 10 arcsec at lower isophotal levels). Both lines show similar 
velocity structure; the extended emission close to the nucleus is 
blueshifted with respect to the nuclear emission. There are subtle 
differences in the structure, the [Om] emission 650 km s-1 short- 
ward of the peak nuclear emission shows an excess at ~ 1 arcsec 
from the nucleus over the emission from the extended [O n] at a 
similar velocity shift. This is better shown in Fig. 3. The spectra 
were taken at a position angle (PA) of 105°. South-east is to the 
bottom. Contours increase by factors of two in surface brightness. 
Plots are smoothed in velocity by a ~200 km s-1 FWHM 
Gaussian. 

5 arcsec below (to the south-east of) the peak nuclear row in 
Fig. 2 respectively. In both cases all seeing-broadened 
nuclear emission was removed by subtracting off the emis- 
sion from a spectrum extracted with a similar aperture 
above the nuclear emission. The [O n] spectrum is offset by 
35 count for display purposes. The [O m] emission close in 
to the nucleus is dominated by a component blueshifted by 
about 650 km s-1 relative to the nuclear line. The compo- 
nent is present in the [O n], but it does not dominate to such 
an extent. Comparing Figs 3(b) and (c) shows that this 
component represents a small part of the total extended 
emission-line nebulosity and has a far higher [O iii]/[0 n] 
line ratio than the rest of the extended emission in these 
spectra, or in those of FCFJ. The different ionization and 
dynamical state of this region probably arises from an 
interaction between the emission-line clouds and the radio 
jet of 3C 254 (see later). Approximately 50 per cent of the 
[O n] emission in the slit comes from off-nuclear regions, 
whereas only about 20 per cent of the [Om] emission is 
extended. 

Figure 3. (a) [O n] and [O hi] nuclear spectra. To avoid contami- 
nation from extended emission lines, the spectra were extracted 
from just above the peak nuclear rows in Fig. 2. The spectra were 
then normalized such that the counts in the continuum were the 
same as those in spectra extracted to include all nuclear emission. 
The [O ii] spectrum is offset by 150 count in order to better display 
both spectra, (b) [O n] and [O in] spectra extracted from rows 0.7 
to 2.0 arcsec to the south-east of the nucleus (i.e. below the nucleus 
in Fig. 2). Spillover nuclear light was removed by subtracting spec- 
tra extracted from the same distance on the other side of the 
nuclear emission. As these themselves contained a little extended 
line emission, this caused a slight oversubtraction of line emission 
at 0 km s_1. Nevertheless, clearly the [O m] emission is dominated 
by a component blueshifted by ~650 km s-1 relative to the 
nucleus. The [O ii] spectrum is offset by 35 count, (c) As (b) but for 
the extended emission out to 5 arcsec. 

2.3 Optical and IR imaging of the quasar and its field 

The log of the optical and IR imaging observations is given 
in Table 1(b). Photometry of the quasar and the surround- 
ing objects as carried out on each of the continuum frames. 
For the U and R frames, GL87 was used for flux calibration 
(Landolt 1983). For the /-band frame, stars in the M92 field 
(Christian et al. 1985) were used to determine the zero- 

© 1997 RAS, MNRAS 284, 126-136 

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



19
 9

7M
N

RA
S.

28
4.
 .

12
6B

 

3C 254: the alignment effect and unification schemes 129 

point. For the IR frames, GL299 and GL406 were used for 
calibration. The URIJK magnitudes for the quasar are given 
in Table 2, along with colours for the objects within 10 
arcsec of the quasar. 

Photometry was carried out using the aperture photo- 
metry program phot in iraf. For the optical images aper- 
tures of 1 to 6 arcsec were used to determine the magnitude 
of 3C254, to reduce the effect of contamination by the 
quasar fuzz and nearby objects. In the IR, a constant aper- 
ture of 3 arcsec radius was used to stop contamination by 
nearby companion objects. Determining the colours and 
magnitudes of the large-scale fuzz was complicated by the 
lack of a suitable point-spread function (PSF) model for the 
f/-band image (there were no bright stars on the frame and 
the standard star was observed in worse seeing). In each of 
the U, R and / frames an approximately 1 arcsec2 aperture 
was placed on a region of extended continuum 2 arcsec 
north-west of the nuclear emission (a region where there is 
relatively little [O n] emission, see Fig. 5a, in comparison to 
the continuum emission, see Figs 5b and 4). A similar aper- 
ture was placed a similar distance away from the quasar 
nucleus to the north-east of the nucleus, where there was no 
extended continuum emission. For each frame, the flux in 
the second was subtracted from that in the first aperture, 
thereby removing the influence of the wings of the nuclear 
PSF; the resultant flux was due to the extended continuum. 
With the colours of the fuzz known at this spatial position, 
and assuming that the determined colours were typical of 
the entire extended continuum, the t/-band magnitude was 
determined by scaling the ¿/-band surface brightness at the 
measured position. Given the comparatively poor signal-to- 
noise ratio of the near IR observations, no determination of 
the fuzz surface brightness was made in J and K. 

2.3.1 Extended line and continuum emission around 
3C254 

All of the optical images show extended emission around 
3C 254. The R-band image (Fig. 4) is contaminated by [O n] 
line emission (Fig. 5 a), but as shown by the narrow-band 
(NB) 6250-Â image (Fig. 5b), the continuum is also clearly 
extended in this band. A comparison of the [O n] and NB 
images suggest that the line emission is strongest to the east 

Table 2. Magnitudes and colours of objects, (a) Magnitudes, (b) 
Colours. 

(a) 
Object 

3C 254 
Quasar Fuzz1 

Brightest Companion 
Other Companions 

URIJK 

17.4 ±0.2 17.4 ±0.2 17.3 ±0.2 16.5 ± 0.3 15.5 ±0.3 
20.8 ±0.3 20.3 ±0.3 20.0 ±0.3 

< 23.5 22.5 ±0.2 20.8 ± 0.2 19.5 ± 0.2 18.3 ± 0.3 
23.8 ±0.3 23.1 ±0.2 21.6 ±0.2 19.6 ± 0.3 18.6 ± 0.3 

(b) 
Object U-R R-I R-K 

3C 254 0.0 ± 0.2 0.1 ± 0.3 1.9 ± 0.3 
Quasar Fuzz 0.5 ± 0.3 0.3±0.3 — 
Brightest Compemion <0.9 1.7 ±0.3 4.3 ±0.4 
Other Companions 0.7 ± 0.4 1.5 ±0.3 4.5 ± 0.4 

Notes to table: Magnitudes for fuzz taken by scaling flux in 1 
arcsec radius aperture, assuming emission is extended over 15 
arcsec2. 

of the nucleus, and probably dominates the R-band emis- 
sion in the region 1-2 arcsec east of the nucleus in Fig. 4. 
The slit position used in the spectroscopy cuts through this 
region. From the estimate of the surface brightness of the 
extended [O n] emission in FCFJ (2.4 x 10-16 erg cm-2 s-1 

arcsec-2), approximately 30-40 per cent of the extended R- 
band light is [O n]. Apart from the emission to the east of 
the nucleus, the [O n] and NB images are very similar, and 
so much of the extended structure in the [O n] image may be 
continuum. However, the spectroscopy of FCFJ clearly 
shows that there is extended line emission at all position 
angles around the quasar, although not as strong as the 
patch 1-2 arcsec east of the nucleus. Most of this emission 
is not spatially coincident with any radio emission. 

Good seeing (0.7 arcsec) and very good pixel sampling 
(0.1 arcsec pixels) allowed subtraction of 90 per cent of the 
nuclear light in Fig. 4, using the PSF of a nearby star of 
similar brightness to the nuclear emission as a model of the 
nucleus. The resulting image was then smoothed by a 
Gaussian with FWHM 0.5 arcsec (i.e. slightly smaller than 
the seeing), to reduce the pixel-to-pixel noise. 

The radio map of 3C254 by Owen & Puschell (1984) is 
shown as an inset in Fig. 4. The position angle of the current 
radio axis is approximately 115°. The major axis of the 
extended line and continuum emission is within about 10° of 
this, the underlying galaxy shows the same 'alignment affect’ 
seen in 3C radio galaxies at the same redshift. The map also 
shows the very asymmetric nature of the radio structure; the 
western hotspot and lobe is about 6 times further from the 
nucleus than the eastern hotspot. The high surface bright- 
ness of the emission lines close to the eastern hotspot 
together with the blueshift seen in the spectra at this posi- 
tion clearly indicate an interaction between the radio struc- 
ture and emission-line gas at this point. 

Many of the high surface brightness features in the 
extended emission are visible in a lightly smoothed (0.3 
arcsec) HST image of 3C 254 obtained as part of the HST 
3C snapshot programme (Lehnert, private communication). 
For example, the point of emission ~ 0.8 arcsec south-east 
of the nucleus is real, it is also present in the [O n], NB and 
/-band images, distorting the lower nuclear isophotes into 
ellipses in these lower resolution images. 

Both the f/-band (Fig. 5c) and /-band (Fig. 5d) images 
show extended continuum emission aligned along the radio 
axis. Even though the £/-band emission is dominated by the 
very blue nuclear emission, the lower isophotes trace the 
shape of the extended emission seen in the R-band. The U- 
band is uncontaminated by emission lines. The /-band 
includes emission from the extended [O mj. The [O m] and 
[O n] emission will have the same structure (given the long- 
slit spectroscopy). Scaling the [On] surface brightness 
above by the extended [O iii]/[0 n] line ratio in FCFJ, the 
extended [Om] contributes about 20-30 per cent of the 
extended /-band flux. The /-band image, like the R and U 
images clearly shows several faint objects within 10 arcsec of 
the quasar. 

The optical images show one of the clearest cases of 
alignment between the extended continuum structure and 
the radio axis of a radio source at comparatively low red- 
shift. Moreover, the source is a radio-loud quasar rather 
than a radio galaxy. The [O n] line emission is also clearly 
aligned. The structure of both extended continuum and line 
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130 M. N. Bremer 

Figure 4. i?-band image of 3C 254. 90 per cent of the nuclear continuum has been removed by subtracting a scaled PSF made from a nearby 
star in the frame. The extended emission in this band is both continuum and [O n] line emission. The extended structure aligns with the 
current radio source axis. Also shown at the same scale, but offset southwards and slightly westwards is the radio map from Owen & Puschell 
(1984), showing the clearly asymmetric structure of the source. The current radio axis is at a PA of 110°, defined by line through core and 
eastern hotspot. The western radió arm bends from this PA close to the nucleus, to a more east-west PA at the western hotspot. North is 
to the top, east is to the left. 

emission is comparable to that of similar power RGs at the 
same redshift. 

The J- and iGband images are noisier than the optical 
frames due to the stronger emission from the sky in these 
bands. Nevertheless, the /- and A^-band exposures hint at 
extended continuum in the lowest isophotal levels with simi- 
lar continuum structure to that found in the R- and /-band 
images. 

2.3.2 Clustering of objects around 3C 254 

All of the broad-band images show signs of a cluster of faint 
objects close to the quasar. The section of the /-band image 
in Fig. 5(d) clearly shows four objects within 10 arcsec of the 
quasar. At least two other fainter objects are also seen in 
Fig. 5(d) the positions of which correlate with objects seen 
in other bands. Other fainter objects are in this region, but 
are not particularly obvious as a result of the isophotal cut 

used in Fig. 5(d). These objects are also seen in the A-band 
image. Three of the objects are clearly visible in the /-band 
frame (the restricted field-of-view of IRCAM means that 
only objects within 8 arcsec of the quasar could be 
observed). Some of the objects are just visible in the [O n] 
frame, notably the object 4 arcsec south-east of the quasar, 
but are fainter in the 6250-Â exposure. 

To determine whether the objects around 3C 254 repre- 
sent a significant overdensity of faint objects, the /-band 
frame was examined by eye and the positions of all objects 
visible on the frame were noted. This frame was used as it 
had the largest usable field of view (2 arcmin radius). These 
positions were used as inputs to an aperture photometry 
routine written by T. Naylor. This first improved upon the 
input positions by centroiding within an aperture of 3 arcsec 
radius. The centroiding was iteratively redetermined until 
consecutive iterations varied by less than a pixel. The flux 
within this aperture was then determined and the local sky 
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3C 254: the alignment effect and unification schemes 131 

Figure 5. (a) Image in narrow-band filter covering [O n] emission from the quasar. There is some contamination from the continuum, but 
the [O n] emission extends further to the south-east at PA 115°. This is the emission detected in the long-slit spectrum of [O n] shown in Figs 
2(a) and 3(a). (b) Narrow-band continuum image in filter centred at 6250 Â (FWHM 135 Â). This image clearly shows the extended 
continuum emission at a PA of ~ 115°. (c) Smoothed [/-band image of 3C 254. Although nuclear emission is strong in this band, the lower 
contours clearly show continuum structure similar to that seen in R and /. (d) /-band image of 3C 254. Shows similar extended structure as 
the i?-band image. Also clearly shows many relatively faint (/ = 21-22) companion objects, (e) /-band and (f) ZC-band images of the immediate 
environment of 3C 254. Shows companion objects aligned along the radio axis, and lowest contours again suggest extended continuum along 
the radio axis (although the signal-to-noise ratio is poor). North is to the top, east is to the left. 
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level subtracted from this flux. The sky level was estimated 
to be the mode of the pixel values in a box around the object 
aperture. As has been noted above, there are several objects 
between 3 and 4.5 mag fainter than the quasar within 10 
arcsec. The depth of this exposure meant that these objects 
are easily visible in the frame. To determine whether this 
level of clustering was unusual for an object in the field, a 
subset of objects consisting of all those in the frame between 
~3 and ~5 mag fainter than the quasar (7=20.4 and 22.4) 
was constructed. The upper flux limit was taken to exclude 
objects too bright to be galaxies at the redshift of the quasar. 
The lower limit was taken to exclude objects in a range so 
faint that the sample was incomplete at this level (unre- 
solved objects 5 mag fainter than the quasar are obvious on 
the frame). Using a lower limit at this level meant that 
finding the objects by eye was as accurate as an automated 
source detection program (at least to these levels). Fig. 5(d) 
shows that the companion objects, and therefore also the 
sample of all similar magnitude objects on the frame, are 
clearly detected in the exposure. A plot of surface density 
of such objects as a function of distance from the quasar 
(binned into 10 arcsec annuli) is shown in Fig. 6(a). It is 
immediately obvious that there is a large overdensity of 
objects (2.2 x 10~2 arcsec-2, or seven objects) within 10 arc- 
sec of 3C 254 in comparison to the local field background. 
All of the other bins are consistent with a faint object 
density of 3 x 10-3 arcsec-2, similar to the background level 
of objects in the /-band frame of 3C 263 found by Crawford 
et al. (1991). 

To determine the clustering properties on 10 arcsec 
scales of the other faint sources in the /-band, the number of 
faint sources within 10 arcsec of each object in the above 
subsample was determined. Fig. 6(b) shows a histogram of 
the number of objects with a given number of neighbours 
within 10 arcsec, for objects in the faint subsample. Also 
included was 3C 254 itself. This clearly shows that 3C 254, 
with seven nearby objects in the sample, has unusual cluster- 
ing properties. It is one of only two objects in the sample of 
about 300 objects with seven companions within 10 arcsec, 
and many of those companions themselves contribute to the 
4,5 and 6 companion bins. The overdensity of objects within 
10 arcsec of 3C 254 is therefore a rare and significant occur- 
rence in the /-band frame. 

3 DISCUSSION 

3.1 The photoionizing spectrum and the pressure of the 
gas surrounding 3C 254 

FCFJ derived a pressure profile for the gas assuming that 
the ionizing spectrum of the quasar was described by a 
power law. The slope of this power law and its normal- 
ization was taken from Worrall et al. (1987). The energy 
index (av, where/vocv-av) was 1.202. It was normalized to 
the rest-frame luminosity at 2500 Â and the X-ray flux at 2 
keV. In Section 2.1 it was shown that the optical and UV 
spectrum, down to a rest-frame wavelength of ~ 850 Â, is 
best fitted by a power law of energy index 0.7. The differ- 
ence between this slope (and its normalization) and the one 
derived from Worrall et al. leads to a difference in the 
predicted ionizing flux from the quasar. If the slope derived 
above describes the spectrum up to an energy of R Rydberg, 

Surface Density of faint objects as a function of distance from 3C254 
(a) 

Distribution of Neighbours within 10 arcsec 
(b) 

Figure 6. (a) Surface density of objects between 3 and 5 mag 
fainter in I than the quasar as a function of distance from the 
quasar. Objects are binned into 10 arcsec annuli. There is a clear 
excess of objects within 10 arcsec of 3C 254, implying that galaxies 
are clustered around 3C254. (b) Histogram of the number of 
neighbouring faint objects within 10 arcsec of each of a sample of 
objects combining 3C254 and the objects between 3 and 5 mag 
fainter than the quasar. Most objects have less than 3 faint com- 
panions. 3C 254 is one of two objects with seven faint companions, 
indicating that the overdensity shown in (a) is significant. 

beyond which the spectrum turns over so that it fits the 
observed X-ray flux, then the Worrall slope under-predicts 
the ionizing photon flux by a factor of 

/=2.75—x 
1.202 (R-0 7-1) 

For R < 10, the number of ionizing photons are underesti- 
mated by a factor of ~ 2. This in turn means that the pres- 
sures derived by FCFJ were underestimated by a similar 
amount. This also increases the mass deposition rate of any 
inferred cooling flow around the quasar. The increase in 
pressure and mass deposition is similar to that found for 
3C 263 by Crawford et al. (1991). In a similar way, the IUE 
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spectrum of this object showed that the estimate of the 
ionizing flux from 3C 263 derived from Worrall et al. was 
too low by a factor of ~5. 

3.2 The effect of the radio structure on the extended line 
emission 

The spectroscopy of the [O n] and [O m] lines shows that 
part of the region of extended line emission around the 
eastern radio lobe is blueshifted relative to the nuclear 
emission lines. The close spatial association of this region 
with the eastern radio hotspot and lobe implies a real con- 
nection between these regions. A straightforward interpre- 
tation of this is that the emission line clouds are accelerated 
towards the observer by an interaction with the radio 
structure. The interaction strongly affects the propagation 
of the radio jet, leading to the large asymmetry in the radio 
structure. All of this implies that the eastern radio lobe is 
advancing towards the observer. Further south-eastwards, 
beyond the radio structure, the emission lines are approxi- 
mately at rest relative to the nucleus. A similar velocity 
structure is seen in emission-line gas around the high red- 
shift radio galaxy Txl243 + 035 (van Ojik et al. 1996). In 
both this object and 3C 254 it seems clear that strong inter- 
actions between the radio structure and surrounding 
ionized gas results in induced bulk motion in the ionized 
gas. The path of the radio jet is strongly affected by these 
interactions. 

At the point of interaction, the [O iii]/[0 n] line ratio is 
clearly increased in the blueshifted component relative to 
the more extended line emission. This is due in some way to 
the jet-gas interaction. One possibility is that the shocks 
driven into the gas by the interaction may have increased 
the ionization state of the gas, although shock models indi- 
cate that the lower (rather than higher) ionization lines can 
be enhanced in shocks (e.g. Sutherland, Bicknell & Dopita 
1993; Koekemoer 1995). Another possibility is that the jet- 
gas interaction has shredded the (optically thick) gas clouds 
into many smaller clouds which are optically thin to Lyman 
continuum. This will increase the surface brightness of the 
line emission in this region and increase the [Oiii]/[Oii] 
ratio, as the [O n] is only strongly produced in optically thick 
photoionized clouds (Bremer, Fabian & Crawford 1996). 

The region of jet-cloud interaction is localized to the 1-2 
arcsec east of the nucleus. The emissions beyond the eastern 
hotspot in the spectra presented here are unaffected by the 
propagation of the radio source, as the radio jet has never 
entered that region. Similarly, the spectra in FCFJ are taken 
at three different position angles around the source, and the 
overall ionization state of the gas does not seem to depend 
on the position relative to the radio structure, but mainly on 
the distance from the nucleus (much of the emission 
extends considerably beyond the radio structure). Clearly, 
in those cases where there is evidence for a considerable 
interaction between the optical emission-line gas and the 
radio structure, the ionization state of the gas can be a poor 
tracer of the surrounding environment (as it is for the high- 
ionization blueshifted system in 3C254). In the case of 
3C 254, the pressure estimates in FCFJ are largely 
unaffected by the jet-gas interaction, as most of the 
extended emission-line gas is beyond the bounds of the 
radio source. 

3«3 The cluster around 3C 254 

One implication of the high pressure deduced by FCFJ for 
the nebulosity surrounding 3C254 was that the object 
should be in a cluster. The images of 3C254 show clear 
evidence for a surrounding group or cluster. The magni- 
tudes and colours of the surrounding objects are compar- 
able to those of models for passively evolving L* ellipticals 
at z = 0.734 (e.g. Guiderdoni & Rocca-Volmerange 1988; 
Bruzual & Chariot 1993) with a redshift of formation 
zf >2. 

The distribution of objects around the quasar makes the 
classification of the cluster or group difficult as most classifi- 
cations are based on the density of objects over a much 
larger radius. It is notable that the studies of clustering of 
galaxies around distant quasars (e.g. Hutchings 1995; 
Hutchings, Crampton & Johnson 1995) also show over- 
densities of objects close to the quasars which look far more 
compact than would be expected if the objects were in a 
high redshift analogue of a rich Abell cluster. 

It is possible that the objects surrounding the quasar are 
in a foreground cluster not associated with the quasar. The 
coincidence of the cluster and quasar could be attributed to 
gravitational lensing of the quasar by the cluster. However, 
the present optical and radio data show no evidence for 
lensing. The quasar core is very weak relative to the hot- 
spots, so it is unlikely the nucleus is lensed. The extended 
radio and optical structures also show none of the usual 
signs of gravitational amplification or distortion. 

The objects close to the quasar seem to be distributed 
very roughly along a line in the direction of the current radio 
axis and extended optical emission (e.g. see Fig. 5d). There 
are other objects within 1 arcmin with similar brightness to 
the companion objects which also roughly lie on a line 
cutting through the quasar at a similar position angle to the 
line between the nucleus and the nearest radio lobe. This 
may be a random effect, but if real could be to do with the 
merger history of the cluster around the quasar (West 1994) 
or could be explained by objects photoionized by a narrow 
(BL Lac-like) beam from the quasar. A similar statistical 
effect has been noted by Röttgering et al. (1995) in a sample 
of RGs. 

3.4 Extended emission, unification schemes and the 
alignment effect 

The extended line and continuum emission seen in 3C 254 is 
very similar in nature to the emission from RGs (e.g. see 
McCarthy, Spinrad & van Breugel 1995). Whereas there are 
many examples in the literature of ‘aligned’ RGs, there have 
been only a few attempts to image the fuzz around RLQs at 
high enough redshift to expect to detect both aligned con- 
tinuum and line emission based on experience of the RGs 
(e.g. Heckman et al. 1991; Hutchings 1992). The images of 
3C 254 presented here show aligned, extended continuum 
and line emission more clearly than any of these studies. It 
is notable that the clearly aligned continuum is found in a 
RLQ with z > 0.7 as the continuum alignment effect in RGs 
is generally only detected above this redshift. 

This supports the idea that RLQs and RGs are found in 
the same kind of environment. This is a prerequisite for 
orientation dependent unification schemes, where RGs and 
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quasars differ in their observed properties as they are 
viewed at different angles to the line of sight (Scheuer 1987; 
Barthel 1989). In these schemes, the radio axes of RGs lie 
close to the plane of the sky, the radio axes of the quasars lie 
closer to the line of sight to the object. The greater the radio 
core dominance, the closer the radio axis is to the line of 
sight, the core emission enhanced by doppler boosting. 

There are reasons to believe that the emission axis of 
3C 254 is closer to the plane of the sky than for most other 
3C quasars. It has a large (80 kpc) extended emission-line 
region in comparison to other RLQs studied by Bremer et 
al. (1992), FCFJ, etc. It has a very weak radio core com- 
pared with other 3C quasars (e.g. Jackson & Browne 
1991a,b; Hooimeyer et al. 1992). Although 3C254 has an 
angular size in the radio typical for a 3C quasar and smaller 
than an average 3C galaxy, this is at least in part due to the 
small distance between the nucleus and eastern hotspot. 
Taking its ‘true’ size to be double the nucleus-western hot- 
spot distance would make the angular size of 3C 254 com- 
parable to that of any average 3C galaxy. 

3C 254 could be an important ‘crossover’ object between 
RGs and RLQs in terms of these schemes. This may be 
because it is viewed just at the maximum angle to the radio 
axis for it to be seen as a quasar (about 45° in the simplest 
unification scheme), or because it is viewed at a larger angle 
and has a broader ionization cone than most quasars. These 
observations also provide evidence for any unification 
scheme where RGs and RLQs exist in similar environments 
and for any scheme where lobe dominated quasars are 
strongly related to radio galaxies. 

Most [O n] emission from 3C 254 arises in the extended 
emission-line region, whereas the [Om] is dominated by 
strong nuclear emission. The [O n] luminosities of 3C qua- 
sars in general (Hes, Barthel & Fosbury 1993; Bremer et al. 
1992) are similar to those of 3C radio galaxies, where [O m] 
emission is stronger in quasars (Jackson & Browne 1990). 
The difference in behaviour of these two lines can be under- 
stood if, in quasars, we see a region of line emission close to 
the nucleus that is not seen in the galaxies (because of an 
obscuring torus, for example). If the density of line-emitting 
gas in this region is above the critical density for [O n], but 
not for [O in], then only [O m] will be seen in this region. 

Several theories which attempt to explain the continuum 
alignment effect have been proposed. The main theories are 
jet-induced star formation (e.g. Rees 1989; Chambers & 
Miley 1989), scattering of nuclear light into our line of sight 
(either by dust, e.g. Tadhunter, Fosbury & di Serego Aligh- 
ieri 1988, or hot electrons, Fabian 1989), and nebular con- 
tinuum emitted by the emission-line clouds (Dickson et al. 
1995). Detection of polarized emission from radio galaxies 
(e.g. Tadhunter et al. 1992; di Serego Alighieri, Cimatti & 
Fosbury 1994) implies that at least some of the continuum is 
scattered radiation. Unlike in radio galaxies, the nucleus of 
3C 254 is visible, allowing a direct comparison of the colours 
of the extended continuum with those of the nucleus. 
Unfortunately, although large-scale fuzz is redder by about 
0.5 mag inU—R than the nucleus of 3C 254, the uncertain- 
ties (e.g. line contamination) in this measurement mean 
that they cannot be used to rule in or out any of the above 
origins for the fuzz. To do that, line-free HST images, or 
spectropolarimetry are required. What is clear is that the 
fuzz is about as blue as the aligned light in many RGs. 

3.5 Correlations between the optical and the radio 
structure of 3C 254 

Several correlations between the optical and radio struc- 
tures of powerful RGs and RLQs have been discovered. 
McCarthy et al. (1991) carried out a study of the relation- 
ship between the radio structure and the extended emission- 
line regions in powerful 3C RGs. In almost all objects the 
radio lobe closest to the nucleus of a radio galaxy was on the 
same side of the nucleus as the highest surface brightness 
extended optical line emission. This implies a direct 
environmental link between extended emission-line regions 
and the radio structure of RGs. Also included in the sample 
were several RLQs, although no optical data were pre- 
sented for these objects. 3C 254 was included in this sub- 
sample. Notably, this was the object with the most 
asymmetric radio structure of all the RGs and RLQs. Typi- 
cally, the ratio of the distances of the two radio hotspots to 
the nucleus is ~l-2 whereas for 3C254 it is 6.8. These 
observations show that 3C254 also obeys the correlation 
found by McCarthy, van Breugel & Kapahi. 

The eastern radio lobe of 3C 254 is the most depolarized 
(Liu & Pooley 1991). This is expected given the results of 
FCFJ. The eastern radio lobe is closer to the nucleus, and 
therefore closer to the centre of a surrounding hot halo than 
the western lobe. FCFJ showed that the pressure and 
density of a surrounding halo continued to increase close to 
the nucleus of 3C254. The depolarizing effect of a Faraday 
screen is a function of the magnetic field strength, the path 
length through the screen and the electron density in the 
screen. The difference in the electron densities around the 
two lobes can explain the difference in the polarization 
between them. The blueshifted emission lines on the 
eastern side imply that the most depolarized lobe is coming 
towards the observer. 

This is in contradiction to the Garrington-Laing effect 
(Garrington et al. 1988; Laing 1988), where the radio emis- 
sion on the (approaching) jet side is less depolarized than 
that on the counter-jet side in quasars with one-sided radio 
jets. The explanation for this is that it is a projection effect. 
The jet side is seen through a shorter path length of a 
surrounding hot halo (the hot ICM of a surrounding 
cluster) then the counter-jet side and consequently suffers 
less depolarization (Garrington & Conway 1991). The 
polarization structure of 3C 254 can be reconciled with this 
explanation if the difference in the density of the hot phase 
surrounding the east and west radio lobes outweighs any 
path length difference. This again requires that the radio 
axis of 3C254 is relatively far from the line of sight in 
comparison to other quasars. 

Liu & Pooley (1991) showed that the most depolarized of 
the two radio lobes in RGs and lobe-dominated quasars also 
had the steeper radio spectrum. 3C 254 obeys this correla- 
tion, pointing to an environmental origin for polarization 
variations in these sources. This can only be reconciled with 
the Garrington-Laing effect and orientation-based unifica- 
tion schemes in Faraday depolarization introduced by side- 
to-side path-length differences in quasars with single sided 
jets are of the same order, or slightly more than those 
introduced by side-to-side environmental differences. If 
environmental effects dominate then we should never see 
the Garrington-Laing effect. If path-length effects domi- 
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nate, they should swamp environmental differences, even in 
sources with radio axes moderately close to the plane of the 
sky, and the Liu & Pooley correction would not be 
observed. 

3.6 Extended emission and cooling flows 

The original motivation for the study of 3C 254 by FCFJ was 
to determine whether this quasar (amongst others) was sur- 
rounded by emission-line nebulosity signifying that the qua- 
sar was in a cluster containing a cooling flow. The 
[Oiii]/[Oii] line ratio in the extended emission and the 
photoionizing luminosity of the quasar indicated that the 
line-emitting gas was at high pressure ( > 106 cm-3 K within 
30 kpc of the nucleus). Section 3.1 shows that the pressure 
and therefore the mass deposition rate around the quasar 
may be even higher, given a more detailed model of the 
ionizing spectrum. 

The most obvious prediction of the previous work is that 
3C254 should be in a group or cluster of galaxies, and 
therefore be surrounded by an overdensity of faint objects 
in comparison to the field. The results of Section 2.3.2 con- 
firm this prediction. The polarization structure of the radio 
emission from 3C 254 is also consistent with the results of 
FCFJ, as shown in the previous section. 

The high pressure of the gas surrounding 3C 254 (FCFJ) 
implies a high cooling and mass deposition rate for the hot 
phase surrounding 3C 254. Even if only a small fraction of 
the cooling material formed stars, the host galaxy should be 
blue, showing signs of recent or ongoing star formation. The 
colour of the fuzz around 3C254 is blue, but from these 
results it is impossible to tell how much emission comes 
from stars. 

The velocity structure of the emission-line gas is not pre- 
dicted by the cooling flow scenario. However, it is likely that 
part of the velocity structure is due to an interaction 
between the emission-line gas and the radio structure of the 
quasar. This is compatible with the cooling flow scenario 
(see Bremer, Fabian & Crawford 1996), indeed many cool- 
ing flows in low redshift clusters have optical emission lines 
with velocity widths that can only be explained by some form 
of turbulence acting on the emission-line clouds. 

4 CONCLUSIONS 

3C 254 is in a group or cluster of galaxies, as required by the 
explanation of the origin of the extended [O n] and [O m] 
emission given by FCFJ. The pressure of the ICM around 
3C 254 is probably twice the value determined in that work, 
given the UV spectrum of the quasar. 

The extended line emission previously detected by FCFJ 
is aligned with the radio axis of the quasar. The optical 
continuum is similarly aligned. This is the best case of a 
RLQ with aligned extended continuum and it occurs in one 
of the most lobe dominated 3C quasars. This has important 
implications for unification schemes. The extended struc- 
ture of 3C 254 is very similar to the extended emission found 
around similar redshift RGs, in strong agreement with the 
predictions of unification schemes based on line-of-sight 
effects such as those of Barthel (1989) and Scheuer (1987). 
In these schemes, the most lobe dominated quasars will 

have extended optical properties most like those of radio 
galaxies. 

The extended continuum emission is blue, consistent with 
those of the extended continuum of RGs at similar red- 
shifts. Further observations are required to determine the 
nature of the extended continuum. As the nucleus of 3C 254 
is visible a clear comparison of nuclear and off-nuclear col- 
ours will be possible (unlike in the case of radio galaxies). 

Part of the extended line emission arises from a region 
undergoing an interaction with the eastern radio lobe. The 
emission lines at that point are blueshifted by ~650 km s-1 

relative to the nucleus, and have a higher ionization state 
relative to the rest of the extended emission-line region. The 
rest of the extended emission lines in these spectra, and in 
those of FCFJ are not in regions interacting with the radio 
source. Consequently, the pressure estimates of FCFJ are 
not confused by the effects of jet-cloud interactions. 

Most of the narrow [On] emission arises from the 
extended line emission, not the classical narrow-line region 
(unlike the [O m] emission). As the emission axis of the 
quasar is closer to the plane of the sky than for most other 
quasars, this may occur in many RLQs, but would be less 
obvious due to foreshortening of the extended emission. 
This finding is consistent with previous results showing that 
the [O n] fluxes in radio galaxies and radio loud quasars of 
similar radio luminosities are comparable (e.g. Hes et al. 
1993; Bremer et al. 1992), whereas the [O m] fluxes of the 
two classes are different (e.g. Jackson et al. 1991a,b). 

The correlations noted by other authors between the 
radio and optical properties of RGs are also found in 
3C 254. The brightest extended line emission is on the side 
of the closest radio lobe. The radio hotspot with the steepest 
spectrum is the most depolarized and on the most luminous 
side of the radio structure and the closest to the nucleus. 

A key test of orientation dependent unification schemes 
is the similarity (or otherwise) of the extended optical emis- 
sion of RLQs and RGs. 3C254 could prove to be an 
extremely useful source in investigating the similarities and 
differences in the immediate environments of powerful 
RGs and RLQs, as the observed optical and radio proper- 
ties of this quasar are dominated by environmental effects, 
rather than orientation and projection effects. If 3C254 
turns out to be a typical lobe-dominated RLQ in terms of its 
extended optical and IR properties then the case of unifica- 
tion schemes such as that of Barthel (1989) will be strength- 
ened. In these schemes the lobe-dominated quasars should 
have extended optical and IR properties similar to radio 
galaxies. If it is found that the extended optical and IR 
properties of radio-loud quasars do not correlate with the 
relative strengths of lobe and core emission, then the same 
unification schemes will be in severe difficulty. It should be 
noted that as with many similar observations, distinguishing 
between orientation dependent schemes and others which 
also require RLQs and RGs to be in similar environments 
will be difficult. 
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