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1 INTRODUCTION 

ABSTRACT 
We present two-dimensional fibre spectroscopy of the spectacular extended 
emission-line region surrounding the z=0.734 radio-loud quasar 3C254, and 
archival ROSAT PSPC data of this source. 

We confirm that the emission-line nebula is extended over at least 80 kpc, and its 
morphology is strongly correlated with the radio source structure. The kinematics 
and intensity of the emission lines '" 15 kpc (1.5 arcsec) east of the quasar core 
strongly indicate an interaction of a radio jet with a dense cloud. Evidence for a 
high-pressure confining medium comes from the low ionization state of the nebula, 
given the proximity ofthe luminous quasar. Over 70 per cent ofthe total [0 II] 23727 
luminosity is emitted from the extended emission-line region, but the majority of the 
[0 III] AS007-line luminosity is from the nucleus. No major ionization change is seen 
in the nebula at the position of the jet-cloud interaction, but a small region", 1.4 
arcsec west of the quasar nucleus shows a markedly higher ionization state. The x
ray spectrum is well-fitted by a power-law with energy index r '" 2.3, without any 
excess absorption, and a thermal cluster contribution to the spectrum is also 
allowed. 

The emission-line nebula associated with 3C254 shares many of the orientation
independent characteristics of powerful radio galaxies at similar, and higher, 
redshifts, and strongly supports models seeking to unify the two through orientation 
to the observer. 

Key words: galaxies: clusters: general - cooling flows - quasars: emission lines -
quasars: general - quasars: individual: 3C254 - X-rays: galaxies. 

The extended steep-spectrum radio quasar 3C254 (4C20.28; 
z=0.734) was discovered by Forbes et al. (1990; hereafter 
FCFJ) to be embedded in a spectacular extended emission
line region. The ionized gas extends out to a radius of over 
80 kpc, emitting strongly in [0 II] J..3727 and [0 III] J..5007; 
[Ne III] 23869 is also slightly extended. FCFJ used compari
son of the observed [0 III]/[O II] line intensity ratios in the 
extended gas with photoionization models to infer that the 
emitting gas is at high pressure (> 106 cm -3 K within 30 
kpc), consistent with confinement by a hot intracluster 
medium. In addition, the pressure profile implies that the 
cooling time of the intracluster medium is short, surround-

ing the quasar with a cooling flow in which gas is-cooling at 
a rate of 500-1000 Mo yr -1. FCFJ also found a ~ 600 km 
S -1 velocity shift in the [0 II] line across the nucleus in a slit 
oriented north-south. 

Follow-up long-slit spectroscopy and imaging presented 
by Bremer (1997) support many of the findings of FCFJ, 
and show a mean blueshift of the extended emission-line 
region (EELR) of ~ 450 km S-l from the nuclear emission 
along position angle 105°. He reappraised the photoioniza
tion models of FCFJ in the light of the optical-UV spec
trum published by Wills et al. (1993) to conclude that FCFJ 
had in fact underestimated the pressure in the extended 
emission-line gas by a factor of ~ 2. The continuum images 
show the quasar to be. extended over 8-10 arcsec in the 
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north-west-south-east direction about 1 arcsec above the 
nucleus; Bremer shows that 3C254 is the clearest case yet of 
an alignment of extended continuum and emission-line 
structure with the axis of the radio source in a quasar. The 
images also show an overdensity of faint objects within 10 
arcsec of the quasar, suggesting that 3C254 lies at the centre 
of a compact cluster of galaxies. 

3C254 thus appears to be an extreme quasar, sharing 
many properties characteristic of the powerful 3C radio 
galaxies at similar, and higher, redshifts. In this paper we 
present a full two-dimensional spectral mapping of the 
quasar and its immediate environment using the integral 
field spectrograph ARGUS on the Canada-France-Hawai 
Telescope (CFHT). ARGUS allows simultaneous observa
tion of the ionization state and the kinematics of the 
extended emission-line gas in a 9 x 12 arcsec around the 
quasar. We have embarked on a study of a sample ofradio
loud quasars covering the redshift range 0.2 <z < 1, of 
which 3C254 is the first to be presented. 

2 OPTICAL OBSERVATIONS 

The observations were taken using the CFHT during the 
night of 1995 January 8, using the integral field spectro
graph ARGUS, designed and built by C. Vanderriest 
and J.-P. Lemonnier at the Meudon Observatory, Paris. The 
weather conditions were photometric, with seeing of typi
cally 0.5 arcsec during the quasar observations. Four con
secutive observations (three of 2500 s, one of 2000 s) were 
taken with the ARGUS aperture centred on 3C254, with an 
effective zenith distance of 23°. The Loral 3 CCD was used 
with the 0300 grism, leading to a wavelength coverage of 
3980-9680 A (the combined CCD and grism efficiency is 
effectively zero below 3980 A) at a dispersion of 3 A 
per pixel and a spectral resolution of - 11 A. 

2.1 The ARGUS instrument 

ARGUS is designed as an additional mode to the dual 
Multi-object and Subarcsecond Imaging Spectrograph 
(MOS-SIS) on the CFHT (Vanderriest 1995). A flexible 
bundle of optical fibres is used to transform independent 
spectra obtained from a hexagonal aperture at the Casse
grain focal plane, into a 'pseudo' long-slit for collimation 
through the MOS. Within the aperture, the fibres are them
selves packed into a hexagonal array (Fig. 1) in order to 
minimize geometrical losses (to - 10 per cent; the fibre 
cladding is removed at the entrance to minimize the separa
tion between fibres). There are 655 active fibres arranged 
into 25 rows, with 18 fibres in the two edge rows, increasing 
to 31 fibres across the central row. Vignetting at the edges of 
the aperture reduces the number of useful rows to 21, and 
with a fibre diameter of 0.4 arcsec, leads to a total input area 
of approximately 8.5 x 12.4 arcsec. 

At the exit from the fibre bundle, the fibres are 
rearranged to mimic a classical long-slit spectrum (Fig. 2), 
with the fibres from each successive row spread out and 
aligned one after another (maintaining the order of fibres 
witlIin each row). Dead fibres are inserted as spacers to 
mark the jump between rows of the hexagon, and to aid 
correction of spatial distortion along the 'slit'. Each indivi
dual fibre projects on to 3 rows of the CCD, and successive 
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9.2" 

12.4" 

Figure 1. Schematic diagram of the geometrical layout of optical 
fibres within the effective ARGUS aperture (i.e. discounting two 
rows affected badly by vignetting). Each fibre is 0.4 arcsec in diam
eter, and there are 594 active fibres in all. 

[01lI]A.5007 [Oll]A.3727 

Figure 2. The raw data (after median-combination and bias-sub
traction) output from MOS, showing one quarter of the total chip 
area, centred on the quasar nucleus. Wavelength increases to the 
left along the bottom of the plot and the positions of the [0 III and 
[0 III 1 line emission are indicated. Strong vertical lines are night 
skylines, and strong horizontal lines are successive cuts through the 
quasar nuclear continuum. Spatial dispersion runs vertically, with 
thin white lines indicating the dead fibres interspersing the output 
from 13 successive rows of the hexagon. 

spectra are stacked into adjacent rows of the detector with
out any wavelength shift between them. The spectral range 
and resolution of the observation are determined only by 
the CCD and grism used in MOS, and are the same for the 
entire field of view. 
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2.2 Data reduction 

The processing of the data was carried out within lRAF, and 
included scripts developed specifically for ARGUS by P. 
Teyssandier at Meudon Observatory. The four individual 
frames of 3C254 were each corrected for bad CCD columns, 
and then median-combined to remove cosmic ray events. 
The bias level was estimated from the blue-wavelength 
region of the raw median-combined data, where the com
bined CCD quantum efficiency and grism throughput is 
zero, rather than from the overscan region of the chip where 
the count rate was greater than the true bias level. A 
smoothed spatial cut from these columns was grown into a 
full 'bias' frame and subtracted from the median-combined 
raw data. After bias subtraction, the data were corrected for 
distortion in the spatial direction (so that the dead fibres are 
at the correct separations along the chip), divided by a 
normalized tungsten flat-field frame and wavelength
calibrated using exposures of a neon-helium lamp. The 
quasar data were flux-calibrated, corrected for atmospheric 
extinction and for Galactic reddening, assuming 
E(B - V) = 0.035 [the line-of-sight Galactic hydrogen col
umn densities were derived from Stark et al. 1992, and 
converted to E (B - V) using the relation of Bohlin, Savage 
& Drake 1978, assuming R of 3.2 and the reddening law of 
Cardelli, Clayton & Mathis 1989]. Finally, the data were 
split into individual fibre spectra. 

The flux calibration was determined from eight exposures 
of five different flux standard stars (HZI4, HZ44, Feige 15, 
Feige 34 and Feige 56). Only six of these observations are of 
stars for which flux is tabulated above 8500 A in the litera
ture, so these were used to derive the final calibration spec
trum, and checked against the others. The flux calibration 
obtained from an aperture should be more accurate than 
that taken from classical long-slit spectra, as no colour is 
preferentially lost from the aperture as a result of atmo
spheric refraction (assuming the star is well-centred in the 
aperture). Indeed, cross-calibration between all the 
standard star observations of the observing run suggests that 
the fluxing function is good to well within ± 10 per cent. 

Great care was taken to choose sky fibres that were 
neither too near the edge of the aperture nor too close to 
the extended source - typically a total of five or six sky fibres 
per row. A separate sky spectrum was constructed for each 
row of the hexagon, using the mean spectrum of all chosen 
sky fibres in that and the two adjacent rows. Such a local 
estimate of sky was also found to adequately subtract any 
scattered light contribution (which will have the spectrum of 
the sky), which is estimated to be very low. 

2.3 Instrument performance 

Where a 'dead' fibre projects on to the CCD, the count level 
does not reach the bias level. As the dead fibres extend only 
a few rom in length, these extra counts cannot be the result 
of even a much reduced transmission level in these fibres, or 
to light scatter from adjacent live fibres. Instead, these extra 
counts are most likely a result of the fact that we are almost 
undersampled, and that the point-spread function of MOS 
is not perfectly sharp - i.e., the lack of resolution in the 
MOS optics means that it does not see the output from 
ARGUS exactly in focus. Thus the rows of the CCD corre-

sponding to the dead fibres' positions are overlapped by the 
projected image of neighbouring fibres. Hence any single 
fibre spectrum has a small contribution from the low-level 
'wings' of its two nearest neighbour fibres in the row. When 
the sampling of 0.4 arcsec per fibre is better than the seeing, 
the effect is expected to be small; however, when the seeing 
is excellent (such as during the January 1995 run) it will 
result in a small but systematic elongation of the recon
structed images along the rows of the hexagon (as will be 
discussed later, in Section 2.5.1). The net effect is small, and 
we have not found it necessary to correct for it in our 
restored images. 

We constructed an initial 'nuclear' spectrum from the 19 
fibres that cover the nucleus of the quasar [determined from 
those fibres for which spectra show a broad Hf3 emission 
line - consistent with the core of the point-spread function 
(PSF) determined from the reconstructed continuum 
images described in Section 2.5.1], and found its continuum 
slope to be too steep beyond ~ 6500 A when compared to 
previously published observations of the nucleus of 3C254. 
It is possible that the flux calibration is inaccurate, as not all 
the flux standard stars were centred in the ARGUS aper
ture, but intercomparison of all flux standards observed 
during the run suggests that the flux calibration spectrum is 
good; similarly, changing the radius and thus the number of 
fibres used to construct the 'nuclear' spectrum does not 
alter the result. Sky-subtraction and corrections for Galactic 
reddening are minimal and cannot account for the error. 
Similarly, we have investigated the importance of atmo
spheric refraction in these data, and conclude that it does 
not cause this effect. We find this loss of red flux in the fully
calibrated spectrum to occur in all our observations from 
this January ARGUS run (whether of quasars or galaxies). 
Measurements of the intensity of night-sky lines at both 
blue and red ends of the spectrum establish quantitatively 
that this deficit is the same for all fibre spectra across the 
aperture. The cause of this calibration error is not yet estab
lished, and is currently undergoing further investigation 
with separate ARGUS observations. Meanwhile, despite 
not yet knowing its origin, we can easily correct for this 
calibration error in our 3C254 data by comparing our con
tinuum slope to that of the high-quality opticaVUV spec
trum of the quasar nucleus published by Wills et al. (1993). 
We find a simple multiplicative correction is required (Fig. 
3). Whilst it is unsatisfactory to present data without having 
determined the origin of a calibration error, we emphasize 
that it is a simple systematic effect that is easily corrected, 
and has in fact very little effect on the scientific conclusions 
derived from the data presented in this paper. The distribu
tion and kinematics of the emission lines are not affected, 
and widely-spaced nuclear line intensity ratios corrected in 
this manner agree with previous observations in the litera
ture. 

As ARGUS collects spectra from a fairly large aperture, 
the calibration arc-lamp exposures were used to character
ize variations in spectral output across the whole device. 
Single-fibre spectra were extracted and several arclines at 
the wavelengths of red shifted [0 II] and [0 III] (~6460 and 
~ 8680 A; the strongest emission lines of interest in 3C254) 

were fitted by Gaussians. First of all, whilst the instrumental 
resolution does not vary with wavelength at the centre of the 
aperture ( ~ 11. 7 A FWHM in both the red and the blue), it 
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Opposite p. 582, MNRAS, 285 

8.4" 

[OII]A3727 [OIII]A5007 [NeIII]A3869 H~ 

N 

> E 
Blue Red [NeV]A3426 MgII 

Figure 4. Reconstructed images of 3C254 in (a) [0 II] )3727, (b) [0 III] ASOO7, (c) [Ne III] A3869, (d) narrow H{3, (e) blue continuum (rest 
wavelength range ~ 3290 ± 30 A), (f) red continuum (rest wavelength range ~ 5220 ± 30 A) and (g) [Ne v] A3426, (h) broad and narrow 
Mg II. The intensity of the line emission from each spectrum is plotted as a disc at the appropriate fibre position in the hexagonal array. 
Where there is no detection no disc is drawn for that fibre. Each fibre diameter of 0.4 arcsec corresponds to ~ 3.9 kpc at the redshift of the 
quasar, and all images are plotted to the same scale and orientation. The position angle of the aperture is - 45°, so north is toward the top 
left-hand corner, and east to the lower left-hand corner of each image. 8.4 arcsec corresponds to a scale of 82 kpc at the redshift of the quasar. 
The intensity scale runs from zero (white) to a maximum (black) of (a) 0.36), (b) 2.37, (c) 0.34, (d) 0.27, (e) 375.6, (f) 153, (g) 0.32 and (h) 
8.11 x 10 - 15 erg cm- 2 S-I; the lowest intensity detection shown is (a) 2.09, (b) 2.80, (c) 0.80, (d) 1.92, (e) 204, (f) 312, (g) 2.09, (h) 
25.35 x 10- 17 erg cm- 2 S-I. 

1000 
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400kmls 

[OII]A3727 [OIII]A5007 
Figure 5. Velocity width of the nebula in the light of [0 II] (left) and [0 III] (right). The maps scale from 300 to 1100 km S - I, with the position 
of the peak nuclear fibre marked by an asterisk in each image. The two straight lines at position angles 105° and 165° on the [0 II] map 
represent the direction along which the cuts shown in Figs 9-11 are taken. Fibre positions marked by a dot are those where the linewidth 
was unresolved (see text). 

© 1997 RAS, MNRAS 285, 580-592 

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

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/285/3/580/1446382 by guest on 19 M
ay 2023

http://adsabs.harvard.edu/abs/1997MNRAS.285..580C


1
9
9
7
M
N
R
A
S
.
2
8
5
.
.
5
8
0
C

o kmls 

-200 

-400 

-600 

-800 

[OII]A3727 [OIII]A5007 
Figure 6. Velocity structure of the nebula in the light of [0 II] (left) and [0 III] (right). The map scale ranges from - 900 (black) to + 100 
km S - 1 (white), relative to the velocity of the lines in the peak nuclear fibre (marked by an asterisk). 
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Figure 8. [0 II] line intensity plot of the EELR associated with 3C254 plotted to the same scale and orientation as the 6 cm radio map of 
Owen & Puschell (1984), showing the clear morphological association between the optical and radio plasmas. Note that the plot is rotated 
from the orientation in Fig. 4, in that north is to the top and east to the left in this figure. 
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[0111]/[011] [N eIII]/[ 0 II] 
Figure 12. Reconstructed image of [0 III]/[O II] (left) and [Ne m]/[O II] (right) line intensity ratios. Upper limits (i.e. where [0 III] and [Ne Ill] 
are not detected) are not shown, but lower limits to the [0 m]/[O II] are indicated by the 7 fibres to the west of the nucleus not outlined in 
the left-hand figure. The maps scale from 0.5 (white) to 8.6 (black) for [0 m]l[O II] and from 0 to 1.04 for [Ne m]/[O II], and the position of 
the nucleus is marked by an asterisk. 
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Pressure 
Figure 17. Reconstructed image of gas pressure (em - 3 K) around the quasar inferred from photo ionization modelling. The scale ranges from 
o to 4 X 107 em - 3 K, and the position of the nucleus is marked by an asterisk. 
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Figure 3. Correction factor applied to all flux-calibrated spectra to 
compensate for the calibration error, as discussed in the text. 

deteriorates toward the edge of the aperture noticeably in 
the blue (~18 A FWHM), but not in the red. Similarly, 
some slight shifts in line wavelength between fibres are also 
apparent, but are consistent with the errors in the wave
length calibration. Finally, there is a systematic variation at 
:5: 20 per cent in intensity ratio across the aperture between 
lines in the blue and the red (assuming the arclamp provides 
a uniform source with which to map this). We used the 
results of this arcline fitting to remove such fibre-to-fibre 
variations from the results of fitting the line emission in the 
quasar (i.e. velocity shift and instrumental resolution was 
separately corrected for each of [0 II] and [0 III]; given the 
systematic uncertainty introduced by the flux calibration 
error, we did not correct for variation in intensity ratio). 

2.4 Emission-line fitting 

The fitting of the spectral features was performed in QDP 
(Tennant 1991). Where spectra showed strong emission (i.e. 
those fibres covering the nuclear regions of the nebula), 
a few neighbouring complexes of lines (e.g. [Ne v] 
23426 + [0 II] 23727 + [Ne III] 23869; He 1124686 + broad 
and narrow H[3 + [0 III] 224959, 5007), were fit in combina
tion over a wavelength range of a few hundred Angstroms. 
The continuum level was modelled as a constant (with a 
linear function only where needed, for the central bright 
fibre spectra). Narrow lines within a complex were con
strained to have the same redshift and velocity width as each 
other (and allowing for the blended doublet nature of [0 II] 
23727). Each line was fitted as a Gaussian, which was a 
satisfactory fit even to the [0 II] doublet. 

The detection limits are given in the caption to the recon
structed images shown in Fig. 4 (opposite p. 582). Detection 
limits for lines such as those of Ne or H[3 are better than 
those of [0 II] and [0 III], as they are not independently 
fitted - their position and width are completely constrained 
by the fit to the much stronger nearby [0 II] or [0 III], and 
they are not detected in isolation. The quasar continuum 
was also mapped in two featureless bands - blue (observed 
5700 ± 50 A; corresponding to the region between redshif
ted He II 23203 and [Ne v] 23346) and red (observed 
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9050 ± 50 A; corresponding to just redward of the [0 III] 
25007 and any broad H[3). The results from fitting all the 
spectra are easily inverted to construct 'images' of the qua
sar in pure line or continuum intensity (Fig. 4). Due to the 
excellent seeing during the observation, all intensity images 
(except the broad Mg II line) peak in exactly the same fibre 
(Le. within 0.4 arcsec of each other). 

Images can also be constructed showing the kinematic 
behaviour of the emission lines, from the results of the line
fitting. (The instrumental resolution determined from fits to 
arclines for each fibre was subtracted out in quadrature, as 
was any systematic wavelength shift found between that 
fibre and the nucleus.) Maps of the line FWHM and its 
velocity shift relative to the peak nuclear fibre are presented 
in Figs 5 and 6 (opposite p. 582). Where an [0 II] 23727 line 
was well-detected but unresolved (the resolution varies 
across the aperture, ranging from a typical value of 540 up 
to 840 km S-1 FWHM at redshifted [0 lID, its width was 
instead constrained to be the average of adjacent fibres. 
This only affected 22 detections of [0 II], mostly at the 
periphery ofthe nebula, and marked by dots in Fig. 5. When 
a well-detected [0 III] 25007 emission line was unresolved 
(16 fibres marked by dots in Fig. 5), its velocity width was 
constrained to be the same as the [0 III] width measured in 
that fibre (allowing for the doublet nature of [0 lID. 

2.5 Results 

2.5.1 Morphology and relation to the radio structure 

Fig. 4 shows the reconstructed continuum and pure emis
sion-line images of 3C254. The continuum images appear 
more similar to the high-ionization (He II 24686, [Ne v] 
23426) and broad-line maps than to the extended oxygen or 
neon line emission, suggesting that we do not detect signifi
cantly extended continuum. Under this assumption, we use 
the continuum intensity maps to characterize the instru
mental PSF in the ARGUS aperture (Fig. 7). The radial 
profile shows scatter between the PSF measured in two 
orthogonal directions, along and across the rows of fibres. 
The best fit to each PSF is a combination of a Gaussian with 
a broader exponential component, yielding an FWHM of 
0.92 ± 0.04 arcsec along the rows, and a tighter FWHM of 
0.69 ± 0.01 arcsec in the perpendicular direction. The PSFs 
from the broad and high-ionization lines are all consistent 
with that determined from the continuum, albeit with a 
worse signal-to-noise ratio. The elongation of the PSF along 
the row direction is the result of the resampling of the 
ARGUS data into MOS, as described in Section 2.3. 

The reconstructed images in [0 II] and [0 III] line inten
sity (Fig. 4) clearly show the asymmetric distribution of the 
emission-line nebula associated with the quasar. The EELR 
is very elongated and extends out of the ARGUS aperture. 
We observe the [0 II] line emission to a distance of 2.5 
arcsec ( ~ 40 kpc) on either side of the nucleus in spurs 
approximately 2.2 arcsec ( ~ 20 kpc) wide (a cosmology of 
Ho=50 km S-1 Mpc- 1 and qo=O will be assumed through
out this paper). It is likely that the [0 III] emission is as 
extended as the [0 II], but it is weaker and at a less sensitive 
wavelength region on the chip (a limiting flux of 2.8 x 10 -17 

erg cm-2 S-1 for [0 III] compared to the limit of 2.1 x 10-17 

erg cm - 2 S -1 for [ 0 lID. There are only seven fibres in which 
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Figure 7. The instrumental point-spread function (PSF) as deter
mined from the continuum images of the quasar. Circles indicate 
the PSF along the central row of fibres in the hexagon, and tri
angles show the PSF in the perpendicular direction. Filled symbols 
are taken from the blue continuum image, and open circles from 
the red continuum image. 

[0 III] is clearly detected, but [0 II] is not present, and they 
are all in the region around 1.4 arcsec due west from the 
quasar nucleus. The nebula is not uniform and the [0 II] 
intensity map shows an intensity enhancement centred 
- 1.5 arcsec east of the quasar core, and a lesser one cen
tred - 2.8 arcsec to the north -west of the core. The stronger 
enhancement coincides with a slight brightness increase in 
the extended [0 III], and the location of the extended emis
sion in [Ne m](and perhaps anextent in narrow HfJ). 

The morphology of the EELR becomes particularly 
interesting when compared to the structure of the radio 
source on a similar scale (Fig. 8, opposite p. 582). The 
double-lobed FR II radio source that gives 3C254 its name 
has an unusual distorted appearance (Owen & Puschell 
1984). The eastern hotspot is close to the quasar core -
indeed, it is the most asymmetric source (in terms of the 
ratio of hotspot-nucleus distance) of the sample of radio 
galaxies and quasars studied by McCarthy, van Breugel & 
Kapahi (1991). The two hotspots and radio core prescribe a 
radio axis of - 115° (although the three points are not 
exactly aligned), but the eastern lobe is extended almost 
perpendicular to this axis away from the hotspot, displaying 
possible 'side-flow'. 

To the eastern side of the quasar, the line emission is 
elongated in the direction of the radio source axis and 
extends beyond the distorted hotspot. To the western side of 
the quasar nucleus, the nebula follows a direction - 35° 
northward from a line joining the core and the western 
radio hotspot. This north-western direction, however, coin
cides with radio emission at the very lowest contour level on 
the map of Owen & Puschell, suggesting that the western 
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Figure 9. Intensity profiles of the [0 II] J,.3727 (closed circles, solid 
line), [0 III] A.5007 (open circles, dashed line) emission lines and 
blue continuum (crosses and dotted line) at position angles 1650 

(top) and 105° (bottom). The intensity cuts are normalized to one 
at the nucleus. 

radio lobe tails back to the nucleus along the axis prescribed 
by the emission-line nebula - this is supported by the 1.4 
GHz map published by Liu, Pooley & Riley (1.992). The 
extended [0 II] line emission thus appears to be closely 
correlated to the radio source structure, both in its 
morphology and intensity. 

2.5.2 Line luminosity and anisotropy 

The total [0 II] luminosity of the nebula within the ARGUS 
aperture is 3.8 x 1043 erg s -1, only - 30 per cent of which is 
contributed by the 19 fibres coincident with the QSO 
nucleus (Fig. 9). For [0 III] and [Ne III], much higher frac
tions (70 and 80 per cent, respectively) of the total line 
luminosity (4.4 x 1043 and 8.8 x 1042 erg s-I, respectively) 
originate with the nuclear fibre spectra. The high fraction 
contributed by the EELR to the total [0 II] line luminosity 
will be a lower limit, as the total nebula extends beyond the 
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ARGUS aperture, and there may be a contribution from 
any EELR along our line of sight to the nucleus. 

2.5.3 Kinematic behaviour 

Where the emission-line nebula encompasses the eastern 
(distorted) radio hotspot, the optically-emitting gas shows a 
substantial velocity gradient, attaining a blueshift of - 650 
to - 900 Ian S -1 from the nuclear emission over a distance 
of only 8 kpc (Fig. 6). Fig. 10 plots velocity curves through 
the nucleus, taken from two cuts at position angles 165° and 
105° from north (shown in Fig. 5). The velocity shift at the 
radio hotspot appears greater in the [0 III] line than in the 
o II], by about 150-200 Ian S-1 and more markedly at posi
tion angle 105°. The main source of uncertainty in determin
ing the velocity from line-fitting is from systematic errors 
originating in the wavelength calibration, although any rela
tive shift between the position of an arcline in the fibre and 
'nuclear' spectrum has a typical value around ± 50 Ian S-1 
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Figure 10. Velocity curve (km s -I relative to the nuclear emission) 
of [0 II] and [0 III] emission lines at position angles of 1650 (top) 
and 1050 (bottom). Positive distances (i.e. to the right on the x axis) 
are to the north-west on the left and to the east on the right. 
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and has already been removed before the emission-line fit
ting. Whilst the discrepancy in blueshift between the [0 II] 
and [0 III] at the hotspot region can be encompassed by the 
error bars on each velocity curve, the close correspondence 
of [0 II] and [0 III] for the rest ofthe 1050 cut suggests that 
the difference is real. (The embedded radio hotspot is 
observed very near to the centre of the ARGUS aperture, so 
any difference between the velocities of the [0 II] and 
[0 m] lines is not the result of differing spectral resolution 
between the blue and red ends ofthe spectrum.) This would 
imply that the gas emitting the higher-ionization line is 
moving faster at the region of the radio hotspot. The velo
city maps in Fig. 6 reinforce the impression that where the 
eastern part of the nebula shows a large velocity shift, it is 
larger for the [0 III] than the [0 II]. There is also a sugges
tion of slightly increased velocities in both lines at the north
western extremity of the nebula, at the very end of the 
western radio lobe (this is best seen in Fig. 6, as it is not 
encompassed by either cut through the nucleus). 

The emission lines also appear broader where coincident 
with the eastern radio hotspot, the general effect being 
more apparent in the [0 II] emission. Although this is a 
clear impression gained from the FWHM map (Fig. 5), it is 
less obvious on the line cuts of Fig. 11. 

2.5.4 Ionization state and gas properties 

We map the ionization state of the nebula in terms of the 
[0 III]/[O II] and [Ne m]/[O II] line intensity ratios in Fig. 12 
(opposite p. 582), and present the radial distribution of 
ratios in Fig. 13. Fig. 13 shows that where our [0 III]/[O II] 
measurements in the extended emission overlap with those 
of FCFJ there is good agreement, in support of our cor
rected flux calibration. Before forming these line ratios we 
did not subtract a nuclear contribution from the pure emis
sion-line image, as although we have determined the two
dimensional PSF from the continuum images, we cannot be 
sure of the correct scaling before subtraction. Specifically, 
we do not know the amount of any additional contribution 
from the extended nebula along the line of sight to the 
nucleus, an effect that may be particularly important for 
[0 II], given that the EELR emits over 70 per cent of the 
total luminosity in that line. We estimate that spillover of 
nuclear line emission will only contaminate the line ratios 
from those fibres within ~ 0.9 arcsec radius from the 
nucleus (where the PSF drops to less than 10 per cent of its 
peak in each direction). 

Nearly all the nebula is at low ionization, which imme
diately suggests that the emitting gas must be dense to 
retain this ionization state in such close proximity to a lumi
nous quasar continuum. There is surprisingly good agree
ment in the shape of the ionization profile in the nebula 
between the two sides of the quasar nucleus, suggesting that 
the quasar radiation seen by the nebula is not grossly aniso
tropic. There is, however, one distinct region where the 
ionization state is very different, where [0 III] is detected 
but [ 0 II] is not, 1.4 arcsec due west from the quasar nucleus 
(Figs 12 and 13). This high ionization region lies on a line 
joining the western hotspot to the radio core, at the edge of 
the nebula where it curves away northward. The spectra 
from those fibres covering the region of the eastern radio 
hotspot do not show such a markedly different ionization 
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Figure 11. Velocity width (FWHM in km S-I) of [0 II] and [0 III] 
emission lines (same symbols as above) at position angles of 1650 

(top) and 1050 (bottom). Where a point has no error bar, it was 
umesolved and its width constrained as described in the text. 

state from the rest of the nebula (Figs 12 and 13). The radial 
plots of line ratio, however, indicate that these spectra are 
amongst the lowest in ionization from fibres at that distance 
from the nucleus. (It is important to remember that the 
kinematic plots raise the possibility that in this area the 
[0 III] and [0 II] lines may be emitted by dynamically dis
tinct clouds of gas, and thus their ratio may not be a very 
sensible indicator of gas properties.) 

We compare the [0111]/[0 II] ratios to those predicted 
by photoionization calculations using the CLOUDY code 
(v84.12a, Ferland 1993). We assume that the gas lies at its 
projected distance from the nucleus, is at solar abundance, 
and that it is ionized by the visible quasar continuum (see 
Crawford et al. 1991 and references therein for a detailed 
discussion ofthese assumptions). We model the quasar con
tinuum as shown in Fig. 14, where the observed X-ray con
tinuum (see next section) is simply extrapolated to meet the 
optical-VV spectrum offv oc.v- O.5 (Le. the slope in Wills et 
al.1993). (We calculate the 1000 A-2 keY slope to be -1.4, 

but take an extrapolation of the X-ray slope as -1.3). The 
input spectrum is calculated to have an ionizing photon flux 
Q(H) at 13.5 eV of 4.6 x 1056 photon S-1 (a factor of 1.8 
higher than that used by FCFJ, because of 
the lower 2-keV X-ray luminosity and the slightly flatter 
optical-X-ray slope we infer from the ROSAT data). 

The derived pressures are high, > 106 cm -3 K for radii of 
35 kpc [Figs 15-17 (Fig. 17 opposite p.582)], and show 
excellent symmetry between the opposite sides of the 
nebula. Repeating the analysis using the [Ne 111]/[0 II] line 
ratio as a pressure indicator yields a very similar result, 
although with much larger error bars. We consider only 
those ratios from radii over 0.9 arcsec ( ~ 9 kpc) as free of 
contamination by spillover of nuclear line emission. The 
change of slope in the radial pressure profile for radii of 
< 10 kpc is most probably a result of this effect. The pres
sures agree well with both the previously inferred values in 
FCFJ (given the factor of 2 difference in the assumed ioniz
ing continuum, see Fig. 16) and the minimum pressure 
derived from the diffuse extended emission in the radio 
source, assuming synchrotron radiation (FCFJ; Owen & 
PuscheIl1984). 

The pressure values from the fibres covering the 
embedded radio hotspot lie along the top of the general 
pressure profile (following directly from their lower [0111]/ 
[0 II] and [Ne 111]/[0 II] ratios at a given radius). The kine
matics of the line-emitting gas suggest that strong shocks 
may be occurring in this region, and if so, will add to the 
local ionization - hence our pressure estimate assuming 
ionization from the nuclear continuum alone may here be 
considered a lower limit. 

The pressure estimates for the small region at higher 
ionization ~ 1.4 arcsec west of the quasar nucleus are the 
only major deviation from the general pressure profile (the 
upper limits in Figs 15 and 16). These points could be made 
consistent with the pressure seen over the rest of the EELR 
if the nebula here is matter-bounded - either it sees a 
greatly higher ionizing luminosity, or the neutral clouds in 
this direction are physically thin. 

2.5.5 Covering fraction and mass of gas 

From a 'typical' CLOUDY run (radius ~ 25 kpc, [0111]/ 
[0 II] ~0.9, P ~5.8 x 106 cm-3 K) we find that the [0 III] 
and [0 II] lines are emitted within a column density of 1020 

cm -2. We can estimate a covering fraction for a shell of 
depth ~ 4 kpc (Le. one fibre's projected diameter) at this 
typical radius by comparing the directly observed surface 
flux in [0 II] and [0 III] to the predicted fluxes in the model. 
The covering fraction for an individual shell is ~ 1 per cent, 
but as the line emission extends over radii of 40 kpc, the 
additive effect of ~ 10 such shells would lead to a total 
covering fraction of ~ 10 per cent. (Note that in order to do 
this simple analysis, we have not included the uncertainties 
introduced by unknown projection effects). Assuming a gas 
temperature of 104 K for this slab of gas with pressure of 
~ 5.8 x 106 em -3 K and column density of 1020 cm -2, the 
ratio of the depth to the observed radius of the nebula ( ~ 40 
kpc) gives an estimate of the volume filling factor 
fv~l.4 x 10- 7• Taking 5.8 x 106 cm- 3 Kas an average pres
sure for all of the line-emitting gas, and approximating the 
nebula as a cylinder oflength 80 kpc and radius 10 kpc, we 
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Figure 13. [0 m]/[O II] (top) and [Ne m]/[O II] (bottom) line inten
sity ratios as a function of projected radial distance from the quasar 
nucleus. Ringed points indicate those fibres covering the position 
of the eastern radio hotspot, and limits indicate where one emis
sion line was detected but the other not. The three points marked 
by open star symbols at a radius of ~ 3 arcsec in the top plot are the 
values of the [0 m]/[O II] line ratio from FCFJ that lie within the 
ARGUS aperture. 

estimate the total mass of warm ionized gas to be '" 4 x 1014 

fv Moo For our estimatedfv, this implies a mass of '" 5 x 107 

Mo. As the line emission extends well out of our available 
ARGUS aperture (FCF] show [0 II] line emission out to 
radii of 80 kpc), and we cannot include the mass of the 
(invisible) neutral gas that is present, we expect the true 
mass of gas around the quasar to be higher. 

2.5.6 Summary of optical observations 

We cannot confirm whether or not the optical continuum is 
extended as indicated by Bremer (1997). 

The EELR is elongated and shows a close association 
with the radio source structure. 

Over 70 per cent of the total [0 II] line luminosity origi
nates in the EELR, whilst most of the [0 III] luminosity is 
emitted by the quasar nucleus. 
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Figure 14. The photoionizing continuum assumed as input to 
CLOUDY. The observed ROSAT X-ray slope is extrapolated to meet 
the UV /optical spectrum. 
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Figure 15. Total gas pressure inferred from photoionization model
ling of the [0 m]/[O II] intensity ratio as a function of projected 
radial distance from the quasar nucleus. Only points at radii > 9 
kpc are free of contamination by nuclear line emission. Ringed 
points again indicate those fibres covering the position of the 
embedded radio hotspot. 

Where the nebula encompasses an embedded radio hot
spot, the line emission is brighter, has increased linewidth, 
and has a sharp velocity gradient. The gas clouds emitting 
the [0 II] and [0 III] line emission in this area may have 
differing kinematics. 

The ionization state of the nebula is low, and is thus at 
high pressure ( > 106 cm -3K) if photoionized by the quasar 
continuum. The radial pressure profile is symmetric on 
either side of the nucleus, and agrees with estimates from 
previously published radio and optical data. One small 
region to the west of the nucleus shows a discrepant, much 
higher ionization state. 

We deduce a total covering fraction of '" 10 per cent, and 
a total mass of warm ionized gas in the EELR of > 5 x 107 

Mo· 
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Figure 16. Radial gas pressure profile for radii beyond 9 kpc 
inferred from photoionization modelling, compared to previous 
pressure estimates from FCFJ (star symbols), the minimum pres
sure derived from the radio source (marked as R), and the pressure 
profile of the intracluster medium of the Centaurus cluster 
(crosses) derived from ROSAT HRI X-ray data (Allen, private 
communication). 

3 X-RAY OBSERVATIONS 

The ROSAT Position Sensitive Proportional Counter 
(PSPC) observation of 3C254 (ROR700855; PI Spinrad) 
was obtained from the Leicester University archive. The 
data were taken in 1993 May, and in the 16159-s exposure 
the quasar is well-detected at 0.07±0.02 count S-I. We 
analysed the data using the XIMAGE and FTOOLS software 
packages available from the High Energy Astrophysics 
Science Archive Research Center (HEASARC). A radial 
profile of the source associated with 3C254 shows it to be 
extended beyond the instrumental PSF, whereas a similar 
radial profile of a second, brighter source 10 arcmin away 
from the quasar (identified with the z=0.076 Seyfert 1 
galaxy MS1l12.5 + 4059) is well-fitted by the instrumental 
PSF, allowing for the change in resolution off-axis. Thus the 
extended radial profile of the X-ray source associated with 
3C254 is unlikely to arise from errors during the satellite 
tracking. Splitting the data into soft (PHA channels 20-40) 
and hard (channels 40-200) energy bands, however, reveals 
an extended component to the radial profile only in the soft 
band. This is a result of the energy-dependence of the PSF, 
as the PSPC causes carbon-band events to be spread further 
than those from the hard photons (note that this effect is 
not that of 'ghost imaging', which is only seen for energies 
softer than channel 20). It is particularly apparent for very 
soft X-ray sources, such as quasars like 3C254 observed at a 
low Galactic column. The radial profile of 3C254 at harder 
energies is marginally extended ( < 25 per cent of totallumi
nosity) beyond a radius of 30 arcsec, but the uncertainties in 
tracking and the PSF preclude a rigorous estimate. 

We extracted a background-subtracted spectrum for the 
total source within a 68 arcsec radius, covering the 
0.12-2.3-keV observed energy range and binned to have a 
minimum of 20 counts in each bin. The spectrum was 
modelled using the XSPEC spectral fitting package (Shafer et 
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Figure 18. Simple power-law fit to the X-ray spectrum (reduced 
t = 1.08), with energy r = 2.2 and no absorption in excess of the 
Galactic column. 

al. 1991). The data were well-fitted by a simple power-law 
with photon index 2.26 (reduced t of 1.08, Fig. 18) without 
any absorption in excess of the line-of-sight Galactic column 
density (assumed to be 1.7 x 1020 cm- 2, Stark et al. 1992). 
The intrinsic (absorption-corrected) luminosity in the 
source over 0.3-3 keY (rest frame) is 7.0 x 1045 erg S-I. We 
experimented with the addition of a cooling flow spectrum 
to the power-law in order to assess the limit of any cluster 
contribution to the X-ray luminosity (assuming the thermal 
component is at the quasar redshift, and of fixed abundance 
0.20 and temperature 10 ke V). Two further good fits 
include r=3.0+M~Mo yr-I (reduced t=1.08) and 
r=2.3+M~750 Mo yr-I (reduced t=1.l0), with 
0.3-3.0-keV (rest frame) luminosity for the thermal 
(cluster) component of9 x 1044 and 4 x 1045 erg S-I, respec
tively. Spectral fitting is, however, not a very sensitive test 
for the presence of a thermal component at this redshift, as 
much of its emission emerges in the form of lines in the 
(observed) energy range of 0.4-0.6 ke V, where the spectral 
response of the PSPC is at a minimum. 

4 DISCUSSION 

4.1 Anisotropy 

The EELR of 3C254 emits over 70 per cent of the total 
[0 II] line luminosity, but less than 30 per cent of the total 
[0 III] luminosity. This distribution agrees well with that 
estimated by Bremer (1997) from a long-slit spectrum, as an 
extended contribution of > 50 per cent in [0 II] and < 20 
per cent in [0 III]. The brightness of the EELR in [0 II] 
explains the widely differing [0 II] line fluxes noticed by 
Wills et al. (1993) for observations of 3C254 using different 
slitwidths; this was not seen for any other quasar in their 
sample. The EELR of 3C254 bears comparison to the 
exceptional nebulae of two other radio-loud quasars. 50 per 
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cent of the [0 III] line emission from 4C37.43 (z=0.371) 
originates in the extended region (Stockton & MacKenty 
1987), and there is a similar fraction for the extended [0 II] 
line emission around 3C275.1 (z = 0.557, Hintzen & Roma
nishin 1986). 

The difference in extended emission contribution 
between [0 II] and [0 III] for 3C254 is consistent with the 
combined findings of Hes, Barthel & Fosbury (1993) and 
Jackson & Browne (1991) that quasars are brighter in [0 III] 
than a comparable sample of radio galaxies, but are not 
systematically different in the light of [0 II] - suggesting 
that the [0 III] emission is more anisotropic than the [0 II]. 
3C254 supports the interpretation that there is a strong 
nuclear contribution to the total [0 III] luminosity that can 
be subject to obscuration along certain lines of sight. If 
FR II radio galaxies and quasars are the same type of object, 
with their appearance modified according to the observed 
line of sight (Scheuer 1987; Barthel 1989), then the [0 III] 
will be preferentially obscured in the radio galaxies. 

4.2 Correlation of the EELR with the radio source 
structure 

The 'alignment effect' seen in powerful high-redshift radio 
galaxies occurs when the spatially extended optical/UV 
continuum closely correlates with the radio source axis 
(McCarthy et al. 1987; Chambers, Miley & van Breugel 
1987). Whilst widely found in radio galaxies, it has not 
hitherto been observed in quasars of similar power and 
epoch. We do not find evidence for extended continuum 
emission in 3C254, but our continuum sensitivities are a 
factor of 2-5 higher than those of Bremer's estimates for 
the brightness of the extended continuum. Our data are 
thus not sensitive enough to verify or contradict Bremer's 
claim for 3C254 to be the first quasar to possess an align
ment effect. 

In the light of the emission lines, however, the quasar is 
clearly extended along the axis of, and of comparable size to 
the radio source, with brightness enhancements associated 
with the radio structure. 3C254 .is the first case of such a 
clear correlation between radio source structure and mor
phology of the EELR. Stockton & MacKenty's (1987) imag
ing sample of low-redshift quasars found that whilst bright, 
extended EELR were preferentially associated with radio
loud quasars, there was no detailed spatial correspondence 
of the ionized gas with the radio source structure. Similarly, 
a small imaging sample of five radio quasars at low- to 
intermediate-redshift, by Hes (1995), did not show any 
correlation of the extended emission-line region with the 
radio structure. The lack of any radio-optical correlation in 
these samples may not be surprising, as they were com
prised of objects with redshift below the apparent threshold 
of z ~ 0.6 for the alignment effect to show even in radio 
galaxies (McCarthy & van Breugel 1989). Observations of 
much higher red shift quasars are complicated by the seeing 
disc of the nuclear light, although Heckman et al. (1991) 
found a trend for the extended Lyrx line emission in z ~ 2 
radio quasars to be oriented to within 30° of the radio axis 
(but the axes of neither are well-defined). It is probable that 
3C254 shows the alignment effect so clearly arising from its 
particularly fortuitous line of sight, as far into the plane of 
the sky as possible while still remaining a quasar (Bremer 
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1997). This will minimize projection and foreshortening 
effects along the radi%ptical axis. 

The northern side of the nebula closely follows the direc
tion of the diffuse radio emission extending back from the 
western hotspot, whereas the direction of the radio jet in 
this source points directly at the western hotspot (Garring
ton, private communication). One might expect the ionized 
gas to surround the axis of the radio beam, unless its loca
tion were determined by the anisotropic distribution of 
dense gas clouds within a wider ionizing cone around the 
radio jet. Alternatively the line emission could be a relic 
from a past passage of the radio jet on this side, the jet 
having since precessed west to its present direction. The 
expected lifetime of the ionized relic is probably too short 
for this scenario, but we note that the high-ionization region 
of the nebula lies directly along the jet direction. At the 
high-ionization region the clouds could be optically thin, 
either as a result of an intrinsically anisotropic distribution, 
or of a path having been cleared as the jet strengthened in 
power. Whilst we do not know the deprojected geometry of 
the system, a subarcsecond-resolution radio map should 
clear some of the ambiguity in the interpretation. 

4.3 A jet-cloud iuteraction 

The pronounced arm-length asymmetry of the radio source, 
as well as the distortion within the eastern radio lobe, 
strongly suggests that, on this side of the quasar, the propa
gating radio jet is colliding with a dense gas cloud. The 
eastern side of the radio source is also the more strongly 
Faraday-depolarized (Liu & Pooley 1991), implying that a 
large local mass of gas is preferentially screening this lobe. 
The coincident region of line emission bears the hallmarks 
of a jet-cloud interaction, as observed in low-redshift radio 
galaxies (van Breugel et al. 1985, 1986; Tadhunter, Fosbury 
& Quinn 1989). There is a strong morphological-brightness 
relation between the radio structure and the line emission, 
and the kinematics indicate strong turbulent or shearing 
motions, with broader linewidths and a sharp velocity 
gradient across the hotspot. The mass of warm ionized gas 
we derive from photoionization modelling is consistent with 
the estimate of lO"-lOx Mo required to deflect a quasar 
radio jet (Lonsdale & Barthel 1986). Part of the eastern side 
of 3C254 thus contains a clear example of a dense cloud 
associated with the EELR influencing the expansion and 
appearance of the radio source. 

Given the clear dynamical evidence for an interaction of 
the emission-line gas with the outflowing radio ejecta to the 
east of the nucleus, one might expect that shocks driven into 
the clouds by ram pressure will provide a local source of 
ionizing radiation. It is thus surprising that the ionization 
state of the gas at the position of the jet-cloud interaction is 
so similar to that of the rest of the EELR; if anything, this 
region has marginally lower [0111]/[0 II] and [Ne 111]/[0 II] 
ratios than the rest of the nebula (Figs 12 and 13). The 
lower-ionization [0 II] can be enhanced relative to [0 III] in 
a self-irradiating shock (Dopita & Sutherland 1995), and 
indeed this may cause the slight drop in the line ratios 
observed here. In the absence of a secure electron density 
diagnostic (such as the resolved [0 II] or [S II] i.i.6717, 6731 
doublets) we cannot identify unambiguously the dominant 
source of ionization from any radial variation of the ioniza-
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tion parameter. Our photoionization modelling (Section 
2.5.4) thus rests on the assumption that the minimal ioniza
tion source present is photoionization by the nearby central 
quasar continuum. We stress, however, that the evidence of 
a jet-cloud interaction is limited to one small section of the 
EELR (which may well be a discrete cloud of gas super
posed along the line of sight to the main body of the 
nebula), and it is only in this region where local ionization 
from shocks can be expected to contribute. If the quasar 
radiation field is dominant, shocks will cause local compres
sion of the gas, resulting in a lower ionization parameter in 
this region. The evidence for the jet-cloud interaction is 
entirely kinematic, with no obvious signature in the ioniza
tion state of the gas at this point. Even if we were to exclude 
the modelling results for the area of the nebula spatially 
coincident with the jet-cloud interaction, the high pressures 
deduced from the CLOUDY modelling are inferred over the 
rest of the EELR, where there is no further evidence for 
dynamical disruption. Thus, whilst there is some evidence 
that high pressures may be induced by shocks driven into 
the ambient gas by the radio plasma in the region of a jet
cloud interaction (Clark & Tadhunter, private communica
tion), it is difficult to see how this process could sustain such 
a high and symmetric pressure profile as is deduced over the 
entire EELR of 3C254, on scales of over 80 kpc. 

One tantalizing suggestion from the kinematic behaviour 
of the gas in this region is that the more highly-ionized 
([0 III]) gas could be moving faster than that emitting the 
bulk of [0 II]. If shocks playa major role at the jet-cloud 
interface, maybe a thin outer layer of faster-moving gas is 
ionized by shocks occurring deeper in the dense cloud. 
[While systematic differences have been seen between the 
kinematic structure of Lyex and high-ionization lines in the 
z - 1. 786 radio galaxy 3C294 (McCarthy et al. 1990), it takes 
the form of completely different behaviour for each group, 
the Lyex showing ordered motions and the C IV il1550 show
ing turbulent components.] 

The [0 II] intensity image (Fig. 4) suggests a very slight, 
but similar, enhancement of the nebula at its northern 
extremity, where it is possible that the western radio jet has 
been deflected. The velocity structure of the [0 III] line 
emission also shows a slight blueshift at this point. Better 
kinematical data are required to test for the presence of a 
jet-cloud deflection at this point. 

4.4 The environment of the quasar 

As argued previously (FCF]; Crawford & Fabian 1989), the 
sustainability of a > 20 x 40 kpc-scale cloud containing 
> 5 x 107 Mo of ionized gas at high pressure is a problem, 
unless it is interpreted as being in pressure equilibrium with 
the intracluster medium of a surrounding cluster of galaxies. 
The hot phase of the cluster medium will confine the ion
ized gas clouds, and hence prevent them from dispersing 
rapidly. The fact that the pressure profile is so similar to 
either side of the quasar nebula, even over projected linear 
distances of some 80 kpc, reinforces the suggestion of a 
large-scale, symmetric environment. Any extra local ioniza
tion at the point of the jet-cloud interaction will presum
ably act to shorten the lifetime of the emitting gas and 
exacerbate the problem of its longevity if unconfined. Dense 

neutral gas clouds may themselves be anisotropically distri
buted within the intracluster medium, their location 
perhaps influenced by the expansion of the contained 
radio source (Bremer, Fabian & Crawford 1997). 

The radial pressure profile of the gas is comparable to 
that observed from the X-ray-emitting gas in nearby clusters 
of galaxies, increasing at smaller radii where the gravita
tional influence of the central galaxy has a measurable effect 
(Figs 15 and 16; Thomas, Fabian & Nulsen 1987). The X-ray 
spectrum of the source associated with 3C254 allows a ther
mal contribution of unabsorbed rest frame luminosity 
Lx - 0.9-4.2 x 1045 erg s - 1 - far greater than that associ
ated with isolated elliptical galaxies, and similar to that from 
the clusters of galaxies around the strongest low-z radio 
galaxies 3C295 (Henry & Henriksen 1986) and Cygnus A 
(Reynolds & Fabian 1996). The pressure profile of the well
measured points in Fig. 16 follows the relation nT oc r-1.7 for 
r> 9 kpc (although the actual slope will be substantially 
flatter if the lower limits to the pressure are taken into 
account), and there are signs of some flattening of the pro
file within 20 kpc. This is somewhat steeper than the 
approximate r- 1 profile inferred for the hot phase of the 
intracluster medium in nearby clusters of galaxies, but con
sistent with the profile of the ionized gas beyond 40 kpc 
found by FCF] for 3C254. [For example, the profile of the 
30-Mo yr- I cooling flow Centaurus cluster is shown in Fig. 
16, with P(r)ocr- o.x, assuming a mass of -1.4 x 1012 Mo 
within a radius of 10 kpc (S. W. Allen, private communica
tion).] As argued in FCF], this implies that the gas is cooler 
than the virial temperature of the galaxy at large radii. It is 
highly probable that the intracluster medium around 3C254 
is cooling at enormous rates (500-1000 Mo yr- I), and 
approaching the 'maximal' rate at which the cooling time is 
similar to the gravitational free-fall time (Bremer et al. 
1992). 

3C254 shows the 'classic' asymmetries found in high-red
shift radio galaxies, in that the radio lobe nearer the nucleus 
is spatially associated both with the brightest part of the 
EELR, and with higher Faraday radio depolarization 
(McCarthy et al. 1991; Pedelty et al. 1989). These authors 
argue that the correlations are a result of uneven propaga
tion of the radio jets through an asymmetric environment. 
The strong evidence for a jet-cloud collision to the east of 
3C254 is certainly in favour of this interpretation. However, 
uneven expansion of the radio source does not simply 
address the observed correlation with jet -sided ness in jetted 
radio sources (Garrington et al. 1988), in which the higher 
Faraday depolarization is associated with the non-jetted 
side of the radio source. This correlation leads to an alterna
tive explanation of the depolarization asymmetry as arising 
from an external, smoothly-varying intracluster medium, 
with the non-jetted (and presumably the further) side seen 
through a deeper screen of depolarizing material (Garring
ton & Conway 1991). The radio jet in 3C254 extends to the 
Western hotspot (Garrington, private communication), and 
the radio source thus follows the standard jet-sidedness 
depolarization asymmetry of radio quasars. Both the excess 
of local continuum objects (Bremer 1997) and the high 
radial pressure profile deduced for the optically line-emit
ting gas support the suggestion that 3C254 lies at the centre 
of a cluster of galaxies (a thermal component to the X-ray 
spectrum is also permitted at a typical cluster luminosity). 
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4.5 Unification of FR II radio sources 

Not only does 3C254 share the depolarization-EELR-arm
length asymmetries common in radio galaxies, but the 
general properties of its associated EELR are very similar 
to those of nebulae found around powerful radio galaxies at 
similar, and higher, redshifts. Typical characteristics of the 
extended optical line emission around the radio galaxies 
(McCarthy 1988) shared by 3C254 are: 

(i) an extent on the 50-200 kpc scale, 
(ii) an extended emission-line region with comparable 

luminosity in [0 II] (Llo "12: 1043 erg s -I) to the nuclear 
emission, 

(iii) a low ionization state, emitting principally in [0 II], 
(iv) a FWHM of 600-1000 km S-I, 

(v) a large velocity gradient of 600-800 km s - 1 across the 
system, 

(vi) a morphological relation to the large-scale radio 
source structure, 

(vii) evidence for an interaction between the radio source 
and thermal gas. 

These are spatially-extended properties that can be con
sidered relatively orientation-independent (particularly in 
[0 II]). The strong similarity between the properties of 
3C254 and typical high-redshift radio galaxies strongly sup
ports FR II unification schemes (Scheuer 1987; Barthel 
1989). The lack of an alignment effect observed in a quasar 
has been raised as a serious objection to such unification 
models (Alexander 1994), but the discovery of extended 
continuum around 3C254 frustrates that argument (Bremer 
1997). 3C254 provides us with a key object linking the two 
classes of FR II radio source, in which the similarity of 
environmental properties is not masked by projection 
effects. 

5 SUMMARY AND CONCLUSIONS 

3C254 has an elongated extended emission-line region, 
which has a morphology very closely correlated with the 
radio source structure. The kinematics of the nebula clearly 
reveal an interaction of the radio jet with a massive clump of 
gas to the east of the quasar nucleus. Most of the total [0 II] 
).3727-line luminosity is contributed by the EELR, whereas 
the [0 III] A5007 is mainly nuclear in origin. Assuming that 
the extended nebula is ionized by the quasar nuclear con
tinuum, the line ratios imply that the optically-emitting gas 
is confined in a high pressure environment, consistent with 
the quasar lying at the centre of an intracluster medium, 
possibly with a cooling flow operating around it. The 
ARGUS observation of3C254 thus suggests that a jet-cloud 
interaction can occur within, and perhaps is caused by, a 
clumpy intracluster medium. The similarity of many of the 
properties of the extended gas around this quasar to the 
EELR associated with high-redshift radio galaxies supports 
schemes seeking to unify the two classes of objects. 

Interpretation of the physical properties of the 
immediate environment of a quasar is more straightforward 
than for a radio galaxy, as a better understanding of the 
ionization source enables photo ionization modelling of the 
ionized gas. It is clear that the radio source in 3C254 plays 
an important role in defining the observable properties of 
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the quasar - but extending the interpretation of processes 
occurring around 3C254 to other quasars and radio galaxies 
at intermediate redshifts relies on showing that it is not a 
unique object. Further observations for the optical/UV 
alignment effect in quasars are required, but should be 
concentrated on targets in the redshift range of 0.6 < z < 1 
(above the apparent red shift threshold for the effect to 
become important, but where the angular resolution is suffi
cient to overcome any foreshortening of the nebula). A 
comparison of the EELR around quasars at a range of 
redshift, and showing a variety of radio source distortion, 
will help determine the relevance of jet-cloud interactions 
in shaping the morphology of the EELR, and the appear
ance and evolution of the central radio source. 
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