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Abstract. We present high-spatial resolution 21-cm H1 VLA observations of the radio galaxy 3C 305 (z = 0.041). These new
high-resolution data show that the ~1000 kms~! broad HI absorption, earlier detected in low-resolution WSRT observations,
is occurring against the bright, eastern radio lobe, about 1.6 kpc from the nucleus. We use new optical spectra taken with
the WHT to make a detailed comparison of the kinematics of the neutral hydrogen with that of the ionised gas. The striking
similarity between the complex kinematics of the two gas phases suggests that both the ionised gas and the neutral gas are
part of the same outflow. Earlier studies of the ionised gas had already found evidence for a strong interaction between the
radio jet and the interstellar medium at the location of the eastern radio lobe. Our results show that the fast outflow produced
by this interaction also contains a component of neutral atomic hydrogen. The most likely interpretation is that the radio jet
ionises the ISM and accelerates it to the high outflow velocities observed. Our observations demonstrate that, following this
strong jet-cloud interaction, not all gas clouds are destroyed and that part of the gas can cool and become neutral. The mass
outflow rate measured in 3C 305 is comparable, although at the lower end of the distribution, to that found in Ultra-Luminous
IR galaxies. This suggests that AGN-driven outflows, and in particular jet-driven outflows, can have a similar impact on the

evolution of a galaxy as starburst-driven superwinds.
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1. Introduction

The immediate surroundings of active galactic nuclei (AGN)
are complex regions characterised by extreme physical condi-
tions. There, the interplay between the enormous amount of
energy released from the nucleus and the ISM is most critical.

Gas outflows can be a result of such interaction. Fast nu-
clear outflows of ionised gas appear to be a relatively common
phenomena in active galactic nuclei (see e.g. Crenshaw et al.
2003; Kriss et al. 2004; Capetti et al. 1999; Krongold et al.
2003; Veilleux et al. 2002; Tadhunter et al. 2001; Elvis 2000).
They are mainly detected in optical, UV and X-ray observa-
tions. Gas outflows associated with AGN provide energy feed-
back into the interstellar medium (ISM) that can profoundly af-
fect the evolution of the central engine as well as that of the host
galaxy (e.g. Silk & Rees 1998; Rawlings & Jarvis 2004). The
mass-loss rate from these outflows can be a substantial fraction
of the accretion rate needed to power the AGN. Thus, they are
an important element in the evolution of the host galaxy.

* Based on observations with the Very Large Array.

http://www.edpsciences.org/aa

It is not too surprising that such outflows are also found in
radio galaxies (see e.g. Tadhunter 1991; Tadhunter et al. 2001;
Holt et al. 2003; van Bemmel et al. 2003; and Morganti et al.
2004, for a summary of recent results). However, it is intriguing
that in several radio sources fast outflows of neutral hydrogen
(up to 2000 km s~') have been discovered. The best examples
so far are the radio galaxy 3C 293 (Morganti et al. 2003) and
the radio-loud Seyfert galaxy IC 5063 (Oosterloo et al. 2000).
The number of galaxies known to show broad HI absorption
(ranging from 800 up to 2000 kms™!) is, however, growing
and therefore this appears to be a phenomenon that is rela-
tively common and important in at least some radio sources
(see Morganti et al. 2005, for a summary).

A number of mechanisms have been suggested to ex-
plain these outflows of neutral hydrogen. They range from
starbust-driven superwinds (Heckman et al. 1990), adiabati-
cally expanded broad emission line clouds (Elvis et al. 2002),
dusty narrow-line regions that are radiation pressure domi-
nated (Dopita et al. 2002), to outflows driven by the radio jet.
Different characteristics, in particular the location where the
outflow is occurring, can be expected depending on the ori-
gin. For example, if connected to the broad line regions, we
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expect to find the outflow located at (or very close to) the nu-
cleus. If the outflows are driven by the radio jet, we expect an
association between strong radio features and the location of
the outflow. Such an association does not necessarily occur in
the case of radiation driven outflows. So far, direct informa-
tion about the location of the outflow is available only for one
object (IC 5063) and through indirect arguments for a second
case, 3C 293 (Emonts et al. 2005). The reason that this infor-
mation is available only for such a small number of cases is
that high resolution HI observations performed with a broad
enough observing band as well as high sensitivity are difficult
to obtain.

Here we present results from VLA observations designed
to locate the broad HT absorption in the radio galaxy 3C 305.
3C 305 is a relatively compact radio galaxy (Heckman et al.
1992; Jackson et al. 2003) of only about 5 arcsec (about 4 kpc)
in size. On this small scale, 3C 305 has a complex structure
with two jets forming radio lobes separated by 3.6 arcsec in
PA 54° as seen in MERLIN observations (Jackson et al. 2003)
as well as two low-brightness arms extending perpendicular to
the radio axis that have been detected with the VLA (Heckman
et al. 1982). Deep and relatively narrow HT absorption was de-
tected in the high-resolution observations done with MERLIN
(Jackson et al. 2003). However, recent broad-band Westerbork
Synthesis Radio Telescope (WSRT) observations have revealed
that a broad H1 absorption component is also present (Morganti
et al. in prep.). The spectrum from these data is shown in Fig. 1.
The MERLIN observations have a limited bandwidth and in-
sufficient sensitivity to detect the broad HT absorption compo-
nent while at the typical 21-cm WSRT resolution of ~13 arcsec,
3C 305 appears spatially unresolved. Thus, deeper high-spatial
resolution and broader-band observations are needed to locate
the region where the broad HT absorption is occurring.

Throughout this paper we will assume Hy =
75 kms™! Mpc~!. At the redshift of 3C 305 (z = 0.041)
this implies a distance of 167 Mpc, hence 1 arcsec is equiv-
alent to 810 pc.

2. High resolution observations of the H |
absorption

2.1. VLA observations

The HI observations were obtained using the VLA in the
A-array configuration on 23 Sep. 2004 with a total integra-
tion time on source of 3.8 h. The central frequency used was
1363.8 MHz. This frequency is offset compared to the fre-
quency corresponding to the systemic velocity of the galaxy,
but corresponds to the central velocity of the entire HI absorp-
tion detected by the WSRT. This was done in order to make
sure that enough continuum would be available at both sides
of the profile. The observations made use of the 12-MHz band-
width and 64 channels. In order to use this configuration, we
observed only one polarisation (1 IF). The velocity resolution
obtained is relatively low, only ~40 kms~!' (before Hanning
smoothing), nevertheless good enough for the detection of the
broad component. The need for (at least!) 12-MHz is clear
from the width of the HI profile. The data reduction, including
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Fig. 1. H1 absorption profile obtained with the WSRT with a velocity
resolution of ~17 kms™! (solid line). The profile shows a deep, rel-
atively narrow, absorption and a broad component that covers more
than 1000 kms™' at zero intensity. The systemic velocity is also in-
dicated. The long-dashed profile shows the integrated spectrum from
the VLA data (at lower velocity resolution, see text for details). The
similarity of the two profiles indicates that basically all the absorbed
flux is recovered from the high-resolution VLA observations.

bandpass calibration and continuum subtraction, was done us-
ing both the AIPS and Miriad packages. A line cube was made
using uniform and robust weighting (using robustness equal to
zero). The results presented below, and the figures have been
obtained for the robustness equal zero data. The beam size is
1.2 x 1.0 arcsec in PA = —18.7°. The noise per channel (after
Hanning smoothing) is 0.29 mJy beam™"'.

From the line-free channels, a continuum image was made.
This image is shown in Fig. 2 (rms noise 1.9 mJy beam™!).

2.2. Results

In Fig. 2 the total intensity of the HT absorption is shown as
a grey scale image with superimposed contours representing
the continuum image. The HT absorption is spatially extended
and is detected across the brighter part of the radio source. The
most important result from these observations can be seen in
the position-velocity plot of Fig. 2, obtained from a slice pass-
ing through the two lobes and the core. The deep and relatively
narrow part of the HT absorption appears coincident with the
SW radio lobe, as seen before in the MERLIN observations
of Jackson et al. (2003). However, the broad HT absorption ap-
pears to be located in the region of the bright eastern radio lobe,
about 1.6 kpc from the nucleus. This broad component was not
seen in the observations of Jackson et al. who used a narrower
band. The broad absorption is weak. Nevertheless, the compar-
ison between the integrated H1 profile from the VLA data with
the WSRT profile shows a great similarity (Fig. 1) indicating
that basically all the absorbed flux is recovered from the high-
resolution observations.
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Fig. 2. Panel showing (fop) the radio continuum image (contour) and
the integrated HI absorption (grey scale). (Bottom) The position-
velocity plot from a slice passing through the two lobes. The contour
levels for the continuum image are 10 mJy beam™! to 830 mJy beam™!
in steps of a factor 2. The grey scale image represents the total inten-
sity of the HI absorption. The contour levels of the HI are —0.7, ...,
—7.7 mJy beam™! in steps of 0.7 mJy beam™'. The arrow represents the
systemic velocity.

The narrow, deep component that covers the SW lobe is
spatially resolved and shows a velocity gradient across the lobe.
The optical depth of this component is 7 = 0.02 corresponding
to a column density of Ny, = 5.4 X 10%° Ti,/(100 K) em™.
This component (centered on Ve = 12627 km s~1) was inter-
preted by Jackson et al. (2003) as due to the nuclear dust lane
being located in front of the SW radio lobe and the SW ra-
dio jet pointing away from us. The absence of a similar narrow
component, in their data, against the NE lobe was interpreted
as this lobe being in front of the dust lane and the NE jet point-
ing towards us. Our new observations show that the faint H1
absorption is detected in the region going from the nucleus of
3C 305 up to the bright NE radio lobe. Some of this fainter
absorption could be due to part of the dust-lane being in front
of the central and some of the NE radio emission. The velocity
gradient near the core could reflect the rotation of the dust-lane
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material about the centre of 3C 305. However, the overall H1
absorption spans over such a wide range of velocities (more
than 1000 kms™') that not all motions can be due to galactic
rotation. In order to investigate this in more detail, we will be-
low compare the velocities of the neutral hydrogen with those
of the ionised gas (see Sect. 3).

The optical depth of the shallow HT absorption is only
7 ~ 0.0023 in the region of the peak of the NE radio lobe and
increases along the eastern jet reaching 7 ~ 0.01 at the position
of the nucleus. The column density of the broad component
is Ny ~ 2 x 10*! Ty /(1000 K) cm™. For this component
we have assumed a Tspi, = 1000 K. The presence of a strong
continuum source near the HI gas, as well as the fact that the
gas has likely just passed through a strong shock, can make
the radiative excitation of the HT hyperfine state to dominate
over the, usually more important, collisional excitation (see e.g.
Bahcall & Ekers 1969). Under these conditions, the spin tem-
perature is, therefore, likely to be of the order of 1000 K or
more. Using the above column density, the total H I mass of the
outflowing gas can be estimated. The outflowing neutral hydro-
gen appears to cover the NE lobe, we therefore use a region of
1 x 1 kpc in size. The resulting mass is about 1.3 x 107 M. The
size of the region is an uncertain parameter in this calculation.
However, one should also keep in mind that our observations
cannot detect HI located behind of the radio continuum, there-
fore more neutral hydrogen could be in principle present in the
region. Thus, the estimated value should give a realistic value
to the HI mass involved in the outflow.

3. The ionised gas

In order to obtain more complete information about the kine-
matics of the gas, we have investigated the characteristics of the
ionised gas using available long-slit spectra of 3C 305 obtained
with the ISIS dual-beam spectrograph on the William Herschel
Telescope (WHT) on La Palma. The wavelength range cov-
ers 3300 to 7300 A (in the rest frame of 3C 305), the resolution
is 3.6 A (or ~165 kms~! in the red part of the spectrum) and the
wavelength calibration has an accuracy of ~1 A (or 50 kms™'
at Ho). A more detailed description of the observations and
data reduction is given in Tadhunter et al. (2005).

The presence of extended emission lines with complex
kinematics was already known from the work of Heckman et al.
(1982). The [O 1] 5007 A region of the new spectra (after the
subtraction of the galaxy’s continuum) obtained along PA 60°
(the galaxy’s major axis) and along PA 42° (the radio axis) are
shown in Fig. 3. The location of the peaks of the radio lobes is
marked. For comparison, in the bottom figure, the white con-
tours give the data from the position-velocity slice (same as
Fig. 2) of the HI obtained along the same (radio) axis. From
both figures it is immediately clear how complex and kinemati-
cally disturbed the ionised gas is in the region exactly co-spatial
with the bright radio emission, in particular on the eastern side.

The spectrum taken along the major axis of the galaxy
(Fig. 3, (top)) shows — most clearly outside the region of the
radio emission — the signature of the regularly rotating, large-
scale disk of the galaxy, with amplitude of about 400 kms™!
(see also Heckman et al. 1982). The velocity at the location
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Fig. 3. Top: WHT spectrum of the [O 111] region of 3C 305 (after the
subtraction of the continuum from the galaxy) taken in PA 60°, i.e.
along the galaxy’s major axis (NE to the left, SW to the right). The
two arrows represent the approximate position of the peak of the radio
lobes. Bottom: WHT spectrum of the [O 1] region of 3C 305 (black
contours and greyscale) taken in PA 42°, i.e. along the radio axis.
White contours represent the HI position-velocity plot taken along
the radio axis (as in Fig. 2).

of the peak of the optical continuum emission, that we asso-
ciate with the nucleus, is 12550 kms™', consistent with the
previous measurements of the systemic velocity of this galaxy
(Heckman et al. 1982). In addition to the rotation, on the east-
ern side the ionised gas has a broad and asymmetric (mostly
blueshifted) component, while on the western side broad red-
shifted emission is detected. Given the orientation of the radio
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Fig. 4. Plot showing the centroid and FWHM of double Gaussian fits
to the Ha line from the spectrum taken along the radio axis (PA 42°,
NE to the left, SW to the right). The dashed lines represent the range
of velocities encompassed by the FWHM of each Gaussian component
(corrected for instrumental broadening). The horizontal lines represent
the spatial and velocity ranges covered by the H1 absorption. The ver-
tical solid line represents the full range of radial velocity covered by
the WSRT H1 profile.

source (as discussed in Sect. 2.2), this pattern is indicates a ra-
dial outflow of the ionised gas.

In Fig. 3 (bottom) the spectrum obtained along the radio
axis (PA 42°) is shown, together with the HT position-velocity
data. This allows a more consistent comparison between the
kinematics of the neutral hydrogen and the ionized gas. Along
this position angle, the quiescent, rotating gas is still visible al-
though with a smaller amplitude because the slit is not along the
major axis. Also in this position angle, a broad and blueshifted
component of the ionised gas is observed NE of the core, while
in the SW the profiles have a, somewhat narrower, redshifted
wing.

The overlay of the HI position-velocity plot makes clear
that the neutral hydrogen seen in absorption is formed by two
components. Some of the HI belongs to the rotating dust-lane
structure. As mentioned above, this is the case for the gas seen
against the SW radio lobe and part of this structure could ex-
tend at least to the position of the nucleus and slightly beyond.
Near the NE lobe, the HT profile clearly deviates by almost
500 kms~! (FWZI) from the kinematics of the quiescent gas
in the galaxy disk — in a similar way as the broad, blueshifted
component of [O1I1].

The interesting result from the comparison in Fig. 3 is
therefore that the broad, blueshifted HI is found at the location
of maximum disturbance of the ionized gas on the eastern side
region. This strongly suggests that the two components of the
gas are the result of a gaseous outflow produced by the same
mechanism.

The kinematics of the ionized gas are illustrated in more de-
tail in Fig. 4 where the centroid and FWHM of double Gaussian
fits to the Ha line along the radio axis (PA 42°) are shown.
At all locations two Gaussians are required to provide an ad-
equate fit to each of the lines in the Ha+[N1I] blend, but
it is clear from the plot that the splitting between the two
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Gaussian components is particularly extreme at radial distances
between 1 and 2 arcseconds NE of the nucleus. This is, there-
fore, between the nucleus and the peak intensity of the NE ra-
dio lobe. In the region coincident with the radio lobe there is
no evidence for line splitting in Ha but two Gaussians are re-
quired to fit the lines, and the broader of the two components
(FWHM ~ 700-800 kms™") is broader than can be explained
by gravitational motions in a quiescent disk. Note that the ve-
locity range encompassed by the FWHM of the optical emis-
sion lines in the region of line splitting 0.6 and 1.2 arcsec to the
NE of the nucleus (AV ~ 1100 kms™!) is significantly larger
than the range covered by the HI absorption at the same loca-
tion (AV ~ 500 kms™"), although the direction of the kinematic
disturbance (blueshift relative to quiescent disk) is the same for
both components.

The mass of the ionized gas is directly related to the HS lu-
minosity and the density of the gas can be estimated using
standard formula (Osterbrock 1989). We have estimated this
mass in the region of the eastern lobe. The fotal HB luminos-
ity in this region is 1.16 x 10%** ergs~!. The measured value
of the Ha/Hp ratio (~3.6) is close to the case B recombina-
tion value, suggesting that the HB luminosity is relatively un-
affected by dust extinction in this region. From the ratio of the
[S1]A6716/[S1]A6731 lines we derive an upper limit to the
density of 500 cm™2. Using these numbers we derive a lower
limit to the mass of the ionized gas in the region of the eastern
radio lobe of 2 x 10° My, Therefore, unless the actual density is
two orders of magnitude less than our upper limit — improbable
given that the gas is likely to have been compressed in a fast,
radiative shock — this shows that the mass of gas in the ionized
outflow is much less than that in the neutral outflow.

4. An off-nuclear gas outflow

The high-resolution and the broad-band of new HTI observa-
tions of the radio galaxy 3C 305 have allowed us to establish
that the blueshifted HI component in this galaxy is located in
the region of the NE bright radio lobe. Compared with the ve-
locities of the quiescent gas in the galaxy disk, this neutral hy-
drogen is blueshifted by up to 500 kms~!. This is an important
result as it confirms that neutral hydrogen with very disturbed
kinematics is observed at kpc distances from the nucleus. In the
case of 3C 305 the most blueshifted component of the HT ab-
sorption is located at 1.6 kpc from the nucleus.

While the presence of broad HT absorption is known now
for a growing number of radio sources (Morganti et al. 2005),
the information about the location of such absorption is still
lacking in most of the cases. The only exception is the ra-
dio loud Seyfert galaxy IC 5063 (Oosterloo et al. 2000) and,
through indirect arguments that will need to be confirmed by
high-spatial resolution radio data, in the radio galaxy 3C 293
(Emonts et al. 2005). For these two cases we have argued that
the most likely mechanism to produce the observed outflows
of both ionised and neutral hydrogen is the interaction between
the radio jets and the surrounding (dense) ISM. In the case of
3C 305 the evidence is also clearly in favour of this explanation.

Evidence of the presence of a strong interaction between
the radio plasma and the surrounding interstellar medium was
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already obtained in the case of 3C 305 from previous optical
studies. For example, a dense environment has been suggested
to be the cause of the “H” shaped radio morphology. It has
been argued, based on the highly disturbed kinematics and out-
flowing ionised gas (Heckman et al. 1982) as well as the co-
incidence of [FeIl] emission with the knot at the end of the
NE radio jet (Jackson et al. 2003), that the interaction is par-
ticularly strong on the NE side. The broad, blueshifted HT is
found at the location of maximum disturbance of the ionized
gas. This, therefore, confirms that fast outflows of neutral hy-
drogen can be produced by the interaction between the radio
Jjet and the surrounding dense medium. The presence of neutral
gas in this region indicates that the gas can cool very efficiently
following a strong jet-cloud interaction. Furthermore, it shows
that the clouds are not destroyed by this interaction. This is in
agreement with the results obtained by the numerical simula-
tions used to investigate cases of jet-induced star formation by
Mellema et al. (2002) and Fragile et al. (2004).

Interestingly, the comparison of the velocities shows that
the the broad, blueshifted HI absorption does not encompass
the the full range of blueshifted velocities covered by the ion-
ized gas. To begin with, one should bear in mind that the
blueshifted HI is very faint and we may be limited by sensi-
tivity in detecting very broad HT absorption at every location
(i.e. even if broader components are present we do not have the
sensitivity of detecting them at locations where the continuum
is not as strong as at the peak of the NE lobe). Nevertheless,
there may be some physical reasons for the difference. The nu-
merical simulations of clouds in radio galaxy cocoons over-
taken by a strong shock wave (Mellema et al. 2002) show that
in that scenario the cooling times for the dense fragments can
be very short (only a few times 102 years). However, the gas ac-
celarated to the highest velocities is of low density and may not
have had time to cool. Alternatively, the higher-velocity clouds
may be destroyed before they cool.

Another consideration is the geometry of the jet-cloud in-
teraction. This may, for example, explain why the highest ve-
locities of the ionized gas are observed in the region between
the nucleus and the NE radio hot-spot. If the acceleration of the
gas is due to a bowshock at the location of the hotspot, most of
the acceleration of the gas at that location may happen in the
direction perpendicular to the line of sight. On the other hand,
further back along the jet the observed velocities of the gas are
due to the lateral expansion of the lobe (mainly along the line
of sight). Moreover, only the neutral hydrogen located in front
of the radio source can be detected, while this is not the case
for the ionized gas. Hence, the full kinematics of the HI may
not be observable.

The mass outflow rate of the neutral hydrogen is significant.
We can adopt the simple model used in Heckman (2002) and
Rupke et al. (2002) to estimate a mass outflow rate. Following
Heckman (2002)

Q I

M=30.-2. . .
47 1kpc 102'cm=2 300kms™

N,
= - Mo yr_l

ey

where the mass is flowing into a solid angle Q at a veloc-
ity v from a radius r,. Using the column density derived above
(Na; ~ 2 x 10?! em™) and a mean velocity of the outflow
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between 200 and 300 kms~!, we obtain a mass outflow rate
of between 20 and 30 My yr~! for the neutral gas if we as-
sume that the outflow covers 27 steradians on the sky, and be-
tween 5 and 7.5 M, yr~! if we assume that the outflow covers
only m/2 steradians.

Thus, the derived outflow rates are higher than those es-
timated for the ionised gas (from UV and X-ray observa-
tions) in nearby AGN (Crenshaw et al. 2003). The outflow rate
measured in 3C 305 is, instead, comparable, although at the
lower end of the distribution, to that found in Ultra Luminous
IR galaxies by Rupke et al. (2002). The outflows observed
in those galaxies are related to starburst-induced superwinds
(Heckman et al. 1990) and they have been considered to have a
major impact on the evolution of galaxies because of the feed-
back effects that these outflows can have (see e.g. Veilleux et al.
2002; Heckman 2002). Thus, our result shows that AGN-driven
outflows and in particular jet-driven outflows, can have a simi-
lar amplitude and, therefore, can also have a similar impact on
the evolution of galaxies. This supports the results from numer-
ical simulations (Di Matteo et al. 2005) in which the energy
released by the AGN can quench both star formation and the
further growth of the black hole, thus explaining the relation-
ship between the black hole mass and other properties of the
galaxy. In the case of 3C 305, a significant burst of star forma-
tion took place between 0.4 and 1.5 Gyr ago (Tadhunter et al.
2005). Despite this stellar burst, the medium surrounding the
radio source is still very dense and only the radio jet seems to
be able to clear this gas.

Finally, the HT outflow in 3C 305 may have interesting con-
nections with the detection of strong and blueshifted HT ab-
sorbers (column density 10'8-10'> ¢cm™2) in the Lya profiles
of high redshift radio galaxies (see e.g. Wilman et al. 2004 and
ref. therein). A possible way to explain this is via a highly su-
personic jet expanding into the dense medium of a young ra-
dio galaxy that then consequently will be surrounded by an
advancing quasi-spherical bow shock, as investigated via nu-
merical simulation by Krause (2002). The study of the stellar
population in 3C 305 suggests that this galaxy went through a
gas-rich, major merger in its recent past. This radio galaxy may,
therefore, represent an ideal example of nearby object having
characteristics very similar to those of typical high redshift ra-
dio galaxies.
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