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Abstract. The quasar 3C 48, an unusual CSS radio source with
excess far-IR emission, is known to present morphological evi-
dence for a recent merger. We present here new data on the two-
dimensional kinematics and emission line properties of the ex-
tended ionized gas, obtained with an integral field spectrograph.
We find that the emission lines are split in two components: (i) a
fast moving (∼580 km s−1) blue-shifted broad (∼1000 km s−1)
component and (ii) a narrow (∼400 km s−1) component at the
systemic redshift, spatially resolved at the 0.5′′ level. We detect
a faint red continuum knot that is spatially coinciding with the
putative second nucleus 3C 48A (Stockton & Ridgway 1991).
We discuss the possible origins of the observed alignment be-
tween the radio jet∼ 1′′ NE from the nucleus, the extended
ionized emission and the position of 3C 48A.
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1. Introduction

Two fundamental questions regarding the nature of active galax-
ies and quasars are (i) the mechanism(s) through which material
is fed into the black hole that powers the AGN and (ii) how the
energy released in the nucleus is dissipated in the interstellar
medium of the host galaxy. Morphological studies of the gas
and young stars in the AGN and quasar hosts can provide in-
formation on both of these questions. A small number of radio
galaxies at low redshift (e.g. 3C 305, 3C 277.3) possess ion-
ized gas halos which show morphologies associated with the
radio jets (Miley 1983; McCarthy et al. 1987; Baum & Heckman
1989a, 1989b; Tadhunter et al. 1989; Jackson et al. 1995). This
is evidence that the jets interact vigorously with the interstellar
gas as they propagate out through the host galaxies. The gas can
decollimate and depolarize the synchrotron jets and the radio
source can occasionally affect the ionization properties of the
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interstellar gas (e.g. Heckman et al. 1981, Heckman et al. 1982;
Van Breugel & Dey 1993).

A class of radio sources which may well show extreme in-
teraction between the radio sources and their host galaxies are
those characterized by sub-galactic sizes and steep radio spectra
that cut-off below 1 GHz. These steep spectrum sources (CSS)
are relatively rare, comprising typically∼10% of sources in
radio surveys. Here we present observations of an important
member of this class, the quasar 3C 48.

3C 48 (z∼0.370 Greenstein & Matthews 1963) is one of the
first quasars to be discovered and for which the host galaxy
has been identified (Matthews & Sandage 1963). It is an object
of particular interest because of its unusual radio and infrared
properties.

3C 48 harbours an unusually steep-core (α ∼0.7) powerful
CSS radio source deeply embedded in the host galaxy. Its VLBI
radio structure comprises a relatively weak core, elongated N-S
and a powerful one-sided jet to the north, highly disrupted at
∼0.05′′ from the core through collisions with the dense inter-
stellar medium. This jet then expands out to∼1′′ NE i.e. within
the body of the host galaxy (Wilkinson et al.1991).

3C 48 shows strong far-IR emission, L= 5×1012L�, (six
times larger that in the visual) that dominates its entire lu-
minosity (Neugebauer et al. 1985). This large IR excess can-
not be accounted for by simple extrapolation of the radio
continuum to far-IR wavelengths. It has been suggested that
is due to thermal emission by dust heated by vigorous star
formation, induced by the recent merger or/and the interac-
tion of radio plasma with circumnuclear gas confining the jet
(Neugebauer et al. 1985; Hes et al. 1995; Stein 1995). The de-
tection of CO emission suggests a large molecular gas mass,
∼7×1010M� (Scoville et al. 1993), but gives no information
about its connection to the nuclear activity.

3C 48 is the first quasar for which highly luminous emis-
sion line gas was detected (Wampler et al. 1973), the emission
extending∼ 6′′ NW from the nucleus, with a clumpy morphol-
ogy. North of the nucleus, the line luminosity dominates over
the continuum, while the reverse is true∼ 4′′ to the south. A
stellar population of A-type stars was detected in the off-nuclear
continuum spectrum (Boroson & Oke 1982, 1984) which could
be interpreted either as an aging starburst in the host (probably
a large spiral) galaxy or, alternatively, as a young massive stel-
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lar population forming in a cooling flow (Fabian et al. 1987).
The stellar absorption lines have a similar redshift to the broad
permitted nuclear lines, indicating that the underlying galaxy is
certainly associated with the quasar.

There is important observational evidence suggesting a
merger in the recent history of 3C 48: (i) A high surface bright-
ness region∼1′′ NE from the main nucleus was detected in
(stellar?) continuum light (with no counterpart in the emis-
sion line gas) and was tentatively identified with a second nu-
cleus (Stockton & Ridgway 1991; Hook et al. 1994). (ii) The ir-
regular appearance of the 3C 48 host in optical (presumably
stellar) continuum, with a tidal tail-like feature extending 15′′

NW and south of the main body (Stockton & MacKenty 1987;
Stockton & Ridgway 1991; Balick & Heckman 1983), that has
significantly redder colours than the rest of the galaxy. (iii) The
absorption and broad permitted line velocities differ by sev-
eral hundred km s−1 from the narrow forbidden line velocities
(Boroson & Oke 1982; Fabian et al. 1987). (iv) IR excess is of-
ten associated with merging galaxies.

Very few detailed studies of the jet-gas interaction in radio
galaxies exist in recent literature, mostly long-slit spectroscopy
(e.g. Clark et al. 1997 and Clark et al. 1998). 3C 48, because
of its high AGN luminosity and its relative proximity, seems
to be a good candidate to study the processes that drive the
kinematics and physical conditions, as well as the morphol-
ogy, of the line emitting gas. The interpretation of the existing
spectral data, in terms of the physical and kinematic structures
present, is ambiguous due to poor spatial coverage. To establish
the nature of the various gaseous components and to search for
kinematic signatures of the radio jet-gas coupling and/or of a
recent interaction, we have taken a single 45 min exposure, in
sub-arcsec resolution conditions, using an Integral Field Spec-
trograph (IFS).

2. Observations

The Multi-Object Spectrograph (MOS) was used in the IFS
mode (Vanderriest 1995) at the Cassegrain focus of the 3.6 m
Canada-France-Hawaii telescope (CFHT). In this configuration,
a bundle of 655 optical fibres gives as many simultaneous spec-
tra over a 12′′×8′′ field with 0.4′′ spatial sampling. A 45 min
exposure was made on the night of October 4th 1996, during a
period of excellent seeing (∼0.6′′ FWHM). The spectral reso-
lution (FWHM), measured on night sky lines, is 4.5Å and the
useful spectral range corresponds to 3000–5800Å in the rest
frame of the quasar. The UV-optical spectra of quasars typi-
cally show strong, broad emission lines, the most prominent
being the hydrogen Balmer lines and high ionization forbidden
lines. Most of these lines are present in the nuclear spectrum
of 3C 48, shown in Fig. 7, within the observed spectral re-
gion: [NeV ]3426, [OII]3727, [NeIII]3869, [NeIII]3968+Hε,
Hδ, Hγ + [OIII]4363, Hβ, [OIII]4959,5007 and two broad
bands of permittedFeII emission line multiplets, nearλ4570
andλ5250 in the quasar rest frame. The raw data are similar to
those from a classical image slicer and the basic reduction (flat-
fielding, wavelength and flux calibration) is done in an equiv-
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Fig. 1. Portion of the 2D spectroscopic image from MOS/Argus, for
the ∼5′′ surrounding the 3C 48 nucleus. Each row corresponds to
an individual fibre spectrum in the wavelength interval around the
Hβ − [OIII]4959,5007 lines (x-direction). The marks on the left side
of the figure indicate roughly the starting positions of each row of
the hexagonal array, moving from south to north as we go from the
bottom to the top of the image. Between two marks, bottom to top in-
dicates east to west direction.The main emission clouds are identified
and numbered. The two main rows corresponding to the nuclear region
are indicated by(N) and the position of the putative second “nucleus”
3C 48A by(A). The vertical line running through the image next to
the[OIII]5007 line is atmospheric OH emission (λ ∼6863Å).

alent way, using standard IRAF procedures; the bidimensional
mapping uses a reduction package especially developed for IFS
(Teyssandier & Vanderriest 1998).

In Fig. 1 we show a portion of the resulting calibrated “com-
pact” spectroscopic image, where each row corresponds to an
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individual fiber spectrum (y-direction) in theHβ − [OIII]
wavelength interval (x-direction). The thick lines indicate strong
continuum near the nucleus, while a number of other emission
knots are easily seen and numbered for future reference. We
characterized the spectrum in each fibre by the following pa-
rameters: flux, redshift and dispersion of the various emission
lines and the integrated flux in selected portions of the contin-
uum. These are then used to “reconstruct” intensity, velocity
and dispersion maps of the observed field. For each spectrum,
our reconstruction program first subtracts a mean sky spectrum
(constructed from the emission-free fibre spectra) and then fits
asingle gaussian to the selected emission line profile.

In the next section, we discuss in greater detail the spectral
characteristics of the individual clouds and the nuclear region
of 3C 48.

3. Results

In this section we present the main results from area spec-
troscopy on the central (6′′)2 region of 3C 48. Our data is pre-
sented in the form of reconstructed images and 2D maps of
various measured quantities, as well as individual (single fibre)
and coadded (over regions of interest) spectra. Through this
presentation we will be discussing the morphology, the charac-
teristics of the emission line profiles in various wavelengths and,
in some greater detail, the kinematics and ionization structure
throughout the object.

3.1. Morphology

We have reconstructed a number of intensity/velocity maps,
corresponding to several emission lines of interest ([OIII]4959,
[OIII]5007, Hβ and [OII]3727). Due to the generally much
better S/N of the[OIII]5007 line, we will present most of our
results using this line, these being consistent with measures on
the other detected emission lines unless stated otherwise.

In Fig. 2 we show in grey scale a reconstructed[OIII]5007
emission image, with superposed isophotes corresponding to
the reconstructed continuum image in the (relatively) line-free
spectral range 5110–5840Å, in the quasar rest frame. This figure
shows continuum emission extending∼1.3′′ NE of the apparent
nucleus and much more extended line emission to N and NW.

The continuum extension corresponds roughly to the posi-
tion of “3C 48A”, a high surface brightness region detected by
Stockton & Ridgway (1991) in continuum and K-band images.
The existence of this potential second nucleus was convincingly
shown by Hook et al.(1994) by applying their two channel im-
age restoration technique to theV image of Stockton & Ridg-
way. In Fig. 1 we indicate with(A) the spectra where the faint
reddercontinuum from 3C 48A is detected. We have deduced
synthetic broad band colours, corresponding roughly to theU ,
B, V standard filters, for the quasar nucleus, 3C 48A and the
two strongest emission clouds,1 and2. To do this, we used the
integrated spectra (i.e. sum over several fibres) for each region,
that were Doppler corrected for the quasar redshift (∼0.368)
and multiplied with the theoretical response curves of theU , B,
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Fig. 2. Reconstructed[OIII]5007 intensity image with superposed
contours of a reconstructed continuum image, in the central∼(6′′)2

region of 3C 48. The labeled emission clouds correspond to those of
Fig. 1.

Table 1.3C 48: Synthetic colours for different regions of 3C 48

Region U − B B − V

±0.18 ±0.13

Nucleus −0.73 −0.01
3C 48A −0.24 0.17
Cloud 1 −0.24 0.06
Cloud 2 −0.55 0.12

V filters in the Johnson system. The continua of the resulting
spectra were then fitted with a spline3 function and all emission
or absorption features differing by more than 1σ of the fit were
removed. Finally, we integrated the flux below the fitted line-
free spectra, within the total wavelength range for each band.
The resulting magnitudes should be equivalent to broad-band
photometry within an aperture of 0.8′′ radius for the nucleus
and of 0.6′′ radius for 3C 48A and clouds1 and2. We have re-
peated this procedure for a few standard stars (including Feige
110 that was used to flux calibrate our spectra). The colours
computed this way are listed in Table 1. The uncertainties that
are also listed in this table represent mainly the noise errors,
the zero-point errors being relatively small. Although the un-
certainties in the resulting colours are rather large, of the order
of ∼0.18 mag inU − B and±0.13 mag inB − V , what is
relevant here are the colour differences between the different
regions, which do not depend on the zero magnitudes used.
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Fig. 3. Spatial distribution of the[OIII]
emission line profiles (spectral range
6700–6925 AA), overplotted on the
[OIII]5007 contour map, within the central
∼ 2′′×2.5′′ region of 3C 48. Note the
many double peaked profiles. Dashed
lines indicate the wavelengths of the fitted
components on the integrated nuclear
spectrum. For the axes notation in kpc we
adoptz=0.368, H0=75 km s−1 Mpc−1 and
q0=0.

The colours of 3C 48A, although still very blue, are redder
than those of the quasar optical nucleus and similar to those
of the other emission clouds. This, combined with the obser-
vational fact that the emission peak is seen in continuum and
K-band light, indicates a redder stellar population rather than
higher extinction, in the region of 3C 48A. Indeed there is no
evidence for high extinction in this object. Spectroscopic stud-
ies infer that AV ≤0.2 mag, for at least the broad line region
(Neugebauer et al. 1979; Fabian et al. 1987). Boroson & Oke
(1982, 1984) have detected spectra of an A-type stellar popu-
lation, in the region of cloud1. When plotting our results in a
typical colour colour diagram for zero-age main sequence stars,
we find indeed that the colours of 3C 48A and clouds1 and2
correspond roughly to stellar types between A and F. In a more
quantitative way, we compare our data with results from the
evolutionary synthesis models of Leitherer & Heckman (1995).
The colours of 3C 48A and the two emission clouds, if primar-
ily due to a stellar continuum, indicate stars with ages between
6×106-1×107 yr, essentially independently of reddening, for
a typical simulation of an instantaneous burst assuming solar
metallicity and a Salpeter IMF.

The ionized gas is extended∼ 5′′ N and NW of the ap-
parent nucleus and a number of individual emission clouds are
identified and numbered (the same as in Fig. 1). The cloud1
(emission peak∼ 1.6′′ north of the nucleus) shows resolved
emission lines and a detectable velocity gradient. The bright-
est emitting knot is cloud2 (emission peak∼ 3.8′′ north),
while all the other emission regions are fainter and extended
with narrow/unresolved emission lines. The clumpy structure
of the extended ionized gas has been noted in previous studies
(Stockton & MacKenty 1987; Stockton & Ridgway 1991), but
not all the emitting knots have been identified.

3.2. Line profiles and gas kinematics

3.2.1. Nuclear region

In Fig. 3 we plot the[OIII]4959,5007 emission line profiles over
the[OIII]5007 contour map, for the central 2′′×2.5′′ region. For
clarity, we only show here the spectra with the highest S/N and
all profiles are normalized to a peak intensity of 1. The forbidden
narrow lines show striking multiple structure, which is a pre-
viously unknown feature. At least two components are clearly
identifiable in most of the profiles, the barycenter of the lines
changing significantly from the nucleus outwards, indicating
that the flux ratio of the individual components is also chang-
ing throughout this region. To further investigate this we have
attempted to deblend the individual profiles for all the emission
lines where substructure is obvious and we have measured the
corresponding parameters for the individual components.

Various independent methods were applied and inter-
compared in order to achieve an accurate profile decomposition.
We finally adopted the following procedure:

To fit and subtract the continuum we use the IRAF task
CONTINUUM, interactively adjusting the order of the fitting
polynomial and the rejection limits in order to achieve a reliable
fit. Then, the task NGAUSSFIT is used to actually deblend the
emission lines. Here, initial guesses are provided for a set of pa-
rameters describing the individual components (assuming mul-
tiple gaussian profiles) and some coefficients are initially held
fixed. An interactive fit is then made for all the components si-
multaneously viaχ2 minimization and repeated iteratively until
the “best fit” values are obtained for all the parameters free.

Double profiles were clearly detected for the[OII]3727 and
[OIII]4959,5007 emission lines. TheHβ line profiles are very
broad everywhere and no independent multi-component fitting
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Table 2.Decomposition of the emission lines on the integrated spectrum (sum over 15 fibres) of the nuclear region

Line δzb (FWHM)b (Flux)b×10−15 δzr (FWHM)r (Flux)r×10−15 ∆V
(km s−1) (ergs cm−2 s−1) (km s−1) (ergs cm−2 s−1) (km s−1)

[OII]3727 0 1000±220 9.75±2.4 0.0001 470±70 4.5±2.0 610±150
[NeIII]3869 0.0001(∗∗) 1010(∗∗) 7.55±0.6 0(∗∗) 380(∗∗) 1.52±0.4 (570)
[NeIII]3968+Hε 0.0001(∗∗) 1010(∗∗) 1.8±0.9 0(∗∗) 380(∗∗) ≤0.9 (570)
[OIII]4959 0 1020±140 23.0±3.9 −0.0001 370±30 4.18±2.8 570±170
[OIII]5007 0.0001 1010±130 65.8±9.7 0 380±25 15.1±6.7 570±100

weighted mean 0.3667±(3) 1010±20 0.3694±(5) 400±30 586±15

Single Component

Hγ+[OIII]4363 0.3695±(4) 2720±260 20.7±2.6
(Hβ)(∗)

broad 0.3699±(2) 3310±150 68.0±4.4

Fitted redshifts, full-width-at-half-maxima and fluxes for the blue and red components (denoted by ab andr suffix, respectively) of each line.
For each of the two components we quote the mean redshift and the difference to this mean for each line. The redshift errors given in parenthesis
concern the last digit. The errors of the various quantities are estimated as described in the text.
(∗) Residual broad component after fitting and subtraction of two narrow components (see text). The flux ratios for the narrow components are
given in Table 6.
(∗∗) Redshifts and line widths are fixed to the fitted values for the[OIII]5007 components (see text).

Table 3.Decomposition of the emission lines on the integrated spectrum (sum over 9 fibres) of 3C 48A

Line δzb (FWHM)b (Flux)b×10−15 δzr (FWHM)r (Flux)r×10−15

(km s−1) (ergs cm−2 s−1) (km s−1) (ergs cm−2 s−1)

[OII]3727 −0.0001 1330±640 0.57±0.3 0.0005 570±90 0.95±0.2
[OIII]4959 0.0001(∗) 910(∗) 0.18±0.1 −0.0004(∗) 590(∗) 0.37±0.15
[OIII]5007 0.0001 910±210 0.95±0.3 −0.0004 590±80 1.2±0.3

weighted mean 0.3669±(9) 0.3700±(3)

Single Component

[NeIII]3869 0.3691±(4) 850±190 0.44±0.1

(∗) Redshifts and line widths are fixed to the fitted values for the[OIII]5007 components (see text).

could be done accurately. Instead, we have used the fitted com-
ponents of the[OIII]5007 line profile as templates, to fit si-
multaneously theHβ line with two narrow components (some
of theHβ emission must be coming from the NLR) with their
fluxes as the only free parameters and a third broad component
with all its parameters free. Although the error bars of the fits
are significantly larger in this case, the resulting[OIII]5007

Hβ line
ratios for each of the narrow components (and for their sum) are
reasonable and in agreement (within errors) between the various
fibres. The[NeIII]3869 and [NeIII]3968 lines are asymmet-
ric but a two-component fitting was not possible because of the
lower S/N. We fit these lines by using again the[OIII]5007 fit-
ted components as templates and let fluxes vary as the only free
parameters. In Table 2 we list the results of the profile decompo-
sition for the integrated nuclear spectrum, that is, the sum of the
individual spectra of the 15 central fibres corresponding to an
area of∼1.9 arcsec2 (Fig. 7). The velocity split between the two
components is 586±15 km s−1, with the red component having
similar redshift to thebroad Balmer emission lines. Boroson &

Oke (1982) found strong stellar absorption lines in the nebulosi-
ties 2′′ north and south of the nucleus (the first roughly coincid-
ing with our region1), that show velocities similar to those for
the broad permitted nuclear emission lines:z=0.3700±0.0002.
This means that the red component in the split nuclear emission
line profiles is probably associated with the underlying galaxy
and we will call it “systemic”, the other component being thus
blueshifted by∼580 km s−1 with respect to this.

The error estimates quoted in Table 2 are the root-mean-
square errors of the results obtained from the fits of the individ-
ual fibre spectra. However for the other regions (Tables 3–5) the
S/N of the emission lines is low on most of the individual spectra
and the line decomposition was only performed on the integrated
spectra. In these cases, error estimates for all parameters are ob-
tained by root-mean-square residual minimization between the
fitted gaussians and the data and include both photon statistics
and fitting errors. Finally, in the case of unreasonably large er-
rors (>∼50% of the value) we quote in Tables 2–5 only the 1σ
upper limits of the values.
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Table 4.Decomposition of the emission lines on the integrated spectrum (sum over 10 fibres) of the emission cloud1

Line δzb (FWHM)b (Flux)b×10−15 δzr (FWHM)r (Flux)r×10−15

(km s−1) (ergs cm−2 s−1) (km s−1) (ergs cm−2 s−1)

[OII]3727 0.0005 530±110 0.84±0.2 0.0003 260(∗∗) 0.29±0.06
[NeIII]3869 0.0007 750±200 0.35±0.1 0.0003 ≤500 0.09±0.06
[OIII]4959 −0.0005 350±70 0.50±0.1 −0.0014 ≤530 0.12±0.08
[OIII]5007 −0.0003 405±30 1.8±0.1 0 260±40 0.38±0.1

weighted mean 0.3678±(3) 0.3705±(2)

Single component

Hβ(∗) 0.3708±(3) ≤250 ≤0.11

(∗) At noise limit, uncertain measures.
(∗∗) Line width is fixed to the fitted value for the red component of[OIII]5007 (see text).

Table 5.Decomposition of the emission lines on the integrated spectra of the emission clouds2–6

Line Feature Cloud 2 Cloud 3 Cloud 4 Cloud 5 Cloud 6

δz 0.0003 − − − −0.0003
[OII]3727 FWHM (km s−1) unr(∗) − − − 410±120

Flux (10−15 ergs cm−2 s−1) 0.24±0.1 − − − 0.16±0.05

δz −0.0001 −0.0006 − − 0.0001
Hβ FWHM (km s−1) unr(∗) ≤560 − − 320±140

Flux (10−15 ergs cm−2 s−1) 0.28±0.05 ≤0.14 − − 0.04±0.02

δz −0.0001 0.0003 −0.0001 0.0001 0.0001
[OIII]4959 FWHM (km s−1) 100±50 230±70 230±100 200±100 290±30

Flux (10−15 ergs cm−2 s−1) 0.08±0.04 0.15±0.03 0.21±0.05 0.17±0.04 0.18±0.02

δz −0.0001 0 0.0002 0 0.0001
[OIII]5007 FWHM (km s−1) ≤150 unr(∗) 150±70 ≤220 170±15

Flux (10−13 ergs cm−2 s−1) 2.44±0.05 0.41±0.03 0.47±0.06 0.33±0.03 0.38±0.02

z weighted mean 0.3702±(1) 0.3689±(1) 0.3693±(1) 0.3695±(1) 0.3700±(1)

(∗) Unresolved lines i.e. measured(FWHM) < instrumental(FWHM).

3.2.2. 3C 48A

We have constructed an integrated spectrum for 3C 48A by sum-
ming the spectra of 9 individual fibres in the region of the contin-
uum peak detected on the reconstructed images (Sect. 3.1), cor-
responding to an area of∼1.1 arcsec2. The resulting spectrum is
plotted on Fig. 7. We see here most of the high ionization emis-
sion lines that appear in the nuclear spectrum, but the Balmer
lines are absent or, in the case ofHβ, very weak and noisy. We
also notice the much stronger[OII]3727 emission line relative
to the higher ionization[OIII] lines in the 3C 48A spectrum,
as compared to the nuclear spectrum. These observations show
that the line spectrum of 3C 48A is not seriously instrumentally
contaminated by the nuclear spectrum or, alternatively, primar-
ily be due to reflected nuclear light. Additional indication for
this is the generally higher redshift (by∼0.0002) of the emission
lines of 3C 48A, compared to the quasar nucleus. To put upper
limits to the nuclear contribution to the emission line spectrum
of 3C 48A, we have summed the individual nuclear spectra of

the fibres closest to the 3C 48A location. Assuming that all the
Hβ line in the 3C 48A spectrum is nuclear contribution, we
scale and subtract the summed spectrum from that of 3C 48A
until there is no residual of this line left. In this way, we have
estimated a maximum of∼20% and∼60% nuclear contribu-
tion to the 3C 48A[OII]3727 and [OIII]5007 line emission,
respectively. The line profiles of the stronger lines are double
and we have applied the same profile decomposition technique
as for the nuclear region; the results are shown in Table 3 for
the integrated spectrum of 3C 48A.

3.2.3. Cloud1

Inspection of various line profile maps (similar to that of Fig. 3)
over the whole extent of detected line emission,∼(6′′)2, shows
split linesalso in the region1 for most emission lines (see also
Fig. 7). They are significantly weaker here than on the central
region but also much narrower, which allows an easier decom-
position of the blend. In Table 4, we list the results for the
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Fig. 4. Distribution of the velocities resulting from the decomposition of the[OIII]5007 line. The size of the symbols represents shifts from a
reference velocity corresponding toz=0.368, that is, larger symbols indicate larger blue-shifts for the blue component and larger red-shifts for
the red component. For the axes notation in kpc we adoptz=0.368, H0=75 km s−1 Mpc−1 and q0=0.

Fig. 5. Distribution of the line widths resulting from the decomposition of the[OIII]5007 line. For the axes notation in kpc we adoptz=0.368,
H0=75 km s−1 Mpc−1 and q0=0.

integrated spectrum of the cloud1, summed over 10 fibers (area
∼1.3 arcsec2). Although both components are redshifted (by
∼200–300 km s−1) with respect to those in the nuclear region,
the red one shows the same redshift as the broadHβ line in the
same region and similar to the redshift of the absorption lines
(0.3713±0.0003) as measured by Boroson & Oke (1982). This
agrees with our previous conclusion from the nuclear line pro-
files, that the red component is most probably associated with
the underlying galaxy, while the blue-shifted component repre-
sents gas moving in our line-of-sight at speeds up to 580 km s−1.

3.2.4. Analysis of the velocity structure

In Fig. 4 we plot the distribution of velocities resulting from
our [OIII]5007 profile decomposition superposed on a[OIII]

contour map. The size of the symbols represents blue/red-shifts
from a reference velocity corresponding toz=0.368, arbitrarily
chosen, in order to better illustrate the two velocity fields. In the
nuclear region, i.e. the central∼(2′′)2, the red/systemic compo-
nent shows clearly a systematic trend that is probably associated
with the rotational velocity field of the host galaxy. The veloc-
ity increases from SW to NE with∆Vmax=200±35 km s−1.
In comparison, there isno clear trend in the velocity field of
the nuclear blue-shifted component, with a maximum spread
of ∆Vmax=260±145 km s−1. Along the region1 on the other
hand, there seems to exist a gradient in the velocity field of the
blue component, with∆V =120 km s−1 within a∼ 0.8′′ (3 kpc)
region. Also, velocities are overalllarger here (smaller sym-
bols for the blue component and larger for the red) compared to
the nuclear region.
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Fig. 6. [OIII]5007 blue and red component emission images for the central∼(3′′)2 region of 3C 48, shown on the left and right upper panel,
respectively. They are constructed from the results of the profile decomposition in blue and red/systemic components. The lower panels show
the spatial distribution of their flux ratios.

The blue nuclear component shows very wide line profiles
(up to 1100 km s−1) compared to the much narrower (up to
∼510 km s−1) systemic component. This can be seen from Ta-
ble 2 and Fig. 5 where we plot the line widths (FWHM of the
fitted gaussians) for the two components, in a similar way as in
Fig. 4. On the left panel we see an obvious trend for the disper-
sion of the blue component profiles to increase towards the NE
i.e. in the same direction as the red/systemic velocity field. There
is no systematic trend in the line widths of the red component,
except that the narrower profiles occur in the central region.
Along the region1, the narrow emission lines have comparable
widths everywhere (with the blue component again somewhat
larger than the red), but they remain significantly narrower than
the nuclear profiles.

Inspection of Fig. 3, shows also a clear change of the
barycenter of the blended line(s) from blue-dominated in the
center and eastwards, to red-dominated outwards. We illus-
trate this effect better on Fig. 6. The upper two panels show

[OIII]5007 emission line images for the blue and red compo-
nents, that we constructed directly from our measures, within
the central∼(3′′)2 region (nuclear region and emission cloud1).
In order to see therelative importance of the two components,
the lower two panels of Fig. 6 show the spatial distribution of
the (blue/red) and (red/blue) flux ratios. The four representa-
tions are complementary and they essentially show that the blue
component is not significantly different from a point source
and is dominant in the center and eastwards. The red/systemic
component is significantly extended (∼0.6′′=2.6 kpc) and its
barycenter is offset by 0.26′′ (1 kpc) to the west.

All the results that we have presented so far, come directly
from measures on the “raw” spectra, the main source of uncer-
tainty being the accuracy of the profile decomposition (which is
given by the errors associated with the various quantities). How-
ever, when interpreting these results, another important factor
to take into account is the limited spatial resolution of our ob-
servations. Although the spatial sampling (size of each fiber)
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Fig. 7. Normalized, “integrated” spectra
(summed over several fibres) for the opti-
cal nucleus of 3C 48, 3C 48A and the three
brightest emission clouds. The main emis-
sion lines (and the residual of the[OI]5577
sky line) are identified. Wavelength is in lab-
oratory frame.

is 0.4′′, the seeing during our exposure was∼0.6′′, which is
equivalent to a “smoothing” effect between two neighbouring
fibres. This does not affect our main results and especially the
systematic trends (velocity field and spatial variation of the line
widths and barycenters), but it does make it difficult to estimate
the real (projected) spatial extent of the blue-shifted gaseous
component.

Similar plots, as the ones presented above for[OIII]5007
were constructed also for the[OII]3727 and[OIII]4959 lines.
They show the same trends but with larger scatter in the mea-
sured quantities, due to the lower S/N in these lines. We have
also checked the distribution of theHβ line profiles and asso-
ciated parameters. Due to the decreasing S/N further from the
center, we could not always apply accurately the decomposi-
tion in three (two narrow - one broad) components as for the
integrated nuclear spectrum. However, our plots show no sig-
nificant velocity field in the central∼(1′′)2 region, although the
line widths show the same trend as the blue narrow-line compo-
nent, i.e. they are increasing towards the NE (varying between
∼1800 and 3300 km s−1).

3.2.5. The other emission clouds

In Table 5, we show the results for the most important emis-
sion lines measured on the integrated spectra of the remaining
five emission clouds, identified on Fig. 1 and 2. The spectrum

of cloud 2 is summed over 10 fibres (area∼1.3 arcsec2) with
peak intensity∼3.8′′ north of the nucleus. This is the brightest
emitting knot with the[OII]3727, [NeIII]3869,3968, Hβ and
[OIII]4959,5007 emission lines showing symmetric and very
narrow (often unresolved) profiles. The measured redshifts for
all these lines agree very well (within the errors) with the sys-
temic velocity (i.e. z∼0.37). The clouds3 and4 are further to
the NW-W of2, approximately at 4.8′′ and 4′′ from the nucleus,
respectively. They show[OIII]4959,5007 emission, with barely
any continuum and someHβ emission, at the detection limit.
The line profiles on cloud4 are asymmetric with a possible
faint blue component, but the low S/N does not allow a two-
component fitting of the lines. The[OIII]4959,5007 emission
cloud5 lies ∼4.5′′ NE from the nucleus. In Table 5 we list the
measured parameters for the integrated spectra corresponding
to these clouds: summed over 5 fibres (area∼0.6 arcsec2) for
cloud3, over 10 fibres (area∼1.3 arcsec2) for cloud4 and over
4 fibres (area∼0.5 arcsec2) for cloud 5. The mean redshifts
are somewhat smaller compared to2, with a meanz compa-
rable to that of the red/systemicnuclear component. Finally,
the emission cloud6 lies at∼2.4′′ east of the nucleus, showing
[OII]3727, Hβ and[OIII]4959,5007 emission lines at a similar
redshift to that of cloud2. The integrated spectrum of6 (Table 5)
is summed over 3 fibres (area∼0.4 arcsec2).

In Fig. 8 we plot all the integrated spectra in the wavelength
range 6400–700̊A, normalized to the same peak intensity for
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Fig. 8. A portion of the “integrated” spectra near theHβ and
[OIII]4959,5007 lines, for the quasar nucleus, 3C 48A and all the iden-
tified extended emission clouds of 3C 48, normalized to the same peak
intensity. Dashed lines indicate the wavelengths of the fitted nuclear
components.

Table 6.3C 48: Line flux ratios

Region Log( [OIII]5007
Hβ

) Log( [OII]3727
[OIII]5007

)

Nucleus (blue) 1.09±0.31 −0.83±0.29
Nucleus (red) 0.70±0.49 −0.53±0.63
Nucleus (total) 0.99±0.24 −0.75±0.26
3C 48A (total) − −0.15±0.30
Cloud1 (1.46±0.79)∗ −0.29±0.21
Cloud2 0.93±0.17 −1.02±0.46
Cloud3 0.64±0.56 −
Cloud6 (0.97±3.02)∗ −0.37±0.29

(∗) Hβ at the detection limit

illustration purposes. The dashed lines in Fig. 8 indicate the
wavelengths of the two nuclear components in the split[OIII]
lines and of the broad/systemicHβ component. This figure
summarizes our main results on the kinematics of the emitting
gas in the central (6′′)2 region of 3C 48, as presented above.

3.3. Ionization structure

In Table 6, we list the relevant diagnostic emission line ra-
tios for the emitting regions and the two nuclear components
(and total, blue+red flux). We have not corrected the line fluxes
for reddening, because we cannot estimate the internal extinc-

tion from the present data (theHα line is outside of the ob-
served spectral range and theHγ line is blended with the
[OIII]4353 line). However, previous spectroscopic studies show
no evidence for high extinction in at least the broad line re-
gion (Neugebauer et al. 1979; Fabian et al. 1987) and unpub-
lished HST images of 3C 48 show no morphological evidence
for the existence of dust in the regions of line emitting gas.
For the nuclear region, we have computed the line ratios for
all the individual fibre spectra, which give similar results with
those for the integrated spectrum: the blue component shows
everywhere higher ionization than the red/systemic one, the
[OIII] emission flux differing by a factor of five between the
red and blue (stronger) components, whilst in the[OII] and
Hβ lines, the flux ratio is only a factor of two. By summing
up the fluxes of the two components we get intermediate line
ratios, which are in agreement with results of previous studies
(e.g. Stockton & MacKenty 1987). These values are indicative
of power-law ionization (Baldwin et al. 1981), which is further
strengthened by the presence of strong and broadFeII lines in
the nuclear spectrum of 3C 48 (Fig. 7; these lines are character-
istic for BLR models associated with the presence of an AGN).
In the case of 3C 48A the red component dominates the flux of
all emission lines (Table 3) but the blue component again shows
higher ionization. In Table 6 we list only the total (blue+red)
line ratio, that is subject to smaller error, which clearly shows
the presence of lower ionization gas in this region.

It is more difficult to calculate the diagnostic line ratios for
the two components on the spectrum of cloud1, due to the low
S/N of the[OII] line and to the weakness, at detection level,
of theHβ line. Consequently, the[OIII]5007

Hβ ratio given in Ta-

ble 6 is highly uncertain. The relatively large[OII]3727
[OIII]5007

ratio
reflects again lower ionization for the gas, the[OII] line being
an indicator of enhanced star formation. The emission cloud2
shows an AGN (type 1) - like spectrum, with strong[OIII] and
Balmer lines but weaker[OII] lines. For cloud6 the [OIII]5007

Hβ
line ratio is as high as the nuclear value and again we detect ad-
ditional strong emission from low ionization gas. These detailed
results come to support previous suggestions for the existence
of a doubly ionized forbidden narrow-line region in this object
(e.g. Thuan et al. 1979). These authors have computed an elec-
tron density of<∼ 106 cm−3 for the NLR and of>∼ 107 cm−3 for
the BLR.

4. Discussion

The main results presented in the previous section are: (i) The
detection of double profiles of the high ionization emission lines,
over a region of at least∼1′′ around the optical nucleus of 3C 48.
These arise from the presence of a gas component blue-shifted
by ∼586±15 km s−1 with respect to the systemic component.
The narrow emission line widths for the blue component in-
crease to the NE out to 0.8–1′′. This is roughly aligned with the
direction of a powerful one-sided radio jet (Sect. 1.1). (ii) The
detection of red continuum out to∼1.3′′ NE of the quasar nu-
cleus, possibly coming from a faint secondary nucleus, 3C 48A
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(Stockton & Ridgway 1991). This continuum knot roughly co-
incides with the radio jet/blue-shifted component locations and
is somewhat more extended in the same direction.

The spatial coincidence of these three components, if real,
is an intriguing result that needs interpretation. There are analo-
gies with cases of other radio sources such as 3C 171, PKS
2250-41 or 3C 305, whose observed properties are mostly ex-
plained by the presence of fast shocks driven by the radio jets
into the ambient gas (e.g. Jackson et al. 1995, Clark et al. 1997,
Clark et al. 1998).

4.1. 3C 48A

We consider three possibilities, in order to explain the extra con-
tinuum detected in the location of 3C 48A: (i) scattered light
from the active quasar nucleus, (ii) the presence of a second
stellar nucleus, merging with 3C 48 and (iii) locally generated
continuum, associated with the AGN. (i) Anisotropic emission
from the AGN has often been suggested for Seyferts and some
radio galaxies. In the case of 3C 48, one could think of nu-
clear light scattered through the path opened into the ambient
interstellar medium, either by the observed 1′′ NE radio jet or,
during a previous nuclear/radio activity phase, since the con-
tinuum emission seems to be extended somewhat further than
the radio structure. We do not know of any polarization stud-
ies which could confirm this possibility. However, the optical
spectrum of 3C 48A does not seem to be seriously contam-
inated by nuclear light, as it was shown in the previous sec-
tion. (ii) The detection of a near-IR counterpart (K’ band) to
the optical continuum morphology in the region of 3C 48A
(Stockton & Ridgway 1991) was interpreted as an indication
for the presence of a faint (probably highly obscured) second
nucleus. This band corresponds to the H-band wavelength in the
quasar rest frame and the above authors give aV − H colour
of 2.25 for the galaxy, excluding the (bluer) quasar nucleus and
3C 48A regions. This is roughly the colour expected from a
stellar population 6×106-1×107 yr old, as estimated from our
derived optical colours (Sect. 3.1), for a typical simulation of an
instantaneous burst assuming solar metallicity and a Salpeter
IMF (Leitherer & Heckman 1995). (iii) AGN-associated con-
tinuum emission could arise either from synchrotron emission
or jet-induced star formation. The first case is less likely because
the synchrotron colours, as seen in the nucleus, should be bluer
than the observed colours of 3C 48A. Star formation, induced
by interaction of the radio jet with the interstellar medium of
the host galaxy, seems the most likely explanation for 3C 48A.
If intense star formation is what powers the line emission in
3C 48A then, we have shown that the stars must be roughly
6×106-1×107 yr old. This interpretation is further supported
by the diffuse, knotty morphology of 3C 48A as seen on HST
images, extracted from the HST archive (Project ID05235, P.I.
J.A.Westphal).

Thus, although there is little doubt that 3C 48 has undergone
a recent merger, as evidenced by its optical morphology, that has
powered the AGN, there is no direct evidence for 3C 48A to be
the nucleus of the merging galaxy. Our results provide clues

about its spectroscopic properties, but there is nodirect way to
assess the nature of 3C 48A with the present data. Moreover, our
“real” spatial resolution is seeing limited to a little better than 2
fibres. It is clear, that significantly better S/N spectra and seeing
conditions that match the instrument spatial resolution (0.4′′)
are required, to improve the detection and measurement of the
continuum and of any emission or absorption line spectrum, that
could be associated with a “companion” galaxy. Using an IFS
system with adaptive optics on a 8m-class telescope seems to
be the ideal approach.

4.2. Jet-gas interaction

The radio morphology and optical spectrum of 3C 48 suggest
an interaction of its radio jet with its environment. We could
have anticipated this, because 3C 48 belongs to the class of
Compact Steep Spectrum (CSS) radio sources, whose small
sizes could be due to unusually dense environments that con-
fine the radio emission and interact with, possibly disrupting,
the radio jet (O’Dea et al. 1991). Numerical simulations have
shown that a dense interstellar medium (ISM) may confine
CSS sources (De Young 1993), although permanent confine-
ment of the brightest ones would require unrealistic densities
and masses. Such sources would rather correspond to a tran-
sient state of confinement, by direct collision of the radio jet
with very dense ISM condensations. We believe that we see the
imprint of such a radio jet - ambient gas interaction in the high
velocity blue-shifted narrow emission line component that we
have detected throughout the nuclear region of 3C 48. Direct
evidence for this is the spatial coincidence of the radio jet with
the increasing strength of the blue component, within 0.8–1′′

NE from the nucleus. The blue shift of the gaseous material
agrees with the view that the one-sidedness of the radio jet is
caused by Doppler brightening of material beamed toward us.
Conventionally, radio jets from AGNs are assumed to be intrin-
sically two-sided. The absence of a narrow red-shifted emission
line component implies either that 3C 48 is unconventional, i.e.
intrinsically one-sided, or that the receding side is not seen. This
could be the case if there is no gas intercepting the receding jet,
or if that side is obscured by dust.

We have found no systematic velocity field for the blue com-
ponent, which indicates that it does not participate in the galac-
tic rotation, its projected velocity being predominantly radial.
Wilkinson et al.(1991) estimate that the total energy carried
by the radio jet on 3C 48 and dumped to the NLR mostly as
kinetic energy, would correspond to gas velocities as high as
1000 km s−1. This is comparable to the velocity that we ob-
serve for the blue component (∼580 km s−1) relative to the
ambient ionized gas emission. Conversely, having an idea of
the mass of the line-emitting gasM , of its velocity disper-
sion σ and of the magnitude of line splitting∆V , we can
estimate the kinetic energy injected to the gas in this region.
Fabian et al. 1987 infer the mass of extended ionized gas out
to ∼3 kpc to be 3×108M� - 2×109M� and they estimate
the total mass to be 3–6 times larger. TakingM ∼ 109M�,
∆V ∼580 km s−1 andσ= (FWHM)/1.67∼620 km s−1(taking
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the mean FWHM of the blue component), we haveEkin ∼
M × (∆V 2 + σ2) ∼1.43×1058 ergs. We estimate a dynam-
ical time associated with the outflow in the region of line
splitting, tdyn ∼ l/∆V , where l ∼1′′(∼4.5 kpc, adopting
H0=75 km s−1 Mpc−1 and q0=0). This givestdyn ∼4×106 yr.
The rate of energy injection will then bedE/dt ∼
Ekin/tdyn ∼1.13×1044 ergs s−1=1.13×1037W. We can com-
pare this to the energy carried by the radio jet, that is likely to be
injected to the interstellar medium of the NLR. The radio lumi-
nosity of 3C 48 being∼4×1037W, the total amount of energy
carried by the jet will be>∼1038W (Wilkinson et al.1991).

We have shown that the energetics of the radio jet are
capable of driving large gas motions in the line emitting re-
gions, similar to the ones that we observe in the nuclear blue-
shifted velocity component. A dynamical relationship has in-
deed long been found between narrow emission line widths
and radio power both statistically, in large samples of AGNs
(e.g. Heckman et al. 1981), as well as within individual galax-
ies (e.g. Heckman et al. 1982). Substructure often observed in
the emission line profiles of AGNs, coupled to the associated
radio components, provides observational evidence for gas out-
flow in the NLR (Whittle et al. 1988) and model calculations of
narrow emission lines that are due to bowshocks driven by ra-
dio jets into the ambient gas, seem to support this interpretation
(Taylor et al. 1992). Moreover, the high ionization found for the
blue-shifted component in 3C 48 and its increasing line widths
(up to∼1100 km s−1) in the same direction as the jet expansion
(NE), indicate that shock waves could be a source of ionization
additional to the AGN ultraviolet flux.

The jet/cloud interaction indicates the presence of a large
amount of gas in the region observed (∼ 4.5 kpc). Other ev-
idence exists for large amounts of neutral gas in 3C 48, al-
though its total mass, origin and distribution are ambiguous. It
has been found, through different kinds of observations, that
3C 48 has large amounts of cold dust and gas: (i) Its large
FIR flux indicates a gas mass of 1010M�. Its far-IR colours
suggest that if the radiating dust is heated by the quasar nu-
cleus then it should be concentrated within the central∼2
kpc region (Neugebauer et al. 1985). However, it is equally
likely that the dust is distributed throughout the disk and is
heated by the intense star formation within the host galaxy
(Neugebauer et al. 1985; Stein 1995). The present data and re-
cent HST images do not show indications for large amounts
of dust in the nuclear few kpc. (ii) CO emission detected
in 3C 48 leads to an estimate of a molecular gas mass of
7×1010M� (Scoville et al. 1993), with a (deconvolved) size of
1–1.5′′ (4.5–6.8 kpc, for our adopted cosmology) at a redshift
close to the systemic velocity (Wink et al.1997). The large gas
concentration has been claimed to give further support to the
merger hypothesis as well as providing with fuel the AGN in
3C 48. Fabian et al.(1987) on the other hand, suggest that 3C 48
is at the center of a massive cooling flow with an inflow rate of
∼ 100M� yr−1, where some of the inflowing gas maybe fueling
the quasar. The same authors find high density (∼ 50 cm−3) and
pressure (∼5×105 cm−3 K) for the ionized gas, that are consis-
tent with the cooling flow interpretation for the gas origin. What-

ever the possible origin(s) for the nuclear gas is, it seems natural
to argue that the expanding radio jet will most probably collide
with the dense gas clumps of such a rich interstellar medium,
warming up material and injecting large amounts of kinetic en-
ergy in the emission line region, which is reflected through the
blue-shifted velocity component, detected in 3C 48.

We observed the blue shifted second component at∼7 kpc
(1.6′′) from the nucleus, in cloud1, with a somewhat lower
blue-shift:Vblue1 − VsysNuc ∼400 km s−1. This could be ma-
terial accelerated in shocks near the nucleus, then decelerating
as it picks up additional material. The time scale to travel this
distance,∼107 yr, is of the same order as the age of the blue
stellar population observed here in the continuum (Sect. 3.1);
this suggests a common origin.

5. Conclusions

Using a single 45 min exposure on the field of 3C 48 with integral
field spectroscopy, we have studied in detail its extended ionized
gas properties. Our main results are as follows:

(i) Multiple emission line profiles indicate the existence of a gas
component, which is approaching with a line of sight velocity
of ∼580±110 km s−1, with respect to the systemic component.
This blue-shifted component is easily detectable on our narrow-
line profiles (for the present spectral resolution of 4.5Å), while
the broad/systemic component dominates the permitted lines.
This resolves the issue of the velocity spread between broad
and narrow emission lines, reported in previous studies with
lower resolution data.
(ii) The double-peaked narrow emission-line profiles extend
∼1′′ around the nucleus, the blue-shifted component dominates
the emission in the central region and∼0.6′′ eastwards. Its spa-
tial correlation with the radio jet lead us to argue that this com-
ponent is the imprint of the jet interaction with the ambient gas.
Simple energetic arguments show that the radio jet in 3C 48
is capable of driving the large gas motions that we observe.
No corresponding red-shifted velocity component is detected,
which is in prima facie agreement with the lack of an observed
counter-jet in this object.
(iii) We detect a red continuum “knot”∼1.3′′ NE from the nu-
cleus, in the same position that Stockton & Ridgway (1991) have
discovered a putative second nucleus, 3C 48A. Its spectrum is
not significantly contaminated by nuclear scattered light and
shows lower ionization gas, probably belonging to the EELR of
3C 48. We argue for a stellar origin for 3C 48A, triggered by the
interaction of the radio jet with the dense interstellar medium,
its continuum colours indicating a stellar population younger
than∼107 yr.
(iv) The nuclear red/systemic component shows a velocity field,
reminiscent of galactic rotation, with∆Vmax=180±35 km s−1,
the kinematic axis pointing SE-NW. Other clumps of emis-
sion, that we detect mostly north of the nucleus, move with
velocities similar to the systemic velocity and are redshifted by
∼200–300 km s−1 with respect to the nuclear (systemic) com-
ponent. We interpret this velocity difference as an indication that
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the gas dynamics in this region might be related to the recent
merger.
(v) The nuclear systemic emission component, shows line ra-
tios indicative of photo-ionization by the QSO nucleus. The
higher ionization observed for the blue-shifted component in-
dicates an additional ionizing mechanism, this probably being
shocks driven by the radio jet into the interstellar medium. The
ionization of the strongest emitting clouds (2 and6) shows the
existence of an important lower-ionization gas component.
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