Astron. Astrophys. 343, 407419 (1999) ASTRONOMY
AND
ASTROPHYSICS

Spectroscopic mapping of the quasar 3C 48 at sub-arcsec resolution

Eleni T. Chatzichristou!, Christian Vanderriest?, and Walter Jaffe!

L Leiden Observatory, Postbus 9513, 2300 RA Leiden, The Netherlands
2 DAEC, Observatoire de Paris-Meudon, 5 place Jules Janssen, F-92195 Meudon Principal Cedex, France

Received 30 July 1998 / Accepted 10 December 1998

Abstract. The quasar 3C 48, an unusual CSS radio source wittterstellar gas (e.g. Heckman et al. 1981, Heckman et al.|1982;
excess far-IR emission, is known to present morphological eMan Breugel & Dey 1993).
dence for arecent merger. We present here new data on the twoA class of radio sources which may well show extreme in-
dimensional kinematics and emission line properties of the drraction between the radio sources and their host galaxies are
tended ionized gas, obtained with an integral field spectrografitose characterized by sub-galactic sizes and steep radio spectra
We find that the emission lines are split in two components: (ithat cut-off below 1 GHz. These steep spectrum sources (CSS)
fast moving £580 km s™1) blue-shifted broad41000kms') are relatively rare, comprising typicallx10% of sources in
component and (i) a narrom400 km s ') component at the radio surveys. Here we present observations of an important
systemic redshift, spatially resolved at the’Oével. We detect member of this class, the quasar 3C 48.
a faint red continuum knot that is spatially coinciding with the 3C 48 (z-0.370 Greenstein & Matthews 1963) is one of the
putative second nucleus 3C 48A (Stockton & Ridgway 199%)rst quasars to be discovered and for which the host galaxy
We discuss the possible origins of the observed alignment bas been identified (Matthews & Sandage 1963). It is an object
tween the radio jetv 1”7 NE from the nucleus, the extendedf particular interest because of its unusual radio and infrared
ionized emission and the position of 3C 48A. properties.
3C 48 harbours an unusually steep-caere{0.7) powerful

Key words: galaxies: active — galaxies: interactions — galaxie€SS radio source deeply embedded in the host galaxy. Its VLBI
kinematics and dynamics — galaxies: quasars: individual: 3C #flio structure comprises a relatively weak core, elongated N-S
— techniques: spectroscopic and a powerful one-sided jet to the north, highly disrupted at
~0.08’ from the core through collisions with the dense inter-
stellar medium. This jet then expands outt®’ NE i.e. within
the body of the host galaxy (Wilkinson et al.1991).
1. Introduction 3C 48 shows strong far-IR emission, L=x&0'2 L, (six

. . . times larger that in the visual) that dominates its entire lu-
Two fundamental questions regarding the nature of active galax- "~ . '3 )
. . . ) minosity (Neugebauer et al. 1985). This large IR excess can-
ies and quasars are (i) the mechanism(s) through which materrllg\tl be accounted for by simple extrapolation of the radio
is fed into the black hole that powers the AGN and (i) how theo .. y simp polal !
energy released in the nucleus is dissipated in the intersteﬁgptmuum o far-IR wavelengths. It has been suggested that

medium of the host aalaxy. Morpholoaical studies of the o due to thermal emission by dust heated by vigorous star
Ost 9 Y- P g ; g‘rii?ormation, induced by the recent merger or/and the interac-
and young stars in the AGN and quasar hosts can provide In-

formation on both of these questions. A small number of ra(%'j\m of radio plasma with circumnuclear gas confining the jet

galaxies at low redshift (e.g. 3C 305, 3C 277.3) possess i Q_eggebauer et a!. 1.985; Hes et al. 1995 Stein 1995). The de-
> ! . . . fection of CO emission suggests a large molecular gas mass,
ized gas halos which show morphologies associated with t

(N B ; . . .
radio jets|(Miley 1983; McCarthy etal. 1987; Baum & Heckman $X1(.)1 Mo (SC(.)V'"e et al. 1933), buF gives no information
bout its connection to the nuclear activity.

1989a, 1989b; Tadhunter et al. 1989; Jackson et al.|1995). ThiS : : . . : .

; . N . . . 3C 48 is the first quasar for which highly luminous emis-

is evidence that the jets interact vigorously with the interstellar_ ™~ S
. sion line gas was detected (Wampler et al. 1973), the emission

gas as they propagate out through the host galaxies. The gas¢

n . » - X
decollimate and depolarize the synchrotron jets and the rag%f‘endlngw 6" NW from the nucleus, with a clumpy morphol

. T . gy- North of the nucleus, the line luminosity dominates over
source can occasionally affect the ionization properties of t . . . ”
e continuum, while the reverse is true4” to the south. A

Send offprint requests 1&. Chatzichristou stellar population of A-type stars was detected in the off-nuclear
(chatzich@strw.Ieidenﬁni\'/.nl) continuum spectrunmi (Boroson & Oke 1982, 1984) which could

* Based on observations collected with the Canada-France-Ha/f§i iNterpreted either as an aging starburst in the host (probably
Telescope at Mauna Kea (Hawaii, USA) 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 bro >
permitted nuclear lines, indicating that the underlying galaxy
certainly associated with the quasar. >

There is important observational evidence suggesting e
merger in the recent history of 3C 48: (i) A high surface brigh . 3
ness region~1” NE from the main nucleus was detected ii >
(stellar?) continuum light (with no counterpart in the emis : i— 4
sion line gas) and was tentatively identified with a second n == e
cleus|(Stockton & Ridgway 1991; Hook et al. 1994). (i) Theiir . #
regular appearance of the 3C 48 host in optical (presuma > e
stellar) continuum, with a tidal tail-like feature extending’15
NW and south of the main body (Stockton & MacKenty 198 >
Stockton & Ridgway 1991; Balick & Heckman 1983), that ha
significantly redder colours than the rest of the galaxy. (iii) Tt >
absorption and broad permitted line velocities differ by se -
eral hundred kms! from the narrow forbidden line velocities .~ . S
(Boroson & Oke 1982; Fabian et al. 1987). (iv) IR excess is c T |
ten associated with merging galaxies. -

Very few detailed studies of the jet-gas interaction in rad
galaxies exist in recent literature, mostly long-slit spectrosco )
(e.g.[Clark et al. 1997 and Clark et al. 1998). 3C 48, becat =
of its high AGN luminosity and its relative proximity, seem:s (A o ——
to be a good candidate to study the processes that drive >
kinematics and physical conditions, as well as the morphi e iy . - — ¥
ogy, of the line emitting gas. The interpretation of the existir = i

spectral data, in terms of the physical and kinematic structu
present, is ambiguous due to poor spatial coverage. To estak r

the nature of the various gaseous components and to searcl 2 (N) r

kinematic signatures of the radio jet-gas coupling and/orol = ey a2 T
recent interaction, we have taken a single 45 min exposure .

sub-arcsec resolution conditions, using an Integral Field Sp = -

trograph (IFS). 7

Sl Hbeta - o
2. Observations Sl g0l
The Multi-Object Spectrograph (MOS) was used in the IF
mode [Vanderriest 1995) at the Cassegrain focus of the 3.6 m
Canada-France-Hawaii telescope (CFHT). In this configuratidfig- 1. Portion of the 2D spectroscopic image from MOS/Argus, for
a bundle of 655 optical fibres gives as many simultaneous sp g.~5" surrounding the 3C 48 nucleus. Each row corresponds to
tra over a 12x8” field with 0.4’ spatial sampling. A 45 min an individual fibre spectrum in the wavelength interval around the

. H [O111]4959,5007 lines (x-direction). The marks on the left side
exposure was made on the night of October 4th 1996, durin ghe figure indicate roughly the starting positions of each row of

period of excellent seeing-0.6” FWHM). The spectral reso- e hexagonal array, moving from south to north as we go from the
lution (FWHM), measured on night sky lines, is Amnd the pottom to the top of the image. Between two marks, bottom to top in-
useful spectral range corresponds to 3000-#8@0the rest dicates east to west direction. The main emission clouds are identified
frame of the quasar. The UV-optical spectra of quasars typird numbered. The two main rows corresponding to the nuclear region
cally show strong, broad emission lines, the most promineme indicated byV') and the position of the putative second “nucleus”
being the hydrogen Balmer lines and high ionization forbiddé& 48A by (A). The vertical line running through the image next to
lines. Most of these lines are present in the nuclear spectrtit(O1]so0r line is atmospheric OH emission ¢-6863A).

of 3C 48, shown in Fidl7, within the observed spectral re-

gion: [N@V]3426, [011]3727, [NGIII]gsﬁg, [NGIII]3968+HE,

Ho, Hvy + [OII1]4363, HB, [O111]4959 5007 and two broad alent way, using standard IRAF procedures; the bidimensional
bands of permitted’el I emission line multiplets, neax4570 mapping uses a reduction package especially developed for IFS
and\5250 in the quasar rest frame. The raw data are similar(fteyssandier & Vanderriest 1998).

those from a classical image slicer and the basic reduction (flat- In Fig.[1 we show a portion of the resulting calibrated “com-
fielding, wavelength and flux calibration) is done in an equiyact” spectroscopic image, where each row corresponds to an
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individual fiber spectrum (y-direction) in th& 3 — [OI1]]
wavelengthinterval (x-direction). The thick lines indicate stron
continuum near the nucleus, while a number of other emissi
knots are easily seen and numbered for future reference.
characterized the spectrum in each fibre by the following p
rameters: flux, redshift and dispersion of the various emissi
lines and the integrated flux in selected portions of the conti
uum. These are then used to “reconstruct” intensity, veloc
and dispersion maps of the observed field. For each spectr
our reconstruction program first subtracts a mean sky spectr
(constructed from the emission-free fibre spectra) and then
a single gaussian to the selected emission line profile.

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

3. Results

In this section we present the main results from area spi
troscopy on the central {§? region of 3C 48. Our data is pre-
sented in the form of reconstructed images and 2D maps
various measured quantities, as well as individual (single fibi
and coadded (over regions of interest) spectra. Through t
presentation we will be discussing the morphology, the charall:cé. 2. ReconstructedO1I]so0r intensity image with superposed

teristics of the emission line profiles in various wavelengths an(%mourS of a reconstructed continuum image, in the ceni(al’)?

in some greater detail, the kinematics and ionization StrUCt%%ion of 3C 48. The labeled emission clouds correspond to those of

throughout the object. Fig..

3.1. Morphology Table 1.3C 48: Synthetic colours for different regions of 3C 48
We have re_constructed a ngm_ber_of |nte.nS|ty/veIOC|ty MaRegion U-B B-V

corresponding to several emission lines of inter@3f (7] 4959, 1018 4013

[OI11)5007, HB and [OI1]3727). Due to the generally much
better S/N of thgdOI11]5007 line, we will present most of our Nucleus -0.73  —0.01
results using this line, these being consistent with measures3@“8A  —-0.24 0.17
the other detected emission lines unless stated otherwise. Cloud1 —0.24  0.06

In Fig.[2 we show in grey scale a reconstruct@d /)5, Cloud2 -0.55  0.12
emission image, with superposed isophotes corresponding to
the reconstructed continuum image in the (relatively) line-free
spectral range 5110-584Qinthe quasar restframe. Thisfigurel filters in the Johnson system. The continua of the resulting
shows continuum emission extending.3’ NE of the apparent spectra were then fitted with a spline3 function and all emission
nucleus and much more extended line emission to N and NW'r absorption features differing by more thandf the fit were

The continuum extension corresponds roughly to the posémoved. Finally, we integrated the flux below the fitted line-
tion of “3C 48A", a high surface brightness region detected byee spectra, within the total wavelength range for each band.
Stockton & Ridgway (1991) in continuum and K-band image3he resulting magnitudes should be equivalent to broad-band
The existence of this potential second nucleus was convincinglyotometry within an aperture of @.8adius for the nucleus
shown by Hook et al.(1994) by applying their two channel imand of 0.6 radius for 3C 48A and cloudsand2. We have re-
age restoration technique to theimage of Stockton & Ridg- peated this procedure for a few standard stars (including Feige
way. In Fig[1 we indicate witliA) the spectra where the faint110 that was used to flux calibrate our spectra). The colours
reddercontinuum from 3C 48A is detected. We have deducedmputed this way are listed in Table 1. The uncertainties that
synthetic broad band colours, corresponding roughly tdthe are also listed in this table represent mainly the noise errors,
B, V standard filters, for the quasar nucleus, 3C 48A and ttiee zero-point errors being relatively small. Although the un-
two strongest emission cloudsand?2. To do this, we used the certainties in the resulting colours are rather large, of the order
integrated spectra (i.e. sum over several fibres) for each regioh~0.18 mag inUU — B and+0.13 mag inB — V, what is
that were Doppler corrected for the quasar redshifd.368) relevant here are the colour differences between the different
and multiplied with the theoretical response curves ofth&, regions, which do not depend on the zero magnitudes used.
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Fig. 3. Spatial distribution of theOII1]
emission line profiles (spectral range
7 6700—-6925AA), overplotted on the
7 [O111]5007 contour map, within the central
7 ~ 2"x2.5’ region of 3C 48. Note the
— —2 many double peaked profiles. Dashed
- lines indicate the wavelengths of the fitted
- components on the integrated nuclear

Ll | T spectrum. For the axes notation in kpc we
-1 —0.5 0 0.5 1 1.5 adoptz=0.368, Bh=75kms ' Mpc~! and
(arcsec) 0o=0.

The colours of 3C 48A, although still very blue, are redde.2. Line profiles and gas kinematics
than those of the quasar optical nucleus and similar to th%sg 1. Nuclear reaion
of the other emission clouds. This, combined with the obsér-—""" 9
vational fact that the emission peak is seen in continuum amdFig.[3 we plot thdOI11]4959 5007 €Mission line profiles over
K-band light, indicates a redder stellar population rather thame[O111]5,7 contour map, for the central 2 2.5 region. For
higher extinction, in the region of 3C 48A. Indeed there is ndarity, we only show here the spectra with the highest S/N and
evidence for high extinction in this object. Spectroscopic studH profiles are normalized to a peak intensity of 1. The forbidden
ies infer that A- <0.2 mag, for at least the broad line regiomarrow lines show striking multiple structure, which is a pre-
(Neugebauer et al. 1979; Fabian et al. 1987). Boroson & OW@usly unknown feature. At least two components are clearly
(1982, 1984) have detected spectra of an A-type stellar pojdentifiable in most of the profiles, the barycenter of the lines
lation, in the region of cloud. When plotting our results in a changing significantly from the nucleus outwards, indicating
typical colour colour diagram for zero-age main sequence statst the flux ratio of the individual components is also chang-
we find indeed that the colours of 3C 48A and cloddsnd2 ing throughout this region. To further investigate this we have
correspond roughly to stellar types between A and F. In a matgempted to deblend the individual profiles for all the emission
quantitative way, we compare our data with results from thiees where substructure is obvious and we have measured the
evolutionary synthesis models of Leitherer & Heckman (199%)orresponding parameters for the individual components.
The colours of 3C 48A and the two emission clouds, if primar- Various independent methods were applied and inter-
ily due to a stellar continuum, indicate stars with ages betweesmpared in order to achieve an accurate profile decomposition.
6x10f-1x 10" yr, essentially independently of reddening, fowe finally adopted the following procedure:
a typical simulation of an instantaneous burst assuming solar To fit and subtract the continuum we use the IRAF task
metallicity and a Salpeter IMF. CONTINUUM, interactively adjusting the order of the fitting

The ionized gas is extended 5” N and NW of the ap- polynomial and the rejection limits in order to achieve a reliable
parent nucleus and a number of individual emission clouds dite Then, the task NGAUSSFIT is used to actually deblend the
identified and numbered (the same as in Hig. 1). The clbudkemission lines. Here, initial guesses are provided for a set of pa-
(emission peak- 1.6 north of the nucleus) shows resolvedameters describing the individual components (assuming mul-
emission lines and a detectable velocity gradient. The brigkiple gaussian profiles) and some coefficients are initially held
est emitting knot is clou® (emission peak~ 3.8’ north), fixed. An interactive fit is then made for all the components si-
while all the other emission regions are fainter and extendetiltaneously via? minimization and repeated iteratively until
with narrow/unresolved emission lines. The clumpy structutie “best fit” values are obtained for all the parameters free.
of the extended ionized gas has been noted in previous studiesDouble profiles were clearly detected for {fli&/ I]3727 and
(Stockton & MacKenty 1987; Stockton & Ridgway 1991), butOI11]4959 5007 €mission lines. Théf 3 line profiles are very
not all the emitting knots have been identified. 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 5z (FWHM), (Fluz),x10~*° 5zr (FWHM), (Fluz),.x1071% AV
(kms™) (ergscm?s71) (kms™1) (ergscm?s™Y)  (kmsh)
[OI1]3727 0 1000£220 9.75:2.4 0.0001 47@70 4.5+2.0 610£150
[Nelll]sseo 0.0001**) 1010** 7.55£0.6 g~ 380" 1.52+0.4 (570)
[NelIl]sg6s+He 0.0001*) 1010**) 1.8+0.9 g 380" <0.9 (570)
[OI11)4959 0 1020+140 23.0:3.9 —0.0001 37€:30 4.18:2.8 570£170
[OIT1]5007 0.0001 1018-130 65.8-9.7 0 38Q:25 15.14-6.7 57Q+100
weighted mean 0.3667(3)  1010+20 0.3694-(5) 400+30 586+15

Single Component

H'y+[O[II}4363 0.3695+(4) 2720+260 20.7%2.6
HB)) 0.3699+(2) 3310£150 68.0:4.4

Fitted redshifts, full-width-at-half-maxima and fluxes for the blue and red components (denotédbdasuffix, 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 Tabld™6.

(++) Redshifts and line widths are fixed to the fitted values forl@E&I I]5007 components (see text).

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

Line 5z (FWHM), (Flux)yx107'® Szr (FWHM), (Fluz),x1071°

(kms™) (ergscm?s™h) (kms™) (ergscm?s™h)
[OIT]3727 —0.0001 1336:640 0.520.3 0.0005 57890 0.95+0.2
[OI11]4050 0.0001*) 910 0.18+0.1 —0.0004*) 590*) 0.37+0.15
[OIT1]5007 0.0001 916:210 0.95-0.3 —0.0004 59a-80 1.2+0.3
weighted mean  0.36699) 0.370Q=(3)

Single Component

[Nelll]sseo 0.369H-(4) 850+190 0.44t0.1

) Redshifts and line widths are fixed to the fitted values forl@E&I 15007 components (see text).

could be done accurately. Instead, we have used the fitted cédke (1982) found strong stellar absorption lines in the nebulosi-
ponents of thdOI11]5q07 line profile as templates, to fit si-ties 2’ north and south of the nucleus (the first roughly coincid-
multaneously thé 5 line with two narrow components (someing with our regionl), that show velocities similar to those for

of the H 3 emission must be coming from the NLR) with theithe broad permitted nuclear emission lines0.3700:0.0002.
fluxes as the only free parameters and a third broad compon#his means that the red component in the split nuclear emission
with all its parameters free. Although the error bars of the fitse profiles is probably associated with the underlying galaxy
are significantly larger in this case, the resuniﬁé”&?ﬂ line and we will call it “systemlc“ the other component being thus
ratios for each of the narrow components (and for their sum) dngleshifted by~580 km s * with respect to this.

reasonable and in agreement (within errors) between the variousThe error estimates quoted in Table 2 are the root-mean-
fibres. The[Nelll]ss69 and[Nelll]sg6s lines are asymmet- square errors of the results obtained from the fits of the individ-
ric but a two-component fitting was not possible because of thal fibre spectra. However for the other regions (Tables 3-5) the
lower S/N. We fit these lines by using again flie I1]5o; fit- S/N of the emission lines is low on most of the individual spectra
ted components as templates and let fluxes vary as the only f8d the line decomposition was only performed on the integrated
parameters. In Tablé 2 we list the results of the profile decomsgectra. In these cases, error estimates for all parameters are ob-
sition for the integrated nuclear spectrum, that is, the sum of tt@&éned by root-mean-square residual minimization between the
individual spectra of the 15 central fibres corresponding to &tied gaussians and the data and include both photon statistics
area of~1.9 arcset(Fig.[7). The velocity split between the twoand fitting errors. Finally, in the case of unreasonably large er-
components is 58615 km s™*, with the red component havingrors &50% of the value) we quote in Tables 2-5 only the 1
similar redshift to théroad Balmer emission lines. Boroson & 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 emissidn cloud

Line 5z (FWHM), (Flux)yx107*® Szr (FWHM), (Fluz),x1071°

(kms™) (ergscm?s1) (kms™1) (ergscm?sh)
[OI1)3727 0.0005 53a-110 0.84:0.2 0.0003 260 0.29+0.06
[Nelll]sseo 0.0007 756200 0.35-0.1 0.0003 <500 0.09-0.06
[OI11)4959 —0.0005 35@-70 0.50+0.1 —-0.0014 <530 0.12-0.08
[O11T]5007 —0.0003 405-30 1.8£0.1 0 2606-40 0.38:0.1
weighted mean 0.36733) 0.3705:(2)

Single component

HB™ 0.3708:(3) <250 <0.11

() At noise limit, uncertain measures.
) Line width is fixed to the fitted value for the red componen{®f I1]5007 (See text).

Table 5. Decomposition of the emission lines on the integrated spectra of the emission 2ieiids

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

8z 0.0003 - - - —0.0003

[OIT]3727 FWHM (kms™) unrt) - — - 410+120
Fluz (107 ® ergscnr?s71) 0.24+0.1 — - - 0.16+0.05

5z —0.0001 —0.0006 - - 0.0001

Hp FWHM (kms™1) unit) <560 - — 320+140
Fluz (10" P ergscm?s 1) 0.28+0.05 <0.14 - - 0.04+0.02
5z —0.0001 0.0003 —0.0001 0.0001 0.0001

[OI11)s959 FWHM (kms™") 100+50 230£70 230£100 200:100 29G:30
Fluz (10 % ergscm?s™1) 0.08:0.04  0.150.03 0.2#0.05 0.1#0.04 0.180.02
8z —0.0001 0 0.0002 0 0.0001

[OI11]5007 FWHM (kms™) <150 unf*) 150+70 <220 170£15
Fluz (1073 ergscnr?s71) 2.44+0.05 0.4%0.03 0.470.06 0.33:0.03  0.38-0.02
z weighted mean 0.3762(1) 0.368%(1) 0.3693:(1) 0.3695:(1) 0.3700:(1)

) Unresolved lines i.e. measutggy r sy < instrumentalgyw s ar) -

3.2.2. 3C 48A the fibres closest to the 3C 48A location. Assuming that all the
. H /3 line in the 3C 48A spectrum is nuclear contribution, we
We hetl;]/e cons;ruct?g_ag}n_fjegrﬁt_gd specﬁ}ruqur?;C:ﬁA by St.usrBéle and subtract the summed spectrum from that of 3C 48A
mingthe spectra of ZIndividualtibres in In€ region oTtne Conti ) e re is no residual of this line left. In this way, we have
uum peak detected on the recons%tructed images (Sect. 3.1), fimated a maximum 0£20% and60% nuclear contribu-
responding to an area 6fl.1 arcset. The resulting spectrumis _; ; o
plotted on FiglV. We see here most of the high ionization emilon {0 the 3C 48A01I]s7a7 and [O111]5007 line emission,

Fspectively. The line profiles of the stronger lines are double
sion lines that appear in the nuclear spectrum, but the Balmerp Y- P 9

. : : and we have applied the same profile decomposition technique
lines are absent or, in the casefop, very wea_k anq noisy. We as for the nuclear region; the results are shown in Table 3 for
also notice the much stronggpPI1]s727 emission line relative

to the higher ionizatiofOI1I] lines in the 3C 48A spectrum, the integrated spectrum of 3C 48A.
as compared to the nuclear spectrum. These observations show

that the line spectrum of 3C 48A is not seriously instrumentalB:2.3. CloudlL

contaminated by the nuclear spectrum or, alternatively, prim

ily be due to reflected nuclear light. Additional indication fo%ver the whole extent of detected line emissiof6”)2, shows
;[.h|s 'Strggi%ita”y hlgherdretdstum(bgo.OOOZ) cl)fthe_elz_mlss;lon split linesalso in the regionl for most emission lines (see also
IN€s o » compared to Ihe quasar nucieus. 10 PUtUPRRL 9y they are significantly weaker here than on the central

limits to the nuclear contribution to the emission line SpeCtruFBgion but also much narrower. which allows an easier decom-
of 3C 48A, we have summed the individual nuclear specira [%sition of the blend. In Tablgl 4, we list the results for the

?ﬁ’spection of various line profile maps (similar to that of Eig. 3)
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Fig. 4. Distribution of the velocities resulting from the decomposition of [l ]5007 line. The size of the symbols represents shifts from a
reference velocity corresponding 460.368, 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 adopi368, Bh=75kms* Mpc—* and ¢=0.
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Fig. 5. Distribution of the line widths resulting from the decomposition of {1 1]5007 line. For the axes notation in kpc we adapt0.368,
Ho=75kms* Mpc~! and =0.

integrated spectrum of the cloddsummed over 10 fibers (areacontour map. The size of the symbols represents blue/red-shifts
~1.3 arcset). Although both components are redshifted (bfrom a reference velocity corresponding:4e0.368, arbitrarily
~200-300 kms') with respect to those in the nuclear regionghosen, in order to better illustrate the two velocity fields. In the
the red one shows the same redshift as the bfdddine in the nuclear region, i.e. the central2”)2, the red/systemic compo-
same region and similar to the redshift of the absorption linaent shows clearly a systematic trend that is probably associated
(0.3713£0.0003) as measured by Boroson & Oke (1982). Thigith the rotational velocity field of the host galaxy. The veloc-
agrees with our previous conclusion from the nuclear line prity increases from SW to NE witiAV,,,,=200+35km s !,

files, that the red component is most probably associated withcomparison, there igso clear trend in the velocity field of

the underlying galaxy, while the blue-shifted component reprite nuclear blue-shifted component, with a maximum spread
sents gas moving in our line-of-sight at speeds up to 580Km sof AV/,,..,=260+145km st. Along the regionl on the other
hand, there seems to exist a gradient in the velocity field of the
blue component, witth /=120 km s'* within a~ 0.8” (3 kpc)
region. Also, velocities are overdirger here (smaller sym-

In Fig.[d we plot the distribution of velocities resulting frombols for the blue component and larger for the red) compared to
our [OII1]5007 profile decomposition superposed ofCd II] the nuclear region.

3.2.4. Analysis of the velocity structure
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Fig. 6. [OI11]s5007 blue and red component emission images for the centf@l)? 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 profilé®11]5007 emission line images for the blue and red compo-
(up to 1100kms!) compared to the much narrower (up tments, that we constructed directly from our measures, within
~510kms ') systemic component. This can be seen from Téhe centrak-(3")? region (nuclear region and emission clad
ble[2 and Fid.b where we plot the line widths (FWHM of thén order to see theelative importance of the two components,
fitted gaussians) for the two components, in a similar way astire lower two panels of Fig. 6 show the spatial distribution of
Fig.[d. On the left panel we see an obvious trend for the dispére (blue/red) and (red/blue) flux ratios. The four representa-
sion of the blue component profiles to increase towards the N&ns are complementary and they essentially show that the blue
i.e.inthe same direction as the red/systemic velocity field. Ther@mponent is not significantly different from a point source
is no systematic trend in the line widths of the red componeafid is dominant in the center and eastwards. The red/systemic
except that the narrower profiles occur in the central regiacomponent is significantly extendee@.6’=2.6 kpc) and its
Along the regiort, the narrow emission lines have comparablearycenter is offset by 0.2§1 kpc) to the west.
widths everywhere (with the blue component again somewhat All the results that we have presented so far, come directly
larger than the red), but they remain significantly narrower thfom measures on the “raw” spectra, the main source of uncer-
the nuclear profiles. tainty being the accuracy of the profile decomposition (which is

Inspection of FigB, shows also a clear change of tlgiven by the errors associated with the various quantities). How-
barycenter of the blended line(s) from blue-dominated in tleer, when interpreting these results, another important factor
center and eastwards, to red-dominated outwards. We illtstake into account is the limited spatial resolution of our ob-
trate this effect better on Figl 6. The upper two panels sh@ervations. Although the spatial sampling (size of each fiber)
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Cloud 1

Cloud 6 Fig.7. Normalized, “integrated” spectra
(summed over several fibres) for the opti-
At cal nucleus of 3C 48, 3C 48A and the three
‘ ‘ brightest emission clouds. The main emis-

Od sion lines (and the residual of th@1]s57~

| | |
5000 6000 7000 80 sky line) are identified. Wavelength is in lab-
Angstroms oratory frame.

is 0.4’, the seeing during our exposure wa8.6’, which is of cloud2 is summed over 10 fibres (aredl.3 arcset) with
equivalent to a “smoothing” effect between two neighbouringeak intensity~3.8" north of the nucleus. This is the brightest
fibres. This does not affect our main results and especially tmitting knot with the[O11]3797, [Nelll]3s69 3063, HB and
systematic trends (velocity field and spatial variation of the lif©I11]4959 5007 €mission lines showing symmetric and very
widths and barycenters), but it does make it difficult to estimat@rrow (often unresolved) profiles. The measured redshifts for
the real (projected) spatial extent of the blue-shifted gaseoal these lines agree very well (within the errors) with the sys-
component. temic velocity (i.e. 20.37). The cloud8 and4 are further to
Similar plots, as the ones presented abovel@dfI ]5007 the NW-W of2, approximately at 4/8and 4’ from the nucleus,
were constructed also for tH@11]37o7 and[O111]4959 lines. respectively. They shoyO 11,959 5007 €Mission, with barely
They show the same trends but with larger scatter in the meay continuum and somE 5 emission, at the detection limit.
sured quantities, due to the lower S/N in these lines. We halkee line profiles on cloud are asymmetric with a possible
also checked the distribution of thés line profiles and asso- faint blue component, but the low S/N does not allow a two-
ciated parameters. Due to the decreasing S/N further from tt@mponent fitting of the lines. Thg)111]4959 5007 €Mission
center, we could not always apply accurately the decomposiieud5 lies ~4.5" NE from the nucleus. In Tablg 5 we list the
tion in three (two narrow - one broad) components as for tineeasured parameters for the integrated spectra corresponding
integrated nuclear spectrum. However, our plots show no stg-these clouds: summed over 5 fibres (aréa6 arcset) for
nificant velocity field in the centrat(1”)? region, although the cloud3, over 10 fibres (area1.3 arcset) for cloud4 and over
line widths show the same trend as the blue narrow-line compbfibres (area~0.5 arcset) for cloud 5. The mean redshifts
nent, i.e. they are increasing towards the NE (varying betweare somewhat smaller compared2owith a meanz compa-
~1800 and 3300 kms). rable to that of the red/systemia:clear component. Finally,
the emission cloué lies at~2.4" east of the nucleus, showing
[OII)3727, HP and[OI11]4959 5007 €Mission lines at a similar
redshift to that of clou@. The integrated spectrum 6{Table5)
In Table[5, we show the results for the most important emis-summed over 3 fibres (are&.4 arcset).
sion lines measured on the integrated spectra of the remainingin Fig.[8 we plot all the integrated spectra in the wavelength
five emission clouds, identified on Fig. 1 ddd 2. The spectruange 6400-708, normalized to the same peak intensity for

3.2.5. The other emission clouds
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Fig.8. A portion of the “integrated” spectra near thE(3 and

tion from the present data (th€« line is outside of the ob-
served spectral range and tliey line is blended with the
[OI11]4353line). 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
[OI11] emission flux differing by a factor of five between the
red and blue (stronger) components, whilst in 6] and

H} 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 bfaad lines in

the nuclear spectrum of 3C 48 (Hig. 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 (Tab[g 3) but the blue component again shows
higher ionization. In Tablg]6 we list only the total (blue+red)
line ratio, that is subject to smaller error, which clearly shows

[O111]4959,5007 lines, for the quasar nucleus, 3C 48A and all the iderfhe presence of lower ionization gas in this region.

tified extended emission clouds of 3C 48, normalized to the same peak
intensity. Dashed lines indicate the wavelengths of the fitted nucltiﬁlre

components.

Table 6.3C 48: Line flux ratios

Region Log( 1215007 ?;“07 ) Log(7[[(‘));’[[[]]35702‘077
Nucleus (blue) 1.020.31 —0.83+0.29
Nucleus (red) 0.780.49 —0.53+0.63
Nucleus (total) 0.920.24 —0.75+0.26
3C 48A (total) — —0.15+0.30
Cloud1 (1.46+0.79y —0.29+0.21
Cloud2 0.93+0.17 —1.02£0.46
Cloud3 0.64+0.56 —

Cloud6 (0.97+£3.02y —0.37+£0.29

) H73 at the detection limit

illustration purposes. The dashed lines in Elg. 8 indicate th
wavelengths of the two nuclear components in the §plit7 7]

Itis more difficult to calculate the diagnostic line ratios for
two components on the spectrum of cldydue to the low
S/N of the[OI1] line and to the weakness, at detection level,

of the H 3 line. Consequently, th% ratio given in Ta-

ble[8 is highly uncertain. The relatively Iarq% ratio
reflects again lower ionization for the gas, ¥ I] line being
an indicator of enhanced star formation. The emission cibud
shows an AGN (type 1) - like spectrum, with stroiag/ 7] and
Balmer lines but weakd©)11] lines. For cloudb the (21100

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.glThuan et al. 1979). These authors have computed an elec-
tron density ofS 10° cm= for the NLR and of> 107 cm~3 for

the BLR.

Discussion

lines and of the broad/systemig3 component. This figure The main results presented in the previous section are: (i) The
summarizes our main results on the kinematics of the emittidgtection of double profiles of the high ionization emission lines,
gas in the central (§2 region of 3C 48, as presented above. overaregion of atleast1” around the optical nucleus of 3C 48.

3.3. lonization structure

These arise from the presence of a gas component blue-shifted
by ~586+15km s ! with respect to the systemic component.
The narrow emission line widths for the blue component in-

In Table[®, we list the relevant diagnostic emission line rarease to the NE out to 0.8%1This is roughly aligned with the
tios for the emitting regions and the two nuclear componerdgection of a powerful one-sided radio jet (Sect. 1.1). (ii) The
(and total, blue+red flux). We have not corrected the line fluxdstection of red continuum out t01.3’ NE of the quasar nu-
for reddening, because we cannot estimate the internal extiaeus, possibly coming from a faint secondary nucleus, 3C 48A
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(Stockton & Ridgway 1991). This continuum knot roughly coabout its spectroscopic properties, but there idinect way to
incides with the radio jet/blue-shifted component locations aldsess the nature of 3C 48A with the present data. Moreover, our
is somewhat more extended in the same direction. “real” spatial resolution is seeing limited to a little better than 2

The spatial coincidence of these three components, if refithres. Itis clear, that significantly better S/N spectra and seeing
is an intriguing result that needs interpretation. There are anatonditions that match the instrument spatial resolution(0.4
gies with cases of other radio sources such as 3C 171, P&® required, to improve the detection and measurement of the
2250-41 or 3C 305, whose observed properties are mostly egntinuum and of any emission or absorption line spectrum, that
plained by the presence of fast shocks driven by the radio jetauld be associated with a “companion” galaxy. Using an IFS
into the ambient gas (elg. Jackson et al. 1995, Clark et all 198ystem with adaptive optics on a 8m-class telescope seems to
Clark et al. 1998). be the ideal approach.

4.1. 3C 48A 4.2. Jet-gas interaction

We consider three possibilities, in order to explain the extra cofike radio morphology and optical spectrum of 3C 48 suggest
tinuum detected in the location of 3C 48A: (i) scattered ligten interaction of its radio jet with its environment. We could
from the active quasar nucleus, (ii) the presence of a secdrale anticipated this, because 3C 48 belongs to the class of
stellar nucleus, merging with 3C 48 and (iii) locally generatedompact Steep Spectrum (CSS) radio sources, whose small
continuum, associated with the AGN. (i) Anisotropic emissiosizes could be due to unusually dense environments that con-
from the AGN has often been suggested for Seyferts and sofime the radio emission and interact with, possibly disrupting,
radio galaxies. In the case of 3C 48, one could think of nthe radio jet/(O’Dea et al. 1991). Numerical simulations have
clear light scattered through the path opened into the ambishbwn that a dense interstellar medium (ISM) may confine
interstellar medium, either by the observedNE radio jet or, CSS sources (De Young 1993), although permanent confine-
during a previous nuclear/radio activity phase, since the canent of the brightest ones would require unrealistic densities
tinuum emission seems to be extended somewhat further tlaaal masses. Such sources would rather correspond to a tran-
the radio structure. We do not know of any polarization stugient state of confinement, by direct collision of the radio jet
ies which could confirm this possibility. However, the opticalith very dense ISM condensations. We believe that we see the
spectrum of 3C 48A does not seem to be seriously contammprint of such a radio jet - ambient gas interaction in the high
inated by nuclear light, as it was shown in the previous seeelocity blue-shifted narrow emission line component that we
tion. (ii) The detection of a near-IR counterpart (K’ band) thave detected throughout the nuclear region of 3C 48. Direct
the optical continuum morphology in the region of 3C 48Avidence for this is the spatial coincidence of the radio jet with
(Stockton & Ridgway 1991) was interpreted as an indicatidhe increasing strength of the blue component, within 078-1
for the presence of a faint (probably highly obscured) secohNdE from the nucleus. The blue shift of the gaseous material
nucleus. This band corresponds to the H-band wavelength in #ggees with the view that the one-sidedness of the radio jet is
quasar rest frame and the above authors giVe-a H colour caused by Doppler brightening of material beamed toward us.
of 2.25 for the galaxy, excluding the (bluer) quasar nucleus a@dnventionally, radio jets from AGNs are assumed to be intrin-
3C 48A regions. This is roughly the colour expected from sically two-sided. The absence of a narrow red-shifted emission
stellar population &10°-1x 107 yr old, as estimated from our line component implies either that 3C 48 is unconventional, i.e.
derived optical colours (Sect. 3.1), for a typical simulation of antrinsically one-sided, or that the receding side is hot seen. This
instantaneous burst assuming solar metallicity and a Salpeteuld be the case if there is no gas intercepting the receding jet,
IMF (Leitherer & Heckman 1995). (iii) AGN-associated coner if that side is obscured by dust.
tinuum emission could arise either from synchrotron emission We have found no systematic velocity field for the blue com-
orjet-induced star formation. The first case is less likely becaysenent, which indicates that it does not participate in the galac-
the synchrotron colours, as seen in the nucleus, should be blierotation, its projected velocity being predominantly radial.
than the observed colours of 3C 48A. Star formation, induc®dlkinson et al.(1991) estimate that the total energy carried
by interaction of the radio jet with the interstellar medium dby the radio jet on 3C 48 and dumped to the NLR mostly as
the host galaxy, seems the most likely explanation for 3C 48Kinetic energy, would correspond to gas velocities as high as
If intense star formation is what powers the line emission 000 kms . This is comparable to the velocity that we ob-
3C 48A then, we have shown that the stars must be rougblrve for the blue component-$80kms!) relative to the
6x10°-1x 107 yr old. This interpretation is further supportecambient ionized gas emission. Conversely, having an idea of
by the diffuse, knotty morphology of 3C 48A as seen on HSfhe mass of the line-emitting ga¥, of its velocity disper-
images, extracted from the HST archive (Project ID05235, Fsion ¢ and of the magnitude of line splitting\}’, we can
J.A.Westphal). estimate the kinetic energy injected to the gas in this region.
Thus, although there is little doubt that 3C 48 has undergdRabian et al. 1987 infer the mass of extended ionized gas out
arecent merger, as evidenced by its optical morphology, that bas-3 kpc to be X10°M - 2x10° M, and they estimate
powered the AGN, there is no direct evidence for 3C 48A to lilee total mass to be 3-6 times larger. Takihg ~ 10° M,
the nucleus of the merging galaxy. Our results provide clugd’ ~580kms! and o= (FWHM)/1.67~620 km s ! (taking



418 E.T. Chatzichristou et al.: Spectroscopic mapping of the quasar 3C 48 at sub-arcsec resolution

the mean FWHM of the blue component), we haug, ~ everthe possible origin(s) for the nuclear gas is, it seems natural

M x (AV? + 0?) ~1.43x10® ergs. We estimate a dynam+o argue that the expanding radio jet will most probably collide

ical time associated with the outflow in the region of linavith the dense gas clumps of such a rich interstellar medium,

splitting, tayn ~ /AV, wherel ~1"(~4.5 kpc, adopting warming up material and injecting large amounts of kinetic en-

Ho=75kms ! Mpc~! and g=0). This givesty,,, ~4x10Fyr. ergy in the emission line region, which is reflected through the

The rate of energy injection will then beFE/dt ~ blue-shifted velocity component, detected in 3C 48.

Eyin/tayn ~1.13<10" ergs s1=1.13x10°"W. We can com- We observed the blue shifted second componeni7akpc

pare this to the energy carried by the radio jet, that is likely to §&.6”") from the nucleus, in cloud, with a somewhat lower

injected to the interstellar medium of the NLR. The radio lumblue-shift:Vij,e1 — VsysNue ~400km s, This could be ma-

nosity of 3C 48 being-4x10°"W, the total amount of energy terial accelerated in shocks near the nucleus, then decelerating

carried by the jet will bex10*¥W (Wilkinson et al.1991). as it picks up additional material. The time scale to travel this
We have shown that the energetics of the radio jet adestance~10 yr, is of the same order as the age of the blue

capable of driving large gas motions in the line emitting restellar population observed here in the continuum (Sect. 3.1);

gions, similar to the ones that we observe in the nuclear blubis suggests a common origin.

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 AGN$ Conclusions

(e.g.lHeckman et al. 1981), as well as within individual galax- _ ) ] o

ies (e.g[Heckman et al. 1982). Substructure often observed’#{ndasingle 45 min exposure onthe field of 3C 48 with integral

the emission line profiles of AGNs, coupled to the associatbgld spectrqscopy, we h_ave studied in detail its extended ionized

radio components, provides observational evidence for gas difts Properties. Our main results are as follows:

flow in the NLR (Whittle et al. 1988) and model calculations ofj) Multiple emission line profiles indicate the existence of a gas
narrow emission lines that are due to bowshocks driven by @-mponent, which is approaching with a line of S|ght Ve|0city
dio jets into the ambient gas, seem to support this interpretatigin.580+110 km s !, with respect to the systemic component.
(Taylor et al. 1992). Moreover, the high ionization found for thghis blue-shifted component is easily detectable on our narrow-
blue-shifted component in 3C48 and its increasing line Wldt'ﬂﬁe prof“es (for the present Spectra] resolution Of/&)5\Nhl|e
(up to~1100 kms') in the same direction as the jet expansiofhe broad/systemic component dominates the permitted lines.
(NE), indicate that shock waves could be a source of ionizatighijs resolves the issue of the velocity spread between broad
additional to the AGN ultraviolet flux. and narrow emission lines, reported in previous studies with
The jet/cloud interaction indicates the presence of a larggver resolution data.
amount of gas in the region observed 4.5 kpc). Other ev- (ji) The double-peaked narrow emission-line profiles extend
idence exists for large amounts of neutral gas in 3C 48, al1” around the nucleus, the blue-shifted component dominates
though its total mass, origin and distribution are ambiguous tffe emission in the central region arn@.6’ eastwards. Its spa-
has been found, through different kinds of observations, thaf| correlation with the radio jet lead us to argue that this com-
3C 48 has large amounts of cold dust and gas: (i) Its largenent is the imprint of the jet interaction with the ambient gas.
FIR flux indicates a gas mass of 20/. Its far-IR colours Simple energetic arguments show that the radio jet in 3C 48
suggest that if the radiating dust is heated by the quasar Ricapable of driving the large gas motions that we observe.
cleus then it should be concentrated within the centrdl No corresponding red-shifted velocity component is detected,
kpc region (Neugebauer et al. 1985). However, it is equaliyhich is in prima facie agreement with the lack of an observed
likely that the dust is distributed throughout the disk and tsounter-jet in this object.
heated by the intense star formation within the host galagy) We detect a red continuum “knot>1.3’ NE from the nu-
(Neugebauer et al. 1985; Stein 1995). The present data anccfeus, in the same position that Stockton & Ridgway (1991) have
cent HST images do not show indications for large amourdicovered a putative second nucleus, 3C 48A. Its spectrum is
of dust in the nuclear few kpc. (i) CO emission detectegbot significantly contaminated by nuclear scattered light and
in 3C 48 leads to an estimate of a molecular gas masssplows lower ionization gas, probably belonging to the EELR of
7x 10" M, (Scoville et al. 1993), with a (deconvolved) size 08¢ 48. We argue for a stellar origin for 3C 48A, triggered by the
1-1.8' (4.5-6.8 kpc, for our adopted cosmology) at a redshifiteraction of the radio jet with the dense interstellar medium,
close to the systemic velocity (Wink et al.1997). The large gas continuum colours indicating a stellar population younger
concentration has been claimed to give further support to fkan~10" yr.
merger hypothesis as well as providing with fuel the AGN ifly) The nuclear red/systemic component shows a velocity field,
3C 48. Fabian et al.(1987) on the other hand, suggest that 3Gd®iniscent of galactic rotation, withV;,,,,=180+35kms™!,
is at the center of a massive cooling flow with an inflow rate @he kinematic axis pointing SE-NW. Other clumps of emis-
~ 100M, yr~*, where some of the inflowing gas maybe fuelingjon, that we detect mostly north of the nucleus, move with
the quasar. The same authors find high density@cn®) and  velocities similar to the systemic velocity and are redshifted by
pressure{5x10° cm~? K) for the ionized gas, that are consis=.200-300 km s with respect to the nuclear (systemic) com-
tentwith the cooling flow interpretation for the gas origin. Whagponent. We interpret this velocity difference as an indication that
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the gas dynamics in this region might be related to the recéféckman T.M., Miley G.K., Balick B., Van Breugel W.J.M., Butcher

merger. H.R., 1982, ApJ 262, 529

(v) The nuclear systemic emission component, shows line s R., Barthel P.D., Hoekstra H., 1995, A&A 303, 8

tios indicative of photo-ionization by the QSO nucleus. Thdo0kR., Lucy L., Stockton A., Ridgway S., 1994, ST-ECF Newsletter
higher ionization observed for the blue-shifted component in- 21,16 _

dicates an additional ionizing mechanism, this probably beiﬂacl;sgc;n N., Sparks W.B., Miley G.K., Macchetto ., 1995, A&A 296,
shocks driven by the radio jet into the interstellar medium. T

s . hL%itherer C., Heckman T.M., 1995, ApJS 96, 9
ionization of the strongest emitting clouddgnd6) shows the 1 ihews TA. Sandage A., 1963, ApJ 138, 30

existence of an important lower-ionization gas component. McCarthy P.J., Van Breugel W.J.M., Spinrad H., Djorgovski S., 1987,

. . ApJ 321,129
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