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ABSTRACT 
Detailed radio and optical observations of the radio galaxy 4C 29.30 provide clear morphological, polari- 

metric, kinematical, and energetic evidence for an interaction between the radio source and the ambient 
medium. Morphology.—The brightest optical emission-line gas is found adjacent to the most luminous radio 
features in the northern radio lobe, which is strongly bent “downstream” (away from the galaxy). A much 
fainter emission-line filament to the south roughly bounds a long (~26 kpc), straight radio jet. Polarization.— 
Regions of unpolarized radio emission are correlated with the presence of emission-line gas. Kinematics.—At 
the edges of bright radio features, the gas velocities change sharply and the emission lines become broader. 
The southern optical filament makes an angle of ~20° with the radio jet, yet the jet and gas are clearly 
interacting; the gas velocity increases by as much as —550 km s-1 near the bright radio hotspot where the jet 
ends and decollimates. The total velocity relative to the parent galaxy is —730 km s-1 at the end of the 
filament, significantly larger than the escape velocity from the galaxy. Energetics.—Relative intensities of 
optical emission lines suggest that the gas is photoionized by a nonstellar continuum, both near the nucleus 
and outside it. The gas close to the nucleus is ionized by the power-law continuum detected in the nucleus 
itself, as in Seyfert galaxies, but this radiation is probably not strong enough to photoionize the extranuclear 
regions. A local mechanism plays the dominant role in the ionization of the gas, and it may be related to the 
presence of the radio source. 

All these properties are also seen in several other objects (such as 3C 277.3) recently shown to have associ- 
ated optical and radio emission, and they suggest the interaction of jets with relatively dense extranuclear gas. 
4C 29.30, however, is distinguished by the optical appearance of its parent galaxy, which shows strong evi- 
dence for a previous capture of a gas-rich disk galaxy. Various “loops” or partial “shells” are visible around 
the object, and the central region exhibits a dust lane as well as a relatively blue secondary nucleus. We con- 
clude that the emission lines are probably produced by the interaction of the radio source with debris from 
the merging process. 

We hypothesize that the collision between the northern jet and a region of relatively dense gas, possibly 
associated with an optical shell which can be seen at this location, causes the radio emission to flare up, 
ionizes the gas, deflects and heats the jet material, and allows ionized gas to be mixed into the jet’s boundary 
layers. The knotty structure in the straight southern jet, on the other hand, may be more easily understood as 
internal shocks in a reconfining jet as it propagates outward and adjusts to the changing pressure in the 
ambient medium. The sudden acceleration of the emission-line gas near the end of the jet is probably caused 
by a strong shock within the jet which causes it to rapidly expand and decollimate. 

From the [S n] 226716, 6731 doublet we estimate the gas density in the emission-line regions. It is shown 
that the total amount of gas in the northern lobe may indeed be sufficient to have deflected the jet, and that 
the thermal gas and radio-emitting plasma may be in pressure equilibrium, as in some other radio galaxies 
with optical emission-line regions. The latter result helps validate (to within an order of magnitude) the many 
ad hoc assumptions that are generally made to estimate the pressure in radio-emitting plasmas. 

We stress that the observed gas velocities are not those of the jet material itself, but are related to the 
velocities of expansion and translation at the boundaries (cocoons, lobes) of the radio source as it heats and 
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accelerates the ambient gas. Likewise, the low radio polarization near regions of emission-line gas is probably 
not caused by dense ionized gas internal to the jet, but instead may be due to “Faraday screens” produced by 
ionized clumpy material entrained in the outer layers of the radio source. Moreover, the radio emission rep- 
resents only a small fraction of the total energy in the jets powering the radio source. We estimate that the 
total luminosity of the emission lines in the northern lobe is at least 10 times that at radio wavelengths; the 
jet therefore converts < 10% of its energy into radio synchrotron emission. Most of the energy is apparently 
used to heat and accelerate the ambient gas. The observed properties of 4C 29.30, such as the large misalign- 
ment between the emission-line filament and the southern radio jet, emphasize that radio galaxies need to be 
studied with a variety of techniques to sample the rich spectrum of physical processes that can be involved in 
the interactions of extragalactie jets with their environment. 
Subject headings: galaxies: individual — galaxies: internal motions — galaxies: jets — galaxies: structure — 

polarization — radio sources : galaxies 

I. INTRODUCTION 

Observations of radio galaxies with extended optical 
emission-line gas are changing our perspective on extragalactic 
radio sources and their environment. They are showing that 
the interaction of radio jets and lobes with relatively dense 
ambient gas is important in many radio sources (see, for 
example, van Breugel and Heckman 1982; Miley 1983; van 
Breugel 1986). Collisions of jets with dense material may 
deflect and disrupt the jets, and optical synchrotron emission 
associated with internal shocks may photoionize the surround- 
ing gas, as in 3C 277.3 (Miley et al 1981; van Breugel et al 
1985a). In other situations, jet-induced star formation may 
occur; excellent examples are Centaurus A (see, e.g., Graham 
and Price 1981) and “Minkowski’s Object” (van Breugel et al 
1985h). Entrainment of ionized ambient gas in the turbulent 
boundaries of the sources may depolarize the radio emission, 
as in 3C 305 (Heckman et al 1982), 4C 26.42 (van Breugel, 
Heckman, and Miley 1984), and 3C 277.3 (van Breugel et al 
1985a). The entrained gas may be transported over many kilo- 
parsecs, to be deposited in distant radio lobes (3C 277.3). 

During the course of our continuing study of radio galaxies, 
we have discovered extended optical line emission associated 
with 4C 29.30 (0836 + 299; z = 0.0643; mpg =15.7; see Table 
1). The emission-line region is among the most extended we 
have found; its observed angular size (~40") translates into a 
projected length of ~45 kpc, under the assumptions q0 = 0.5 
and H0 = 15 km s -1 Mpc-1 (used throughout this paper). The 
data support the general picture of jet and gas interactions 
described above. They also provide a clue to the origin of the 
extranuclear gas, which is often unclear in other cases: the 
parent galaxy of 4C 29.30 appears to have merged with a gas- 
rich (disk) galaxy. In addition, both the energetics and mor- 

TABLE 1 
Global Properties of 4C 29.30 (0836 + 299)a 

Radio 

Flux density (1415 MHz)      0.70 Jyb 

Monochromatic power (1415) MHz)   5.7 x 1031 ergs s_1 Hz-1 

Total radio luminosity  9.1 x 1041 ergs s-1 

Spectral index a (Sv oc v -a)    0.65b 

Optical 

Redshift     0.0643c 

Luminosity distance    261 Mpc 
Linear/angular scale ratio   1.12 kpc arcsec-1 

Absolute visual magnitude     — 22.3 
a //0 = 75 km s-1 Mpc-1; q0 = 0.5. 
b Colla et al. 1975; 1 Jy = 10-23 ergs s-1 cm-2 Hz-1. 
c Measured from emission lines in nucleus. 

phology of the emission-like gas show that the radio emission 
represents only a small fraction of the energy outflow from the 
nucleus of 4C 29.30. 

II. OBSERVATIONS AND REDUCTIONS 

Radio and optical data were obtained at several observa- 
tories, as summarized in Tables 2 and 3. Standard procedures 
(e.g., van Breugel et al 1985a) were followed for their cali- 
bration and analysis, and are only briefly described here. 

a) Radio Imaging 
4C 29.30 was observed with the Very Large Array (VLA) in 

the A-, B-, and C-array configurations (Thompson et al 1980) 
at wavelengths of 20.6 cm, 6.2 cm, and 2.0 cm, respectively. 
This allowed comparison of three different high-resolution 
maps (1'.'3) with comparable sampling of the radio source 
structure. The source was also observed at 6.2 cm in the A- 
array, yielding maps with even higher resolution (0"3), and at 
20.6 cm in the B-array, providing better sensitivity to extended 
structure of low surface brightness. 

b) Optical Imaging 
We used the video camera (Robinson et al 1979) on the 2.1 

m telescope and a prime focus Fairchild CCD (PFCCD; 
Marcus, Nelson, and Lynds 1979) on the 4 m Mayall telescope 
of Kitt Peak National Observatory (KPNO) to obtain broad- 
band and narrow-band images of the parent galaxy of 4C 
29.30. The video camera and PFCCD observations, together 
with subsequent processing, were similar to those described in 
Heckman (1981) and van Breugel et al (1985a). The narrow- 
band images were placed on an absolute flux scale with obser- 
vations of standard stars. 

c) Slit Spectroscopy 
Observations through a long slit were made at KPNO on 

the 4 m telescope with the high gain video spectrometer 
(HGVS; see, e.g., Ford 1979) and the cryogenic camera (De 
Veny 1983), and at Lick Observatory on the 3 m Shane tele- 
scope with the new Cassegrain CCD spectrograph (Miller 
1983). The slits were positioned along the major extensions of 
the central and northern emission-line regions, at position 
angles (P.A.) of 4° and 95°, respectively. With the cryogenic 
camera a spectrum was also obtained at P.A. = 85° through 
the nucleus. 

The CCD-based cryogenic camera is more sensitive than the 
HGVS, except at wavelengths below ~4500 Â. These observa- 
tions were aimed at studying spatial variations in the emission- 
line intensity ratios and the overall kinematics of the gas. The 
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60 VAN BREUGEL ET AL. Vol. 311 

TABLE 2 
Journal of Radio (VLA) Observations 

VLA Observing Frequency Wavelength Bandwidth Observing 
Configuration Date (MHz) (cm) (MHz) Resolution Time (hr) 

A  1982 Feb 4873 6.2 25 0'.'3 x (X'3 4 
A  1982 Feb 1452 20.6 25 1.3 x 1.3 4 
B  1981 Jul 4873 6.2 25 1.3 x 1.3 6 
B  1981 Jul 1452 20.6 25 4.5 x 4.5 2 
C  1981 Oct 14965 2.0 50 1.3 x 1.3 12 

HGVS, on the other hand, has better spectral resolution (~4.2 
Â rather than ~15 Â), so [O m] A5007 was used to study in 
detail the kinematics of bright emission-line regions. Finally, 
the Lick CCD spectrograph is more sensitive than the HGVS 
in the red part of the spectrum, and its resolution (~7 Â) is 
sufficient to resolve the (Ha + [N n]) complex and the [S n] 
>U6716, 6731 doublet. This allowed us to determine the veloc- 
ity gradient along the faint southern filament and to estimate 
the density of the emission-line gas at various locations. 

Observation and reduction procedures were similar to those 
described by Heckman et al (1981). The KPNO long-slit 
spectra were corrected for variations in detector response 
along the slit direction, but not along the dispersion. Thus, 
relative line intensities [i.e., Hot/Hß = /(Ha)//(H)9)] could not 
be reliably obtained from these data, but spatial differences in 
such ratios along the slit, as well as the kinematics of the gas, 
could nevertheless be extracted. The long-slit Lick spectra were 
obtained under photometric conditions and 1" seeing and were 
calibrated on an absolute flux scale with standard stars. 

d) Aperture Spectroscopy 
Dual-aperture observations were made at the Multiple 

Mirror Telescope (MMT) with the photon-counting intensified 
Reticon spectrograph (IRet; Shectman 1981), and at Lick with 
the image-tube scanner (ITS; Miller, Robinson, and Wampler 
1976), to obtain additional information about the intensity 
ratios in the nucleus and in the northern emission-line regions 
of 4C 29.30. The Lick observations were specifically designed to 
record the blue part of the spectrum, in which several impor- 
tant high-excitation lines and a nonstellar continuum might be 
visible. They were photometrically calibrated with standard 
stars, whereas the MMT spectra were not. 

in. RESULTS 

a) Identification of 4 C 29.30 
Some confusion in the literature exists concerning the identi- 

fication of 4C 29.30 because two different radio galaxies have 
been labeled “0836 + 29.” Their more accurate “coordinate” 
designations would be 0836 + 290 and 0836 + 299. The former 
is identified with a cD galaxy in the cluster Abell 690 (Owen, 
Rudnick, and Peterson 1977; Fand et al. 1977), while 
0836 + 299 is 4C 29.30 (Colla et al. 1975). As a result of this 
confusion, 0836 + 290 in Abell 690 was assigned the wrong 
redshift by Owen, Rudnick, and Peterson (1977); 4C 29.30 
(z = 0.0643) is probably not a member of this cluster 
(z = 0.0790). Inspection of the Palomar Sky Survey plates 
shows that there are several fainter galaxies within ~ 30', so 4C 
29.30 may nevertheless be the brightest member of a small 
cluster or group. 

The optical position of the center of the galaxy [a(1950) = 
08h36m59s0 + 0S4, c>(1950) = 29°59'43,.'5 + 0'.'8] was measured 
from the Palomar Sky Survey plates with the Grant measuring 
machine at KPNO and is indicated in Figure 1. We identify the 
radio component C2 (Table 4) with the nucleus because of its 
flat radio spectrum, compactness, and agreement in position. 
When aligning our optical images with the radio maps, we 
therefore assumed that this component coincides with the 
optical nucleus. 

b) Radio Emission 
i) Morphology 

The large-scale and small-scale radio structures of 4C 29.30 
are shown in Figure 1 (A = 21 cm, 1'.'3 resolution), Figures 2 
and 3 (6 cm, 0'.'3), and Figure 4 (21 cm, 4'.'5). These maps were 

TABLE 3 
Journal of Optical Observations 

Parameter 
Optical 
Image 

Optical 
Image 

Slit 
Spectrum 

Slit 
Spectrum 

Slit 
Spectrum 

Aperture 
Spectrum 

Aperture 
Spectrum 

Telescope 
Instrument . 

Angular resolution   
Field size (or aperture). 
Position angle   
Location (with respect 

to nucleus)  

Spectral resolution 
AÀ band   

Date  
Purpose 

KPNO 4 m 
Prime 

focus CCD 
1" FWHM 
85" x 112" 

Red:1400 Â 
Ha: 75 Â 
1982 Jan 

KPNO 2.1 m 
Video 

camera 
1"5 FWHM 
130" x 130" 

Ha: 75 À 
[O in]: 55 Â 
1981 Jan 

Optical structure of galaxy 
and emission-line regions 

KPNO 4 m 
HGVS 

1" 
2" 5 x 166" 
4°; 95° 

At nucleus; 
3"E, 11"N 

4.2 Â 
5100-5800 Â 

1982 Apr 
Kinematics 

KPNO 4 m 
Cryogenic 

camera 
1" 
2':5 x 248" 
85°; 85° 

At nucleus; 
3"E, 11"N 

15-20 Â 
4600-8000 Â 

1981 Oct 
Ionization state 

Lick 3 m 
Cassegrain 

CCD 
1" 
2':2 X 130" 
4°; 95° 

At nucleus; 
3"E, 11"N 

7 Â 
5800-8000 Â 

1985 Jan 
Kinematics ; 
gas density 

MMT 
IRet 

irs x 2':9 

3"E, 11 "N 

6 Á 
4200-7700 Â 

1981 Nov 
Ionization state 

Lick 3 m 
Cassegrain 

ITS 

4" x 4" 

At nucleus 

10 Â 
3190-7070 Â 

1985 Jan-Mar 
Ionization state; 
continuum 
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RIGHT ASCENSION 
Fig. 1.—Contour representation of the total intensity of 4C 29.30 at 2 = 20.6 cm(l"3 x 1"3 resolution). Various features referred to in the text are labeled: the tail 

T, the southern lobe A, and the jet B, the core C, and the northern lobe D. Contour values (mJy beam-1) are 0.15 x ( — 2, 2, 3, 4, 6, 8, 12, 20, 40, 60, 100, and 150). 
Negative values appear as dashed lines. The cross indicates the optical position of the galactic nucleus. 

made with the combined A- and B-arrays. At 2 cm only the 
brightest components were detected, and no map is shown. We 
note the following. 

1. The radio source is asymmetrical: the “arrow shaped” 
northern lobe (D) is relatively compact and close to the 
nucleus, while the southern part contains a long jet (B, C) and a 
diffuse tail (T) which appears swept back to the west. In 
general, the steepest intensity gradients seem to be at the 
northeastern sides. 

2. The long and knotty jet (B) extends southwest from the 
nucleus and ends at a bright knot (A2) in the southwest lobe 
(A). The bright region near the nucleus is double (Cl, C2) and 
exhibits a small wiggle. Its overall size ( ~ 3 kpc), spectral index 
between 6 cm and 21 cm (a^1 = 0.7 for the combined com- 
ponents, where Sv oc v~a), and morphology resemble those of 
objects with “steep-spectrum radio cores,” which are often 
found embedded in Seyfert galaxies, peculiar gas-rich elliptical 

galaxies, and certain quasars (van Breugel, Miley, and 
Heckman 1984). 

3. The increasing widths of the jet’s components Cl, B, and 
A2 indicate that the jet expands slowly. The faintness of the 
major portion of the jet (component B, which is resolved at 6 
cm in the A-array) precludes an accurate measurement of the 
expansion rate as a function of distance from the nucleus. 

4. South of knot A2, lobe A flares out and merges with the 
diffuse tail T. This region appears edge brightened, and may be 
another example of “ radio shells ” or “ bubbles ” such as those 
found in NGC 3079 (Duric et al. 1983), 3C 310 (van Breugel 
and Fomalont 1984), and 3C 348 (Dreher and Feigelson 1984). 

5. The radio knots, when observed with 1'.'3 resolution (Fig. 
1), seem to come in pairs. We find that (a) the brightest knot is 
always closest to the nucleus and has its steepest intensity 
gradient on that side; (b) the brightness ratios of the knots in 
each pair are similar (~2:1); and (c) the separation between 
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TABLE 4A 
Observational Parameters of the Radio Emission 

Component 
(1) 

Angular 
Size 
(2) 

Flux 
Density 
(mJy) 

(3) 

Spectral 
Index 

«i1 

(4) 

Percent 
Pol. (P) 
at 6 cm 

(5) 

Depolarization 
(DP)ll 

(6) 

Faraday 
Rotation 
(A^1 

(7) ? 

A = 6 cm 

A1 . 
A2 . 
Cl . 
C2 . 
D1 . 
D2 . 
D3 . 

2" 5 x 2" 5 
0.6 x 1.2 

0.67 x 0.25a 

<0.45 x 0.45 
0.48 x 0.44b 

0.76 x 0.43c 

-1.0 x 2.2 

-19 
-15 

6.1 ± 0.4 
10.4 ± 1.3 

8.1 ± 0.8 
8.1 ± 1.0 

6 

0.82 ± 0.05 
0.80 ± 0.05 
0.86 ± 0.05 
0.22 ± 0.05 
0.88 ± 0.05 
0.80 ± 0.05 

11 ±2 
36 ± 1 
<4 (3(j) 
<2 (3(7) 

9 ± 1 
28 ± 3 

1.0 ± 0.2 
1.0 ± 0.1 

1.0 ± 0.1 

60 ± 5 
65 ± 5 

65 ± 10 
60 + 5 

A = 21 cm 

A. . 
B. . 
C . 
D . 
T.. 
TSe 

5'.'3 x 6'.'5 
1 x 12 

0.45 x 3 
5.7 x 11 
40 x 40 
40 x 80 

154 
32 
51 

161 
260 
658 

0.92 ± 0.10 < 13d 

Notes.—Col. (1): See Figs. 1, 2, and 3 for identifications of components; cols. (4), (6), and (7): Determined from 
the 1"3 x 1 "3 resolution maps. 

a P.A. = 14°. 
b P.A. = 133°. 
c P.A. = 29°. 
d Polarization measurement (3 a upper limit) of component B at A = 6 cm. 
e TS = total source. 

TABLE 4B 
Physical Parameters of the Radio Emission 

Component 
(1) 

Total 
Radio 

Luminosity 
(1040 ergs s-1) 

(2) 

Assumed 
Path 

Length 
(kpc) 

(3) 

Magnetic 
Field 

Strength 
(KT4 G) 

(4) 

Equivalent 
Thermal 
Pressure 

(106 K cm-3) 
(5) 

Minimum 
Total 

Energy 
(1055 ergs s-1) 

(6) 

Radiative 
Lifetime 
at 6 cm 
(106 yr) 

(7) 
A1 . 
A2 . 
Cl . 
C2 . 
D1 . 
D2 . 
D3 . 

A. 
B. 
C 
D 
T. 

6 
5 
2 

2.5 
2.5 
2 

20 
4 

21 
34 

2.8 
1.3 
0.3 

<0.5 
0.5 
0.5 
2.4 

7 
13 

<0.5 
6 

44 

0.5 
1.1 
2.1 

1.9 
1.7 
0.5 

0.3 
0.2 

>1 
0.3 
0.086 

1 
5 

20 

16 
13 

1 

0.4 
0.2 

>8 
0.4 
0.03 

16 
4 
0.7 

1.3 
1.6 
4.6 

78 
22 

>4 
124 

16000 

1 
0.3 
0.1 

0.1 
0.2 
1 

2 
4 

<0.2 
2 

13 

Notes.—Col. (1): See Figs. 1, 2, and 3 for identifications of components; cols. (2)-{7): Subject to various assump- 
tions (see § Illfr). 

knots increases slightly (from 2.6 kpc to 3.7 kpc) with increas- 
ing distance from the nucleus. 

ii) Polarization 
The polarization distributions of 4C 29.30 (percentages P, 

and position angles P.A.) at 6 cm and 21 cm are shown in 
Figures 5a and 5b. At 2 cm the signal-to-noise (S/N) ratio is 
rather poor, and polarization is only detected from the central 
region of component A2: P = 34% ± 6%, with P.A. = 
37° ± 5°. We can place 3 <r upper limits of P ä 14% to C2, Dl, 
and D2, and of P » 40% to Al, Cl, and D3. No polarization is 
detected from the jet at any of the three wavelengths. The most 
useful upper limits are obtained at 6 cm (Table 4). 

At the other locations the percentage polarization appears 
highest near steep gradients in the total intensity, as is usually 
observed in radio galaxies. The values (at 6 cm) range from 
9% + 1% in the northern lobe (Dl, D2), to 36% ± 1% in the 
southern lobe (A2). At 21 cm the tail (T) is ~ 30% polarized (at 
4'.'5 resolution), but the uncertainties are large (~ 15%) because 
of its low surface brightness. 

iii) Spectral Comparisons and Physical Parameters 
We have compared the 1'.'3 resolution maps at the three 

wavelengths, using matched visibility data from the three array 
configurations, to determine the spectral index a, the polariz- 
ation rotation (A</>, defined as the difference between the 
polarization position angles, P.A.^J — P.A.(/i2), with > /2), 
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RIGHT ASCENSION 
Fig. 2.—Contour representation of the total intensity of 4C 29.30 at A = 6.2 cm (0'.'3 x 0'.'3 resolution). Various features referred to in the text are labeled; see also 

Fig. 1. Contour values (mJy beam-1) are 0.05 x ( — 3, 3, 5, 7,10,16,25,40,60, and 100). Negative values appear as dashed lines. 

and the depolarization (DP, defined as the ratio of the percent- 
age polarization P(?,1)/P(?,2)i mth ^ > 22). The results for the 
comparison of the 6 cm and 21 cm maps are summarized in 
Table 4. 

Despite the mediocre S/N ratio at / = 2 cm, the af spectral 
indices are consistent with the oc^1 values. Polarized emission is 
detected only from component A2, as mentioned above, and 
we find no significant depolarization or rotation in this region : 
(DP)6

2 = 0.9 ± 0.2 and (A</>)* = 3° ± 7°. 
We have also compared the low resolution (4'.'5) maps at 6 

cm and 21 cm. This gave results which are in agreement with 
those obtained at l'.^ resolution. 

The radio spectral properties are similar for the various 
components in 4C 29.30: 

1. Except for the nucleus (C2), the spectral index is compa- 
rable at all locations in the source, irrespective of distance from 
the nucleus. On average, a^1 = 0.85, which is somewhat larger 
than the spectral index at lower frequencies for the entire 
source (a = 0.71 ; Colla et al 1975). 

2. (DP)^1 % 1 in all of the components where polarization at 
two wavelengths is detected. 

3. The rotation of the polarization position angles between 
6 cm and 21 cm is constant across the source (~ 4- 60°). 

Using the standard minimum-energy arguments as in our 
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Fig. 4. Contour representation of the total intensity of 4C 29.30 at 20.6 cm (4'.'5 x 4"5 resolution), superposed on a gray-scale reproduction of a red PFCCD 
image. Contour values (mJy beam - A) are 1.0,1.9,7.7, and 34.6. 

previous papers (e.g., Miley 1983), we have derived various 
physical parameters for the radio-emitting plasma, as listed in 
Table 4. Only marginally lower values would be found if one 
were to use minimum-pressure arguments (Burns, Owen, and 
Rudnick 1979; Killeen, Bicknell, and Ekers 1986). 

c) Optical Emission 
i) Morphology: Comparison with Radio Maps 

The broad-band red PFCCD image of 4C 29.30, overlaid 
with a low-resolution radio map, is shown in Figure 4. Pho- 
tographic reproductions are shown in Figures 6a, 6b, and 6c 
(Plates 3 to 5). These images indicate that 

1. The galaxy is peculiar, exhibiting faint loops and arcs 
(Figs. 6a and 6b) that resemble the “shells” seen in certain 
nearby elliptical galaxies (Malin and Carter 1983). 

2. A dust lane seems to be present in the nuclear region (Fig. 
6c). The major axis of the source is at a large angle with respect 
to this lane (compare Figs. 1 and 6c), as is often the case in 
other objects (Kotanyi and Ekers 1979). 

3. Northeast of the main nuclear region is a compact feature 
which may be a secondary nucleus, but a measurement of its 
redshift is necessary to verify this. It is ~0.5 magnitude bluer 
than the primary nucleus, as derived from our continuum 
narrow-band images taken with the video camera. 

4. The brightest parts of the radio source are embedded 
within the galaxy, whereas the radio tail appears to be outside 
the main body. 

The narrow-band (Ha + [N n]) PFCCD image of 4C 29.30 
is shown in Figures 7a and 7b, overlaid with a 0'.'3 resolution 
map made at 6 cm and a 4'.'5 resolution map made at 21 cm, 
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PLATE 3 

Fig. 6a 
Fig. 6.—Photographic reproductions of the broad-band red PFCCD image. The asymmetric structure of the galaxy and the faint “loops” and partial “shells” 

are shown in {a) and (b); also note the sharp northeastern edge in (b). The nuclear region, with the dust lane and the secondary nucleus to the northeast, is illustrated 
better in (c). {Ha -I- n] x/6548, 6583} line emission is included in the red bandpass, which results in some confusion with the continuum in the central and 
northern regions. 

van Breugel et al. (see page 65) 
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PLATE 4 

Fig. 6b 

van Breugel et al. (see page 65) 
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PLATE 5 

Fig. 6c 

van Breugel et al. (see page 65) 
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_ I I I I I I I I I I I I I I I _ 

6 cm 

GRAY VALUES: 0.0 5.000;!!!!!!; 10.0001! 15.0001! 20.000» 25.000*1 30.000*1 50.000*| 90.000 

Fig. 5a 
Fig. 5. Gray-scale representation of the percentage polarization (values as shown at the bottom), with polarization position angles superposed (arbitrary bar 

lengths), at (a) À = 6.2 cm and {b) A = 20.6 cm. The resolution is 1"3 x 173. Contour values of the total intensity (mJy beam" ^ are 0.06,2.4, 6,11 (at 6.2 cm), and 1.7,7, 
17, 30 (at 20.6 cm). Gray values correspond to the percentage of polarized intensity (as indicated). 

respectively. Individual emission-line regions are indicated. In 
Figure 8 we present the video camera images of the 
(Ha -h [N n]) and the [O m] >15007 emission, superposed on 
maps of the total and polarized intensity at 6 cm. Small dis- 
crepancies in the video camera and PFCCD images may be 
due to differences in sensitivity (worse in the red region for the 
video camera), the off-band continuum subtraction, and the 
atmospheric seeing. In general, however, the images agree 
rather well and show the amazing complexity of the optical 
emission-line regions in 4C 29.30. There are two northern 

emission-line regions (one of which appears “hooked”; Fig. 
7a), a slightly “Z-shaped” nuclear region with evidence for an 
emission-line “ ring ” or “ disk ” (best seen in the [O m] Video 
Camera image, Figs. 8c, d), and a faint, long filament to the 
south (Fig. 7a). Comparison of the central region with the 
broad-band red PFCCD image suggests that the dust lane 
might exhibit optical line emission. 

There is much evidence that the optical line and radio con- 
tinuum emission are related. 

1. The total extent of the optical line emission is 40" (~45 
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21 cm 

GRAY VALUES: 0.0 6.000::;^ 10.000mm 15.00011 20.000» 25.0001 

Fig. 5b 

30.0001 50.0001 90.000 

kpc projected length), comparable to that of the bright radio 
emission within the galaxy. 

2. Outside the nuclear region, the line emission is brightest 
near the northern lobe (NL1, NL2). The location of maximum 
emission-line brightness is slightly offset (Fig. 8) from the radio 
continuum knots D1 and D2. An additional brightness 
enhancement both at radio and optical wavelengths occurs 
near D3, where the radio and optical emission are again offset. 

3. The optical filament (F) and the radio jet south of the 
nuclear emission-line region are misaligned by ~20°. There is 
only marginal evidence for weak radio emission between these 

features (compare Figs. 1 and 7b). It should be noted that the 
exact coincidence of the emission-line filament with the bound- 
aries of the radio emission in Figure 7b is only suggestive, since 
the resolution of the radio map is quite low. Despite this mis- 
alignment, the kinematics of the gas (see § Illc(ii) below) 
strongly implies that it is influenced by the radio jet. 

4. The source is unpolarized at both 6 cm and 21 cm close to 
regions where bright optical and radio emission overlap, e.g., 
near the inner jet (Cl, C2) and knots Dl, D2. A little polariz- 
ation is detected near the latter, at the edges of the emission- 
line region. 
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GRAY VALUES: 1.00 1 . 10HH 1.20ijjjjijj 1.30!!¡p 1.50jm 2.00M 2.60M 3.50*1 5.00*| 7.00 9. 
15.00 m 22.00m 23.00..-! 27.00$$! 28.00H 29.00*1 30.00*1 45.00*| 60.00 200.00 

Fig. la 
Fig. 7.—Gray-scale reproductions of the {Ha + [N il]} narrow-band image, with the galaxy continuum subtracted. The 6.2 cm radio map(0'.'3 x 0"3 resolution) 

is overlaid in (a), while {b) shows the 20.6 cm radio map(4'.'5 x 4"5 resolution). Contour values (mJy beam-1) are (0.52, 2.1, 5.2, and 9.3), and (1.0, 1.9, 7.7, and 34.6), 
respectively. Individual emission-line regions are identified: NL1 and NL2 near the northern radio lobe, the central region N (near the nucleus), and the southern 
filament F. 

ii) Gas Kinematics 
The kinematics of gas in the emission-line regions was deter- 

mined from the HGVS data using the [O m] /5007 line (Figs. 
9a, c), except along the faint southern filament, where this 
could be better determined from the Lick CCD data using the 
Ha emission line (Fig. 10). The principal results may be sum- 
marized as follows. 

1. Within 5" (~6 kpc) north and south of the nucleus 
(P.A. = 4°; Fig. 9a), the velocity changes smoothly (~ 150 km 
s-1 peak-to-peak). The nucleus is roughly the kinematic center 
of symmetry, the gas being redshifted to the north and blue- 

shifted to the south. At P.A. = 85° through the nucleus (no 
figure shown), and within 5" east and west of it, the total veloc- 
ity change is less than 100 km s-1. 

2. At about 6" (~7 kpc) north of the nucleus (Fig. 9a), the 
gas exhibits an abrupt increase of ~180 km s_1 in velocity. 
This jump occurs near the southern boundary of the northern 
radio hotspot. A similar jump occurs just north of this hotspot. 

3. Along the southern filament the velocity gradually 
declines by ~ 80 km s ~1 with respect to the nucleus, but subse- 
quently rises to roughly its original value. A relatively sudden 
decrease of ~550 km s_1 (Fig. 10) occurs in the vicinity of the 
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Fig. 1b 

southern lobe (A), at ~15 kpc from the nucleus. The total 
range in velocities at P.A. = 4° is ~ 1100 km s" ^ 

4. At P.A. = 95° through the northern radio lobe (Fig. 9c), 
another large jump in velocity is seen in the region close to the 
eastern boundary of the northern radio lobe, which is near the 
gap between the two emission-line regions NL1 and NL2. The 
gas at NL2 has an average radial velocity within ~30 km s-1 

of that in the nucleus and exhibits a small velocity shift of — 70 
km s -1 over its ~ 5" length. 

We conclude that ordered rotation is relatively unimportant 
in the gas kinematics. Instead, large velocity gradients exist 
near the boundaries of the radio source, and the emission-line 
regions (NL1, NL2, N, and F) appear to be kinematically dis- 
tinct. 

Plots of the emission-line widths (full width at half- 
© American Astronomical Society • Provided 

maximum, FWHM) are shown in Figures 9b and 9d. They 
indicate that : 

1* The line widths are -250-400 km s_1 throughout most 
of the emission-line regions, in agreement with other radio 
sources having extended optical line emission. 

2. The broadest lines ( — 600-750 km s-1) are associated 
with the boundaries of the radio lobes, the same locations 
where the large velocity jumps are seen. These broad lines are 
not simply a consequence of atmospheric blurring of the emis- 
sion lines seen on either side of the velocity jump; the velocities 
of the broad lines are not intermediate between the velocities 
on either side, and the lines are significantly wider than such a 
model would require (compare Figs. 9a, b and 9c, d). 

Thus, neither the velocity field nor the line widths support 
simple models in which the emission-line gas consists primarily 
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Fig. 9.—Velocities (cz) and velocity widths of the gas relative to the nucleus {cz = 19,300 km s"1) along (a, b) P.A. = 4° through the nucleus, and (c, d) along 
P.A. = 95° through a position offset by 11"0 to the north and 3"2 to the east from the nucleus (i.e., through regions NL1 and NL2). The [O m] A5007 line was 
measured in the HGVS spectra to derive these results. With the Lick CCD spectrograph, a large velocity gradient was found farther south along the filament 
(Fig. 10). 
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N 

N. Hotspot 

Nucleus 

J 
E 
T 

Fig. 10.—Contour representation of a one-dimensional slit spectrum taken with the Lick CCD spectrograph along P.A. = 4° through the nucleus and the faint 
southern filament. Contour values are arbitrarily chosen to show individual features. The spatial and dispersion directions are indicated, as are the three emission 
lines [N n] /16583, Ha, and [N n] /16548. The gas in the filament is blueshifted with respect to the nucleus. Note the large velocity gradient near the southern end 
( > 15 kpc from the nucleus). 

of an ambient medium whose motion is unrelated to the radio 
source. Instead, the source seems to have a clear, though 
complex, effect on the gas kinematics. 

iii) Emission-Line Spectra 
Our data on the relative intensities of prominent emission 

lines in the nucleus (N) and the northern radio lobe (NL1) are 
summarized in Table 5. The flux-calibrated red Lick spectra 
are shown in Figures 11 and 12. Note the possible presence of 
an extremely faint, broad component of Ha emission similar to, 
but much weaker than, that in QSOs and type 1 Seyfert gal- 
axies. Filippenko and Sargent (1985, 1986) detected such a 
feature in the nuclei of many bright, nearby galaxies. The spec- 
tral characteristics of the off-nuclear regions NL1A, NL1B, 
and NL2 are roughly comparable, except for their absolute 
intensities. An MMT spectrum of NL1 having lower resolution 
but covering a wider spectral range is illustrated in Figure 13. 
Only relative strengths of lines separated by small intervals can 
be deduced, since these data were not flux-calibrated. 

The blue Lick ITS spectrum is shown in Figure 14a. A weak, 
featureless, nonstellar continuum (see § IIIc[iv] below) has 
been removed. Strong emission lines are present, but a rich 
absorption-line spectrum from the underlying starlight alters 
the apparent relative intensities of some lines and completely 

hides the weakest ones. Figure 14b shows the spectrum of an 
SO template galaxy, IC 4889, on the same intensity scale but 
offset from that of 4C 29.30 for clarity. The data were obtained 
at Las Campanas Observatory near La Serena, Chile. The 
continuum shape and metallicity of IC 4889 were modified in 
the manner described by Filippenko and Halpern (1984) and 
Filippenko (1985), and weak [O n] 23727 was excised from the 
spectrum. Reddening due to our Galaxy (Burstein and Heiles 
1982) has been removed from both objects (EB_V = 0.02 mag 
for 4C 29.30; EB_V = 0.03 mag for IC 4889). The net emission- 
line spectrum of 4C 29.30, obtained by subtracting b from a, is 
illustrated in Figure 14c. It is clear that measurements of line 
intensities (Table 5) can now be made much more accurately. 
Note the presence of very weak Hy, He n 24686, and [Ne in] 
23967, which were previously not visible. 

The flux-calibrated KPNO video camera images 
{(Ha + [N ii] 226548, 6583); [O m] 25007} and the red Lick 
long-slit spectra, when integrated over the same areas, are gen- 
erally in good agreement ( < ± 30% difference). An exception is 
the nucleus, where the images give a much lower flux than the 
spectra. This may be due to the possible presence of a radial 
gradient in the stellar population, since we used the outer 
regions of 4C 29.30 to rescale the central portions of the images 
before subtracting the underlying starlight. The Lick data were 

s 
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TABLE 5 
Relative Intensities of Emission Lines in 4C 29.30 

a 
LO 00 CO 

Line Nucleus Na N (no dust)b Region NL1C Seyfert 2d LINER® 

[Ne v] 23426 . 
[O ii] 23727... 
[Ne in] 23869 . 
Hy 24340   
[O in] 24363 .. 
He ii 24686 .... 
Hß 24861   
[O in] 25007 .. 
[N I] 25200 ... 
He ii 25876.... 
[O i] 26300 ... 
Ha 26563   
[N ii] 26583... 
[Su] 26716 ... 
[S ii] 26731 ... 

<2f 

20 
7 
2 

<2f 

3 
10 
95 

2 
3 
8 

51 
50 
17 
13 

<4f 

34 
11 
2.5 

<2.5f 

3 
10 
90 

2 
2 
5 

28 
28 

9 
7 

3 
<1 

1.5 
10 
36 

1.5 
2 
7 

33 
42 
18 
14 

10 
30 
15 
4.7 
2 
3 

10 
110 

1 
1 
5 

29 
23 

7 
8 

50 
2.8 
4.4 

<0.6 
<0.8 
10 
14 

1.4 
1.1 
8 

28 
33 
10 
13 

3 Lick ITS 4" x 4" aperture. Stellar absorption lines removed (see text). Not dereddened. 
b Nucleus dereddened, EB_y = 0.5 mag. 
c Stellar absorption lines not removed. Not dereddened. 
d Koski 1978, Table 9. Dereddened. 
e Ferland and Netzer 1983, Table 3. Dereddened. 
f Line not detected: upper limit. 

Fig. 11.—Red spectrum of the nucleus of 4C 29.30. Prominent emission lines, as well as Na i D absorption, are marked. A very faint, broad component of Ha 
emission may be present, but it must be confirmed with spectra in which atmospheric absorption lines (especially the B band) have been accurately removed. 

74 
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Fig. 12—Red spectra of off-nuclear regions NL1B, NL1A, and NL2 in 4C 29.30 (see Fig. la). A slit of width 2'.'2 was rotated to P.A. = 95°, and effective apertures 
having lengths of 8"0, 6'.'6, and 6"6 (respectively) were used for the three regions. There may be a systematic offset of ~ + 3 to 4 Â in the wavelength scale. The spectra 
are all plotted on the same intensity scale, with zero-points indicated by short horizontal segments. The relative strengths of [N h], [S n], [O i], and Ha are 
consistent with photoionization by nonstellar radiation, but their large absolute intensities (Tables 6, 7) suggest that this radiation does not originate in the nucleus. 
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Fig. 13.—Uncalibrated MMT spectrum of the northern emission-line region NL1 in 4C 29.30. The integration time was 2 hr. Relative strengths of adjacent 
emission lines, but not those separated by many pixels, can be determined to first order. The observed ratios [O m]/H/?, [N ii]/Ha, and [O i]/Ha together imply that 
photoionization by a nonstellar continuum (rather than by UV radiation from hot stars) is the dominant excitation mechanism. 
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Fig. 14.—Dereddened spectra of (a) the nucleus of 4C 29.30, after removal of a nonstellar continuum similar to that in Fig. 15; (h) a template galaxy, IC 4889; and 
(c) the net emission-line component of 4C 29.30. All are shown on the same ordinate scale, but with different zero-point offsets. [O n] 23727 has been artificially 
removed from the spectrum of IC 4889, and small adjustments have been made to the shape of the continuum and the metallicity to improve agreement with 4C 
29.30. In (c), note the faint emission lines (e.g., He n 24686, Hy) which were previously hidden among absorption lines. 

used to calibrate some of our other spectra on an absolute 
scale, and the results are listed in Table 6. The total 
(Ha + [N n]) and [O m] fluxes of the individual regions are 
given in Table 7A. 

All these data lead to a number of key results. 
1. The nuclear spectrum strongly resembles those of Seyfert 

2 galaxies or narrow-line radio galaxies (e.g., Koski 1978; 
Cohen and Osterbrock 1981). The gas in the northern radio 
lobe is of significantly lower excitation ([O m] /15007/Hß ^ 4), 
and appears intermediate in character between a Seyfert 2 and 
a LINER (Heckman 1980b; Ferland and Netzer 1983). The 
cryogenic camera and Lick CCD data indicate that the spec- 

trum of NL2 is similar to that of NL1. Using standard 
emission-line diagnostics such as the line ratios [O i] 26300/ 
Ha, [N ii] 26583/Ha, and [O m] 25007/Hß (Baldwin, Phillips, 
and Terlevich 1981), we find that at all locations the spectrum 
is inconsistent with photoionization by ultraviolet radiation 
from hot stars. 

2. The amount of reddening due to dust can be calculated 
from the observed Balmer decrement. Table 5 shows that Ha/ 
Hß ä 5.1 in the nucleus, whereas it should be ~3.1 (nearly the 
Case B value of ~ 2.9) if the gas is photoionized by a nonstellar 
continuum (Halpern and Steiner 1983; Ferland and Netzer 
1983). 4C 29.30 has been detected as a strong (~6 x 1010 L0) 

TABLE 6 
Emission-Line Fluxes and Equivalent Widths in 4C 29.30* 

N. Lobe (NL1) N.Lobe (NL2) Nucleus (N) Filament (F) 

Line F/Foí E.W. F/Fot E.W. F/Ftx E.W. F/Fot E W 
(0 (2) (3) (4) (5) 

[O I] 26300   0.28 38 0.12 19 0.14 6 <0.1: <7: 
[N ii] 26548    0.45 58 0.38 63 0.39 15 ~0.4 ~30 
Ha 26563   1.00b 128 1.00c 167 1.00d 37 1.0e 69 
[N ii] 26583   1.40 174 1.18 207 1.06 41 1.1 76 
[S ii] 26716   0.62 82 0.43 69 0.35 15 ~0.4: ~30: 
[S ii] 26731   0.50 67 0.34 52 0.26 11 ~0.3: ~20: 

3 See Fig. la for identifications of emission-line regions. E.W. given in Á units. Colon (:) denotes very 
uncertain measurement. 

b Fot = F(Uot) ä 7.6 x 10"15 ergs s -1 cm-2 through a 2'.,2 x 15"3 aperture. 
c Fa = F(Ha) æ 1.4 x 10“15 ergs s-1 cm-2 through a 2"2 x 6"6 aperture. 
d Fa = F(Ha) « 14 x 10"15 ergs s_1 cm-2 through a 2"2 x 3"7 aperture. 
e Fa = F(Ha) » 0.59 x 10“15 ergs s-1 cm-2 through a 2"2 x 6'.'6 aperture along filament in the vicinity of 

southern lobe A. Very low S/N ratio; all derived quantities for filament F (Table 7) are only rough estimates. 
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TABLE 7A 
Observational Parameters of Emission Lines 

F(Ha + [N il]) F([0 m] A5007) [S n] Ratio 
Component Area (10-15 ergs s-1 cm-2) (10-15 ergs s_1 cm-2) F(A6716)/F(26731) 

(1) (2) (3) (4) (5) 
NL1   6" x 9" 29 17 1.24 ± 0.20 
NL2    6 x 6 7 2 1.26 ± 0.25 
N    7 x 7 110 104 1.35 ±0.15 
F    2.2x15 3 ... 1.3 ±0.5 
TS   20 x 40 210 170 1.3 ± 0.1 

Notes.—Cols. (1), (2): See Fig. la for identifications of emission-line regions. TS = total source; cols. (3), (4): 
Derived from the KPNO video camera observations (NL1 and NL2), the Lick CCD long-slit spectra (F), and a 
combination of these (N and TS); col. (5): Determined from the Lick CCD spectra. 

TABLE 7B 
Physical Parameters of the Optical Emission Lines 

Ha Luminosity, Estimated Electron Filling Mass Ionized Average Kinetic Thermal 
L(Ha) Volume, F Density, Factor,/y Hydrogen, M Velocity,^ Energy, K.E. Pressure, /c 1 

Component (1041 ergs s-1) (kpc 3) (cm-3) (10-6) (106Mo) (kms-1) (1053 ergs) (106Kcm-3) 
(1) (2) (3) (4) (5) (6) (7) (8) (9) 

NL1   0.8 450 240 0.4 1.1 200 4 7 
NL2   0.2 300 230 0.2 0.3 30 0.03 7 
N   3.5 460 90 12 12 50 3 3 
F   0.1 100 150 0.6 0.2 90-470 3 4 

Notes.—Col. (2): Ha luminosity estimated from col. (3) in Table 7A and the relative strengths in Table 6. Ha luminosity of entire source is ~6.6 x 1041 ergs s- 

and total luminosity in all the emission lines is a factor of ~20 larger (Case B recombination). No values corrected for extinction or for underlying absorption lines 
(see text, § lile); col. (3): Volume assumed to be given by (area x shortest axis); see Table 7A; col. (4): Derived from the [S n] doublet ratio (Table 7A) and the 
calculations of Cantó et al. 1980 {Te = 15,000 K); col. (5): Assume Case B recombination, Te = 15,000 K, and gas density n « ne;ff » 3.9 x 1024L(Ha)F-1ne

-2; col. 
(6) : M = mp ne Vff « 3.2 x 10“ 33L(Ha)n¡"1 M0, where mp is the mass of the proton ; col. (7) : Average bulk velocities of gas are estimated from Figs. 9 and 10; col. (8) : 
K.E. = 0.5 Mt;2. In filament F, most of the kinetic energy is in the component having the highest velocity; col. (9): Pgk~1 = 2ne Te. 

far-infrared source by IRAS (Lonsdale et al 1985), which also 
indicates the presence of dust. Our observed ratio of Ha/Hß 
suggests that EB__V & 0.5 mag. The very low Hy/Hß ratio, on 
the other hand, implies that ä 1.6 mag. This discrepancy 
can be understood if the stellar continuum in the nucleus is 
characterized by Balmer absorption lines which are stronger 
than in normal elliptical galaxies or in the bulges of early-type 
spirals. The Allen (1979) method could be used to obtain an 
estimate of the reddening, but we do not have accurate mea- 
surements of the [O n] 2A7319, 7330 or the [S n] 224069, 4076 
lines. Since the Hß emission line is affected more by absorption 
than the Ha line, and Hy much more than H/?, it is likely that 
the reddening in the nucleus of 4C 29.30 is roughly EB_V & 
0.4-0.5 mag, but a conservative upper limit is EB_V & 1.1 mag. 
Note that the spectrum of the nucleus (Table 5) bears a striking 
resemblance to that of a typical Seyfert 2 galaxy when it is 
dereddened by « 0.5 mag, whereas a color excess of 
~ 0.0 mag or ~ 1.1 mag gives much worse agreement. 

The reddening in the northern lobe appears to be consider- 
ably less than that in the nucleus, since Ha/Hß/Hy ~ 3.6/1.0/ 
0.3 instead of the expected recombination decrement 
3.1/1.0/0.46. Once again, Balmer absorption lines probably 
affect the emission-line intensities. In the discussions to follow, 
we will not attempt to correct the data for reddening, except in 
situations where the reddening could seriously alter the con- 
clusions. 

3. Upper limits to the [O m] 24363 emission line in spectra 
of the nucleus and NL1 (Table 5) yield upper limits to the 
electron temperature (Te) in these regions of ~ 15,000 K and 
~ 17,000 K, respectively, if < 104 cm-3 (see Fig. 11 of 
Filippenko and Halpern 1984). Collisional heating by shocks 

can probably be eliminated as the dominant excitation mecha- 
nism for the emission-line gas in both cases, since shock models 
generally give Te > 30,000-40,000 K in the [O m] zone (e.g., 
Shull and McKee 1979). Although dereddening the emission 
lines increases the observed ratio [O m] 25007/[0 m] 24363, 
we find that Te < 21,000 K in the nucleus and Te < 26,000 K in 
NL1 even if EB_V & 1.1 mag; thus, our conclusions regarding 
the excitation mechanism remain unchanged, especially if we 
adopt the more reasonable value EB_V & 0.5 mag. 

iv) Continuum 
Several methods were employed to estimate the fractional 

contribution of a featureless blue component to the continuum 
in the nucleus. First, the equivalent widths of the three strong- 
est absorption lines in the nucleus (the G band at ~ 24304, 
Mg i h 25175, and Na i D 25892) were determined. The 
average equivalent width (E.W.) of these lines is 5 ± 1 Â, com- 
pared with an expected average of ~ 6.5 Â in luminous early- 
type galaxies (Heckman 1980a). This suggests that the 
featureless component contributes ~23% ± 15% of the total 
flux at 25400, but the true uncertainty may be even larger since 
substantial differences in equivalent widths of absorption lines 
are seen even in normal galaxies. 

Second, the continuum from the nucleus of 4C 29.30 (Lick 
ITS data) was decomposed into a nonstellar power law (/v oc 
v“a) and the spectrum of an “average” giant elliptical galaxy 
(Yee and Oke 1978), as described in detail by Halpern and 
Filippenko (1984). Ignoring regions contaminated by emission 
lines, least-squares fits were performed to obtain the reddening 
and the ratio of nonstellar to total flux at 25400, for various 
values of a. An accurate determination of the spectral index 
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Fig. 15.—The heavily smoothed, dereddened (EB_V = 0.1 mag) continuum from the nucleus of 4C 29.30 (solid line) is decomposed into a nonstellar power law of 
index 1.2 (dot-dashed line) and the spectrum of an average giant elliptical galaxy (dashed line). A dotted line represents the best least-squares fit to the data, which were 
obtained with the Lick ITS through a 4" x 4" aperture. Each numbered tick mark of the ordinate scale corresponds to one magnitude. 

was impossible due to the dominance of starlight, the probable 
presence of hot young stars, and the small wavelength range, 
but a = 1.2 ± 1.0 produced good results. This is fairly rep- 
resentative of Seyfert galaxies (Koski 1978; Malkan and 
Filippenko 1983). As illustrated in Figure 15, at visual wave- 
lengths the nonstellar continuum is very weak; it contributes 
only ~ 10% of the total flux at 25400, in rough agreement with 
the results derived from the measured equivalent widths of 
stellar absorption lines. At 23200, however, its strength is com- 
parable to that of starlight. The amount of ionizing luminosity 
provided by this power law is ~6.6 x 1042 ergs s-1, uncor- 
rected for extinction. Although a reddening of æ 0.1 mag 
(Av % 0.3 mag) for the total continuum of 4C 29.30 was for- 
mally derived during the fitting procedure, this result is very 
uncertain. In fact, it is quite likely that the stellar and non- 
stellar continua are actually reddened by somewhat different 
amounts. 

Finally, the strength of the nuclear nonstellar continuum at 
a rest wavelength of 5400 Â can be estimated from the 
observed strengths of the Ha emission line and the total (stellar 
plus nonstellar) continuum at 25400. Using the Lick ITS spec- 
trum of the central 4" x 4", we find that /v(25400) æ 
4.3 x 10“27 ergs s-1 cm-2 Hz-1. If all of this radiation were 
nonstellar, and if/v oc v-1,2 even at energies near and beyond 
the Lyman limit, then the intensity of Ha should be /(Ha) % 6.7 
x 10“ 14/c ergs s_ 1 cm-2, where fc is the covering factor of the 
clouds of gas that produce the emission lines. The measured 
flux in the ITS spectrum is /(Ha) æ 1.3 x 10“14 ergs s-1 cm“2, 
or ~20% of the predicted value when /c = 1. Hence, at least 
~ 20% of the observed continuum at 25400 must be nonstellar, 
unless a < 1.2 near the Lyman limit. This value is quite compa- 
rable to that obtained with the other two methods. Of course, if 
fc < 0.2, then a much stronger ionizing continuum (perhaps in 
the form of a “UV bump”; Malkan and Sargent 1982) is 

needed to account for the Ha flux, as is the case in several other 
low-luminosity active galactic nuclei (see, e.g., Filippenko 
1985). 

The optical continuum far from the nucleus appears to be 
significantly bluer than that of the nuclear region. Our [O m] 
25007 and Ha off-band video camera frames, with central 
bandpass wavelengths of 5422 Â and 6826 Â, respectively, indi- 
cate that between these wavelengths the continuum within 2" 
of the nucleus is ~17% redder than the continuum in the 
annulus extending 2" to 8" from the nucleus. This agrees with 
the cryogenic camera spectra, in which the continuum 11" 
north of the nucleus (in an 11"2 x 2"5 aperture) is ~ 19% bluer 
than the nuclear continuum (in an 8" x 2"5 aperture) between 
5400 Á and 6800 Â. 

The Na i D 25892 (E.W. = 5 ± 2 Â) and possibly Mg i b 
25175 absorption lines are seen in our cryogenic camera spec- 
trum of the 11 "2 x 2" 5 region 11" north of the nucleus. 
Although the D line can be produced by interstellar gas, part of 
it can probably be attributed to starlight. Moreover, the Mg b 
triplet is not related to the interstellar medium; hence, much of 
the off-nuclear continuum is presumably starlight. Its relatively 
blue color suggests the presence of a hot (young) stellar com- 
ponent. 

We also note that the off-band video camera frames show no 
excess optical continuum associated with any of the radio 
knots. In particular, we can set an upper limit of ~ 8.5 ¡aJy at 
6826 Â and ~4.8 /Jy at 5400 Â for any nonthermal optical 
continuum associated with the radio knots D1 and D2. 

v) Physical Parameters of the Gas 
Assuming a Case B recombination spectrum, Te » 15,000 K, 

and precepts similar to those described in our previous papers, 
we have derived various physical parameters of the emission- 
line gas (Table 7B). Our MMT and Lick spectra of the [S n] 
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/U6716, 6731 lines show that the gas is near the low-density 
limit (Table 7A), yielding estimates (Cantó et al 1980) of the 
electron density ne. 

The thermal pressures of the emission-line gas (Pgk-1 = 
2neTe) in the various regions [Table 7B, col. (9)], as well as the 
pressures in the adjacent radio-emitting plasma [Table 4B, col. 
(5)], are very uncertain, but they are consistent with the conclu- 
sion that the two media may be in pressure equilibrium. 
Perhaps the pressure in the most compact radio components 
(Cl, C2, Dl, D2) is higher than that of the surrounding gas. We 
have found similar results in 3C 305 and 3C 277.3. 

IV. DISCUSSION 

a) Optical/Radio Relationships 
Our observations show that the optical line-emitting gas and 

the radio continuum in 4C 29.30 are clearly related, and they 
strongly suggest the interaction of the source with a relatively 
dense gaseous environment. The evidence for this can be sum- 
marized as follows. 

1. The optical emission-line gas is found adjacent to bright 
radio knots and/or along the boundaries of the source (Figs. 7 
and 8). This is precisely where the jets and lobes could be 
expected to interact with their environment (e.g., Begelman, 
Blandford, and Rees 1984). 

2. Northeast of the bright emission-line region NL1, the 
source appears bent and decollimated (Figs. 1 and 8), rather 
similar to the southern jet in 3C 277.3 (van Breugel et al. 
1985a). This might be expected in a collision between a north- 
ern jet and dense ambient gas. 

3. The absence of radio source polarization is roughly corre- 
lated with the presence of emission-line gas (Figs. 5 and 8). One 
explanation is that the ionized gas may be partially entrained 
in the boundaries of the source, causing an inhomogeneous 
“ Faraday screen ” to depolarize the underlying radio emission. 

4. Peculiar gas kinematics are visible, with strong velocity 
gradients, velocities well in excess of the escape velocity at 
some locations, and very broad lines preferentially near the 
boundaries of the source (Figs. 9 and 10). A possible cause is 
the entrainment of ambient gas by the jet and lobes in their 
boundary layers. 

5. The emission-line gas far from the nucleus cannot be pho- 
toionized by continuum radiation from the nucleus (see § IVc 
below); rather, it requires a locally generated heating source. It 
seems natural to suppose that this source of ionization is 
related to the jet/gas interactions. 

6. The total emission-line luminosity of the northern regions 
NL1 + NL2 (~2 x 1042 ergs s-1; Table 7) exceeds that of the 
radio luminosity (^2.1 x 1041 ergs s -1 ; Table 4) by a factor of 
—10. The analogous ratio for the entire source is even larger. 
Thus, the radio emission constitutes only a small fraction 
(<10%) of the total energy that is dissipated in the jet/gas 
interactions. Most of the energy is probably used to heat and 
accelerate the ambient gas. 

7. The observations suggest that the ionized gas and the 
(diffuse?) radio-emitting plasma may be in pressure equi- 
librium. If true, this would be consistent with the presence of 
entrained ambient gas in the boundary layers (cocoons) of the 
jets. 

8. The optical morphology of the galaxy is highly disturbed 
(Fig. 6), perhaps because of the recent capture of a gas-rich disk 
galaxy (see § YVb below). This captured gas could then be illu- 
minated and excited by the radio source. 

These radio and optical properties are very similar to those 
of other radio galaxies associated with extended emission-line 
regions. They confirm and strengthen our previous conclusions 
on the general characteristics of such objects. On the other 
hand, 4C 29.30 also has unique properties which may highlight 
some of the processes involved in the interaction of a radio 
galaxy with its environment, as we will now discuss. 

b) Origin of the Gas 
General, but mostly indirect, arguments indicate that the 

emission-line gas associated with radio galaxies is of a local 
(interstellar) origin, rather than ejected from the parent galactic 
nuclei; the gas is not a generic component of the jet fluid (van 
Breugel et al 1985a; van Breugel 1986). The exact nature of 
such gas, however, is often unclear. Our optical images of 4C 
29.30 strongly suggest that in this object the gas may be debris 
from a gas-rich galaxy which merged with the primary galaxy. 
Various “loops” or partial “shells” are visible around the 
object (Fig. 6h), and a relatively blue secondary nucleus seems 
to be present. Moreover, the nuclear region exhibits a dust lane 
(Fig. 6c), and the faint, ringlike extensions of the [O m] 25007 
emission (Figs. 8c and Sd) may be evidence of a disk or ring of 
ionized gas encircling the nucleus. 

Optical shells have recently been found around several 
nearby elliptical galaxies (Malin and Carter 1983). Quinn (1984) 
has shown that these may be caused by the capture of a disk 
galaxy (but see Williams and Christiansen 1985 for a different 
explanation). More detailed models by Hernquist and Quinn 
(1986a, b) show that clean, distinct shells occur only under 
somewhat special circumstances, but that loops, tails, arcs, 
fans, plumes, and other peculiar features would be more 
common. This is partly due to the importance of projection 
effects, and partly to the use of more realistic models. Other 
studies (e.g., Toomre and Toomre 1972; Merritt and de Zeeuw 
1983) help confirm these conclusions. A merger interpretation 
for 4C 29.30 is supported by the presence of the central disk or 
ring near its nucleus, as well as by its blue secondary nucleus, 
both of which could be the remnants of the captured disk 
galaxy. In fact, the captured gas might even have triggered the 
nuclear activity which produced the radio source. 

c) Excitation and Energetics of the Gas 
The gas near the nucleus can plausibly be interpreted as 

material that is photoionized by the ultraviolet continuation of 
the nonstellar optical radiation detected in the nucleus (Fig. 
15); the emission-line spectrum strongly resembles the spectra 
of type 2 Seyfert nuclei (Table 5), which are well represented by 
such photoionization models. Furthermore, the inferred ion- 
izing luminosity of the nonstellar continuum (~6.6 x 1042 

ergs s -1 ; § IIIc[iii]) is comparable to the nuclear emission line 
luminosity (^7.0 x 1042 ergs s_1 ; Table 7B). 

This simple model, however, is probably inadequate to 
explain the bright regions associated with the northern radio 
lobe. As seen from the nucleus, the bright region NL1 could 
cover no more than ~3% of the sky, while the fainter region 
NL2 could cover <1%. Since the emission-line luminosities of 
NL1 and NL2 are ~ 1.6 x 1042 ergs s-1 and ~4.0 x 1041 ergs 
s-1, respectively, the ionizing luminosity from the nucleus 
would have to exceed ~ 5 x 1043 ergs s_ 1 to photoionize these 
regions, unless the radiation were somehow preferentially 
beamed toward NL1 and NL2. This is larger than the inferred 
ionizing luminosity by a factor of ~ 8, even if clouds of gas near 
the nucleus do not absorb any of the nonstellar continuum as it 
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travels toward NL1 and NL2. The gas in NL1 and NL2 is 
therefore unlikely to be photoionized by nonstellar radiation 
emitted by the nucleus. Instead, the close morphological con- 
nection between the radio source and the emission-line gas 
implies that the gas is somehow excited by the radio source 
itself. 

A nonthermal ionizing continuum associated with the radio 
knots D1 and D2 would need a spectral index of <0.6 between 
the radio and ultraviolet frequencies to provide adequate ion- 
izing radiation for NL1. This is a significantly flatter spectrum 
than is observed at longer wavelengths (a^1 æ 0.9; Table 4). 
More importantly, the flux density of such a nonthermal con- 
tinuum at 5400 Â would be >15 ¿dy, in violation of the 
observed limits (<4.8 /¿Jy) on any excess optical continuum 
associated with D1 and D2. We conclude that the ionization of 
gas in the northern regions NL1 and NL2 is not caused by 
ultraviolet synchrotron radiation. 

Collisional ionization of the gas in NL1 by shock heating 
also seems to be ruled out, since the upper limit on the tem- 
perature of the 0++ zone (Te < 17,000 K or <26,000 K if 
EB_V & 1.1 mag) falls below the predicted temperature 
(>30,000 K). A more accurate measurement of /([O m] 24363) 
in spectra of higher quality must be made to confirm this con- 
clusion. 

Ferland and Mushotzky (1984) have recently calculated 
models in which gas is heated and ionized by relativistic par- 
ticles. They have applied them to several cases of optical 
emission-line filaments embedded in synchrotron nebulae (e.g., 
Cen A and the Crab Nebula), and find that heating by rela- 
tivistic particles can have a significant impact on the emission- 
line spectrum. A complication with such models for 4C 29.30 is 
that emission-line gas also exists well away from the radio 
source, especially in the northern region NL1 and the southern 
filament F (Fig. la). 

One plausible alternative for the ionization in the northern 
regions of 4C 29.30 is photoionization by thermal (X-ray) radi- 
ation from hot (> 106 K). gas. This gas could have been heated 
to high temperatures by the bow shock driven by the radio 
source as it plowed through the ambient interstellar medium 
(Norman et al. 1982; van Breugel et al. 1985¿z). The emission- 
line gas itself could represent the relatively dense component of 
the ambient medium (the “clouds,” c) which was only heated to 
modest temperatures, while the diffuse intercloud (ic) medium 
would have had shocks of much higher velocity [i;ic = 
vc(nc/nic)1/2] driven into it, thereby producing much higher 
temperatures (McCray and Snow 1979; McKee and Hollen- 
bach 1980). If this shocked intercloud gas emits enough radi- 
ation to photoionize the emission-line gas, then Lx > 1043 ergs 
s-1, which should be detectable with X-ray satellites since 
/x > 10“12 ergs s-1 cm-2. 

It is obvious from the above discussion that the source of 
ionization for the extended, extranuclear emission-line regions 
is not well understood. No matter how the radio source ionizes 
the gas, however, far more of the energy carried by the jets in 
4C 29.30 is ultimately converted into line emission than into 
radio synchrotron emission; the ratio of total emission-line 
luminosity to total radio luminosity, Llines/Lradio, is at least 10 
both in the northern lobe and globally. Because it is highly 
unlikely that the conversion to emission lines occurs with 
perfect efficiency, we conclude that <10% of the energy in the 
jets is dissipated in the form of radio synchrotron emission. 
This low value is similar to our result for 3C 305 (Heckman et 
al. 1982), and in agreement with various ad hoc theoretical 

estimates of the efficiencies of radio synchrotron production in 
radio galaxies [see O’Dea (1985) for a recent discussion]. 

In other radio sources with extended optical line emission, 
the ratio Llines/Lradio ranges from ~ 1 in 3C 277.3, 3C 171, and 
NGC 7385 (van Breugel, Heckman, and Miley 1984; 
Heckman, van Breugel, and Miley 1984; Simkin, Bicknell, and 
Bosma 1984) to ~ 10 in 3C 305, 4C 26.42, and Minkowski’s 
Object (Heckman et al. 1982; van Breugel, Miley, and 
Heckman 1984; van Breugel et al. 1985h). While there clearly 
exist radio sources with Llines/Lradio 1, we speculate that the 
jets in these sources are nevertheless inefficient at producing 
radio emission; in the absence of a dense, local gaseous 
medium, the missing energy must somehow be disposed of in a 
tenuous and very hot environment. 

d) Radio and Optical Morphology 
i) Misalignment of the Optical Filament and the Radio Jet 

One of the most puzzling results from our observations is 
the ~ 20° misalignment between the southern radio jet and the 
optical emission-line filament. There is only marginal evidence 
for radio emission between these regions, and the best proof 
that they are actually related comes from the large velocity 
gradient along the filament.6 Could it be that there is a large, 
invisible component to the outflow from the nucleus of 4C 
29.30? 

Blandford and Payne (1982) have suggested that extra- 
galactic radio sources might be produced by hydromagnetic 
flows from accretion disks. Most of the power is concentrated 
in the jet center, while most of the angular momentum and 
magnetic flux from the disk are carried in the outer regions of 
the jet and serve to confine it. The discovery of rotating molec- 
ular disks at the bases of some Galactic bipolar outflows has 
led to similar models for stellar jets (Pudritz and Norman 
1986). In these models a jet of highly ionized gas is radiatively 
driven by the newly formed star, and the outer molecular flow 
is caused by a hydromagnetic wind from the molecular disk. 

By analogy, the radio jet in 4C 29.30 might only be the 
high-energy part of a much larger outflow from the nucleus. 
The emission-line filament could be the outer edge of a cool, 
radio-quiet cocoon surrounding the jet. Its excitation and 
velocity gradient might be due to the entrainment of ambient 
gas by this cocoon. A definitive prediction of these models is 
that the material in the cocoon should rotate around the axis 
of the jet (Pudritz and Norman 1986), as in the bipolar molecu- 
lar flow of L1551 (Uchida et al. 1986). This might be amenable 
to testing in 4C 29.30 by further optical observations. 

A different origin for a cocoon between the radio jet and the 
emission-line filament may be backflow from the terminal 
shock (A2) of the jet. Detailed calculations of hydrodynamic 
models (Norman et al. 1982; see also Smarr, Norman, and 
Winkler 1984) have shown that cocoon-dominated jets occur 
in jets of low density and high Mach number. An important 
feature of such models is that shocks external to the jet are in 
the cocoon, rather than the ambient medium, and that the 

6 As in 4C 26.42, we suspect that the jet in 4C 29.30 is partially surrounded 
by a shell of ionized gas. This shell appears bright (like a “ filament ”) at one 
edge because of the longer lines of sight through the ionized gas there. That no 
such filament is observed on the other side of the jet may be due to slightly 
asymmetrical external (ram) pressure of the ambient medium. This is indicated 
by the radio source structure, which exhibits its largest intensity gradients to 
the NE, suggesting motion of the galaxy in that direction. The resulting extra 
ram pressure on this side will rub the ambient gas against the jet or its sur- 
rounding cocoon. 
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^ backflowing material is accompanied by efficient entrainment 
^ of the denser surrounding gas into the cocoon. When applied 
^ to the southern jet in 4C 29.30, however, it is not clear why the 
S emission-line filament is farthest from the jet axis near A2 (the 
2 presumed Mach disk in such a model) and converges toward 

the jet near the nucleus, and why there is no radio emission 
associated with these shocks within the cocoon. In fact, we will 
now suggest a different explanation for the radio knots in the 
southern jet. 

ii) Evidence for Shocks 
The knots in the southern jet and in its partially visible 

counterpart to the north (Figs. 1, 2, and 3) suggest that shocks 
occur in the jets, since (a) the bright knots A2 and D1 are 
elongated perpendicular to the jet directions; (b) the magnetic 
fields at these locations are transverse to the jet orientations ; 
and (c) “upstream” the knots have large intensity gradients 
(A2, C2, Dl) while “downstream” the jets widen or decolli- 
mate (Al, Cl, D2, and D3). These properties resemble those of 
the M87 jet (Owen, Hardee, and Bignell 1980; Biretta, Owen, 
and Hardee 1983). 

On a relatively large scale (T.'3; Fig. 1) it appears as though 
the knots in 4C 29.30 come in pairs. At higher resolution (0'.'3; 
Figs. 2 and 3) the inner knot in lobe D again breaks up into a 
close pair (Dl, D2). Other sources with bright pairs of knots in 
jets are 3C 277.3 (knots X! and X2; van Breugel et al 1985a) 
and M87 (the brightest knots A and B; Owen, Hardee, and 
Bignell 1980). In all these objects the knots closest to the nuclei 
are the most compact, appear edge brightened on the upstream 
sides, and are elongated perpendicular to the jet directions, 
while the secondary knots are more diffuse and elongated 
along the jet. This suggests that after a first strong shock, which 
heats and expands the jet fluid, a secondary, weaker shock may 
occur, and that this might be a general feature of jets. We also 
note that the hotspots in many powerful sources exhibit double 
knots (Dreher 1981 ; Laing 1984). 

Several possible causes for shocks in jets can be envisaged. 
They may be due to (a) effects internal to the jet and surround- 
ing cocoon, as shown in the model simulations by Norman et 
al (1982); (b) the collision of the jet with external material such 
as clouds in the ambient interstellar medium, as originally pro- 
posed for the jet in M87 by Blandford and Königl (1979); or (c) 
reconfinement of a jet as it responds to a changing external 
pressure, as perhaps is the case in NGC 315 (Sanders 1983) and 
M87 (Falle and Wilson 1985). Since the models by Norman et 
al. (1982) are calculated under the assumption of a constant 
background medium, whereas the radio and optical morphol- 
ogies of the southern jet and northern lobe suggest substantial 
interaction with ambient gas (see below), processes (b) and (c) 
may be more important than (a). 

iii) Deflection of the N orthern J et 
Collisions between a jet and clouds of gas are strongly sug- 

gested in the northern lobe of 4C 29.30, as in the southern jet of 
3C 277.3, by the bright emission-line regions adjacent to the 
knots, and by the bent radio appearance downstream from 
them. The shocks may heat the jet fluid so that the jet 
expands, slows down, and deflects farther downstream. Unlike 
3C 277.3, where the jet shows up as an upolarized feature 
against the background of its polarized lobe, there is no such 
clear evidence for entrainment of gas in the northern lobe of 4C 
29.30. 

We can perform a calculation similar to the one used for the 
jet in 3C 277.3 to show that the emission-line region is indeed 

sufficiently massive to deflect the jet. The cloud mass required 
to deflect the jet may roughly be estimated from the jet thrust, 
Mj Vp which accelerates the cloud (with mass Mc and velocity 
vc) in a time tc: Mc = MjVjtc/vc. Since the jet thrust per unit 
area must be larger than the pressure (Pk) in the radio knot Dl, 
one has MjVj > PkAk (where Ak is the cross sectional area of 
the knot), so that Mc > PkAktc/vc. Using the physical param- 
eters for Dl listed in Table 4, and taking vc = 200 km s-1 (Fig. 
9a), we find Mc > 3.5 x 106[tc/(3 x 106)] M0. Here we have 
normalized tc with respect to the synchrotron lifetime (at 2 = 6 
cm) of the northern lobe D. The “ observed ” value for Mc is 
~3 x 106/(fte/100) M0 (Table 5), in the form of optically emit- 
ting (ionized) gas alone. While the above arguments are rather 
simple, and the value for tc is uncertain, the data are at least 
consistent with the jet being deflected by a massive ambient 
cloud or complex of clouds. 

A more sophisticated analysis of bent jets involves theories 
of oblique internal shocks (Christiansen, Burns, and Stocke 
1984; Henriksen 1984). A model for a jet-cloud “ricochet” 
interaction, incorporating some of the results from the hydro- 
dynamic simulations by Norman et al (1982), was proposed by 
Henriksen (1984). In this model a strong shock (Mach disk) 
with adjacent oblique shocks develops at the cloud collision 
site. Shocked jet material at the side of the cloud may heat and 
accelerate the cloud, while on the other side it may escape at a 
certain angle (6) relative to the incident jet. For a single oblique 
shock, 0max = 40°. 

In the northern lobe of 4C 29.30, one might identify Dl with 
the Mach disk in the jet, and D3 with the part of the jet which 
is farthest from the cloud NL1 and escaped relatively 
unharmed until it encountered the next obstacle, NL2. Knot 
D2 could be a secondary shock at the interface of the part of 
the jet interacting with the cloud, and the location where the 
cloud material (NL1) is heated and accelerated. This would be 
consistent with our observation of line emission extending to 
the north (Fig. 7a) and its large velocity shift there (~ +200 km 
s"1; Fig. 9a). 

The projected angle (6p) between the brightest radio emis- 
sion in D3 and the normal to the supposed Mach disk (at Dl, 
P.A. = 133°) is ~14°. Thus, a single oblique shock would be 
sufficient to deflect this part of the jet. If the angle between the 
oblique shock and the jet, as well as all projection angles, were 
known, one could in principle derive the Mach number of the 
jet and shock (see Henriksen 1984). 

Whatever the details of the jet/cloud interaction, it is clear 
from the radio observations that the jet is effectively stopped 
near the bright emission-line regions NL1 and NL2, and that 
the kinetic energy of the jet is almost entirely dissipated into 
heating the gas (see § IVc). 

iv) Reconfinement Shocks in the Southern Jet ? 
The string of knots in the rather straight southern jet of 4C 

29.30 might best be explained by shocks that occur within the 
jet when it readjusts to the varying external pressure while 
moving outward through the galaxy. Such a model of a recon- 
fining jet in a galactic atmosphere was successfully used by 
Sanders (1983) to explain the “reconfinement shoulder” in the 
jet of NGC 315 (Willis et al 1981). It also elegantly predicts the 
observed location of the brightest knot in the M87 jet (Falle 
and Wilson 1985). Support for such a model for the southern 
jet of 4C 29.30 may be that the brightest knot (A2) occurs 
approximately where the jet exits the main body of the galaxy 
(Fig. 4) and enters a region of much lower density and pressure. 
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: Beyond this knot the jet decollimates rapidly and merges with 
^ a diffuse tail (T) to the SW. 
è A reconfinement model for a jet can yield useful constraints 
S on its Mach number and mass supply rate. However, this 
^ requires knowledge of its ambient pressure, and estimates of 

certain parameters at the base of the jet (Mach number, pres- 
sure, and distance from the nucleus where the jet breaks free). It 
is not clear what would be reasonable assumptions in this 
regard for 4C 29.30. Estimates of the jet velocity and internal 
gas density may also be obtained in several other model- 
dependent ways; see Perley, Bridle, and Willis (1984) for a 
summary of the various methods and assumptions involved. 
One typically finds velocities of several thousand km s_1 or 
more. 

Our optical data on the southern emission-line filament in 
4C 29.30 give us at least one firm lower limit to the jet velocity: 
Vj > 730 km s-1. This is a lower limit because of projection 
effects; also, it is unlikely that the velocity of the jet is smaller 
inside than at its periphery. Models of the transverse velocity 
profiles of jets, such as those by Henriksen (1986), and De 
Young (1986), may be used to extrapolate these measurements 
to an internal jet velocity. Assuming a jet with turbulent 
boundary layers and an associated entrainment flow, Henrik- 
sen (1986) finds a typical internal jet velocity of order 104 km 
s”1, if the velocity at the edges is ~103 km s-1. With such a 
velocity, the jet would have sufficient kinetic energy to power 
the radio lobes and emission-line gas. 

v) Polarization 
Near locations with emission-line gas, the percentage 

polarization (P) of the radio continuum is relatively low (Table 
4). Since the gas appears to be located predominantly near the 
edges of the source, the radio emission is probably being depo- 
larized by an inhomogeneous Faraday screen, as in 4C 26.42, 
3C 277.3, and many other objects. If this is true, P should be a 
strong function of wavelength : P oc exp ( — AÀ% where X is a 
parameter that depends on the distribution of Faraday depths 
in the boundary layer (Burn 1966). It is then somewhat sur- 
prising that near component D, P is similar (but low) at both 6 
cm and 21 cm [(DP)l1 = 1.0 ± 0.1; Table 4]. 

A possible explanation is that the radio component may be 
only partially covered by a screen, and that this partial screen 
is “Faraday opaque” at 6 cm (and thus also at 21 cm). One 
might expect that these parts of the screen might become trans- 
parent to polarized emission at shorter wavelengths. Unfor- 
tunately, our observations at 2 cm have insufficient sensitivity 
to check this. If we assume that the intrinsic polarization (at 
2 = 0) in D is similar to that of component A2, where there is 
no optical line emission and P is the same (~35%) at all three 
wavelengths, then the observed value of ~9% at 6 cm in D 
suggests that the covering factor of cells with significant 
Faraday rotation is large ( ~ 75 %). 

Regardless of the details of the models, considerable 
Faraday rotation in a radio-emitting plasma with much 
ionized (thermal) gas requires that the Faraday depth (22<D rad) 
is appreciable, typically À2Q> > n rad (Burn 1966). Here, we 
have x2® = 0.1622£|| nefml rad, where ne is the thermal elec- 
tron density (cm-3), By is the magnetic field strength (/¿G) 
along the line of sight l (kpc) through the radio-emitting region, 
fm is the filling factor for the magnetoionic medium, and 2 is the 
radio wavelength (cm). 

Two extreme cases can be considered: the Faraday screen 
consists predominantly of the optical emission-line gas itself, or 

of irregularities in the intercloud medium. With a rather large 
number of assumptions, it is possible to evaluate which of these 
two explanations is the most plausible. Taking component D 
with its associated optical emission-line region NL1 as an 
example, and assuming By « 100 jiG (Table 4B) and l « 1 kpc 
in both cases, we can write the Faraday depth at 2 = 6 cm as 
220«600nc/mrad. 

If the Faraday screen is caused purely by the emission-line 
gas, and if/m ~ff~ 0.4 x 10-6 and ne « 240 cm-3 (Table 7B), 
then nefm& 1 x 10-4 and À2Q> « 0.06 rad. Within the frame- 
work of our assumptions, this appears insufficient to produce 
considerable Faraday depolarization. On the other hand, if the 
screen is caused by irregularities in the intercloud medium, 
then /m « 1, and the requirement X2<S> æ 600nefm > n trans- 
lates into ne > 0.005 cm~3. This is a reasonable lower limit to a 
“ typical ” intercloud medium such as that in our own Galaxy. 

Although many assumptions were made in these simple cal- 
culations, it appears that the bulk of the depolarization in the 
Faraday screen might be caused by irregularities in the inter- 
cloud medium, rather than by the optical emission-line gas 
itself. A plausible origin for these irregularities would be turbu- 
lence associated with the entrainment of ambient gas by the 
radio source. 

The constancy of the Faraday rotation across the source 
(~ +60° between 6 cm and 21 cm, subject to ambiguities of 
180°) suggests that it is caused by a large-scale, homogeneous 
foreground screen, most likely associated with our own 
Galaxy. A rotation of + 60°, the minimum value, corresponds 
to a Galactic rotation measure of +27 rad m-2, consistent 
with values found by Simard-Normandin and Kronberg (1979) 
for this part of the Galaxy. This also means that the thermal 
gas densities within 4C 29.30 are probably low; in a simple slab 
model (Burn 1966), the absence of intrinsic Faraday rotation in 
A2, for example, would imply that ne 0.01 cm-3. The very 
small amount of ionized gas within radio galaxies may be a 
rather general phenomenon (Spangler and Sakurai 1985). 

We note that in 4C 29.30 the small, relatively bright radio 
components with low polarization (Dl, D2) are apparently 
embedded in larger, more diffuse, and more highly polarized 
regions. As we suggested for the similar case of 3C 171, this 
geometry might naturally arise as a result of the interaction of 
a jet with a cloudy medium. The collision creates shocks which 
appear as radio knots within the jet, and which are depolarized 
by the clumpy ionized gas entrained in the boundary layers. It 
also causes the jet to deflect and decollimate (due, for instance, 
to the internal heating by the shocks), so that diffuse radio- 
emitting plasma may be sprayed out and seen in projection 
against the unpolarized knots. Alternatively, the unpolarized 
knots may be seen in projection against the diffuse lobes, as 
seems to be the case in 3C 277.3. 

V. CONCLUSIONS 

The radio and optical properties of 4C 29.30 resemble those 
in other well-documented cases of morphological associations 
between radio jets, lobes, and spatially extended regions of 
optical emission-line gas. 4C 29.30, however, is particularly 
instructive in a number of ways. 

One example is that the origin of the emission-line gas seems 
clear in 4C 29.30: evidence that the parent galaxy has captured 
a gas-rich disk galaxy, perhaps very recently, is strong. The 
faint optical shells, the secondary blue nucleus, the circumnu- 
clear dust band, and the blue component of the stellar popu- 
lation all support this idea. Such a galaxy merger would have 

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



> 00 LO 

4C 29.30: EMISSION IN A GALAXY MERGER 83 • No. 1, 1986 
00 

; supplied the parent galaxy of 4C 29.30, which was possibly a 
^ normal elliptical prior to the merger, with an interstellar 
§ medium full of relatively dense, cool clouds. We propose that 
S the clouds were then excited by the radio jets as they traveled 
2 out through this debris. Indeed, the identification of peculiar, 

merging galaxies with radio sources, several of which are 
associated with optical emission-line regions, seems to be a 
much more common phenomenon than is often assumed 
(Heckman et al 1985). We believe that these data strongly 
support the hypothesis that the emission-line gas associated 
with radio jets is ambient material, not ejecta from the nucleus. 
Other, more general, reasons for believing this are discussed by 
van Breugel ei a/. (1985a). 

The data confirm our earlier conclusion that Faraday depo- 
larization of radio continuum emission may be produced by 
“Faraday screens” consisting of lumpy gas embedded in, and 
entrained by, the boundary layers of radio sources. This gas 
need not always be visible as optical line emission: simple 
calculations suggest that most of the depolarization may 
actually be caused by a turbulent intercloud medium, rather 
than by the emission-line gas itself. 

Our radio and optical data on 4C 29.30 thus provide clear 
evidence that the ambient medium can be very important in 
determining the properties of a radio source. Of special interest 
is the apparent jet/cloud collision occurring in the northern 
radio lobe. The close association of the bright radio knots with 
the optically emitting clouds supports models in which radio 
emission may be produced through shocks located at the colli- 
sion sites. The subsequent bending and decollimation of the jet, 
which apparently occurs downstream, implies that such colli- 
sions may also be responsible for many of the observed distor- 
tions in other radio sources. 

The knotty structure in the rather straight southern jet of 4C 
29.30 seems to suggest a different explanation. In this part of 
the source, the jet may not have encountered very dense clouds 
directly along its path, and we may be witnessing the effects of 
shocks responding to pressure changes within the jet as it 
adjusts to a rapidly diminishing external pressure in the galaxy. 

The large misalignment between the southern jet and the 
optical filament is puzzling, but the dramatic increase in veloc- 
ity near the southern hotspot implies that the jet and gas are 
interacting. In fact, the projected velocity at the end of this 
feature is so large ( ~ 730 km s “x) that gas is likely to be leaving 
its parent galaxy, since the escape velocity is a few hundred km 
s“1. Although entrainment of galactic gas by a radio jet is an 
unexpected way to enrich the intergalactic medium, this 
appears to be occurring in 4C 29.30! In addition, the absence 
of bright radio emission between the jet and filament suggests 
that there may be more to radio jets than meets the (radio) eye. 
It could be that the radio jet is only the high-energy part of a 
much larger outflow which surrounds the jet, perhaps analo- 
gous to stellar jets and their associated bipolar outflows. 

4C 29.30 also illustrates how the ambient medium may be 
affected by a radio source. The peculiar kinematics of the gas 
(e.g., the large velocity discontinuities and broad lines near the 

edges of bright radio components) clearly suggest the inter- 
action of the jets and lobes with the surrounding gas. The 
velocities are almost certainly not representative of material 
within the jets themselves, but they do provide information 
about entrainment of ambient gas in their boundary layers. 
The large velocity gradient along the filament in the vicinity of 
the southern hotspot shows that a jet may disrupt and acceler- 
ate surrounding gas even at a considerable distance (~8", or 
~ 9 kpc) from its center. 

The inadequacy of the continuum from the nucleus to pho- 
toionize the emission-line gas in the northern radio lobe, 
together with the clear morphological relation between the 
radio-emitting plasma and the gas, implies that the jets which 
power the radio emission must also heat and ionize the 
emission-line gas. While the mechanism by which this occurs is 
not clear, the fact that the total emission-line luminosity is at 
least a factor of ~ 10 higher than the radio luminosity of the 
lobe implies that the jet dissipates only a very small fraction 
(<10%) of its energy in the form of radio synchrotron emis- 
sion. This result is not unexpected on theoretical grounds. The 
observational input provided by 4C 29.30, and by other objects 
in which most of the jet’s energy is dumped into a dense inter- 
stellar medium and processed into optical emission-line 
photons, may be of use to general questions concerning the 
energetics of radio sources. 

Finally, radio and optical observations such as those pre- 
sented here reveal that the interaction of radio galaxies with 
ambient dense gas may be quite complex. The relationship 
between the emission-line gas and the radio source is indirect, 
and gives information only on the boundaries (cocoons, lobes) 
of the jets. To fully take advantage of the wealth of optical 
information, and to relate these measurements to the internal 
properties (velocity, density) of the jet, further theoretical work 
on the entrainment of ambient gas by jets is necessary. 
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