
19
82

A
pJ

. 
. .

26
2.

 .
52

9H
 

The Astrophysical Journal, 262:529-553, 1982 November 15 
© 1982. The American Astronomical Society. All rights reserved. Printed in U.S.A. 

AN OPTICAL AND RADIO INVESTIGATION OF THE RADIO GALAXY 3C 305 

T. M. Heckman1,2,3 

Astronomy Program, University of Maryland; and Steward Observatory 
G. K. Miley1,2 

Sterrewacht Leiden, The Netherlands; and Kitt Peak National Observatory4 

B. Balick1,2 

Department of Astronomy, University of Washington 
AND 

W. J. M. van Breugel2,3 and H. R. Butcher2 

Kitt Peak National Observatory4 

Received 1981 December 4; accepted 1982 May 18 

ABSTRACT 

We report the results of a detailed investigation of the unusual radio galaxy 3C 305. The associated 
radio source is much smaller ( ~ 3 kpc) than typical double radio sources but is comparable to them 
in luminosity (LR^\042 ergs s_ 1). It is identified with a galaxy having some of the characteristics of 
a spiral and a bright, extended emission-Une region. We have carried out an intensive multiwave- 
length study of 3C 305 using radio and optical imaging as well as slit spectroscopy. 

The most important results are several relationships which appear to exist between the (z-shaped) 
optical emission-hne region and the radio source. First, the morphologies and size scales of the radio 
and line-emitting regions are very similar. Second, the radio polarization is strongly anticorrelated 
with the presence of the emission-hne gas, the latter having a column density adequate for Faraday 
depolarization of the radio continuum. Third, the emission-line profiles are very broad (500-800 
km s_1) and blue-asymmetric near the strong radio emission but not elsewhere. Fourth, the 
emission-hne gas appears to be in approximate pressure balance with the radio-emitting plasma and 
to have a kinetic energy similar to the (minimum) energy in the synchrotron radio source. 

The lack of detectable nonstellar nuclear optical continuum and the absence of a radial decline in 
ionization state are inconsistent with photoionization of the emission-hne gas by a central nonther- 
mal source. We argue that the emission-hne region is instead likely to be powered by the radio jets. 
Kinetic energy in the jets may be transferred to the interstellar medium, thereby ionizing the ambient 
gas and possibly driving it away from the radio source. The kinematics of the line-emitting gas close 
to the radio source are consistent with this outflow model, but the large-scale velocity gradients also 
suggest that the gas is rotating around the galaxy minor axis. A diffuse ambient medium in pressure 
equilibrium with the emission-hne clouds could confine the radio lobes by static thermal pressure, or 
by ram pressure if the lobes are advancing with velocities of a few hundred kilometers per second. 
However, the radio source/emission-hne energetics indicate that energy is being supphed by the jets 
at velocities much greater than 103 km s-1. 

We suggest that the unusual nature of the radio source and that of the parent galaxy are 
connected. The dust, ionized gas, young stars, and faint one-armed spiral may be the result of a 
recent merger of a luminous early-type galaxy and a late-type galaxy. This merger may have triggered 
the ejection of radio plasma into the relatively dense interstellar medium supphed by the late-type 
galaxy. 
Subject headings: galaxies: individual —galaxies: internal motions — galaxies: structure — 

radio sources: galaxies 
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I. INTRODUCTION 

One of the most fascinating questions in extragalactic 
astronomy concerns why strong extended radio emission 
is associated with active elliptical galaxies but not with 
active spiral galaxies. A radio galaxy which may be 
relevant to this problem is 3C 305. 
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This radio galaxy, for which we list some parameters 
in Table 1, has several unusual properties. First, the size 
of the radio source is an order of magnitude smaller than 
that typically seen for such powerful, steep spectrum 
sources (cf. Miley 1980). Second, the galaxy with which 
3C 305 is associated is quite peculiar and has some of 
the characteristics of a spiral galaxy. Indeed, the faint 
one-armed spiral feature, the thin dust absorption lane 
crossing the nucleus, and the “general veil of obscura- 
tion” across the galaxy led Sandage (1966) to classify it 
as an Sa(pec). Third, a bright region of spatially ex- 
tended emission lines surrounds the optical nucleus of the 
galaxy (Sandage 1966). 

Because it has this combination of unusual properties, 
we decided to conduct a detailed radio and optical study 
of 3C 305. The most important result of the investiga- 
tion is the demonstration of a striking relationship be- 
tween the line-emitting gas and the radio source. 

The observations and their calibration and reduction 
are described in § II. The results are presented in § III 
and discussed in § IV. We consider the evidence for the 
relation between the radio source and the emission-hne 
gas. We then explore the kinematics and ionization of 
the gas, and also discuss how the gas can play a role 
both in forming the morphology of the radio source and 
in producing the radio emission. Finally, the relevance 
of our conclusions regarding the nature of 3C 305 for 
the more general study of active galaxies is given in § V. 

This paper is unusually long, containing a large num- 
ber of detailed data which provide a unique vantage 
point from which the physics of an extragalactic radio 
source can be studied. For the reader who wishes to 
extract from this only the primary conclusions and 
something of the flavor of our investigation, we advise 
skimming through § III, and carefully reading the Ab- 
stract, §§ IVtf, IVe, and V. We hope the critical reader 
with more curiosity (and perseverance) will be rewarded 
by a more thorough consideration of the paper. 

TABLE 1 
Global Properties of 3C 305a 

Radio: 
Flux density ( 178 MHz)  15.6 Jy 
Monochromatic power (178 MHz) ... 5X1025WHz-1 

Spectral index   0.86 
Maximum observed extent  13'.'5 (11 kpc) 

Optical: 
Redshift (heliocentric, optical)   0.0417 ±0.0002 
Galaxy Type  Sa pec, SO pec, or E pec 
Absolute Magnitude, Mv  — 22.6 
Color, B — V   0.76 
Maximum observed extent 

of galaxy   45" X 35" (37X29 kpc) 
Maximum observed extent 

of emission lines   16" (13 kpc) 

aHere and throughout the paper we assume a value of /70 ^ 75 
km s_1 Mpc-1 for the Hubble constant. 

II. OBSERVATIONS AND REDUCTION 

A summary of the various observations that we made 
on 3C 305 is presented in Table 2, and some morpho- 
logical parameters derived from our data are listed in 
Table 3. 

a) Radio Imaging 

The radio observations were conducted at frequencies 
of 4885 MHz (6 cm) and 15 GHz (2 cm) using the Very 
Large Array (VLA) (Thompson et al. 1980). The config- 
uration of the partially completed VLA at the time of 
the 6 cm observations is given in Table 4. The 2 cm 
observations were undertaken with the complete VLA in 
the standard B configuration (Thompson et al. 1980). 

The source 3C 305 was observed for a 12 hour period 
at 6 cm. The phases and amplitudes of both the crossed 
and parallel hand correlators were calibrated with re- 
spect to 3C 286, measurements of which were inter- 
spersed with those of 3C 305 about every 30 minutes. 
The data were of excellent quality. 

The calibrated visibility data were transformed to 
maps using the VLA fast Fourier transform algorithm. 
Using different tapering functions, maps of various reso- 
lutions were produced. These “dirty” /, ß, and U maps 
were cleaned and restored (Högbom 1974; Schwarz 1978) 
using independent software at the VLA and at Leiden. 
There was no significant difference between the Leiden 
and VLA cleaned maps. Since the tapered, low-resolu- 
tion maps showed no evidence for structure not seen in 
the untapered maps, only the latter (restoring beam 075 
circular Gaussian) were used for further analysis. 

The 2 cm observations spanned a period of 8 hours. 
Calibration and reduction proceeded as in the case of 
the 6 cm observations, except that the observations of 
the calibrator (3C 287) were taken every ~15 minutes. 
The maps were cleaned only at the VLA, in this case, 
and restored with a 0736 circular Gaussian for the 
untapered data. 

h) Optical Imaging 

The optical imaging was conducted using the ISIT 
vidicon Video Camera at Kitt Peak National Observa- 
tory (Robinson a/. 1979). 

Several 13 minute integrations on 3C 305 were made. 
First, using the 4 m telescope, a broad-band image was 
taken through a standard V filter. Second, an exposure 
was made through a narrow-band interference filter 
whose wavelength response was centered on the red- 
shifted Ha and [N n] ÀA6548, 6584 emission Unes. A 
corresponding “off-band” image was obtained through 
a similar narrow-band interference filter centered on the 
continuum ~ 100 A shortward of the redshifted Ha and 
[N ii]. An analogous set of on- and off-band images 
were obtained for the [O m] À 5007 line using the 2.1 m 
telescope. 
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532 HECKMAN ET AL. 

TABLE 3 
Extent and Orientation of the Observed Components of 3C 305 

Vol. 262 

Radio Source Line Emission Galaxy 

Nucleus : 
0 6 x ( < 0.3 " ) in PA (64°) 

Nucleus to E. Lobe Peak: 
2V 1±01 in PA 42°±1 ° 

Size of E. Lobe: 
OV5(transverse ) xO'.'ôS 

Nucleus to W. Lobe Peak: 
IVeiO’.'! in PA -1370±1° 

Size of W. Lobe: 0"4 
Nucleus to Inner Knots in Jets: 

(0V 9) in PA (54 °/-126 °) 
Jet Width: <0'.,3 
East Arm: 

(8V5) in PA 1390±3° 
West Arm: 

(7") in PA 137°(curving) 
Total Extent: 

(13'.'5) in PA (115°) 

Nucleus to E. Lobe Peak: 
2'.'5±0 3 in PA 560±4° 

Nucleus to W. Lobe Peak: 
2,:3±0'.'5 in PA -130o±5° 

East Arm: 
(8") in PA 1110±5° 

West Arm: 
(6") in (PA 122°) 

Total Extent: 
(16") in PA (95° ) x(3") wide 

Dust Lane : 
Extended in PA (120°) 
Passes within (2") to SW 
of nucleus 

"Spiral Arm": 
Wraps from (25") in PA 
(160°) counterclockwise 
through one turn into 
nucleus 

Total Extent: 
(40"x25") in PA 750±5° 

^Quantities in parentheses are highly uncertain. Note that for H = 75 km s 1 Mpc l, 
1" = 800 pc. 0 

For all the various images, spatial irregularities in the 
response of the Video Camera were removed using 
standard flat-field calibration observations, and the spa- 
tial distortion in the image was removed in the usual 
way (see Butcher, van Breugel, and Miley 1980 for 
details). The narrow-band images were scaled to correct 
for known differences in the filter throughputs, and 
brought into correct registration (aligned) using parame- 
ters determined from observations of stars. The off-band 
image was then digitally subtracted from the on-band 
image to remove the stellar continuum. No attempt was 
made to calibrate the imaging data in units of absolute 
flux. 

c) Optical Spectroscopy 

Information on spatial variations in the emission-hne 
gas was obtained from long-slit spectra taken with the 
High Gain Video Spectrometer (HGVS) in conjunction 
with the Ritchey-Chrétien spectrograph on the KPNO 4 
m telescope. The HGVS consists of an SIT vidicon 
coupled to a three-stage image tube. Further details 
concerning the HGVS observations are given in Tables 2 
and 5. The latter table summarizes the variety of slit 
position angles and gratings used. 

In a manner similar to the Video Camera images, the 
HGVS spectra were calibrated for variations in pixel- 
to-pixel sensitivity and nonuniform slit illumination. 

He-Ne-Ar comparison spectra were obtained adjacent in 
time to each 3C 305 observation in order to correct for 
time variable changes in the image distortion and zero- 
point wavelength. The absolute wavelengths are uncer- 
tain by ~0.75 channels (~30 km s_1 in the highest 
resolution data), while wavelength changes along the slit 
can be measured to a precision of ~ 0.25 channels in 
high signal-to-noise data. No evidence for significant 
“beam pulling” caused by accumulation of charge on 
the SIT (Schechter and Gunn 1979) was found in our 
data. 

No attempt was made to measure absolute Une inten- 
sities or even absolute line ratios. However, changes in 
line ratios along the slit (relative ratios) are measurable 
with a precision of ~ 5-10% for strong lines and 15-25% 
for weak lines. 

The two-dimensional spectra were analyzed row-by- 
row by fitting sets of Gaussian profiles to the emission 
Unes. Multiple Gaussian components representing kine- 
matically distinct components in the line profile were 
fitted simultaneously when warranted. Overlapping Unes 
of different species were de-blended in an analogous 
manner. From the parameters of these fits, the flux, 
center velocity, and width (FWHM) of each emission 
line were obtained. The velocities along the slit at a 
given position angle for the different atomic species 
were found to agree to within the estimated errors, as 
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TABLE 4 
VLA Configuration During 6 

Centimeter Observations 

Distance from 
Antenna Array Center 
Number Station (km) 

2  W32 5.22 
3..   El 0.038 
4.. ......... W16 1.59 
5.   E2 0.044 
6   W24 3.19 
7   E4 0.15 
9  W48 10.47 

10  E3 0.09 
12  E48 10.47 
13.. ...  E12 0.97 
14   W56 13.64 
15   W64 17.16 
16.. ..  E18 1.95 
17  W8 0.48 
18.   E24 3.19 
19..   N32 4.71 
20    N2 0.055 
21   N8 0.44 
22.. ....  N6 0.27 

were the nuclear velocities of all the Unes measured. The 
flux level of the continuum was also plotted along the 
slit, and the position of the peak relative to the line 
emission was found to be in excellent agreement with 
the Video Camera images. 

Red and blue spectra of the bright core of 3C 305 
were obtained with a 4" circular aperture using the 
Intensified Image Dissector Scanner (IIDS) on the 
KPNO 2.1 m telescope. Observations of a quartz lamp 
were used to correct the data for small-scale irregulari- 

TABLE5 
Parameters of Slit Spectra^ b 

Integration 
X Coverage X Resolution P.A. Time 

No. (Á) (Á) O (min) 

1 ....... 4843-5529 4.4 57 52 
2   4843-5529 4.4 90 26 
3   4998-5340 2.2 100 13 
4   4997-5338 2.2 150 6.5 
5   4997-5339 2.2 57 13 
6   6489-7171 4.4 57 52 
7   6489-7171 4.4 90 26 
8   3534-4869 8.6 57 26 
9   3528-4863 8.6 90 26 

aSlit width 2" in all cases. 
b Pixel size T.'3 in all cases. 

ties in the image-tube response, and observations of 
several standard stars were used to put the data on a 
relative flux scale. The red and blue spectra were joined 
by matching fluxes in the ~ 100 A region of overlap. 
Since the observing conditions were not photometric, no 
attempt has been made to place the data on an absolute 
flux scale. Further details concerning the procedure used 
in the IIDS reduction and analysis can be found in 
Heckman, Balick, and Crane (1980). 

in. RESULTS 

a) Radio Imaging 

i) Intensity Distribution 

The present 6 cm radio map made with O'/5 resolution 
(Fig. la) is similar in most essential aspects to the map 
at 75 cm with 078 resolution by Lonsdale and Morison 
(1980), and shows 3C 305 to consist primarily of a small, 
bright triple source (ACB) extended about 375 (~3 
kpc) in P.A. ~43°. Near A and B (nomenclature of 
Lonsdale and Morison) are regions of diffuse, low surface 
brightness radio emission (“arms”), A' and B', extended 
perpendicular to the bright triple. The total size of the 
radio emission in 3C 305 is then 1375 (~11 kpc). The 
overall “rotational symmetry” of the source noted by 
Lonsdale and Morison is not pronounced in our map 
due to the presence of the feature A" which was not 
seen on their map. The absence of this feature at 75 cm 
is not likely to be due to A" having a relatively flat 
spectral index, since it is of approximately the same 
relative strength in maps of 3C 305 made at 2 cm and 20 
cm with the VLA (Miley et al 1982). It is more likely 
that this feature was either entirely resolved by 
the relatively long basehnes of the Jodrell Bank Multi- 
Telescope Radio-linked Interferometer (MTRLI) or that 
it may have been missed in the closure phase mapping 
technique used by Lonsdale and Morison. They noted 
that 15% of the total flux density of 3C 305 was not 
accounted for in their 75 cm map, which could easily 
explain the discrepancy. 

The 2 cm intensity map (Fig. \b) shows the core 
source to be connected to the two lobes (A and B) by 
narrow, collimated structures (“jets”). Both jets have 
brightness enhancements (knots) located approximately 
halfway between the core and each respective lobe. The 
orientation of the innermost part of the jets is 54° ±2°, 
an offset of ~11° from that of the lobes. The bright 
part of the radio source is “crooked” with small-scale 
wiggles superposed on an overall open S shape. These 
features can be even more clearly seen in a map at 18 
cm with 0725 resolution (Lonsdale et al 1981). 

The source 3C 305 appears to have a steep nonther- 
mal radio spectrum between 75 cm and 2 cm. No 
flat-spectrum nuclear core was detected. 
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Fig. 1.—Contour representations of the VLA (a) 6 cm and (b) 2 cm total intensity maps. The contours for 6 cm are in units of —1.0 
(dashed), —0.5 (dashed), 0.5, 1, 2, 3, 4, 5, 10, 15, 20, 29, 38, 60, 90, 120, 160, 200 mJy per restoring beam (075 FWHM circular Gaussian). 
The contours for 2 cm are in units of —0.6 (dashed), 0.6, 0.78, 1.05, 1.42, 1.87, 2.5, 3.31, 4.52, 6.02, 7.83, 10.54, 14.16, 18.67, and 25.0 mJy 
per restoring beam (0736 FWHM circular Gaussian). The scale in the À 2 cm map is given by the tick marks at 4" intervals. 

TABLE 6 
Some Approximate Minimum-Energy Parameters for the Radio Source 

Component Lobes (A, B) Nucleus (C) Arms (A', A", B') Jet 

Internal energy (ergs)   1.0X 1055 <3.0X 1054 6.0X 1055 <6.0X1054 

Magnetic field (gauss)  3.0X10“4 >3.0X10~4 3.2X10"5 >1.0X10-4 

Internal pressure (dyn cm-2) .... 3.0X10“9 >3.0X10-9 4.1X10-11 >6.0X10_1° 
Radiative lifetime at 2 cm (yr)  4.0X104 <4.0X104 1.0X106 <2.0X105 

Depolarization(rc^ in cm-^) ... >1.0X10-2 >2.0X10~2 ... >3.0X10~2 

From both the 2 cm and 6 cm maps, we have derived 
the parameters listed in Table 6 (minimum internal 
energy, pressure, magnetic field, etc.). These parameters 
were calculated making the usual assumptions—namely, 
a filling factor for the synchrotron emitting plasma 
equal to unity, equal energies in the electrons and heavy 
particles, a radio spectrum extending from 10 MHz to 
100 GHz, and cylindrical symmetry for the radio com- 
ponents. Since neither the nuclear source nor the jets 
were resolved in the transverse direction, we have only 

the appropriate Emits to these quantities at these loca- 
tions. 

ii) Polarization Distribution 

The 5 GHz polarization data are shown in Figures 2 
and 3. Most remarkable is the presence of a large region 
in the source which has extremely low percentage polar- 
ization at 5 GHz. This is rarely seen in extended ex- 
tragalactic radio sources. There are also large gradients 
in the percentage polarization which range from < 1 % to 
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Fig. 2.—Electric field 6 cm polarization vectors superposed on a contour map of the 6 cm total intensity (contour levels at 1,4, and 30 
mJy per restoring beam). The scale and orientation are as in Fig. la. 
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! 
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Fig. 3.—Percentage polarization at 6 cm shown in gray-scale form with the values indicated in the figure. The 6 cm total intensity 
contours are at 1,4, and 30 mJy per restoring beam. The scale and orientation are as in Figs. \a and 2. 

>30%. Note that the region of lowest polarization 
coincides almost (but not exactly) with the brightest 
regions of total intensity. 

Recent multifrequency mapping of 3C 305 at the 
VLA at 1.4, 5, and 15 GHz shows that the percent- 
age polarization increases strongly with frequency 
throughout the source. This behavior is characteristic of 
nonthermal radio radiation which has suffered Faraday 
depolarization. A detailed comparison of these multi- 
frequency maps will be deferred to a future paper (Miley 
etal. 1982). 

As a rough estimate of the densities required for 
Faraday depolarization of the bright part of the source, 
we take the product of the rotation measure through the 
source and the square of the wavelength as exceeding 
180°. We can then write neH^pL X(6 cm)2>7r, where 
H\\ is the parallel magnetic field, and L$p is the effective 
path length through the depolarizing region written in 
terms of the total path length through the radio source 
(L) and the filling factor of the depolarizing thermal 

plasma (<$>p). Taking magnetic field strengths corre- 
sponding to the minimum energy situation gives the 
limit on ne<$>p also Usted in Table 6. 

Note that the inferred magnetic field is circumferen- 
tial along the north and west edges of the radio lobe B 
and is directed along the faint extensions B' and A". 

b) Optical Imaging 

i) Distribution of Line-Emitting Gas 

Figure 4 shows a contour representation of the image 
of the Ha plus [N n] AA6548, 6584 Une-emitting gas 
with the continuum removed (hereafter referred to as 
the “Ha image”). The Ha image has been displayed 
superposed on a gray-scale representation of the radio 
percentage-polarization distribution. There is a remarka- 
ble similarity between the emission-line and radio con- 
tinuum structures. Both exhibit bright “lobes” near the 
nucleus, leading to fainter arms further out. 
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I ! I I I I I 

RR 

Fig. 4.—The 6 cm percentage polarization in gray scale (as in Fig. 3) superposed on a contour plot of the intensity distribution of the 
Ha + [N h] XX6548, 6584 emission Unes with the stellar continuum removed. The contours for the emission-line gas are (in arbitrary units of 
surface brightness) at levels of —0.4 {dashed), 0.4, 0.8, and then in steps of 0.8 up to 16.8. 

The principal axis defined by the bright Ha lobes 
(Table 3) is 53 ±4°. This is very close to the orientation 
of the radio jet (54° ±2°), but is significantly offset by 
some 10° from the axis of the radio lobes (43°). More- 
over, the emission-hne arms he adjacent to but do not 
coincide with the radio arms. Finally, while the radio 
source is very “narrow” in the region of the lobes (width 
< 250 pc), the emission-hne gas is extended by ^ 2 kpc 
perpendicular to its principal axis to the southeast (it 
appears unresolved in the transverse direction to the 
northwest). We conclude that there are important dif- 
ferences as well as similarities between the morphologies 
of the gas and radio source. 

In addition to the morphological similarities there is 
also a detailed anticorrelation between the presence of the 
line emission and the percentage radio polarization. This 
suggests that the gas that is emitting the hnes is closely 
associated with the thermal medium that depolarizes the 
radio emission. 

Our [O in] À 5007 image (not shown) is very similar to 

the Ha image, except that the arms are ~ 15% stronger 
relative to the nucleus than in the Ha image, while the 
bright NE lobe is a factor of 2 weaker. A more detailed 
discussion of spatial variations in the relative line 
strengths will be given below. From this discussion, we 
will conclude that the morphology of the gas in the light 
of different emission Unes is quahtatively similar to 
Figure 4. 

ii) Galaxy Morphology 

The unusual optical morphology of the parent galaxy 
of 3C 305 is discussed in detail by Sandage (1966). We 
list here the principal salient conclusions from his inves- 
tigation, all of which are fully supported by our own 
data. For the convenience of the reader, we display our 
F band image of 3C 305 in contour form in Figure 5. 

1. The main body of the galaxy is an ellipsoid with a 
major axis in P.A. ~ 75°. Sandage’s photograph shows 
the main body to be extended ~ 22X12 kpc ( ~ 27" X 
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Fig. 5.-A contour plot of the intensity distribution of 3C 305 obtained with the Video Camera through a standard K-band filter _The 
scale is indicated in the figure which is oriented with north on the top and east to the left. Contours are (in arbitrary umts of surface 
brightness) at levels of -2 (dashed), 2, 6, 14, 30, 62, 126, 254, 510, 1022, 2046, and 4094. 

15"), while we can trace it farther out, finding a maxi- 
mal extent of ~ 33 X 21 kpc ( ~ 40" X 25"). 

2. West of the nucleus, the ellipsoid is crossed ob- 
liquely by a thin dust lane in a P.A. »120°. The dust 
lane passes through (in projection) the SW radio lobe. 

3. A “veil of obscuration” consisting of mottled dust 
patches can also be seen, concentrated largely to the 
south and west of the nucleus. This, together with 
the location of the dust lane, leads Sandage to identify 
the south as the near side of the galaxy. 

4. A single faint “spiral arm,” which unwraps in the 
clockwise direction, extends over ~ 35X45 kpc (~42" 

X55"). The inner part of this feature seems to connect 
to the oblique dust lane. 

5. The combination of a spiral-arm-like feature and 
the presence of dust are the criteria used by Sandage to 
classify 3C 305 as an Sa or Sa pec. Classifications as E4 
pec or SO pec seem equally likely. 

6. The absolute magnitude (Sandage 1966) of the 
galaxy is Mv 

= —22.61 ( Mt! — —21.84), so that both in 
terms of size and luminosity 3C 305 is a very large and 
luminous galaxy (Hoessel, Gunn, and Thuan 1980 find 
Mv = -22.2±0.35 for first-ranked cluster galaxies ad- 
justed to = 75 km s~1 Mpc~ '). 
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Fig. 6.—Spectra obtained with the IIDS through a 4" circular 
aperture centered on the nucleus. The observed wavelength scale is 
indicated, and the blue and red spectra are plotted separately in 
arbitrary units of flux per wavelength (Fx). Note that the vertical 
scales in Fx are different for the two spectra. 

c) Optical Spectroscopy 

The spectrum of the nuclear region obtained through 
a 4" circular aperture is shown in Figure 6, and the 
spatial variations in the relative emission-line ratios 
from our slit spectra are shown in Figure 7. The strengths 
of the most prominent stellar absorption features and 
emission lines in the nucleus are given in Tables 7 and 8, 
respectively. 

TABLE 7 
Absorption-Line Equivalent Widths 

in Inner 4" of 3C 305 

E.W. 
Line (Á) 

Na D À5892   5.1 ±0.3 
Mg I À5174  3.4±0.4 
CH G band À4300  5.9±0.9 
H8  4.5 ±0.4 
Ca il K A3934   7.1 ±0.2 
H8   5.0± 1.0 
H9  6.8± 1.3 

i) Stellar and Nonthermal Components 

The most striking aspects of the stellar spectrum are 
the presence of relatively strong Balmer absorption lines 
and a rather blue continuum. Note that Sandage (1966) 
also gives a relatively blue value of B — V — for 
3C 305. These features are not typical for an early-type 
galaxy such as 3C 305 and are almost certainly pro- 
duced by a component of young (age <1010 yr) stars 
mixed with the dominant old population (cf. Heckman 
1980<z). Gas and dust (out of which such stars could 
have formed) are obviously available in 3C 305. 

The lack of strong variation in the stellar spectrum 
along our slit positions means that this component of 
young stars is distributed throughout the bright part of 
the galaxy. 

The stellar spectrum of 3C 305 bears a strong re- 
semblance to that of the nucleus of M51 (Heckman, 
Balick, and Crane 1980). We can therefore estimate the 
rate of star formation, using the population synthesis 
model constructed by Tumrose (1976) for the M51 
nucleus. Scaling this model up to the luminosity of 

TABLE 8 
Relative Emission-Line Strengths in Inner 4" of 3C 305 

Line F/Fnß UW Seyfert 2b NGC 1052c 

[S il] A6731 ... 
[S il] X6717 ... 
[N il] À6584... 
Ha   
[N il] X6548... 
[O i] X6300 ... 
[O in] X 5007 . 
[O in] X4959 . 
Hß   
[Ne in] X3869 
[O H] X3727... 

2.4 
2.4 

10.1 
6.8 
3.4 
0.9 
6.4 
2.1 

= 1.0 
0.5 
5.3 

1.0 
1.0 
4.4 
2.9 
1.5 
0.4 
5.9 
2.0 

= 1.0 
1.1 

14.0 

0.8 
0.8 
2.3 
2.9 
0.8 
0.5 

11.0 
3.7 

= 1.0 
1.5 
3.0 

1.3 
1.7 
3.0 
2.9 
1.0 
1.5 
2.2 
0.8 

= 1.0 
0.6 
8.0 

aDe-reddened with EB_ v = 0.85. 
b Composite spectrum from Koski 1978. 
cFrom Fosbury et ai 1978. Typical shock-heated LINER (Heckman 

1980h). 

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



19
82

A
pJ

. 
. .

26
2.

 .
52

9H
 

540 HECKMAN ET AL. Vol. 262 

5 0 5 5 0 5 
NE PIXELS SW E PIXELS W 

Fig. 7.—The variation in relative emission-line strength along the two slit positions covered (P.A. = 57°, 90°). The vertical axis for each 
plot is normalized to the total line flux per spatial pixel at the position of the nucleus. Note that the effects of stellar Ha and Hß absorption 
Unes have not been removed from the respective plots (but have been removed from the relative intensities listed in Table 6). The 
density-sensitive intensity ratio of [S il] À6717 to X6731 is also indicated. The horizontal scale is in units of pixels ( = 173) relative to the 
nucleus. 

3C 305 indicates that over the last ~ 109 years stars have 
formed at the rate of ~ 3 M0 per year, or at more than 
three times the rate found for a normal early-type 
galaxy of comparable luminosity (Faber and Gallagher 
1976). 

Yee and Oke (1978) attempted to deconvolve the 
optical continuum of the inner 10" of 3C 305 into a 
stellar spectrum (typical of an elliptical galaxy) and a 
nonstellar, featureless power-law component. Their re- 
sults indicated that 5-9% of the continuum at A 5460 
was nonstellar. However, we have seen that the stellar 
continuum of 3C 305 is not that of a typical elliptical 
galaxy but is “contaminated” by the contribution of 
relatively young and hence relatively blue stars. Thus 
Yee and Oke have probably significantly overestimated 
the nonstellar contribution. 

ii) Emission-Line Intensities 

Several conclusions can be drawn about the character- 
istics of the emission-hne spectrum and its spatial varia- 
tion. These are described below and summarized in 
Table 9. 

1. Ionization state.—The spectrum is characterized by 
strong forbidden Unes from a wide range of ionization 
states (e.g., O0, 0+, 0+ + , Ne+ + , etc.). Heckman 
(1980b) and Baldwin, Phillips, and Terlevich (1981) 
have devised schemes for classifying the emission-hne 
spectra of active galaxies. Based on their precepts, the 
spectrum of 3C 305 bears little resemblance to that of 
either an ordinary H n region or a planetary nebula 
(e.g., to gas photoionized by hot stars). Instead, the 
spectrum is intermediate between that of a Seyfert 
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TABLE 9 
Some Approximate Parameters of the Emission-Line Gas 

Lobes Arms 

Luminosity, LEm ... 1044 ergs s 1 10 43'5 ergs s 1 a 

Density, ne   103 cm“3 <102 5 cm-2 

Mass, MEm   107Mo >107Mo
a 

^»I:n, »,   2.5-16X10-2 

Temperature, 7^   10,000-40,000 K ~10 K? 
Thermal pressure ... 10-8-10-9 dyn cm“2 <10 95 

Kinetic energy  1055 5 ergs s“1 > 1055 ergs s 1 a 

aAssuming EB_ v ^ 0.85 (§ III) in the arms as well as in the 
lobes. 

nucleus (Koski 1978; Osterbrock 1977), in which the 
Unes of highly ionized species are relatively strong, and 
the spectrum of a low-ionization nuclear emission-line 
region (LINER) observed in the nuclei of many nearby 
early-type galaxies (Heckman 19806). 

The spatial variations in the relative emission-hne 
strengths are shown in Figure 7. Because no relative flux 
calibration has been attempted for the slit spectra, all 
Une intensities are normalized to their nuclear values. A 
few conclusions can be drawn from Figure 7. (a) All 
emission-line fluxes peak at or near the eastern lobe. 
While the distributions of the emission lines differ in 
detail, their general distributions are probably similar to 
the Ha + [N n] image in Figure 5. (6) The low ioniza- 
tion lines (i.e., [O i] \6300, [S n] Ä.A6717, 6731, [O n] 
A3727, and [N n] A6584) are more concentrated toward 
the bright Ha lobes than are the higher ionization lines 
[O in] A5007 and [Ne m] A3869. The lobes are hence 
characterized by a lower overall degree of ionization 
than the arms, (c) The violet Unes are relatively weak to 
the WSW of the nucleus in a way that is consistent with 
reddening produced by the dust lane and dust patches 
that are located in this part of the galaxy (cf. Sandage 
1966). 

2. Temperature.—We have determined a limit for the 
electron temperature of the gas near the NE Ha lobe of 
Te < 25,000 K using the [O m] A4363-to-A5007 intensity 
ratio. Since this limit reflects our ability to adequately 
subtract the stellar continuum near A4363, our limits to 
Te are significantly higher {Te < 40,000 K) in the nucleus, 
where the emission-line equivalent widths are smaller. 

3. Density and pressure.—The ratio of [S n] A6717 to 
A6731 was used to estimate electron densities (ne) 
throughout the emission-hne region. These estimates are 
uncertain not only because of the limited signal-to-noise 
ratio in the data but also because ambiguities are intro- 
duced in the de-blending procedure by the kinematic 
complexity of the gas near the nucleus and the lobes 
(see below). Because of this complexity, two pairs of 
Gaussians were sometimes required to de-blend the [S n] 
Unes. Another limitation to our density estimate is its 
insensitivity to gas with «e>104 cm-3, since the [S n] 

lines will be heavily quenched by colhsions in such 
dense gas. Moreover, there is no certainty that the 
densities in the [S n]-emitting gas are representative of 
other ionization zones in the emission-line gas. 

Our data show evidence for spatial variations in ne, 
with the value being ~1032±04 cm-3 in the nucleus, 
IQ2.5±o.3 cm-3 near ikg eastem lobe, io33±03 cm“3 

near the western lobe, and < 102 5 cm-3 in the arms. In 
light of the observational and interpretive uncertainties 
discussed above we will take ne^\03 cm“3 as a repre- 
sentative value for the bright regions (nucleus and lobes) 
and ne-<\025 cm“3 for the arms. 

Taking 103 cm“3 and T^2X104 K implies a 
gas pressure of ~10“8 5 dyn cm“2 for the emission-line 
gas. 

4. Reddening.—The ratio of the Ha to biß fluxes near 
the nucleus is 7 ± 1. This quantity is difficult to measure 
accurately because of the uncertain correction for the 
effects of the stellar Balmer absorption features. If the 
intrinsic emission-hne spectrum is taken to be that of 
Case B recombination (Osterbrock 1974), as Koski 
(1978) and others have argued is the case for the narrow 
emission lines in Seyfert galaxies, a value for EB_V^ 
0.85 ±0.15 is implied. Such a large value is not unrea- 
sonable since ~30% of the Seyferts studied by Koski 
had Eb^ v as large or larger. Moreover, as described 
above, the galaxy has a very dusty appearance. We 
cannot, however, rule out the possibility that the intrin- 
sic Eia/Hß ratio is rather large in 3C 305 due to the 
effects of collisional excitation or Balmer self-absorption 
(e.g., Netzer 1981). In such a case the true value for 
Eb_ v could be appreciably smaller than 0.85. 

5. Luminosity.—The spectrophotometric data of Yee 
and Oke (1978), together with our spectroscopic data, 
indicate an Ha flux of 7.6 X 10“14 ergs cm“2 s“1 or an 
apparent Ha luminosity LHa^ 2.4X 1041 ergs s“1. Tak- 
ing our derived value of EB_V = 0.85 at face value, the 
intrinsic LHa ^ 3 XTO42 ergs s~l. From our emission-hne 
spectrum and assuming standard Case B conditions, we 
derive a total intrinsic emission-hne luminosity of Lel ^ 
lO^ergss“1. 

6. Mass and kinetic energy.—To produce the above 
Ha luminosities, a mass of ionized hydrogen MH+ ^ 1-2 
XIO10«^1 M0 is required (for Te = l-2X\04 K). Tak- 
ing ne^\03 cm“3 in the bright part of the gas (which 
assumes that the densities over the entire thermal region 
are the same as those measured in the S+ zone) imphes 
MH+~1-2X107 M0. 

Taking MH+ = \.5X\07 Mö and a velocity of 300 
km s“1 as characterizing the bright region of the emis- 
sion-hne gas would imply a kinetic energy for the gas of 
1.5 X 1055 ergs, which is very similar to the minimum 
energy in the bright radio lobes (Table 6). 

7. Clumpiness.—Taking MH+^ 1.5 X107 Mq and 
ne^\03 cm“3 and the measured size of the bright part 
of the emission-line region ( ~ 2 kpc wide X ~ 6 kpc 
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long X t kpc thick), we derive a filling factor for the 
emission-Hne gas <i>e^5X10“5 t~x. Thus, for a cylindri- 
cal geometry {t^2 kpc) ^^ a few times 10-5, while if 
the gas is confined to a disk comparable in thickness to 
that in our own galaxy (7^0.3 kpc) <|>e^10-4. The 
emission-hne gas is evidently highly clumped. 

iii) Emission-Line Velocities 

The best data for studying the kinematics of the 
emission-hne gas are the high ( ~ 130 km s_1) resolution 
spectra in the vicinity of the [O ni] X5007 line (see Table 
5). Such spectra were taken at P.A. 57° (close to 
the fundamental emission-hne and radio axes), 100° 
(through the brightest parts of the Ha arms), and 150° 
(close to the galaxy minor axis at 165°). These high 
resolution data are shown in contour form in Figure 8 
and as row plots in Figure 9. The center velocities and 
line widths fitted to the data are shown in Figure 10. 
The kinematic description which follows is entirely con- 
sistent with the lower dispersion data summarized in 
Table 5. 

1. Velocities.—The nucleus of the galaxy is the center 
of symmetry for the kinematics of the gas. Relative to 
the nucleus, the gas to the east is approaching, while the 
gas to the west is receding. The radial velocities increase 
almost linearly to about ±260 km s_ 1 at the edge of the 
Ha lobes and then may decrease slowly out to projected 
distances of ~ 10 kpc. 

Isovelocity contours indicate that the largest velocity 
gradient occurs in P.A. ~ 70± 15°, or close to the major 
axis of the main ellipsoidal stellar distribution at 75° 
(see Fig. 5). 

2. Profiles.—The emission Unes are widest in the 
bright part of the emission-hne region (e.g., close to the 
strong radio emission). Here the [O m] lines are 500-800 
km s~1 (FWHM) wide and show a “blue wing” near the 
base of the line profile clearly extending to — 2000 
km s~l. The centroid of this blue wing is offset from the 
peak of the profile by 400 km s-1. 

The line profiles are complex throughout this region 
and cannot be well fitted with a single Gaussian. In 
contrast, the gas in the Ha arms is far more quiescent 
(lines are often unresolved at 130 km s-1 resolution). 

There is evidence for differences in line width between 
the various atomic species in the bright central 
emission-hne region. Near the stellar nucleus, the vari- 
ous lines—[S il], [N il], [O in], [Ne in], Ha, [O n], and 
[O i]—have respective widths of 450 ±50, 490 ±60, 
620±70, 780± 120, 800±80, 850±80, and 1300±200 
km s-1 (FWHM). The errors are inferred from compari- 
sons of the widths measured in the various sht positions. 
Near the eastern lobe, the various hne widths are all 
near 600 km s_1, with the possible exceptions of the 
[Ne m] hne (470± 140 km s_1) and [O n] hne (740±70 

km s-1). The narrowness of [Ne in] relative to [O n] in 
the lobe has been confirmed by high-resolution spectros- 
copy. Variations of hne width with species have been 
noted before in active nuclei (Pelat, Alloin, and Fosbury 
1981; Osterbrock 1981; Balick and Heckman 1979). 

IV. DISCUSSION 

a) Emission Line/Radio Source Relationship 

Any discussion of either the radio source or the 
emission-hne gas in 3C 305 must take into account the 
following relationships which exist between the two 
regimes drawn from the figures and by comparison of 
Tables 6 and 9. 

1. There is a strong morphological resemblance be- 
tween the gas and the radio source (the size and orien- 
tation of both the principal and secondary structure). 

2. There is a clear anticorrelation between the pres- 
ence of the emission-hne gas and the fractional radio 
polarization. 

3. The kinematics of the emission-hne gas are dis- 
turbed and complex in those regions closest to the bright 
radio emission. A statistical correlation between emis- 
sion-hne widths and the power of kiloparsec-sized 
nuclear radio emission has been noted previously for a 
large sample of Seyferts and radio galaxies (Wilson and 
Willis 1980; Heckman etal. 1981). The present results, 
which indicate a connection between hne width and 
radio power within an individual galaxy, are further 
evidence that in active galaxies the presence of relativis- 
tic particles and the kinematics of the emission-hne gas 
are closely related. 

4. The thermal pressure in the emission-hne lobes is 
similar to the minimum-energy internal pressures given 
in Table 6 for the radio lobes. This suggests that the 
clumpy emission-hne gas is in rough pressure balance 
with the radio plasma. Such a situation could occur if 
the thermal gas were imbedded in the relativistic plasma 
or if both were in pressure balance with a third, 
omnipresent medium. 

5. The kinetic energy of > 1.5 X 1055 ergs derived for 
the bright regions of the gas is very similar to the 
(minimum) energy in the bright part of the radio source 
(2-3 X1055 ergs). This is evidence that within 3C 305 
there is a rough equipartition of energy between the 
emission-hne and relativistic media, as Wilson and 
Wilhs (1980) have argued is the general case in Seyfert 
nuclei with kiloparsec-sized nuclear radio sources. 

The radio luminosity from 10 MHz to 100 GHz 
( ~ 1042 ergs) is similar to the kinetic energy flux through 
the emission-hne region (i.e., the total kinetic energy of 
the gas divided by the time for a cloud to leave the 
region). Note that the total calculated radio luminosity 
is not very sensitive to the choice of cutoff frequencies. 

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



X O'! CM LO 

CM LO CM 

ft 
CM 00 CO 

-1200 -800 

10 
NW 

< 0 

SE 
ltf 

10 
NW 

5 

SE 

10* 

[omixsoo? r 

VELOCITY I km s ) 
-400 0 

-r T" 
♦ 400 ♦800 

I 
♦1200 
-r 

PA 57° 

4- 
PA 100° 

PA 150° 

5200 5210 5220 
WAVELENGTH I A) 

5230 
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the three P.A.’s covered. The contours are at linear intervals of 50 counts pixel-1. 

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



19
82

A
pJ

. 
. .

26
2.

 .
52

9H
 

544 HECKMAN ETAL. Vol. 262 

Fig. 9.—Row plots of the high-resolution (FWHM « 2.2 À) slit spectra along P.A. 57° and 90° in the vicinity of the [O m] À 5007 line. In 
each of the four figures the row with the highest continuum flux delineates the nucleus, and adjacent rows are located successively 1 pixel 
( = 1'.'3) further from the nucleus in the direction indicated in the figure. The velocity scale is indicated by the horizontal bar in each figure. 

b) The Line-emitting Gas 

i) Kinematics 

Because of the connection of the line-emitting gas 
with the radio source, it is of particular interest to 
discuss the kinematics of the gas in detail. The velocity 
field presented in § IIIc (iv) leads us to consider three 
possible models for the kinematics—namely, pure ro- 
tation, pure outflow, and rotation combined with out- 
flow. 

1. Pure rotation.—This model is supported by (1) the 
similarity of Figure 10 to the rotation curves of early-type 
galaxies (Rubin, Ford, and Thonnard 1978); (2) the 
alignment of the apparent rotation axis (P.A. = 160 ± 
15°) and the galaxy minor axis (~165°), and (3) the 
evidence for a similarity between the velocity fields of 
the gas (Fig. 10) and the stars (Heckman et al. 1982). 

On the assumption of rotation, the value of the radius 
at which solid-body rotation ends is rpeak ^ 2-3 kpc, and 
the rotation velocity at this point is Kpeak ^ 260(sin /)_1 

km s_1. The mass within rpeak is MInner ^ 5 X 
1010(sin /)~2 Mg, while the total virial mass out to r = 8 
kpc is Mr^1.3X 1011 (sin/)-2 Af0, yielding a mass-to- 
light ratio MT/LB > 3 in solar units (using the value for 
the total Lb derived by Sandage 1966 adjusted to — 15 
km s-1 Mpc-1). The values for Fpeak, rpeak, MT, and 

Mt/Lb are normal for a luminous early-type disk sys- 
tem (Färber and Gallagher 1979; Rubin, Ford, and 
Thonnard 1978). 

A further argument in favor of the rotation picture is 
that the turnover in the rotation curve at rpeak occurs 
near the edges of the Ha lobes. The straight inner bright 
region of emission-hne gas would then occur in a region 
of solid-body rotation, whereas the Ha arms would he 
in a zone of strong differential rotation where linear 
features are rapidly sheared into spirals. The rotation 
model would therefore explain the relationship which 
appears to exist between the spatial morphology and 
kinematics of the Ha/radio structure. 

2. Outflow.—Heckman etal. (1981) have presented 
evidence that the gas in the narrow-line region of active 
nuclei is flowing predominantly outward and is coupled 
in some way to the associated radio source. Graham and 
Price (1981) and Miley etal. (1981) have presented 
similar evidence in the cases of the classical double radio 
sources Centaurus A and 3C 277.3 (Coma A), respec- 
tively. Thus, in the case of 3C 305, where the near-nuclear 
gas is morphologically connected with the (presumably 
outflowing) radio source and in which the emission-hne 
width is closely correlated with the presence of the radio 
lobes, an outflow interpretation of the kinematics should 
be considered. 
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Fig. 10.—The velocity and width (FWHM) of the [O m] X5007 
line as a function of position along the three-slit position angles 
covered. The velocity, V, is indicated by solid dots connected by 
solid lines, and the line width, AF, is indicated by crosses con- 
nected by dashed lines. The horizontal scale is in all cases given in 
pixels (173) with respect to the nucleus. 

At least two types of outflow are plausible: 
a) Outflow along the radio source axis.—The mor- 

phological similarity between the radio source and the 
emission-hne gas suggests that gas may be flowing along 
the principal radio-source axis. Although, as we have 
seen, the position angle of the largest velocity gradient 
in the gas (70±15°) is consistent with rotation around 
the galaxy’s minor axis, it is not completely inconsistent 
with ejection close to the radio axis (43±1° for the 
lobes, 54±5° for the inner jets). Moreover, the inner 
radio jet appears to point toward the regions of peak 
intensity in the Ha lobes. 

There are three problems with this picture, how- 
ever. First, Sandage (1966) has identified the southern 
part of the galaxy as the near side (based on the 
concentration of dust absorption features to the 
south). If the emission-line gas is roughly coplanar with 
the dusty disk, then the fact that the southern Ha arm 
is redshifted in velocity relative to the nucleus would 
require the gas to be flowing inward in a radial flow 
model. However, the relative geometry of the dust and 
emission-hne gas is uncertain. 

Second, preliminary results (Heckman etal 1982) 

indicate a similarity between the stellar and gaseous 
kinematics, which would be a fortuitous circumstance 
if the dynamics of the two components were totally 
different. 

Finally, the relative emission-hne velocities con- 
tinue to increase out to ~4" from the nucleus or 
more than twice as far out as the edge of the radio 
lobes. This would be difficult to understand if the gas 
was being accelerated out by the radio source. On the 
other hand, as we shall discuss below, the existence 
and morphology of the Ha arms is indirect evidence 
that the emission-hne gas may have a component of 
motion along the radio axis. These arms might repre- 
sent material which has been accelerated outward 
during its passage through the jet, and which subse- 
quently interacts with disk gas beyond the point at 
which the radio plasma is braked. 

b) Outflow away from the radio source.—Outflow 
transverse to the radio source axis is suggested by 
several aspects of our data: (i) A blueward asymmetry 
in the [O in] A5007 hne profile is seen throughout the 
kinematically disturbed region near the radio source. 
The general occurrence of blue asymmetries in the 
global [O in] line profiles of active nuclei has been 
interpreted (Heckman et al 1981) as evidence that gas 
and dust are mixed together and flowing outward. In 
the case of 3C 305 we would suppose that the reced- 
ing gas on the back of the radio source is more 
effectively hidden by dust than the approaching gas 
on the front side, (ii) There is a close connection 
between the kinematically disturbed portion of the 
emission-line region and the radio source, (iii) The 
size of the emission-hne region in the direction per- 
pendicular to the radio-source axis is larger than the 
corresponding breadth of the radio source. 
3. Rotation plus outflow.—The above discussion indi- 

cates that the kinematics of the gas are complex and 
strongly suggests that a hybrid model combining rota- 
tion with outflow be considered. A rotational component 
could account for most of the large-scale velocity gradi- 
ents, motion away from the radio source could explain 
the broad asymmetric line profiles near the radio lobes, 
while a component along the radio axis might be re- 
sponsible for the Ha arms. Such a model would be 
plausible since, if the radio source is indeed an inhomo- 
geneous beam traveling supersonically through a rotat- 
ing disk of gas, a complex hydrodynamical situation 
would result in which some gas would be heated and 
would subsequently expand away from the radio source 
while other gas would be entrained in the advancing jet. 

This model, which is somewhat similar to the model 
proposed for NGC 4258 by van der Kruit, Oort, and 
Mathewson (1972), would have most of the advantages 
of pure rotation or pure outflow models. For example, 
the reasonable values for the mass and MT/LB implied 
by the pure rotation model were derived mainly from 
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the kinematically quiescent outer emission-line arms and 
would also apply to this hybrid model. 

ii) Ionization 

Several processes could contribute to ionizing the 
line-emitting gas, some of which depend on the presence 
of the radio source. We shall consider each of them in 
turn. 

1. Photoionization by hot stars.—Using the criteria of 
Baldwin, Phillips, and Terlevich (1981) and of Heckman 
(1980a, b), we find that the relative emission-Hne 
strengths in 3C 305 lie well outside the domain of gas 
photoionized by hot stars. Even allowing for the pres- 
ence of relatively young stars in 3C 305, such a mecha- 
nism could play only a minor role in ionizing the gas. 

2. Photoionization by a central nonthermal source.— 
This is the mechanism thought to be the source of 
ionization in most active nuclei (e.g., Yee 1980; Shuder 
1982), but there are major problems with this model for 
3C 305. 

First, there is no evidence for such a continuum 
(§ IIIc[ii]). Second, the relatively small amount of spa- 
tial variation seen in the relative strengths of the emis- 
sion lines of the high and low ionization species would 
require that the so-called ionization parameter (the local 
ratio of photon density to gas density) must vary by less 
than a factor of ~ 2 throughout the 3C 305 emission-line 
region (cf. Ulrich and Péquignot 1980). For this to 
occur, the gas density must fall nearly as the square of 
the distance from the nucleus, which is not supported by 
our data on ne(§ IIIc[iii] (2)). Third, of some 35 active 
galaxies for which images of the emission-hne gas have 
been obtained (Balick and Heckman 1982a), 3C 305 is 
the only case in which the line intensities do not peak 
strongly at the nucleus. 

3. Photoionization by an extended nonthermal source. 
—Such a source could be the high-energy continuation 
of the radio synchrotron spectrum, as observed in the 
Crab Nebula (Kirshner 1974) and in the jets of some 
radio galaxies (Butcher, van Breugel, and Miley 1980; 
Mileyc/a/. 1981). 

There are, however, several problems with this model: 
First, there is no observational evidence for a nonther- 
mal continuum associated with the radio lobes 
(§ IHc[ii]). 

Second, the nonthermal continuum in the Crab 
Nebula and in the radio/optical jets steepens from the 
radio to the optical and beyond. In contrast, to produce 
an adequate Lyman continuum luminosity the radio-to- 
ultraviolet spectral index required in 3C 305 would have 
to be significantly flatter than the measured radio spec- 
tral index (a = 0.58 versus 0.86, where Sv ^ v~a). 

Finally, the spatial variations in the ionization state of 
the gas do not agree with the predictions of a simple 
model in which the radio-to-ultraviolet continuum is 
constant throughout the radio source (as Owen, Hardee, 

and Bignell 1980 find to be the case in the M87 jet). In 
particular, the gas is least highly ionized near the bright- 
est (eastern) radio lobe. The observed spatial variations 
in density are not able to account for this disagreement, 
since ne is apparently lower near the eastern radio lobe 
than it is in the nucleus or near the western lobe. 

4. Collisional ionization by fast particles.—Ionization 
of the gas by particles in the low-energy ( y — 20) tail of 
the distribution of the relativistic synchrotron-emitting 
particles is an obvious possibility in 3C 305. 

There is, however, a simple objection to this model: 
Most of the emission-hne gas does not overlap the radio 
source, and there is no evidence that the ionization state 
of the gas declines with distance from the radio source. 

5. Ionization by shock waves.—The large velocities 
observed in the emission-hne clouds together with the 
even larger velocities inferred for the radio source (see 
below) imply highly supersonic motion in 3C 305. Thus, 
shock waves which produce both ionizing radiation and 
collisional ionization may be important in “energizing” 
the emission-hne region. 

The supersonic motion of the radio source will drive 
blast waves into the ambient medium. As the shock 
fronts expand away from the radio source, they will 
sweep up material in a manner analogous to that within 
a supernova remnant. The production and excitation of 
emission-hne gas could also proceed as in a supernova 
remnant. Moreover, some material might pass through 
the radio jets and would then be accelerated outward 
along the radio axis. Since one would expect a range in 
cloud sizes and masses, these clouds would not all be 
accelerated at the same rate. Thus, colhsions of fast and 
slow clouds would also occur in the vicinity of the radio 
source, leading to conversion of kinetic into thermal 
energy via shocks. Some of these outbound clouds might 
well travel beyond the point at which the radio source is 
braked. The interaction of these clouds and the ambient 
disk gas could conceivably ionize the regions of the Ha 
arms. The pronounced S shape of the arms would follow 
naturally from the combination of rotation and outflow 
in the cloud kinematics. 

Collisional heating followed by roughly isobaric cool- 
ing and collapse of interstellar clouds could produce the 
relatively dense emission-line clouds. As the shocked 
clouds cool, they would radiate optical emission lines. It 
is likely that the surrounding hot shock-heated medium 
would contribute to the excitation of the emission-hne 
gas through repressurizing shocks driven into the clouds 
(Cowie, Fabian, and Nulsen 1980), through production 
of ionizing radiation and possibly through conductive 
losses to the clouds. A model of this type would agree 
well with our conclusion above, that the morphology 
and kinematics of the emission-hne gas is most plausibly 
explained in terms of a rotating disk combined with 
expansion away from (and possibly along) the radio 
axis. 

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



19
82

A
pJ

. 
. .

26
2.

 .
52

9H
 

RADIO GALAXY 3C 305 547 No. 2, 1982 

However, one problem with this picture is the absence 
of detectable soft X-rays from 3C 305; Fabbiano (1981) 
finds Lx < 1042 ergs s-1 in the 0.5-4.5 keV band com- 
pared with our estimate of an emission-hne luminosity 
of -1044 ergs s-1. There are two ways out of this 
apparent dilemma. First, most of the gas may be heated 
to temperatures that are either too low (T < a fewX 106 

K) or too high (T>109 K) to produce a substantial 
luminosity in the 0.5-4.5 keV range. The observed 
emission-hne velocities (a^ 250 km s_1) correspond to 
a kinetic temperature of ~1062 K and shocks at 250 
km s-1 will heat atomic gas to < 1060 K (McKee 
and Hollenbach 1980). Gas at these temperatures would 
radiate strongly above the Lyman limit but only weakly 
in the 0.5-4.5 keV range (Raymond and Smith 1977). 
For 1044 ergs s1 in ionizing radiation from gas in this 
temperature range, the luminosities in the [Fe xiv] X5303 
and [Fe x] X6374 coronal emission Unes would range 
from <1040 to 5X1041 ergs s-1 (Nussbaumer and 
Osterbrock 1970), depending strongly on temperature, 
compared with our limits on the (de-reddened) luminosi- 
ties of both Unes of < 3 X 1041 ergs s-1. 

The second possibility—that the soft X-ray flux is 
absorbed by cool gas along the line of sight—is rather 
unlikely, since it would require a column density «H~ 
1023 cm-2 (Brown and Gould 1970). This exceeds by an 
order of magnitude the value ot nH derived from the 
measured extinction (Av = 2.5) and the «H versus Av 

relation for our Galaxy (Gorenstein 1975). 
In any event, other objects in which emission lines are 

probably shock-excited and in which the emission-line 
luminosity is at least an order of magnitude larger than 
the 0.5-4.5 keV luminosity are known to exist (some 
supernova remnants in M31, Kirshner 1981). 

We conclude that (at present) there are no data that 
rule out some mixture of collisional and photoionization 
driven by shock waves as the dominant excitation mech- 
anism in 3C 305. The same probably cannot be said of 
the other mechanisms considered above. 

c) The Radio Source 

The most widely favored models of extended extraga- 
lactic radio sources are those in which the extended 
lobes are powered by bulk kinetic energy of a fluid 
transported from the nucleus along the jet (e.g., Rees, 
Begelman, and Blandford 1981). In this section we shall 
consider 3C 305 within the context of such a viewpoint. 

In our discussion we shall distinguish Kjet, the bulk 
velocity of energy flow in the jet, from V¡, the velocity at 
which the leading edge of the radio lobes advances into 
the ambient medium. Also, where necessary, we shall 
assume that the energy in the radio source is kEmin, 
where Emin is the minimum energy value derived from 
equipartition arguments. The agreement of the thermal 
pressure, the kinetic energy, and the kinetic energy flux 
of the line-emitting gas with the minimum energy 

parameters of the radio lobes which we pointed out in 
§ IVa are all circumstantial evidence that the energy in 
the radio source is close to the minimum value (k = \). 

i) Production of the Radio Emission 

We have seen that the statistics of active galaxies 
together with the detailed properties of 3C 305 provide 
convincing evidence that wider emission Unes are associ- 
ated with larger radio luminosities for cases in which the 
radio source and emission-hne gas are roughly cospatial. 
This connection suggests that both the kinetic energy in 
the emission-line gas and the energy in the synchrotron- 
emitting plasma have a common origin. 

It seems plausible that this common origin is the 
interaction between the bulk fluid in the jet and the 
ambient medium. The knots in the radio jet may well 
pinpoint clouds in the interstellar medium near where 
such processes would be enhanced. The physics of this 
process may be similar in some ways to the interaction 
of a supernova with the interstellar medium in our 
Galaxy. As reviewed by Chevaher (1977), most of the 
energy in such an interaction goes into heating and 
ionizing the ambient medium, with only ~3-10% ulti- 
mately going into the kinetic energy of the ambient 
medium and 1 % or less into relativistic particles that are 
accelerated in the shocks and turbulent eddies generated 
in the interaction. 

Our estimates of the energy budget in 3C 305 agree 
with this picture to the extent that radiative losses from 
the thermal material dominate the kinetic energy flux 
of the emission-hne clouds or synchrotron radiation 
from the radio source. 

ii) Jet Velocity and Energy Supply 

Assuming the radio source to be powered by the bulk 
kinetic energy in the jet, we can write the total radio 
luminosity as 

= 1042 ergs s-1, 

where e is the “efficiency” factor for conversion of the 
jet’s kinetic energy to radio synchrotron radiation, pjet, 
Fjet, and Ojet are the mass density, velocity, and cross- 
sectional area of the jet, and rájet is the mass flow rate 
along the jet. 

This expression then implies: 

i ^jet \ / ^^jet 
\108cms-1/ \3M0year_1 

We have argued that the kinematic energy of the jet 
material is likely (in some way) to power not only the 
radio emission but the optical line-emission as well. In 
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this case, since the emission-hne luminosity is ~ 100 
times the radio luminosity, e<0.01. This would in turn 
imply: 

/ ^jet ) > ( ^Jet 

\108cms-1/ \ 300 M0 year-1 

From these considerations it is clear that if the 
emission-hne region is powered by the bulk kinetic 
energy of the jet, then Kjet must be much larger than the 
observed emission-line velocities to avoid an excessive 
mass-loss rate from the nucleus (Fjet~300 km s-1 re- 
quires rájet ~ 3000 M0 year-1). 

iii) Formation of the Morphology 

1. The ambient medium.—We have presented evi- 
dence that the radio source in 3C 305 is interacting with 
a rapidly rotating disk-like ambient medium of unusu- 
ally high density. This is probably related to the most 
striking aspect of the radio source, namely its relatively 
small size. Thus the primary interest in studying 3C 305 
is to learn how a radio source is affected by the presence 
of such a medium. Before discussing the individual 
components of 3C 305, we shall consider what can be 
deduced about the properties of this medium. 

First, information about its density comes from the 
value for the column density of material in the disk, 
Vh^IO22 cm-2, which can be derived from our mea- 
sured reddening and assuming a normal gas-to-dust 
ratio (Gorenstein 1975). Such a column density (if the 
gas is entirely in an atomic form) implies an H i mass 
interior to a radius of 2.5 kpc of MH j ~ 1.5 X109 M0, or 
A/h i /A/jot ~ 0.02 (cf. § IV6[i]). This value is typical of 
early-type disk galaxies (e.g., Roberts 1975). Much of 
the gas might well be in molecular form, and Nn ~ 1022 

cm-3 lies within the range implied by observations of 
molecular disks in our own and other spiral galaxies 
(Liszt and Burton 1978; Linke, Stark, and Frerking 
1981; Bieging etal 1981). VH^1022 cm-2 (two orders 
of magnitude greater than the corresponding value for 
the emission-line gas) would imply an average effective 
density ofw^^ó/ícm-3, where t is the thickness of the 
gas layer in kpc. 

Second, the observed emission-hne velocities, if indi- 
cative of the sound speed of the ambient medium, 
indicate that the temperature of that medium (presuma- 
bly disrupted by the advancing jet) may be 1-2 X 106 K. 
If the gas near the radio source is that hot, it will not be 
confined to a thin disk but will expand perpendicular to 
the disk at a velocity of several hundred kilometers per 
second. If we assume that the transverse extent of the 
region of Ha emission is indicative of the expansion of 
this hot gas, then t^\-2 kpc, implying n<$>^4 cm-3. 

Interestingly enough, a medium with a density rc — 4 
cm-3 and T^IO62 K would be close to static pressure 

equilibrium with the radio lobes and with the optical 
emission-line clouds. Moreover, the luminosity in ioniz- 
ing radiation from ~109 Af0 (the approximate mass of 
the disrupted disk gas) with n ^ 4 cm-3 and T^ 106 2 K 
would be -1044 ergs s-1. This would be sufficient to 
supply the energy needed to ionize the emission-line 
region. The total thermal energy in such gas would be 
~5X1056 ergs, so that the kinetic energy in the emis- 
sion-hne clouds and the energy in radiating relativistic 
particles each represent a small fraction of the total 
energy in the system (in agreement with the observa- 
tional and theoretical ideas presented in § IVc(i). More- 
over, the radiative lifetime (ETOT/L) of this hypotheti- 
cal gas is comparable to that of the radio lobes (105-106 

years), so both could be resupplied with energy from the 
jet on comparable time scales. There is thus indirect 
evidence for the existence of a diffuse medium char- 
acterized by 1-2X106 K and rc^ 1-10 cm-3 and 
extending throughout the region of the bright radio and 
optical emission. 

We now consider the processes by which this medium 
might influence the structure of the different morpho- 
logical components of 3C 305. 

2. The lobes.—Our hypothetical ambient medium 
could confine the lobes through static thermal pressure. 
On the other hand, the lobe extensions oriented roughly 
perpendicular to the radio source axis and the steep 
intensity gradients along the leading edge of the north- 
ern radio lobe dehneate a shape that is in good accord 
with the original predictions of ram-pressure confine- 
ment (e.g., De Young and Axford 1967). If the lobes are 
advancing into our hypothetical medium {T^ 1062 K, 
« = 10°5 cm-3) with a velocity >300 km s-1, ram 
pressure should be the dominant confining mechanism. 

3. The arms.—Another interesting morphological fea- 
ture of 3C 305 is the faint radio arms that are extended 
nearly perpendicular to the principal radio axis. Since 
the arms are not rotationally symmetric, it is not attrac- 
tive to explain them in terms of a wobbling ejection axis 
as Lonsdale and Morison (1980) have suggested. 

Instead, we think it is very likely that the jets are 
greatly slowed or even stopped at the locations of the 
radio lobes. The arms may then represent plasma that 
escapes from the lobes and then rises buoyantly through 
the gaseous halo of 3C 305. Note that the high degree of 
polarization seen in the arms is consistent with the 
density of thermal material in the arms being less than 
the densities predicted in a gaseous halo with n^\0~2 

to 10-3 cm-3 according to Norman and Silk (1979). 
This buoyancy picture would also explain the separation 
of the radio and emission-hne arms, since the latter are 
probably located within the disklike interstellar medium 
of 3C 305. 

4. The jets.—Since the jets presumably have the closest 
connection to the energy-carrying material in 3C 305, 
we will consider their morphology in detail. 
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The jets are unresolved in the transverse direction, 
and hence we do not know whether they could be 
confined by a static thermal pressure of ~3X10-9 

dyn cm-2 (that of the emission-hne clouds). More to the 
point, we do not know whether they are in fact confined 
at all. A free jet will expand transversely such that the 
cotangent of its opening angle is equal to its internal 
Mach number: 

Mi„, = ^e,(pjet/^je,)1/2- 

If we assume (as above) that the jet kinetic energy 
powers the emission-hne region, then 

Ljet = 1044 ergs s-' =^(pjetKj>jet). 

Combining these two equations, and considering the 
dependence of and ajet on the jet diameter (for 
which we have an upper limit only), we find: 

Mint>4.1X105 Fj-'/2. 

Thus, provided the jet is not relativistic (Lorentz y ~ 1), 
we find (from the jet energetics alone): 

Since the radio lobes are resolved in the transverse 
direction, the ratio of lobe-width to lobe-nucleus separa- 
tion (treated as the free-jet opening angle) implies Mint 

~4. Thus the radio source morphology and physical 
parameters derived for the jet are consistent with (but 
do not require) an unconfined jet. 

The jet morphology shows several interesting features 
for which various explanations are possible. The bright 
knots in the jets could be explained in terms of intermit- 
tent ejection episodes, a pinching Kelvin-Helmholtz in- 
stability (if the jet is confined), or simply as regions in 
which the jet collides with a large cloud, causing par- 
ticle-acceleration processes to flare up (Blandford and 
Königl 1979). 

The series of small-scale wiggles evident in the jet 
could likewise be ascribed to Kelvin-Helmholtz instabih- 
ties (but not if the jet is free). Multiple deflections of the 
jet by large clouds seem unlikely, since a single inelastic 
colhsion would probably heat the jet, causing it to 
break-up. The most attractive possibility is that the 
wiggles are caused by a wobbling ejection axis (Miley 
1976). Rees (1978) has suggested that such precession 
might occur following a galaxy merger in which the spin 
axes of the accreted material and nuclear “engine” are 
misaligned (3C 305 shows signs of a recent merger, as 
we shall discuss below). 

An S symmetry is also apparent in the morphology of 
the bright part of the radio source. This could be a 
consequence of the sweeping (ram pressure) effect of the 

rotating disk of gas through which the jets propagate 
(Wilson and Ulvestad 1982; van Breugel etal 1982). 
The transverse momentum flux provided by a disk like 
that in the interior of our own Galaxy would be ade- 
quate to bend a jet with properties similar to those 
deduced for 3C 305. However, the overall sense 
of bending seen in the 3C 305 jet is opposite to 
that expected given the orientation of the galaxy and the 
rotation-sense of the disk. The S shape could also be 
due to the buoyancy or to so-called refraction 
(Henriksen, Vallée, and Bridle 1981) in which the jet will 
appear to bend toward the projected minor axis of the 
galaxy (as is the case in 3C 305). Bridle, Fomalont, and 
Cornwell (1981) have successfully applied this model 
to 3C 293, a source that strongly resembles 3C 305 
(van Breugel eitf/. 1982). 

5. Source deceleration and energy dissipation.—The 
small overall size of 3C 305 together with the evidence 
for a vigorous interaction between the radio source and 
the ambient medium suggests that it is this interaction 
that brakes the source. We have seen that the existence 
of the radio arms can also be understood if the jets have 
been greatly slowed down. 

We believe that the jets are braked as their kinetic 
energy is dissipated in an interaction with the ambient 
medium, an interaction which powers the emission-hne 
gas as well as the radio source. The rotation of the 
gaseous disk in 3C 305 would bring ~35 M0 yr“1 

through the region where the radio jet interacts with the 
ambient medium (for VH —1022 cm-3 in the disk). The 
actual rate at which the jet and gaseous disk interact 
would be significantly larger than this if the jet is driving 
a shock wave out into the disk. Taking the spatial extent 
and velocity of the emission-hne clouds as indicative of 
the shock wave would imply a rate of interaction 500 
Mq yr-1. The dissipation of 1044 ergs s-1 into 500 
M0 yr-1 (~3.5X 1028 g s_1) would imply that the 
ambient gas absorb ~ 3 X 1015 ergs gm - *, corresponding 
to a temperature < 107 K, or a factor 5 higher than our 
estimate of the temperature of the disrupted disk 
material. This discrepancy is not significant in light of 
the uncertainties in the respective estimates. 

iv) Depolarization 

Comparing the values of ne§L necessary to de- 
polarize the bright part of 3C 305 at 5 GHz calculated 
in § Illtf(ii) above with the value of ne$L inferred for 
the optical emission-hne gas in § Illc(ii), we see that the 
optical emission-line gas alone appears sufficient to de- 
polarize the source. Note that many assumptions have 
been made in deriving both the optical and radio values 
ot ne$L, and so several caveats must be stated. 

First, it is unhkely that the ionized gas which 
dominates in optical line emission completely covers the 
bright part of the radio source, since if it did, its 
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emission measure (n2
e<f>L) would be sufficient to pro- 

duce free-free absorption of the radio continuum at 
frequencies lower than — 60 MHz. The radio spectrum 
of 3C 305 (Kuhr et al 1979) shows no sign of a turnover 
down to the lowest frequency measured (38 MHz), so 
the “covering factor” of the emission-hne gas can be no 
greater than — 30%. The emission of line radiation and 
the free-free opacity are both weighted by n2, while the 
Faraday depth is weighted by ne. Thus a more diffuse 
thermal medium that is associated with the emission-hne 
gas, but has a lower density and larger covering factor, 
could produce the depolarization without violating the 
limit on free-free opacity or contributing significantly to 
the line emission. 

Turning our attention to the geometry of such a 
medium, we must discriminate between a case in which 
the depolarizing medium is mixed with the radio plasma, 
and a case in which the depolarizing medium is sur- 
rounding magneto-ionic material that is inhomogeneous 
on a scale much smaller than the resolution in our radio 
map. If the depolarizing medium is intimately associated 
with the emission-hne gas (as Fig. 5 strikingly demon- 
strates to be the case), the evidence favors a surrounding 
depolarizing medium. The strongest evidence in this 
sense is the location of much of the emission-hne gas 
outside or adjacent to the regions of brightest radio 
emission. This is clearly seen in the vicinity of the bright 
Ha and radio lobes in the northeast of 3C 305, where 
the optical and radio features are offset by ~1 kpc 
( ~ 1"). This also seems to be true in all other examples 
of emission-hne gas associated with the lobes of radio 
galaxies (cf. van Breugel and Heckman 1981). In such a 
case, the magnetic field (calculated from minimum en- 
ergy considerations) in the radio source may or may not 
bear a quantitative relation to the surrounding field in 
which the line-emitting gas would be embedded. 

Further information about whether the depolarizing 
material is mixed with or surrounds the radio plasma 
will come from radio polarization measurements at 
shorter wavelengths. Multifrequency depolarization cal- 
culations (e.g., van Breugel 1980) should then allow us 
to place more stringent constraints on the geometry of 
the thermal and relativistic media within 3C 305. 

d) The Galaxy 

Although we have gathered a large body of informa- 
tion about 3C 305, the most perplexing question of all 
remains unanswered: Why does such an atypically small, 
powerful radio source occur together with such an unusu- 
ally large and luminous emission-line region in such a 
peculiar early-type galaxy 1 

One possibility is that we are witnessing the aftermath 
of a recent merger between a massive early-type galaxy 
and a late-type galaxy. In this case the powerful radio 
source would be produced by the early-type galaxy 
(possibly triggered by the “fuel” dropped into its nucleus 

by the gas-rich late-type galaxy). The “cannibalism” of 
the late-type galaxy would explain the gas, dust, and 
relatively young stars within the early-type galaxy, while 
the large one-armed spiral could be the tidal debris 
produced during the merger. 

The rough alignment between the rotation axis of the 
captured gas and the minor axis of the main body of the 
galaxy could then be understood, if the gas has relaxed 
with respect to the stellar potential within the inner 
several kiloparsecs of the early-type galaxy. This would 
require that the merger took place at least several 108- 
year-long rotation periods ago. 

Evidence for galaxy mergers of a similar kind has 
been discussed for the spindle galaxy NGC 2685 (Shane 
1980), Fornax A = NGC 1316 (Schweizer 1980), and 
Cen A = NGC 5128 (Graham 1979), the latter two 
being well-known radio galaxies. 

e) A Possible Scenario 

As a means of tying together the various features of 
our discussion, we present the following possible scenario 
for 3C 305. 

The main body of 3C 305 is a giant elliptical or SO 
galaxy, and the gas, young stars, dust, etc., are the debris 
of a late-type galaxy which merged with 3C 305 several 
rotations ago. The merger triggered nuclear activity in 
the early-type galaxy and twin radio-emitting jets were 
ejected at F»103 km s-1 (by chance) nearly into the 
rotating disk of gas acquired from the late-type galaxy. 
The supersonic passage of the jets through the disk 
drove shocks into the ambient gas, dissipating the kinetic 
energy of the jets into thermal energy. Much as in a 
supernova remnant, only a small fraction of the dis- 
sipated energy was transformed through shocks and 
turbulence into the relativistic particles and magnetic 
fields responsible for the observed radio emission. A 
comparably small fraction supplied the emission-hne 
clouds with kinetic energy. Most of the dissipated en- 
ergy was ultimately radiated away in the form of the 
observed emission Unes (the shocks produced ionizing 
radiation, collisional ionization, etc). As the kinetic 
energy of the jets was transformed in this way, the 
outward motion of the jets was braked. 

The jets were thereby slowed to velocities of a few 
hundred kilometers per second at their termination 
points (the lobes) which were then confined and shaped 
by the ram pressure of the disk gas. Some of the 
decelerated radio plasma escaped and rose buoyantly 
out of the confining medium, leading to the formation 
of the radio arms. 

At the confluence of the rotating quiescent disk 
material, the supersonically outbound jet material, and 
the shock-heated disk material, the situation would have 
been complex. Some of the gas was probably entrained 
in the jet and accelerated out into the galaxy disk, some 
of the gas was driven away from the radio source by the 
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blast waves created by the passage of the jet, and much 
of the gas retained the rotational component of its 
kinematics. These three types of motion were responsi- 
ble for (respectively) the excitation of the Ha arms; the 
broad, blue asymmetric emission-line profiles; and the 
large-scale velocity gradient across the disk. 

We emphasize that this picture is not the only plausi- 
ble interpretation of the large body of data we have 
presented, but is intended to serve as a self-consistent 
working hypothesis. 

V. CONCLUSIONS 

We have presented a mountain of data concerning 3C 
305, the quantitative details of which are given in the 
various diagrams and tables. These details should not 
obscure what we feel to be several key results that have 
emerged from our investigation. The most fascinating 
aspect of the data is the clear connection between the 
radio source and the Une-emitting gas summarized at the 
beginning of § IV. These connections demonstrate that 
3C 305 is an ideal laboratory for the investigation of the 
physics of extragalactic radio sources, since in it the 
radio plasma is vigorously interacting with a medium 
whose properties can be studied in great detail. 

What have we learned about 3C 305 that has rele- 
vance to the study of active galaxies in general? First, 
several of the connections between the radio source and 
line-emitting gas are dependent on the assumption of 
minimum energy in the radio source. Unless these con- 
nections are just coincidental in 3C 305, their existence 
is thus indirect evidence that the energy in 3C 305 is 
indeed close to the minimum value. This would be an 
important result since the assumption of minimum en- 
ergy is generally made when interpreting extragalactic 
radio sources despite a notable lack of evidence. 

Second, the most popular model for extragalactic 
radio sources involves the collimated outflow from the 
nucleus of a fluid whose bulk kinetic energy powers the 
radio source. The conversion of this kinetic energy into 
synchrotron radiation is thought to be an inefficient 
process. The source 3C 305 provides quantitative evi- 
dence in support of this model since the energy loss in 
the form of radio synchrotron radiation is < 1% of the 
energy loss from the thermal material. Moreover, the 
connection between the larger radio luminosity and 
broader emission lines within 3C 305, together with the 
previously established statistical relation between radio 
luminosity and [O m] Une width for kiloparsec-sized 
components of active galaxies is further evidence that 
the ambient medium plays a fundamental role in the 
conversion of bulk outflow kinetic energy into radio 
synchrotron emission. In fact, we have argued that such 
an interaction may ionize the emission-hne gas; supply 
it with kinetic energy; brake, deflect, and confine the 
radio source; and possibly produce the radio emission 
itself. 

Third, our discovery that the depolarizing medium in 
3C 305 is intimately connected with the optical emis- 
sion-Hne gas, most of which is located outside the re- 
gions of intense radio emission, may have important 
implications for the interpretation of depolarization in 
extragalactic radio sources. In particular, Faraday de- 
polarization is generally used to argue that appreciable 
thermal material is mixed with the relativistic plasma 
responsible for the radio emission. Since this thermal 
material is often identified with the bulk fluid, whose 
kinetic energy drives the radio source, our result may 
mean that depolarization arguments overestimate the 
density of this energy-carrying fluid. If this is the case, 
then previous estimates of the jet velocities required by 
the radio source energetics would all be lower limits. 

Finally, the possibility that the outflow velocity of the 
leading edges of the radio /oto of 3C 305 might well be 
comparable to the velocities observed in the optical 
emission-hne gas (few hundred km s-1) is consistent 
with statistical studies of component intensity ratios in 
double radio sources, and indicates that the expansion 
speeds of extragalactic radio sources may be <1000 
km s-1. Such speeds would imply ages in excess of 109 

years for the largest sources. 
Fifth, 3C 305 shows many similarities in its radio and 

optical properties to Seyfert galaxies (collimated, kilo- 
parsec-scale radio emission; morphological resemblance 
between the emission-hne gas and radio emission; a 
parent galaxy with a gaseous disk; intense, broad emis- 
sion hnes whose kinematics are tied to the radio source). 
It also exhibits some important differences (very power- 
ful radio emission, an extended region of line emission 
in which neither the hne intensity nor hne width peak at 
the nucleus, no evidence for a nonstellar nuclear con- 
tinuum). We beheve these various similarities and dif- 
ferences can be reconciled within the following general 
description of active nuclei: the nuclear engine is capa- 
ble of producing a compact source of luminous energy 
(an ionizing nonstellar continuum) as well as a col- 
limated outflow of a bulk fluid which produces radio 
emission and supphes the emission-hne clouds with 
kinetic energy. In the case that the compact source is the 
dominant form of energy loss, a radio-quiet quasar or 
(relatively) radio-quiet Seyfert is observed. In the case 
that the collimated outflow is dominant, a classical radio 
galaxy is observed. Within the subset of active galaxies 
having substantial gaseous disks, the typical Seyfert and 
3C 305 represent different ends of this continuum: in 3C 
305 the collimated outflow supphes both kinetic and 
ionizing energy to the emission-hne region. 

Sixth, and in a related vein, 3C 305 offers at least a 
partial answer to the question with which we began our 
paper: Why is strong, extended radio emission associ- 
ated with active elhptical galaxies, but not active spiral 
galaxies? We would argue that the presence of a sub- 
stantial gaseous disk surrounding the nucleus thwarts 
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the outward thrust of the radio jets, and does not allow 
an extended (greater than galaxy sized) radio source to 
develop. However, the question of why powerful kilo- 
parsec-sized radio cores are seldom observed in spiral 
galaxies remains unanswered. There is a very luminous 
and massive bulge component of 3C 305, and it may be 
that this is a prerequisite for powerful radio emission 
that is satisfied by few spiral galaxies. 

Finally, our belief that 3C 305 represents the recent 
merger of a massive early-type and a gas-rich late-type 
galaxy contributes to the growing body of evidence 
linking galaxy-galaxy interactions (and galaxy mergers 
in particular) to nuclear activity (cf. the review by Balick 
and Heckman 19826). 

Further study of 3C 305 is called for. We have begun 
multifrequency observations of the radio intensity and 
polarization distribution with the hope of relating them 
in more detail to the properties of the line-emitting gas. 
Also, accurate measurements of the stellar kinematics 
will provide crucial information regarding the relation of 
the line-emitting gas to the ambient galaxy. Of particu- 
lar importance are observations of the radio source and 
the optical gas with higher spatial resolution. We have 
seen that the physical conditions within 3C 305 resem- 
ble, in some ways, those in supernova remnants. Just as 
in these remnants and in some active galaxies such as 
NGC 1275, the gas in 3C 305 may well be distributed in 
filaments. Measurements with the Space Telescope can 
reveal whether this is the case and, if so, attempt to 
establish what role the filaments play in the micro- 
processes that result in the production of the synchro- 
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