
> O'! r" 

• The Astrophysical Journal, 276:79-91, 1984 January 1 UD r" © 1984. The American Astronomical Society. All rights reserved. Printed in U.S.A. CM 

oo 
2 OPTICAL LINE EMISSION ASSOCIATED WITH THE RADIO GALAXY 4C 26.42 

IN THE CLUSTER OF GALAXIES ABELL 1795 

Wil van Breugel,1,2 Timothy Heckman,2 3,4 and George Miley4,5 

Received 1983 March 11 ; accepted 1983 June 16 

ABSTRACT 
Extended optical emission-line gas has been detected from the radio galaxy 4C 26.42. This gas is 

morphologically related to the radio continuum distribution. A detailed study of the radio and optical emission 
is presented comprising VLA maps at 20, 6, and 2 cm, broad- and narrow-band optical images, and long-slit 
spectra. These data demonstrate a clear connection between the thermal (optically emitting) and relativistic 
(radio-emitting) media in this galaxy. The extranuclear line emission occurs predominantly along the radio 
source boundary, brightens near an indentation and brightness enhancement in the radio source, and is anti- 
correlated with the radio polarization. Physical parameters deduced for the two media also suggest a close 
physical relationship. The enhanced line emission along the boundaries and the anticorrelation between the 
presence of line emission and the radio polarization suggest that the source is depolarized by an inhomogeneous 
magnetoionic screen surrounding the source. Assuming a simple model, we derive a rough estimate for the 
typical scale size of the irregularities in this material. X-ray data indicate that 4C 26.42, which is identified 
with the dominant cD galaxy in the rich cluster Abell 1795, is immersed in a relatively cool and dense 
(thermally unstable) gaseous halo. The radio source is expected to entrain and compress this gas, and subsequent 
rapid cooling would then naturally produce bright optical line emission around the radio source boundary. Slow, 
subsonic motion of the cD galaxy with respect to the surrounding intracluster medium would account for the 
kinematics of the line-emitting gas (velocities decline by 400-500 km s-1 outside the nucleus) and the 
asymmetric brightness we observe in the radio lobes and the associated line emission. 
Subject headings: galaxies: clustering — radio sources: galaxies 

I. INTRODUCTION 

Much progress in the study of extragalactic radio sources 
has been made in the past few years, because of the increase in 
resolution and sensitivity of radio interferometers. To infer the 
physical conditions in radio sources from radio data alone, 
however, involves many assumptions, and it is important to 
search for other possible observational constraints on models 
of radio sources. 

We therefore embarked on a search for optical line emission 
associated with extended extragalactic radio sources using 
modern imaging and spectroscopic techniques. From extended 
optical line emission, important parameters such as the 
temperature, density, pressure, filling factors, ionization 
mechanisms, and kinematics of the line-emitting gas may be 
derived. The radio/optical interrelations may then provide a 
better insight into the physical conditions within radio sources 
and in their environment, independent of the usual assump- 
tions that have to be made when analyzing radio data alone. 
We have recently studied extended optical line emission from 
the radio galaxies 3C 277.3 (Coma A) (Miley et al 1981), 
3C 305 (Heckman et al. 1982), and 3C 293 (van Breugel et al 
1984a) and have shown that in these cases the line-emitting 
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gas and radio sources are clearly related. In the present paper 
we report the discovery of extended optical line emission 
associated with the radio source 4C 26.42 (1346 + 268). This 
source has been identified with the dominant central galaxy in 
the cluster Abell 1795 (Merkelijn 1972; Owen, Rudnick, and 
Peterson 1977). It is a luminous X-ray source (McKee et al 
1980) and was originally included in the survey of emission-line 
gas in cD galaxies carried out by Heckman (1981). Some 
global properties of 4C 26.42 are summarized in Table 1. 

The line emission was first detected in narrow-band images 
in the light of Ha + [N n]. Comparisons with the existing 
radio map of 4C 26.42 (Bridle and Fomalont 1978) showed 
that the optical and radio emission were related and stimulated 
us to make further observations. First, using the Very Large 
Array (VLA) we have obtained multifrequency higher quality 
radio maps which have resolutions comparable to that of our 
emission-line images. Second, we applied slit spectroscopy to 
study the kinematics and physical state of the line-emitting 
gas. 

In § II we describe the various observations. In § III the 
results are presented, which are then discussed in § IV. 

II. OBSERVATIONS AND REDUCTION 

Various parameters pertaining to the radio and optical 
observations are summarized in Tables 2 and 3, respectively. 

a) Radio 
4C 26.42 was observed at 1465 MHz (20 cm), 4885 MHz 

(6 cm), and 14,965 MHz (2 cm) using the VLA (Thompson 
et al 1980) in the A, B, and C configurations, respectively. At 

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



> O'! r" 

VAN BREUGEL, HECKMAN, AND MILEY Vol. 276 80 

TABLE 1 
Global Properties of 4C 26.42 (1346 + 268) 

Parameter Value Ref. 

Radio 

Flux density (1415 MHz)  
Monochromatic power (1415 MHz) 
Total radio luminosity  
Spectral index (Sj“*  
Size (max., min.)  
Position angle major axis  

0.98 Jy 
6.9 x 1024 W Hz- 

8.7 x 1034 W 
1.0 

2" x 12" 
~ 18° 

Optical 

Redshift  
Distance   
Linear/angular size ratio .. 
Galaxy type  
Mv  
Galaxy size (max., min.) .. 
Position angle major axis . 

0.0630 
256 Mpca 

1.1 kpc arcsec“ 
cD 

-23.2 
70" x 38" 
14° + 5° 

a H0 = 15 km s 1 Mpc q = 0.5. 
References:.—(1) Colla et al. 1975. (2) This paper. (3) Sargent 1973; 

Colla et al. 1975. (4) Olsen 1970. 

each of these wavelengths the sampling of the source structure 
is comparable so that high-resolution (1'.'3) maps could be 
made to intercompare the total and polarized intensity 
distributions. The source was also observed at 6 cm in the A 
configuration, yielding even higher resolution (0'.'3). 

For all observations 3C 286 was used as the primary cali- 
brator for the flux density and the absolute polarization posi- 
tion angle. The secondary calibrator, 3C 287, was observed for 
~2 minutes every 15-20 minutes to monitor amplitude and 
phase fluctuations and to calibrate the polarization. 

Reduction of the data was standard, using the NRAO 
Astronomical Image Processing System programs at the VLA 

TABLE 2A 
Log of the Radio Observations 

Pointing Position (1950): R.A. = 13h46m33!971; Decl. = 26°50'28r0.4 

Frequency Bandwidth Resolution 
Configuration3 Date (MHz) (MHz) (arcsec) 

A  1982 Feb 4885 50 0.3 
A   1982 Feb 1465 50 1.3 
B  1981 Jul 4885 50 1.3 
C  1981 Oct 14965 50 1.3 

TABLE 2B 
Calibrators 

3C 286b 3C 287c 

Frequency Flux Density Flux Density 
(MHz) (Jy) (Jy) 

1465..  14.51 6.84 
4885   7.41 3.28 
14965   3.44 1.40 

3 See Thompson et al. 1980. 
b Primary calibrator for flux density and polarization position angle. 
c Secondary calibrator. 

and the Charlottesville VLA reduction system and image 
display facilities of the Westerbork reduction system, both at 
Leiden University. The maps were CLEANed and restored 
using circular Gaussian beams which best fitted the instru- 
mental beams: 1'.'3 (full width half-maximum, FWHM) for the 
20 cm, 6 cm, 2 cm observations in the A, B, and C configura- 
tions and 0'.'3 (FWHM) in the A configuration 6 cm observa- 
tions. The A configuration maps were also “self-calibrated” 
to improve dynamic range. 

b) Optical 
i) Imaging 

Optical images of 4C 26.42 were obtained using the 
intensified silicon intensified target (ISIT) vidicon video 
camera (Robinson et al. 1979) on the 2.1 m telescope at Kitt 
Peak National Observatory (see Table 3). 

The emission-line gas associated with 4C 26.42 was mapped 
using narrow-band (55 Â) filters. The observations and reduc- 
tion procedures have been described by Heckman (1981). 

Also a broad-band (~900 Â) exposure was taken through a 
red filter for general morphological information. 

ii) Spectroscopy 
To obtain information on the properties and kinematics of 

the emission-line gas, long-slit spectra were taken with the 
High-Gain Video Spectrometer (HGVS) and Cryogenic 
Camera in conjunction with the Ritchey-Chrétien spectro- 
graph on the KPNO 4 m telescope. The CCD-based 
Cryogenic Camera is more sensitive than the HGVS except 
for wavelengths below ~4500 Á, whereas the HGVS has the 
advantage of better wavelength resolution. Details concerning 
the specifications and the gratings used are given in Table 3. 
The observations and reductions were conducted in a 
standard way (see, for example, Heckman et al. 1981, 1982; 
Balick and Heckman 1983). 

4C 26.42 was observed with the HGVS in 1981 June, using 
a grating covering the [O n] 223726, 3729 doublet and with 
a resolution of2.2 Â ( ~ 165 km s":). Two parallel slit positions 
~ 2" apart in position angle 145° were used to cover most of the 
line emission seen in our Ha + [N n] image in Figure 6. The 
[O n] 23727 line is a doublet (23726.1 and 23728.8), which is 
blended in our spectra of 4C 26.42. We have derived the 
intrinsic line widths using a Gaussian deconvolution technique 
and assuming an intensity ratio of the doublet of ~1 
(equivalent to a density of ~600 cm-3 of the emission-line 
gas). The derived widths are relatively insensitive to these 
assumptions, and we estimate that the uncertainties are 
<15%. The uncertainty in the relative velocities due to the 
blend is ±35 km s_1 at most. 

In 1981 November we observed 4C 26.42 using the 
Cryogenic Camera with the slit in position angle 162° and 
centered at the nucleus. We have used the spectrophotometric 
data on the nucleus of 4C 26.42 obtained by Wilkinson, 
Hine, and Sargent (1981) to roughly calibrate our data in 
terms of relative flux. However, accurate relative or absolute 
spectrophotometry is not possible with the Cryogenic Camera, 
and errors of 20 % or 30% between the red and blue ends of 
the spectrum are likely. 

The density-sensitive ratio of [S n] 26716 to 26731 has been 
measured by deblending the doublet assuming Gaussian line 
profiles of equal width for the two components. Since each of 
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Type of Observation 

Telescope   
Auxiliary instrument  
Wavelength  
Bandwidth  
Spatial resolution     
Field size    
Pixel size   
Number of pixels  
Date    
Purpose of observations . 

TABLE 3A 
Log of the Optical Observations 

Imaging Slit Spectroscopy 

Broad Band Narrow Band Low Resolution High Resolution 

2.1 m 
ISIT video camera 

6450 Â (red) 
1400 Â 

vn 
130" x 130" 
0?57 x 0:57 
256 x 256 
1981 Mar 

morphology 
of galaxy 

2.1 m 
ISIT video camera 

(1 + z) 6562 Â (Ha) 
55 Â 

1" 
130" x 130" 
0:57 x 0:57 
256 x 256 
1981 Jan 

morphology of 
emission-line gas 

4 m 
Cryogenic Camera 

see below 
3400 Â 

2" 5 
3:2 x 240" 
0:8 x 4.3 Â 
300 x 800 
1981 Nov 

kinematics, 
ionization state, 
and density of 
emission-line gas 

4 m 
HGVS 

see below 
340 Â 

2" 
2" x 166" 

173 x 0.7 Â 
128 x 512 
1981 Jun 

kinematics of 
emission-line gas 

81 

TABLE 3B 
Parameters of Slit Spectra 

Position Wavelength Wavelength Integration 
Angle Coverage Resolution Time 

(Degrees) (Â) (Â) (minutes) Instrument 

145a   3604-4320 2.2 14 HGVS 
145a   3604-4320 2.2 14 HGVS 
162   4500-7900 15 20 Cryogenic Camera 

a Two parallel slit positions offset by - 178. Northeast and southwest from 
the nucleus. 

the two components was ~25 Â wide (including instrumental 
broadening), the ratio could not be accurately measured, and 
only an upper limit could be set. 

in. RESULTS 

a) Radio 
i) Morphology 

The 20 cm, 6 cm, and 2 cm total and polarized intensity 
maps with 1'.'3 resolution and the 6 cm maps with 0'.'3 resolution 
are shown in Figures 1 and 2, respectively. 

4C 26.42 is a relatively small (~2 x 13 kpc) and bright 
(>10 mJy arcsec-2 at 6 cm) Z-shaped radio source. 
Various radio components are labeled in Figure 2. The only 
compact (<0'.'3) features are the nucleus (N) and the two 
components straddling it (B^ B2). Beyond and B2 the 
source flares out and bends by almost 90°. Subsequently, the 
lobes do not widen significantly with distance from the nucleus. 
The northern lobe has a slight indentation and a higher surface 
brightness than in the southern lobe at a comparable distance 
from the nucleus, close to a region with bright optical line 
emission (Fig. 6). 

ii) Polarization 
At 20 cm no polarization was detected at a level >0.15 mJy 

per beam (3 cr, polarized flux density). At 6 cm (1'.'3 resolution) 
a few polarized regions were found with the percentage 
polarization in the lobes being only ~3 % with an uncertainty 
of ± 1 %. The percentage polarization near the nucleus 

(l%-2%) is very uncertain and probably mostly of instru- 
mental origin because of the large intensity gradients here 
(see van Breugel and Jägers 1982). At higher resolution (O'.^, 
Fig. 2) the polarized regions break up into smaller patches with 
a much higher percentage polarization: 10 %-30 %, depending 
on the region, with an uncertainty of typically ±5%. These 
polarized patches are found near steep intensity gradients. 
Evidently the lower percentage polarization at the lower (1"3) 
resolution is due to the summation within a beam size of 
several smaller regions (<0'.'3) with different polarization 
position angles. At 2 cm the signal-to-noise ratio is relatively 
poor. However, the observations suggest a rather high percen- 
tage polarization near locations where some polarized 
emission was also detected at 6 cm. 

From this scarce information it appears that while most of 
the source is unpolarized at all wavelengths (at T'3 resolution), 
in a few regions in the lobes the percentage polarization 
increases rapidly with wavelength: typically from <0.7% at 
20 cm to ~ 3 % at 6 cm and ~ 45 % at 2 cm. 

iii) Spectral Index 
Slices along the ridge line of the 6 cm total intensity and 

the corresponding values for the spectral index between 6 cm 
and 20 cm (o^0) and between 2 cm and 6 cm (a2) are shown 
in Figure 3. We conclude that the spectral index is relatively 
large over the entire source and increases with distance from 
the nucleus. There is no evidence for a strong self-absorbed 
nuclear component. Comparison of our T.'3 VLA maps of 
4C 26.42 with a 1"5 resolution map made at 408 MHz (73 cm; 
Muxlow and Ilyasov 1981) furthermore shows that there is no 
significant curvature of the spectrum between 20 cm and 73 cm 
at any location at this resolution. Comparing oe^0 and a2 in 
Figure 3 suggests that the spectrum in the lobes steepens 
significantly between 20 cm and 2 cm. 

iv) Physical Parameters 
We have used the 6 cm maps and the spectral index 

distribution to derive the various physical parameters listed in 
Table 4. The sizes and flux densities for the small components 
Bl5 N, B2, and C2 were derived from the 0'.'3 resolution 6 cm 
map, and the average values for the lobes and the total source, 
from the lower resolution (1'.'3) map. The most important, 
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C2642 I POL 1464.900 MHZ 4C2642 IPOL 4805.100 MHZ 

- 26 50 35 - 26 50 35 

13 46 34.4 34.0 33.8 RIGHT ASCENSION 13 46 34.4 34.2 34.0 33.8 RIGHT ASCENSION 34.2 34.0 33.8 RIGHT ASCENSION 33.6 

Fig. 1.—(left) Contour map of 4C 26.42 at 20 cm with 1"3 x r/3 resolution. Contour values are: 0.15 x (-4 [dashed], 4, 10, 20, 30, 40, 50, 75, 100, 125, 
150, 175, 200, 250, 300, 400, 500) in mJy per beam, (middle) Contour map of 4C 26.42 at 6 cm with 1'.'3 x O resolution. Polarization vectors are 
shown superposed. Contour values are: 0.15 x (-3 [dashed], 3, 5, 10, 20, 30, 40, 60, 80, 100, 150, 200, 250, 300, 350) in mJy per beam. The lengths of the 
bars are proportional to the polarized intensity: 1" in length corresponds to 0.33 mJy per beam, (right) Same as Fig. 1, middle, at 2 cm. Contour values are: 
0.3 x ( — 3 [dashed], 3, 5, 8, 10, 12, 14, 16, 18, 20, 30, 50, 75) in mJy per beam. The lengths of the bars are proportional to the polarized intensity: 
1" in length corresponds to 1.81 mJy per beam. 

ad hoc, assumptions we have used (see, for example, 
Pacholczyk 197Ö) are: 

1. The total energy is minimal as a function of magnetic field 
strength. 

2. The relativistic electron and proton energies are equal. 
3. The filling factor of the synchrotron emission is one. 
4. The nonthermal spectrum is straight and extends from 

10 MHz to 100 GHz. 

b) Optical 
i) Morphology: Comparison with the Radio Maps 

The broad-band red image of the galaxy identified with 
4C 26.42 is shown in Figure 4. The galaxy extends over at 
least 40" x 60" and entirely encompasses the radio source 
(2" x 12"). The inner radio axis (P.A. æ 120°) is close to the 
minor axis of the galaxy (P.A. æ 105°), while the outer lobes 
(P.A. æ 20°) are approximately aligned with the major axis 
(P.A. ^ 14°). 

A contour representation of the Ha + [N n] image of 
4C 26.42 is shown in Figure 5. Various features have been 
labeled, and their corresponding sizes and Ha + [N n] fluxes 
are listed in Table 5. Our value for the integrated Ha + [N n] 
flux is in good agreement with the spectrophotometric data 
reported by Wilkinson, Hine, and Sargent 1981). No [O m] 
25007 was detected, and we can set an upper limit of 
^[oiii] ^ 8 x 10-15 ergs crrG2 s-1 (Heckman 1981). This low 
[O m]/Ha intensity ratio agrees with our spectroscopic 
results (see below). 

An overlay of the emission-line (Ha + [N n]) and radio (6 cm, 
0"3) maps is shown in Figure 6. To align the maps we have 
assumed exact coincidence of the radio and optical nuclei. We 
note the following. 

1. The brightest extranuclear line emission is found pre- 
dominantly along the boundaries of the radio source. 

2. A bright emission-line region (K) with adjacent enhanced 
radio emission (C2) is located near an indentation in the 
northwestern radio source boundary. 

LVh43 IPOL 4885.100 MHZ 

Fig. 2a.—Contour map of 4C 26.42 at 6 cm with 0"3 x 0'.'3 resolution. 
Contour values are: 0.15 x ( — 1 [dashed], 1, 2, 4, 6, 8, 10, 12, 50, 100, 200) in 
mJy per beam. 
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Fig. 2b. Gray scale map of 4C 26.42 observed at 6 cm with O'.'S x 0"3 resolution. The contours (0.2 and 0.4 mJy per beam) represent the polarized 
intensity, and the line segments represent the polarization position angles. The polarization at the nucleus is probably spurious (see text). 
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Fig. 3.—Slices through the lobes and the nucleus of 4C 26.42 of the total intensity at 6 cm (1'.'3 x 1"3 resolution) and the spectral index between 20 cm 

and 6 cm (a^0) and between 6 cm and 2 cm (af). 

Fig. 4.—Two reproductions of the red video camera image of the cD galaxy in the cluster Abell 1795 which is identified with 4C 26.42. Each frame is 
1'5 x Y.l. The left frame shows the large-scale structure, while the right frame shows the inner region. Most other objects in the field are galaxies and are 
presumably members of the cluster; one of them can be seen ~9" southwest of the nucleus. 

TABLE 4 
Physical Parameters (Radio Emission) 

Synchrotron0 

Magnetic Equivalentb Minimum15 Radiation 
Size3 Flux Density3 Field5 Thermal Pressure Energy Lifetime 

Component3 (arcsec) at 6 cm (mJy) (10-5 gauss) x1 (= nT) (106 K cm-3) (1055 ergs) (105 yr) 

Bl  0.6 x 1.0 15 13 7 2 3 
N  0.05 53.5 ±0.2 >200 >1700 <0.1 <0.06 
B2  0.2 1.7 ±0.1 >20 >22 <0.1 <2 
C2   0.8 x 1.1 21 12 6 3 4 
S. lobe   2x5.5 81 ± 6 6 1.5 20 8 
N. lobe  2 x 5.5 70 ± 5 6 1.5 20 8 

Total   2 x 12 225 ± 16 6 1.5 50 7 

3 See Fig. 2 and § Illa(iii). 
b See § Illa(iii). 
c At 6 cm. 
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26° SO7 30" 

26° 507 28" 

26° 507 26" 

26° 50724" 

26° 507 22" 

26° 507 20" 

13H 46M 34s 13M 46H 34s 

85 

Fig. 5.—Contour representation of the Ha + [N n] line emission (1" seeing) associated with 4C 26.42. Contour values, increasing linearly, are arbitrarily 
scaled. Various components are labeled, and their corresponding Ha 4- [N n] fluxes are listed in Table 5. The shaded areas represent the total intensity 
(left) and the polarized intensity (right) at 6 cm with 1"3 x 1"3 resolution. 

3. In general, the source is depolarized at 6 cm in regions 
where the radio and line emission overlap. (The polarization 
near the nucleus may be spurious; see previous section.) 

Our Cryogenic Camera spectrum in position angle 162° also 
shows weak line emission gas extending some 45" (~50 kpc) 
to the south and 10" (~11 kpc) to the north of the nucleus 
(see Fig. 7). The very extended emission to the south is faint 
and is not seen in our video camera frame (attesting to the 

greater sensitivity of the Cryogenic Camera). This emission 
ends in a brightness enhancement (the “southern knot”) which 
is ~ 5 % as luminous as the nucleus in the light of 
Ha + [N n]. The overall extent of the emission-line system is 
thus at least ~60 kpc and so is comparable in size to the 
NGC 1275 filament system (Lynds 1970). This extended 
emission to the south has been imaged by Cowie et al. 
(1983), who find it to be a narrow, filamentary structure 

TABLE 5 
Physical Parameters (Optical Emission) 

Summation Total Emission- Filling Ionized 
Area3 Ha + [N n] Flux3 Line Luminosity13 Factor13’c Hydrogen*3’c 

Component3 (arcsec) (10-15 ergs cm-2 s-T (1042 ergs cm s-^ (nEL/100)-2 107(nEL/100)“1 M0 

S. lobe: 
F1  1.7 x 1.7 1.3 1.0 total S. lobe 2 x 10“4 2.2 
F2  1.7 x 5.8 5.1 

Nucleus   1.7 x 1.7 9.2 1.4 3 x 10~2 3.1 
N. lobe: 

F2  2.3 x 4.6 15.9 5.2 total N. lobe 7 x 10“4 11.4 
F3  2.3 x 2.3 9.4 
F5  2.3 x 2.3 4.1 
K  1.7 x 1.7 5.2 

Total... entire source 71 11 ... 24 

3 See Fig. 6. Note that [N n] contributes only 30% to these fluxes in our bandpass. 
b Assuming case B recombination; we estimate that the total luminosity of all emission lines is approximately 

20 x Ha + [N ii]. 
c Normalized to a density in the line-emitting gas (/iEL) of 100 cm-3. 
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CRAY VALUES: 
CONTOUR VALUES: 

IS. 00 30.78 Pii! 
0.S00 1.000 

46.56111 62.33g|ji 
1.S00 2.000 

78.11H 93.89MI 
2.500 3.000 

109.67m 125.44m 
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+ 
141.22m 157.00 
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Fig. 6.—Gray scale representation of the Ha + [N n] line emission (1" seeing) with contours of the 6 cm (0"3 x 073) total intensity superposed. Contour 
values are 0.5, 1, 1.5, 2, 2.5, 3, 8, 15, and 30 mJy per beam. 
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Fig. 7.—The relative intensity of the Ha + [N n] emission lines along a slit 
position angle 162° from our Cryogenic Camera data. Note the very extended 
line emission to the south. The scale along the vertical axis is arbitrary. 

LINE WIDTH 

SE ARC SECONDS NW 
Fig. 9.—The velocity widths of the [O n] doublet lines after deblending 

(see text). 

somewhat misaligned with a radial orientation. No large-scale 
radio counterpart to this faint, extended line emission to the 
south is evident in our radio maps. 

ii) Kinematics 
We have inferred kinematical information about the 

emission-line gas in 4C 26.42 from the long-slit spectra. The 
center velocities and line widths are shown in Figures 8 and 9. 
We conclude that: 

1. The bulk velocities of the gas are < 500 km s - ^ 
2. There is no rotation: both northward and southward, 

the lines are blueshifted by 400-500 km s-1 with respect to 
the nucleus. The southern knot (~50 kpc to the southeast) is 
blueshifted by ~200 km s-1 relative to the nuclear gas. 

3. The velocity widths are ~500 km s_1 in the nucleus, 
reach 600-700 km s_1 southeast of the nucleus, and are 300 
km s_1 elsewhere. 

iii) Spectrum 
Our HGVS and Cryogenic Camera long-slit data, while 

only roughly flux calibrated, clearly show the emission-line 
spectrum in 4C 26.42 to resemble that of the gas in the cluster- 
dominant active galaxies M87 (Ford and Butcher 1979), 
NGC 1275 (Kent and Sargent 1979), NGC 6166 (unpublished 
data), and 3C317 (Cohen and Osterbrock 1981). In particular, 
the spectrum is dominated by lines from neutral or singly 
ionized species (e.g., H i, O i, S n, O n, N n), while lines 
from highly ionized species (e.g., Ne v, Ne m, He n, O m) are 
weak or absent (Table 6). The Ha/Hß ratios indicate that 
reddening by dust is not large. The spectra of the bright 
emission-line gas near the nucleus and of the faint southern 
knot are rather similar to one another. 

Cowie et al (1983) did not detect the [S n] 226717, 6731 
lines in 4C 26.42 and set an upper limit to the 26717 
strength of <20% Ha. In contrast, we find that [S n] 26717 
is ^50% ±10% of Ha within ~4" of the nucleus in 
P.A. = 160° and is ^20% ±10% of Ha in the distant 
southern knot. Our data near the nucleus have high signal- 
to-noise ratios, so we are not able to account for the result of 
Cowie et al They note that their [S n] image is of significantly 
lower quality than their Ha image. Perhaps they have under- 
estimated their limit on the [S n]/Ha ratio. 

VELOCITY 

Fig. 8.—The velocity of the [O n] >13727 doublet (left) and Ha (right) emission lines using, respectively, the HGVS and the Cryogenic Camera at slit 
positions as indicated. The zero point along the vertical scale (velocity) is within 100 km s_ 1 of the systemic velocity of the galaxy (18,887 km s~1). 
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TABLE 6 
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Relative Line Strengths 

Distant 
Emission Line Central Region Southern Knot 

[Su] A/16717, 6731    27 + 2 10 ± 3 
[N n] A6584     25 ±2 15 ± 3 
Ha   33 + 2 25 ± 3 
[O i] A6300   10 ±2 6 + 3 
[O m] A5007  6 + 2 <5 
Hß    10 10 

Note.—In addition to the quoted errors, the relative intensities of 
the bluemost vs. the redmost lines are uncertain by 20%-30% (see 
text). 

iv) Physical Parameters 
Assuming a case B recombination spectrum (Osterbrock 

1974), we have derived the total luminosity, filling factor, and 
mass of the ionized hydrogen (Table 5). 

From the [S n] 26717/26731 intensity ratio, ne < 300 cm-3. 
However, ne may also be estimated by assuming pressure 
balance between the emission-line gas and the radio source. 
In 3C 305 detailed spectroscopic and radio observations have 
provided independent evidence that the radio source and 
emission-line gas are in pressure equilibrium (Heckman et al. 
1982), and recent observations of 3C 2773 (van Breugel et al. 
19846) suggest that this may also hold for the bright knot near 
the nucleus of this source. 

Assuming pressure balance also occurs in the lobes of 
4C 26.42, then on average nT ä 1.5 x 106 K cm-3 (Table 4). 
Within a factor of ~2, T æ 2 x 104 K for the line-emitting 
gas so that ne æ 40-150 cm - 3. For comparison, ne æ 103 cm - 3 

in M87 (Ford and Butcher 1979) and the near-nuclear low- 
velocity filaments in NGC 1275 (Kent and Sargent 1979). 
We have normalized all the parameters in Table 5 which 
involve ne to a density of 100 cm-3, remembering that this 
value may be in error by at least a factor of 3. 

IV. DISCUSSION 

a) Environment 
4C 26.42 is identified with the very luminous (Mv = — 23) 

cD galaxy at the center of the rich cluster of galaxies Abell 
1795 (e.g., Owen, Rudnick, and Peterson 1977). This cluster 
has a richness class of 1 and a Bautz-Morgan type of I 
(Leir and van den Bergh 1977) and is one of the more powerful 
cluster X-ray sources known, with an X-ray luminosity of 
~8.5 x 1044 ergs s_1 in the 0.5-4.5 keV band (Jones et al. 
1979). The X-ray gas in Abell 1795 has been shown to be 
centrally condensed at the location of the dominant galaxy 
associated with 4C 26.42 (Jones et al. 1979; Forman-Jones 
1982). 

This morphology and the spectrum (Mushotzky et al. 1981) 
of the X-ray emitting gas demonstrate the presence of a sub- 
stantial core of cool (T < 107 K) gas, in agreement with 
theoretical models of a “cooling accretion flow” (e.g., Fabian 
and Nulsen 1977). 

While detailed models are not available for Abell 1795, the 
conditions in the X-ray core are likely to be similar to those 

in the Perseus Cluster (centered on NGC 1275) and the Virgo 
Cluster (centered on M87). In both NGC 1275 (Mushotzky 

et al. 1981; Fabian et al. 1981) and M87 (Fabricant, Lecar, 
and Gorenstein 1980; De Young, Condon, and Butcher 1980) 
the thermal pressures in the core region (r < 10 kpc) are 
estimated to be approximately nT æ 106 K cm-3, the tem- 
peratures T ä 107 K, and the densities n æ 0.1 cm-3. Such a 
pressure would be adequate to statically confine the diffuse 
lobes of 4C 26.42 (cf. Table 4). Thermal confinement 
would be consistent with (1) the absence of strong radio hot 
spots (which are generally interpreted as ram-pressure con- 
fined regions), (2) the steep radio spectrum (interpreted as 
being due to an aging population of relativistic electrons), and 
(3) our assumption of pressure equilibrium between the radio 
source and the clumpy emission-line gas (§ III6[iv]) through 
mutual pressure balance with a hot intercloud medium (the 
X-ray core). 

b) Emission-Line Gas 
i) Origin 

The cooling halo gas provides a reservoir from which still 
cooler (T æ 104-105 K) optical emission-line gas can be 
formed. A temperature of ~ 107 in the X-ray core would be 
consistent with a temperature one would derive by inter- 
preting the kinematics of the optical emission-line gas in terms 
of material which has condensed out of a hotter medium 
(Clouds -Kound). The cooling time for the gas (T ^ 107 K, 
nf æ 106Kcm-3) wouldbe ~2 x 107 yr, comparable to both 
the radio source lifetime of ~2 x 107 yr (assuming it to be the 
ratio of the total minimum energy and the current total radio 
luminosity) and the “crossing time” of the emission-line 
region of ~4 x 107 yr (the ratio of the size of the region and 
a typical velocity of ~300 km s_1). Thus, a steady state 
situation in which cooling, inflowing X-ray gas both fuels the 
activity in the nucleus (Burns, Gregory, and Holman 1981) 
and provides fresh emission-line gas is possible. 

The spectrum of the emission-line gas—interpreted within 
the context of shock heating (e.g., Dopita 1978) or photoioniza- 
tion (e.g., Ferland and Netzer 1983)—implies roughly solar 
metal abundances. This expected in the accretion of a 
processed intracluster medium. 

ii) Ionization Source 
Although our spectroscopic data do not allow us to 

unambiguously determine the process which excites the gas, 
they do provide some information which is relevant in 
discriminating between various mechanisms, i.e., photoioniza- 
tion or shock heating. 

Photoionization by a hypothetical ultraviolet tail of the 
extended, nonthermal radio emission—as in the Crab nebula 
(Kirschner 1974; Henry and MacAlpine 1982) and possibly in 
the jet of 3C 277.3 (Miley et al. 1981)—is unlikely since the 
estimated total emission-line luminosity (~1043 ergs s-1) is 
much greater than the extrapolated Lyman continuum 
luminosity (~1041 ergs s_1) in such a case. The radio-to- 
ultraviolet spectrum would have to be significantly flatter 
than the radio spectrum, quite unlike the situation in radio jets 
(Butcher, van Breugel, and Miley 1980) or the Crab nebula 
(Kirshner 1974). 

On the other hand, by comparing the energy spectrum 
(between 3100 and 12000 Â) of 4C 26.42 with that of a 
standard, nonactive elliptical galaxy, Wilkinson, Hine, and 
Sargent (1981) found that there may be enough nuclear non- 
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; thermal continuum to photoionize the gas. This is the situation 
^ generally thought to occur in most quasars and active galactic 
^ nuclei. While the emission-line spectrum of the gas in 4C 26.42 
S does not strongly resemble that of a quasar or Seyfert galaxy, 
2 it is possible to construct models of gas photoionized by a 

dilute “power-law” ultraviolet continuum that reproduce a 
low-ionization spectrum as seen in 4C 26.42 (e.g., Ferland and 
Netzer 1983; Halpern and Steiner 1983). 

Alternatively, as we have seen in the previous section, 
since 4C 26.42 is embedded in a cool and dense gaseous 
halo, radiatively regulated accretion of this gas onto the galaxy 
may cause the formation of emission-line filaments similar to 
those observed in NGC 1275 (Burbidge and Burbidge 1965; 
Kent and Sargent 1979). The gas in the filaments is thought 
to be excited by repressurizing shocks driven by the hot 
surrounding gas (Cowie and Binney 1977; Fabian and Nulsen 
1977). The emission-line spectrum of 4C 26.42 does in fact 
resemble that of shocked gas (e.g., Dopita 1978). 

We can check whether the observed Ha luminosity in 4C 
26.42 is consistent with such a model. Cowie, Fabian and 
Nulsen (1980) have expressed the expected surface brightness 
of Ha emission—S'(Ha)—of a shock-heated filament in terms of 
its surface area (using an equivalent filament diameter, df, in 
kiloparsecs) and the external pressure (nex Tex): 

^(Ha) = 2.5 x 10-6dj 16(10-6nex Tex)
1,16 ergs cm-2 s-1 sr-1 . 

From our Ha + [N n] image we estimate that the total surface 
area of the emission-line regions is 2.5 x 1045 cm2. We have 
assumed here spherical and cylindrical symmetry where 
appropriate for the individual components. The equivalent 
diameter is then ^ ^ 10 kpc. Taking this and assuming a 
~ 30 % contribution to the Ha + [N n] luminosity from the 
[N n] lines (from our spectra and the known throughput 
of the Ha interference filter), we estimate that the average 
Ha surface brightness in 4C 26.42 is S(Ha) ~ 5 x 10“6 ergs 
cm-2 s_1 sr-1. For comparison, in NGC 1275, ^(Ha) ^ 1.6 
x 10-5 ergs cm-2 s-1 sr"1 (Kent and Sargent 1979; Cowie, 
Fabian, and Nulsen 1980). This value for S(Ha) implies that 
the external pressure on the emission-line filaments in 
4C 26.42 has to be nex Tex ~ 1.3 x 106 K cm"3, which is con- 
sistent with the expected pressure in the gaseous halo near the 
radio source (see previous section). 

Thus by analogy with NGC 1275, as well as M87, the 
observed line emission in 4C 26.42 may be due to radiatively 
regulated accretion. Determination of a high temperature 
(T > 3 x 104 K) in the O m zone of emission-line gas would 
provide direct evidence for the importance of shock heating 
(e.g., Fosbury et al. 1978) and, thus, convincing support for 
the above model. Although in either of the models (photo- 
ionization by the nucleus or radiatively regulated accretion) 
no direct relationship between the radio continuum and 
optical line emission is to be expected a priori, the observed 
radio/optical correlations fit in naturally with the presence of 
a bright radio source like 4C 26.42 embedded in a dense, 
cooling X-ray core. This will be discussed further in § IVc. 

iii) Kinematics 
The cooling-accretion-flow model, together with the 

apparently large velocity difference ( + 440 ± 220 km s"1) 
between the cD galaxy and mean cluster velocities (Hintzen 
1980; Quintana and Lawrie 1982), may explain the seemingly 

peculiar kinematics of the emission-line gas in 4C 26.42. 
The gas in the outer parts of the flow will cool within the 
cluster potential, and the velocity of this gas should thus be 
close to the mean cluster velocity. In the vicinity of the cD 
galaxy, the flow will be “captured” by the galaxy potential, 
and so the inner gas will have a velocity close to that of the 
cD. This agrees well with the observed emission-line 
kinematics. Cowie et al. (1983) present evidence for a similar 
situation in the dominant galaxy in Abell 85. We conclude that 
if the line-emitting gas in 4C 26.42 has a kinematic com- 
ponent of outflow along the radio axis, this must be small 
(< 102 km s"1). 

The broad lines in 4C 26.42 are consistent with bound 
motion within the galaxy potential. Equivalently, the line 
widths are consistent with the clouds having condensed out of 
a gas at T ~ 106-107 K (emission-line velocity dispersion ~ 
sound speed). In 3C 305 (Heckman et al. 1982), and in 
kiloparsec-scale radio sources in general (Wilson and Willis 
1980; Heckman et al. 1981), broad emission lines are 
correlated with intense radio emission. Such a connection is 
not clear in 4C 26.42, where all the bright regions of emission- 
line gas are close to regions of bright radio emission. Higher 
spatial resolution spectroscopy will be required to look for any 
detailed correlation in this regard. 

Blandford and Smarr (1983) have recently suggested that 
cluster-dominant galaxies associated with smooth, centrally 
peaked X-ray sources are immersed in “black pits” (deep 
potential wells created by nonluminous matter). They predict 
in cases like 4C 26.42/Abell 1795 that the characteristic 
velocity of material in the “pit” should rise rapidly from 
several hundred km s"1 in the galaxy nucleus to a value close 
to the cluster velocity dispersion (~1600 km s"1 in A1795, 
according to Quintana and Lawrie 1982) by radii of ~ 10 kpc. 
We do not see such behavior in the emission-line gas in 
4C 26.42, either in terms of line width or velocity changes 
(cf. § Illhfii] and Figs. 8 and 9). The same can be said of the 
emission-line filaments surrounding the X-ray dominant galaxy 
NGC 1275 in the Perseus Cluster (e.g., Rubin et al. 1978). 

c) Radio/Optical Comparison 
i) Morphologies 

The optical line emission along the boundaries of the radio 
source, the bright emission-line region close to an indentation 
and brightness enhancement in the radio source, and the anti- 
correlation between the presence of emission-line gas and radio 
polarization all show that the thermal gas and the radio- 
emitting plasma are intimately connected. Similar results have 
also been found in several other radio sources (see van Breugel 
and Heckman 1982 and Miley 1983 for summaries). This 
relationship is most readily interpreted by assuming that a 
shell of line-emitting gas surrounds the radio source and 
therefore appears brighter along the edges because of the 
longer lines of sight through the gas. The possible occurrence 
of emission-line filaments in the outskirts of radio sources 
which have a low percentage polarization was already 
suggested 17 yr ago (Burn 1966). 

Such a shell-like geometry in 4C 26.42 has a natural 
explanation. Since the source is embedded in a dense X-ray 
core, this can result in any of the following processes: 

1. With the creation of 4C 26.42 the source expanded into 

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



> O'! r" 

j 90 VAN BREUGEL, HECKMAN, AND MILEY Vol. 276 
r- CM 

; the dense X-ray core, compressing and accelerating the 
^ surrounding gas, in a way perhaps similar to the interaction of 
^ a supernova remnant with the interstellar medium. Several 
S supernova remnants are known to have optical line emission 
^ along their outer shells, and at least in some cases this is 

thought to be due to shock heating of (cold clouds in) the 
interstellar medium (e.g., Tycho, see Chevalier, Kirshner, and 
Raymond 1980). 

2. The magnetic field associated with the radio source 
decelerates the accreting ionized gas, resulting in relatively 
high gas densities near the boundaries of the source. This gas 
may exhibit Rayleigh-Taylor instabilities. 

3. The accreting gas is sheared along the boundaries of the 
radio source causing Kelvin-Helmholtz instabilities. 

Both the Rayleigh-Taylor and Kelvin-Helmholtz instabili- 
ties would result in entrainment of clumps of gas into the 
outer layers of the radio source. Meanwhile the gas cools 
further on a short time scale (see § I Va), and either 
photoionization by the nucleus or repressurizing shocks may 
result in optically observable line emission, as described in 
§ YVb. The absence of bright line emission within the lobes 
would mean that either the clouds do not penetrate deeply 
into the source or that they quickly evaporate once inside. 
It is in principle possible to obtain a typical scale size of the 
clouds formed via instabilities from polarization observations, 
as we will illustrate in § IVc(ii). 

The bright emission-line region near the small indentation 
in the northern lobe of 4C 26.42 (C2; Figs. 2a, 6) is most 
easily explained by analogy to the model proposed by De 
Young, Condon, and Butcher (1980) for the emission-line 
filaments in M87: northward motion of 4C 26.42 coupled 
to an accretion flow distorts the radio structure upstream 
until the ram pressure on the source due to the motion is 
balanced by the internal pressure of the radio plasma. For 
plausible parameters in the X-ray core (n æ 0.1 cm - 3) and the 
galaxy velocity (~400 km s-1), the ram pressure is 
~2 x 106 K cm-3, i.e., comparable to the static external 
thermal pressure. The total pressure on the northern part of the 
source (~4 x 106 K cm-3) is balanced by the higher internal 
pressure at the compressed region (C2; Table 4). The con- 
verging accretion flow and larger pressure at this location 
result in higher gas densities and shorter cooling times than 
elsewhere, causing the observed enhanced optical line emission. 

Finally, we believe that the Z-shaped structure of 4C 26.42, 
which is characteristic of so many radio sources, may be due 
to a wobbling jet axis (e g., Gower ei al 1982). The precession 
of the nuclear spin (jet ejection) axis is predicted on several 
grounds in galaxies which have experienced a recent merger 
(e.g., Begelman, Blandford, and Rees 1980; Rees 1978). Of 
course, cD galaxies like the parent of 4C 26.42 are prime 
suspects for such “galactic cannibalism” (e.g., McGlynn and 
Ostriker 1980). Alternative models for the Z-shape are less 
attractive. As summarized by van Breugel and Heckman 
(1982), emission-line gas is often associated with sharp bends 
in the radio source, suggesting a deflection of the radio jet 
through a collision with dense material. In 4C 26.42 such a 
scenario would require a fortuitous distribution of ambient 
material to produce a nice Z-symmetry. For the beam refrac- 
tion model of Henriksen, Vallée, and Bridle (1981) to be 
applicable, large projection effects must be invoked because 
the outer lobes of 4C 26.42 are aligned with the major axis of 

the galaxy, opposite to what would be expected in such a 
model. We also note that 4C 26.42 has no nearby companion 
galaxies of comparable brightness. Thus, it is unlikely that the 
galaxy has recently been “tidally torqued” through ~90° as 
the radio morphology would require for the Wirth, Smarr, and 
Gallagher (1982) model to be applicable. 

ii) Polarization 
We have argued in the previous sections that 4C 26.42 is 

surrounded by a dense and clumpy gaseous shell. Polarized 
radio emission propagating through this irregular “Faraday 
screen ” will be rapidly depolarized, but the observed polariza- 
tion should rise when the map resolution is smaller than the 
typical clump size (Burn 1966). These properties are consistent 
with our available polarization information (§ Illafii]). 
Assuming that the Faraday depth (<D) fluctuates at random 
throughout the magnetoionic medium in the shell, with a scale 
size smaller than the observing beam, then (Burn 1966; 
Gardner and Whiteoak 1966) 

P(2) = P(0) exp (-AÂ4), 

where P(A) is the percentage polarization at wavelength A, 
P(0) is the percentage polarization at zero wavelength 
(“intrinsic” polarization along the line of sight through the 
radio source), and X is a parameter which depends on the 
typical Faraday depth of the fluctuations (Oj), their scale size 
(df\ and the thickness of the shell (ds). 

We can briefly evaluate the consequences of dispersing 
fluctuations which fill the entire shell. Then (Burn 1966), 

A = 2Q>1
fdJ1ds , 

where ^ = 8.1 x 105 rad m-2 (df and ds in 
parsecs). Here, is the magnetic field along the line of sight 
through the cell (in gauss), and the wavelength A is in meters. 

We can consider the following two extreme situations: the 
Faraday screen consists predominantly either of irregularities 
in the hot (107 K), X-ray emitting gas or of clouds and 
filaments of the cool (104-105 K), optical line emitting gas. 

For the purpose of illustration assume, in the first case, 
ne ^ 0.1 cm“3, B æ 10-4 G (Table 4), ds < 500 pc (Fig. 6), 
P(A = 6cm) * 3 % and P(0) * P(A = 2 cm) * 45 % (§ IHa[ii]). 
We then find a typical scale size for the irregularities in the 
hot gas of 10 pc < df < 200 pc (at the few locations where 
polarization could be measured). In the second case, the gas 
density is ne & 102 cm-3 (§ Illhfiv]), which implies a scale size 
for the line-emitting clouds of 10“5 pc < df < 200 pc. In both 
cases the upper limits are set by half the beam size at 6 cm 
(0'.T5; Fig. 2b). The strong increase in the local percentage 
polarization at 6 cm when the resolution was improved from 
~ 1.6 to ~0.4 kpc might indeed indicate that some of the 
“Faraday cells” are a few hundred pc in size in 4C 26.42. For 
comparison, the largest optical and radio filaments in the Crab 
nebula have sizes of 0.01-0.5 pc (Trimble 1968; Swinbank 
1980). 

Presumably the situation in 4C 26.42 will be more complex 
(e.g., the line-emitting gas may only partially cover the radio 
source). Then a more complicated Faraday dispersion relation- 
ship must be used which contains the cloud covering factor 
(see Burn 1966). This factor might be estimated once high- 
resolution optical observations become available (using the 
Space Telescope). 

Although the above numerical examples are intended to be 
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; illustrative only, they show that polarization observations of 
^ radio sources with associated optical line emission like 
§ 4C 26.42 may yield direct information on scale sizes of 
œ instabilities, or turbulence, in the radio source boundary 
2 layers. 

V. CONCLUSIONS 

We have presented radio and optical imaging and optical 
spectroscopic data concerning the radio galaxy 4C 26.42. 
These show that the (nonthermal) radio continuum and the 
(thermal) optical line emission in this source are intimately 
related. X-ray observations have shown that the cluster of 
galaxies Abell 1795, of which the parent cD galaxy of 4C 26.42 
is the dominant member, has a cooling X-ray core centered 
on the cD galaxy. By analogy to models proposed for NGC 
1275 and M87, it is therefore plausible that the line emission 
in 4C 26.42 is caused by radiatively regulated accretion. Our 
estimates of the Ha surface brightness, and the implied external 
pressure on the filaments, are consistent with such a model for 
4C 26.42. Slow motion of the cD galaxy relative to the cluster 
is implied by our data and would explain the observed 
brightness asymmetries in the optical line and radio continuum 
emission (as in M87). 

The preferential occurrence of optical line emission near the 
boundaries of the source is interpreted as being due to a 
relatively dense gaseous shell surrounding the source. Such a 
shell-type morphology may be caused by the accumulation of 

the cooling X-ray gas as it is decelerated and sheared along 
the radio source boundaries. This gas will be clumpy, and the 
shell may act as an irregular Faraday screen. Detailed polariza- 
tion observations may in principle be used to put limits on the 
scale size of these irregularities, as is illustrated with a 
numerical example. 

In its present state, the radio source may be in a relatively 
quiescent stage of its evolution, as is evidenced by its likely 
static pressure balance with the X-ray core, its steep radio 
spectrum, and its lack of bright hot spots. 
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