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ABSTRACT 

We report radio mapping at three frequencies of the Seyfert 2 galaxy NGC 5252, which is known to exhibit 
a spectacular pair of “ionization cones” in optical emission-line images. The radio structure of the galaxy 
comprises an unresolved (<50 pc) source coincident with the optical nucleus, weak, narrow features 
extending —900 pc to north and south from the nucleus, and an unresolved radio source some 10 kpc from 
the nucleus. The inner parts of the extended radio structure and the off-nuclear source align well with the 
axis of the ionization cones. There are currently 11 Seyfert galaxies known to possess an ionization cone or 
a bi-cone; 8 of these galaxies also contain a linear (double, triple, or jet-like) nuclear radio structure. For this 
limited, incomplete sample, there is a tight alignment between cone and radio axes: the formal mean 
difference between the measured projections of these axes on the sky is only 6°, and the alignment may well 
be better than this at the location(s) closer to the nucleus where the collimation occurs. Although the degree 
of collimation is much worse for the ionizing photons than for the radio plasma, it is clear that they are 
collimated by the same, or coplanar, nuclear disks or tori. In particular, if the ionization cones result from 
absorption by dusty tori on the pc scale and the radio ejecta from accretion disks around the central black 
hole, the absence of differential precession indicates that either the gravitating mass distribution is close to 
spherical or the dusty torus has settled into a preferred plane. The cones currently known in late-type (but 
not early-type) spirals show a trend to align with the axis of the galaxy stellar disk. We argue that this 
alignment is either an observational selection effect or indicates that the gas accreted to power the nuclear 
activity has an internal origin in late-type spirals, but may have an external origin (e.g., a galaxy merger) 
in early-types. 

1. INTRODUCTION 

Recent work has indicated that the emission from the Nar- 
row Line Regions (NLR’s) of Seyfert galaxies is generally 
aligned with the radio axes. The NLR gas is found to be 
associated with the “linear” radio sources on the tens of pc 
to kpc scales (e.g., Haniff et al 1988; Whittle et al 1988). 
On a scale larger than the radio sources, emission-line gas is 
found which is kinematically little disturbed by the nuclear 
activity, but exhibits a high ionization spectrum characteristic 
of photoionization by the nonstellar nuclear source. This 
gas—termed the Extended Narrow Line Region (ENLR)— 
also tends to be aligned with the radio axis (Unger et al 
1987). Sometimes, the gas in the ENLR exhibits a conical or 
bi-conical shape, with the nucleus at the apex (e.g., Pogge 
1989). This morphology is indicative of illumination of gas 
by a collimated source of ionizing radiation and provides 
important supporting evidence for so-called “Unified Mod- 
els” of active galactic nuclei (e.g., Antonucci 1993). 

The properties of the linear radio sources and the “ioniza- 
tion cones” provide valuable constraints on the nuclear disks 
or tori which are presumably responsible for their collima- 
tion. The relationship between these structures and the disk 
of the parent galaxy is also relevant to the origin of the 
nuclear disks. The present paper presents radio maps of a 
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galaxy with ionization cones and discusses the general rela- 
tionship between the radio sources, the ionization cones, and 
the disks of the host galaxies. 

In Secs. 2 and 3, we report radio maps of the galaxy NGC 
5252, which contains one of the most spectacular ionization 
bi-cones known (Tadhunter & Tsvetanov 1989). Section 4 
reviews the cones currently known in Seyfert galaxies and 
shows that the projections of the cone and radio axes on the 
sky are very tightly aligned—often to within the errors of 
measurement. The relationship between the ionization cones 
and the disk of the host galaxies is also considered. The 
nature of the alignments and misalignments is briefly dis- 
cussed in Sec. 5. Throughout this paper, we adopt HQ=15 
km s l Mpc”1, corresponding to a distance to NGC 5252 of 
91.4 Mpc for the recession velocity (corrected to the “galac- 
tic standard of rest”) of 6852 km s-1 (de Vaucouleurs et al 
1991). 

2. NEW RADIO OBSERVATIONS OF NGC 5252 

NGC 5252 was observed with the Very Large Array1 in 
“A” configuration on 1990 April 29. Observations were 

1The Very Large Array is a facility of the National Radio Astronomy Ob- 
servatory, which is operated by Associated Universities Inc., under contract 
with the National Science Foundation. 
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Table 1. Radio positions, flux densities, and spectral indices in NGC 5252. 

(1) 
Nuclear source1 

(2) 
Nuclear core source1 

(3) 
Off-nuclear source 

(4) 

ar(1950.0)2 

<Sr(1950.0)2 

5 (20 cm) (mJy) 
S (6 cm) (mJy) 
S (3.6 cm) (mJy) 
a3(20-6 cm) 
o^ó-S.ó cm) 

15.2±0.7 
11.6±0.6 
7.8±0.5 

0.22±0.1 
0.78±0.15 

13h 35m 44.340s ± 0.013s 

+ 04° 47' 47.19" ± 0.2" 

9.6±0.6 
6.7±0.5 

0.70±0.3 

13h 35m 44.111s ± 0.013s 

+ 04° 48' 09.03" ± 0.2" 
3.2±0.2 
1.9±0.2 
1.4±0.2 

0.43 ±0.1 
0.60±0.3 

Notes to Table 1 
“Nuclear Source” refers to all radio emission within 3" of the nuclear radio peak, while the “Nuclear Core Source” is the unresolved source, presumably 

associated with the true nucleus, seen in the 6 and 3.6 cm maps. 
2aT and ST are the radio right ascension and declination. The position of the optical nucleus is [Argyle & Eldridge 1990, corrected by Argyle (1993) for a 
typographical error]: a0 (1950.0) = 13h 35m 44.349s±0.008s, £o(1950.0)=+04° 47' 47.08"±0.11", so a'r-a:o = -0.1"±0.2" and <Sr-<So = +0.1"±0.2". 
3Spectral index, defined as 

made at 20, 6, and 3.6 cm wavelength, and followed the 
traditional procedure of sandwiching an integration of some 
10-15 min on the galaxy between two observations of a 
calibration source. The source 1351—018, which is some 8° 
away from NGC 5252, was used as the calibrator. Two inde- 
pendent, contiguous IP’s, each with bandwidth 50 MHz, 
were used in each band, giving central frequencies of 1.4899, 
4.8601, and 8.4399 GHz and total bandwidths of 100 MHz. 
The total integration times on NGC 5252 were approxi- 
mately 3, 3.8, and 2.4 h at these three frequencies, respec- 
tively. Absolute flux densities were established by means of 
observations of 3C286. Analysis followed usual methods, in- 
cluding cleaning and self-calibration at each frequency. 

In order to provide a check on the fluxes, a second set of 
VLA observations at 20 and 6 cm was kindly obtained by G. 
van Moorsel on 1993 April 11. NGC 5252 was observed for 
16 min at each wavelength with the array in “B” configura- 
tion. The fluxes at the two epochs agree to about 10% at 20 
cm and to about 5% at 6 cm, and their averages are reported 
in Table 1. 

3. RADIO MORPHOLOGY OF NGC 5252 

Figure 1 is a contour plot of the 20 cm map of NGC 5252, 
while Fig. 2(a) shows a simplified version of this plot super- 
posed on the [O Hl] X5007 emission-line image of Tadhunter 
& Tsvetanov (1989). Figure 3 shows the [O ill] X5007 image 
as a color plate, with Tadhunter & Tsvetanov’s (1989) green 
continuum image shown as yellow contours and the 20 cm 
radio image as blue contours. The stronger (southern) radio 
source is resolved and its core coincides with the optical 
continuum nucleus to better than 0.2"=90 pc (Table 1). The 
images of Tadhunter & Tsvetanov (1989) show no shift big- 
ger than ^0.1" in either coordinate between the optical line 
and optical continuum peaks so, in aligning the radio and 
optical maps in Figs. 2 and 3, the peaks were taken to cor- 
respond. A second radio source, which is unresolved at all 
three frequencies [FWHM size (3.6 cm) <0.1"], is found 22" 
north (PA —8.9°) of the nucleus. As may be seen from Figs. 
1 and 2, the off-nuclear source lies approximately along the 
extension of the nuclear one. Figure 2(b) gives contours of 
the radio map of the nuclear source at 6 cm on the [O Hi] 

image. The nuclear source comprises an unresolved (<0.1") 
core plus weak, narrow features, suggestive of “jets”, ex- 
tending about 2" (890 pc) to north and south. The map at 3.6 
cm is similar to that at 6 cm and is not shown. The 20 cm 
map (Fig. 1) suggests that the fainter radio emission near the 
ends of the jet-like features bends eastward at the northern 
end of the source and westward at the southern end, giving 
the source an overall inverted “S”-shaped morphology. 

The spectrum of the nuclear source between 20 and 6 cm 
is quite flat («20-6=0.22, see Table 1) and appears to steepen 
at shorter wavelengths. Both sets of observations imply 
«20—6<0-3. Perhaps the nuclear core source is becoming op- 
tically thick to synchrotron self-absorption around 6 cm. The 
off-nuclear source shows a steeper spectrum characteristic of 
optically thin synchrotron radiation. 

We believe that the off-nuclear source is likely to be as- 
sociated with NGC 5252 rather than being an unrelated back- 
ground source. First, the a posteriori chance of finding a 

Fig. 1. Map of NGC 5252 at 20 cm wavelength. The southern source coin- 
cides with the optical nucleus. Contours are plotted at —1%, 1%, 2%, 3%, 
5%, 10%, 20%, 30%, 50%, 70%, and 90% of the peak brightness of 11.1 
mJy (beam area)-1. The beam size is 1.55X1.27" in PA 56°. 
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NGC 5252 

NGC 5252 

Fig. 2. Radio contours (solid lines) of NGC 5252 superposed on the [O m] 
\5007 emission-line image (dashed lines) from Tadhunter & Tsvetanov 
(1989). (a) 20 cm radio map from Fig. 1; contours are plotted at 1.5%, 5%, 
15%, 45%, and 90% of the peak brightness of 11.1 mJy (beam area)-1. 
[O hi] X5007 contours are plotted at 3cjX2n, where a is the noise and n=0, 
1,...,8. The elongation of the nuclear source and the direction to the off- 
nuclear source are both approximately aligned with the ionization cone axis. 
Note the association of the off-nuclear source with one of the regions of 
emission-line gas. (b) 6 cm radio map. Radio contours are plotted at -1%, 
-0.5%, 0.5%, 1%, 1.5%, 2%, 3%, 5%, 10%, 20%, 30%, 50%, 70%, and 
90% of the peak brightness of 9.9 mJy (beam area)-1. The beam size is 
0.46,;X0.38" in PA 58°. [O m] contours are the same as in (a). The three 
straight lines indicate the edges and axis of the larger scale ionization cones 
[see (a)]. Note the alignment of the radio source with the cone’s axis. 

background source of flux 1.9 mJy at 6 cm within 22" of the 
nucleus of NGC 5252 is only —0.002 (using the source 
counts of Fomalont et al 1991). Second, the source lies 
close to the extension of the radio axis of the nuclear source 
(see below), suggesting it is a product of the nuclear activity. 
Third, the off-nuclear radio source coincides with a region of 
emission-line gas in NGC 5252 (Figs. 2(a) and 3), as is com- 

monly the case in Seyfert galaxies (e.g., Haniff et al 1988); 
the radio emission may thus result from interaction between 
nuclear ejecta (an unseen jet?) and the interstellar medium. 
The absence of variability in the off-nuclear source between 
the two sets of radio observations (separated by 3 yr) argues 
that this source is not a supernova. 

A summary of the directions on the sky of various fea- 
tures in NGC 5252 is given in Table 2. The position angle of 
the nuclear radio source was measured as close to the 
nucleus as possible from the 6 and 3.6 cm maps. It is clear 
that the axis of the nuclear radio source on the N side of the 
nucleus is aligned with that of the emission-line “ionization 
cone” to within the accuracy of the measurements. The 
nuclear radio emission on the S side of the nucleus and the 
off-nuclear radio source are both slightly misaligned with the 
emission-line cone axis, by 12° ±6° and 6° ±3°, respectively. 
The minor axis of the stellar distribution is inclined by some 
60°-70° from both the radio and cone axes (cf. Fig. 3). 

4. IONIZATION CONES IN SEYFERT GALAXIES 

In the previous section, we noted the close correspon- 
dence between the radio and ionization cone axes of NGC 
5252, and the large difference between these directions and 
the photometric minor axis of the galaxy. It is then of interest 
to check whether similar relationships apply to other Seyfert 
galaxies, as we now discuss. 

4.1 Sample Selection 

Unfortunately, there is no well-defined sample of ioniza- 
tion cones. The galaxies observed in emission-line imaging 
surveys of Seyfert galaxies generally do not comprise a com- 
plete sample. Further, if Seyfert nuclei are surrounded by 
dusty tori with columns up to 1024“25 cm-2 (e.g., Mulchaey 
et al 1992), all samples are potentially subject to orientation 
dependent selection effects. Lastly, the definition of an ion- 
ization cone, although clear in principle, is difficult to quan- 
tify. In some cases, sharp-edged bi-cones with a common 
nuclear apex are immediately obvious and striking (e.g., 
NGC 5252, Tadhunter & Tsvetanov 1989; NGC 5728, Wil- 
son et al 1993). In other cases, the emission-line gas may be 
quite compact and/or the cone may be seen on only one side 
of the nucleus. Here the interpretation of the morphology in 
terms of a collimated ionizing source is less compelling. 
Bearing in mind these caveats, we have compiled a list of 
ionization cones from the literature. Because of the problems 
discussed above, our conclusions concerning the alignments 
between the cones and other axes of the galaxies should be 
considered tentative. 

4.2 Relative Orientation of the Ionization Cone, Nuclear 
Radio, and Galactic Minor Axes 

Table 3 gives a list of position angles and opening angles 
for Seyfert galaxies with ionization cones. The columns list 
the galaxy name (column 1), the PA of the radio axis (col- 
umn 2), the approximate spatial scale (i.e., the radial distance 
from the nucleus) on which the radio axis was measured 
(column 3), the PA of the ionization cone axis (column 4), 
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Fig. 3. The color picture is the [O in] \5007 image from Tadhunter & Tsvetanov (1989). The yellow contours represent the green continuum emission (center 
wavelength 5210 Â, width ^60 Â), also from Tadhunter & Tsvetanov (1989). Contours are plotted at 0.3%, 0.6%, 1.2%, 2.5%, 5%, 15%, 45%, and 90% of 
the peak. The blue contours are the VLA 20 cm radio map, with contours at 1.5%, 5%, 15%, 45%, and 90% of the peak value. 

the approximate spatial scale (i.e., the radial distance from 
the nucleus) on which the ionization cone axis was measured 
(column 5), the PA of the minor axis of the galaxy disk 
(column 6), the opening angle of the radio emission mea- 
sured at the nucleus (column 7), and the opening angle of the 
ionization cone measured at the nucleus (column 8). The 
radio axis was measured as close as possible to the nucleus 
from the highest resolution map available, unless otherwise 
stated. The direction of the minor axis refers to the outer disk 

and is often a kinematic determination. The radio opening 
angle represents the most collimated radio component. When 
there are two cones, on opposite sides of the nucleus, the 
relevant numbers are listed separately. The opening angle of 
the ionization cones is a somewhat subjective parameter and 
may depend on the nuclear distance at which it is measured. 
Table 4 contains the galaxy name (column 1), its morpho- 
logical type (column 2), the difference between the position 
angles of the radio and ionization cone axes (column 3), and 
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Table 2. Directions in NGC 52521. 

Feature 
(1) 

Position angle (°) 
(2) 

Nuclear radio source 
Off-nuclear source (w.r.t. nucleus) 
Axis of emission-line cone 
Major axis of stellar disk 

345 ± 3 (N side), 175 ± 5 (S side) 
351.09 ± 0.02 

345 ± 3 (N side), 163 ± 3 (S side) 
12.5 ± 2 

Note to Table 2 
11950.0 coordinate system. 

the difference between the position angles of the minor axis 
of the galaxy disk and the ionization cone axis (column 4). 

It is immediately apparent from column 3 of Table 4 that 
there is a tight correlation between the radio and ionization 
cone axes. A similar relationship was noted by Pogge (1989) 
from a smaller sample. These axes are aligned to within the 
errors for almost all galaxies: the formal mean difference 
between the measured radio and cone axes is only 6° and this 
number can be taken as an upper limit to the typical differ- 
ence between the preferred directions of escape from the 
nucleus of the radio plasma and ionizing photons. The good 
alignment between the radio and ionization cone axes indi- 
cates that bending of the trajectories of the radio lobes by 
buoyancy (e.g., Hummel et al 1983) is unimportant on the 

small spatial scales on which the radio position angles were 
measured. 

In NGC 1068, it is notable that the axes of both the radio 
ejecta and the ionization cones change with increasing dis- 
tance from the nucleus, while maintaining a close correspon- 
dence with each other. This result suggests that both the ra- 
dio plasmoid and ionizing photon trajectories are 
recollimated on the —100 pc scale. Presumably this recolli- 
mation is effected by a gaseous torus, the plane of which 
warps by —15° between the <30 pc and —100 pc scales. 

For the sample as a whole, there is no strong correlation 
between the galactic minor and ionization cone axes. Such 
would be expected given the known lack of correlation be- 
tween the radio and galactic minor axes in Seyferts (Ulvestad 
& Wilson 1984b) and the above described tight relation be- 
tween the radio and ionization cone axes. If, however, the 
difference between the galactic minor and ionization cone 
axes is considered as a function of galaxy morphological 
type, an interesting possible trend emerges (Fig. 4). The dif- 
ference between minor and ionization cone axes tends to be 
large for early-type galaxies and smaller for late-type ones. 
The formal probability of no correlation in Fig. 4 is <0.1%. 
This significance level is sensitive to the very uncertain mor- 
phological type of Mkn 78. It is noteworthy that in the case 
of NGC 1068 (type Sb), the smaller the scale, the closer the 

Table 3. Ionization cones and radio sources: Directions and opening angles.1 

Galaxy 

(1) 

PA 
radio (°) 

(2) 

Scale of 
radio (pc) 

(3) 

PA ioniz’n 
cone (°) 

(4) 

Scale of 
ioniz’n cone (pc) 

(5) 

PA minor 
axis (°) 

(6) 

Radio opening 
angle (°) 

(7) 

loniz’n cone 
opening angle (°) 

(8) 

NGC 1068" 

NGC 1365 
NGC 3281 
NGC 4151 

NGC 4388 

NGC 5252 

NGC 5728 

NGC 7582 
Mkn 6 
Mkn 78 
Mkn 573 

33 ± 2 
20 ± 5 

57 ± 5 

26 ± 5 (N) 
199 ± 2 (S) 
345 ± 3 (N) 
175 ± 5 (S) 

307 ± 4 (NW) 

357 ± 3 
270 ± 4 

308 ± 5 (NW) 
118 ± 4 (SE) 

140 
40 

1 

150 (N) 
150 (S) 
760 (N) 
670 (S) 

590 (NW) 

200 
720 

400 (NW) 
530 (SE) 

32 ± 5 
15 ± 5 

135 ± 10 
25 ± 10 

60 ± 5 (NE) 
240 ± 5 (SW) 

-35 (N) 
193 ± 5 (S) 
345 ± 3 (N) 
163 ± 3 (S) 

304 ± 5 (NW) 
118 ± 5 (SE) 

244 ± 5 
345 ± 10 
262 ± 5 

300 ± 5 (NW) 
120 ± 5 (SE) 

120-350 
20-70 

210-800 
550-1300 

15-70 (NE) 
15-80 (SW) 

2200 (N) 
180-900 (S) 

3600-18000 (N) 
6700-18000 (S) 
70-270 (NW) 
90-1200 (SE) 

200-760 
-3600 
8600 

670-1300 (NW) 
670-1700 (SE) 

170 ± 9 

138 ± 10 
47 ± 3 
116 ± 3 

0 ± 3 

102.5 ± 3 

88.5 ± 1 

75 ± 10 
40 ± 7 
174 ± 4 

(160 ± 25) 

<30 
<10 

<5 

<12 

<0.3 

-20 

<15 
-25 
<30 

40 ± 10 
65 ± 20 

(102 ± 20) 
75 ± 10 

67 ± 10 (NE) 
75 ± 10 (SW) 

-50 (N) 
92 ± 7 (S) 
74 ± 3 (N) 
73 ± 3 (S) 

60 ± 10 (NW) 
56 ± 10 (SE) 

86 ± 10 

50 ± 10 
45 ± 10 (NW) 
45 ± 10 (SE) 

Notes to Table 3 

References for the information listed are as follows: 
NGC 1068: Wilson & Ulvestad (1987), Ulvestad et al (1987), Pogge (1988a), Evans et al (1991), and Baldwin et al (1987). 
NGC 1365: Storchi-Bergmann & Bonatto (1991), and Phillips et al (1983). 
NGC 3281: Storchi-Bergmann et al (1992). 
NGC 4151: Harrison et al (1986), Evans et al (1993), Davies (1973), and Simkin (1975). 
NGC 4388: Hummel & Saikia (1991), Pogge (1988b, 1989), and Corbin et al (1988). 
NGC 5252: This paper, and Tadhunter & Tsvetanov (1989). 
NGC 5728: Schommer et al (1987), and Wilson et al (1993). 
NGC 7582: Storchi-Bergmann & Bonatto (1991), unpublished observations by H. B. Kirkpatrick, and Morris et al (1985). 
Mkn 6: Ulvestad & Wilson (1984a), and Meaburn et al (1989). 
Mkn 78: Pedlar et al (1989), and Haniff et al (1988). 
Mkn 573: Ulvestad & Wilson (1984a), Haniff et al (1991), and Tsvetanov & Walsh (1992). 
2For NGC 1068, the two lines give the radio and ionization cone properties on two different spatial scales. 
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Table 4. Alignments of ionization cones, radio sources, and minor axes.1 

Galaxy 

(1) 

Morphological 
Type 

(2) 

PA Radio minus 
PA loniz’n Cone (°) 

(3) 

PA Minor Axis minus 
PA loniz’n Cone (°) 

(4) 

NGC 10682 

NGC 1365 
NGC 3281 
NGC 4151 

NGC 4388 

NGC 5252 

NGC 5728 

NGC 7582 
Mkn 6 
Mkn 78 
Mkn 573 

(R)S(rs)b 

SB(s)b 
S(s)abpec: 

(R')SAB(rs)ab: 

S(s)b:sp 

SO 

SAB(r)a: 

(R,)SB(s)ab 
SAB0+: 
SO:, E:, 

(R)SABO+(rs): 

+ 1 ± 5 
+ 5 ± 7 

- 3 ± 7 

-- 9 (N) 
+ 6 ± 5 (S) 
0 ± 4 (N) 

+ 12 ± 6 (S) 
- 4 ± 6 (NW) 

+ 12 ± 10 
+8±6 

+ 8 ± 7 (NW) 
- 2 ± 6 (SE) 

- 42 ± 10 
- 25 ± 10 
+ 3 ± 14 
+ 22 ± 10 

+ 56 ± 6 (NE) 
+ 56 ± 6 (SW) 

--35 (N) 
- 13 ± 6 (S) 
- 63 ± 4 (N) 
- 61 ± 4 (S) 

- 36 ± 5 (NW) 
- 29 ± 5 (SE) 
- 11 ± 11 
+ 55 ± 12 

— 88±6 
(+ 40 ± 25) (NW) 
(+ 40 ± 25) (SE) 

Notes to Table 4 
Morphological types are from de Vaucouleurs et al. (1991) except for Mkn 78 which was estimated by the 
present authors. 
2For NGC 1068, the upper numbers refer to the 6" (440 pc) scale and the lower to the 0.5"-l" (35-70 pc) scale. 

radio and ionization cone axes align with the projected gal- 
axy disk rotation axis. 

5. DISCUSSION 

5.1 The Relationship between Ionization Cones and Radio 
Ejecta 

Although the sample is both limited in size and incom- 
plete, our study demonstrates a remarkably tight correlation 
between radio source and ionization cone axes in Seyfert 
galaxies. This result indicates that the ejection of radio com- 
ponents and the escape of ionizing photons are collimated by 
the same, or coplanar, disks. It is also clear from Table 3 that 
the degree of collimation is much better for the radio plasma 
than for the ionizing photons. 

Ionization cones may result from collimation at the source 
of emission of the ionizing photons or by absorption of an 
intrinsically isotropic source. Mechanisms expected to pro- 
vide collimation in emission include thermal radiation from 
the funnel of a radiation torus (e.g., Madau 1988) and beam- 
ing by a mildly relativistic jet. Collimation by absorption is 
usually ascribed to shadowing by a dusty molecular torus 
(Antonucci & Miller 1985; Krolik & Begelman 1988). Pow- 
erful radio jets are thought to arise through electromagnetic 
effects associated with accretion disks or spinning black 
holes (e.g., Blandford 1990). Alternatively, the relatively 
weak radio jet-like structures in Seyferts might arise through 
acceleration by radiation pressure in the funnel of an accre- 
tion torus (e.g., Abramowicz & Piran 1980; Ghisellini et al 
1990). 

The key issue is whether the radio plasma and ionizing 
photons are collimated on the same or different spatial 
scales. The most stringent limit on the collimation of radio 
ejecta in Seyferts is provided by VLBI observations of NGC 

4151 (Harrison et al. 1986), which show that the collimation 
occurs on a scale <2 pc. HST observations of NGC 1068 
(Evans et al. 1991), NGC 4151 (Evans et al. 1993), and 
NGC 5728 (Wilson et al. 1993) indicate that the ionization 
cones are formed <20 pc from the nucleus. Both emission 
and absorption models of the collimation of the ionizing pho- 

Fig. 4. Orientation of the galactic minor axis with respect to the ionization 
cone axis plotted as a function of the morphological type of the galaxy. 
Vertical lines connect the values for two cones in a given galaxy on opposite 
sides of the nucleus, except for NGC 1068 where they connect the values for 
the cones to the NE of the nucleus on different spatial scales (see Table 4). 
The morphological types (and errors) are taken from de Vaucouleurs et al 
(1991), except for Mkn 78 which was estimated by the present authors. Each 
object is indicated by its NGC or Markarian number. For clarity, the vertical 
bar for NGC 4388 is slightly offset from its nominal position. 
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tons are consistent with this observational limit. 
Current observations do not allow a choice to be made 

between these various possible origins for the ionization 
cones and radio ejecta. We therefore restrict our discussion to 
two consequences of our empirical results. 

5.1.1 Channel cleared by radio jet 

It is possible that the ionization cone-radio ejecta align- 
ment represents a direct cause and effect relationship. In one 
scenario (e.g., Schulz 1988), the nucleus is surrounded by a 
cloud which is initially opaque to ionizing radiation in all 
directions. A radio jet turns on, plows through the cloud, and 
opens up a low density channel through which ionizing ra- 
diation can escape. In such a model, the two axes would be 
naturally coaligned. 

We have shown that the radio ejecta are much better col- 
limated than the ionizing photons (Table 3). This result is at 
adds with the simplest geometry, in which the radio jet 
scours a long, narrow channel through the cloud, and the 
source of ionizing photons is located at the nucleus and is 
small compared with the radial extent of the cloud. The large 
opening angles of the ionization cones require that the diam- 
eter of the hole be comparable to its length. One obvious 
solution is to postulate that the high velocity, narrow jet rep- 
resents only the core of a slower, wide angle gaseous out- 
flow, and the latter clears a much larger hole in the gas cloud. 
Optical observations provide clear evidence for such wide- 
angle, gaseous outflows from Seyfert galaxies (e.g., Wilson 
1993). 

5.1.2 Limits on disk precession 

If the radio jets originate from the accretion disk (scale 
<1016 cm) around the central black hole, and the ionization 
cones result from shadowing by a much larger, dusty torus 
(scale >1018 cm, see below), our results show that the two 
structures are accurately coaligned. This alignment restricts 
any precession of the orbiting gas as it is accreted from the 
larger to the smaller scales, as we now discuss. Dust sub- 
limes at temperatures reff>2000 K and the corresponding 
radius of the inner edge of the dusty torus is 
ri==0.015L441/2(7’eff/2000 K)~2(QJQe)m pc, where 144 is the 
central luminosity in units of 1044 erg s and Q JQC is the 
ratio of the optical absorption coefficient to the infrared 
emission coefficient. For L44—10 and ßa/ße“100, r—0.5 
pc. In a more sophisticated analysis, Krolik & Begelman 
(1988) have argued that the inner edge of the torus is deter- 
mined by the balance between the inward mass flow of 
clouds and the rate at which the nuclear continuum can 
evaporate them. With a number of assumptions, they esti- 
mate rj—L44(L/LE)_3(rc/3X107 K)~2 pc, where Le is the 
Eddington luminosity and Tc the Compton temperature. Both 
arguments indicate that the inner edge of the torus is ex- 
pected to be pc-scale or larger for luminous Seyferts. Unless 
the angular momentum of the orbiting gas aligns with the 
axis of symmetry of the mass distribution, the torus will 
precess about the axis of symmetry on a times scale 
Tp^iu_1J2 

1 (e.g., Tohline et al 1982), where o) is the angu- 
lar velocity of the gas particle and J2 is the coefficient of the 
quadrupole moment of the gravitational field (this formula 

assumes J2 is small and the radius of the gravitating body is 
smaller than the particle radius). In order to maintain the 
inner disk-dusty torus alignment, either 

(i) the gravitational field is sufficiently spherically sym- 
metric that Tp>>ra+rd, where ra is the accretion time scale 
from the torus to the disk, and rd is the difference between 
the times taken for the radio ejecta and ionizing photons to 
propagate from the nucleus to their observed scales 
(rd—U/C> where rT and vT are the radius and outward 
velocity of the radio components, is the radius of the ion- 
ization cone, and c is the speed of light), or 

(ii) the dusty torus has already settled into one of the 
principal planes of the mass distribution. 
A spherically symmetric gravitational field at the dusty torus 
would be assured if the nuclear black hole dominates the 
stellar potential there. Assuming that the nonpoint mass con- 
tribution to the gravitational potential is the same as in our 
galaxy, the central black hole dominates the potential inside 
the radius r5h—10(LE/L)L44 pc (Krolik & Begelman 1988). It 
is thus plausible that the gravitational potential at the dusty 
torus is close to being spherically symmetric. 

5.2 The Relationship between Ionization Cone and Galactic 
Disk Axes 

We have also found a possible trend for the known ion- 
ization cones to align with the rotation axis of the galaxy 
disk for late-type galaxies but not for early-types (Fig. 4). 
There are two possible explanations: 

(i) The trend is a selection effect. Ionization cones are 
most easily recognized when the high excitation gas in the 
cone is not projected against the H 11 regions of a galaxy 
disk. Thus we expect cones in late-type galaxies to be most 
readily seen when they align perpendicular to a disk viewed 
close to edge-on. Indeed, three of the galaxies (NGC 3281, 
4388, and 7582) with types equal to or later than Sab (i.e., 
T^2) are highly inclined. This selection effect is presumably 
less important for early-type systems where H 11 regions are 
less prominent. 

(ii) The trend could be real, implying that the inner gas 
disks responsible for collimating the escape of ionizing pho- 
tons in late-type Seyferts tend to align with the host galaxy 
disk, while those in early-type ones do not. The inner gas 
disks are probably accreted from the galaxy-scale gaseous 
medium (e.g., Krolik & Begelman 1988). In late-type sys- 
tems, this galaxy-scale gas disk is associated with the stellar 
disk, but in early-type galaxies it may not be (e.g., Knapp 
et al 1985). The gas in the early-type systems may have an 
origin external to the galaxy, such as through accretion from 
a companion (e.g., Knapp et al 1985; Wardle & Knapp 
1986). In this way, the axis of the circumnuclear disk would 
depend on the nature and origin of the galaxy-scale gaseous 
distribution. 
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radio observations of NGC 5252 and the referee for helpful 
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