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ABSTRACT

Hubble Space Telescope (HST) images, ground-based spectroscopy, and a new VLA map of the type 2
Seyfert galaxy Markarian 1066 (UGC 2456) are used to study the morphology, kinematics, and excitation of
the ionized gas and its relation to the radio continuum source. The Ha + [N 1] image reveals emission from a
region 3” (490 h~! pc, h = H,/100 km s~* Mpc™!) long centered on the nucleus, while the [O ni]-emitting gas
is concentrated into a bright “jetlike ” structure extending 174 (230 A~ ! pc) NW of the nucleus. Ground-based
spectroscopy indicates that both high- and low-excitation components are present in the narrow-line region.
The low-excitation emission lines have ratios similar to those of LINERs, trace out a rotation curve with
amplitude ~200 km s~!, and probably originate from gas in the galaxy disk. However, relative to this rota-
tion curve, the [O mr]-emitting gas is blueshifted NW of the nucleus and redshifted SE of the nucleus. The
VLA 3.6 cm map confirms that the radio source is “linear” and resembles a bipolar jet. Both the [O m] and
Ha+ [N 1] distributions align with the radio axis. The highest excitation gas coincides with the NW radio jet.
High-excitation gas may also be associated with the SE radio jet, but its line emission is attenuated by obscur-
ation in the foreground galactic disk. We discuss two possible scenarios which can account for the observed
association between the high-excitation gas and the radio jet. A nuclear continuum source could emit ionizing
photons anisotropically and preferentially along the jet. Alternatively, shocks may form at the boundary

between the jet and ambient cloud material and generate ionizing photons in situ.

The radio and emission-line jets in Mrk 1066 are approximately aligned with the galaxy’s bar in projection
on the sky. However, an analysis of a volume-limited sample of Seyfert galaxies indicates no strong alignment
between kiloparsec scale stellar bars and ~ 100 pc scale radio sources.

Subject headings: galaxies: individual (Markarian 1066) — galaxies: jets — galaxies: nuclei —
galaxies: Seyfert — radio continuum: galaxies

1. INTRODUCTION

A persistent problem in the study of active galaxies is the
origin of the velocity widths of emission lines from high-
excitation gas in the narrow-line region. In many Seyfert gal-
axies, the acceleration of this gas is dominated by the
gravitational potential of the galaxy bulge (Whittle 1992a, b).
However, observations of some Seyfert galaxies suggest that
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other processes can also be important in defining the kine-
matics and morphology of the high-excitation gas. For
example, the high-excitation gas tends to be aligned and co-
spatial with radio continuum emission, especially for those
Seyfert nuclei containing “linear” radio sources (e.g., Haniff,
Wilson, & Ward 1988). This result implies that radio jets or
lobes enhance the line emission. More detailed evidence that
linear radio sources interact with the ionized gas includes the
following:

1. Substructure (i.e., subpeaks and shoulders) in the [O ni]
A5007 profiles is often found near the radio lobes in double or
triple sources (Whittle et al. 1988).

2. Structures resembling bow shocks in both the radio con-
tinuum and optical emission-line maps have been discovered in
MS51, NGC 1068, and NGC 3516 (Cecil 1988; Cecil, Bland, &
Tully 1988; Miyali, Wilson, & Pérez-Fournon 1992).

3. The radio luminosity is correlated with both the FWHM
and luminosity of [O m] A5007 (e.g., Wilson & Willis 1980;
Whittle 1985).

4. A plot of the FWHM of [O 1] 15007 against parameters
sensitive to the gravitational potential, such as rotation curve
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amplitude, indicates that processes in addition to gravity con-
tribute to the acceleration of ionized gas in Seyfert nuclei with
luminous [log L (1415 MHz) (W Hz ') > 22.5; H, = 50 km
s~ ! Mpc ™ !] linear radio sources (Whittle 1992a, b).

Some models have considered interactions between radio
components and ambient gas. Expanding or outwardly
moving radio components can sweep up and compress
ambient gas which can then be photoionized by the central
source (Pedlar, Dyson, & Unger 1985; Taylor, Dyson, & Axon
1992). The northeast radio lobe in NGC 1068 may represent
synchrotron emission from ambient magnetic fields and cosmic
rays which have been compressed by a radiative bow shock
formed by a jet colliding with the ambient ISM (Wilson &
Ulvestad 1987). Models such as these predict entrainment of
gas, the morphological and kinematic signatures of which
should be readily detectable.

For these reasons, we have obtained high-resolution optical
and radio images and optical spectroscopy of Mrk 1066 (UGC
2456), a Seyfert 2 galaxy for which existing observations
suggest a close relationship between the radio and line-
emitting gases. Ground-based optical narrowband imaging
(Haniff et al. 1988) has revealed a possible double structure in
[O m] extending over the central x3”3 and aligned in
P.A. =131° + 10°. The Ha+[N 1] emission has a similar
extent and position angle, but does not show any hint of
double structure. Ulvestad & Wilson (1989) mapped the linear
nuclear radio source and found it to have a jetlike morphology
elongated along P.A. = 134° 1 4°, close to the [O 1] axis. In a
plot of rotation curve amplitude versus [O m1] 15007 FWHM,
Mrk 1066 lies well off the correlation expected if the [O 1]
A5007 FWHM, Mrk 1066 lies well off the correlation expected
if the [O mr] kinematics are governed exclusively by the
galaxy’s gravitational potential (Whittle 1992a). These earlier
works suggest that the radio jet may be responsible for acceler-
ating the high-excitation gas.

Table 1 lists basic data on Mrk 1066, including the morpho-
logical type, an estimate of the inclination, the heliocentric
recessional velocity, Galactic extinction, adopted distance and
scale, radio luminosity, and spectral index between 6 and 20
cm. Whittle (1992c) notes that the estimate of the inclination is
uncertain and may be influenced by the presence of the bar.
The adopted distance is obtained from the radial velocity cor-
rected to the reference frame of the cosmic background radi-
ation (de Vaucouleurs et al. 1991). Optical images show that
Mrk 1066 is elongated in P.A. ~ 143° at the B = 26.5 mag
arcsec ~ 2 isophote (Mazzarella & Boroson 1993); however, this
seems to apply to the bar. Nilson (1973) lists an uncertain

TABLE 1
Basic DATA FOR MARKARIAN 1066

Property Value Reference
Morphological type...... (R)SB(s)0* 1
Inclination ................ 42°: 2
cz (heliocentric)........... 3625 km s~! 3
. P 0.55 mag 1
Distance®.................. 34 h~! Mpc
Linear scale®.............. 164 h~* pc arcsec™!
L,(1.5GHz)...oo....... 1.3 x 10°2 h~2 W Hz"! 4
a2 (S, CV i 0.83 4

®h=H,/100 km s~ ! Mpc~*.
REFERENCES.—(1) de Vaucouleurs et al. 1991; (2) Whittle 1992c; (3)
this paper; see § 3.2;(4) Ulvestad & Wilson 1989.

estimate of the major axis position angle of 90°. This galaxy
contains a bright “hot spot” (which could be a giant H 1
region; Mazzarella, Bothun, & Boroson 1991; Mazzarella &
Boroson 1993) 15”9 from the nucleus along the SE side of the
bar. ‘

2. OBSERVATIONS AND REDUCTIONS
2.1. HST Imaging

Images of Mrk 1066 were obtained with HST on 1992
November 2 with the Planetary Camera (MacKenty et al.
1992) using the same technique as employed for other Seyfert
galaxies in our program (Wilson et al. 1993; Bower et al. 1994;
Mulchaey et al. 1994). These references list the effective wave-
lengths and bandpass widths of the filters (F492M, F547,
F664N, and F718M), chosen to isolate the emission lines of
[O m] 444959, 5007+ HB and Ha+[N 1] 116548, 6583 and
their adjacent continua. Long-slit spectroscopy (§ 2.2) shows
that [O 1] A5007/HB =~ 4 in the central 1", indicating that
[O m1] emission accounts for ~84% of the total flux from
emission lines in the F492M filter. Thus the contribution of Hf
emission to the F492M image is minor but not negligible.
Exposure times were 500—-600 s with two exposures obtained in
each of the on-band filters (F492M and F664N) and one expo-
sure in each of the off-band filters (F547M and F718M). The
initial guide star acquisition was maintained throughout all
exposures by tracking in fine lock. One star was detected in the
images; its position is identical in the six images to + 14 milli-
arcseconds, confirming that no significant translational shift
occurred during the observations. Data reduction was accom-
plished by following the procedure given in detail by Bower et
al. (1994). The central region (R < 1”) was detected with S/
N =~ 20-30 pixel ! in each filter. The accuracy of flat-field
calibration is ~ 5%, as indicated by the dispersion about the
mean background sky level. As in Bower et al. (1994), each
image was deconvolved using 50 iterations of the Lucy algo-
rithm (Lucy 1974), yielding resolution ~071. All features in the
deconvolved images are also apparent in the images before
deconvolution, although with lower contrast. A comparison of
the emission-line fluxes in the narrowband images with the
long-slit spectroscopy inside a 0786 x 170 aperture aligned
with P.A. = 134° shows agreement to within 30%.

The [O ur]+Hp emission-line image was formed by sub-
tracting the 5460 A continuum image from the on-band image.
The choice of off-band filter for the Ha+ [N 11] image is less
straightforward. Our spectrophotometry (§ 2.2) inside a 0786
x 170 aperture, when combined with the HST/PC response
function (e.g., Bower et al. 1994), indicates that ~14% of the
observed F718M flux in this aperture results from redshifted
[S ] 116717, 6731, which is at a wavelength near peak trans-
mission in the bandpass (MacKenty et al. 1992). Removing the
continuum contribution from the F664N image might be
accomplished better using the F547M image instead. Although
[O 1] A5007 contributes less than 1% of the observed F547M
flux in the 0786 x 170 aperture, the green continuum distribu-
tion is not necessarily identical to that of the red continuum
near Ha. The F547M image multiplied by the mean continuum
ratio F (7160 A)/F ,(5460 i) of 1.46 found in regions with insig-
nificant Ha+ [N 11] emission would provide a good estimate of
the red continuum in the absence of color variations. Since
there is no clear advantage to using either the F718M image or
the scaled F547M image for continuum subtraction, we con-
structed Ha+ [N 11] images using each. Comparing the two
resulting Ho + [N 11] images demonstrates that the difference is
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minor. The peak intensity and total Ha+[N 1] flux agree to
9% in the two images. In this paper, we use the Ha+ [N 1]
image obtained with the scaled F547M image for continuum
subtraction.

2.2. Long-Slit Spectroscopy

Long-slit spectroscopic observations of Mrk 1066 were
obtained on two nights in 1987 November using the Herzberg
spectrograph and RCA4 CCD at the /8 focus of the CFHT.
On the first night, we obtained an 1800 s exposure in the green
using a 1200 1 mm ~! grating in first order to cover He 11 14686,
Hp, and [O 1] 144959, 5007 at a dispersion of 0.62 A pixel ~!
(resolution ~90 km s~! FWHM). On the second night, we
obtained two 1800 s exposures in the red using an 830 1 mm !
grating in first order to cover [O 1] 16300, Ho, [N 1] 116548,
6584 and [S 1] 116717, 6731 at a dispersion of 0.75 A pixel ~!
(resolution ~85 km s™! FWHM). Conditions were photo-
metric on both nights, with seeing ~ 0”9 on the first night and
~1"1 on the second night. A 0786 wide slit was oriented along
the axis of the radio source (P.A. = 134°) and the spectra
sampled every 0743 (70 h~! pc). Standard reduction procedures
were followed within IRAF to generate wavelength and flux-
calibrated data. Wavelength errors are ~0.05 A while flux
errors are typical of slit spectroscopy (~ 15%).

As a basic check, we summed the central six spatial
increments and compared the resulting profiles with the high
quality profiles published by Veilleux (1991b, ¢) which were
taken through a 2”5 x 2”5 aperture. The profiles, peak veloci-
ties, and line widths agree extremely well, although his higher
resolution (~ 10 km s~ !) separates the two components of the
nuclear low-ionization lines more cleanly. These two com-
ponents are separated by ~075 with a velocity difference of
125 + 20 km s~ ! (Veilleux 1991a). Our averaged near-nuclear
line fluxes and ratios agree very well with those given by Good-
rich & Osterbrock (1983) and Osterbrock & Dahari (1983),
which were taken through a 277 x 470 aperture.

2.3. VLA Radio Imaging

Mrk 1066 was observed at 3.6 cm on 1992 December 31 with
the NRAO7 VLA in its A configuration for a total on-source
integration time of 17 minutes. Observations were made in two
bands, each with 50 MHz bandwidth and separated by 50
MHz. Short observations of 3C 48 and 3C 286 (with adopted
flux densities of 3.3 and 5.3 Jy, respectively) were obtained to
calibrate the absolute flux density. Observations of the phase
reference source, 0248 + 430, were obtained immediately before
and after the observation of Mrk 1066.

To produce the final map, the calibrated visibilities were
naturally weighted during the Fourier transform, and the
resulting “dirty map” was deconvolved using the CLEAN
algorithm. Two iterations of phase-only self-calibration were
performed to improve the dynamic range. The deconvolved
map has a beam of 0726 x 0724 (FWHM) with P.A. = —6°
and a background rms noise of 0.06 mJy beam ~ . This map is
very similar to the 6 cm VLA map obtained by Ulvestad &
Wilson (1989), which has a resolution of ~074, and confirms
their result that the radio continuum is concentrated into a
linear structure in P.A. 134° with length ~3”. In the 3.6 cm
map, a fit to the nuclear radio source with a model including a
Gaussian core plus a quadratic background (to represent the

7 The National Radio Astronomy Observatory is operated by Associated
Universities, Inc., under contract with the National Science Foundation.
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extended component) shows that the core source is unresolved.
This central component has a flux density of 2.1 + 0.4 mlJy,
while the flux density integrated over the linear source is
16.6 + 0.2 mJy. By comparison, Ulvestad & Wilson (1989)
found total flux densities of 35.5 and 94.3 mJy at 6 and 20 cm,
respectively.

Superposition of the 3.6 cm and HST images adopting their
absolute astrometric coordinates reveals an apparent displace-
ment of 074 between the peak of the 3.6 cm map and the peak
of the green continuum image. Because such a displacement is
typical of the errors in HST astrometry and because both the
radio and optical continuum images contain a bright peak, we
registered the images by aligning these peaks, assuming each
peak represents the “true” nucleus. As discussed later (§ 3.2),
this assumption is supported by our finding that the contin-
uum peak coincides with the kinematic center.

3. RESULTS

3.1. Morphology in Continuum and Emission Lines

Figure 1 contains contour plots of the 5460 A, 7160 A,
[O m]+Hp, and Ha+[N 1] images, the ratio of the [O mr]
+Hp and Ha+[N 1] images, and the VLA map at 3.6 cm.
Figure 2 (Plate 2) shows the HST images (except the 7160 A
image) in gray scale. A narrow “jetlike” feature, extending
~174 (230 h~' pc) NW of the nucleus, is apparent in the
[O m]+Hp image (Fig. 1c). Since this image is dominated by
[O ur] emission (§ 2.1), we conclude that the high-excitation
gas is strongly concentrated in the jet. [O 1] emission SE of
the nucleus is much fainter than the emission to the NW. The
Ho+[N 1] image (Fig. 1d) also shows the jetlike feature, but
the distributon of line emission is broader and more diffuse
transverse to the jet axis. The Ha+ [N 1] emission SE of the
nucleus has an intensity only slightly less than that NW of the
nucleus (in contrast to the pronounced asymmetry in the
[O m1] intensity).

At radio frequencies, our 3.6 cm map (Figs. 1f and 3), which
has better resolution than the maps of Ulvestad & Wilson
(1989), shows a central unresolved source surrounded by
extended emission which resembles a bipolar jet. The jetlike
feature to the NW is quite straight, but the one to the SE
widens and curves southward ~1” from the nucleus. Both are
resolved transverse to their widths. After convolving the [O 1]
image with a Gaussian to yield the same resolution as the 3.6
cm map, intensity cuts perpendicular to the jet axis show that
the NW [O ur] jet is narrower than the radio jet.

Although the radio jet is clearly bipolar, the [O mi] jet is
dominated by the emission NW of the nucleus, with only a
trace of line emission associated with the SE radio feature. This
apparent asymmetry about the nucleus could result from the
[O u1] emission SE of the nucleus being seen in projection
behind the galactic plane and obscured by dust. A map of the
continuum color distribution constructed from the HST con-
tinuum images does indeed suggest the presence of dust. Figure
4 (Plate 3) presents the distribution of F,(7160 A)/F,(5460 A).
Since the effective wavelengths of the F547M and F718M
filters are close to those of the Johnson ¥ and R bandpasses,
the observed continuum color may be approximately con-
verted to (V — R) by

(V —R) ~ 2.5 log [F,(7160 A)/F (5460 A)] + 0.85 ,

where the zero point is from Allen (1973). Since [S 11] emission
contributes to the F718M image near the nucleus where there
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PLATE 2

[0 W] + HB

Ha + [N II]

FiG. 2.—Deconvolved HST Planetary Camera images (resolution ~0"1) of the nuclear region of the type 2 Seyfert galaxy Mrk 1066. The orientation is indicated
by the bars, each of which is 1” long. Intensity scales for the 5460 A, [O m]+Hp, and Ha+ [N 11] images are logarithmic with ranges (with respect to peak intensity)
of 0%~-15%, 0%-9%, and 0%-15%, respectively. The intensity scale for the ([O m]+ Hp)/(Ha+ [N 1u]) image is linear with values ranging from 0 (black) to 1.0
(white). A cross marks the position of the nucleus.

BOWER et al. (see 454, 108)
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PLATE 3

F1G. 4—A gray-scale map of the HST red/green continuum ratio [F (7160 A)/F (5460 A)] formed after each image had been convolved with a 3 pixel square
median filter, yielding an effective resolution ~073. North is up, and east to the left. The values of [F (7160 A)/F (5460 A)] are binned into the six color bins shown
at bottom, which have values of 0.25-2.75 in steps of 0.5. Lighter shades indicate redder continuum colors. In constructing the map, the ratio was set to zero where
the continuum surface brightness is less than 5 o above the background to indicate that the color could not be determined at such locations. All such pixels occur at
R > 2". The color (V¥ —R) may be obtained from.these ratio values by the equation (V¥ —R) ~ 2.5 log [F(7160 A)/F,(5460 A)] + 0.85. Two contours from the
[O mr]- + HB image (i.e., the lowest and second from highest contour in Fig. 1¢) are superimposed to provide a reference for locating the [O 1] jet and the adopted
location of the nucleus.

BOWER et al. (see 454, 108)
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Fic. 1d

F16. 1.—Contour plots of the deconvolved continuum and emission-line HST images (a—e) and the VLA 3.6 cm map (f). North is up, and east is to the left. The
nucleus is taken to be coincident with the 5460 A continuum peak and is marked by a cross in all panels. Note that panels (a)—(d) and ( f) have identical scales, but the
scale is expanded in (e). The range of contours includes the peak intensity, except as noted. (a) The 5460 A continuum image; contours range from 1.8 x 10~!7 to
7.1 x 107'% ergs cm ™2 s~ A~ ! arcsec™? with an interval of 0.5 mag. (b) The 7160 A continuum image; contours range from 1.7 x 107!" to 6.9 x 10 !5 ergs cm =2
s~' A~! arcsec™? with an interval of 0.5 mag. (c) The [O m]+ Hp image; contours range from 7.2 x 10”5 to 1.8 x 10~ 2 ergs cm™~2 s~ ! arcsec ™2 (i.e., 40% of peak
intensity) with an interval of 1 mag. (d) The Ha+ [N 1] image; contours range from 5.2 x 107*%t0 3.2 x 1072 ergs cm ™2 s~ ! arcsec ™2 with an interval of 1 mag. ()
The ratio of (c) to (d); the contours correspond to ([O 1]+ Hp)/(Ha+ [N 11]) values of 0.3 through 2.8 (the maximum value) in increments of 0.5. (f) The VLA map at
3.6 cm with resolution ~0%.26. Contours start at 0.1 mJy beam™*, which corresponds to 2 ¢, and each contour is 0.5 mag above the previous one. The brightest
contour is at 1.58 mJy beam ~*, which is 62% of the peak intensity. Mrk 1066 clearly has a linear radio morphology with an unresolved core.

is bright emission-line gas, (V¥ —R) at these locations will be
overestimated by ~0.1-0.2 mag (see § 2.1). The observed
(V' —R) at the nucleus and SE [O mi] jet ~079 SE of the
nucleus is 1.0 and 1.3, respectively. Although Figure 4 utilizes
rather coarse color bins to enhance the color gradient in the
nuclear region, the colors given above represent the mean

color in the unbinned color map through a circular aperture
073 in diameter. Correcting for Galactic extinction [4z = 0.55,
E(V—R)=0.12], yields (V—R)~ 0.9 at the nucleus, and
(V' —R) ~ 1.2 at the SE [O ur] jet. Since the observed range of
nuclear colors of early-type galaxies is (V' —R) ~ 0.35-0.8
(Lauberts 1984; Poulain 1988), it seems appropriate to assume

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


http://adsabs.harvard.edu/abs/1995ApJ...454..106B

110 BOWER ET AL. Vol. 454
A - T T ' KA
L . ) ]
i ] o 0.
- § T 0 O
- ._t —_ | i
W i i o
: : 1II _O' O _Q
1” — -1 o 0 A
i ] D
I } - . ©0o-
B ‘ 7 L Qo .
— - 0
; i [ ‘
i ] I S i
- . r o o "y ) i
- ] o 000 g
NP P S B IR b s N E Y N B
FiG. le FiG. 1If

that the intrinsic color is ~0.6. For a Galactic extinction curve,
this color excess at the SE [O 1] jet implies A, = 2.3 mag for
the stars. Inspection of Figure 1¢ shows that the intensity of
[O m]+ Hp emission NW of the nucleus is 20 times brighter
than that SE of the nucleus. If these two components have
identical intrinsic intensity, then the extinction of the SE [O 1]
jet at 5007 A is A5y9; = 3.2 mag, corresponding to A, = 2.9
mag. While the extinctions to disk stars and to gas behind the
disk are not expected to be identical, the similarity of these two
estimates of A4, renders plausible the notion that the SE jet
does emit [O nr] but is largely hidden by obscuration. The
intensity distribution of Ha+ [N 1] is much more symmetric
about the nucleus, suggesting that much of this emission lies in
the galaxy disk. This last conjecture is supported by the kine-
matics of Hx and [N 11] (§ 3.2).

It is notable that both the emission-line gas and the radio
emission are approximately aligned with the galaxy’s bar
(which has P.A. ~ 143°, see § 1). In the Appendix we examine a
well-defined sample of nearby Seyfert galaxies (including Mrk
1066) to determine if there is a relationship between the orien-
tation of bars and that of radio axes in Seyfert nuclei.

3.2. Kinematics and Excitation

Figure 5 presents the continuum-subtracted line profiles for
the principal emission lines. All profiles have the same velocity
scale with the heliocentric velocity of 3625 km s~ ! plotted as a
vertical reference line. Also shown are the slit increment
numbers, which are 0743 in length, and the position of the peak
of the continuum light near Ha (increment No. 0.3). Relative
intensity information has been suppressed since all profiles
have been scaled to the same height. Figure 6 shows the helio-
centric velocity for the center of the profile at 80% peak height
(C80) and the profile FWHM, both plotted against distance
along the slit. For clarity, a solid line connects the data for Ha
while a dotted line connects the data for [O 11] 415007. Fortu-
nately, the origin of the spatial scale was similar for the
separate red and green spectra, with continuum light peaks at
increment No. 0.3 in the red (adopted in Fig. 7) and increment
No. 0.1 in the green. Figure 7 presents the emission-line and

continuum fluxes and emission-line flux ratios. Because of the
slightly different seeing and nuclear placement on the two
nights, we must treat with caution any line ratios which
combine red and green lines. For this reason we do not show
the Balmer ratio Ha/Hp, and, in the nuclear region, the ratio
[O ] A5007/Hp should be considered in preference to the
[O ur] A5007/Ha ratio, although this latter ratio should be
reliable outside the central 1”-2” where the flux gradients are
less steep.

We consider first the overall rotation curve. The Ha peak
velocities trace out what appears to be an approximately sym-
metric rotation curve (Fig. 6a). At ~ +2” the rotation curve
turns over at velocities of 3725+ 5 km s~ ! (NW) and
3525 4+ 10 km s~ ! (SE). The orientation and amplitude of this
rotation curve are consistent with the long-slit spectrum of
Veilleux (1991a). However, since Veilleux (1991a) has higher
velocity resolution, the rotation gradient over the central 0”5 in
Veilleux’s data is larger than our gradient by ~30% (see
below). The average of the turnover velocities define a systemic
velocity of 3625+ 12 km s~! which agrees well with the
nuclear stellar redshift of 3623 + 10 km s ! measured from the
Ca 1 triplet (near 8550 A) and Mg b A5180 spectral regions
(Nelson & Whittle 1995). It is interesting that the Na D
absorption redshift quoted by Veilleux (1991c) is 3571 km s~ !
which coincides with the velocity of the peak (i.e., C80) of [O
m] A5007 at the nucleus (see Fig. 6) and is blueshifted by
54 km s~ ! relative to systemic. Although Veilleux chose the Na
D velocity as systemic, we prefer our value of 3625 km s~ !,
since it relies on gaseous and stellar rotational velocities, and
suggest that the Na D absorption is interstellar and partici-
pating in the same outflow which is responsible for the blue-
shifted [O 1] A5007 emission. The full rotation amplitude is
200 + 12 km s~ ! or 300 km s~ after correction for an inclina-
tion of 42°. This rotation amplitude agrees well with the one
given by Afanasiev (1981), although those data only sample
length scales beyond ~ 5”.

The intersection of the systemic velocity with the rotation
curve defines a kinematic nuclear position at increment
0.4 + 0.2, within 0”1 of the stellar continuum peak. The coin-
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FiG. 3—The HST images displayed using a negative logarithmic stretch with contours from the VLA 3.6 cm and HST 5460 A continuum images superimposed.
Panels (a) and (c) contain the [O 1] +Hp image, while panels (b) and (d) contain the Ha+ [N 1] image. Contours from the VLA 3.6 cm map are in panels (a) and (b),
and the 5460 A continuum contours are in panels (c) and (d). North is up, and east is to the left. The 3.6 cm contour levels are identical to those in Fig. 1f, while the
5460 A continuum contours start at 7.1 x 10~ 7 ergs cm ™2 s~ arcsec ™ 2 with an interval of 1 mag. This comparison shows that the emission-line gas in Mrk 1066 is

aligned with the 3.6 cm continuum emission.

cidence between the peak of the starlight and the kinematic
center (within the limits of these slit data) can also be seen by
comparing the Ha profiles from increments 0 and 1 in Figure 5.
These profiles show asymmetric shoulders (probably related to
the double peak seen by Veilleux (1991a) in the nuclear region)
suggesting an inner rotation curve smeared by the seeing.
Clearly, the switch from red to blue dominant peaks across
these two increments suggests the kinematic center lies some-
where between them. The nuclear velocity gradient is quite
steep. A simple estimate using the innermost four C80 values
gives 90 km s~ ! arcsec ™! or 550 hkm s~ ! kpc ™ '. However, the
true nuclear gradient is much steeper. Using the two peak
velocities from increments 0 and 1, we find a lower limit of
~195 km s~! arcsec™! or 1.2x 10®> h km s™! kpc™!

(~1.8 x 10> h km s™* kpc™! deprojected). Veilleux (1991a)
found that the two Ha-emitting components separated by
~0”5 have a velocity difference of AV = 125 + 20 km S,
implying a rotation gradient of 250 km s~! arcsec™! or
1.5 x 10° h km s~! kpc™!. The steep rotation curve does not,
however, imply an unusually high mass-to-light ratio. Taking
our rotation at +2” to estimate the mass, and the continuum
flux to estimate the light, we derive M/Ly ~ (2-4) h.
Determining the orientation of the disk requires knowing
the sense of rotation. Although de Vaucouleurs et al. (1991)
classify Mrk 1066 as (R)SB(s)0*, the outer features visible on
the Palomar Observatory Sky Survey plate could be inter-
preted as spiral arms rather than an outer ring. In the HST
continuum images (e.g., Fig. 1a), inner spiral arms are apparent
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FiG. 5.—Sequences of emission-line profiles along P.A. = 134° at 0743 intervals, for HB, [O 11] 15007, [O 1] 16300, He, [N 11] 16584, and [S 1] 146717, 6731. Each
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within ~2" of the nucleus. Assuming that the spiral arms trail
the rotation, the galaxy rotates in a counter-clockwise sense on
the sky. If the major axis position angle is indeed 90° (see § 1),
then the sense of the measured rotation curve (Fig. 6a) implies
that the south side of the galaxy disk is the near side. This
orientation is consistent with the presence of a dust band 1”5
SW of the nucleus (Fig. 4). It is then plausible that the SE jet
lies behind the disk and is obscured by dust in the disk (§ 3.1).

Turning to the luminosity distributions, our slit spectra are
generally consistent with the HST images. In particular, in the
long-slit spectra the peaks in the emission-line distributions lie
~0.6-1.0 increments (~0725-0743) to the NW of the stellar
peak, with marginal evidence that [O 1] is slightly more offset
than Ha and Hp (Fig. 7a). In the absence of kinematic informa-
tion, it would be difficult to decide whether the true nucleus fell
at the emission-line peak or the starlight peak. However, since
the kinematic center coincides with the starlight peak, the true
nucleus and the emission-line distributions seem to be genu-
inely offset. This offset between the continuum and emission-
line peaks is in excellent agreement with the HST images
(§ 3.1). From these images, it is apparent that the [O mr]
emission-line gas is concentrated into a “jetlike” structure
with the continuum peak near its base. Convolving the HST
images with Gaussians to yield an effective resolution of 1”
shows that the peaks in both [O m]+Hp and Ha+ [N 1] are
0722 NW of the continuum peak.

Perhaps the most striking properties of the line profiles and
ratios are those which point to the presence of more than one

ionization component. For example, Figures 5 and 6 show that
the Ha and [O 1] 45007 velocity fields are quite different, with
the [O ni] line showing little if any rotation. To the NW
(increments —8 to —5) the [O 1] line is narrower and some-
what blueshifted relative to Ho. Across the central 2”
(increments —2 to 2), the [O 1] line is significantly broader
and blueshifted relative to Ha, and it also has an extended blue
wing (see also Veilleux 1991a). The maximum [O 1] line width
occurs at increment — 1, close to the peak line intensity, while
the maximum Hu line width occurs at the stellar and kinematic
nucleus, where the smeared rotation curve causes an apparent
line broadening. To the SE, Ha traces out the blue part of the
rotation curve while [O 1] shifts in velocity to the red, so that
[O m] and Ha are on opposite sides of the systemic velocity
beyond 175 from the nucleus. It is interesting that the other
lines show behavior intermediate between [O 111] and Ha. For
example, while the peak velocities of [N 11] 16584 and [O 1]
A6300 follow Ha reasonably well, their line widths are signifi-
cantly greater across the nuclear regions, with [O 1] (and pos-
sibly [N 11]) line widths intermediate between [O 11] and Ha.
On the nucleus, this behavior is typical of many Seyfert gal-
axies which can show a range of line widths for different emis-
sion lines. Here, however, these differences are traced over an
extended region. Clearly, the slit includes emission from gas
with a range of both ionization conditions and velocity fields.
We may use line ratios to try to identify these ionization
components in more detail. From their single aperture data,
Osterbrock & Dahari (1983) consider Mrk 1066 to be a

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


http://adsabs.harvard.edu/abs/1995ApJ...454..106B

Slit increment
-4 -3 -2 -1 0 1 2

-8 -7 -6 -5

I ' 1

3700

Heliocentric Velocity, €80 (km s™})
3600

. o0 Ha J
O [N1]6584
[ A [SI]6724 1
L [01]6300 |
- # Hﬂ -4
° e [OIII]5007
8 - ]
| NW
] ) | : 1 " 1 X i " 1 1 | 1 | " |
-4 -3 -2 -1 0 1 2 3 4
Arcsec from stellar peak (PA 134)
F1G. 6a
Slit increment
-8 -7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7
T T T T T T T T T T T T T T T
° S [0IN]5007 e
g‘ B ° a8 ° Ha O 7
I . [NImes584 ¢ |
‘0 [o1]6300 OO
o) ’ . e
Q9 i N
n M
g : |
X
= 3
= » .
=
= L J
Fx .
o °
o —+ -
T NW SE
o 1 1 1 N ] N ] " " | " 1 1 1 \ 1

-2 -1

Arcsec from stellar peak
FiG. 6b

(PA 134)

FI1G. 6—(a) Heliocentric velocity for C80 (the center of the profile at 80% peak height) in km s~ ! for the principal emission lines. (b) Profile FWHM inkm s~ !. In
both plots, a solid line connects the Ha data and a dotted line connects the [O 11] 45007 data. Symbol keys are given on the plot. The spatial scale is given in

arcseconds relative to the continuum nucleus (lower axis) and relative pixel number (top axis).

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


http://adsabs.harvard.edu/abs/1995ApJ...454..106B

Slit increment

Arcsec from stellar peak (PA 134)

FiG. 7b

-9 -8 -7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7 8 9
I ' | ' I ! I ! ' 1 ' I v 1 ' |
| O Ha 1 .
Q [NII]6584 Q
o - e [OIN[]5007 @ T Q 1
- |- A [SH]e724 + o _
| A A
& '| o HB 9 1A |
'o o [o1]6300 e A O
> - % Continuum A Y ° i
3 near Ha o A Q
15 L (A—l) 4 & 4
° A O g
5t 4., 9 .20 1
EXL A 1- A i
° @ - & e §
Tm - @ ) -+ [ ] O o
i A 1 O ° Q |
) o A
) O
K & 1 % 8 ]
™ o O O
o] -Q T+ O A
= 9| x XL x = i
gﬂ | * ] % ]
= - " - *
- * <4 * e
X T * 1
NwW * SE
o . I . [ R P B 1 .| , I
b —4 -3 -2 -1 0 1 2 3 4
Arcsec from stellar peak (PA 134)
FiG. 7a
Slit increment
-9 -8 -7 8 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7 8
I ' 1 ' | L ! 1 ' I ! | ! I
| 4 5 x [OII]5007/Ha % A
-k 4 [0II[]5007/HB A -
5 1 [NII]6584/Ha x |
a | x *x x X K [Sul6724/Ha + |
2 [ * % A * [ % 4 A [01)6300/Ha % |
& * [ *xa xX* ]
% o | X X * o X
2 °r X X x x X X o X o x X y 1
Eopx o x 3 1 L ¥ ]
s | + 4+ + 4t A ]
e | 1 |
A
- x ok 4 |
ENW e T T ek SE
1 1 | 1 1 " 1 " " 1 L 1 o1 1 1
-4 -3 -2 -1 0 1 2 3 4

FIG. 7.—(a) Integrated line fluxes in ergs s~* cm ™2 arcsec ™2 for each emission line. The continuum emission is also shown, in ergs s~ cm~2 A~! arcsec™2. (b)
Line flux ratios derived from the same data. Note that the [O m] 15007/Ha ratio has been multiplied by a factor of 5 for clarity. Symbol keys are given on the plot.
The spatial scale is given in arcseconds relative to the continuum nucleus (lower axis) and relative pixel number (top axis).

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


http://adsabs.harvard.edu/abs/1995ApJ...454..106B

RADIO AND EMISSION-LINE JETS IN 1066 115

“marginal ” Seyfert 2, since a value for [O 1] 25007/Hp of ~4
is barely above the threshold for Seyfert galaxies, while [O 1]
46300, [N 11] 16584, and [O 11] A3727 are not sufficiently strong
to qualify as a LINER, although they do suggest the emission
is not from normal H 11 regions. In our long-slit data, we see
these ratios change along the slit (Fig. 7b). At the emission-line
peak (increment number of roughly —1) the line ratios are
intermediate between those of a Seyfert galaxy and a LINER,
though somewhat higher excitation than the single-aperture
data. Away from this peak, the [O 11] 15007/Hp ratio drops by
a factor ~2 out to +1%5, while the [O 1] 16300, [N 1] 16584,
and [S 1] 446717, 6731 lines get slightly weaker relative to Ha
(note that the [O m] A5007/Ha drop shown in Figure 7b is
higher than that of [O m] A5007/Hp, probably because of
either the slight difference in seeing between the two nights or
variations in reddening of the emission-line gas). Beyond this
minimum, these line ratios reverse, and outside ~ 2" the [O 1]
A5007 line has recovered strength relative to the Balmer lines
suggesting the gas is once again of relatively high excitation.
Interpreting these line ratio changes in terms of differing pro-
portions of Seyfert and LINER emission is not, however,
straightforward. For example, although the near nuclear
decrease in [O 11] A5007/Hp suggests a move toward LINER
conditions, the decrease in [O 1] 16300/Ha represents a move
away from LINER conditions. Similarly, the subsequent
reversal in excitation does not clearly move toward Seyfert
conditions, since ([S 11] 16717 + 16731)/Ha and [O 1] 16300/Ha
also appear to increase. Although these line ratio changes alert
us to changing ionization conditions, they are not very useful
at deciphering them, as might be accomplished by plotting line
ratios at different positions in diagnostic diagrams (e.g., Veil-
leux & Osterbrock 1987). This is not too surprising since the
line profiles are so different, and integrated flux ratios still
average over all velocities. If, instead, profile ratios are formed,
then a much larger range in excitation becomes apparent, with
the blueshifted gas having [O n1] A5007/Hp ~ 10-15 while the
normally rotating gas has [O m] A5007/Hf ~ 2-3. Since the
[O 1] 46300 line appears to share the overall rotation of the
Balmer lines, we conclude that the rotating low-excitation
component is indeed LINER-like while the nuclear blueshifted
and off-nuclear redshifted gas traced by [O 1] 15007 is higher
excitation Seyfert-like emission. Thus the observed emission-
line ratio at a given position would depend on the relative
brightnesses of these two components. The most natural expla-
nation for the difference in velocity field is that the high-
excitation component (which might be exposed more directly
to the nuclear ionizing radiation) is in outflow and the low-
excitation component lies in the galactic disk. Thus, the kine-
matics and excitation of the two gaseous components are
broadly consistent with the idea suggested in § 3.1 in which the
high-excitation gas is inclined with respect to the disk and the
low-excitation gas lies in the plane of the disk. However, a few
details of the kinematics imply a more complicated situation.
Although the rotation curve for [O 1] (Fig. 6a) shows rotation
about the nucleus (similar to other low-excitation lines), the
FWHM of [O 1] is typically much greater than that of Ha (see
Fig. 6b).

4. DISCUSSION

Section 3 discussed the two components of circumnuclear
ionized gas in Mrk 1066, including a diffuse, low-excitation
LINER-like component whose kinematics follow a normal
rotation curve, and a collimated, high-excitation Seyfert-like

component showing anomalous kinematics (possibly indicat-
ing a bipolar outflow). Many other Seyfert galaxies with both
high- and low-excitation emission-line components have been
identified previously. The kinematics of the high-excitation gas
in these galaxies are often consistent with radial outflow from
the nucleus (e.g., Phillips et al. 1983; Wilson et al. 1986;
Storchi-Bergmann, Wilson, & Baldwin 1992). In this section,
we provide a preliminary investigation of possible ionization
sources.

Photoionization is commonly believed to be the excitation
mechanism for the emission lines in Seyfert galaxies. However,
in cases where there are multiple kinematic components with
very different excitation properties, investigators have identi-
fied more than one source of ionizing photons. For example, in
the type 1 Seyfert galaxy NGC 7469, Wilson et al. (1986, 1991)
concluded that the high-excitation gas near the nucleus is pho-
toionized by a compact ionizing source with a relatively hard
spectrum, while the low-excitation extended gas is photoion-
ized by hot stars in a circumnuclear starburst ring. Similarly, in
the type 2 Seyfert galaxy NGC 7582, Morris et al. (1985) found
that the Ha emission is primarily confined to the galactic disk,
but the higher excitation [O m] emission emanates from an
outflowing wind. It is important to note, however, that the
low-excitation emission-line ratios in these two examples are
characteristic of normal H 1 regions; the low-excitation line
ratios in Mrk 1066 are LINER-like, for which case hot stars
are probably not the ionizing source (Ho, Filippenko, &
Sargent 1993).

We can use the spatial and kinematic segregation of the
high- and low-excitation emission components in Mrk 1066 to
help identify the sources of ionizing photons. The degree of
excitation is related to the ionization parameter U =
Q(H%)/4nr?cN,, where Q(H®) is the rate at which ionizing
photons are emitted from a point source toward a gas cloud
with electron density N, and distance r from the ionizing
source. The value of U in Seyfert-excited gas exceeds that in
LINERSs by a factor of ~10 (e.g., Ho et al. 1993). Variations in
U require that Q(H®), r, and/or N, are different on the high-
and low-excitation emission regions. If the nucleus of Mrk
1066 is the only source of ionizing radiation, the difference in U
does not appear to be solely due to differences in r, because the
collimated Seyfert-like gas and the more diffuse LINER gas lie
at nearly identical projected distances from the central source.
Further, the high-excitation “jet” appears relatively bright,
not only in [O m] but also in Ha+ [N 1] (Fig. 2). The jet’s
higher emissivity suggests that N, is higher in the Seyfert-like
gas than in the low-excitation gas, which would change the
value of U in the opposite direction to that observed. Conse-
quently, the variation in U seems to require that Q(H®) seen by
the jet is much larger than that seen by the LINER gas. Two
scenarios in which the jet would be illuminated by a much
higher flux of ionizing photons than the LINER gas are (1) the
ionizing photons are emitted anisotropically from the central
source, being beamed preferentially along the jet and (2) the
ionizing photons are created in situ by the jet itself.

Anisotropic emission of ionizing photons could arise if the
nuclear source is surrounded by a torus of gas and dust, the
plane of which is oriented perpendicular to the radio axis.
There is considerable evidence for such tori in many types of
AGNs, especially Seyfert 2 galaxies (Antonucci 1993).
Although the detection of broad permitted emission lines in
polarized light can provide strong evidence for a blocking
torus in type 2 Seyfert galaxies (e.g., Tran, Miller, & Kay 1992),
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spectropolarimetry of Mrk 1066 does not reveal any such
broad lines (Miller & Goodrich 1990; Kay 1994; Hurt 1994).
The continuum polarization in the UV (where starlight in the
host galaxy and interstellar polarization are less significant
than in the optical) is only 1.7 + 0.9% and has position
angle = 137 + 15° (Hurt 1994), which is parallel to the radio
axis, unlike the perpendicular polarization seen in Seyfert 2
galaxies with scattered nuclear light.

In high-resolution imaging, a possible signature of a torus is
a compact region of excess reddening and/or obscuration at
the nucleus. For example, Mulchaey et al. (1994) detected an
unresolved region of excess reddening at the nucleus of the
type 2 Seyfert NGC 2110. In the color map of Mrk 1066 (Fig.
4), the nucleus is actually bluer than regions >075 away, and
its color is typical of an early-type galaxy. We conclude that
there is no direct evidence for an obscuring torus with size
>16 h~! pc around the nucleus of Mrk 1066.

The close spatial association between the radio jet and the
collimated, high-excitation optical emission, together with the
anomalous velocity field of the high-excitation gas, indicates
an interaction between the radio jet and the circumnuclear gas.
Shocks, which can accelerate and excite ambient interstellar
clouds, may form along the boundary of the jet. UV and X-ray
photons are emitted from the hot regions behind these shocks
and may photoionize both the ambient surroundings and the
postshock gas. Sutherland, Bicknell, & Dopita (1993) have pre-
sented models for the interaction of the radio jet in Centaurus
A with dense clouds. Using shock velocities of ~300-450 km
s~ 1, their models predict [O m] A5007/HB line ratios > 10,
similar to the values we observe for the high-excitation com-
ponent in Mrk 1066. The qualitative appeal of the Sutherland
et al. (1993) models in the context of Mrk 1066 is that they are
built upon plausible assumptions about the interaction of the
radio jet with its surroundings, do not require a highly beamed
ionizing radiation field from the nucleus, and naturally give
rise to a component of gas with anomalous kinematics relative
to the galactic rotation curve. Unfortunately, our data are too
limited to derive a complete set of emission-line diagnostics in
the high-excitation gas for comparison with the shock models.
The decrease in excitation (as measured by the ([O m]+ Hp)/
(Ha+ [N n]) ratio; see Fig. 2) away from the nucleus along the
jet is suggestive of a decrease in average shock velocity, but is
also expected in central source photoionization models.

5. SUMMARY

We have analyzed high-resolution optical and radio images
and optical spectroscopy of the type 2 Seyfert galaxy Mrk
1066. The morphology, kinematics, and excitation of the
emission-line gas and its relationship to the radio continuum
source may be summarized as follows:

1. The distributions of emission-line gas and radio contin-
uum are consistent with a bipolar jet inclined significantly to
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the galactic disk. A narrow “jetlike” feature, extending 174
(230 h~! pc) NW of the nucleus, is apparent in the distribution
of high-excitation gas (as delineated by [O mr]). The
Ho + [N 1] emission is aligned with the [O n1] emission, but is
less strongly concentrated into a jet. Thus the spatial distri-
butions of the low- and high-excitation gases are different. In
contrast to the one-sided [O m] emission, the 3.6 cm radio
continuum map exhibits a bipolar jet.

2. These high- and low-excitation emission-line components
are kinematically distinct: the [O mi]-emitting gas exhibits
peculiar kinematics with respect to the rotation curve traced
by the low-excitation emission lines. Relative to this rotation
curve, the [O m]-emitting gas is blueshifted NW of the nucleus
and redshifted SE of the nucleus. The kinematics of the high-
excitation gas probably reflect outflow driven by the radio jet.

3. Assuming that spatial variations in the intrinsic optical
continuum color are insignificant, the extinction is found to
vary significantly with position over the galactic disk. A map of
the continuum color shows that the nucleus has extinction
Ay ~ 1.2 mag, while the location ~80 h~! pc SE of it along the
jet axis has extinction 4, ~ 2.3 mag. An extinction of this
order of magnitude is sufficent to hide most of the [O mi]
emission of the SE jet if this feature is on the far side of the
galactic disk and has a similar intrinsic brightness in [O u1] as
the NW jet. Since the low-excitation gas probably lies in the
galactic plane (as indicated by its rotational kinematics), the
Ho+ [N 11] emission is more symmetrically disposed about the
nucleus.

4. Two possible scenarios can account for the concentration
of high-excitation gas in a jet and LINER-like gas in the galac-
tic plane: (a) the ionizing photons are emitted anisotropically
from a central source and are beamed preferentially along the
jet or (b) ionizing photons are created in situ in shocks formed
at the boundary between the jet and ambient cloud material.
The former scenario would arise naturally if the central source
is surrounded by a dusty torus; however, there is currently no
convincing evidence for such a torus in Mrk 1066. Useful con-
straints on the latter scenario might be provided by improved
spectroscopy to determine accurately the line ratios for each
emission-line component.
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APPENDIX A

We examine the relationship between linear radio sources and bars in Seyfert galaxies to determine if the apparent alignment seen
in Mrk 1066 is common among Seyfert galaxies. Bars in Seyfert galaxies might play a key role in the transportation of gas toward
the nucleus (e.g., Simkin, Su, & Schwarz 1980; Shlosman, Frank, & Begelman 1989). Howeyver, it is also apparent that gas probably
can be transported by other means since there is no statistically significant excess of bars among Seyfert galaxies when compared to
non-Seyfert galaxies (e.g., Heckman 1978; Simkin et al. 1980). The nuclear gas may settle preferentially into a disk with rotation axis
parallel to the bar (Durisen et al. 1983; Tohline & Osterbrock 1982). This gas disk could then collimate the emission of ionizing
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TABLE 2
LINEAR RADIO SOURCES IN BARRED SEYFERT GALAXIES
PA.
GALAXY MORPHOLOGICAL TYPE SEYFERT TYPE radio bar major REFERENCE
M) ) 3) @ ©) (6) U]
NGC 591 = Mrk 1157 .............. (R’)SBO/a 2 152° 92°: 5° 1
NGC 2273 =Mrk 620.............. SB(r)a 2 90 129 50 2
NGCA4051...coovviniiiiniinnn. SAB(rs)bc 1.5 81 156 135 3
NGC4I51. v (R)SAB(rs)ab 15 92 132 26 4
NGCS643....ccvveiiiiiiiiniannen. SAB(rs)c 2 87 90 128 5
NGC 7450 = Mrk 1126 ............ (R)SB(r)a 15 100 28 35 6
Mrk 1066........cccvvvviniiiiinnennn. (R)SB(s)0* 2 135 143 90: 7
0714—2914 = MCG — 5-18-2...... SAB(r)0° pec 2 129 124 140 8

REFERENCES.—(1) Haniff et al. 1988; (2) van Driel & Buta 1991; (3) Wray 1988; (4) Arp 1977; (5) Morris et al. 1985; (6) Mazzarella
& Boroson 1993;(7) this paper; (8) Wilson & Baldwin 1989.

photons from the central source as well as the ejection of hot plasma along the bar’s major axis. Morris et al. (1985) present a
schematic diagram of this model in their investigation of NGC 5643, a type 2 Seyfert galaxy in which the axes of the bar and linear
radio source are aligned. Analysis of a well-defined sample of Seyfert galaxies would determine if this scenario might apply to other
Seyfert nuclei. '

A survey of all Seyfert galaxies identified as of mid-1983 with 6 > —45° and redshifts with respect to the centroid of the Local
Group less than 4600 km s~! was completed by Ulvestad & Wilson (1984, 1989) by obtaining high-resolution radio continuum
maps with the VLA. They divided the radio morphologies into five different types: unresolved, slightly resolved, diffuse, linear (i.e.,
double, triple, or jetlike), or ambiguous. Table 2 lists all Seyfert galaxies with linear radio sources found by Ulvestad & Wilson in
host galaxies classifed as barred in optical images. Also listed are the morphological type (from de Vaucouleurs et al. 1991), Seyfert
type, and the position angles of the radio axis, bar, and photometric major axis. Although NGC 2110 is classified as SABO ™, there is
no evidence of a bar in images of this galaxy (Wilson, Baldwin, & Ulvestad 1985; Mulchaey et al. 1994), so it is not included in Table
2. Of the eight galaxies, the bar in NGC 591 is not very prominent. The position angles of the bars were measured on scales of ~ 1
kpc (from the references given in [7]), while those of the linear radio sources apply to the central ~100-200 pc. Major axis position
angles were adopted from de Vaucouleurs et al. (1991) or Nilson (1973). Uncertain measurements are flagged by a colon; errors in
the remaining values are as high as +10°. Figure 8 (which shows the distribution of the offset between the radio axes and bars)

Number

o 1
0 20 40 60 80

PA(radio) — PA(bar) (°)

F1G. 8.—The distribution of the offset between the radio axis and bar major axis for the galaxies in Table 2. If the position angle of the bar is not preferentially
aligned with the radio axis, one would expect a uniform distribution.
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demonstrates that, despite a statistically insignificant excess at zero offset, there is no significant relationship between the orientation
of the bar and the radio axis in Seyfert galaxies. This result is not significantly affected if NGC 1068 were to be included in the
sample. Although NGC 1068 is classified as SA, it has a prominent bar with P.A. ~ 48° in K-band images (Scoville et al. 1988) and a
linear radio source with P.A. = 28° (Wilson & Ulvestad 1983). The lack of a trend in Figure 8 is consistent with our picture of Mrk
1066, in which the radio jets are oriented out of the galaxy disk and only appear to align with the bar through projection.
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