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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
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