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ABSTRACT

For 132 spectra of NGC 1068 taken at 24 position angles of every 15" from an isophotal major axis
(P.A. = 52°) of the inner arm region, we measured Ha, HpS, [N 11] 4 6583, and [O 1] A4 4959, 5007
"to present the velocity curves in tabular form. Comparisons are made with previous observations to
show that our measurements are consistent with the recent observations, but inconsistent with Walker’s
measurements. Combined with CO velocity data, the velocity field was analyzed to reveal large-scale

noncircular motions to occur within the galaxy.

1. INTRODUCTION

A precise knowledge of the large-scale velocity field of
NGC 1068 is very important to understand the starburst
activity taking place within the disk of the galaxy and its
linkage with the nuclear activity.

Kinematic observations of NGC 1068 have been pub-
lished by many authors, but most of them were concerned
with spectra in limited numbers of position angles (Burbidge
et al. 1959; Bertola 1965; Galletta & Recillas-Cruz 1982;
Alloin et al. 1983; Meaburn & Pedlar 1986) or presented no
results of measurements in tabular form (Atherton et al.
1985; Baldwin et al. 1987; Bergeron ef al. 1989; Bland &
Cecil 1989; Cecil et al. 1990). As far as we know, tabular-
form rotation curve data of NGC 1068 have been given only
by Walker (1968). He has measured the velocity curves at
12 position angles of every 30°, and his data have been often
used in kinematic studies of NGC 1068 (Scoville et al. 1983;
Telesco & Decher 1988). However, Baldwin et al. (1987)
have recently pointed out that their measurements are in-
consistent with his results.

Using spectra collected in our observation program to
study the large-scale velocity field of NGC 1068, we have
already reported the discovery of a highly ionized nebulosity
(Nishimura et a/. 1984). In this paper we present new mea-
surements of the velocity curves of NGC 1068 in tabular
form, and analyze them together with CO velocity data.

2. OBSERVATIONS AND REDUCTIONS

We have used the Cassegrain image-tube spectrograph at-
tached to the 1.88 m reflector at the Okayama Astrophysical
Observatory. 60 blue (4000-5800 A) and 72 red (5700-
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7400 A) spectra were obtained at 24 position angles of every
15° from an isophotal major axis (P.A. = 52°) of the inner
arm region (Nishimura ez al. 1984). Eight to twelve spectra
were gathered at each position angle. Exposure time ranges
from 3 to 60 min. Spectra were exposed with the nucleus at
the center or the edge of the slit (70" in length and 079 or 178
in width ). Most spectra were obtained using a grating of 600
grooves mm ~ ' which gives the dispersion of 109 A mm ™ lat
Ha. A grating of 1800 grooves mm ~ ' was also used for some
spectra. Examples of the blue and red spectra taken along the
major axis have been shown in Fig. 1 of Nishimura et al.
(1984). A list of the spectrograms will be given elsewhere.

The spectra were measured at intervals of 50 gm ( 1783)
on the plate along Ha, HS, [N 11] 4 6583, and [O 1]}
AA 4959, 5007 with the two coordinate measuring machine.
The center of the nucleus was taken to be the center of the
strip of the continuum of the spectra. We could not measure
the lines at the central three positions (R = 0" and + 1783)
even on the plates of shortest exposure, due to their broad
and complex features superposed on the background contin-
wum. The final error in the measurements of a single point
has been estimated to be better than 30 km s~ '. Velocities
referred to in this paper are heliocentric.

3. RESULTS

We present all measured velocities in Figs. 1(a)-1(c),
where 5585 points are plotted and the mean velocities at each
point are shown connected by solid lines. No different sym-
bols are used for different spectral lines. This is partly be-
cause of the avoidance of the confusion in the figures. Bald-
win et al. (1987) pointed out in their Fig. 14 that the

© 1992 Am. Astron. Soc. 422
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F1G. 1. (a) Observed velocities as a function of distance from the nucleus for
NGC 1068. Mean velocities at each point are shown connected by solid
lines. (b) Same as (a). (c) Same as (a).
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velocities of [O111] A 5007 are slightly redshifted (<40

km s~ | relative to HB at all locations. We examined at each
position angle the velocity differences for [N 11]
/A 6583 — He.Ha — HB.and [O 11! £ 5007 — HfA.and took
an average of them. Resuitant averages are (0. 2. and 10
kms~- for [N11] 46583 — Ha. Ha — HS. and [O 111]
A 5007 — Hp, respectively. We also confirmed that the ve-
locity differences for [O 111] 4 5007 — HS are positive at
most position angles, which 1s consistent with the trend
pointed out by Baldwin et al. (1987).

However, these differences are small compared with the
uncertainty in our measurements, and we are interested in a
global velocity structure. In this paper we are concerned
with the mean velocities of various spectral lines measured at
each point. Table 1 lists the mean velocities, each 1783 along
24 position angles of every 15° from P.A. = 52°, where the
figure in parentheses indicates the number of points aver-
aged at each position.

Figure 2 1s the 1sovei0cily contour map drawn irom our
results, where U-band isophotes of the inner arm region are
superposed for comparison.

Comparison with optical images (Sandage 1961; Arp
1966; Ichikawa et al. 1987) reveals that the shape of the
region where emission lines were measured bears a resem-
blance to the spiral structures, implying that our measure-
ments almost cover the line emitting disk. The extensions of
velocity curves up to R ~ 60" in the northeast quadrant cor-
respond to a broad feature of the east spiral arm. The short
extensions in the northwest quadrant are attributed to a tail-
like feature northwardly stretching out from knot No. 4 of
Schild er al. (1985).

Large irregulanties are found in our velocity curves,
which are generally asymmetric with respect to the center.
Peaks at R ~10"-15" and dips at R ~20"-30" on the west
side coincide in radius with an unusually bright west inner
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F16. 2. Isovelocity contour map superposed on the {“band iso-
photes of the inner arm region in NGC 1068. Contours are spaced
by 20km s~ . Isophotes were drawn using the plate NS 1005 taken
at the Newtonian focus of the Okayama 1.88 m reflector in No-
vember 1968.
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spiral (Keel & Weedman 1978; Snijders ef al. 1986) and 5
heavily obscured dust lane (Sandage 1961), respectively. A
peak at R ~ 40" on the velocity curve of P.A. = 217° agrees
with knot No. 4 (R =40", P.A. = 218") of Schild er ]
(1985). Dips at R~10"-15" on the velocity curves of
P.A = 52°-112%arecorrespondent with a sharp dust feature
bordering a southern boundary of the inner arm region. Red-
shifted velocity irregularities shown in Fig. 2 of Bergeron ef
al. (1989) are seen in the northeast area located between
R =20"-40" and P.A. = 37°-82°, which correspond to
emission patches lying on the east spiral. It seems likely that
the morphologies of both highly ionized clouds and dusty
clouds, possibly with which molecular clouds are associated,
are closely related with velocity departures from the circular
motion.

There is also an indication that the velocity structure
within ~ 10" from the center is markedly different from that
outside ~ 10" radius. In the southern portion of the ~ 10"
central the observed velocities sharply decrease toward the
center, suggesting that the Kinematic major axis rotates by
about 90° from P.A.~90° as discussed in the next section.

4. DISCUSSION

4.1 Comparison with Previous Observations

Comparison with earlier observations show that the ve-
locities measured by Burbidge et al. (1959) are higher by
50-100 km s = ' while Bertola’s (1965) measurements are
lower by about 50 km s ~ ! than ours. Velocities measured by
Galletta & Recillas-Cruz (1982) show a large scatter, and
are smaller by about 100 km s ~ ' on the northeast than ours.

Comparison with Walker’s (1968) observations is very
important because his data has been often used in kinematic
studies of NGC 1068 (Scoville et al. 1983; Telesco & Decher
1988). The result is shown in Fig. 3. Except for P.A. = 100’,
agreement is good on the east side, but not good on the west
side, where his measurements are lower by about 50-100
km s~ ! than ours.

Atherton et al. (1985) have presented the Fabry—Perot
observations. Analyzing long-slit spectra, Baldwin et al.
(1987) have mentioned that these long-slit and interferome-
ter observations are consistent with 20 km s~ ' accuracy. We
compared our measurements with the above two results, by
drawing velocity curves from their maps. Except for a con-
flicting region pointed out by Baldwin er al. (1987), our
results are found to be in good agreement with the two data.
In that region our measurements are consistent with those of
Baldwin et al. (1987). Bergeron et al. (1989) have presented
an off-center velocity curve along P.A. = 37°. Excellent
agreement is found at the points where our slits cross their
off-center slit. Although no quantative comparison is done,
our isovelocity contour map (Fig. 2) appears globally con-
sistent with the Fabry-Perot map of Bland & Cecil (1989).

4.2 Comparison with CO Observations

Kaneko et al. (1989) have presented the CO velocity data
obtained with the Nobeyama Radio Observatory (NRO) 45
m telescope of which the beam size is 17" (FWHM), and
argued that the velocity structure of CO emission cannot be
explained only in terms of a circular motion. Using their
Table 2, we plot in Fig. 4 the CO peak and mean velocities at
position angles of every 45°, Comparison with optical veloc-
ity curves reveals a global agreement on the east. A tendency



TaBLE 1. Heliocentric velocities, each 1783 along 24 position angles of every 15° from P.A. = 52°.
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1200 1

12001

1000

FiG. 3. Comparison with Walker's measure-
ments. Open circles indicate the velocities mea-
sured by Walker (1968). The velocities presently
being reported are shown by thin solid and dotted
lines.

is found on the westside that CO velocities are smaller by
about 50-100 km s~ ! than the optical ones.

In the above comparison the effects of beam smearing are
important, but their accurate evaluation is difficult because
they depend both on the intensity and velocity structures of
CO emission within the beam. Comparing with a new CO

TABLE 2. Published systemic velocities of NGC 1068.

Observers Systemic veloecity Remarks
{km 51
Burbidge ef al, (1859) 1203 opt. em.
Walker (19G8) 110712 cpt. em.
Allen et al. (18713 114E5%25 HI
Lewis et al. (19733 1133%22 HI
Richstone & 1080 opt. abs.
Morton (1975)
Heckman ef al. (185783} 1140 HI
Hall et al. ({(19B1) 1129%£21 H: 1-0a
Galletta & 110525 opt. em.
Recillas-Cruz {(1982)
Baan & 1136 HI
Haschick (1983)
Scoville et al. (1983) 113316 CO(1-0)
Huchtmeier & 1129%15 HI
Seiradakis (1985)
Schild et al. (1385} 1153%16 opt. em.
Meaburn & Pedlar (1986} 1150 opt. em.
Baldwin ef al. (1587} 113718 opt. em.
Kaneko et al. (19B9) 1134%4 CO(1-0} .
Planesas et al. (1989} 1138 CO(1-0),C0(2-1)
Bergeron ef al. {(198%) 1143%325 opt. em.
Maversberger ef al. (19891 1111 C5(2=-11
Sage ef al. (15807 1157 C5(2-11)
1158 COL1-0)

a flux mean of 5(0) and 5(13}
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F1G. 4. Comparison with the CO peak and mean veloc-
ities. Solid and dotted lines indicate our velocity curves.
The CO peak and mean velocities, which are, respec-
tively, denoted by open squares and circles, are plotted
at position angles of every 45°, by using Table 2 of Kan-
eko et al. (1989). The HPBW (17") of the Nobeyama

Radio Observatory 45 m telescope with which their ob-
servations were made is denoted by the horizontal bar.

observations with the Nobeyama Millimeter Array (NMA)
(Kaneko et al. 1991), we estimate that the position accuracy
of the CO velocities plotted in Fig. 4 is of order ~5"-8".
We show in Fig. 5 superposition of the velocity field (Fig.
2) with the CO map obtained with the NMA (Kaneko ef al.
1991). The striking feature of the figure is that distortions of
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Fi6. 5. Superposition of the velocity field (Fig. 2)
on the CO interferometer map obtained with the
Nobeyama Millimeter Array (Kaneko et al. 1991).
This interferometer map is very different from that
of Planesas et al. (1991).
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the isovelocity contours trace well the CO molecular cloud
complexes. This suggests a close relation between the star-
forming activity and velocity departures from the circular
motion.

4.3 Major Axis and Galaxy Inclination

We plot in Fig. 6 the optical and CO velocities as a func-
tion of position angle, where a fitted cosine curve, V
(km s~ ') the velocity corresponding to a systemic velocity,
A (km s~ ') thevelocity amplitude, and ¢ (°) the major axis
position angle are given for each velocity range. Outside the
10" central, both optical and CO velocities clearly show
that the kinematic major axis lies in the east—west direction,
consistently with the recent results (Baldwin ez al. 1987;
Bergeron ef al. 1989). This position angle of the kinematic
major axis is consistent with the morphology of the envelope
(Burbidge et al. 1959; Hodge 1968; Kaneko et al. 1989), but
inconsistent with the morphology of the main spiral disk
(Sandage 1961; Arp 1966; Ichikawa et al. 1987). The rota-
tion of the kinematic major axis within ~ 10" radius is also
clearly seen in Fig. 6. One of the kinematic peculiarities of
NGC 1068 is that the kinematic major axis does not coincide
with the isophotal one which changes progressively with the
distance from the center (Pomea & Rieke 1990).
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F1G. 6. Optical and CO velocities as a function
of position angle. Filled circles indicate our op-
tical velocities. Open squares and circles denote
the CO peak and mean velocities (Kaneko ez al.
1989), respectively. The velocities were fitted
with a cosine curve, and the velocity ¥V
(km s~ ") corresponding to a systemic velocity,
the velocity amplitude 4 (km s~ '), and the ma-
jor axis position angle ¢ (°) are given for each
velocity range.
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F1G. 7. The folded and mean velocities as a function of distance from
the center. The folded and mean (FM) velocities are described in the
text. Filled circles indicate the optical FM velocities, and the mean
values at each point are shown connected by solid lines. Open squares
and circles denote the FM velocities calculated from the CO peak and
mean velocities (Kaneko et al. 1989), respectively. Arrows are the
published systemic velocities denoted by BH (Baan & Haschick
1983), BPD (Bergeron et al. 1989), BWW (Baldwin et al. 1987),
HBS (Heckman et al. 1978), HS (Huchtmeier & Seiradakis 1985), K
(Kaneko et al. 1989), M (Mauersberger ef al. 1989), MP (Meaburn
& Pedlar 1986), P (Planesas ef al. 1989), RM (Richstone & Morton
1975), S (Scoville et al. 1983), SSS (Sage er al. 1990), STW (Schild et
al. 1985), and W (Walker 1968). Two crosses denote the catalogued
values: 1109 km s~ ' (RC2) and 1131 kms~' (RSA).

Assuming a rotation law, we tried to determine the galaxy
inclination i, together with the other parameters. The result
gives i ~0°. This is because the velocity field is unusually flat
on the east. If we restrict ourselves to the west half side, we
derive i ~20°, in agreement with the results of Baldwin et al.
(1987) and Bergeron et al. (1989). However, these small
inclinations yield a deprojected amplitude larger than 400-
500 km s~ !, too large for a typical Sb galaxy (Rubin et al.
1982, 1985). Alternatively, adoption of /~35°—40" consis-
tent with the morphology of the envelope (Hodge 1968;
Kaneko et al. 1989) deforms a shape of the spiral disk into an
unusually prolonged bar. Thus we have no good inclination
consistent both with the kinematics and the morphology.

4.4 Systemic Velocity and Noncircular Motions

We define a folded and mean velocity (FM) as the mean of
two velocities at the positions symmetric with respect to the
center (Kaneko & Satoh 1989). The FM velocities defined
in this way should agree with a systemic velocity provided
that no noncircular motions are significant. We plot in Fig. 7
the optical and CO FM velocities, where published systemic
velocities (Table 2) are marked for comparison.

Optical FM velocities show a peak of about 1175 km s~
at R ~ 10", which corresponds to the luminous inner spirals.
Extrapolation of them gives about 1145 kms~ ' at R = 0",
consistently with the systemic velocities determined from
optical emission lines (Schild et al. 1985; Meaburn & Pedlar
1986; Baldwin et al. 1987; Bergeron et al. 1989). Optical FM
velocities show an outward decrease, and become flat out-
side ~30" radius. As shown in Fig. 6, we have V= 1141
km s~ ! for R>30". We note that this is in good agreement
with the H 1 velocities (Heckman et al. 1978; Baan & Has-
chick 1983; Huchtmeier & Seiradakis 1985). On the other
hand, CO FM velocities that are inside ~20" radius are
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considerably lower, and at R ~ 30" they reach the same level
as the optical ones.

If the H 1 velocity is a good indicator of the systemic veloc-
ity, we may adopt a velocity of 1141 km s~ ' for the systemic
velocity of NGC 1068. Noncircular motions are then consid-
ered to be dominant within a radius of ~30". Alternatively,
if the systemic velocity is close to 1080 km s~ ' determined
from stellar absorption lines (Richstone & Morton 1975),
departure from the circular motion is supposed to occur
within the whole galaxy.

5. CONCLUDING REMARKS

We have presented the velocity curves, each 1783 along 24
position angles of every 15° from the isophotal major axis
(P.A. = 52°) of the inner arm region. We expect that our
tabular-form data may be useful in kinematic studies of
NGC 1068.
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Comparison with previous observations shows that our
measurements are consistent with the recent observations,
but inconsistent with those of Walker (1968). Careful treat-
ments might be needed in case his velocity data and kinemat-
ic parameters are adopted.

Analysis of the velocity field reveals that large-scale non-
circular motions occur within the galaxy. This is essential in
discussing a bar-driven density wave scenario (Scoville et a/,
1988: Telesco & Decher 1988; Thronson et al. 1989), a
merger hypothesis (Myers & Scoville 1987; Kaneko & Satoh
1989), and other triggering mechanisms. However, quanta-
tive properties of the noncircular motions still remain uncer-
tain, because we have no knowledge of the velocity field of
the background stellar system.

We are grateful to the staff of the Okayama Astrophysical
Observatory for help with the observations.
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