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Rotation curves and radial distributions of the radial velocity of ionized gas at different position angles are
given for a number of normal spiral galaxies observed digitally with the 6-meter telescope. The galaxies NGC

497, 895, 977 and 3646 are examined.

1. INTRODUCTION

In 1987-1988 we published the first three papers devoted
to the investigation of the rotation of the inner regions of
spiral galaxies with the 6-meter telescope of the Special As-
trophysical Observatory, USSR Academy of Sciences (SAO
AN SSSR).1-3 Interest in the inner regions of normal galaxies
was then fairly nontraditional, since the principal interest of
researchers had previously been concentrated, as a rule, on
obtaining circular rotation rates as far from the center of a
galaxy as possible, to determine the integrated mass and the
mass-to-light ratio. Almost simultaneously with us, however,
a number of Western spectroscopists began to use digital
receivers on large telescopes for spectroscopic observations of
galaxies, greatly enhancing spatial resolution, and several
rather sensational papers appeared on the rotation of the inner
regions of spiral galaxies. The first of these, perhaps, was
that of Fillmore et al.,4 in which, on the basis of a detailed
kinematic picture, the decisive influence of the bulge on the
rotation of the central regions of early-type spirals was em-
phasized. The kinematics and dynamics of the gas in the
central regions of galaxies is now one of the most timely
problems in extragalactic astronomy.

In our papers!-3 we have represented the radial distribu-
tion of radial velocity of ionized gas along the radius at dif-
ferent position angles for 18 spiral galaxies. It turns out that

TABLE 1. Log of Observations

for most of them the rotation curve may have a local maxi-
mum near the center with a subsequent decline (which is very
promising for the concept of hydrodynamic generation of
spiral density waves>:%). A dynamically distinct (based on its
high angular rotation rate) nucleus of size 300-600 pc and
mass ~ 109 M has been detected in six galaxies: an analysis
of the azimuthal dependence of the central radial-velocity
gradient of gas shows that we are dealing with circular, rigid-
body, and very rapid rotation of the innermost region of the
galaxy, sometimes an order of magnitude smaller than the
photometrically determined bulge (e.g., for NGC 7331).
Besides those galaxies, it has recently been found that such
galaxies as M 31, M 32, and NGC 4594 have a dynamically
distinct nucleus (a compact massive object at the center).”-10

In the present paper and in Ref. 11 to follow, we contin-
ue the analysis of the gas kinematics in the central regions of
spiral galaxies, analyzing two of the previously observed
galaxies in more detail and giving new data for eight more
objects.

2. OBSERVATIONS

The spectroscopic observations whose results we are
using here were carried out in October 1987 and January
1988 at the prime focus of the 6-meter telescope of the SAO
AN SSSR, using the UAGS long-slit spectrograph with detec-

Expo- PA Seeing
No. Spectrum NGC Date sure slit disk size
1 MO06602 7724 18/19.X.1987 30m 57° 27
2 MO06603 7721 18/19.X.1987 30 6 2
3 MO06801 6181 20/21.X.1987 15 177 2
4 MO06906 895 21/22.X.1987 22 125 3
5 MO6907 895 21/22.X.1987 30 94 3
6 MO06910 972 21/22.X.1987 30 157 3
7 MO6911 972 21/22.X.1987 20 128 3
8 MO06912 972 24/22.X.1987 20 167 3
9 MO7001 6181 22/23.X.1987 20 47 2
10 MO7004 7171 22/23.X.1987 40 118 2
11 MO7007 497 22/23.X.1987 40 135 2
12 MO7008 497 22/23.X.1987 40 167 2
13 MO07305 4100 18/19.1.1988 17 78 1,5
14 MO7306 4100 18/19.1.1988 15 44 1,5
15 MO7307 4100 18/19.1.1988 20 13 15
16 MO7308 4100 18/19.1.1988 20 177 1,5
17 MO07309 4100 18/19.1.1988 20 134 1,5
18 MO7701 3646 29/30.1.1988 60 50 3
19 MO7702 3646 29/30.1.1988 60 18 3
20 MO7703 5351 29/30.1.1988 31 93 3
21 MO7704 5351 29/30.1.1988 14 65 3
22 MO7801 4536 30/31.1988 20 108 2
23 MO07802 4536 30/31.1988 11 150 2
24 MO07803 4536 30/31.1988 11 38 2
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tion by a Kvant two-dimensional photon counter. A log of the
observations is given in Table I. The slit size was 1”.5 X
100", the scale along the slit was 0.31-0”.37/channel, and the
dispersion was ~ 1.4 A/channel. The seeing disk size during
the observations was 1.5-3". Spectra of all of the objects
were taken in the red, 6200-6900 A; the radial velocity of the
gas was determined from the Ho and [N II] 6583 A emission
lines by the standard method described in Ref. 12. We esti-
mate the precision of the relative velocities determined from
strong lines to be 10-15 km/sec; the velocity zero point may
be shifted somewhat more: we monitored it against measure-
ments of the [O I] 6300 A and OH 6864 A lines of the night

sky.

3. CONSTRUCTION OF THE ROTATION CURVE

With isolated exceptions, the Ha line is brighter than the
[N II] 6583 A line and may be measured with a higher sig-
nal-to-noise ratio, so preference was given to the He line in
determining the v,(r) curve.

The procedure for obtaining the rotation curve v(R) from
the available distributions v,(r) of radial velocity along the slit
at different position angles is broken down into several steps.

20 40 60 R,"
FIG. 1. Rotation curves v(R) for NGC 497, 895, 972, and 3646 (1-4,
respectively).
v, km/sec a
PA = 135
8400 t-
- ';%w; o
o ch%
. o ° o &g&:i k34
I e o
200
" NW
8000 |-
SE
R o
esfe, o
o° oy
L L 1 1 L Il 1 Al n J
-3ae -10 ] 30 r,‘ "
v, km/sec
I’ b
i
;
I . o NW
$ .
PA = 167 °°o§;ao 00 e
8200 - " g0,

SE
8090 -

L L 1 L 1 s 1

)

-20 0 20 “0 "
r

FIG. 2. Distributions of radial velocity v,(r) of gas over the radius of NGC 497 at different position angles. Points: data based on

Hey; circles: data based on [N II] 6583 A.
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A. The center of symmetry of v,(r), taken as the origin
for the radial coordinate, is found by taking a mirror reflec-
tion of one side of the function v,(v) with respect to the pre-
sumed dynamical center of the galaxy and matching the re-
flected section with the other half of the curve. In some
galaxies it fails by 1-3” to coincide with the optical nucleus (r
= (), which corresponds to the maximum brightness in the
continuum.

At the same time, regions with local disruption of circu-
lar motion, which "drop out" of the general dependence, are
identified visually. They take no further part in the construc-
tion of the rotation curve.

The position and radial velocity of the dynamical center
of the galaxy is determined independently for each profile.

B. The function v,(r), averaged over the two semiaxes,
is constructed for each position angle of the slit.

C. The position angle PA, of the dynamical major axis
of the galaxy, perpendicular to the direction of the apparent
rotation axis, and the angle of inclination i of the galactic
plane to the plane of the sky are determined. As a first ap-
proximation, these angles are taken in accordance with photo-
metric data. Both angles are then varied within wide limits
with a step size 1-5°, and for each pair of values we deter-
mine the main parameters of the rotation curve, corrected for
projection effects using the equations

v(R) = v(NAi, n)/sin icos 7,

R = 1fti, n),

where R is the distance from the center in the plane of the
disk and

Ai, ) = (sec? i — tan? icos2 n)1/2,

The angle in the plane of the sky between the spectrograph
slit and the major axis (line of nodes) of the galactic disk is
denoted by 7. :

For the parameters determining the shape of v(R), we
use the value of grad v at the center of the galaxy, the posi-
tion R,, of the maximum of the rotation rate, if there is one,
the rotation rate v,, at the maximum, and the rate far from
the nucleus, if v(R) arrives at a plateau (otherwise, the veloci-
ty at several fixed values of R). The values of PA, and i are
chosen from the best match of the parameters of the rotation
curve obtained from different profiles. Depending on the
spread of the points through which the curves are drawn, the
probable error in estimating the angles (without allowance for
surface photometry) is 2-10°. The relative velocity gradient is
estimated most accurately from different profiles, making it
possible to estimate PA directly.

D. The rotation curve averaged over all of the profiles is
constructed for the values of PAy and i found. Individual
cases in which different observed functions v,(r) have differ-
ent weights (due to unequal brightness of emission lines or to
noncircular motion) are noted in the text. If there is only one
spectroscopic profile, then the rotation curve is constructed
using photometrically determined values of PAg and i.

E. The conversion from angular distances r” to linear
distances is made using the distances to the galaxies, obtained
from the Hubble law with Hy = 75 (km/sec)/Mpc, with
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allowance for the motion of the earth and sun (corrections for
the latter are given in the RC2 catalog!3).

The rotation curves v(R) thus obtained for the four gal-
axies described in the present paper are shown in Fig. 1.

4. DESCRIPTION OF INDIVIDUAL GALAXIES

NGC 497 (Arp 8). This is a spiral galaxy with two
tightly wound, symmetrical spiral arms, from which short
branches emerge at a large angle near the major axis, which
gives the spiral pattern a peculiar appearance. The galaxy’s
radial velocity exceeds 8000 km/sec (Ref. 14). The galaxy is
distinguished by its giant size: its optical diameter isl5 2'.4,
which, at the adopted distance 109 Mpc, corresponds to 76
kpc, twice that of our Galaxy.16

We obtained two spectrograms of the galaxy at slit posi-
tions differing by 32° (PA = 135° and 167°). A comparison
of the functions v,(r) for those profiles yields estimates of i =
67° for the inclination and P4y = 132° for the position angle
of the dynamical major axis with +3° errors. The rotation
curve v(R) exhibits a rapid increase in velocity in the central
region of the galaxy to v,, = 280 km/sec, which is reached
at a distance 15-20” (8-10 kpc) from the nucleus. That radius
falls at the outer boundary of the bright "inner disk" of the
galaxy, from which the distinct spirals emerge. Farther from
the center, the v(R) curve passes through a flat maximum,
observed in both profiles (Fig. 1).

The inner maximum on the rotation curve of a galaxy is
associated, as a rule, with the bulge (see, e.g., Refs. 2, 3,
and 17). To explain the position of the maximum in this case,
however, the bulge must have an effective radius of more
than 10 kpc, which is atypical even for early-type galaxies.
Here the rotation rate of the inner part of the galaxy is deter-
mined by the disk.

On the PA = 167° profile in the central region of the
galaxy, in which the Ho emission line is weak and only the
[N 1] 6583 A line is seen, for the most part, a section of
"counterrotation” is clearly distinguished, tilted the other way
from the more outward parts of the radial-velocity curve. The
diameter of the counterrotating region is about 4” (2 kpc) and
the amplitude of the change in radial velocity is about 100
km/sec. Having only its linear size, it is impossible to deter-
mine with certainty the nature of the counterrotating section
on the radial-velocity curve: it may be the manifestation
either of actual counterrotation or of highly elliptical orbits of
the gas in the triaxial potential field at a certain orientation of
the bar. To choose between these possibilities, it is necessary
to investigate the complete two-dimensional velocity field of
NGC 497.

NGC 895. This is an Sc galaxy with two bright, con-
trasting, somewhat asymmetrical spiral arms. Dust lanes are
seen along the inner edge of the spiral.

We obtained two spectrograms of the galaxy at slit posi-
tions differing by 31° (PA = 94° and 125°). The emission
lines are very uneven in brightness, being greatly enhanced in
the vicinity of the spiral arms. At the crossing of the arm
southeast of the center at PA = 125° [r = —(40-50")], a
positive gradient of v,(r) is clearly observed, possibly associ-
ated with deceleration of gas upon its entry into the spiral
arm.

Optimal agreement between the v,(r) distributions occurs
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FIG. 3. Same as in Fig. 2, for NGC 895.

for PAg = 125 + 3° and i = 55 £+ 2°. For comparison,
Grosbol!® gives i = 50 + 2° and Bottinelli et al.19 give i =
41°. The orientation of the major axis is PAy = 116° accord-

ing to Ref. 18 and 121° according to Ref. 20. The optical -

picture of the galaxy is asymmetric and rich in detail, making
photometric estimates of the angles unreliable.

The galaxy’s rotation curve constructed from the two
profiles has a prominent increasing section, which occupies
the range of radius 12-14” and is evidently associated with
the bulge. The curve then emerges onto an extended plateau
(Fig. 1). The velocity may decrease slightly at R = 20-50",
although the velocity change is very unreliable. The maxi-
mum rotation rate turns out to be low: v, = 140-150
km/sec. According to the estimate of Bottinelli et al.,!9 based
on the width of an H I line and recalculated to the chosen
inclination, v,, = 146 km/sec, which confirms our result.
According to the RC2 catalog,!3 the corrected magnitude of
the galaxy is B = 11.90 and its diameter is Dy, = 3'.55.
Using these values, for the adopted distance of 30.3 Mpc we
obtain a luminosity Lg = 2.5-1010 Lo and a mass M =
v,2Dy/2G = 7-1010 My for the galaxy. It thus has a low
mass-to-light ratio of ~3.
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A flat section (plateau) with a size of about 8” may be
seen on the radial-velocity curves in the Ho line at the very
center of the galaxy, especially clearly at PA = 94°. This
indicates noncircular gas motion. We may assume that the
distribution of gravitational potential in the galactic nucleus
(R £ 0.5 kpe) is not axisymmetric: calculations of gas rota-
tion in the field of a small bar?2! have shown that at certain
orientations of the bar and the spectrograph slit, a plateau or
even a small section of apparent counterrotation appears on
the radial-velocity curve at the center of the galaxy.

NGC 972. This galaxy has an unusual shape. The spiral
arms look diffuse and are difficult to follow on a photograph.
The numerous dust inclusions give the galaxy a dishevelled
and irregular appearance. The rotation of the central part of
the galaxy has been investigated by Burbidge et al.,22 but
only the central velocity and the velocity gradient can be
estimated from their data.

We measured three profiles of the galaxy at position
angles PA = 128°, 157°, and 167°. Bright emission lines
enable us to obtain the rotation curve out to 40” from the
center within the bright central body of the galaxy. Optimal
agreement between the v,(r) functions is reached for PAy =
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FIG. 4. Same as in Fig. 2, for NGC 972.

150° + 2° and i = 55° + 3°. The latter estimate however,
is in peor agreement with i = 66° from Ref. 22, although it
is consistent with the photometric estimate i = 55° from the
ratio of the apparent axes of the galaxy by Shostak.23

In the rotation curve obtained for those parameters (Fig.
1) there is no sign of the existence of the prominent extrema
typical of many galaxies. There are several local features in
the gas motion, however. Chief among these are the plateau
in the v(r) curve, clearly observed in the PA = 157° and
167° profiles northwest of the nucleus out to ~4" (~0.4
kpc), indicating peculiar motion of the gas. At 6-9” from the
nucleus in the direction PA = 128° we also observe a local
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velocity increase by several dozen km/sec in a region with a
size of 3-4", giving the v,(r) curve an angular appearance.
Finally, in the southeast part of the galaxy at PA = 167° in
the range of r out to 20-30", the rotation rate increases more
slowly than on the other side from the nucleus. In that region
the slit crosses clusters of dark matter (dust), clearly seen on
a photograph of the galaxy.

The maximum rotation rate of the galaxy is 160-170
km/sec. The estimate of the galaxy’s rotation rate in Ref. 24,
determined from the halfwidth of the H I radio line and re-
duced to the adopted value i = 55°, is 136 km/sec. This
evidently means that v(r) falls off farther from the center.
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FIG. 4. (continued)

NGC 3646. This is a ring-shaped galaxy with fairly
complicated internal structure. Three zones may be clearly
distinguished in it: a) the bright central part of the disk in the
form of an ellipse with a major axis of ~15”; b) the inner
disk with tightly wound and low-contrast spiral arms and a
diameter of about 1’, or 17 kpc at the adopted distance of 57
Mpc; ¢) an outer ring of irregular shape, distributed asym-
metrically about the optical center. Its diameter is about 2'.6
(~43 kpc). The patchy structure of the ring, possessing
bright emission regions, is typical of spiral arms with numer-
ous star-forming centers. At a distance of ~8’ from the gal-
axy a companion is observed (NGC 3649), 3™ fainter, with
which the galaxy forms an isolated pair (K 281 in Karachen-
tsev’s catalog2d).

The kinematics of gas in the galaxy has been investigated
by Burbidge et al.,26 who obtained a spectral profile through
the center of the galaxy in a direction close to that of the
major axis and measured the gas velocity at several points of
the ring off the major axis. They concluded that the gas mo-
tion differs so strongly from circular as to suggest dynamical
instability of the galaxy. They therefore did not construct a
rotation curve; only an approximate estimate of the mass of
the central region was given.

We obtained two spectral profiles through the center of
the galaxy, differing by a 32° angle. In each, a region of a
steep v,(r) gradient may be traced reliably within several
arcseconds from the nucleus, beyond which the velocity de-
creases considerably. At r > 40" the velocity varies little.
The relative amplitude of the velocity decrease is unreliable,
and is ~100 km/sec lower for the PA = 50° profile (after
correction for the projection effect) than for the PA = 18°
profile, which indicates the presence of noncircular motion in
that region. A second possible region of noncircular motion is
at the intersection of the ring with the major axis at r = 55-
60", albeit a large spread of the v, estimates is observed
there.
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The velocity of the optical center of the galaxy deter-
mined from the two profiles turns out to differ somewhat
(4340 + 20 km/sec for PA = 50° and 4290 + 20 km/sec for
PA = 18° after reduction to the sun), indicating a systematic
error, which may easily arise in measurements in a region
with a steep velocity gradient. A comparison with "optical"
estimates by other authors (4304 and 4278 km/sec from the
radial-velocity catalog of Ref. 27) gives greater weight to the
latter of our two values (4290 km/sec). In the subsequent
determination of distance we took vy = 4300 km/sec. All
these values of vy differ sharply from the value 4185 km/sec
obtained by Burbidge et al.26 from absorption lines. Their
estimate is probably erroneous.

Optimal agreement between the two v(R) curves for PA
= 50° and 18° is reached for i = 51 + 3° and P4y = 60 +
2°. Photometric estimates of these angles differ slightly. The
oblateness of the inner part of the disk yields?6 i = 60°, for
example, but from the ratio of the axes of the outer isophotes
(from the RC2 catalog!3), i = arccos(b/a) = 48°. The orien-
tation of the galaxy’s major axis is not determined very reli-
ably from photographs because of the asymmetry of the outer
structure: PAy = 50° according to the catalog Ref. 15. The
difference from the values obtained dynamically is small,
which is indirect evidence that rotational velocity predomi-
nates in the galaxy.

The resulting rotation curve (Fig. 1) demonstrates a very
high velocity at large R (~360 km/sec), which places the
galaxy among the most rapidly rotating and massive systems.
The maximum of v(R) near the nucleus is succeeded by a
deep minimum: over an extent Ar = 10" the velocity falls to
about half of the maximum value. The velocity decrease is
somewhat steeper than according to Kepler’s law, which may
be a consequence either of considerable noncircular motion or
of an abrupt decrease in the density of the disk at R = 6-7".
The latter is favored by the fact that the maximum rotation
rate falls near the boundary of the bright nuclear disk. If the
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FIG. 5. Same as in Fig. 2, for NGC 3646.

velocity decrease is related to motion in the field of a nuclear
disk with a sharp boundary, then its mean surface density
must be at least 5-103 Mg /pc? at radius ~ 1.6 kpc.

Taking the rotation rate at the optical radius of the gal-
axy (Do/2 = 1'.85 from Ref. 13) to be v,, = 360 km/sec, we
obtain a mass M = 9.2-1011 M for the galaxy and, for a
magnitude B7? = 11.5 (Ref. 13), a ratio M/Lg = 6.2.

In conclusion, we note that the finding of strong, large-
scale noncircular motion of gas in this galaxy by Burbidge et
al.26 is primarily the consequence of their erroneous estimate
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of the velocity of the center. For vy = 4300 km/sec, all of
their estimates of gas radial velocity are in satisfactory agree-
ment with the proposed rotation curve.

An analysis of gas motion in spiral galaxies and general-
izing conclusions will be given in our next paper.!!
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Theory of the production of quasar spectra with broad absorption

lines
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A theory of the production of absorption lines in a plasma stream is analyzed on the basis of a simultaneous
solution of the equations of plasma dynamics and radiative transfer in lines. Model spectra are calculated for

quasars with broad absorption lines.

1. INTRODUCTION

The discovery of quasars with broad absorption lines in
their spectra (BAL QSOs) was due to the large red shift of
those objects. At z = 2 the vicinity of La and of strong
doublets of the N V, Si IV, and C IV ions falls in the visible
range and may be observed from the earth’s surface.l:2 The
fraction of BAL objects among all QSOs has been esti-
mated34 to be from 3% to 10%. It is not yet clear whether
they represent a separate class of active galactic nuclei
(AGN), or if the absorption in their spectra is due to a special
orientation of ordinary objects (with the line of sight close to
the plane of the accretion disk, for example).57 !

The spectra of BAL QSOs differ from each other in a
general criterion: absorption in the blue wings of lines. Both
broad continuous "troughs" like the P Cyg profile and (more
often) several separate dips in the blue wings of lines are
observed, as well as series of narrow absorption lines —
definite evidence of the superposition of lines (the line-lock-
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ing effect).

One of the first BAL QSOs discovered was PHL 5200,
with a broad continuous absorption band in the Lo and other
lines, for the interpretation of which a model has been sug-
gested® for calculating a line profile in a decelerating plasma
stream. It was later found, however, that that type of profile
is relatively rare among BAL QSOs, and the classical theory
does not explain separate dips, so concepts of individual
clouds moving with different radial velocities have recently
come to prevail.9>10

The purpose of this paper is the development of a theory
of mass outflow in a radiation field with allowance for the
interrelationship between plasma dynamics and radiation
pressure in ionic lines, as well as radiative transfer in those
lines. We have previously calculated the spectrum of the BAL
QSO 13034308 on the basis of such an approach,!! includ-
ing the first theoretical calculation of a model of the line-
locking effect.
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