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ABSTRACT 
We have observed the velocity dispersion of the old disk population in two spiral galaxies. In the Sc spiral 

NGC 5247, the radial decline of the vertical velocity dispersion <Fz)1/2 from the center to about two disk 
scale lengths is consistent with that predicted for a disk of constant thickness and M/L ratio. Combined with 
earlier results, the (M/L)B value for the old disk is 6 ± 2 solar units (H = 75 km s-1 Mpc-1) from five gal- 
axies. The parameter Y = VTOt(h/MDG)1/2, proposed by Efstathiou et al. as a criterion for stability against 
barlike modes, can now be estimated for systems with measured rotational velocity Vrot and disk scale length h 
(Md is the disk mass). For eight edge-on spirals, Y = 0.98 ±0.10 (rms), and 16 inclined spirals give 
Y = 1.06 ± 0.29. This is consistent with stability at Y ä 1.1, if the old disk M/L is in the lower part of our 
range 6 + 2. For the Galaxy and NGC 891, the Y values (calculated without using M/L) are 0.98 ± 0.25 and 
1.07 ±0.12. The disks then contain 25%-30% of the total mass out to the disk edge at 4-5 scale lengths. 

For the Sb spiral NGC 7184, we have measured the asymmetric drift and the absorption line profile widths, 
which show that the radial velocity dispersion <Fi)1/2 also decreases with radius. Our best solution has 
Toomre’s g rising from 1.7 to 2.2 between 0.9 and 2 scale lengths, although a constant ß æ 2 is only margin- 
ally inconsistent with the data. In the inner regions, the velocity dispersion contributes significantly to the 
global disk stability. The observational results are similar to those of numerical simulations in realistic model 
galaxies. 
Subject headings: galaxies: internal motions — galaxies: stellar content — galaxies: structure 

I. INTRODUCTION 

The stability of the disks of spiral galaxies has long been a 
major subject of theoretical study. Relevant parameters are 
only known with any certainty at all for the Galactic disk in 
the solar neighborhood, so that a comparison of theory and 
observation has been very limited indeed (e.g., Toomre, 1974). 
All this is in spite of the fact that gravitational instability has 
been a major topic as long as gravitational theory has existed. 
Indeed, Newton, in his correspondence with Dr. Bentley, 
worried about what kept the Sun and the fixed stars from 
collapsing together. As Jeans (1928, p. 344) himself pointed out, 
this was the first reference to what we now know as the Jeans 
instability in an infinite homogeneous medium (for a delightful 
discussion of Newton’s thoughts on the subject and some inter- 
esting quotations, see Hoskin 1977). 

It is now known that rotation is not very helpful, in that it 
can only stabilize low-wavenumber modes (Chandrasekhar 
1961, p. 589), and that the finite thickness of disks may be 
relevant at small wavelengths (Goldreich and Lynden-Bell 
1965). These latter authors went on and suggested that sheared 
gravitational instabilities in the gas layer may be the key to the 
problem of spiral structure (see also Toomre 1981). The stabil- 
ity of stellar disks was addressed by Toomre (1964), who 
showed that the stellar velocity dispersion needs to exceed a 
certain critical value to ensure stability of (local) axisymmetric 
modes. Criteria for stability against global (barlike) modes 
have been found empirically by Ostriker and Peebles (1973) 
and Efstathiou, Lake, and Negroponte (1982). A recent review 
has been presented by Sellwood (1983). 

The basic reason why comparison to actual galaxies has 
been difficult or even impossible until now is of course that 

1 Also Kapteyn Astronomical Institute, University of Groningen, The 
Netherlands. 

these criteria must contain a space or surface density. Toomre’s 
(1964) criterion for local stability in the stellar disk, which is of 
course fundamental to an understanding of disk dynamics, has 
the added difficulty that it also requires knowledge of the 
stellar velocity dispersion. In this paper we address both the 
density distributions in stellar disks, as measured through the 
vertical velocity dispersion of the stars, and the parallel velocity 
dispersions that enter Toomre’s criterion. We will to this end 
present observations of stellar kinematics in a nearly face-on 
spiral (NGC 5247) and a highly inclined galaxy (NGC 7184). 
This is a continuation of our work presented recently (van der 
Kruit and Freeman 1984). 

II. BACKGROUND AND APPROACH 

Our first concern is the vertical velocity dispersion and the 
mass distribution in galactic disks. Since the stellar disks are 
probably self-gravitating (for some numerical estimates sup- 
porting this point see van der Kruit 1983), a combination of the 
thickness and the velocity dispersion gives the mass surface 
density. At the basis of this analysis lies the description of the 
light distribution of the old disk population by a locally iso- 
thermal sheet, as proposed by van der Kruit and Searle 
(1981a). This implicitly assumes that the mass distribution is 
similar. It can be shown that the Galactic disk in the solar 
neighborhood is consistent with this description (van der Kruit 
1983). Now it also involves the assumption that the “missing 
mass ” in the solar neighborhood is distributed like the old disk 
population. This is not unreasonable, since of the luminous 
constituents of the local disk, the old disk population contains 
most of the mass. Using a z-velocity dispersion of 30 ± 5 km 
s“1, van der Kruit (1983) finds a local surface density of 
110 + 20 Mq pc-2. The recent compilation of Jahreiss and 
Widen (1983) suggests that a more appropriate choice may be 
25 + 5 km s-1 from all stars older than a few Gyr; then the 
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surface density would be 80 ± 20 M0 pc-2. Note that this is 
consistent with the value of 83±8 M0 pc-2 found in the 
multicomponent treatment by Bahcall (1984h), where we note 
that our assumption corresponds closely to his model 14 in 
which the dark matter has a z-dispersion of 20 km s-1. Our 
single-component treatment appears to be a reasonable 
approximation (see also below). 

The distribution of the light from the old disk population 
then is described by 

L(R, z) = L(0,0) exp ( - R/h) sech2 (z/z0) (1) 

for R < Rmax (van der Kruit and Searle 1981a). This can be 
related to a stellar z-velocity dispersion with 

<V2>* = nGa(K)z0 = 2nGp(R, 0)z2
o , (2) 

with p(R,0) = L(R,0)(M/L) and the surface density o(R) = 
2z0p(R, 0), where all properties refer to the old disk popu- 
lation. Unless specified otherwise, all parameters in this paper 
refer to this population. Equation (2) is a solution based on 
Poisson’s equation in the plane-parallel case. This is an excel- 
lent approximation in galaxies with a flat rotation curve (see 
discussion of eq. [6]). The constancy of (M/L)olddisk is consis- 
tent with the observed constant color index (van der Kruit and 
Searle 198Ih, 1982) and has been derived for at least the inter- 
val R = (1.7-3.0)/z in NGC 891 (van der Kruit 1981) by com- 
paring the thickness of the H i layer to the H i velocity 
dispersion in face-on systems (Shostak and van der Kruit 1984; 
van der Kruit and Shostak 1984). 

Combining equations (1) and (2), we find the radial depen- 
dance of the vertical velocity dispersion to be 

range of z, the integrated velocity dispersions in such systems 
when seen face-on are also 10% or less different from the ones 
derived directly using the simple-minded assumptions at the 
basis of equation (2). This difference is insignificant compared 
to the observational inaccuracies that present techniques allow 
in the measurement of stellar velocity dispersion in disks of 
galaxies. 

There is no detailed a priori prediction on the radial depen- 
dence of <K|)1/2. However, as long as the epicyclic approx- 
imation remains valid we will have <Lj)1/2/<(F0 — IQ2)1/2 = 
[(£ —A)/£]1/2, where Vt is the stellar rotation velocity, and A 
and B are the local Oort constants. Even the local derivatives 
of the stellar velocity dispersions in our Galaxy are unknown, 
although some evidence that these decrease with radius has 
been provided by Erickson (1975). The relatively sharp edges in 
the radial light distribution (1) at Rmax for the old disks in 
edge-on galaxies shows that the parallel velocity dispersions 
must drop to values at most around 10-15 km s_1 at these 
radii (van der Kruit and Searle 1981a, 1982). Application of 
Toomre’s (1964) criterion for local stability suggests also that a 
radial decline is required to maintain marginal stability (see, 
e.g., Mayor 1974). 

In the context of the structure of the old disk population and 
its kinematics, the criterion of Toomre (1964) is one of funda- 
mental importance. For a thin disk with a reasonable form of 
the distribution function, Toomre finds that stability for 
axisymmetric modes requires 

Q = 
<n> 2x1/2* 

3.36G<7 > 1 , (4) 

(V2
zyj2 = (2nGp0)1/2z0 exp ( — R/2h) , (3) 

where p0 — L(0,0)(M/L). Our first aim in this paper is to make 
a detailed check on this prediction. Some indication that this is 
indeed true comes from our earlier work (van der Kruit and 
Freeman 1984), where we measured stellar velocity dispersions 
of order 60-80 km s_1 in the two face-on systems NGC 628 
and 1566 at about one scale length from the center. This is 
considerably higher than the value for the solar neighborhood 
(see above) at 1.5-2.0 scale lengths. Based on these two systems, 
NGC 891 and the solar neighborhood, a value for the 
(M/L)olddisk of (5-10) M0/L0i b 

was derived using distances 
based on JT = 75 km s-1 Mpc-1. This implies that more than 
half the mass within the disk radius Rmax resides in the halos 
(van der Kruit 1983; van der Kruit and Searle 1982; van der 
Kruit and Freeman 1984; van der Kruit and Shostak 1984). 
This knowledge of the disk mass makes it possible to estimate 
the property Y = Vmax(h/GMdisk)1/2, which Efstathiou, Lake, 
and Negroponte (1982) suggest as a criterion for disk stability 
against global barlike modes. We discuss this below. 

The validity of the use of equation (2) may be questioned on 
two grounds, namely (i) that the disk is not in reality made up 
of one isothermal component, and (ii) that the component in 
question—the old disk population—is not entirely self- 
gravitating in view of the presence of a substantial amount of 
matter outside the disk. These matters have been covered in 
great detail by Bahcall (1984a, b) and recently applied to exter- 
nal systems by Bahcall and Casertano (1984). From their 
Figure 1 and equation (7) it can be seen that the correction to 
the calculated velocity dispersion given the values for the 
surface density and logarithmic slope ( = 2z0) over the relevant 
range of galactocentric distance is 10% or less for z < z0 in 
these four systems. Since essentially all light comes from this 

where k is the epicyclic frequency k = 2{B(B —A)}1/2. The 
behavior of Q with R is of great interest. 

The measurement of <F¿)1/2 is not easy. The galaxy has to 
be highly inclined or edge-on, and the measurement has to be 
done on the minor axis. Of course, away from the minor axis 
one measures a combination of the radial and tangential dis- 
persion and on the major axis the tangential one only. In this 
case we can use the relation of their ratio to the Oort constants, 
which in turn can be derived from the rotation curve. A most 
serious problem is that one always has a path length through 
the disk; this means not only that contributions from various 
radii are present, but also that the profile is broadened as well 
by the varying line-of-sight component of the rotation along 
the path. Furthermore, in disks there are always the problems 
of low surface brightness and contamination by bulge and 
Population I stars. These last problems can be avoided by a 
proper choice of systems. 

Of course, it is easier to measure a radial velocity, and we 
will therefore use a measurement of the asymmetrical drift as 
our prime method, and the observed line profiles as checks. 
Our basic equation, then, is the hydrodynamical equation 
applied to the symmetry plane. We will assume axial sym- 
metry; this is almost certainly valid because our systems show 
no morphological sign of a bar or oval distortion. The equa- 
tion then reads (e.g., Oort 1965, eq. [10]) 

Vf -KR = -¿--<v2
R> 

R 
<(^ 

dR 

-Vt)
2} 

In v<K|> 

<n> (V2
r) dz R 6>] 

where v is the stellar density distribution, KR the radial 

, (5) 

force, 

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



19
8 

6A
pJ

. 
. .

30
3.

 .
55

6V
 

VAN DER KRUIT AND FREEMAN 558 

and Vt the mean stellar tangential velocity. The last term is 
probably small. In our self-gravitating disk model, the two 
motions should be uncoupled, and < VR Vz) = 0. In case the 
velocity ellipsoid points toward the galactic center, Oort (1965) 
shows that the last term reduces to (1/R)(1 — <F^)/<F|>) (see 
his eq. [38]), and this is probably the largest value this term 
may take. We will set the term equal to zero, however, 
strengthened by the following consideration. For an axially 
symmetrical system, Poisson’s equation is (Oort, eq. [25]) 

dKR Kr dK, 
dR + R + dz 

— 4nGp . (6) 

Now, near the plane the first two terms are equal to 2(A — B) 
(A + B). Over the regions of interest, our systems have flat rota- 
tion curves, so that A = —B and the terms vanish altogether. 
So, in the case of a flat rotation curve, a plane-parallel case is a 
very good approximation, much better than Oort (1965) 
expected on the basis of a declining rotation curve and his 
values of A and B. (This effect can also be appreciated by 
consideration of eq. [3] in Bahcall 1984a.) Near the center we 
have rising rotation curves; then our description must break 
down. However, equation (1) continues to hold for small R in 
actually observed surface brightness distributions (van der 
Kruit and Searle 1981a). Below we use equation (5) in the 
region where the rotation curve is flat. 

We will use of course —KR=Vfot/R and ((Ve — Vt)
2y/ 

<Fj) = B/(B — A). Here Frot is the circular velocity derived 
directly from the forcefield ; for a component with zero velocity 
dispersion, the asymmetrical drift equals zero, and T^ = VTOt. 
Further, the density distribution following from equation (1) 
with constant M/L gives (d/dR) In v = — 1/h. We then have 

VL - V? = - iî ^ln <Fl> - 

(7) 

1 - 
B 

(B-A) 

So we will need to make an assumption for the radial depen- 
dence of <F|)1/2 which can be checked after application of our 
technique at various R. There are two assumptions that come 
to mind: 

a) None of the various mechanisms proposed to explain the 
stellar age-velocity dispersion relation gives a detailed predic- 
tion for the ratio <F2>1/2/<F^)1/2, but it may very well be 
constant with radius. In that case we have, for R not too small, 

<F2>1/2 x <F2>1/2 oc exp ( —R/2/i) (8) 

and 

^In <K|> = -1/h. 

Then 

VL - Vf = (VR}
2{2R/h - [1 - B/(B-A)-]} . (9) 

For the case of a flat rotation curve we have A = —B = 
VJ2R and B/{B — A) = 0.5, so 

VL - Vf = < V2R>(2R/h - 0.5). (10) 

b) We could assume that the disk will heat until an equi- 
librium value of <2 is attained somewhere near 2 (Sellwood and 
Carlberg 1984). In that case, Q ä constant, and 

<F2>1/2 x v/k x exp ( — R/h)/[B(B — AJ]1/2 . (11) 

We then have 

and 

vL-v? = (v2
r) 

(12) 

Again we may evaluate this for a flat rotation curve when 
K = (2Vrol/R)1/2 or B(B — A) = V2

ot/R
2. Then we see that 

^y2yi/2 ^ r QXp ( —R/h), and 

Vfot — Vf = <F|>(3R//i — 2.5) . (13) 

The difference between the two dependences is not very large : 
the terms in parentheses in equations (10) and equation (13) are 
equal at R = 2h. For the same Frot and Vt, the ratio of the 
derived <Fj)1/2 from equation (10) to that from equation (13) 
varies from 1.12 at R = 1.5h to 0.89 at R = 4h. The difference 
grows rapidly for smaller R ; at R — h, the ratio is 1.72. We will 
use both equations to derive <F¿)1/2. Some care has to be 
exercised near radii where these terms approach zero and 
where, consequently, no asymmetrical drift is to be expected. 
For equation (10) this occurs at R = 0.25/z and at R = 0.83/z for 
the Q = constant case described in equation (13). 

We emphasize that our analysis is based on an assumption 
of axial symmetry. This assumption enters both the determi- 
nation of Q and the asymmetrical drift, because these rely on 
measurements of Frot, k. A, and B. This is probably reasonable, 
because spiral structure is not expected to affect the systematic 
stellar motions by more than a few km s_1 and the ratio of 
velocity dispersions by more than 10%-20%. However, it 
must be a concern in similar work in ovally distorted or 
strongly barred systems, when it is even not at all obvious how 
to define Frot or tc. Values for Frot or Q determined in such 
galaxies (e.g., Kormendy 1984a, b) should be treated with 
caution. 

III. OBSERVATIONS AND REDUCTIONS 

The observations reported in this paper were obtained on 
1983 June 13 and 14 with the 3.9 m Anglo-Australian Tele- 
scope, using the RGO spectrograph at the f/8 Cassegrain focus 
and the IPCS. The wavelength coverage was between 4786 and 
5688 Â with channels spaced by 0.45 Â (25.9 km s-1); the 
instrumental resolution is about 1.0 Â and corresponds to a 
velocity dispersion of about 20 km s-1. The wavelength range 
covers as principal absorption lines the Mg b triplet and a 
number of Fe i lines, but also the emission lines Hß and [O m]. 
The resolution along the slit was 2'.'6 with a total usable extent 
of 2'.S. Flat field exposures were used to correct for pixel-to- 
pixel response changes, and twilight sky exposures were used 
to correct for vignetting effects along the slit in the spectro- 
graph camera. Exposures of an argon arc were taken every 
1500 s of exposure, and these were used to map the geometrical 
distortions of the observed arrays and to calibrate the wave- 
length scale. At each point between 4880 and 5610 Â, our 
rectified wavelength scale is accurate to an rms of 0.07 Â (4 km 
s-1). Since we will use Hß, we carefully mapped the distortion 
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Fig. 1.—Reproduction of NGC 5247 from the SRC J survey. The orientation of the spectrograph slit during the observation is indicated. Galaxy data extend 
from 48" southeast to 98" northwest of the nucleus. 
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and wavelength scale for this part of the data arrays separately 
from strong nearby argon lines. This repeats well from mea- 
surement to measurement and is believed known to 0.05 Â (3 
km s _ 1), from its repeatability. 

The systems observed are NGC 5247 and NGC 7184. NGC 
5247 is an Sc(s)I-II galaxy (Sandage and Tammann 1981), 
which we have chosen because of its small bulge, regular spiral 
structures, and large areas of interarm region. A reproduction 
from the SRC J survey is given in Figure 1. Our spectrum was 
taken in position angle 155° (indicated in Fig. 1) and extended 
from 47" southeast of the nucleus to 130" northwest. The total 
exposure equalled 31,500 s (8.8 hr). The region beyond 107" 
northeast of the nucleus was assumed to be sky background 
only ; this is confirmed below from preliminary surface photo- 
metry. These nine spectra, which had an average of 125 counts 
per channel, were averaged and subtracted from the remaining 
spectra along the slit. 

NGC 5247 is close to face-on. The width of the integrated 
H i profile at 20% of the peak is only 160+10 km s-1 (Fisher 
and Tully 1981). Using its corrected radial velocity of 1216 km 
s-1 (Sandage and Tammann 1981) and a Hubble constant of 
75 km s-1 Mpc-1, we derive and adopt a distance of 16 Mpc. 
The integrated, corrected B-magnitude of 10.71 calculated by 
Sandage and Tammann then gives an absolute magnitude of 
— 20.31 (2 x 1010 L0) and Shostak’s (1978) version of the 
Tully-Fisher relation predicts a width of the H i profile of 
450 + 50 km s-1. The implied inclination is 20°+ 3°. If the 
velocity ellipsoid has the same shape as in the solar neighbor- 
hood, this inclination implies that our measured dispersion is 
about 5% higher than (Vl}112 (see van der Kruit and Freeman 
1984). We will not apply this correction. 

Away from the nucleus we need to add small sections of the 
slit in order to attain a sufficient signal-to-noise ratio in the 
spectra. Of course we then need to correct for systematic veloc- 
ity gradients along the slit. Since we did not know the kine- 
matical major axis of NGC 5247, we chose our position angle 
to cover as much interarm as possible, and consequently we do 
find a measurable velocity gradient. We determine it from the 
emission lines which are seen over the full extent of the galaxy 

on the slit. It amounts to a mean slope of 1.2 km s-1 per pixel 
along the slit, and we applied the shifts necessary to correct for 
this. 

The resulting set of spectra along the slit were added where 
necessary to increase the signal-to-noise ratio. The ranges in 
distance from the nucleus and average number of counts per 
channel are given in the first two columns of Table 1. The data 
within 20" from the nucleus contain only 22,500 s of exposure, 
because during the remaining part of the exposure the seeing 
was very poor and would not allow the spatial resolution we 
are using near the nucleus. Fortunately, the galaxy is sufficient- 
ly bright at these positions. 

We observed three template stars each during both observ- 
ing nights. These are HD 118962 (K0 III), HD 119516 (G6 III) 
and HD 214987 (K0 III), and each exposure lasted between 
1000 and 1500 s. Both spectral types are usable to fit old disk 
populations (see van der Kruit and Freeman 1984), and most 
of our reductions are based on the sum of the exposures of the 
K0 III stars HD 118962 and HD 214987. The radial velocities 
of the two stars are determined from their sharp Mg b and two 
Fe i lines as respectively +3 + 3 and +9 + 3 km s-1 helio- 
centric. The summed template spectrum of the four exposures 
has an average about 2000 counts per channel and is for all 
practical purposes free of noise. 

The determination of radial velocity and velocity dispersion 
made use of the usual Fourier techniques. We used three differ- 
ent methods, all of which gave comparable results. In fact, our 
quoted uncertainties below are derived from the comparison of 
the results of these three methods and are our estimated 90% 
confidence errors. The first is to make use of the power spectra 
of the galaxy and template data (Illingworth and Freeman 
1974). In this approach the radial velocity was determined first 
from the cross-correlation peak ; this peak was found by deter- 
mination where the derivative of the cross-correlation function 
changes sign. The second approach uses the cross-correlation 
method of Tonry and Davis (1979). The peak was fitted with a 
parabola, and the width was compared to that of the cross 
correlation of the two K0 III stars. The final approach was the 
Fourier quotient method of Sargent et al. (1977), which fits a 

TABLE 1 
Spectra along Position Angle 155° in NGC 5247 

Distance 
from Nucleus 

Mean Counts 
per Channel 

v a 
'nel 

(km s A) 
<F2>1/2 

(km s-1) 
V b Khel 

Peak in Hß (km s l) 

Southeast 48"-35".. 
Southeast 35"-20".. 
Southeast 20"-9" ... 
Southeast9"-4" .... 
Southeast4"-1" .... 
Nucleus   
Northwest4"-1" ... 
Northwest9"-4" ... 
Northwest 20"-9" . . 
Northwest 35"-20" . 
Northwest 61 "-35" . 
Northwest 79"-61". 
Northwest 95"-79". 
SE + NW 48"-35" .. 
SE + NW 35"-20" .. 

210 
410 
670 
800 
930 

1820 
1200 
710 
460 
330 
550 
600 
890 
490 
740 

1359 ±10 
1351 + 10 
1362 ±7 
1359 + 5 
1351 + 5 
1346 + 5 
1343 ±5 
1344 + 6 
1329 + 7 
1367+10 
1364 + 6 
1360 + 5 
1367 + 5 
1361 + 6 
1358 + 5 

<25 
37 + 9 
52 + 7 
58 + 7 
52 + 6 
62 + 6 

110+10 
46 + 8 
42 + 8 
68 + 9 
31 + 10 
32 + 10 
28 + 11 
40 + 9 
56 + 8 

300 
2010 
3550 
780c 

330c 

530c 

1490c 

520 
680 
230 

3320 
8030 

1348 + 3 
1358 + 2 
1357 + 2 
1351 + 5 
1350 + 7 
1348 + 5 
1340 + 5 
1335 + 3 
1338 + 3 
1322 + 4 
1304 + 2 
1296 + 2 

a After correcting for the velocity shift in the emission lines along the slit. The nucleus spectrum has not 
been shifted and only here do we have a “ real ” heliocentric velocity. 

b Derived from the spectra before correction for the velocity gradient along the slit. 
c The emission line sits in the middle of a broader Hß absorption line. Velocity determination somewhat 

uncertain. 
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Fig. 2.—Cross-correlation spectra of the observations from NGC 5247 (p.a. 155°) with the sum of those of the two K0 III stars HD 118962 and HD 214987. The 
ranges of the slit over which data were added are indicated. We also show a cross correlation of the two individual KO III stars and the autocorrelation function of 
our observation of HD 214987. The latter is artificially narrow due to correlated noise. 
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Fig. 3.—Reproduction of NGC 7184 from the SRC J survey. The orientation of the spectrograph slit during the observation is indicated. Galaxy data extend 
from 34" southwest to 104" northeast of the nucleus. 
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complex Gaussian to the quotient of the Fourier transforms of 
galaxy and template spectra. In all these methods the Fourier 
transforms were performed over the 1000 channels between 
5041 and 5495 Â. 

The quality of the data on NGC 5247 is illustrated in Figure 
2, where we plot the peaks in the cross-correlation function of 
the galaxy spectra with that of the template sum. Because of 
the different geocentric velocities, the galaxy spectra were first 
shifted by —1320 km s-1 before the cross correlations were 
calculated. For comparison we also show the cross correlation 
of HD 118962 with HD 214987 and the autocorrelation func- 
tion of the latter. The derived radial velocity and velocity dis- 
persion are given in the third and fourth columns of Table 1, 
based on a straight average of the three methods mentioned 
above. In the final two columns we give the counts in the peak 
of the Hß emission line relative to the nearby continuum and 
the derived radial velocity. 

NGC 7184 is classified Sb(r)II by Sandage and Tammann 
(1981), and it is highly inclined and ranks as the tenth intrinsi- 
cally brightest galaxy in the Revised Shapley-Ames Catalog. 
From the axis ratio on the SRC J prints we estimate an inclina- 
tion of 75°. The corrected radial velocity of 2705 km s-1 

(Sandage and Tammann 1981) leads us to adopt a distance of 
36 Mpc. With this inclination it is unlikely that the vertical 
velocity dispersion has any significant influence on our mea- 
surement. 

We observed NGC 7184 mainly in position angle 60°, which 
is very close to the major axis (see Fig. 3). The measurements 
extended from 144" northeast of the nucleus to 34" southwest, 
and the total exposure equalled 25,500 s (7.1 hr). The region 
beyond 114" northeast of the nucleus was assumed to be sky 
background only; this is also confirmed by the preliminary 
surface photometry (see below). These 10 spectra, which had an 
average of 117 counts per channel, were averaged and sub- 
tracted from the remaining spectra along the slit. 

We also took an exposure in position angle 180° centered on 
the nucleus; the total exposure time is 3000 s (0.8 hr). In this 

spectrum the regions beyond 47" on either side of the nucleus 
were used as sky background exposures. These 32 spectra have 
an average of 14 counts per channel. 

The resulting spectra were analyzed in the same way as 
described for NGC 5247 above; the results are given in Table 
2. Figure 4 illustrates the peaks in the cross-correlation func- 
tions; this time the galaxy spectra were shifted first by —2588 
km s ~1 to allow for the different geocentric velocities of galaxy 
and template. 

In analyzing our observational results we make the assump- 
tion that what we are measuring is the old disk population. In 
loose terms, we mean by this for the solar neighborhood those 
stars in the disk older than, say, a few Gyr. According to 
Jahreiss and Widen (1983), such stars have velocity dispersions 
(VRy/2tt40 km s-1, ((Ve — Vt)

2y1/2 æ 30 km s“1, and 
(V2}112 & 25 km s-\ with only a small dependence on the age 
of the various constituent generations. The light of such a 
population is dominated by its red giants (and to a lesser extent 
subgiants), in agreement with our actual spectra. 

We also need to consider contributions of other populations 
to our spectra. Young stars are generally of little concern: they 
are either dwarfs and do not contribute significantly to the 
surface brightness, or are hot, young stars in the spiral arms, 
and these do not display the spectral lines in our template 
spectra. A component to consider is that of a “ thick disk,” as 
proposed by Gilmore and Reid (1983) in our Galaxy. Such a 
component would be of older age and therefore contain red 
giants, and it would display a rather high velocity dispersion. 
In our Galaxy, and presumably also in other systems with not 
very prominent bulges (such as NGC 5247 and 7184), the 
face-on surface brightness is low, namely, only 10% of that of 
the old disk population. Also taking into account that it may 
have a lower metallicity than the old disk, we conclude that the 
effects on our spectra are very likely to be negligible. 

Our interpretation of these data require photometric par- 
ameters of these systems; however, surface photometry of 
neither of them is available in the literature. We have therefore 

TABLE 2 
Spectra along Position Angles 60° and 180° in NGC 7184 

Distance 
from Nucleus 

Mean Counts 
per Channel (km s b 

<V2}112 Fhel 
(km s b Peak in Hß (km s 

p.a. 60° 

Northeast 
Northeast 
Northeast 
Northeast 
Northeast 
Northeast 
Northeast 
Northeast 
Northeast 
Southwest 
Southwest 
Southwest 
Southwest 
Southwest 

104"-81" 
81"-57" . 
57"-47" . 
47"-36" . 
36"-21" . 
21"-10" . 
10"-5" .. 
5"-2" .... 
2"-0" .... 
2"-0" ... 
5"-0" ... 
10"-5" .. 
21"-10" . 
34"-20" . 

220 
440 
370 
360 
500 
820 
980 
950 

1850 
1680 
900 
830 
820 
460 

2803 + 15 
2815 + 10 
2797 + 12 
2801 + 10 
2802 + 10 
2707 + 6 
2667 + 5 
2641 + 5 
2612 + 5 
2529 + 5 
2462 + 6 
2469 + 7 
2438 + 7 
2379 + 10 

56 + 30 
124 + 30 
135 + 30 
169 + 20 
170+15 
240+15 
229 + 20 
158+15 
132+15 
115 + 20 
113 + 20 
125 + 15 
71 + 20 

560 
490 
430 
170 

2838 + 5 
2851 + 5 
2825 + 5 
2838 + 9 

p.a. 180° 

South 26"-12" . 
Nucleus    
North 26"-12" 
North 40"-26" 

80 
490 

60 
40 

2581+7 135 + 20 
40 2551 + 5 

30 2603 + 5 
30 2616 + 5 
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Fig. 4. Cross-correlation spectra of the observations of NGC 7184 (p.a. 60°) with the sum of those of two K0 III stars. These stars and the presentation are the 
same as in Fig. 2. 

derived preliminary surface photometry from the film copies of 
the SRC J southern sky survey. NGC 5247 can be found on 
plate 577 (from which we also scanned NGC 5170, the subject 
of a further paper on the subject), and NGC 7184 on plate 601. 
The plates were digitised with the ASTROSCAN of Leiden 
Observatory and reduced as described in, e.g., van der Kruit 
(1979) and van der Kruit and Searle (1981h). The characteristic 
curves were derived using the intensity ratios of the calibrator 
steps as given in the UKSTU handbook. In the linear part, the 
characteristic curves have slopes y of about 3.5 (density-log 
exposure). 

The magnitude scales were calibrated by simulation of the 
aperture photometry given for the galaxies by Longo and de 
Vaucouleurs (1983). Because of the deep exposures, annular 
apertures had to be formed. Using three of these on NGC 5170 
and three on NGC 5247, we find a sky brightness for plate 577 
of nB = 22.54 + 0.21 mag arcsec-2. From five annular aper- 
tures on NGC 7184, the sky brightness of plate 601 was found 
to be jlib = 22.39 + 0.16 mag arcsec-2. From the consistency of 
this value from various apertures and the reasonable values 
derived, we conclude that this preliminary surface photometry 
is adequate for our purposes. 
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R/h 

0 1 2 

Distance from centre (arcsec) 
Fig. 5.—Measurements of the vertical velocity dispersion (V2

zy
12 of the old disk population in NGC 5247. The dashed line is the fit given by eq. (14). The open 

circles are the solutions after adding the data at the same distance ranges on either side of the nucleus. 

We analyze the surface brightness maps in terms of a simple 
exponential disk. The azimuthally averaged profile of NGC 
5247 gives a scale length of 40" (3.1 kpc), and by combining 
interarm areas from radial profiles in various position angles, 
we estimate a similar scale length for the old disk population. 
The central extrapolated surface brightness in B (corrected to 
face-on) is 20.9 mag arcsec-2 for the whole disk and 21.9 mag 
arcsec - 2 for the old disk only. These surface brightnesses have 
uncertainties of a few tenths of a magnitude. From the annular 
apertures we find that the disk of NGC 5247 has U — B zz 0.05 
and B—V æ 0.55. The region where we determined the sky 
spectrum is fainter than 22 mag arcsec - 2 ; the region where we 
measured is at least 2 mag brighter, and no large systematic 
errors are to be expected from our procedure. The radial light 
profile does not require the presence of a bulge component in 
the central part. In our analysis of NGC 5247 we will treat it as 
a pure-disk system. 

For NGC 7184 we only use the profile for the total disk 
beyond the ring at ~45" from the center. The scale length is 
about 48" and the central extrapolated, face-on surface bright- 
ness nB = 22.2 mag arcsec-2. Beyond about 180" (3.8/i) the 
surface density drops very steeply, reminiscent of the sharp 
edges in edge-on systems (van der Kruit and Searle 1981a). The 
annular apertures give a disk color for NGC 7184 of 
U — B & 0.10 and B—V& 0.70. The star 160" northeast of the 
nucleus of NGC 7184 was actually recorded on our slit, but 
beyond the area where the lines from the arc lamp could be 

exposed. It is from this that we derive our pixel separation on 
the sky of 2"6. 

NGC 5247 and 7184 have Galactic latitudes of respectively 
44° and 51°, and Galactic extinction is therefore expected to be 
small, certainly compared to the uncertainties in the surface 
brightness. We will neglect its effects. As indicated above, our 
assumed distances to the two galaxies are based on a Hubble 
constant of 75 km s-1'Mpc-1. 

ÎV. <F2>1/2 AND THE MASS DISTRIBUTION 

We first address the question of the vertical velocity disper- 
sion and the mass distribution in the disk. As explained in § II, 
we expect on the basis of the constant thickness model of van 
der Kruit and Searle (1981a) and a constant mass-to-light ratio 
with radius that the vertical velocity dispersion drops off with 
distance from the center as an exponential with twice the scale 
length of the light distribution (see eq. [3] above). We can then 
use equation (2) to convert to surface densities, if z0 is assumed. 

In Figure 5 we have plotted the points from Table 1 on NGC 
5247. The open circles are from the solutions at the bottom of 
the table, where similar distance ranges on either side of the 
nucleus have been added together. The most obvious deviating 
point is the one at l"-4" northwest, which is much higher than 
all the others. The relative broadness of the lines in this spec- 
trum compared to the neighboring ones is even obvious in a 
visual inspection. The cross-correlation spectrum is also well 
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defined. There is no reason to suspect this measurement, and 
we cannot offer an explanation for its behavior. 

We made a least-squares solution of all the points in Figure 
5 to an exponential with radius. The result, which is illustrated 
with the dashed line, is 

(V2
zy

12 = (62 + 7) exp [ — (0.42±0.10)R/K] km s“1 . (14) 

The value of the exponential slope of 0.42 + 0.10 is in excellent 
agreement with the predicted 0.50 of equation (3). However, 
the “error” of 0.10 is only the formal standard error of the fit 
and does not properly take the error bars in Figure 5 into 
account. Furthermore, deleting the discrepant point at l"-4" 
northwest gives 0.35 + 0.09. Taking this into account still leaves 
the fact that for R/h between 0 and 2 the velocity dispersion has 
dropped from ~60 to ~30 km s-1, and considering the error 
bars, this is consistent with a drop by a factor of e. We con- 
clude that our results give clear evidence that the vertical 
velocity dispersion is falling with radius and that the ^-folding 
is consistent with but does not strongly demand a constant 
M/L. For the exponential slope of 0.42 given in equation (14), 
M/L increases by a factor of 1.4 over the range of R/h observed. 

Requiring the velocity dispersion to drop off with a scale 
length of 2h = 80" gives an extrapolated value for the central 
dispersion of 67 + 20 (rms) km s-1 (or 64+15 km s_1 if the 
point at l"-4" northwest is deleted). In order to calculate a 
surface density, we need to assume a value for z0, while we will 
also assume it to be constant with radius. Note that this is 
observed to be the case even near the center in bulgeless 
edge-on spirals (van der Kruit and Searle 1981a, 1982). As in 
van der Kruit and Freeman (1984), we will take 0.7+ 0.2 kpc, 
following the result of van der Kruit and Searle (1982); the 
resulting ratio of 4.4 for h/z0 is also well inside the range found 
for seven edge-on systems in the latter reference. It is then easy 
to find the surface density distribution in NGC 5247 as (300- 
750) exp ( —R/3.1 kpc) M© pc-2 and a total mass for the disk 
of 2-5 x 1010 M©. The extrapolated central surface brightness 
of 21.7 mag arcsec-2 for the old disk population corresponds 
to 110 L© pc-2. The resulting M/L for the old disk population 
is (3-7) Mq/LQ'B. This is consistent with the range (5-10) 
found in van der Kruit and Freeman (1984). Including the 
young population, the M/L for the whole disk becomes (1-2.5) 
Mq/Lq'B- 

It has been emphasized previously (van der Kruit 1983; van 
der Kruit and Freeman 1984; van der Kruit and Shostak 1984) 
that these M/L ratios and disk masses are too low to explain 
the amplitude of the observed rotation curves. The conclusion 
is that the disks contain only about one-third of the mass out 
to the optical edge as indicated by the rotation curve. This 
conclusion has recently been extended to more moderately 
inclined systems by Wevers (1984) as a result of the Palomar- 
Westerbork Survey of bright spiral galaxies. His sample con- 
sists of spirals of various Hubble stages for which he obtained 
surface photometry in three colors and H i synthesis observa- 
tions. Wevers takes the mean value of 7 for the M/L of the old 
disk population and simply scales this with the observed color 
index of the disk to find its “total” M/L, using population 
models as in Searle, Sargent, and Bagnuolo (1973) or Larson 
and Tinsley (1978). For his set of 16 systems, he then finds that 
the disks contain 29%+ 16% of the mass out to the optical 
radius. 

Recently, Efstathiou, Lake, and Negroponte (1982) have 
studied numerically the stability of particular models that 
probably represent actual galaxies reasonably well. Their 

models contain an exponential disk embedded in a halo such 
that the rotation curve of the model galaxy is flat. They par- 
ameterize their models by a parameter which—following Sell- 
wood (1983)—we will call Y and which equals Vrot(h/GMD)1/2, 
where MD is the mass of the disk and Vroi the rotation velocity 
in the flat part. They find that their models are stable against 
global, barlike disturbances if the condition 

7 = V^ih/GM^2 > 1.1 (15) 

is fulfilled. 
Values for M^, h, and Vrot have been listed for eight edge-on 

galaxies (including our own) by van der Kruit and Searle (1982) 
based on (M/L)old disk = 7. For these systems, the value of 
Y = 0.90 + 0.09 (rms). This suggests that (M/L)old disk ä 5 is 
required, unless all these edge-ones are actually strongly 
barred. 

We may also use Wevers’ sample, which is also based on 
(M/L)old disk = 7. His data give for the parameter Y a value of 
0.98 + 0.27. This sample is made up almost entirely of non- 
barred systems. Both samples suggest that the value for 
(M/L)old disk of 7 is too high in order to conform to the cri- 
terion. However, using the lower limit of our range of (5-10) 
M©/L© ß for the old disk population would raise the mean 
value of the stability parameter to the required value of ~ 1.1. 

If we estimate the surface density in the solar neighborhood 
as (80 + 20) M© pc-2 (see above), the surface brightness of 15 
Lq,b pc~2gives an (M/L)olddisk for our Galaxy of (6 + 2) 
Mo/L© B. Including our value of (5 + 2) Mq/Lq b for NGC 
5247 together with the 8±4 (NGC 891), 8±5 (NGC 628), and 
4 + 3 (NGC 1566) in van der Kruit and Freeman (1984), a 
range 6 + 2 M©/L© B is suggested as the best estimate. The 5 
M©/L© jg required by Efstathiou et a/.’s stability criterion then 
is consistent, within the uncertainties, with our observational 
results. Although a Hubble constant of 50 km s-1 Mpc-1 

would reduce our inferred M/L by 30%, the actual values of Y 
remain unaffected by a different distance scale. 

To conclude this section we note that the “best” estimates 
for Y are the ones we can calculate for our Galaxy and NGC 
891. This is so because in these systems we have actually deter- 
mined the disk mass from the dynamics without having to 
assume a value for (M/L)old disk, while Frot does not depend on 
an inclination correction. For the Galaxy we use the local 
surface density of (80 + 20) M© pc-2 and a scale length of 
4.5 + 0.5 kpc; the disk mass then is 6 + 2 x 1010 M©. With 
Vrot = 235 + 15 km s“1, this gives Y = 0.98 + 0.25. In NGC 891 
we use the parameters summarized in van der Kruit (1983), 
namely h = 4.9 kpc and MD = 5 +1 x 1010 M©. With Vrot = 
225 + 10 km s-1, we then have Y = 1.07 + 0.12. Both galaxies 
seem to be only just stable to global barlike modes, although 
the observational errors do not rule out at all that the condi- 
tion is actually not fulfilled. 

V. <F|)1/2 AND THE LOCAL STABILITY 

The observational results on NGC 7184 in Table 2 have 
been plotted in Figure 6. The Hß point at the nucleus comes 
from the spectrum in position angle 180°. Note that this point 
is nicely consistent with those in position angle 60° ; no differ- 
ence in the stellar velocity scales appears to exist. We can also 
look at the Hß velocity scale; the values observed in position 
angle 180° suggest a systematic velocity of about 2577-2580 
km s- \ in excellent agreement with the stellar velocity scale. In 
the following we use a systemic velocity of 2581 km s-1. 

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



19
8 

6A
pJ

. 
. .

30
3.

 .
55

6V
 

No. 2, 1986 SPIRAL GALAXY STABILITY 569 

Vhel “ 
Ikms") 

2800 - 

2600 

2400 - 

NE 100 25 SV/ 

Distance from centre (arcsec) 
Fig. 6.—The gaseous and stellar rotation curve of NGC 7184. The data have not been corrected for inclination or for line-of-sight effects. The flat rotation curve 

and the asymmetrical drift are evident. The dashed line shows a symmetric stellar rotation curve for the central areas. 

Both the stellar and gaseous velocities in position angle 60° 
show a rotation curve which is essentially flat beyond 
R/h « 0.5 (25"). From the Hß points we derive a mean rotation 
velocity at these radii of 266+10 km s-1, after correction for 
an inclination of 75°. The uncertainty in Frot is roughly equal to 
possible departures from circular motion as due, e.g., to spiral 
density waves. The magnitude of the effect on the derived par- 
ameters then is included in the quoted errors. In what follows 
we will use this value over the range where Hß has been 
observed, and we will take A = —B = VrJ2R. This also 
implies that we should use equations (10) and (13) for our 
analysis of the asymmetrical drift. The data in Figure 6 show 
that an asymmetrical drift has actually been observed between 
0.8/i and 2.0/i. 

Next we inquire into the effects of line-of-sight integration 
on the stellar velocities and velocity dispersions. These can be 
estimated from numerical tests, where we will always assume 
cylindrical rotation (i.e., VTOi and the velocity dispersion in the 
old disk population are not functions of z). The major axis is a 
somewhat special position, in that the parts of the line of sight 
in front of and beyond the disk’s symmetry plan have identical 
contributions. This will in any case mean that our methods of 
data reduction are likely to underestimate the stellar velocities 
and tend to enhance the observed magnitude of the asym- 
metrical drift. On the other hand, absorption in a thin central 
dust layer will not be of much concern in this situation. 

We started using preliminary values for Vt and the velocity 
dispersion and assumed a ratio /i/z0 of 4. The resulting 
observed profiles were then calculated and compared to the 
actual ones at the corresponding positions. The corrections in 
Vt were small, but not negligible, as expected. They ranged from 

around 3 km s_ 1 at 2.5/z to 9 km s_ 1 at 0.9h. The profiles were 
still closely Gaussian, and the velocity dispersions were 
5%-10% higher than the assumed <(F0 — Vt)

2y112 at the 
observed positions. All these corrections were applied. In all 
this we always used i = 75° and <(F0 — Fi)

2)1/2/<F|)1/2 = 
0.71, as required by the flat rotation curve. From a numerical 
simulation of our observations, we also checked that it is 
correct to let our values apply to the middle of the ranges in R 
over which spectra were added. 

It is now possible to calculate values for <F|)1/2 and Q. In 
order to estimate an uncertainty in the dispersion, we will use 
h = 48" ± 5". As indicated above (§ III), the color index in the 
disk is (£—F)ä0.70, (U — B)& 0.10. These are rather red 
colors, and on the basis of population models we may assume 
that M/L is not very different from that of an old disk popu- 
lation. The absence of large numbers of young stars in the disk 
of NGC 7184 is also indicated by the fact that it took as long 
an exposure as ours to even record the Hß emission line. Con- 
sequently, we will use M/L = 5 and on this basis estimate a 
central surface density of 450 + 50 M0 pc_ 2. 

We then arrive at values for <F|>1/2 and Q as given in Table 
3 for the case that the ratio <F|)1/2/<F2>1/2 is constant (Case 
A and eq. [10]) and the case that Q is constant (Case B and eq. 
[13]). The error in Q is larger than that in <F|)1/2 due to the 
large uncertainty in assumed M/L and therefore surface 
density. The quoted uncertainties are roughly 90% confidence 
levels. In the latter case we run into a difficulty at our smallest 
value for R/h, because it is close to the radius where the term 
between parentheses in equation (13) equals zero. We would 
not expect a measurable asymmetrical drift here for the 
Q = constant situation. On the other hand, at about this 
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TABLE 3 
Velocity Dispersions and Toomre Q’s in NGC 7184a 

Parameter 104"-81" 81"-57" 57"_47" 47 "-3 6" 

R (kpc) 
R/h 

K 

18.2-14.1 
2.2-1.7 

233 + 15 

14.1-10.0 
1.7-1.2 

247+10 

10.0-8.2 
1.2-1.0 

230+12 

Case A (eq. [JO]): 
(Vr)1/2 71 + 10 
Q 1.7 ±0.5 

Case B (eq. [73]): 
<KJ>1/2 72+15 
Q 1.7 ±0.5 

Profile width: 
<V2

R}
112 

Q 

Assume <Kj)1/2 = J80 exp(- 
<K2>1/2 70 
Vt 233 
Q 1.7 

Assume Q = 2.0 at all radii: 
<K2>1/2 83 
Vt 221 

65+15 102+15 
1.5 ±0.5 1.9 ±0.5 

76 + 20 150 + 55 
1.6 + 0.5 2.9 +1.3 

80 + 40 160 + 40 
1.6 ±0.8 3.2 ±1.8 

-R/2h) km s~1 : 
90 104 

228 228 
1.8 2.0 

102 
230 

105 
249 

8.2-6.3 
1.0-0.75 

238 + 10 

108 + 20 
2.1+0.6 

165 + 40 
3.1 ±1.3 

118 
232 

2.2 

105 
264 

a All values of V in km s ^ In these calculations we have always 
assumed that Frot — 266+10, + = —B, M/L — 5 Mq/Lq b, 
<j(0) = 450 +50 M0 pc“2, and/i = 48"±5". 

radius the luminosity profile starts to deviate from the expo- 
nential that applies at larger radii, so that this prediction 
should not be taken too seriously. Also, at small radii depar- 
tures from a strictly flat rotation curve have a larger effect. 

We first check on consistency with our assumptions. The 
solution for case A can be fitted indeed within the errors with 
^p/2)i/2 qç exp( —R/2/i) if the extrapolated velocity dispersion 

at R = 0 is about 180 km s- ^ It should be emphasized that we 
do not really predict the radial dependence to apply all the way 
to the nucleus and that this value is not an expected one when 
a measurement could be made at the position of the nucleus. 
This is because NGC 7814 has a bulge which must alter the 
dynamics. Case B is only marginally verified by our derived 
values for Q. The data at the three largest values of R are all 
consistent with Q « 2.2, but the fact remains that we expect to 
measure a small asymmetrical drift at the innermost position, 
where our Vt of 238 ± 10 km s -1 is strictly inconsistent with the 
VroX of 266 ±10 km s ~1. However, we consider this as yet not to 
be compelling evidence against the Q = constant case. 

The next two lines in Table 3 give for three distances the 
velocity dispersions and Q’s on the basis of the observed profile 
widths. The latter were corrected for the line-of-sight effects as 
determined above to give the tangential velocity dispersion 
and were then multiplied by 21/2 to give <F|)1/2 based on the 
expected ratio from the observed flat rotation curve. It is seen 
that these agree with both cases above from the asymmetrical 
drift equation, although only marginally so for case A at small 
R. 

We finally illustrate strict solutions according to the 
assumptions guided by the experience just described. The first 
is for the case that <F|>1/2 = 180 exp ( — R/2h) km s-1, which 
seems the best compromise to fit both our values of Vt and the 

profile width. In that solution, Q increases from 1.7 at about 
two scale lengths to 2.2 just within one scale length. The second 
one is for the case that Q = 2.0 at all radii, which is also consis- 
tent with the data except for the asymmetrical drift at the 
smallest R. 

It may be useful for comparative purposes to find the best 
value for Q in the solar neighborhood. We will use the value of 
80 + 20 Mq pc-2 (see above) for the local surface density. For 
the rotation velocity a value of 235 + 15 km s-1 brackets the 
values currently used throughout the literature, while the same 
is true for a distance to the centre of 8.5+ 1.0 kpc. For a flat 
rotation curve this corresponds to A = —B = (13.8 + 1.9) km 
s-1 kpc-1 and k = 39±5 km s-1 kpc-1. Again from Jahreiss 
and Wielen (1983) we find for the local old disk population 

= 45 + 5 s-i an(j _ F0)
2)1/2 = 30 + 5 km s-1. 

Their ratio should be 1.41 for a flat rotation curve, so we see 
that the two values are indeed consistent with this. The values 
adopted then result in Q = 1.5+ 0.5. 

Our results for NGC 7184 show Q to be in the range 1.7-2.2 
over the range R/h = 0.8-2.0. Although we find it difficult to fit 
our data for Q = constant, it nevertheless remains true that our 
“case A” solution does not give a large variation in Q. The 
indicated behavior is certainly also consistent with recent find- 
ings in numerical experiments. Efstathiou, Lake, and 
Negroponte (1982) find that their models heat up to final 
values of Q & 1.5-2 for R/h < 3. Similarly, Sellwood and Carl- 
berg (1984) find that their simulations result in equilibrium 
values for g æ 2 at all radii. 

We have shown in § IV that the halo masses seem to be 
sufficiently large to provide global stability to the disks. The 
result for NGC 7184, however, indicates that the velocity dis- 
persion of the stars in the central regions is certainly fairly 
substantial. In effect, at R æ l/i it is roughly 40% of the local 
rotation velocity. Now, this value may be influenced by the 
actual deviations locally from the assumed exponential behav- 
ior of the disk ; but it nevertheless will be true that the velocity 
dispersiones not very small compared to the local value of Vr 
This is relevant because Sellwood (1983) has concluded that a 
large amount of random motion near the center is very effec- 
tive in reducing the growth rate of instabilities. We therefore 
propose that our derived large values of <F|>1/2 in the inner 
regions of NGC 7184 suggest that random motions of the stars 
in the disks are also important in providing global stability to 
the disks. So, even if—as indicated at the end of § IV—the halo 
masses are not sufficient to stabilize the disks (as the observa- 
tional errors after all allow), we still can resort to the velocity 
dispersions in the old disk population in the inner regions. 

Finally, we compare our results to recent work by Kor- 
mendy (1984a, b). In the SO galaxy NGC 1553, which has a 
pronounced lens, he finds Q & 3. The bar of NGC 936 (SB0) 
has Q^3, and the disk Q & 1. Kormendy notes that this is 
consistent with the idea that SO disks are too hot to have 
small-scale structure. In the Sb system NGC 488, Illingworth 
and Kormendy (quoted in Kormendy 1984/>) find Q in the 
range 2-4.4, which is taken by these authors as the reason why 
this system shows no large-scale (“ grand design ”) spiral struc- 
ture. However, they used M/L values based on the Larson and 
Tinsley (1978) models, which give M/LB æ 4 for B — F = 0.8. 
Our results on the old disk population show that these might 
be somewhat too low (an old disk population has about the 
color index just mentioned, and we find a corresponding 
[M/L]old disk of 6 + 2). Taking this into account, we suggest that 
their measurement would also give 2 Ä 2 for NGC 488 as the 
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best solution when our M/L is used. Similarly, the large values 
of Q in the disk, lens, and bar of NGC 1553 and NGC 936 will 
also come out 30% lower if M/L = 6 based on an old disk 
population is used rather than M/L = 4 for a Larson and 
Tinsley model of the same color index. 

VI. DISCUSSION AND CONCLUSIONS 

From the analysis above, it appears that spiral galaxies in 
general have sufficient halo mass and sufficient velocity disper- 
sion in their disk stars to avoid most of the global and local 
instabilities. We first comment in this section on implications 
for galactic structure and then summarize our results. 

In the first place, we comment on unseen matter in the disks. 
From Bahcall’s (1984fr) study of the solar neighborhood, it 
follows that the Galactic disk there has a surface density of 
observed material of about 50 M0 pc“2. This is lower than his 
and our dynamical surface density of 80 + 20 M0 pc“2 in case 
any unobserved disk material has the same velocity dispersion 
as the old disk population. The situation described by, e.g., 
Oort (1965) still persists, that a substantial fraction of the disk 
mass is unobserved. Bahcall finds that this is even about 50% 
in terms of the local space density at z — 0. Since our 
(M/L)old disk in the solar neighborhood is comparable to exter- 
nal systems, we are forced to conclude that this situation 
applies also in other galaxies. 

We may also phrase this as follows. The old disk in, e.g., 
NGC 891 has a £ — F æ 0.8, U — B zz 0.2. Using an initial mass 
function estimated for the solar neighborhood with a lower 
mass limit of 0.1 M0, Larson and Tinsley (1978) give an M/LB 
corresponding to these colors about 2.5-3.5 MQ/LQtB. Our 
observed (M/L)old disk in NGC 891 of 8 + 4 Me/LQfB then also 
implies that the luminosity function of the local disk popu- 
lation is incapable of explaining our observed M/L. This 
luminosity function must be greatly in error or not generally 
applicable, if we are to avoid the conclusion that the old disks 
contain large amounts of matter in a form other than 
hydrogen-burning main-sequence stars. Our work extends the 
presence of locally “missing” mass to disks of other spiral 
galaxies. 

We also ask the question as to what fraction of the total 
mass generally resides in the disk. We will use the total mass of 
the galaxy out to the edge of the disk Rmax. Of course, this 
fraction is reflected in the value of the parameter Y of Efsta- 
thiou, Lake, and Negroponte (1982). The relation of Y to the 
halo-to-disk mass as a function of radius has been illustrated 
rigorously by Sellwood (1983, Fig. la). Here we derive an 
approximate relation, where all masses are those inside the 
disk edge Rmax. In an excellent approximation, the disks have a 
total mass for RmaJh > +-5 of 

Md = 2nh2(T0 , (16) 

and essentially all this mass resides inside Rmax. When there is 
no mass outside the disk, this would result in a rotation curve 
with maximum rotation velocity 

Fdisk = 0.83(7rGfr<70)1/2 (17) 

(see van der Kruit and Searle 1982, Appendix) for h/z0 æ 4. 
Here <70 is again the central surface density. Such a disk has an 
essentially flat rotation curve from R ä 1.5fr out to the trunca- 
tion radius (van der Kruit and Searle 1982, Fig. Al). A halo 
then would also by itself produce a roughly flat rotation curve 
with amplitude Fhalo = (F2

0t — Fdisk)1/2 and have a mass inte- 

rior to Rmax of 

(18) 

where (1 — e2)112 is the halo axis ratio. Then we can write 

-M++x)- « —[y2 - 0.344] 
Md sm e h 

(19) 

We may use a roughly spherical halo, so that e/sin“1 e « 1, 
and we will take Rmax/fr « 4 (van der Kruit and Searle 1982). 
The condition Y > 1.1 then translates into MH(Rmax)/MD > 
3.5. For our two samples in § IV, MH(Rmax)/MD equals roughly 
3.0+ 1.0. 

Thus we may conclude that our numerical results which are 
consistent with global and local stability require that, of the 
mass within the edge of the disk, as much as 60%-70% is in a 
dark, unobserved halo (generally our systems are of late type 
and have small bulges); and of the remaining disk mass, as 
much as 30% is also not accounted for by known constituents. 
We certainly still do not have a very satisfactory answer to the 
question asked by Toomre (1974): “How can it all be stable?” 
if the answer is that it is stabilized “ by large amounts of matter 
of which we know absolutely nothing except that it is gravi- 
tating.” 

Next, we comment on a parameter that Toomre (1981) has 
given for prevention of swing amplification. This is a local 
parameter that is relevant for the possible development of 
spiral structure. Following Sellwood (1983), we write Toomre’s 
equations (16) and (17) as 

X = Rk2/2nmG<T(R) > 3 , (20) 

where m is the number of arms. Since we have a flat rotation 
curve, we can rewrite this as 

ÖKot/<^>1/2> 3.97 m. (21) 

It is then the same as Toomre’s local stability criterion in 
equation (4) above if in the latter equation <F|>1/2 is replaced 
by 0.22 Frot/m. Comparison of equation (21) with Table 3 shows 
that the condition is fulfilled in NGC 7184 only for m = 1 at 
the radii where we observed. NGC 7184 has a more compli- 
cated spiral pattern than a simple two-armed design, and this is 
consistent with the fact that equation (21) is not fulfilled from 
m >2. 

Actually, it is easy to show that inequality (20) is always 
verified only for m = 1 as long as Y > 1.1 (see also Fig. 16 in 
Sellwood 1983). A straightforward way of illustrating this is to 
note that for our exponential disk and a flat rotation curve we 
can write 

Y = 0.615[ÔRFrot/fr<F2>1/2]1/2 exp {-R/2h) (22) 

(see also Efstathiou, Lake, and Negroponte 1982). Since 
R/h exp ( — R/h) < 0.368, it easily follows that for Y > 1.1, 
equation (20) can be converted into 

Y2 > \ m^- exp ( —7—i ä; 0.552m (23) 
2 h \ h J 

or 

QF/<F2>1/2>7.91 . (24) 

So we see from comparing formula (24) to equation (21) that 
the condition Y > 1.1 implies that swing amplification is pos- 
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sible for all modes with m > 2 at all radii where the rotation 
curve is flat. 

In this paper we have presented data that show the feasi- 
bility of observing the stellar kinematics of old disk popu- 
lations in spiral galaxies. We have for the first time collected 
data on the radial dependence of both the vertical and radial 
velocity dispersion in these populations in any spiral galaxy. 
We summarize our results as follows : 

1. In the face-on spiral galaxy NGC 5247, the velocity dis- 
persion in the z-direction of the old disk population decreases 
with radius. We observe this property out to about 2 scale 
lengths from the center, and the decrease is consistent with that 
expected on the basis of a constant M/L in this population in 
the case observed in edge-on galaxies that the vertical scale 
parameter is independent of galactocentric distance. 

2. The numerical value of the M/L in the old disk population 
is now based on measurements in five galaxies (NGC 891, the 
Galaxy, NGC 628, 1566, and 5247) and is in the range 6±2 
Mq/Lq'P, where a distance scale based on H = 75 km s-1 

Mpc_1isused. 
3. The disks in two samples of galaxies contain, on the basis 

of this (M/L)old disk, about one-third of the total mass out to the 

edge of the disk. According to a criterion by Efstathiou, Lake, 
and Negroponte (1982), this suggests that these disks are stable 
to global, barlike modes. 

4. The radial velocity dispersion also decreases with radius 
in the disk of NGC 7184. The dependence is similar to that in 
the vertical velocity dispersion. 

5. These dispersions are larger by a factor of ~ 2 than the 
minimum value given by Toomre (1964) as necessary to 
suppress local axisymmetric Jeans instabilities. This is in agree- 
ment with recent numerical experiments in the literature in 
which the model disks evolve to comparable equilibrium situ- 
ations. 
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