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ABSTRACT 
Measurements of the distribution of Ha emission in galaxies have been combined with published H i and 

CO data, in order to reassess the dependence of the massive star formation rate (SFR) on the density and 
dynamics of the interstellar gas. The disk-averaged Ha surface brightness is correlated with the mean atomic 
and total gas surface densities, but is only weakly correlated with the mean molecular gas density inferred 
from CO emission. Radial profiles of gas and Ha emission in 15 galaxies have been used to define the 
relationship between the SFR and gas surface density. In dense regions the SFR and total gas density are well 
represented by a Schmidt power-law relation (R = with index N = 1.3 ± 0.3, and nearly the same value 
for the zero point a, at least for the galaxies in our sample. This Schmidt law breaks down, however, at den- 
sities below a critical threshold value. Massive star formation is completely suppressed at surface densities well 
below the threshold, while at densities near the the threshold value the slope of the SFR-density relation is 
much steeper than a normal Schmidt law. The observed threshold densities vary by an order of magnitude 
among the galaxies in our sample and appear to be largely independent of whether the predominant gas phase 
is atomic or molecular. The star formation threshold appears to be associated with the onset of large-scale 
gravitational instabilities in the gas disks. A simple single-fluid (Toomre) disk stability model predicts thresh- 
old densities and radii which are in excellent agreement with the observations. The same analysis demon- 
strates that the radial distribution of gas in late-type galaxies closely follows the threshold surface density, 
confirming a hypothesis originally proposed by Quirk, and indicating the importance of star formation thresh- 
olds in virtually all parts of the disk. The combination of a nearly linear star formation law at high densities 
with a strongly nonlinear SFR-density law near the threshold redresses many of the previous observational 
difficulties with the Schmidt law and may provide physical insights into such diverse phenomena as nuclear 
and disk starbursts, the suppression of star formation in gas-rich SO galaxies and low surface brightness gal- 
axies, star formation in spiral arms, the observation of radial cutoffs to stellar disks, and the star formation 
histories of disk galaxies. 
Subject headings: galaxies: evolution — galaxies: stellar content — stars: formation 

I. INTRODUCTION 
An important problem in galactic structure and evolution is 

the relationship between the large-scale star formation rate 
(SFR) and the physical properties of the interstellar gas. Simple 
parametrizations between the SFR and the density or other 
properties of the gas form the foundation for most models of 
the chemical and luminosity evolution of galaxies, and for 
many models of galaxy formation. Unfortunately our under- 
standing of the star formation process on galactic scales is still 
at a primitive stage. Most current galactic evolution models, 
for example, are still based on the simple parametrization of 
Schmidt (1959), wherein the SFR is assumed to depend only on 
the local gas density, according to a simple power law: 

R = apn
g, (1) 

usually with n = 1-2. Over the past 30 years this “ Schmidt 
law” has been used almost exclusively to describe the large- 
scale behavior of star formation in galaxies, and, although its 
validity has been frequently challenged, the available data on 
star formation in galaxies have not provided a clear alterna- 
tive. 

Previous attempts to measure the form of the Schmidt law, 
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mostly based on comparisons of surface densities of blue stars 
of H ii regions with gas surface densities, have confirmed the 
presence of a density-SFR correlation (e.g., Berkhuijsen 1977; 
Freedman 1984, and references therein), but the derived values 
of the best fitting power-law slopes show a large dispersion, 
with 0 < n < 4. Part of this dispersion may be caused by extra- 
neous factors such as resolution smearing effects (Freedman 
1984), differences in the methods used to measure the SFR 
(Madore 1977), or the neglect of atomic or molecular gas 
(Talbot 1980), but large variations in n are observed even when 
identical techniques are applied to different parts of the same 
galaxy (e.g., Madore, van den Bergh, and Rogstad 1974; Freed- 
man 1984), suggesting that the star formation law does not 
have a universal form or slope. 

Several other general observations are also difficult to recon- 
cile with a universal Schmidt law. For example, the relatively 
slow evolution of the stellar birthrate in galactic disks argues 
for a very weak (n 1) dependence of the global SFR on gas 
density (Miller and Scalo 1979; Twarog 1980; Kennicutt 1983, 
1986). The relatively weak dependence of the SFR on CO emis- 
sion also implies n < 1 (Lord 1987, and references therein). On 
the other hand, a very nonlinear SFR-density dependence 
(n $> 2) is required to explain other observations. For example, 
many interesting galaxies exhibit order-of-magnitude increases 
in global SFRs with only modest increases in gas surface 
density (Bushouse 1987; Kennicutt et al 1987). Likewise, in 
many spiral galaxies the star formation is strongly concen- 
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trated to the arms, while the gas density is only mildly 
enhanced in the arms (Lord 1987). At the other extreme, many 
SO and Sa galaxies contain substantial gas disks but virtually 
no current star formation (Schommer and Bothun 1983; van 
Driel 1987); similar low-level star formation thresholds have 
been observed in the outer regions of spiral and irregular gal- 
axies (Skillman 1987; Guideroni 1987). Although some of these 
observations could be explained by invoking Schmidt laws 
with either very low or very high values for the power-law 
index n, a single power law clearly cannot account for all of the 
phenomena. These problems have led many workers to 
propose modifications to the Schmidt law or new star forma- 
tion laws altogether (e.g., Talbot and Arnett 1975; Dopita 
1985; Wyse 1986; Silk 1987), and have led some to question 
whether a global law exists at all (e.g., Hunter and Gallagher 
1986). 

This paper reports the first results of a comprehensive rein- 
vestigation of the regulation of the large-scale star formation 
rate in disk galaxies. The goals of the project are twofold. The 
first is to improve the empirical analysis of the SFR versus gas 
density law over previous studies, by using a quantitative star 
formation tracer, Ha surface brightness, to compare the star 
formation laws in different galaxies on a common absolute 
scale, and correlating the resulting SFRs with the atomic, 
molecular, and total gas densities. The combination of the new 
Ha data with several recently published surveys of H i and CO 
emission in galaxies allows us to study the behavior of the star 
formation law over a much larger range of gas densities and 
star formation environments than had been possible pre- 
viously. The second objective is to use the observations to 
isolate the principal physical mechanisms which regulate the 
SFR, in hopes of eventually supplanting the Schmidt para- 
metrization with a physically based star formation law. 

This paper is concerned with the behavior of the star forma- 
tion law on large scales, averaged over entire disks, and aver- 
aged as a function of galactocentric radius. The data are 
described in § II, and the observed SFR versus density rela- 
tions are discussed in § III. In § IV we compare the observed 
star formation laws with what would be expected from simple 
gravitational stability considerations and reintroduce a rudi- 
mentary threshold model for the star formation and gas dis- 
tributions (Quirk 1972). We discuss the physical nature of the 
star formation law in § V, and its implications for several 
general problems in § VI. Future papers will deal with the star 
formation law on smaller scales, and with the regulation of the 
SFR at high gas densities, where other physical mechanisms 
may be important. 

II. DATA 

Although the Schmidt law was. originally formulated in 
terms of the volume densities of young stars and gas, the prin- 
cipal observable quantities are the projected surface densities 
of gas and star formation. In this case the law takes the form 
we shall be concerned with here : 

2-SFR = a^g » (2) 

with an upper case N to distinguish the power-law index from 
the coefficient in equation (1). Note that for a nearly linear star 
formation law (n ä 1), AT ä n. 

We have analyzed the star formation properties of two 
samples of galaxies. Spatially resolved data on the distribu- 
tions of Ha, H I, and CO emission are available in common for 
15 galaxies, and these have been used to study the radial dis- 

tribution of the gas and young stars, and the form of the star 
formation law averaged over kiloparsec scales. In addition, 
data on the integrated Ha fluxes and average H i and/or H2 
surface densities are available for a larger sample of galaxies, 
and these will be used to investigate whether there is a mean- 
ingful global star formation law. 

a) H i and CO Data 
H i distributions were taken from the 21 cm studies of 

Rogstad and Shostak (1972), Huchtmeier and Witzel (1979), 
Newton (1980), Bosma (1981), Bosma, Goss, and Allen (1981), 
Wevers, van der Kruit, and Allen (1986), Tacconi and Young 
(1986), and Warmels (1986, 1988). The radial H i profiles, cor- 
rected to face-on orientation, were derived from complete aper- 
ture synthesis observations, except for a few galaxies in the 
Warmels survey, where partial observations along one or more 
“ resolution axes ” were obtained. 

Data on the distributions of molecular gas were taken from 
the CO surveys of Young and Scoville (1982a, c), Scoville and 
Young (1983), Solomon et al (1983), Garman and Young 
(1986), Tacconi and Young (1986), Lord (1987), Young (1987), 
and Kenney and Young (1988a). Most of these observations 
consist of strip scans, usually along the major axis, with a 
resolution of 45"-50", corresponding to a linear resolution of 
1-5 kpc for the galaxies in our sample. We have followed the 
convention in these papers and assumed a constant conversion 
between CO intensity and H2 column density. Since a variety 
of conversion factors were used in the original studies, it was 
necessary to reconvert the column densities to a common scale. 
Following Bloemen et al (1986) and Kenney (1987), we 
adopted 

iV(H2 cm-2) = 2.8 x 1020/co cos i(K km s-1). (3) 

It is possible that this conversion factor varies substantially 
within the galaxies in our sample (Bloemen et al 1986; 
Maloney 1987), and this uncertainty, along with extinction 
effects at Ha, is probably the main source of systematic error in 
this study. 

The azimuthally averaged radial distributions of H i and H2 
density were combined to derive a total gas surface density 
distribution. In general, the CO measurements do not extend 
as far in radius as the H i data, and in order to avoid intro- 
ducing an artificial feature in the gas distributions we extrapo- 
lated the CO intensity, using an exponential fit to the 
observed data points (and upper limits). In most cases the 
radial gradient in CO emission was sufficiently steep that the 
molecular gas made only a small contribution to the total gas 
density in the regions in question. 

The same data were used to construct a rotation curve for 
each galaxy, for modeling the dynamics and gravitational sta- 
bility of the disks. Both the CO and H i data were used to 
derive a composite rotation curve, since they provide comple- 
mentary information on the gas kinematics in the inner and 
outer disks, respectively). In most galaxies the rotation curves 
could be fitted to a flat curve in the outer regions and a linearly 
rising inner portion, and this approximate form was used in the 
subsequent modeling. 

For the comparison of integrated SFRs and gas densities we 
used the compilation of average H i surface densities in 
Warmels (1986) and compilations of average H2 densities in 
Stark, Elmegreen, and Chance (1987) and Kenney (1987). The 
H i densities were derived directly from fully sampled maps, so 
they should accurately represent the mean values in the star- 
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forming disks. The densities were averaged within a radius 
equal to half of the optical radius (25 mag arcsec-2), in order to 
minimize any effects of gas stripping in the outer parts of the 
Virgo cluster members. Most of the CO data are “interpolated 
fluxes,” derived from measurements at one or more positions 
along a single axis, and averaged assuming a functional form 
for the CO radial distribution. These fluxes were converted to 
H2 surface densities using equation (3) and are averaged within 
the optical radius (25 mag arcsec-2), as listed by de Vaucou- 
leurs, de Vaucouleurs, and Corwin (1976). 

b) HccData 
We chose Ha emission as the primary star formation tracer, 

because the Ha flux is directly proportional to the massive 
(> 10 M0) SFR, and, in cases where photometry is available, 
one can compare the SFR distributions in different galaxies on 
a common absolute scale. The Ha fluxes can be converted to 
approximate SFRs using the equations given by Kennicutt 
(1983, 1988), but in this paper only the observed Ha and H n 
region distributions will be used. 

Integrated Ha + [N n] fluxes are available for 63 galaxies 
with H i and CO data (Kennicutt and Kent 1983 ; Kennicutt et 
al. 1987). These were converted to net Ha fluxes using the 
average [N n]/Ha ratios provided in Kennicutt and Kent 
(1983). The fluxes have been corrected for foreground Galactic 
extinction, but not for extinction within the galaxies them- 
selves, for reasons discussed below. A mean Ha surface bright- 
ness was also calculated for each galaxy, by dividing the total 
flux by the area of the disk, using the corrected optical dia- 
meters listed in de Vaucouleurs, de Vaucouleurs, and Corwin 
(1976). 

Radial distributions of Ha emission were measured for 15 
galaxies with well-determined H i and CO distributions. The 
primary source of these data is a set of calibrated Ha and 
continuum images obtained with the Carnegie direct image- 
tube camera on the Kitt Peak National Observatory 2.1 m and 
No. 1 0.9 m telescopes. The main advantage of this instrument 
is its large field, 7' and 15' on the 2.1 m and 0.9 m telescopes, 
respectively, an important consideration because most of the 
program galaxies possess diameters in this range. Each galaxy 
was imaged behind an interference filter centered on redshifted 
Ha (FWHM = 20-38 Â), providing excellent isolation of the 
disk H ii regions, and with a 100 Â wide continuum filter cen- 
tered at 6400 or 5100 Â. Calibration of the intensity scales was 
accomplished using sensitometer exposures and photoelectric 
observations of selected H n regions in each field from Ken- 
nicutt (1988). Details of the observation and calibration pro- 
cedures are described in Kennicutt, Edgar, and Hodge (1989), 
and reproductions of many of the images have been published 
by Hodge and Kennicutt (1983u, c). 

Two methods were used to derive the radial distribution of 
the Ha emission. The most direct approach, areal surface pho- 
tometry of the Ha maps, proved to be impractical for most of 
the galaxies, due to a low-level scattered light background in 
the image tube which was not completely removed by the flat- 
field calibration. Instead we used the distributions of the 
resolved H n regions to derive approximate radial Ha profiles. 
For six galaxies (M33, M51, M101, NGC 2403, NGC 2841, 
NGC 4736) with complete H n region photometry (Kennicutt, 
Edgar, and Hodge 1989), the radial profile was derived by 
summing the H n region fluxes in elliptical annuli. This pro- 
cedure was especially well suited to late-type spirals, which 
comprise most of our sample, because almost all of their total 

Ha emission is produced by the detected H n regions 
(Kennicutt, Edgar, and Hodge 1989). 

For galaxies where complete photometry was not available, 
the approximate Ha profile was derived from the unweighted 
H ii region surface density distribution, calibrated in surface 
brightness using the total Ha flux (Kennicutt and Kent (1983). 
As long as the H n region luminosity function is not a strong 
function of radius, this normalized H n region profile should 
provide an excellent approximation to the distribution of Ha 
brightness. This was tested by comparing the flux-weighted 
and unweighted H n region profiles in cases where complete 
H ii region photometry was available; Figure 1 shows such 
comparison for M101, an active star forming Sc galaxy, and 
NGC 2841, an early Sb galaxy with a much lower SFR. In 
most galaxies the H n region distributions trace the Ha profiles 
to better than ± 30%, over a range of 2-3 orders of magnitude 
in surface brightness. This is consistent with independent data 
which indicate that the H ii region luminosity function does 
not vary strongly with galactocentric radius (Kennicutt, Edgar, 
and Hodge 1989). M101 is one of the most discrepant cases (see 
Fig. 1), with local deviations of up to ± 50% in the main star- 
forming disk (caused by unusually bright H n regions), and a 
larger deviation in the outermost disk, where only a few faint 
H ii regions are present. This comparison demonstrates that 
photometrically measured profiles are required to study the 
detailed behavior of the star formation distribution in disk 
galaxies, but the H n region profiles provide reliable informa- 
tion on the gross shapes and radial extents of the SFR distribu- 
tions and are quite adequate for the purposes of this paper. We 
are currently using CCD imagers to obtain deep Ha surface 
photometry for many of these galaxies, and these data will be 
published in a future paper. 

The largest source of systematic error in the interpretation of 
the Ha distributions is extinction. Individual H n regions in 
these galaxies suffer typical extinctions at Ha of 0.5-2 mag (e.g., 
Israel and Kennicutt 1980; McCall, Rybski, and Shields 1985; 

MI0I Radius (arcsec) 

Fig. 1.—Comparison of Ha surface brightness profiles in M101 and NGC 
2841, derived from summing the fluxes of the resolved H n regions (solid 
points), and as estimated from the unweighted number densities of H ii regions 
(open circles). 
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van der Hulst et al. 1988), and this clearly must be taken into 
account if the Ha fluxes are to be used to estimate absolute star 
formation rates. The studies cited above indicate that the 
extinction in H n regions does not vary strongly with radius, 
except possibly in the very inner disks (R = 0-2 kpc) of some 
galaxies, where the extinction can be considerably higher than 
average. Consequently, we chose to use the uncorrected Ha 
surface brightness profiles but excluded the innermost regions 
from the analysis. 

The Ha emission distributions for the 15 main program gal- 
axies are shown in Figure 2. In addition, we have used the 
uncalibrated radial distributions of H n regions in several 
other galaxies (M81, NGC 628, 925, 2366, 4548, 4569, 4647, 
5055, 5962, 7331) in order to derive the scale lengths and radial 
extents of the H n region disks. The latter data were taken 
from Hodge (1974) and Hodge and Kennicutt (1983h). 

Table 1 summarizes the properties and sources of data for 
the galaxies with spatially resolved H i, CO, and Ha data. The 
table also lists 7 other spirals and five SO galaxies with 
published H i and CO distributions (but no Ha data), which 
were used to study the stability properties of the interstellar gas 

(§§ IV, VI). Table 2 lists the average H i, CO, and Ha surface 
densities for the 63 galaxies with integrated measurements. 

in. RESULTS 

a) Integrated Properties 
A question which is especially relevant for galaxy evolution 

modeling is whether the total SFR in a galaxy is correlated 
with its average gas content. Several investigators have pointed 
out that the total Ha, ultraviolet, and far-infrared luminosities 
of galaxies are linearly correlated with their total CO lumi- 
nosity and/or H i mass, but the physical significance of these 
correlations is questionable. The range in galaxy mass and 
luminosity in most samples is usually much larger than the 
range of gas or SFR densities, so the apparently tight linear 
correlations between total SFR and total gas mass are pre- 
dominantly artifacts of scaling, rather than meaningful physi- 
cal relationships (see Stark et al. 1986). This problem can be 
avoided by comparing SFRs and gas masses which are normal- 
ized to the total luminosity or size of the parent galaxies. 

Figures 3a-3c show the relationships between the mean Ha 

TABLE 1 
Galaxies with Gas and Ha Distributions 

Sources 

Galaxy Type 
Distance   

(Mpc) H i Data CO Data Ha Data 

NGC 598 (M33) .. 
NGC 628   
NGC 925   
NGC 2366   
NGC 2403   
NGC 2841   
NGC 4254   
NGC 4303   
NGC 4321   
NGC 4535   
NGC 4548   
NGC 4569   
NGC 4571   
NGC 4647   
NGC 4654   
NGC 4689   
NGC 4736   
NGC 5194 (M51) .. 
NGC 5457 (M101) . 
NGC 6946   
NGC 7331   
NGC 3941   
NGC 4192   
NGC 4203   
NGC 4216   
NGC 4262   
NGC 4388   
NGC 4394   
NGC4579 ......... 
NGC 4639   
NGC 4698   
NGC 5101   
NGC 5102   

Sc 
Sc 
Sc 
Sc 
Sc 
Sb 
Sc 
Sc 
Sc 
Sc 
SBb 
Sab 
Sc 
Sc 
Sc 
Sc 
Sab 
Sbc 
Sc 
Sc 
Sb 
SBO/a 
Sb: 
SO 
Sb 
SB0 
Sab 
SBb 
Sab 
SBb 
Sa 
SB0/a 
SO 

0.8 
10. 
9.5 
3.5 
3.5 

12. 
17.5 
17.5 
17.5 
17.5 
17.5 
17.5 
17.5 
17.5 
17.5 
17.5 
4.5 
7.5 
6. 
5. 

14. 
20. 
17.5 
23. 
17.5 
17.5 
17.5 
17.5 
17.5 
17.5 
17.5 
28. 
20. 

1 
2 
2 
2 
2 
3 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
3 
5 

6, 7 
8 
3 
9 
4 
9 
4 
9 
4 
4 
4 
4 
4 
9 
9 

10 

10 
11 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
13 
14 
15 
16 
11 

12 

12 

12 
12 
12 
12 
12 

17 
19 
19 
19 
17 
17 
18 
18 
18 
18 
20 
20 
18 
21 
18 
18 
17 
17 
17 
18 
19 

Notes.—Sources of data as follows : (1) Newton 1980. (2) Wevers, van der Kruit, and Allen 
1986. (3) Bosma 1981. (4) Warmels 1988. (5) Rogstad and Shostak 1972. (6) Huchtmeier and 
Witzel 1979. (7) Bosma, Goss, and Allen 1981. (8) Tacconi and Young 1986. (9) van Driel 
1987. (10) Young 1986. (11) Young and Scoville 1982c. (12) Kenney and Young 1988. (13) 
Carman and Young 1986. (14) Scoville and Young 1983. (15) Solomon et al. 1983. (16) Young 
and Scoville 1982a. (17) H n region photometry; this paper. (18) Calibrated H n region 
number densities; this paper. (19) Hodge and Kennicutt 19836. (20) Hodge 1974. (21) 
Kennicutt et al. 1987. 
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TABLE 2 
Average Surface Densities and Surface Brightnesses 

I(Hi) £(H2) 2:(Ha) 
Galaxy (M0 pc-2) (M0 pc-2) (1032 ergs s-1 pc-2) 

NGC 157  ... 12.4 4.8 
NGC 628  5.2 ... 4.0 
NGC 1058...... 3.8 1.8 2.4 
NGC 1073  7.6 ... 1.4 
NGC 1291  0.1 ... <0.2 
NGC 2841  1.3 3.4 0.1 
NGC 2976  ... 4.0 4.3 
NGC 3169  ... 9.6 <1 
NGC 3368  3.8 ... 1.2 
NGC 3504  ... 38.7 8.1 
NGC 3631  ... 5.9 3.8 
NGC 3726  6.7 ... 1.8 
NGC 3810  ... 16.2 5.2 
NGC 3938  6.6 9.4 2.9 
NGC 4152  11.5 6.1 5.1 
NGC 4178  9.8 0.9 2.1 
NGC 4189  9.5 4.9 3.2 
NGC 4212  ... 11.2 4.1 
NGC 4237  ... 24.8 1.1 
NGC 4254  7.5 16.3 7.8 
NGC 4293  ... 1.6 <1 
NGC 4294  9.5 <1.5 5.6 
NGC 4298  ... 12.8 2.0 
NGC 4299  13.4 ... 12.3 
NGC 4303  6.5 8.2 7.2 
NGC 4321  4.4 13.9 3.4 
NGC 4394  2.0 2.6 <1 
NGC 4501  3.5 14.2 1.5 
NGC 4526  ... <0.4 <0.5 
NGC 4535  2.7 7.7 1.6 
NGC 4536  ... 2.4 1.3 
NGC 4548  0.9 2.8 0.6 
NGC 4561  34.2 ... 4.1 
NGC 4567  ... 13.5 1.9 
NGC 4568  ... 16.5 2.4 
NGC 4569  1.0 7.9 0.7 
NGC 4571  2.9 4.4 1.2 
NGC 4579  1.9 5.2 <1 
NGC 4594  0.4 ... <0.3 
NGC 4631  ... 8.5 2.9 
NGC 4647  4.7 35.4 3.4 
NGC 4651  6.3 4.1 4.2 
NGC 4654  7.0 8.5 2.8 
NGC 4689  2.3 5.1 1.7 
NGC 4713  9.3 <1.8 8.3 
NGC 4736  3.2 5.1 2.4 
NGC 4775.  12.0 ... 7.8 
NGC 4808  ... 1.8 8.0 
NGC 4826  0.3 6.5 1.3 
NGC 4866  ... <0.7 <0.5 
NGC 4900  7.2 ... 10.3 
NGC 5033  6.3 3.7 0.9 
NGC 5055  7.3 ... 2.2 
NGC 5194  6.8 27.4 5.7 
NGC 5364  ... 5.4 1.3 
NGC 5474  ... 1.5 1.5 
NGC 6217  5.4 ... 4.8 
NGC 6412  ... 1.5 3.2 
NGC 6503  5.1 ... 3.7 
NGC 6643  ... 16.0 4.5 
NGC 6946  8.8 24.9 4.2 
NGC 7217  ... 4.5 2.2 
NGC 7742  ... 7.0 3.9 

surface brightness (proportional to the SFR per unit area, £SFR) 
and the average H i, H2, and total H surface densities. The 
lines show the trends expected for Schmidt laws with N = 1 
and 2. The average SFR is most strongly correlated with H i 
and total gas surface densities (see Guiderdoni and Rocca- 

Volmerange (1985) and Donas et al (1987). The best fitting 
power laws lie in the range N æ 1.2-1.6, but the samples are 
small and most of the galaxies lie within a relatively narrow 
range in densities, so one should be cautious in interpreting 
this result. Part of the dispersion in these relations may be due 
to variations in extinction at Ha, but most of the scatter 
appears to be real. 

The most puzzling result in Figure 3 is the absence of any 
significant correlation between the Ha emission and the surface 
density of molecular gas, as depicted in Figure 3c. This contra- 
dicts earlier claims of a tight linear correlation between global 
CO emission and the SFR (e.g., Young and Scoville 1982h; 
Young, Scoville, and Brady 1985; Tacconi and Young 1987), 
all based on comparisons of total luminosities and masses; this 
demonstrates the importance of comparing luminosity and 
mass-independent parameters when testing for physical 
relationships between the SFR and gas content. Buat, Dehar- 
veng, and Donas (1989) draw similar conclusions from a com- 
parison of U V, H I, and CO data. 

Before attempting to interpret this result, it is pertinent to 
consider whether problems with the CO or Ha observations 
could be responsible for the scatter in Figure 3c. Errors in the 
CO fluxes could be responsible for a few of the most discrepant 
points, but they cannot account for most of the general disper- 
sion. The published H2 masses and densities were extrapolated 
from CO measurements which only partially sample the disks, 
and small errors in the assumed profile shape can lead to sig- 
nificant errors in the integrated flux. Comparisons of the fluxes 
listed for galaxies in common by Kenney and Young (1988) 
and Stark, Elmegreen, and Chance (1987) show a few objects 
with disagreements as large as a factor of 5, which presumably 
reflects this problem, but most of the fluxes agree to within 
±30%. If the comparison in Figure 3c is restricted to galaxies 
for which full major axis scans are available, the correlation is 
slightly improved, but the scatter is still very large. Thus, while 
errors in the CO or Ha flux probably contribute to the scatter 
in Figure 3c, most of the dispersion appears to be real. 

Extinction is probably the most significant source of error in 
the Ha data. As discussed earlier, variations of as much as 1-2 
mag in extinction could be present in the sample, and the 
galaxies with the highest molecular gas contents might well 
suffer the highest extinction, introducing an artificial scatter 
into Figure 3c. It seems unlikely, however, that this effect can 
be the major source of dispersion. If extinction were the sole 
problem, for example, we would not observe such strong cor- 
relations between Ha emission and the H i and total gas den- 
sities. Furthermore, comparisons of CO emission with other 
types of star formation tracers, such as far-infrared (FIR) emis- 
sion, show a large dispersion as well (Stark et al 1986; Kenney 
1987; Pompea and Rieke 1989). This is illustrated in Figure 3d, 
which shows the relation between FIR (40-300 ¿¿m) surface 
brightness and H2 surface density, using IRAS fluxes compiled 
by Kenney (1987) and Kennicutt et al (1987). The correlation 
here is somewhat better than in Figure 3c, suggesting that 
extinction effects at Ha may indeed be significant, but the 
scatter is still much larger than in Figures 3a-3b. 

In order to place these results on a more formal footing, we 
constructed a statistical sample of 27 spiral galaxies in Table 2 
for which complete H i, CO, Ha, and FIR data are available, 
and computed Spearman rank correlation coefficients for Ha 
and FIR surface brightness versus each of the three gas surface 
densities. The results of such a comparison are relatively insen- 
sitive to the form of the correlation test, but they are somewhat 
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more sensitive to the galaxy sample, so it is important to use a 
common set of galaxies for all of the comparisons. We per- 
formed regressions on two samples, all 27 galaxies (Hubble 
types Sa-Sc), and the 19 Sc galaxies alone, in order to test 
whether the results are sensitive to the range of galaxy types 
under consideration. The results are summarized in Table 3. 

Table 3 confirms most of the general conclusions drawn 
earlier. Ha emission is strongly correlated with H i and total 
gas density, but the correlation with H2 density is barely sig- 
nificant. The correlations with H i and total density are weaker 
for the Sc subsample, which probably reflects the much smaller 
range in densities and SFRs within that group, but the correla- 
tion with H 2 is weak in both cases, indicating that the scatter is 
not mainly due to a change in the Ha versus H2 relation with 
morphological type. The correlation between FIR emission 
and H2 density is considerably stronger, as good as with H i; 

TABLE 3 
Rank Correlation Coefficients 

All Galaxies Sc Galaxies 
Surface      
Density Z(Ha) I(FIR) Z(Ha) Z(FIR) 

Hi   0.78 0.59 0.52 0.40 
H2   0.27 0.53 0.21 0.52 
H i + H2   0.70 0.79 0.49 0.76 
Ha  0.79 ... 0.76 

this may be evidence for the extinction problem at Ha, but it 
also could well be due to a coupling between gas (and dust) 
density and FIR emission independent of the SFR. Also note 
that Ha and FIR emission are more strongly correlated with 
each other than with either H i or H2 density. Overall there is 
no evidence here to suggest that CO emission is more strongly 
coupled to the global SFR than H i or the total gas density. 

The relatively strong coupling between the SFR and H i 
surface density (relative to the molecular density inferred from 
CO measurements) observed here is opposite to the trend 
observed when the total masses of atomic and molecular 
hydrogen are correlated with the SFR. These contradictory 
results may be reconciled when one considers the spatial dis- 
tribution of the H I. In most disk galaxies the bulk of the 
atomic gas lies at radii beyond the star-forming disk, and thus 
the total H i luminosity or mass may bear little relation to the 
conditions in the region where massive star formation is taking 
place. In Figure 3 we have compared the SFR with the H i 
density within the optical disk, so it may not be surprising that 
the correlation is much stronger. Kenney and Young (1988b) 
find a similar improvement in the SFR versus H i mass correla- 
tion when only the H i within the optical disk is considered. 

Based on these results, we tentatively attribute part of the 
poor Ha-H2 correlation to the effects of extinction at Ha, but 
most of it must be due to other causes. The most likely candi- 
dates in our view are a large variation in the conversion factor 
between CO intensity and H2 column density, and/or a 
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Fig. 3.—Dependence of integrated Ha or far-infrared surface brightness, averaged over the disk, on the average surface density of gas for the galaxies listed in 
Table 2. The lines in each diagram denote the expected correlations for Schmidt laws with power law index N = 1 and 2. (a) Dependence of Ha surface brightness on 
the total gas surface density, {b) Dependence of Ha surface brightness on the mean H i surface density, (c) Dependence of Ha surface brightness on the mean H2 
surface density, as derived from the CO intensity, (d) Dependence of the far-infrared surface brightness on mean H2 surface density. 

genuine absence of coupling between the SFR for massive 
stars, averaged over an entire galaxy, and the mean molecular 
gas density. The latter could arise, for example, if the molecular 
gas component were coupled to a low-mass star formation 
mode, rather than the massive stellar population traced by Ha, 
or if the SFR were strictly governed by the volume density 
rather than the surface density of gas. Perhaps the most likely 
explanation for the scatter, however, is a large variation in the 
conversion factor between CO intensity and H2 density among 
the galaxies in our sample, which could mask a much stronger 
underlying correlation between the SFR and actual H2 density. 
The reader is referred elsewhere for discussions of this very 
controversial issue (Kenney 1987; Maloney 1987; Verter 1987). 
Whatever the explanation, the coupling between global star 
formation rate and CO emission appears to be considerably 
more complex than had been originally inferred. 

Despite these uncertainties, the results above demonstrate 
that the average massive SFRs in galaxies, as traced by the Ha 
emission, can be loosely fitted by a power-law function of the 
total gas density, with a slope which is intermediate between 
the Schmidt’s (1959) original value n = 2 and more recent 
claims of n « 1 based on CO studies. This provides some foun- 
dation for models of galactic evolution based on a single inte- 

grated Schmidt star formation law, although the scatter of the 
observed relations is sufficiently large that one must question 
the physical significance of the correlation. Data covering a 
larger range of gas densities and galaxy types would be very 
useful for defining the range of conditions over which a global 
Schmidt law is useful. 

b) Radial Distribution of Massive Star Formation 
More direct information on the star formation law can be 

obtained if we examine the radial behavior of the gas and SFR 
distributions within individual galaxies. Figure 4 compares the 
radial profiles of Ha emission, red starlight (from Schweizer 
1976), H I, and CO emission in NGC 4254, a representative Sc 
galaxy in our sample. 

Over most of the star-forming disk in NGC 4254, the Ha 
distribution is well represented by an exponential profile, with 
a scale length which is similar to that of the stellar disk. The Ha 
profile shows a depression near the center of the galaxy, which 
may represent a real falloff in the star formation, or alternative- 
ly may be due to an increase in extinction near the galactic 
center. This general profile shape, with an outer exponential 
disk, sometimes accompanied by a central depression, is char- 
acteristic of most spiral galaxies (Hodge and Kennicutt 19836). 
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Fig. 4.—Radial profiles of H i, CO, Ha, and red continuum surface bright- 
ness in NGC 4254. Data are plotted on a relative scale, but the H i and CO 
profiles are normalized to a common surface density scale. The truncation of 
the Ha profile at a radius of 150" is real. 

In a small fraction of spirals, including the Galaxy and M31, 
the central depression is dominant, and the star formation is 
effectively concentrated in a ring (Hodge and Kennicutt 
(1983h). 

Figure 5a compares the e-folding scale lengths of the H n 
region disks (exclusive of the central depressions, when present) 
with the corresponding scale lengths of the stellar disks, as 
measured from broad-band surface photometry in the liter- 
ature. There is a strong correspondence between the radial 

distributions of young stars and the background stellar popu- 
lation, confirming earlier work by Hodge and Kennicutt 
(1983h) and Freedman (1984). In most spiral disks the inte- 
grated starlight is dominated by intermediate-age (1-5 Gyr) 
giants and young main-sequence stars of a few solar masses 
(e.g., Searle, Sargent, and Bagnuolo 1973; Kennicutt 1986), so 
our result implies that the large-scale star formation distribu- 
tion in these systems has not changed radically over lifetime of 
the disk, or at least over the past few billion years. Further- 
more, since the integrated starlight effectively traces the dis- 
tribution of a much lower mass stellar component than the Ha 
emission, the correspondence in scale lengths offers some 
qualitative reassurance that the initial mass function does not 
change radically with galactic radius, at least for those galaxies 
whose Ha distributions are well represented by exponential 
disks. 

Several authors have pointed out that the CO profiles of 
many galaxies also follow the Ha and stellar disks (Young and 
Scoville 1982a; Scoville and Young 1983; Solomon et al 1983; 
DeGioia-Eastwood et al 1984; Tacconi and Young 1986), and 
Figure 5b compares the Ha and CO scale lengths for the gal- 
axies in our sample. A correlation is indeed apparent, but the 
scatter is much larger than in Figure 5a. In a few well-studied 
galaxies (e.g., NGC 6946, M51) the scale lengths of the CO, Ha, 
and stellar disks are nearly identical, while in others, especially 
early-type spirals or CO-weak galaxies such as M33 or NGC 
2403, the CO and Ha distributions are essentially uncorrelated. 
An illustration of the latter is shown in Figure 6, which com- 
pares the distribution of Ha emission, blue light (Boroson 
1981), H I, and CO emission in the Sb galaxy NGC 2841. The 
Ha emission shows the typical exponential decline with radius, 
but over a region where the gas density remains essentially 
constant; a Schmidt law clearly cannot describe the large-scale 
star formation in such galaxies. 

In most of the galaxies in our sample there is little correla- 
tion between the radial distribution of H i and SFR. In general, 
the H i distribution falls off much more slowly with radius than 
any of the other gaseous or stellar components. In many spirals 
this can be explained by the predominance of molecular gas in 
the inner disk, but the H i tends to be more extended even in 
CO-weak galaxies. The similarity in radial distributions of Ha 
and CO emission (relative to the H i distribution) is in marked 

Fig. 5.—Comparison of the exponential scale lengths of the Ha disks with the corresponding scale lengths of the stellar disks {left) and the CO emission {right) 
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Fig. 6.—Radial profiles of H i, CO, Ha, and blue continuum surface bright- 
ness in NGC 2841. Notation is the same as in Fig. 4. Note that the absolute Ha 
surface brightness in NGC 2841 is much lower than in NGC 4254 (Fig. 4). 

contrast to the results of Figure 3, which show the globally 
averaged density of star formation to be much more strongly 
coupled to the H i density. We can offer no explanation for this 
paradox, except to note that it is the total gas density, largely 
independent of phase, which appears to be most directly 
coupled to the massive SFR, as discussed later. 

Any correlations between gas density and the SFR break 
down completely in the outer disk. In NGC 4254 and NGC 
2841, for example, the H n region disks terminate at radii of 
150" and 170", respectively, while the gas disks extend smooth- 
ly to much larger radii (see Figs. 4, 6). All of the galaxies in our 
sample possess star-forming disks which are confined well 
inside their gas disks (there may be similar cutoffs in the under- 
lying stellar disks, as discussed in § VI). In some cases the star 
formation thresholds occur at approximately the radius where 
molecular gas begins to dominate over H i, but there are many 
exceptions, including galaxies where the star-forming disk is 
truncated well within the molecular-dominated disk (e.g., NGC 
4569), and other cases where the threshold occurs well outside 
the main CO disk (e.g., M33, M101, NGC 2403). Similar star 
formation thresholds have been observed previously in irregu- 
lar galaxies by Davies, Elliott, and Meaburn (1976), Hunter 
and Gallagher (1986), Skillman (1987), and Ohta, Sasaki, and 
Saito (1988), for spirals by Guiderdoni (1987), Nakano et al 
(1987), and van der Hulst et al. (1987), and in the solar neigh- 
borhood by Kulkarni and Heiles (1987). 

c) The Form of the Star Formation Law 
Figure 7 shows the relationships between the azimuthally 

averaged Ha surface brightness and total (H i-b H2) gas 
surface density in NGC 4254 and NGC 2841. Each point 
shows the gas density and Ha brightness averaged at a given 
radius, with lines connecting points at adjacent radii. The 
number of points is limited by the spatial resolution of the CO 
data. 

If gas density is the only parameter regulating the SFR, as is 
often assumed, then curves like those in Figure 8 would 
uniquely define the form of the star formation law. As shall be 
demonstrated later, however, other parameters influence the 
SFR, and the star formation law itself changes with radius 
within individual galaxies. Consequently, the relations in 
Figure 8 should be regarded only as describing the general 
features of the star formation law, and not its local form within 
the galaxies. 

In NGC 4254 there is a large range in both the gas density 
and in the SFR per unit area, and the SFR-density relation 
shows three distinct regimes. At high gas densities, ZH > 
4 M0 pc-2, the SFR increases smoothly with density; indeed, 
this part of the relation is well represented by a Schmidt power 
law (eq. [2]), with N » 1.3. Below a gas density of 4 M0 pc-1, 
however, the SFR drops abruptly. This is the threshold at the 
outer edge of the disk which was discussed earlier; at gas den- 
sities below 3-4 M0 pc-2 there is no measured Ha emission. 
Between these two regimes is a transition region where the 
SFR increases very sharply with density, much more steeply 
than a standard Schmidt law. In NGC 4254 this transition is 
quite abrupt and is not well resolved by our data, but in some 
galaxies this transition region can extend over a few kilo- 
parsecs (see Fig. 8). 

The turnover in the star formation law near the threshold 
density can often be seen in previously published plots of SFRs 
versus density (e.g., Madore, van den Bergh, and Rogstad 
1974). If one attempts to fit the entire SFR-density relation to a 
single power law, a relatively high value for the index will be 
derived. This effect may partially explain the anomalously high 
values of N which have often been reported in the literature. 

Fig. 7.—Dependence of Ha surface brightness on total (H i + H2) hydro- 
gen surface density for NGC 4254 and NGC 2841, as derived from the radial 
distributions in Figs. 4 and 6. The points at the bottom denote regions where 
no Ha emission was detected. 
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Fig. 8.—Dependence of Ha surface brightness on total (H i + H2) hydro- 
gen surface density, for seven giant Sc galaxies. Each point represents the Ha 
and gas densities averaged at a given galactocentric radius, and lines connect 
points at adjacent radii. The points at the bottom denote regions where no Ha 
emission was detected. 

NGC 2841 possesses lower gas densities and SFRs over 
most of its optical disk, and the character of its star formation 
law is somewhat different. The little star formation that does 
occur in NGC 2841 is not correlated with gas density in any 
simple way ; in some regions the slope of the SFR-density 
relation is negative! At first glance the star formation laws in 
NGC 4254 and NGC 2841 appear to be completely different, 
but upon closer examination they share many similar features. 
Both galaxies possess star formation thresholds at a similar 
surface density, and below this value Ha emission is suppressed 
in both systems. The main difference appears to be that NGC 
2841 lacks a high-density inner disk where the SFR is mono- 
tonically correlated with gas density. Instead, its main star- 
forming disk lies at low densities which correspond to the 
threshold region in NGC 4254, where the SFR increases 
steeply (and not necessarily monotonically) with gas density. 

NGC 4254 and NGC 2841 were chosen as examples because 
they exhibit the extreme range of SFRs in our sample, and the 
other galaxies we studied show SFR-density relations which 
fall within this range of behaviors. For example, Figure 8 com- 
pares the radial SFR-density relations for the seven luminous 
Sc galaxies in our sample, including NGC 4254. There is a 
gratifying uniformity in these star formation laws, especially at 
high gas densities, where not only the slopes (N = 1.3-1.5), but 
even the zero points are similar. This is the best evidence to 
date for something approaching a universal star formation law, 
at least over this range of gas densities and galaxy types. Figure 
8 also shows well-defined star formation thresholds in all of the 
galaxies, but the value of the threshold density clearly is not 
constant. 

We have determined threshold surface densities for all of the 
galaxies in our sample, and a histogram of these densities is 
shown in Figure 9. In galaxies with well-measured Ha or H n 
region profiles the threshold radius was defined to be the point 
where a strong break in the exponential profile occurs. In most 
cases this radius can be defined to an accuracy of ± 10%. In the 
few cases where this break could not be as easily defined, the 
threshold radius was defined to be the distance to the outer- 
most detected H n region. Figure 9 includes all of the galaxies 
in Table 1 with Ha data, as well as three late-type galaxies 
(NGC 628, 925, 2366) for which only Ha and H i distributions 
are available, but which contain such extended H n region 
disks that the contribution of molecular gas at the threshold 
radius should be negligible. The surface densities are expressed 
both in terms of hydrogen mass density (M0 pcand an 
equivalent column density, in units of IO20 H atoms cm-2. 

The range of threshold densities in Figure 9, 1-10 M0 pc-2 

or 102O-1021 H cm-2, is similar to the range reported by pre- 
vious investigators. The dispersion in densities is real. In gal- 
axies such as NGC 4736 and NGC 4569, for example, the star 
formation is suppressed at surface densities of 10-40 M0 pc-2, 
nearly an order of magnitude higher than the corresponding 
threshold densities in M101 or M33; indeed, almost all of the 
star formation in the latter occurs at densities which are below 
the threshold value in NGC 4736 and NGC 4569. This large 
range in the observed star formation laws provides an impor- 
tant clue to the underlying physical mechanism which regu- 
lates the star formation. 

IV. GRAVITATIONAL STABILITY AND STAR 
FORMATION THRESHOLDS 

An abrupt decrease in star formation at low gas densities is 
expected from simple gravitational stability considerations. 
Below a critical density the gas disk is stable against the 
growth of large-scale density perturbations, and consequently 
one would expect cloud growth and star formation to be 
strongly suppressed. Guiderdoni (1987) has noted that the 
observed star formation threshold densities in spirals are of the 
same order as those expected from disk stability models. In this 

20 -2 
lyiO H cm ) 

Fig. 9.—Distribution of threshold column densities in the sample. The 
bottom scale is in units of total (H i + H2) hydrogen mass surface density, and 
the top scale is in units of hydrogen column density. 
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section we derive the expected stability properties of the gal- 
axies in our sample, and compare the results with the observed 
distributions of gas and star formation. 

The stability condition for self-gravitating disks has been 
discussed by several workers (Toomre 1964; Goldreich and 
Lynden-Bell 1965; Elmegreen 1979; Cowie 1981; Jog and 
Solomon 1984a, b; Larson 1983, 1988). In the simplest case of 
a thin isothermal gas disk, instability is expected if the surface 
density exceeds a critical value (Toomre 1964; Cowie 1981): 

z;=a 
3.36G ’ (4) 

where c is the velocity dispersion of the gas, k is the epicyclic 
frequency, and a is a dimensionless constant near unity. Equa- 
tion (4) strictly applies only to thin stellar disks (a = 1), but the 
same condition, with a = 1, will describe the stability of a thin 
gaseous disk embedded in a more massive stellar disk (e.g., 
Cowie 1981). In general, one expects a < 1 in a realistic gas/ 
stellar disk, due to the onset of two fluid instabilities (Jog and 
Solomon 1984a, b). We shall refer to the density in equation (4) 
as the “ critical density.” 

The radial dependence of the critical density in a particular 
galaxy can be derived if its rotation curve and the gas velocity 
dispersion are known. Velocity dispersions have been mea- 
sured for the H i and CO disks in our own Galaxy (e.g., Burton 
1971; Lizst and Burton 1983; Stark 1984; Clemens 1985), and 
for the H i in a few external galaxies (van der Kruit and 
Shostak 1984; Murray and Dickey, private communication). 
The measured values lie in the range c = 3-10 km s“1. The 
same data indicate that c is approximately constant within 
individual disks. This is a very useful result, because it means 
that the radial dependence of the critical density can be esti- 
mated directly from the rotation curve of a galaxy. 

We have used equation (4) to derive the critical density as a 
function of radius for each of the galaxies in Table 1. The 
epicyclic frequency 

V 
K=1M- , R dv\ 

+ V dRJ 

1/2 
(5) 

was derived directly from the rotation curve. In order to keep 
the model as simple as possible, we have assumed a constant 
gas velocity dispersion c = 6 km s_1 in all of the galaxies, and 
a constant value for the stability constant a. We shall then use 
the observations to derive the best fitting average value for a. 
This is almost certainly oversimplistic, but we wish to test how 
well a simple gravitational stability model can reproduce the 
observed star formation thresholds, with a minimum of 
assumptions and free parameters. Note that the derived value 
for the stability index scales inversely with the assumed value 
for the velocity dispersion. 

Under these simplifying assumptions the radial dependence 
of the critical density in a disk is determined completely by its 
rotation curve. For a flat rotation curve and c — 6 km s“1, the 
stability condition takes a very simple form : 

£c (M0 pc 2) = 0.59aF (km s-1)/R (kpc) . (6) 

In order to illustrate the behavior of the critical density in a 
typical late-type galaxy, Figure 10 shows the radial dependence 
of the observed gas surface density Tg (total H density multi- 
plied by 1.45 to include other elements), the critical density Ec 

(assuming a = 1 for the moment), and the ratio for NGC 
6946, a nearby Sc galaxy which has been extensively studied in 

Fig. 10.—Top panel shows the radial distribution of total (atomic and 
molecular) gas surface density in NGC 6946 (solid line), and the radial depen- 
dence of the threshold surface density for gravitational stability, from eq. (4). 
Bottom panel shows the radial dependence of the ratio of these two densities. 
The vertical arrow denotes the radius of the H n region disk, and the horizon- 
tal dashed line indicates the value oî'LgfLc at this radius. 

CO, H I, and Ha (Young and Scoville 1982a; Tacconi and 
Young 1986; Bonnard, Boulestdx, and Marcelin 1986). The 
radial behavior of the critical density is remarkably similar to 
the actual gas distribution in NGC 6946; the ratio 
remains constant to within a factor of 4-5 over a hundredfold 
range of gas density. The gas density decreases slightly faster 
with radius than the critical density, with the ratio reaching a 
value of ~0.7 at the outer radius of the H n region disk 
(indicated by the arrow in Fig. 10). Hence the star formation in 
NGC 6946 is restricted to regions where > 0.7 and is 
suppressed in regions where the ratio falls below this value. 
The general properties of the star formation in NGC 6946 
could be explained by gravitational stability if the stability 
parameter a = 0.7. 

These general results are shared by all of the active star- 
forming galaxies in our sample. Figure 11 shows the radial 
dependence of the ratio for 12 Sc galaxies (M33, M51, 
M101, NGC 2403, 4254, 4303, 4321, 4535, 4647, 4654, 4689, 
4946). The Sab-Sb galaxies NGC 4569,4736, and 7331 are also 
plotted, because they also exhibit very active inner star- 
forming disks, and the unusually high threshold densities in 
NGC 4569 and NGC 4736 provide a good test of the stability 
model. In this diagram the radial coordinate is normalized to 
the outer radius of the H n region disk, i.e., the observed 
threshold radius. Hence active star formation in these galaxies 
occurs in the region to the left of the vertical line in Figure 11. 

Figure 11 demonstrates that within the star-forming disks of 
these galaxies, the ratio of gas surface density to the critical 
density for stability usually does not change by more than a 
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Fig. 11.—Radial dependence of the ratio of gas surface density to the critical density for gravitational stability (eq. [4]), for the galaxies with active star-forming 
disks. The radial coordinate is normalized to the radius of the H n region disk. The horizontal line indicates the value for the stability parameter (a = 0.67) which best 
fits the observed star formation thresholds. Dashed lines denote M33 and NGC 2403. 

factor of 2-3. This tendency for the gas disks to lie near the 
gravitational stability limit was first noted by Quirk (1972), 
using H i data which were available at that time, and our 
results confirm that this is a general property of the gas disks in 
late-type galaxies. There are two galaxies, M33 and NGC 2403 
(indicated by dashed lines), in which the observed gas density 
lies below the threshold within much of the inner star-forming 
disk. These are both lower luminosity galaxies with unusually 
weak, small CO disks, and the deviation of these objects from 
the general trend observed in more luminous galaxies may 
indicate a breakdown of the stability model, or it may be 
caused by a difference in the CO-H2 conversion. 

Figure 11 also shows that there is a critical value for the 
stability parameter, indicated by the horizontal line at 
a = 0.67, which defines the outer edge of the active star- 
forming region in all of the galaxies. The agreement between 
the locations of the thresholds predicted by the simple stability 
model and the observed thresholds is quite striking; the values 
of a = at the threshold radius all lie within the range 
0.5-0.85, even though the absolute values of the threshold 
density in the galaxies vary by more than a factor of 10 (see Fig. 
9). 

Figure 12 illustrates how well the simple stability model 
reproduces the observed star formation thresholds in these 

Fig. 12.—(a) Comparison of the observed star formation threshold densities for the galaxies in Fig. 11 with the values at which the gas density drops below the 
critical density for gravitational stability, as given by eq. (4) with a = 0.67. (b) Comparison of the observed radii of the H n region disks with the radii where the gas 
surface density drops below the critical density for gravitational stability. 
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galaxies. For each spiral in Figure 11 (plus NGC 628, 925, 
2366) we computed the radial dependence of the critical 
density Zc, using equation (4) with c = 6 km s“1 and the mean 
value a = 0.67 derived above. We then compared this to the 
radial dependence of the actual gas, surface density in each 
galaxy and determined the radius and surface density where 
the gas density dropped below the predicted threshold value. 
Figure 12a compares the predicted threshold gas densities with 
the actual observed densities at the outer edge of the star- 
forming disks, while Figure 12b compares the predicted thresh- 
old radii with observed radii of the H n region disks. Since we 
used the observed thresholds to derive the average value of a, 
we have forced the predicted and observed values to agree on 
average, but what is remarkable in Figure 12 is the small 
scatter, especially given the simple assumptions built into our 
stability model. This low scatter (± 18% in density and ±8% 
in radius) may be partly fortuitous, but in any case it is clear 
that a simple gravitational stability model can reproduce the 
observed radial extents of the global star formation and the 
qualitative behavior of the gas distributions in actively star 
forming galaxies. 

We can now understand the large range in threshold den- 
sities observed in our sample (Fig. 9). The galaxies with 
unusually high thresholds, such as NGC 4569 and NGC 4736, 
are characterized by very rapid rotation in their inner disks* 
and consequently the critical densities for gravitational stabil- 
ity are very high. Even though these galaxies possess dense 
inner gas disks, the density gradient is steeper than the corre- 
sponding 1/R falloff in the critical density, and the star forma- 
tion is suppressed at relatively high densities and small radii. 
On the other hand, the galaxies with very low thresholds are 
characterized by lower rotation velocities and rotation curves 
which rise more slowly with radius, and consequently in those 
systems the critical density at a given radius is considerably 
lower. The rotation properties of the late-type galaxies, com- 
bined with their extended gas disks, allow active star formation 
to persist to relatively low densities and large radii. 

The results in Figures 11-12 apply to galaxies with active 
star formation taking place throughout their inner disks, where 
the azimuthally averaged gas and Ha profiles are representa- 
tive of the general conditions in the disks. Earlier type galaxies, 
which are generally characterized by lower levels of star- 

forming activity (e.g., NGC 2841), show a somewhat different 
behavior. This is illustrated in Figure 13, which shows the 
radial distributions of in nine Sab-Sb galaxies (NGC 
2841, 4192, 4216, 4394, 4548, 4579, 4388, 4639, 4698) and one 
red “anemic” galaxy, NGC 4571, which is classified as an Sc 
galaxy, but has a SFR which is more typical of Sa-Sb galaxies. 
Ha distributions are only available for three galaxies (NGC 
2841,4548, 4571), so we have normalized the radial coordinate 
in Figure 13 to the isophotal radius D(0)/2 from de Vaucou- 
leurs, de Vaucouleurs, and Corwin (1976). It is important to 
emphasize that the gas density in many of these galaxies often 
varies by large amounts at a given radius, the averaged radial 
profiles are not as meaningful as in Figure 11. 

The stability properties of the gas in these galaxies are quali- 
tatively different from the active star-forming galaxies shown 
in Figure 11. If we assume that the same velocity dispersion 
and stability index (a ~ 0.7) apply to these galaxies, then most 
are characterized by gas disks which are gravitationally stable, 
at least in terms of the azimuthally averaged density. Conse- 
quently we would not expect to observe active global star 
formation in these systems, and this is generally the case. On 
the other hand, the average densities in most of the disks is 
often sufficiently close to the threshold value (0.2 < ZyZc < 
0.7) that one might expect star formation to take place in 
localized regions with modest density enhancements, such as 
spiral arms. This is indeed observed in some of the galaxies; for 
example, in NGC 4548, which is indicated by the dashed line in 
Figure 13, most of the H n regions are concentrated in a tight 
pair of spiral arms, at a radius corresponding to the peak in 
Figure 13. More complete CO and Ha data on these galaxies 
are needed, however, before we can test this hypothesis further. 

In summary, our analysis of the stability properties of the 
disks has led to two significant results. First, the abrupt star 
formation thresholds that are observed in our sample can be 
identified with large-scale gravitational instabilities in the disk. 
A simple stability model can quantitatively reproduce the 
observed locations and densities of the star formation thresh- 
olds. Second, the radial distributions of gas in active star- 
forming galaxies closely follow the corresponding radial 
behavior of the threshold density for gravitational stability. 
Taken together, these results imply that the gas everywhere in 
the disk lies near the threshold for star formation. It is also 

Fíg. 13. Radial behavior of the ratio of total gas surface density to the critical density for gravitational stability (eq. [4]), for early-type (Sab-Sbc) galaxies. The 
radial coordinate is normalized to the isophotal radius of the disk. The horizontal line indicates the value a = 0.67 which best fits the observed star 
thresholds in late type galaxies. The dashed line denotes NGC 4548 
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possible that the distribution of the gas itself may be deter- 
mined in large part by the stability condition. The idea that 
large-scale Jeans instabilities are an important mechanism 
regulating the star formation and gas distributions was dis- 
cussed in detail by Quirk (1972) and has been considered more 
recently in general terms by Fall and Efstathiou (1980), Larson 
(1983, 1988), and Guiderdoni (1987). A similar density thresh- 
old is predicted by the Oort model of Struck-Marcell and 
Scalo (1987). Our results provide quantitative confirmation of 
the basic aspects of this picture. 

v. discussion: the form and physical nature of the star 
FORMATION LAW 

The standard Schmidt star formation model used in most 
galactic evolution models assumes a smooth, continuous 
power-law relationship between the SFR and the gas density. 
Our results introduce fundamental modifications in this 
picture. First, we find that the SFR is regulated by at least two 
parameters, the local gas density, and the ratio of this density 
to a local gravitational threshold density which is governed by 
the dynamical properties of the disk. (Other parameters may 
also regulate the SFR, as discussed later.) Second, the SFR- 
density law is not smooth and continuous, but rather changes 
abruptly from a steep nonlinear relation below the threshold 
density to a relatively shallow power law above the threshold. 
Third, since the critical density for stability is a strong function 
of galactocentric radius, the form of the star formation law 
itself must also change with radius within galaxies. For the 
same reasons, the systematic differences in the kinematic 
properties of galaxies as a function of Hubble type and lumi- 
nosity should introduce corresponding differences in their star 
formation laws. Although this revised picture is clearly more 
complex than a simple Schmidt law, the basic form of the star 
formation law at a given location in galaxy can be readily 
predicted if the kinematic properties of the disk are known. 
Consequently, these results offer us not only a more accurate 
empirical description of the star formation law but also a 
physical basis for understanding its basic form. 

Figure 14 illustrates in schematic form the behavior of the 
star formation law at four radii in a typical galactic disk. At 
any radius the star formation law can be divided into three 
distinct regimes, with the transitions between these regimes 
occurring near the critical density for gravitational stability. 
Since the critical density increases with decreasing radius 
(roughly as 1/R for a flat rotation curve), the curves in Figure 
14 will shift to progressively higher densities as one proceeds 
from the outer part of the disk inward. Gas which is easily 
dense enough to form stars in the outer disk may lie unper- 
turbed in the inner regions. Moreover, since the SFR above the 
threshold increases rapidly with density, the magnitude of the 
nonlinear jump in the SFR as gas crosses the threshold will be 
much higher at higher threshold densities. 

For regions where the gas density exceeds the critical density 
(assuming a = 0.67 in eq. [4]), the gas will be unstable to spon- 
taneous gravitational collapse and star formation. For typical 
disk densities the time scales for growth of these perturbations 
are of order a few times 107 yr, with corresponding Jeans 
lengths and masses of order 1 kpc and 107 M0 for typical disk 
densities (Larson 1988). In this regime the average SFR is well 
approximated by a Schmidt-type power law, with index 
N = 1.3 ± 0.3. This slope is significantly shallower than the 
values near N = 2 derived in the early H i studies, but it 
appears to be steeper than the linear density dependence indi- 

Fig. 14.—Schematic representation of the star formation law at 4 different 
radii in a galaxy. The curves to the right correspond to successively smaller 
radii and higher threshold densities. 

cated by early CO studies. The index measured here should be 
treated with caution, however, because our SFR-density rela- 
tions were derived from radial profiles, and gradients in extinc- 
tion in the galaxies would tend to lower the derived slope of the 
best fitting power law. It is also possible that the SFR is influ- 
enced by some other parameter which varies systematically 
with radius, such as the stellar surface density of the disk, and 
this too could alter the apparent slope of the SFR versus gas 
density relation. Point-by-point observations of SFRs and gas 
densities are better suited for measuring the slope of the star 
formation law above the threshold, and an analysis of such 
data will be published in a future paper. 

A detailed discussion of the physical nature of the star for- 
mation law in this high-density regime is beyond the scope of 
this paper. Larson (1987, 1988) has used several qualitative 
arguments to justify a Schmidt law with index n = 2. Talbot 
and Arnett (1975), Franco and Cox (1983), Ikeuchi, Habe, and 
Tanaka (1984), Dopita (1985,1988), and Silk (1987) have devel- 
oped more quantitative models of the star formation law in the 
high-SFR regime, under the assumption that the star forma- 
tion is a self-regulating process on large scales. The self- 
regulating models predict a SFR which depends on both the 
gas surface density and the mass surface density of the disk, 
with effective Schmidt law indices in the range N = 1-2, which 
is at least qualitatively consistent with our observations. We 
defer a more detailed discussion of these models to a future 
paper. 

Below the threshold density the gas disk is gravitationally 
stable, and the SFR drops sharply. In terms of the Toomre 
(1964) stability criterion in equation (4), we observe a star for- 
mation threshold corresponding to a stability criterion : 

a = 4.0/c (km s_1), (7) 

where c is the velocity dispersion of the gas disk (the possibility 
of feedback between the SFR and the stability criterion itself 
will be discussed later). In regions where the gas density is well 
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below the critical density (2^/Ec <4 a), we would expect vir- 
tually no star formation to take place, and this is in accord 
with our observations. On the other hand, in regions where the 
density is only slightly below the critical value, local compres- 
sion of the gas, for example from spiral arms or supernova 
shocks, may induce local instabilities and star formation. We 
suspect that this process is responsible for most of the star 
formation in the intermediate-type spirals, especially “ grand- 
design” spirals such as M81, which exhibit active star forma- 
tion in spiral arms, but virtually no star formation elsewhere. 
In many galaxies most or all of the disk may lie in this tran- 
sition regime, where the gas density hovers just below the 
stability limit, as discussed in more detail in § Via. 

Our observations show that the SFR is a very steep function 
of density in the region near the threshold value, and this effect 
may account for the highly nonlinear star formation behavior 
observed in many galaxies, such as interacting galaxies or 
spirals with strong concentrations of star formation in their 
arms. The turnover in the slope of the star formation law near 
the threshold density provides a mechanism for producing 
both a highly nonlinear response of the SFR to gas density in 
regimes where the gas lies near or just below the threshold, as 
well as a relatively linear response in other, more gas-rich 
regions. We shall apply this result to the problems of star 
formation in spiral arms and starburst galaxies in the next 
section. 

Finally, in regions where the average surface density of gas is 
much lower than the threshold density (2^/Zc 0.2), the disk 
will be stable against local density perturbations, and star for- 
mation will be completely suppressed. There are two types of 
environments where this regime will be important, regions of 
low gas density, such as the disks of SO-Sa galaxies or the outer 
disks of late-type spirals, or alternatively regions where the 
threshold density is very high, such as the near-nuclear regions 
of galaxies with high central mass concentrations. We discuss 
the possible implications of the threshold model for the latter 
environment in § VI/ 

One might naively presume that the behavior of the star 
formation law near the stability limit is only relevant in a few 
regions, for example near the outer edge of the active star- 
forming disk. This misconception may explain why the thresh- 
olds have largely been ignored in the past, despite considerable 
observational evidence for their importance (e.g., Quirk 1972). 
Figures 11 and 13 demonstrate, however, that the gas disks in 
almost all spiral galaxies are almost always within a factor 2-4 
above or below the threshold density, at virtually all radii. 
Consequently, the strong deviations from the Schmidt law 
which occur near the threshold are crucial for understanding 
the large-scale star formation throughout galactic disks. 

VI. IMPLICATIONS AND POSSIBLE APPLICATIONS 
In this section we discuss several possible applications of our 

results, including a number of observations which have been 
difficult to reconcile with a simple Schmidt star formation law. 
We conclude by summarizing those observations which are 
difficult to reconcile with the present results, and mention areas 
where new observations would be most useful. 

a) Distributions of Gas and the Evolution of Galactic Disks 
The radial distributions of gas in most of the galaxies we 

studied appear to follow closely the radial falloff in the gravita- 
tional threshold density, and it seems unlikely that this is 
merely a coincidence. Instead, this result suggests that gravita- 

tional stability regulates both the SFR and the gas distribu- 
tions themselves, as originally hypothesized by Quirk (1972). It 
is easy to visualize how this might occur. An initially gas-rich 
disk will experience active star formation until the surface 
density approached the critical value, then at that point the 
SFR (and thus the gas consumption rate) would rapidly 
decrease. This process would tend to leave the disk at or slight- 
ly below the critical density at all radii. 

There are some problems with this picture, however. Obser- 
vations of late-type spiral galaxies show that most have formed 
stars at approximately a constant rate over their lifetimes (e.g., 
Searle, Sargent, and Bagnuolo 1973; Tinsley and Danly 1980; 
Kennicutt 1983, 1986), but if the gas disks currently lie very 
close to the stability limit, we would expect star formation (and 
subsequent gas consumption) to drive the gas density below 
the threshold during the next few billion years, after which the 
SFR will be strongly curtailed. It seems unlikely that we would 
now observe most late-type galaxies at the same unique stage 
in their evolution. This paradox is similar to the well-known 
gas consumption problem for disk galaxies (e.g., Larson, 
Tinsley, and Caldwell 1980; Kennicutt 1983), but is even more 
severe, because the time scale for depleting the gas below the 
stability limit is considerably shorter than the time scale for 
completely exhausting the gas supply. This paradox was 
pointed out by Quirk and Tinsley (1973), who used it to argue 
that gas infall must be occurring to maintain the disk surface 
density above the threshold. The infall rates required by this 
hypothesis are uncomfortably large, several M0 yr_1 for 
luminous Sc galaxies (Kennicutt 1983), although additional 
replenishment of the gas from stellar mass loss can alleviate 
part of the problem. 

Another possibility is that the simplifying assumptions in 
our threshold model break down when describing the long- 
term evolution of the disks. For example, the assumption of a 
constant velocity dispersion for the gas disk is based on obser- 
vations of actively star-forming galaxies, but it is possible that 
after the SFR is suppressed in a galaxy, the scale height and 
velocity dispersion of the gas disk gradually decrease, until 
global gravitational instability once again takes place. A 
similar feedback between the SFR and the gravitational stabil- 
ity condition could arise if the SFR is governed more directly 
by the volume density of gas, rather than the surface density. It 
should be straightforward to model the evolutionary behavior 
of a disk under such assumptions (e.g., Talbot and Arnett 
1975), but it may be more difficult to obtain the spatially 
resolved observations of gas densities, kinematics, and SFRs 
which would be necessary to test these conjectures unam- 
biguously. 

b) Distributions of Molecular and Atomic Gas in Galaxies 
It is tempting to hypothesize that the same gravitational 

stability mechanism might also be responsible for the relatively 
sharp radial transition between a molecular-dominated and 
H i-dominated interstellar medium in many galaxies. Elme- 
green (1979), Cowie (1981), and Ikeuchi, Habe, and Tanaka 
(1984) have shown that gravitational stability considerations 
can account for the molecular ring in our own Galaxy (see 
§ Vic). In order to test crudely this hypothesis for the galaxies 
in our sample, we measured the radius in each galaxy at which 
the surface densities of atomic and molecular gas are equal, 
and then examined the dispersion in total gas surface densities 

the critical densities £c, and the ratios ZyZ, at these 
“molecular threshold” radii. Since the transition from a 
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a = £g/2c(HI-H2) 

Fig. 15.—Top panel shows the distribution of “molecular threshold ” den- 
sities, where the gas is half atomic and half molecular. Bottom panel shows the 
corresponding ratios of total gas density to the critical density for gravitational 
stability (eq. [4]). 

molecular to atomic-dominated medium is quite abrupt in 
most galaxies, our results are not very sensitive to the precise 
definition of this radius. 

If the growth of molecular clouds is governed by the same 
stability criteria which appear to regulate the SFR, we would 
expect to observe a relatively small dispersion in the values of 

comparable to what was found for the star formation 
thresholds. Figure 15 shows a histogram of this ratio, as well as 
a histogram of the total surface densities at the molecular 
threshold. A comparison of Figure 15a with Figure 9 shows 
that the molecular gas becomes dominant at surface densities 
which are several times higher on average than where the star 
formation thresholds occur, but the dispersion in “ threshold ” 
densities is similar in the two cases. On the other hand, the 
values of show a dispersion of roughly an order of mag- 
nitude (Fig. 15b), nearly as large as the dispersion in absolute 
molecular threshold densities, and compared with less than a 
twofold range in at the star formation thresholds (see 
Fig. 11). 

Consequently, it appears, perhaps not surprisingly, that the 
gravitational stability of the disk is not the only important 
parameter which regulates the large-scale equilibrium between 
molecular and atomic gas in these galaxies. Although the sta- 
bility model can reproduce some of the qualitative properties 
of the molecular and atomic gas distributions, other models 
based on very different mechanisms, such as the rate of passage 
through spiral arms (Wyse 1986) and dissociation of molecular 

gas by young stars (Shaya and Federman 1987), seem to work 
at least as well. Other parameters, such as metallicity and dust 
content, may also be important. 

This result also reinforces the earlier suggestion in our data 
that the onset of global active star formation is predominantly 
regulated by the self-gravity of the gas, independent of whether 
the gas is predominantly atomic or molecular. We find it some- 
what surprising that the coupling between the SFR and molec- 
ular density is not stronger, since molecular clouds are thought 
to be the direct precursors to massive star formation. Perhaps 
the coupling between molecular gas and the SFR is a strictly 
local process, which is obliterated when we study the SFR on 
very large scales, or perhaps variations in the CO/H2 ratio are 
introducing a spurious dispersion into Figure 15. 

c) Distribution of Massive Star Formation in the Galaxy 
The relationship between the SFR and gas density in our 

Galaxy has been discussed by several workers (e.g., Guibert, 
Lequeux, and Viallefond 1978; Güsten and Mezger 1983; Sco- 
ville and Good 1986). The SFR-density relation has usually 
been analyzed in terms of the Schmidt law, and indices in the 
range N = 1.3-2 have been derived. Here we examine whether 
the observations are consistent with the threshold model. 
Other studies of the gravitational stability of the Galactic disk 
have been carried out by Elmegreen (1979), Cowie (1981), and 
Ikeuchi, Habe, and Tanaka (1984). 

The radial distribution of interstellar hydrogen in the 
Galaxy is shown in Figure 16 (top panel). The profile includes 
both atomic and molecular gas, taken from Sanders, Solomon, 
and Scoville (1984), using the CO-H2 conversion in equation 
(3), and converted to a Galactic center distance of 8.5 kpc. Also 
shown is the distribution of giant H n regions (per square 
kiloparsec), taken from Sco ville and Good (1986). 

Fig. 16.—Top panel shows the radial distribution of total (H i + H2) 
hydrogen surface density in the disk of the Milky Way Galaxy (solid line), and 
the surface density of giant H n regions (dashed line). Bottom panel shows the 
radial behavior of the ratio of gas density to the critical density for gravita- 
tional stability, as in Figs. 11 and 13. 
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We have used the rotation curve of Clemens (1985) and 
equation (4) to derive the radial dependence of the critical 
density in the Galactic disk, under the same assumptions that 
were applied earlier to the external galaxies. The bottom panel 
in Figure 16 shows the radial dependence of 2^/Ec, with the 
horizontal line indicating a = 0.67 which best fits the observed 
star formation thresholds in external galaxies. 

There is qualitative agreement between the region where the 
gas density lies above the predicted star formation threshold, 
R ~ 4-8 kpc, and the region of peak star formation as traced 
by the giant H n regions. At other radii, including the solar 
neighborhood, the gas lies below the predicted threshold 
density, and there we would expect the star formation to be 
restricted to perturbed regions, such as spiral arms. However, 
the same observations can be reproduced nearly as well by a 
simple Schmidt law (Glisten and Mezger 1983; Scoville and 
Good 1986), so the distribution of star formation in the Galaxy 
does not offer a clean test of the threshold model. Nevertheless, 
it is gratifying that the same star formation model which 
appears to describe external galaxies is also at least qualita- 
tively consistent with the distribution of star formation in the 
Galaxy. 

d) Radial T runcations of Stellar Disks 
If the abrupt falloff in the SFR at the threshold radius per- 

sists for sufficient time, it should introduce a visible turnover or 
truncation of the observed stellar luminosity profile at that 
radius. Until recently such cutoffs in the stellar disks had not 
been reported, and this could pose a problem for the threshold 
model, at least in its simplest form. Recent work by van der 
Kruit (1988), however, suggests that many stellar disks may 
possess radial cutoffs at approximately the same location as 
seen in the star-forming regions. Outer edges are seen frequent- 
ly in edge-on disks (van der Kruit 1979; van der Kruit and 
Searle 1981), and van der Kruit (1988) finds evidence for trun- 
cations in all but one of the 15 spirals (including face-on 
systems) in the survey of Wevers, Allen, and van der Kruit 
(1986). Unfortunately there is only one galaxy in our sample 
for which van der Kruit lists a cutoff radius (NGC 628); in that 
case the radii of the H n region and stellar disks are nearly 
identical. It would be extremely interesting to confirm the 
reality of these truncations in the stellar disks and to compare 
their radii with the predictions of the threshold model. 

Van der Kruit (1989) has hypothesized that the stellar disk 
truncations are a direct consequence of the initial collapse and 
formation of the disk, following the general picture of Fall and 
Efstathiou (1980). In his scenario the cutoff radius is deter- 
mined by the maximum angular momentum of the protogalac- 
tic halo. We hypothesize quite a different cause for the cutoffs, 
namely a cumulative effect over time of the gravitational 
threshold of the gas disk on the star formation. In late-type 
galaxies it may be possible to test this picture directly, by 
comparing the observed cutoff radii with the predictions of the 
threshold model (analogous to Fig. 12). 

e) Suppression of Star Formation in SO Galaxies 
A considerable fraction of SO and Sa galaxies possess large 

masses of interstellar gas but little or no detected star forma- 
tion (Schommer and Bothun 1985; van Driel 1987; Thronson 
and Bally 1987), and such galaxies pose a clear problem for the 
standard Schmidt star formation model. The presence of a star 
formation threshold, however, provides a straightforward 
explanation for the low SFR in these systems. Although the 

Fig. 17.—Radial behavior of the ratio of H i surface density to the critical 
density for gravitational stability, for five gas-rich SO galaxies studied by van 
Driel. The radial coordinate is normalized to the isophotal radius of the disk. 
The horizontal line denotes the stability parameter a = 0.67 which best fits the 
observed star formation thresholds in Sc galaxies. 

integrated hydrogen masses of these red H i-rich galaxies are 
often comparable to those of late-type spirals, the surface 
density of gas in these sytems is quite often quite low, with 
N(H i) < 1021 H cm“2, or Z(H i) <U0 M0 pc“2 (van Driel 
1987; van der Hulst et al 1987). These galaxies are often char- 
acterized by high rotation velocities as well, resulting in critical 
densities for gravitational stability which are usually much 
higher than the gas densities. 

This point is illustrated in quantitative terms in Figure 17, 
which shows the radial behavior of the ratio of H i surface 
density to critical density (eq. [4]), for five SO galaxies mapped 
by H i by van Driel (1987). Unfortunately CO maps are not yet 
available for these galaxies, but the H i distribution should at 
least be representative of the gas in the outer disks. The hori- 
zontal line in Figure 17 indicates the critical value a = 0.67 
which was derived for Sc galaxies. The SO galaxies are charac- 
terized by H i disks which are below this threshold at all radii, 
and consequently the absence of active star formation in these 
galaxies is not surprising. CO observations are needed to verify 
that the total gas densities lie below the threshold, but in most 
cases the H i densities are so low (relative to the threshold) that 
the inclusion of molecular gas is not likely to alter our conclu- 
sions. 

/) Starbursts in the Disks and Nuclei of Galaxies 
Many interacting galaxies experience large bursts of star 

formation in their disks or nuclei, with increases in the SFR of 
1-2 orders of magnitude (Larson and Tinsley 1978; Bushouse 
1987; Kennicutt et al 1987). Such bursts are difficult to explain 
if the SFR is a low power (n = 1-2) of the gas density, unless a 
strongly nonlinear process is introduced (e.g., Scalo and 
Struck-Marcell 1986). The star formation thresholds, however, 
provide a straightforward mechanism for producing starbursts 
in many types of galaxies. Our results show that the SFR is a 
very nonlinear function of density near the threshold limit, and 
if the gas disk of a galaxy were initially below the threshold at 
most radii, such as with most of the intermediate-type galaxies 
in Figure 13, even a modest perturbation of the disk could lead 
to very large increases in the global SFR. Struck-Marcell and 
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Scalo (1987) have reached similar conclusions, based on their 
models for interstellar cloud growth and star formation in dis- 
turbed galaxies. 

As discussed earlier, the threshold density increases rapidly 
toward the center of a differentially rotating disk, so this 
mechanism could produce especially strong starbursts in the 
central regions of early-type galaxies. Critical densities in the 
central kiloparsec of rapidly rotating disks can easily reach 
surface densities of several hundred M0 pc-2, or volume den- 
sities of several hundred atoms cm-3. Large concentrations of 
gas could accumulate in such an environment, and once the 
density did cross the threshold, star formation presumably 
would occur at a very high rate, corresponding to the high- 
density extrapolation of the star formation law (see Fig. 14). 

g) Star Formation in Spiral Arms 
The nonlinear increase in the SFR near the threshold density 

may also provide a straightforward explanation for the strong 
concentration of star formation in the spiral arms of many 
galaxies. In M51, for example, virtually all of the massive star 
formation occurs in the main pair of spiral arms, yet observa- 
tions of the gas distribution by Rydbeck, Hjalmarson, and 
Rydbeck (1985) and Lord (1987) show that the gas density in 
the arms is enhanced by factors of only 1.2-2. A similar behav- 
ior is observed in the disk and spiral arms of NGC 6946 
(Tacconi-Garman 1988). This is consistent with a Schmidt law 
for very large values of the power-law index (n > 2). However, 
comparison of the observed gas densities in these galaxies with 
the expected threshold densities suggests that the gas densities 
in the arm and interarm regions bracket the threshold value, 
and this may offer a simple explanation for the high arm- 
interarm contrast in the SFRs. 

Our results may also provide an explanation for why the 
SFRs in galaxies with strong “ grand design ” spiral patterns 
are no higher on average than in galaxies which lack spiral 
structure (Elmegreen and Elmegreen 1986), a result which led 
Elmegreen and Elmegreen to question whether density waves 
trigger star formation. Our analysis suggests that the onset of 
active star formation is determined by the gravitational stabil- 
ity of the gas disk, independent of whether spiral structure is 
present. The critical condition for the development of spiral 
density waves, on the other hand, involves the gravitational 
stability of the stellar disk, following a condition similar to 
equation (4), but with the relevant parameters being the surface 
density and velocity dispersion of the stellar disk, rather than 
the gas. Our observations suggest that these two stability cri- 
teria are largely decoupled from one another; we see frequent 
examples of active star-forming galaxies with or without strong 
spiral structure, and conversely many examples of “grand- 
design ” spirals which are essentially devoid of active star for- 
mation. In this sense the presence of spiral density waves does 
not appear in itself to be the prédominent driver of the SFR, as 
pointed out by Elmegreen and Elmegreen (1986). 

On the other hand, there are many examples of spirals where 
the average gas density appears to lie just below the threshold 
value (e.g., Fig. 13), and where spiral arms appear to have 
triggered most or all of the observed star formation. Many of 
these galaxies have relatively low integrated SFRs, but this is 
due to the low gas densitiies and the virtual absence of star 
formation between the arms, not to the lack of density wave 
triggered star formation. This effect may partly account for the 
tendency of the “ grand design ” spirals to have normal or even 
lower than average SFRs. 

h) Problems and Future Work 
The results in this paper appear to resolve many of the 

previous inconsistencies and problems with the standard 
Schmidt law picture of star formation in galaxies, but they 
have also left several important questions unanswered. 

Although the radial behavior of the observed star formation 
in most galaxies is in qualitative accord with the threshold 
model, there are a few notable exceptions. Two nearby Sc gal- 
axies, M33 and NGC 2403, possess active star formation 
throughout their inner disks, yet the gas densities in large por- 
tions of the disk lie well below the predicted threshold (see Fig. 
11). In M33 the gas in the inner disk is heavily concentrated 
into spiral arms (Deul and van der Hulst 1987), and this might 
account for the apparent breakdown of the threshold model. 
Both galaxies also exhibit unusually weak CO emission, and 
we are tempted to speculate that in these systems the CO 
emission systematically underestimated the amount of molecu- 
lar gas. Otherwise it is likely that some aspect of our simple 
threshold model does not apply to these galaxies. 

Perhaps the most unsettling result of this investigation is the 
poor correlation between the observed SFRs and the molecu- 
lar gas properties of the galaxies. This is not the first indication 
that the molecular gas is not as strong a tracer of the star 
formation as had been previously hoped; similar results have 
been discussed by Stark et al (1986) and Kenney (1987). 
However, the virtual absence of any correlation between global 
Ha emission and CO emission found here is difficult to under- 
stand, and it is important to establish whether it is caused by a 
real decoupling between total molecular gas content and the 
SFR, or by problems with the Ha and/or CO emission as 
quantitative tracers of the SFR and molecular mass, respec- 
tively. 

Our interpretation of the observed star formation law is 
incomplete in a number of respects. Our observations indicate 
that a Schmidt-type power law provides a reliable parametri- 
zation of the SFR for gas densities well above the threshold 
value, but they provide little insight into the physical basis of 
this law. Since our data are based on radial profiles of the SFR 
and gas density, we cannot separate a physical SFR-density 
relationship from a dependence of the SFR on metallicity, 
stellar disk density, or some other radially varying parameter. 
Our results may also be affected by radial gradients in either 
the extinction at Ha or the CO-H2 conversion factor. Better 
constraints on the variations (if any) in these parameters would 
be very valuable. 

The threshold picture presented here, essentially a réintro- 
duction of the Quirk (1972) model, is certainly oversimplistic. 
We have adopted the simplest possible single-fluid gravita- 
tional stability model, and assumed a constant velocity disper- 
sion for both cold gas components in all galaxies. It seems 
likely on phenomenological grounds that the scale height and 
velocity dispersion of the gas, and hence the stability threshold, 
are coupled to the SFR itself, and if this coupling is strong it 
will qualitatively modify the temporal behavior of the global 
SFR. Other potentially important factors, such as the cloud 
structure of the gas, magnetic fields, and cloud collision and 
growth time scales have not been considered at all. Neverthe- 
less, our simple gravitational model appears to reproduce the 
basic features of observed star formation and gas distributions 
in most nearby disk galaxies. 

Finally, it is important to reiterate that our results describe 
the regulation of the SFR on very large scales, and they 
provide little useful information on the local (<1 kpc) star 
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formation law. Analyses of the SFR on a point-by-point bias in 
selected galaxies will make it possible to test the threshold 
model and to define the limiting scales over which a global 
relation such as the Schmidt law is valid. This may make it 
possible to replace the Schmidt parametrization with a physi- 
cal model for the large-scale star formation in galaxies. 
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