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ABSTRACT

Evidence is beginning to accumulate that the initial mass function (IMF) is not the same everywhere but
suffers at least spatial variations. We have constructed a simple model aimed at determining the slope of the
IMF in a cluster of young stars. We present narrow-band photometry of H 11 complex C in the Sc I galaxy
NGC 6946 and compare the observations with the results of the model. The regions of the complex are very
young and the observations fall in an ambiguous area of the model results; thus a precise value for the IMF
slope is indeterminable. The star formation rate and efficiency of massive star formation are calculated using a
Salpeter IMF and compared to the average values over the entire galaxy.

Subject index: galaxies: individual — nebulae: H 11 regions — stars: formation — stars: stellar statistics

I. INTRODUCTION

Knowing the mass spectrum of stars produced in each gener-
ation is crucial to theories of galactic evolution. In particular,
the number of massive stars formed has a large influence on the
rate and amount of metal production. In order to predict what
form the initial mass function (IMF) takes, we need to identify
those physical factors which influence that form. Measuring
the form of the IMF and its variations are an important first
step in identifying the influencing factors. In a previous work
(DeGioia-Eastwood et al. 1984, hereafter Paper I) we measured
the average Ha emission as a function of galactocentric radius
in the late-type spiral galaxy NGC 6946. Assuming a Salpeter
(1955) IMF, we calculated the star formation rate and star
formation efficiency as a function of radius and considered the
factors influencing those quantities. In this paper we present
more detailed narrow band optical photometry of a giant H 11
complex in the same galaxy and, using a simple model, attempt
to estimate the slope of the IMF in different regions of the
complex.

The form of the IMF in the solar neighborhood was first
deduced by Salpeter (1955) and approximated by a power law,
thatis

dN(m) m

~2.35
i <o)

where N(m) is the number of stars formed in the mass interval
m to m + dm. This function has a slope which is constant in
log m, although the range of validity as originally determined
by Salpeter was only for log (m/m) between —0.4 and +1.0. A
more recent determination using a similar sample of stars by
Miller and Scalo (1979) found the function to be well approx-
imated by a half-Gaussian distribution in log m, a function
which has a constantly changing slope in log m. However they
also represented the function by a three-segment power law,
each segment having a different slope. The function form 2 10
M, is steeper than the Salpeter IMF, with an exponent of
—3.3 instead of —2.35.

However, Garmany, Conti, and Chiosi (1982) have even
more recently determined the slope of a power-law IMF for
stars more massive than 20 M from a catalog of galactic O
type stars which is complete to a much larger distance than the
samples of all spectral types used by Salpeter and by Miller and
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Scalo. They find a slope closer to Salpeter’s, — 2.6, for the entire
sample, but also note a substantial difference in the slope
between stars inside and outside the solar circle. Inside the
solar circle the slope is close to Salpeter’s; outside, the slope is
close to Miller and Scalo’s.

The findings of Garmany, Conti, and Chiosi (1982) are not
the only evidence for a nonuniform IMF. Freeman (1977)
found extreme variations among the slopes of the IMF for old
globular clusters in our Galaxy and young globular clusters in
the LMC. Scalo (1978) reviewed the rather ambiguous evi-
dence for spatial and temporal variations in the IMF as well as
in the value of the upper mass limit for individual stars. Since
then, Jensen, Talbot, and Dufour (1981) have found indirect
evidence for spatial variations in the IMF as well as variations
from the mean solar neighborhood IMF as a function of posi-
tion in M83.

Obviously it would be useful to be able to determine the
IMF of a very young cluster from observations of the bulk
properties of the region rather than by counting individual
stars. In principle a comparison of the gaseous line emission,
excited by the most massive stars, and the continuum emission,
produced by all stars present, should yield some measure of the
slope of the IMF. In this work we express this idea in a simple
model and then attempt to determine the slope of the IMF in a
giant H 11 complex in NGC 6946.

II. THE MODEL

The goal of the model is to be able to estimate the slope of
the present-day epoch IMF for the stars being formed within
an H 11 region using narrow-band photometry or spectropho-
tometry. In the model we compute the colors and hydrogen
emission for a cluster of young stars. The results are distinct if
the cluster is older than about 2 x 107 years or if the exponent
in a power-law IMF is greater than about three. The model is
intended to be used with observations of extragalactic H 11
regions where the emission of the underlying disk is known
sufficiently accurately to be subtracted. With galactic H 11
regions extreme care must be taken to include a sufficiently
large diffuse region in the observations, not simply the small
cluster of massive stars at the center of an extended region.
This should ensure that enough smaller stars are included so
that the sample of observed stars is statistically complete.
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The model is similar in concept to that of Shields and
Tinsley (1976). In the model we numerically integrate the
monochromatic continuum emission and hydrogen line emis-
sion for a cluster of coeval main-sequence stars in a cloud of
hydrogen as a function of the age of the cluster and the slope of
a power-law IMF. The output parameters are monochromatic
colors and the ratios of Hf line emission to monochromatic
flux.

In our calculation all quantities were indexed by the stellar
mass, where the range extended from log (m/mg) = —1.0 to 1.8
in steps of 0.1 dex. As discussed later, the choice of upper mass
limit effectively specifies the youngest determinable age. The
choice of lower mass limit strongly affects the total mass inte-
grated along the IMF, but at the blue wavelengths and young
ages considered here makes no effect on the output parameters.

In order to have a well-determined empirical relationship as
the basis of the calculation, we used the mass-luminosity rela-
tion between the mass and M, the absolute Johnson broad-
band V magnitude (Allen 1973). We used data from both Allen
and Panagia (1973) to interpolate for the effective temperature
of main-sequence stars as a function of M,. The stellar mono-
chromatic continuum fluxes for each stellar type were then
taken from the stellar atmosphere models of Kurucz (1979).
The continuum wavelengths considered here are 4143560 and
4500, hereafter called u and b.

The blue supergiant phase of each star with a mass greater
than about 6 M was represented in the H-R diagram by a
single point determined from the evolutionary tracks of Sto-
thers and Chin (1977, 1979). For the most massive stars we
chose their case B with the Schwarzschild convection criterion.
The bolometric corrections to convert L/L to M, were taken
from Allen (1973).

In the model we consider the blue supergiant phase of stars
more massive than 6 M but we do not consider the red super-
giant phase. The contributions to the stellar flux by a reason-
able number of M supergiants were found to contribute less
than 1% of the total flux at the wavelengths shorter than 14861
which are used here.

The flux of Lyman-continuum photons for each early-type
star was taken from Panagia (1973) and converted to hydrogen
line emission (Osterbrock 1974) and gaseous continuum emis-
sion by the free-bound, free-free, and two-photon processes
(Brown and Mathews 1970). The nebula is assumed to be ioniz-
ation bounded. Only solar abundances were considered.
Further details of the model are given in DeGioia-Eastwood
(1984), where the results for additional ultraviolet wavelengths
are presented.

The results of the model are contained in Figure 1, where
Hp/b is plotted against u~b. The units of b are ergs s~ cm ™2
A=Y and u — b is defined as 2.5 log (b/u). Each locus of points
represents a separate slope of a power-law IMF as in the equa-
tion above. The age of the cluster increases down each locus of
points. The dsahed horizontal curves are lines of constant age.
The slope is represented in the figure by 5, where § = 2.35is a
Salpeter (1955) IMF. The Miller and Scalo (1979) IMF is
included for comparison and labeled MS.

A large f, i.e., the IMF being steeper, means fewer early-type
stars for the same number of late-type stars, and thus the con-
tinuum is redder and the relative number of Lyman-continuum
photons is smaller. The paucity of ionizing photons results not
only in less hydrogen line emission but in less gaseous contin-
uum emission also, so the loci are stretched farther along the
u — b axis than would be expected from the main-sequence
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stellar continuum alone. The addition of blue supergiants,
however, tends to redden the total continuum since the super-
giants’ large luminosities and A-F spectral types make large
contributions redward of b. It is the presence of the blue super-
giants which makes the slope of the IMF distinguishable only
for cluster ages greater than or equal to 2 x 107 years or for
values of ff roughly greater than or equal to three. The loci are
similarly convergent for ultraviolet wavelengths but the total
spread in magnitudes becomes greater (DeGioia-Eastwood
1984).

It should be noted that for most of the values of  presented
here the continuum fluxes are dominated by the upper end of
the main sequence. For all § = 2.35, the fluxes of u, b, and
Lyman-continuum photons peak at the highest mass star
present at each age considered. The greater f becomes, the
flatter the distribution of continuum flux becomes as a function
of stellar mass. When all masses of stars are represented, only
for f 2 3 does one see lower than about 10 M, and only for
B = 4 does one see down to 1 M, even at b. This is not too
unfortunate since it is unlikely that the IMF can be truly rep-
resented by a power law in most cases.

III. OBSERVATIONS
a) The Data

The observations presented here are of the giant H n
complex labeled “C” by van der Kruit, Allen, and Rots (1977)
in their radio continuum study of NGC 6946. The galactocen-
tric distance of the complex is about 2!5, or 7.2 kpc at a dis-
tance of 10 Mpc. We have broken up the complex into three
regions: C1, C2, and C3. The coordinates and dimensions of
the three regions are included in Table 1.

The data were obtained on the Wyoming 2.3 m telescope
during 1982 June, July, and August. The instrument was a
photoelectric photometer equipped with a Varian S-surface
photomultiplier tube and a set of circular variable filters. The
passband centers and FWHM bandwidths are given in Table
2, and will be referred to hereafter as u (13560), b (14500), HB, O
1, r (A6200), and He, although they are not standard Strom-
gren filters. Ha was included to determine the extinction by
comparison with Hf, and O m was included to give some
indication of the metal abundance when compared with Hpf.
The b and r filters served as measurements of the continuum
for the emission lines after taking the slope of the continuum
into account. For purposes of comparison with the model we
converted the fluxes through the continuum filters to average
monochromatic fluxes.

We used the WIRO fast-mapping telescope control routines
(Hackwell, Grasdalen, and Gehrz 1982) to obtain digitized
maps 64 arcsec on a side. The area was sampled every 27,
giving a 32 x 32 pixel frame. A 7" beam was used in all the
frames, and each individual frame had a total integration time
of about 10 minutes. The total number of frames of each wave-
length co-added to give each final image is included in Table 2.
After each 10 minute frame the sky was monitored using spot
photometry on several places found free of stars on the
Palomar Observatory Sky Survey.

The random errors in the uncorrected fluxes for synthetic
aperture photometry determined from the co-added frames
range from 2% for r and Ha to 6% for O 1. These errors are
included in Table 2. Since the value for the flux in each emis-
sion line depends on the difference between two fluxes, the
errors for the emission lines are slightly larger. These errors
amount to 3% for Ha, 5% for HB, and 7% for O 1.
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NGC 6946
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TABLE 1
OBSERVED PARAMETERS OF H 11 COMPLEX

Region C2 C3
001 Q50 +r et e ans 20"34™01596 207340392 20"34m0436
01050 +rerrrrene s 60°00'29"8 60°00'47"1 60°00'23"1
Diameter (arcsec) ............. 17.3 16.7
(square) (square) (circular)
Ho/Hp oo, 8 5.89 4.97
A, (mag) ... 2.13 1.64
Ouy/HP* ... 0.71 0.85
Hf emission
(ergss 'em™3) ... 403 x 10712 6.10 x 10713 233 x 10713
(w—by° —042 —0.27 0.10
log (HB/bY*® .o, 1.67 1.48

? Corrected for extinction, cloud assumed at midplane.

° u and b are in units of ergs s !

ratios are distance independent.

b) Calibration Procedures

Using the Wyoming image processing system we converted
the raw data to a calibrated position-intensity matrix. The
monochromatic air-mass corrections were interpolated from
the data of Hayes (1970) and are included in Table 2. We then
reduced the data to absolute fluxes using observations of
Stone’s (1977) standard stars and the recalibration of Vega by
Hayes and Latham (1975). The values for each separate region
of the H 11 complex were obtained by doing synthetic aperture
photometry with the image processor.

¢) Calculation of the Extinction

The extinction was computed by comparing the observed
ratio of Ha/HB to the theoretical value of 2.87 given by
Osterbrock (1974). All theoretical parameters in this work are
taken for case B, where the nebula is optically thick in the
Lyman lines, and for an electron temperature of 10,000 K.
However, since the observed fluxes of Ho and Hf depend
slightly on the value chosen for the slope of the continuum
emission, and since that slope itself depends upon the extinc-
tion, we solved for consistent values of the extinction and the
straight line interpolated continuum slope using an iterative
process.

The determination of the Hu flux is complicated by the pre-

TABLE 2
FILTERS AND UNCORRECTED FLUXES

Designation u b Hf Om r Ha

Center AA) .................... 3560 4500 4861 5003 6200 6562
FWHM@A) ................... 138 141 73 78 133 157
Number of 10

minute frames .............. 8 6 5 3 8 6
Air mass correction

(mag airmass ™) ............ 0.624 0272 0.223 0203 0.143 0.112

Uncorrected Flux (ergs s ' cm™2 x 10'3) |
Cl o 193 359 262 241 604 177
C2 140 1.16 1.73 1.57  9.11 3.18
C3 1.28 237 168 165 396 796
Surrounding Disk (ergs s ~! cm ™2 arcsec ™2 x 10'€)

Surrounding Dish ............ 265 598 365 331 993 162
Error (percent) ................ 5 3 4 6 2 2

cm ™2

A~! and u — b is 2.5 log (b/u). Also, these

sence of the [N 1] lines at 116548 and 6583 within our
bandpass. In Paper I we corrected the data using a relationship
between [N 1]/Ho and R/R,s (de Vaucouleurs, de Vaucou-
leurs, and Corwin 1976) derived from the data of Smith (1975)
for giant H 11 regions in galaxies of similar morphological type.
For the H 1 complex C we also had information on the
“excitation,” the O m/Hp ratio. Relating the excitation to the
[N 1n]/Ha ratio, we found that the [N 11]/Hx ratio correspond-
ing to the measured excitation was slightly greater than would
be expected from the R/R, 5 of H 11 complex C. A multiplicative
factor of 0.7 was applied to all the Hx emission to correct for
the [N 1] lines. Since the O 1 and Hf lines are so close
together in wavelength, their ratio is not much affected by any
changes in the continuum slope; this analysis was performed
independently of the iteration process.

The values of the excitation (O m/Hp) in the three regions
are 1.32, 0.71, and 0.85 (included in Table 1), with an average
value of 0.96 or —0.02 in the log. Variability of the excitation
within a single H 1 region was also found by Talent and
Dufour (1979) in observations of local galactic H 11 regions.
However, this average value of the excitation, while perfectly
consistent with Smith’s (1975) observations of H 11 regions in
other late-type galaxies, is lower by about a factor of 2 than the
average values found by Talent and Dufour.

Since in our Galaxy and in Smith’s samples of Scd and Sbc
galaxies there is a gradient in the excitation in the sense that
the excitation increases with radius, the low excitation would
indicate that H 1 complex C should be more similar to those
inside the solar circle than out. Thus we expect higher heavy
element abundances and a lower electron temperature than in
the solar neighborhood, since it is the forbidden lines of O and
N such as the 414959 and 5007 [O u1] lines we consider here
which provide the main cooling mechanism for H 11 regions.
For these reasons we might expect the IMF to be less steep
than in the solar neighborhood, consistent with Garmany,
Conti, and Chiosi’s (1982) result. Unfortunately the results we
present here are too indeterminate to test this hypothesis.

The consideration of the extinction was further complicated
by the fact that our model requires observations of just the H 11
complex and not the surrounding disk. If the H 11 complex is
fairly opaque to the disk emission, then the subtraction of the
disk component becomes model dependent. We considered
three separate cases, where the complex is at the back, center,
and front of the galactic disk with respect to the observer. Since

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



.288..175D

1985ApJ. .

178 DEeGIOIA-EASTWOOD

each region in the complex did turn out to be fairly opaque,
this is roughly equivalent to subtracting all, half, or none of the
disk.

The derived value of the extinction varied little from case to
case for each of the three regions in the complex. However,
since the complex is roughly equal in brightness to the disk, the
amount of disk subtracted makes a substantial difference in the
flux attributed to the complex, and the derived values of the
colors of the complex changed considerably with the case con-
sidered. The derived values for the three cases are shown along
with the model predictions in Figure 1. However, we consider
the second case, where the complex lies on the midplane of the
galactic disk, to be so much more likely than the other two that
it is the only case we consider for the remainder of this paper.

Our model of the extinction assumes that most of the extin-
guishing dust lies outside the gaseous emitting region (see next
paragraphs for justification). If we assume the emitting region
to be at the center of a cloud and the Ha/Hpf ratio of the
emission indicates an optical depth t, then the total optical
depth across the entire cloud is 2. For a cloud on the midplane
of the galactic disk, this involves taking the intensity of the
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FiG. 1.—The logarithm of HB/b plotted against u — b. Each vertical locus
of points represents a separate f8, where f is the slope of a power-law IMF as
noted in the text. A Salpeter IMF corresponds to § = 2.35. The results for a
Miller and Scalo IMF are labeled as MS. From left to right, the values of 8
represented are 0.05, 1.35, 2.35, Miller and Scalo, 3.35, 3.85, 4.25, 4.65, and 4.95.
The horizontal dashed curves are lines of constant age, with the age for each
line marked in years. The data for H i complex C have been plotted on the
graph for comparison. The central solid dots correspond to the results for each
region for the case where the complex is assumed to be at the midplane of the
galactic disk. The leftmost and rightmost circles, connected through each solid
dot by a straight line, represent the result for the complex assumed in back and
in front of the disk respectively. The three sets of points, from left to right,
represent regions C1, C2, and C3 as designated in the text. The photometric
error bars are shown in the lower left corner.
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unextinguished disk, measured adjacent to the complex, into
account in this way:

— 1 1,-2t -t
Titggns = 2aisk 26 o + € Iy -

It is the A, corresponding to the 7 in this equation that we
include in Table 1.

We would like to note that the high values of Ha/Hp (see
Table 1) indicate that a large part of the dust is outside the
ionized region. Mathis (1970) notes that “unblanketed”
models (where all the dust is inside the emitting region of the
nebula) approach finite values of He/Hp in the limit of infinite
optical depth. Our simple solution to the transfer equation for
our models indicate that Ha/Hf would have a maximum value
of 3.87 if all the dust were coincident with the emitting gas.
Since our values of Ho/Hp exceed this value, we have assumed
that the extinguishing dust is external to the emitting region in
our models of the extinction.

It is possible to check this assumption using the volumes and
electron densities derived below in § IV. Assuming that n, & ny
and that one-half the thickness of the cloud is about 50 pc, we
take the value of (N(H 1 + H,)/E(B—V)> = 5.8 x 10*! atoms
cm~ 2 mag~! derived by Bohlin, Savage, and Drake (1978) and
calculate the 4, expected from the number of atoms which fit
into the volume of the cloud. This calculation produces 4,
values of 1.1, 0.47, and 0.31 for regions C1, C2, and C3; these
are a factor of 5 less than the values of A, calculated from the
observed Ha/Hp ratio. We consider this additional evidence
that most of the extinguishing dust is outside the emitting
regions of the nebulae.

d) Comparison with Radio Continuum Observations

Van der Kruit, Allen, and Rots (1977) have tabulated the 6
cm and 21.2 cm fluxes of several giant H 1 complexes in NGC
6946. Their corresponding optical diameter for H 1-C,
however, listed in their Table 6, would seem to indicate that
they have considered only our region C1, which is by far the
brightest of the three regions we consider. Calculating the
expected free-free flux at 21.2 cm from our extinction-corrected
hydrogen emission lines, we find that we estimate about half
again as much flux at 21.2 cm as they attribute to thermal flux.
However, if we recalculate the extinction using the ratio of 21.2
cm flux to HB flux, we find that the result in the u — b versus
Hp/b plane changes only very slightly.

IV. COMPARISON BETWEEN THEORY AND OBSERVATIONS

a) Regions C1 and C2

The two brightest regions of the three are C1 and C2. C1
also appears the largest on optical photographs and seems to
be the region referred to by van der Kruit, Allen, and Rots
(1977). Both regions lie near each other in the Hf/b versus
u — b plane of Figure 1. Unfortunately, both regions lie very
close to the convergence of loci in the very young area of the
model output. Both appear to have ages of less than 107 years.
Given the close convergence of the loci near the data points
and the errors inherent in any model, however, it seems impru-
dent to assign values for the slope of the IMF.

Since we consider no variations in metallicity and have mea-
sured no other spectral lines besides Ho, HB, and O 11, our
model cannot distinguish between the effects of aging in a
cluster and variations in the intrinsic upper mass limit (cf.
Shields and Tinsley 1976). For example, a cluster of age
6 x 10° years which formed stars of up to 60 M appears the
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same as a much younger cluster which has simply not formed
any stars more massive than 25 M. For this reason our deter-
mined ages are to be considered upper limits.

b) Region C3

By far the faintest region of the three considered is C3. Its
placement in the HB/b versus u — b plane suggests that the
slope of its IMF is much steeper than the other two regions, as
steep as B = 4.45, with an age of perhaps 10° years. The faint-
ness of the region, however, indicates that there are not many
early-type stars present. After completing the analysis present-
ed below, we feel that the colors of the region may have been
affected by small number statistics and that actually the region
is more likely to have an IMF slope similar to that of the other
two regions measured.

Given a form, slope, and upper mass limit for the IMF and
an actual intensity of a hydrogen line, it is easy to calculate the
number of stars present of each mass. This is done by adding
up the number of Lyman continuum photons from each star
and comparing the total with the intensity of the hydrogen line.
We have done this for region C3, assuming a distance to NGC
6946 of 10 Mpc (see § V for a discussion of the distance).

We estimate that region C3 contains only 20.6 stars between
50 and 60 M, if we assume an IMF with a slope of 4.45. Since
the numbers are small enough to expect the distribution of
stars in region C3 to be Poissonian, the standard deviation of
the number of stars present of a given mass will be equal to the
square root of that number. Thus between 50 and 60 M, we
expect 20.6 + 4.5 stars, and between 40 and 49.9 M, we expect
51.0 + 7.1 stars.

Next we consider the number of stars present in C3 com-
puted using the same data but a slope of 3.45, a more moderate
slope which is still considerably steeper than a Salpeter. A
young region with this slope would fall in the convergent
region of the model results. For this slope we have 26.9 + 5.2
stars between 50 and 60 M, and 54.0 + 7.3 stars between 40
and 49.9 M. Thus the plus or minus one standard deviation
numbers overlap for the two slopes. This is also true for the
third bin, 30-39.9 M. Thus observationally it is difficult to
pin down the real slope for a faint region. Therefore we do not
feel that we have proved the existence of a much steeper slope
for this region.

Another interesting aspect of this calculation is the huge
number of stars predicted at the lower masses. Even with a
lower mass cutoff of only 0.1 M, the total masses predicted by
our model from the observations are on the order of 10'° M.
This unphysical result is not obtained from a Salpeter when a
cutoff of 0.1 M, is used. Thus it seems unwise to extrapolate
the data, which is dominated by the light of early-type stars, to
the lower portion of the main sequence. This result also indi-
cates that a straight power-law IMF is not suitable when very
different from a Salpeter IMF.

V. CALCULATED PARAMETERS OF THE H II REGIONS
a) The Electron Density

The first physical parameter of the regions we attempted to
calculate was the electron density, N,. This calculation requires
several assumptions. The first concerns the shape of the emit-
ting volume. Since NGC 6946 is nearly face on, and since the
individual regions are nearly a kiloparsec across, we assume a
short cylindrical volume—a “ pancake "—instead of a spherical
one. We consider the existence of a spherical cloud that large

NGC 6946
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TABLE 3
CALCULATED PARAMETERS OF H 11 COMPLEX
Region C1 C2 C3

N, (photonss™') ............ 1.0 x 103 1.5 x 10%2 5.7 x 10°!
Diameter (pc) ................. 1000 840 810
Volume (cm®) ................. 2.3 x 1083 1.6 x 103 1.5 x 10°3
No(em™) . 13 5.8 3.8
SFR* (Salpeter)

(Mg Gyr™") .o, 7.0 x 108 1.0 x 108 3.9 x 107
SFR?(Salpeter)

(Mg Gyr'pc™?) ..aenn. 7.0 x 10? 1.4 x 102 6.0 x 10!
Cloud mass (Mg) ............. 8.7 x 107 3.6 x 107 2.5 x 107
SFE® ..o 49 x 1073 1.8x 1072 94x107*

* Mass range 0.1-60 M.
® Mass range 10-60 M.

unlikely and expect an association of smaller clouds within the
cylindrical volume. We further assume the “ pancakes” to have
depths of 100 pc in the line of sight as a typical thickness of a
giant molecular cloud complex (Cohen and Thaddeus 1977;
Blitz and Thaddeus 1980). Since the effective filling factor is
unknown we consider these to be maximum volumes. The
diameters and volumes are included in Table 3.

The linear diameters of the regions are dependent on the
assumed distance to the galaxy. Throughout this work we have
assumed a distance of 10 Mpc (Sandage and Tammann 1974).
Other estimates of the distance have been 5 Mpc by de Vau-
couleurs (1979) and 7 Mpc by Israel (1980). Thus we consider
the error in the distance to be a factor of 2 at the most. We
consider the value of 100 pc for a typical molecular cloud
complex good to about a factor of 3, thus making the volume
estimates good only to about an order of magnitude.

The second assumption needed is that the nebula is ioniz-
ation bounded and that the volume considered is the volume of
the Stromgren (1937) sphere. Israel, Goss, and Allen (1975)
found evidence in M101 that the giant H 11 complexes are
generally ionization bounded. Then the condition

Ny, = VN 2oy

will hold for case B in a pure hydrogen nebula (Osterbrock
1974), where N . is the number of Lyman continuum photons
per second present, V is the volume of the Stromgren sphere,
N, is the number density of electrons (N, = N, = Ny in a pure
hydrogen nebula), and ay is the effective recombination coeffi-
cient for case B.

Since we have measured Ny through the hydrogen emis-
sion lines and have calculated a maximum volume, we can
solve for a minimum electron number density. The resulting
values range from 4 to 13 cm ™3 for the three regions and are
included in Table 3, along with the values of N ..

Our values for Ny, depend on the Ha photometry, for
which we calculate a 1 ¢ standard deviation of about 10%.
This estimate includes the uncertainty in the placement of the
complexes relative to the galactic midplane. The absolute
values also depend on the square of the distance to the galaxy,
good to a factor of 4 as previously discussed. However, the
distance dependence of Ny . and the volume cancels out in the
calculation of N,, leaving N, dependent only on Ho and the
square root of the assumed cloud depth. Thus the values of N,
are good to about a factor of 2.

The sizes and densities of these regions assure that they
could be included with the sample of H 11 regions considered by
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Smith (1957), which are large (d 2 50 pc) and of low density
(N, <500 cm™3). These are dissimilar to the more familiar
nearby H 11 regions such as the Orion Nebula, which is much
smaller and denser.

b) The Star Formation Rate

The second parameter of interest is the current star forma-
tion rate (SFR). Since the data are dominated by the light from
the most massive stars, it would be preferable to use only the
mass of these stars in our calculations. However, for purposes
of comparison with the literature, we used a standard Salpeter
IMF with mass limits of 60 M and 0.1 M, to calculate the
SFR.

As in Paper I, we used the mass in newly formed stars
implied by the number of Lyman-continuum photons present
and the given IMF. We then divided by the average age of an
H 1 region, for which we chose the main-sequence lifetime of a
25 M, star, 6 x 10° years. We feel that it is appropriate to use
this average age no matter what the actual age of the H 1
region is. Again as in Paper I we also present the SFR per
square parsec, which is a quantity independent of distance. The
calculated values of the SFR are shown in Table 3.

Both versions of the SFR depend on the Ha photometry and
on the derived conversion rate between Ho photons and solar
masses per year. This “conversion rate” in turn depends on
assumptions such as shape and cutoff of the IMF and the
chosen average star-forming time. Comparison of our conver-
sion rate with other authors (Mezger 1978; Jensen, Talbot, and
Dufour 1981; Hunter, Gallagher, and Rautenkranz 1982) indi-
cates a spread of about an order of magnitude. This spread
must be taken into account when interested in absolute rather
than relative rates and when comparing our results with those
of other authors. The SFR expressed as M, is also subject to
an additional uncertainty of a factor of 4 due to the distance
dependence.

The highest derived value of the SFR, 7.0 x 10> Mg Gyr ™!
pc™2, is about 4 times as high as the highest values of the
average SFR as a function of radius measured for NGC 6946
(Paper I). Since the assumptions made in Paper I are identical
to those made here, this comparison is good to the accuracy of
the photometry, about 10%.

This value is also about twice as high as the highest average
SFR in M83, taking into account the factor of two difference in
the conversion rate of Jensen, Talbot, and Dufour (1981). The
largest value for the average SFR of irregular galaxies in the
study by Hunter, Gallagher, and Rautenkranz (1982) was
about 1000 My Gyr~! pc~2. The inferred conversion rate is
roughly a factor of six higher than ours. Allowing for this
difference, our value of 7.0 x 10? is again about 4 times as high
as their largest value. It is not surprising that the local SFR for
this single H 11 complex, one of the most active star forming
regions in NGC 6946, is higher than the value of the SFR
averaged over arm and interarm, active and inactive regions in
different galaxies.

¢) The Efficiency of Massive Star Formation

Although no detailed CO data are available to infer the gas
mass so that the local star formation efficiency (SFE) can be
calculated directly, we can estimate the mass of the cloud from
the amount of extinction present. Since we have already shown
(§ III) that most of the dust present is outside the emitting
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region, if we assume that the gas-to-dust ratio is the same in
NGC 6946 as in our Galaxy, we can use the average relation-
ship between column density and magnitudes of extinction to
calculate the number of atoms which are causing the extinc-
tion.

Bohlin, Savage, and Drake (1978) found (N(H 1+ H,)/
E(B—V)) =58 x 10> atoms cm 2 mag !, where
NMH 1+ H,)=NMH 1) + 2N(H,). Applying this conversion
factor to our measured values of 4, and using R = A4,/
E(B—V) = 3.08, we find gas masses on the order of 107 M.
Since our A, only refers to the extinction between the observer
and the center of the cloud, we further multiply these masses by
2. These final cloud masses are included in Table 3.

In reality the masses derived in this manner do not refer
strictly to the single cloud in question but to the sum of all the
clouds along the line of sight. Since gas surface densities are
usually the only data available, and since the observed star
formation is also necessarily integrated along the line of sight,
it is customary to use this integrated mass in the efficiency
calculation (cf. Talbot 1980). This is not strictly correct, but we
present the calculation for purposes of comparison.

Given the cloud masses, the SFE is then simply the mass in
newly formed stars divided by the mass of the cloud. Since the
data are dominated by the massive stars, as in Paper I we use
only the more massive stars. Using the masses down to 10 M,
implied by the Salpeter IMF, we calculated the SFE for
massive stars for each region and found it to be on the order of
1073, The values are included in Table 3.

The masses for the stellar content are subject to almost all of
the errors previously discussed—photometry, model assump-
tions, distance. Taking all these errors into consideration, we
do not expect the absolute values of the SFE to represent the
real SFE inside a single cloud to more than about two orders of
magnitude. However, when comparing the values of the SFE
to the average values derived in Paper I, the assumptions and
distance all cancel out, and we expect the comparisons to be
good to better than a factor of 2.

The efficiencies calculated for H 11 complex C are about an
order of magnitude higher than those found using the average
Ho emission over the disk and cloud masses inferred from
average CO emission in Paper 1. Once more this is not sur-
prising since H 11 complex C is one of the most intensely active
star-forming spots in NGC 6946.

In summary, we have tried to estimate the slope of the IMF
and the ages of three regions of a giant H 11 complex in NGC
6946 using a simple model of a cluster of stars in a hydrogen
cloud. The results of our model are only distinct for a cluster
older than about 2 x 107 years or if the IMF is steeper than a
Salpeter IMF. Our observed regions are very young and unfor-
tunately fall close to an ambiguous area of the model output,
so we do not feel that we have pinned down the IMF slopes.
We find that the SFR and SFE for a single region calculated
with a Salpeter IMF (for purposes of comparison) predict a
SFR about 4 times higher than the highest average value for
the entire galaxy, and a SFE an order of magnitude higher than
the average value over the same area.

The author thanks Steve Strom and Gary Grasdalen for
their help and the referee, Glenn Miller, for his useful com-
ments. This work was supported by the National Science
Foundation.
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