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ABSTRACT 
The density structure of compact H n regions is studied by comparing the ratio of the [S m] 33.47 /mi and 

18.71 fim emission lines and 5 GHz continuum maps. Electron densities are computed for DR 22, G29.9 —0.0, 
G75.84 + 0.4, M8, M42, S158, W3, and W33. For DR 22, M42, and W3, the electron densities determined 
from the infrared data are consistent with those derived from radio observations. The densities for SI58 and 
M8 are quite low, implying that the S m emission is dominated by the diffuse ionized gas observed in the 
radio continuum. For G29.9 —0.0, G75.84 + 0.4, and W33, the S m data give higher densities than predicted 
from radio observations. This implies that either these nebulae are filled with dense clumps of ionized gas 
which are not resolved in the radio maps, or that the S m zone is confined to the small, dense cores found in 
the radio maps of all three nebulae. Since the dynamical lifetime of dense, fully ionized clumps is short, it is 
likely that the S m zones in these regions are confined to the dense cores of the nebula. This is contrary to the 
predictions of current models of the ionization structure of H n regions. Several possible inadequacies of 
current models are discussed, and the effects of uncertainties in the ionic and density structure on abundance 
estimates in H n regions are investigated. 
Subject headings: infrared: spectra — nebulae: H n regions 

I. INTRODUCTION 

Compact H n regions are an intermediate stage in the evolu- 
tion of the ionized gas surrounding O and B stars. By defini- 
tion, they range from 0.1-1.0 pc in diameter and have typical 
electron densities greater than 1000 cm-3. The initial stage of 
H ii region evolution occurs immediately after one or more 
stars begin nuclear burning and an ionization front moves 
outward into the molecular cloud. This stage lasts less than 
1000 yr, ending as the region reaches a state of Strömgren 
equilibrium. The star is still buried within its natal environ- 
ment and is not visible optically. The material surrounding the 
star is very dense; hence, the ultracompact H n region, which is 
small and optically thick at radio wavelengths, is difficult to 
detect (see Israel, Habing, and de Jong 1973). The rapid ioniza- 
tion and heating of the gas creates a large pressure differential 
between the ionized gas and the molecular cloud, producing a 
stage of rapid dynamical expansion. The density of the region 
quickly decreases, and a compact H n region forms. The large 
emission measure and intermediate size of compact H n 
regions allows them to be readily detected in the radio. Given 
an expansion speed close to the thermal sound speed, ~ 10 km 
s_1, on a time scale of ~ 104 yr the nebular size increases, the 
gas density drops, and the nebula moves through several stages 
to become a diffuse or giant H n region (see Habing and Israel 
1979). 

The relative youth of compact H n regions suggests that they 
may contain information on the initial star-forming environ- 
ment. However, the rapid evolution of these regions may 
quickly alter the initial environment. For example, a nonuni- 
form expansion can drastically change the density structure of 
the ionized gas. The rapid evolution of these regions also influ- 
ences the surrounding molecular cloud and may trigger further 
star formation in the adjacent gas (see Klein, Sandford, and 
Whitaker 1983; Sandford, Whitaker, and Klein 1984). A better 
understanding of the electron density structure in compact H n 

regions should give insight into star formation and the evolu- 
tion of star-forming regions. 

Compact H n regions also offer an excellent means for 
studying galactic structure, since they can be detected through- 
out the galaxy at infrared and radio wavelengths. Many ions in 
these regions have strong emission lines in the infrared that can 
be used to estimate ionic and elemental abundances (see Herter 
et al 1981, 1982a; Pipher et al 1984; Lester et al 1987; Rubin 
et al 1988). However, to determine the ionic abundances, we 
must first understand the density structure of these regions, 
since the volume emissivities of the lines depend on the elec- 
tron density. 

Radio continuum observations are the most commonly used 
methods for determining the electron density in compact H n 
regions. The radio continuum flux density is a measure of the 
free-free emission of a nebula. Given a fully ionized cloud of 
hydrogen which is optically thin at wavelength v, the total 
power per unit frequency due to free-free emission is pro- 
portional to the square of the electron density integrated over 
the volume of the cloud. The electron density for an H n region 
is calculated from the measured radio flux density by the equa- 
tion 

1.06 x 104Sv(Jy)D2(kpc) 
F(pc3) 

V YY Te 
5 GHz) 17500 K 

cm (1) 

where Sv is the observed flux density, V is the volume of the 
source, Te is the electron temperature of the emitting gas, and D 
is the distance to the region. The density determined from this 
equation has the advantage of being unaffected by interstellar 
extinction and only weakly dependent on temperature. The 
disadvantages of this technique are that it requires an estimate 
of the distance and volume of the emission region and that it is 
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an average over the inhomogeneities in the beam. The result of 
this method is an rms electron density globally averaged over 
the nebula. 

Ionic line ratio measurements are another method for deter- 
mining the electron density in compact H n regions. This tech- 
nique has the advantage of being independent of the distance 
and volume of the emission region. Optical S n and O n line 
ratios have been used to measure the density in unobscured 
regions such as M42 (see Osterbrock 1974). The disadvantage 
of these lines is that that they are weighted toward regions of 
high temperature and may not sample the region uniformly. 
Furthermore, differential extinction can cause the observed 
emission to be weighted toward less obscured parts of the 
nebulae. Most recently, infrared line ratios from S m and O m 
have been used to determine densities in many H n regions (see 
Herter et al. 1982b; Melnick, Gull, and Harwit 1979; Lester et 
al. 1987; Rubin et al. 1988). In particular, the [S m] 18.71 /mi 
and 33.47 /mi line pair provides an excellent measure of elec- 
tron density in compact H n regions. This line ratio is insensi- 
tive to temperature, quite sensitive to densities in the 
1000-10,000 cm-3 range, and easily detected in optically 
obscured H n regions. 

In contrast to the density derived from the radio continuum 
measurements, the [S m] 33.47 /mi to 18.71 /mi line ratio gives 
a local measurement of the density. Ideally, this measurement 
reflects the density of the electron gas surrounding the emitting 
S in ions, and it is independent of the volume and distance of 
the region. In reality, this measurement is a complicated 
average of the different densities found in the S m zone. For a 
qualitative understanding of this average, picture a compact 
H ii region as composed of many different components each 
with a different density. The total 18.71 ¡um or 33.47 /mi flux is 
the sum of the fluxes for each component, 

Fsm = -¡Z2 X Xsm
nk2Vk(jk/nine), (2) 

v k=l 

where Fslll is the line flux, N is the number of components, 
jk/ne nt is the emission coefficient per ion per electron of com- 
ponent k, Vk is the volume of component k, nk is the electron 
density of component k, ni is the ratio of S m to sulfur in the 
kth component, xt is the abundance ratio of sulfur to hydrogen, 
and D is the distance to the nebulae. The emission coefficient is 
approximately constant for densities well below the critical 
density. In this regime, the greater the volume and density of a 
component, the more it is represented by the [S m] emission. 
For densities much greater than the critical density, the emis- 
sion coefficient is inversely proportional to the density. Thus, 
very dense components will not be well represented as com- 
pared to lower density components with equivalent values of 
n^V. This differs from the radio emission from the same 
volume for which jk/rii ne is independent of density. Thus, the 
radio density is not weighted toward regions of lower density. 
The combination of these effects can cause the densities deter- 
mined from line ratio measurements and the rms densities 
determined from radio flux densities to be different. 

Differences between the densities derived from atomic line 
ratios and radio continuum flux densities may reflect small- 
scale structure in the ionized gas. In particular, clumping of the 
gas may result in line ratio-derived densities much higher than 
the rms value. This is a model put forward to explain optical 
forbidden line observations of the Orion Nebula (see 
Osterbrock and Flathers 1959) and earlier S m measurements 

of the electron density in several H n regions (see Herter et al. 
1982h). The usual picture is of high-density clumps located 
within a more diffuse gas. In this model, the S m line emission 
is dominated by the emission from the clumps (i.e., the clumps 
have a substantially larger n3F) and the S m density, which is a 
local measure of the gas density, reflects the density of the 
clumps. In comparison, radio measurements of the density 
average over the clumps and diffuse gas and the total volume is 
overestimated, giving a density lower than the density of the 
clumps. The S m density would then be higher than the radio 
density. 

In this paper, we present a survey of the S m line ratios in 
compact H n regions and use these data to determine electron 
densities for the ionized gas. An earlier study found that in 
some H n regions, S m density estimates are much greater than 
those derived from the radio continuum measurements (Herter 
et al. 1982b). However, recently improved electron collision 
strengths lead to significant changes in these early S m results. 
The current study computes revised electron densities for the 
H ii regions measured by Herter et al. (1982h) and provides 
S in density estimates for a larger sample of nebulae. We 
also present new radio continuum maps for three H n regions, 
DR 22, G75.84 4-0.4, and G29.9—0.0. These maps are used to 
make a more detailed examination of the density structure of 
several H n regions. Models constructed from these maps are 
compared with our S m data to examine whether the density 
structure of these regions is dominated by global density gra- 
dients or small, unobserved clumps of gas. 

II. OBSERVATIONS 

Observations of the [S m] 18.71 /on and 33.47 /an lines were 
made with the Cornell dual-grating spectrometer (Houck and 
Gull 1982) using the 91 cm telescope of the NASA Kuiper 
Airborne Observatory (KAO). The average altitude of the 
observations was 12.8 km. This project was one of several 
projects executed on 16 different flights between 1982 and 
1987. For the 18.71 /an measurements, the spectrometer uses 
three Si:Sb detectors, each with an in-flight noise equivalent 
flux density (NEFD) of 6 x 10"18 W Hz“1/2 cm"2. The 
resolution at 18.71 /an was 0.034 /an. For the first nine flights, 
the 33.47 /an measurements were made with three Ge:Ga 
detectors each with an in-flight NEFD of 4 x 10“17 W Hz -1/2 

cm-2 and a resolution of 0.070 /an. After the ninth flight, these 
detectors were replaced by three Ge:Be detectors, each with an 
in-flight NEFD of 1.2 x 10"17 W Hz"1/2 cm"2 and a 
resolution of 0.060 /an. Table 1 gives a log of the objects and 
positions observed. 

The beam size for the first nine flights was 26" ; subsequently, 
the beam size was changed to 28". Spatial chopping was done 
at a frequency of 26 Hz, with beam switching occurring every 
10 s. The chop direction and amplitude were chosen for each 
object to avoid chopping between two positions in the source. 
Since the sources are generally not visible optically, offset 
guiding was used. For most of these sources, an infrared peak 
was determined from measurements at several positions in the 
source, and the beam was centered on the peak position. Table 
2 lists the measured line fluxes for the 18.7 /¿m and 33.5 jum 
lines. For W3 and M42, some limited mapping in the S m lines 
was performed. The infrared beam positions are indicated on 
radio maps of M42 and W3 in Figures 1 and 2. Since the 
observations were carried during different times of the year, a 
variety of calibrators were used. The calibrators were a Ori, 
IRC +10420, Jupiter, Mars, and the Moon. 
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TABLE 1 
Source Positions 

Source Comment References* 

DR 22   
Gl.1—0.1 ... 
G8.1 + 0.2 ... 
G25.4—0.2 .. 
G29.9—0.0 .. 
G75.84+0.4 . 
K3-50A   
K3-50B   
K3-50C1 .... 
K3-50C2 .... 
K3-50D   
M8  
M42   
S158A   
W3  
W33   
W43   

20h37m37s 

17 45 32.2 
18 00 00.9 
18 35 25.0 
18 43 27 
20 19 47 
19 59 50 
19 59 52 
19 59 58 
19 59 60 
19 59 52 
18 00 37 

23 11 22 

18 11 18 
18 44 59 

41°09'22" 
-28 0042 
-21 48 17 
-06 48 25 
-02 42 37 

37 21 30 
33 24 20 
33 2440 
33 25 51 
33 25 51 
33 23 20 

-24 23 00 

61 13 50 

-17 56 38 
-01 58 57 

Radio Peak 
Radio Peak 
Radio Peak 
Radio Peak 
Radio Peak 
Radio Peak 
Radio Peak 
Radio Peak 
Radio Peak 
Radio Peak 
Radio Peak 
Radio Peak 
See Fig. 1 

1RS 5 
See Fig. 2 

1RS 3 
E.Rad. Pk 

Fig. 3 
1 
2 
2 

Fig. 4 
3 
4 
4 
4 
4 
4 
5 

28 
28 
28 
28 
28 
26 
28 
28 
28 
28 
28 
26 
26 
26 
28 
28 
26 

* References.—(1) Downes et al 1978; (2) Woodward, Helfer, and Pipher 1985; (3) Matthews et 
al. 1973; (4) Israel 1976; (5) Woodward et al. 1986; (6) Wynn-Williams, Becklin, and Neugebauer 
1973; (7) Dyck and Simon 1977; (8) Pipher, Grasdalen, and Soifer 1974. 

b Beam diameter for S m measurements. 

Radio continuum observations of DR 22, G29.9—0.0, and 
G75.84 + 0.4 were carried out using the NRAO Very Large 
Array (VLA).1 Figures 3, 4, and 5 show the radio maps 
obtained for these three regions, respectively. These sources 
were among seven objects observed over a 12 hr period. The 
VLA was in the A-configuration with 18 antennae functioning. 

1 The National Radio Astronomical Observatory is operated by Associated 
Universities, Inc., under cooperative agreement with the National Science 
Foundation. 

The sources were observed in the 4.885 GHz band with a 50 
MHz bandwidth. The observation of each source was divided 
into 10 minute integrations which were spread throughout the 
12 hr observing period for maximum UV coverage. Approx- 
imately 80 minutes of total integration time was spent on each 
source. To compensate for phase and amplitude variations due 
to atmospheric and instrumental effects, calibrator sources 
were observed prior to each integration. The primary flux cali- 
brator was 3C 286. The phase calibrators were 2005 + 403 for 
DR 22 and G75.84 + 0.4 and 1821 +107 for G29.9-0.0. 

Fig. 1.—Five gigahertz continuum radio map of M42 from Martin and 
Gull (1976). The map has been cleaned and has a resolution of 7" x 20" in R.A. 
and declination, respectively. The total flux of the region at 5 GHz is 134 Jy. 
The cross to the left gives the position of 01C. The crosses to the right give the 
beam positions at which the S m measurement were made. 

Fig. 2.—Five gigahertz continuum radio map of W3 from Harris and 
Wynn-Williams (1976). The synthesized half-power beamwidth is 2"0 x 2"3 in 
the R.A. and declination, respectively. The total flux of the region at 5 GHz is 
33 + 4 Jy. The crosses give the position of the S m measurements. 
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Fig. 3.—Five gigahertz continuum radio map of DR 22 made with the 
VLA in the A-configuration. This map in uncleaned; the low-intensity emis- 
sion to the east and west is the effect of sidelobes. The beam size is 3" 5 x 1"9 in 
R.A. and declination, respectively. The contour levels are separated by 10% of 
the peak flux, starting with the 10% contour. The total flux of the region at 
10.5 GHz is 3.2 Jy (Felli, Tofani, and D’Addario 1974). 

III. ELECTRON DENSITIES IN COMPACT H II REGIONS 

The [S in] 18.71 fim and 33.47 /mi forbidden lines result 
from spontaneous emission from the 3P2 and 3P1 fine- 
structure levels of the ground state of the ion. The levels are 
excited through electron collisions, and the population of the 
levels are determined by the balance between collisional excita- 
tion and radiative and collisional de-excitation. Since the S m 

Fig. 4.—Five gigahertz continuum radio map of G29.9—0.0 made with the 
VLA in the A-configuration. This map has been cleaned. The beam size is 
2"9 x 4"6 in R.A. and declination, respectively. The contour levels are separat- 
ed by 10% of the peak flux, starting with the 10% contour. The total flux of the 
region at 10.5 GHz is 2.9 Jy (Felli, Tofani, and D’Addario 1974). 

20h19m48s 20h19m46s 20h19m44s 

Right Ascension (Í950) 

Fig. 5.—Five gigahertz continuum radio map of G75.84 + 0.4, made with 
the VLA in the A-configuration. As in the case of DR 22, this map is uncleaned. 
The beam size is 4" x T'9 in R.A. and declination, respectively. The contour 
levels are separated by 10% of the peak flux, starting with the 10% contour. 
The total flux of the region at 10.7 GHz is 7.8 ± 0.8 Jy (Matthews et al. 1973). 

lines are always optically thin, simulated processes do not 
affect the level populations. The volume emissivity of the lines 
is computed as a function of density and temperature by 
solving the rate equations of a five-level model of the S m ion 
(see Osterbrock 1974) using the updated collision strengths of 
Mendoza (1983). Figure 6 shows the calculated variation in the 
S in line ratio as a function of density and temperature. 

Because the observed H n regions are associated with molec- 
ular clouds and may be quite distant, a significant extinction 
correction must be applied for some of the nebulae. Adopting 
the extinction curve of Herter et al (1982h), the extinctions at 

Fig. 6.—log {F33/F18) for electron densities between 100 and 10,000 cm“3. 
The curve is shown for three different electron temperatures: 15,000 K, 10,000 
K, and 5000 K. Typical electron temperatures are in the range 6000-9000 K for 
compact H n regions. 
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TABLE 2 
S in Data 

Source Fß3.5Y 

DR 22   
Gl.1—0.1 .. 
G8.1+0.2 ... 
G25.4—0.2 .. 
G29.9—0.0 .. 
G75.84 + 0.4 . 
K3-50 A   
K3-50B   
K3-50C1 .... 
K3-50C2 .... 
K3-50D   
M8   
M426iC .... 
SI58A   
W3 A   
W33   
W43   

16.6 ± 1.6 
31.2 ± 1.2 
19.5 ± 2.2 
4.8 ± 0.9 

38.2 ± 3.9 
30.4 ± 4.7 
9.0 ± 1.2 

18.5 ± 2.0 
2.8 ± 0.8 
6.1 ± 1.2 

16.9 ± 2.0 
26.0 ± 2.9 
60.1 ± 8.2 
14.0 ± 1.6 
43.6 ± 5.8 
12.6 ± 1.5 
16.6 ± 1.9 

12.8 ± 3.4 
35.7 ± 4.4 
26.4 ± 2.5 
12.9 ± 1.9 
21.6 ± 3.8 
14.9 ± 2.6 
7.0 ± 1.1 

22.5 ± 2.4 
7.4 ± 1.1 
8.5 ± 1.4 

19.8 ± 2.6 
30.5 ± 4.7 
20.7 ± 3.4 
25.6 ± 4.5 
30.4 ± 4.9 
15.2 ± 2.7 
40.7 ± 5.6 

2.2 ± 0.3 

2.5 ± 0.2 
2.1 ± 0.1 

0 
0 

0.30 ± 0.03 
1.9 ± 0.3 
4.3 ± 0.4 

0.31 + 0.09 

0.20 ± 0.04 
0.20 ± 0.05 

1.17 ± 0.22 
0.34 ± 0.07 
1.62 ± 0.34 
0.32 ± 0.08 
0.20 ± 0.05 

a S in line flux in units of 10 18 W cm 
b Extinction corrected line ratio. 

18.71 fim and 33.47 fim are 0.62t9 7 and 0.20t9 7, respectively, 
where t9 7 is the optical depth in the “silicate” feature at 9.7 
fim due to intervening dust absorption. Table 2 lists t9 7 for the 
nine of the 13 observed H n regions which have extinction 
data. The corrected line ratios for S m are also listed in Table 2. 

The electron density of a nebula is determined by comparing 
the corrected S m line ratio with the curve in Figure 6. We 
assumed a temperature of 8000 K, which is accurate to 15% for 
most compact H n regions. Figure 6 shows that the 33.47 /un to 
18.71./mi line ratio is not significantly altered by temperature 
changes of this magnitude. To express the uncertainty in 
density, we give the electron density for a line ratio 1 a greater 
and less than the mean line ratio. The resulting densities are 
listed in Table 3. 

IV. COMPARISON OF S III AND RADIO OBSERVATIONS 

In the following section, we compare the S m densities to 
densities derived from radio continuum observations of the 
nebula. From this comparison, we can learn whether the S m 
results are consistent with the density structure observed in 
high-resolution radio maps, or if further density structure such 
as clumping is needed to explain the results. 

TABLE 3 
Electron Densities and Abundances 

Source S m Density (cm 3)a S in/Hb 

DR 22   4800 (9000; 3100) 8.3 x 10“6 

G29.9—0.0   10000 (15800; 7100) 3.3 x 10“5 

G75.84 + 0.4   9700 (16300; 6600) 1.7 x 10"5 

M8   420 (720; 240) 4.2 x 10“6 

M42   3900 (5400; 2900)c 5.9 x 10“6 

S158A   101 (324; —) 3.2 x 10"5 

W3   4600(7300; 3200)d 4.3 x 10~6 

W33   10100 (19000; 6600) 7.6 x 10"6 

a Uncertainty given by (the S m density at +1 the S m 
density at — 1 or). 

b Calculated using eq. (7). 
c At É^Cfsee Fig. 1). 
d At position A (see Fig. 2). 

a) The Global Density Structure ofH n Regions 
High-resolution radio maps are a useful means for studying 

the global density structure of H n regions. Figures 1-5 show 6 
cm radio continuum maps for M42 (Martin and Gull 1976), 
W3 (Harris and Wynn-Williams 1976), DR 22, G29.9-0.0, and 
G75.84-b0.4. The maps display complicated and irregular 
structures; however, there are a few key morphological simi- 
larities. The most apparent is that many regions show a 
compact component associated with diffuse emission. This 
type of structure has motivated the blister model of H n regions 
(Habing and Israel 1979). Many compact H n regions also 
feature a sharp edge where the radio emission drops rapidly. 
This has been interpreted as the ionization fronts between the 
H ii region and a neutral cloud (Israel 1978). We must take 
these morphological features into account if we want to under- 
stand the [S in] emission from these nebulae. 

In order to determine the density structure from a two- 
dimensional radio map, we must make assumptions about the 
depth and symmetry of the region. By assuming spherical sym- 
metry, we can invert the radio map to determine the density 
structure of the region. This technique is applied to DR 22 and 
G75.84-I-0.4 (Figs. 3 and 5) because of the circular symmetry of 
the compact components. Although both show an asymmetric 
diffuse component, our IR beam size is small enough (28") that 
only the diffuse emission that extends in front of or behind the 
compact region is measured in our S m observations. This 
diffuse emission will increase the value we determine for the 
electron density; however, we will assume that the contribu- 
tion of the diffuse emission is small. 

The observed intensity distribution is approximated with a 
spherically symmetric model by replacing each contour on the 
radio map with a concentric circular contour. The emission 
coefficient of the gas as a function of radius is then determined 
by an Abel-type inversion of the intensity map (see James and 
James 1976). This technique can be applied to the intensity 
distribution of any spherically symmetric, optically thin 
nebula. The emissivity at a given radius is related to the 
observed intensity distribution by 

j(r) : 
)_d_ r* 

nr dr Jr 
db 

bl(b) 
(3) 
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where R is the outer radius of the cloud, 7(r) is the emissivity at 
distance r from the center of the cloud, and 1(b) is the intensity 
of a ray with impact parameter b. The electron density is then 
computed from the free-free emissivity 

n2
e(r) = 1.06 x 10lo/(r)| 

5 GHz 7500 K 
cm (4) 

The temperature is taken to be approximately 8000 K, and j(r) 
is in units of Jy pc-1 sr-1. We adopt a distance of 3.4 kpc for 
DR 22 (Pipher et al 1984) and 5.5 kpc for G75.84 + 0.4 
(Matthews et al 1973), a total flux of 3.2 Jy for DR 22 at 10.5 
GHz (Felli, Tofani, and D’Addario 1974), and a total flux of 7.8 
Jy for G75.84 + 0.4 at 10.7 GHz (Matthews et al 1973). The 
term ne(r) is shown for DR 22 and G75.84 + 0.4 in Figure 7. We 
immediately notice a contrast between the two regions. DR 22 
shows a relatively constant electron density with radius, while 
G75.84 + 0.4 shows an almost constant density gradient from 
the center to the outer edge of the region. Interestingly, in the 
case of G75.84 + 0.4, the S m density is significantly larger than 
the radio density; while in the case of DR 22, the S m density is 
consistent with the radio density (Table 3). To determine 
whether the density gradient in G75.84-1-0.4 is responsible for 
the difference between the S m density and the radio density, 
we must model the [S m] emission using the density structure 
we have just deduced. 

b) Modeling the S m Emission 
The S in emission from H n regions depends on three param- 

eters; the density structure, the distribution of S m in the 

Fig. 7.—Electron density vs. radius for DR 22 and G75.84 + 0.4. These 
densities were determined by inverting the radio maps in Figs. 2 and 5 as 
described in text. 

nebulae, and the abundance of sulfur. We have determined the 
electron density structure of DR 22 and G75.84-1-0.4. To 
model the S m emission, we assume that all the hydrogen in the 
nebulae is ionized and all the sulfur in the S m zone of the 
nebula is in the form of S m (i.e., S n or S iv zones do not 
overlap with the S m zone). Adding the assumption of spherical 
symmetry, the S m distribution can be described by two 
parameters, the inner and outer radii of the S m zone. 

Observations of the S m to S iv abundance ratio can be used 
to constrain the inner radius of the S m zone. The ratio of the 
abundances of these ions is proportional to the relative 
volumes of the S m and S iv zones. The relative abundances 
can be determined from the comparison of the [S m] 18.71 gm 
line and [S iv] 10.5 gm line strengths. The S iv line has been 
observed for several of our sources (see Herter et al 1981, 
1982a; Pipher et al 1984). The S m to S iv abundance ratio is 
given by 

!hm __ F* IllJsiv/^e^i ^-0.2319.7 (5) 
ns IV IV js III/ne ni 

where Fsm and FSIV are the [S m] and [S iv] line fluxes and 
jsin/neni &ndjsi\/neni are the [S m] and [S iv] emission coeffi- 
cients. We have adopted t10 5 = 0.85t9 7 and t18>71 = 0.62t9 7 
from Herter et al (1982a), where t9 7 is again the optical depth 
at 9.7 gm. Using the most recent S m flux measurements, and 
the S in density as the representative density of the S m zone 
and S iv zone, we find that S m is far more abundant than S iv 
in all the observed regions. G75.84 + 0.4 shows a high S m to 
S iv abundance, indicating that the S m zone is roughly 46 
times the volume of the S iv zone. A lower limit for the S m to 
S iv abundance in DR 22 indicates that the S m zone has a 
volume at least 35 times the volume of the S iv zone. The S n to 
S in abundance ratio is needed to competely constrain the S m 
distribution; however, since S n cannot be detected in obscured 
regions, this ratio cannot be determined for either G75.84-b0.4 
or DR 22. 

We are left with two unconstrained parameters: the outer 
radius of the S m zone and the abundance of elemental sulfur. 
If the density structure derived from the radio maps is accu- 
rate, matching the predicted 18.7 gm line flux and the 33.5 gm 
to 18.7 gm line ratio to the observed flux and line ratio will 
determine the outer S m zone radius and the sulfur abundance. 
A comparison of the models to observations of G75.84-I-0.4 
and DR 22 is given in Table 4. In this table, we give the 
predicted [S m] 33.5 gm/lS.l gm line ratio for different values 
of the outer radius of the S m, RSIII. For any given Rsm, the 
elemental sulfur abundance is then calculated from the 
observed 18.71 gm flux. The observed line ratio for 

TABLE 4 
Results from H ii Region Models 

*s iii/^h ii F 33/F is S/H 
DR 22 

0.78  0.35 3.5 x 10-6 

0.52  0.34 1.1 x 10"5 

0.47  0.34 1.5 x 10"5 

G75.84 + 0.4 

0.80  0.33 3.0 x 10"6 

0.54  0.29 7.3 x HT6 

0.38  0.27 1.9 x 10"5 
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G75.84 + 0.4 constrains RSII1 to be less than one-half RHII, 
which is consistent with a sulfur abundance close to the solar 
abundance, S/H = 1.6 x 10“5. For DR 22, RSIII is not con- 
strained by the observed line ratio. However, as in the case of 
G75.84 + 0.4, the abundance of sulfur approaches the solar 
abundance when Rs is one-half RH In. We must then conclude 
that sulfur is underabundant in DR 22 if Rs,n is greater than 
one-half RH n ; however, we cannot use the sulfur abundance to 
constrain RS1II. The abundance of sulfur is known to vary with 
position in the galaxy; the observed sulfur abundance gradient 
in the galaxy indicates it is likely that sulfur will be under- 
abundant outside the solar circle (see Pipher et al 1984; Shaver 
et a/. 1983). 

We conclude this section with a comparison of the [S m] 
and rms densities for the remaining sources. Since these 
nebulae show a more complicated structure, a less rigorous 
approach must be used in modeling these regions. 

G29.9—0.0.—The radio map of G29.9—0.0 shows a sharply 
peaked compact region surrounded by a diffuse envelope (Fig. 
3). In contrast to G75.84-I-0.4, all of G29.9—0.0 is included in 
the beam of our [S m] observations. Thus, we expect that the 
[S in] emission could be significantly affected by the large 
diffuse component. Consider a simple two-component model 
of this source consisting of a diffuse component and a compact 
component. For simplicity, both components are characterized 
by a single density, nd and nc for the diffuse and compact 
components, respectively. Assuming that all the sulfur in the 
nebula is in the form of S m, the [S ra] line ratio is then given 
by 

£33 = Knd
2(j33/n¡ne) + Vcnc

2(j33/n¡ne) 
Fis Fdná

2(jl8/n¡ne) + Vc n^OWn.-n*) ’ 

where Vd and Vc are the volumes of the diffuse and compact 
components, respectively. The emissivities are evaluated at the 
appropriate density for each component. For simplicity, we 
give the region a spherical symmetry by replacing the contours 
seen in Figure 4 with concentric, circular contours of equiva- 
lent area. We deconvolve the nebula into a compact sphere 
with an outer radius equal to the radius of the 50% contour, 4" 
in diameter, and a diffuse shell surrounding the compact com- 
ponent with an outer radius equal to the radius of the 10% 
contour, 15" in diameter. 

Assuming that the nebula is at the near distance of 7.3 kpc 
and given at total radio flux of 2.9 Jy at 10.5 GHz (Felli, Tofani, 
and D’Addario 1974), we use equation (1) to determine that nd 
is 4500 cm“3 and nc is 8800 cm“3. The ratio of njVd to n^Vc is 
13.5. The line ratio we determine from equation (6) is 0.32, 
corresponding to a density of 4500 cm“3. The observed line 
ratio is 0.20 ± 0.04, giving a density of 10,000 cm“3 (15,800 
cm “ 3,7100 cm “ 3). This shows that the S m zone cannot extend 
throughout the nebula, otherwise the diffuse component would 
dominate the S m emission due to its large volume. Like 
G75.84 + 0.4, if global density structure is to account for the 
measured S m density in G29.9—0.0 we require the S in zone to 
be confined to the compact core of the H11 region. 

W33.—The same approach can be used to calculate the S m 
emission from W33. Using the radio map and fluxes of 
Haschick and Ho (1983) and adopting a distance of 4 kpc, we 
calculate a density of 7800 cm“3 for the compact component 
and a density of 3500 cm“3 for the diffuse component. From 
this, the line ratio is determined to be 0.37, corresponding to a 
density of 3600 cm“3. The observed line ratio is 0.20 ± 0.05, 

corresponding to a density of 10,000 cm“3 (19,000 cm“3, 6600 
cm “ 3). As in the case of G29.9 — 0.0 and G75.84+0.4, the lower 
density component should dominate the [S m] emission in 
W33; however, since the compact component has a density 
consistent with the S m density, the model derived S m density 
can be biased to the observed S 111 density by reducing the size 
of the S in zone to the size of the compact core. 

SI58.—Unlike our previous sources, SI58 is distinguished 
by its unusually low value of the S in density. A 6 cm map of 
SI58 shows a diffuse shell 3!6 in diameter associated with a 
small compact region 9" in diameter (see Israel 1977). The 30" 
beam of the S m observations was centered on the infrared 
source 1RS 5, which is coincident with the compact region. The 
low density given by the S m line ratio, less than 320 cm“3, 
implies that the S m emission is dominated by the diffuse 
region. Thus, in contrast to G29.9—0.0, G75.84 + 0.4, and 
W33, the S in zone in S158 extends throughout the diffuse 
regions of the nebula. Furthermore, the low S in density 
excludes the possibility of clumping in the nebula. 

M8.—Like SI58, M8 exhibits an unusually low S in density 
of 432 (724, 241) cm“3. The radio density for the compact 
component of the region is 4400 cm“3 (Woodward et al 1986). 
One possible reason for the difference between the radio 
density and the S m density is that the optical depth at 9.7 /¿m 
may be significant for some parts of the ionized nebula. Optical 
maps show that parts of the nebula are obscured and that the 
extinction varies greatly across the nebulae. If extinction is 
responsible, then t9 7 must be close to 3. This is an enormously 
high extinction for an optically visible and nearby (1.5 kpc) 
region. We find it much more likely that the [S m] lines are 
dominated by emission from the low-density regions of the 
nebula. Thus, as in SI58, the S m distribution may extend 
throughout a large diffuse component. 

M42 and W3.—In the regions M42 and W3, the [S in] emis- 
sion was measured for several beam positions. The locations of 
the beam positions are shown in the radio map of this region 
(Figs. 1 and 2). Tables 5 and 6 give the S in density for these 
positions in M42 and W3, respectively. The electron densities 
show a global density gradient in W3, varying from a peak of 
4600 cm“3 in the northwestern end of the nebula to a low of 
2100 cm“3 in the southwestern end. The density gradients 
correlate well with the intensity gradients seen in radio contin- 
uum maps of these regions. For the more compact region of 
W3 (the area within the 50% contour of Fig. 2), the rms elec- 
tron density is 4400 cm“3, in good agreement with the [S m] 
density. In M42, the S in emission was observed at 91C (Table 
3). The density derived for this region is 4200 cm“3, also in 
good agreement with the rms electron density of 3400 cm“3. 
For three positions in the outer portion of the nebula the 
density is lower (see Fig. 1), showing again that the density 
peaks in the region of highest radio emission. Both M42 and 
W3 will be discussed in more detail in the following section. 

c) The Ionization Structure ofH 11 Regions 
We have created a consistent picture in which the S in den- 

sity is biased by global density gradients. In this scenario, the 
observed S m density is dependent on the distribution of S in 
within a changing density distribution. Low values of the 
density in a nebula result from the S m zone extending into a 
large diffuse envelope surrounding the compact components of 
the H ii regions. High values of the density result when the S m 
zone does not extend out of the inner, more compact regions of 
the nebula. For G29.9-0.0, G75.84 + 0.4, and W33, which 
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TABLE 5 
S in Map of M42 

Position (a, <5)a 18.7 pm Fluxb 33.5 /mi Flux* Density (cm 3)c S m/H 

A:(0",0")   36 ±4 <9 > 6000 >4.2 x KT6 

C:(0, —50)   13 ± 2 <7 >1900 >2.1 x 10~6 

D: (0, -75)  24 ± 3 19 ± 2 1000 (1400; 800) 2.0 ± 0.2 x 10“6 

E:(0,-100)   37 ±4 28 ± 4 1100 (1600; 800) 2.9 ± 0.3 x 10_6 

F: (0, -125)   19 ± 2 14 ± 2 1200 (1600; 900) 2.7 ± 0.3 x 10'6 

a All positions relative to the 5 GHz radio peak at a1950 = 5h32m47!6, = — 5°25T7" (Martin and 
Gull 1976). 

b S in line flux in units of 10“18 W cm_ 2. 
c Uncertainty given by (the S m density at +1 cr; the S m density at — 1 a). 

have high values of the S m density relative to the radio 
density, this imples that the S m zone occupies a small fraction 
of the volume of the nebula. We must now consider whether 
this picture is consistent with current observations and model- 
ing of the ionization structure of H n regions. 

For two regions, W3 and M42, the ionization structure can 
be observationally examined. For W3, we can examine the 
ionization structure by measuring the spatial extent of S m in 
the nebula. In M42, we can determine the ionic structure by 
comparing S n, S m, and S iv abundances at a given location in 
the nebula. The S m abundance is estimated as (see Herter et al. 
1981): 

ns hi _ Fs m D2 

«h neV(j/neni) ’ 

where Fsm is the S m line flux, n^V/D2 is determined using the 
radio flux density in the S m beam, and j/ne is the emission 
coefficient of S m per ion per electron. The term j/ne rii is inde- 
pendent of the electron density for low densities (ne < 1000 
cm-3) and varies as l/ne for higher densities. In an inhomoge- 
neous nebula, the S m density provides the best estimate of 
electron density, since it reflects the density of the gas from 
which the S m emission originates. Using the 18.71 jum line flux 
for FSIII, the abundance was calculated for M42 and each posi- 
tion in W3 (Tables 3 and 5). 

The S in abundances for W3 (Table 6) show that S m is 
abundant throughout the nebula. Thus, on the basis of its 
spatial extent we argue that the S m zone dominates the ionic 
structure of W3. Note that the S m abundance in W3 does 
exhibit a fair amount of variation. This variation may be due to 
differential extinction (see Hack well et al 1978), the exis- 

tence of high-density components which are not well represent- 
ed in the [S m] emission, or variations in the ionic structure. 

In M42, measurements taken 20" north of 61C give an S m 
abundance of 7.7 x 10 “6. Using the S iv line flux for the same 
position (Herter et al 1982a), we find a low S iv abundance for 
the same position, 1.1 x 10 “6. The S m abundance determined 
at the (PC position is 5.9 x 10-6 (Table 3). Since 01C is the 
exciting star, the difference between these positions is probably 
due to an increased S iv abundance in the (PC position. This 
implies that the S iv abundance at (PC is 2.9 x 10~6. The 
fluxes of the S n optical lines have been measured for a similar 
position by Peimbert and Torres-Peimbert (1977). Using a 
5"2 x 77"6 slit at a position 45" N of (PC, the S n abundance is 
measured as 4.1 x 10-7. Summing the S n, S m, and S iv 
abundance for this region, we get 9.2 x 10 “6, showing that 
sulfur abundance in M42 is 58% of the solar abundance. The 
comparison of the S in abundance to the S n and S iv abun- 
dances shows that S m is the dominant ion and that the S m 
zone must extend throughout most of the nebula. Note that for 
positions C, D, and E, the S in abundances are substantially 
lower than the (PC abundance (Table 5), suggesting that S n is 
the dominant ion in the southeastern corner of the nebula. 

The small S m zone predicted for G29.9—0.0, G75.84-I-0.4, 
and W33 is not apparent in M42 or W3; however, neither M42 
or W3 exhibit the high values of the S m density observed in 
the former three regions. Since we have measured the ioniza- 
tion structure in only two nebulae, we must depend on model- 
ing to examine a wider range of H n regions. 

For a wide range of parameters, models of the ionization 
structure predict that the S m abundance dominates the S n 
abundance. For stellar temperatures ranging from 31,000 to 
40,000 K and uniform densities ranging from 100 to 10,000 

TABLE 6 
S in Map of W3 

Position (a, <5)a 18.7 /mi Fluxb 33.5 /mi Fluxb Density (cm 3)c S m/H 

A: (-6.25", 6.25")  43.6 ± 5.8 30.4 ± 4.9 4600 (7300; 3200) 4.3 ± 1.1 x 10“6 

B: (6.25,6.25)  41.9 ± 1.7 34.5 ± 2.0 3500 (4500; 2900) 3.4 ± 0.8 x 10-6 

C: (18.75,6.25)   30.4 ± 1.3 27.7 ± 3.1 3000 (4100; 2300) 4.1 ± 0.9 x 10“6 

D:( —6.25, -6.25) .... 52.7 ± 4.5 42.6 ± 2.0 3600 (4800; 2900) 6.3 ± 1.4 x KT6 

E: (6.25, -6.25)   28.8 ± 2.4 36.5 ± 2.0 1800 (2400; 1400) 2.8 ± 0.6 x 10~6 

F : ( — 6.25, -18.75) ... 29.9 ± 1.1 37.4 ± 1.8 1800 (2300; 1500) 6.7 ± 1.4 x KT6 

G: (6.25, -18.75)   16.5 ± 1.0 19.3 ± 2.9 2000 (2900; 1500) 3.5 ± 0.8 x 10~6 

a All coordinates are relative to the position of W3 1RS 2 at a1950 = 2h21m56!97, <51950 = 61°52'40"7 
(Wynn-Williams, Becklin, and Neugebauer 1974). 

b S in line flux in units of 10“18 W cm-2. 
c Density derived using x97 — 1.9 ± 0.3. Uncertainty given by (the S m density at +1 <7; the S in density at 

-1<7). 
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cm-3, Rubin (1985) has shown that the S n abundance is never 
greater than 20% of the S m abundance. These results imply 
that the outer radius of the S m zone is comparable to the outer 
radius of the H n zone. Other modeling has included an expo- 
nential density gradient along one dimension to simulate the 
density structure of a blister region. In such a case, Rubin 
(1984) finds that for an exciting star of 35,000 K, S m again is 
the dominant ion in the nebula. 

In conclusion, if the global density gradients result in the 
high [S m] densities observed in G29.9, G75.84, and W33, the 
S ii to S in ratio must be in excess of that predicted by current 
H ii region models. Previous observations have also suggested 
that current models do not adequately account for the lower 
ionization states in H ii regions. Mid-infrared forbidden-line 
measurements of compact H n regions give an S m to S iv and 
Ar ii to Ar m ratio in excess of those predicted by models (see 
Herter, Heifer, and Pipher 1983). These discrepancies may be 
the result of the failure of stellar models of O and B stars or 
inaccurate descriptions of the absorption properties of dust 
grains in the far-UV (below 912 Â) or both. Because of these 
effects, we cannot rule out the possibility that the S m zone is 
confined to the dense inner regions of the nebula, and that the 
global density structure can account for the observed [S m] 
densities. 

V. IONIZED CLUMPS AND NEUTRAL CONDENSATIONS 

Although the global density picture gives a plausible expla- 
nation for the high values of the S m density found in 
G29.9—0.0, G75.84+0.4, and W33, it is not unique. An alter- 
native explanation is that the high densities determined from 
the [S m] observations may be the result of small-scale density 
enhancements (clumping). 

As we mentioned previously, optical measurements of the 
[S ii] and [O ii] line ratios have given electron densities much 
higher than rms densities in some nebulae. These observations 
have motivated the model that the ionized gas in H n regions is 
clumped. This model is further supported by the structure 
shown in optical images of nebulae. It is therefore natural to 
assume that high S in densities observed in some nebulae may 
also be the result of clumping. Although extensive clumping is 
not observed in high-resolution radio observations (<!") of 
compact H n regions, it is easy to imagine how these clumps 
avoid detection. Even if they are large enough to be resolved in 
radio maps, the superposition of many clumps will be indistin- 
guishable from a smooth distribution of gas. 

One caveat to the clumping model is that it is not under- 
stood how high-density, fully ionized clumps can exist in an 
H ii region. Since the temperature of the gas increases with 
density (see Osterbrock 1974), clumps of ionized gas cannot be 
in pressure equilibrium with a surrounding diffuse component 
and will have a lifetime much shorter than the age of the H n 
region. For ionized clumps to exist, an unknown mechanism 
must either preserve clumps or continuously create clumps. 
For this reason, we find the existence of optically thin, fully 
ionized clumping unlikely. 

Dense clumps of ionized gas have been resolved in high- 
resolution radio continuum maps of M42 (see Garay, Moran, 
and Reid 1987). These maps show 13 clumps within 30" of 01C. 
They have densities greater than 105 cm-3 and are less than 
10-3 pc in diameter. Since the lifetime of fully ionized clumps is 
short compared to the age of the nebula, Garay, Moran, and 
Reid explain these clumps as high-density, ionized gas flowing 
off neutral condensations (see Dyson 1968). Unlike completely 

ionized clumps, theoretical models show that these conden- 
sations can have lifetimes of 105 yr and may be remnants of the 
original star-forming cloud (see Tenorio-Tagle 1977). 

The high-density component observed by Garay, Moran, 
and Reid in M42 contains only a small percentage of the mass 
of the nebula. For clumping to account for the high values of 
the S in density observed in G29.9—0.0, G75.84-f0.4, and 
W33, the high-density component must contain most of the 
mass of the nebulae. As argued from lifetime considerations, 
the clumps must be dense, ionized envelopes surrounding 
neutral condensations. Surrounding such a condensation is an 
inverse H n region. The low-excitation ions (S ii and O n) are 
found in the higher density gas close to the condensations, and 
the high-excitation ions (S m) are found further from the con- 
densation in a lower density gas. Since the [S m] emission is 
biased toward low-density regions, it is difficult to picture how 
neutral condensations can significantly affect the S m density 
without filling much of the ionized nebula with globules of 
neutral gas. In contrast, the [S ii] and [O n] emission is biased 
toward high-density regions, and optical line ratios may be 
biased by neutral condensations. This effect may have been 
observed in the high electron densities measured in M42 using 
[S ii] and [O ii] observations (see Osterbrock and Flathers 
1959; Danks and Meaborn 1971 ; Menon 1961). 

Although it is unlikely that small-scale structure is directly 
responsible for the high values of the S m density observed in 
G29.9—0.0, G75.84 + 0.4, and W33, neutral condensations 
could alter the ionization structure by shadowing the outer 
regions of the nebulae from the direct illumination of the excit- 
ing star. In these shadows, the diffuse radiation field would 
dominate, allowing only the existence of low-excitation ions 
such as S ii. Thus, neutral condensations would reduce the 
volume of the S m zone, biasing the observed value of the S m 
density. One could further speculate that as the H n region 
evolved, the condensations would evaporate and the S m zone 
would expand into the nebula; in this case, regions such as 
S158 and M8 would be more evolved than G29.9—0.0, 
G75.84-I-0.4, and W33. In conclusion, we suggest that it is 
more likely that small-scale structure can alter the S m density 
by altering the ionization structure rather than by directly 
increasing the local gas density. 

VI. ABUNDANCE ESTIMATES IN INHOMOGENEOUS NEBULAE 

One motivation for gaining a detailed understanding of the 
density and ionic structure of compact H n regions is to more 
accurately predict elemental abundances. The abundances of 
S in relative to H n in an ionized nebula can be estimated 
using equation (7), as we have already done for M42 and W3 
(Tables 3, 5, and 6). Table 3 gives the S m abundance for the 
remainder of our sources. 

The ratio of the sulfur to hydrogen abundances can be deter- 
mined by summing the S n, the S m, and the S iv abundances 
(see Herter et al. 1981). The major uncertainty is the S ii abun- 
dance, which has been observed only for M42. For M42 and 
W3, we have shown that the S m zone dominates the nebula. 
For these regions, we believe that the S m abundances shown 
in Tables 3, 5, and 6 are a good estimate of the elemental sulfur 
abundance. In the case that S m is not the dominant ion, the 
S in abundance is a lower limit of the sulfur abundance. This 
implies that the sulfur abundance of G29.9—0.0, whose S m 
abundance is 3.5 x 10“ 5, is at least 2.2 times the solar value. 

If we assume that the global density gradient picture is 
correct, the S m zones of these nebulae fill a small fraction of 
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the volume of the H n region. To determine the sulfur abun- 
dance, we must consider only the region within the S m zone, 
replacing n^V integrated over the whole H n region with n^V 
integrated over the S m zone. For G75.84 + 0.4, this is consis- 
tent with an abundance close to the solar value (Table 4). If we 
assume that the S m zones for G29.9 —0.0 and W33 are con- 
fined to the compact cores observed in these regions (see § IVh), 
then the sulfur abundance for W33 is 2.8 x 10-5, 1.8 times the 
solar abundance, and the sulfur abundance for G29.9—0.0 is 
5.1 x 10“5, 3.2 times the solar abundance. These factors are 
not unexpected for regions in the 5 kpc star formation ring, 
which shows other evidence for enhanced metal abundance 
(see Lester et al 1987). Finally, if the radius of the S m zone in 
DR 22 is half the radius of the H n zone, the sulfur abundance 
for the region approaches the solar value. Thus, the sulfur 
abundances produced using the global density picture are rea- 
sonable. 

VII. CONCLUSIONS 

We have examined the density structure of compact H n 
regions using the [S m] 33.5 and 18.7 fim fine-structure lines 
and 6 cm radio continuum maps. The densities derived from 
the [S in] fine-structure lines are listed in Table 3. Since the 
observed nebulae are inhomogeneous, the observed [S m] 
emission was compared to the [S m] emission predicted from 
models derived from the radio maps. Comparing the radio and 
infrared data we find the following: 

1. The density derived from the [S m] emission is consistent 
with the density derived from the radio for DR 22, M42, and 
W3. We also find that for the latter two regions, the S m zone 
extends throughout most of the H n zone. For DR 22, our data 
do not constrain the size of the S m zone. In SI58 and M8, the 
low derived densities imply that the [S m] emission is domi- 
nated by a diffuse component of the nebula. 

2. The [S in] densities in G29.9 - 0.0, G75.84 + 0.4, and W33 
are much higher than the radio densities. We have considered 
two explanations of this difference. First, the S m zone may be 
restricted to the small, compact centers of the H n regions 
biasing the [S m] density. This implies S m zones less than half 
the radius of the H n zones. This is in contrast to current 

models of the ionization structure, which indicate that the S m 
zone should extend throughout most of the nebula. 

An alternative explanation is that the ionized gas in the 
nebulae is clumped. The main difficulty in this explanation is 
that the clumps would not be in pressure equilibrium with the 
surrounding gas, and the lifetime of the clumps would be small 
compared to the age of the nebula. If fully ionized clumps exist 
in nebulae, an unknown mechanism must preserve or regener- 
ate the clumps. 

3. Comparison of the S n, S m, and S iv abundances in M42 
show that the S m zone extends throughout most of the nebula 
and is the dominant ionic component of the nebula. Thus, the 
[S in] derived densities, 6000 to 1000 cm-3, are representative 
of much of the region. These lines are insensitive to a high- 
density component, such as the clumps of ionized gas found 
near 61C in high-resolution radio maps of M42 (Garay, 
Moran, and Reid 1987). Garay, Moran, and Reid (1987) 
explain the clumps as high-density ionized gas flowing off 
neutral condensations. Since neutral condensations can exist 
as long as 105 yr, they may be remnants of the molecular cloud 
from which the H n region formed. It is possible that the [S n] 
and [O ii] line emission in M42 may be biased by clumps such 
as these, resulting in the high densities some observers have 
measured in the nebula. These neutral condensations probably 
exist in other nebulae, and we suggest that although these 
condensations cannot directly influence the S m density, they* 
may shadow the outer regions of nebulae, resulting in small 
S in zones in G29.9 - 0.0, G75.84 + 0.4, and W33. 

Current observations cannot distinguish between the 
global density gradient and clumping pictures. A key to dis- 
tinguishing the two pictures is understanding the S m distribu- 
tion in the nebula. Unfortunately, the infrared fine-structure 
lines at 33 and 18 /un cannot yet be measured with sufficient 
spatial resolution to map most H n regions. High-resolution 
observations will give direct information on the ionic and 
density structure of compact H n regions. 

We thank the staff of the Kuiper Airborne Observatory for 
their excellent support that made these observations possible. 
This work was funded by NASA-Ames Grant NAG 2-207. 
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