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ABSTRACT 

Maps of five H n regions in one or more of the infrared fine-structure lines of Ne n (12.8 /im), 
Ar in (9.0 jam), and S iv (10.5 jam) have been obtained with angular resolutions ranging from 4" to 
7". The observations are used to discuss the morphology and excitation of these nebulae. Consider- 
able diversity is found in the structures of the nebulae, probably resulting from differences in their 
ages and the circumstances of their formation. In all cases, more ionizing luminosity than would be 
provided by a single dominant ionizing star appears to be required, although uncertainties in the 
model nebulae make this conclusion uncertain. 

Subject headings: infrared: spectra — nebulae: H n regions 

I. INTRODUCTION 

Infrared emission lines from gaseous nebulae have 
been the subject of considerable interest in recent years. 
They can be used to study distant and young regions 
which are often obscured by dust, and they carry im- 
portant information about the density, ionization state, 
and elemental abundances in H n regions. The most 
extensively studied infrared lines are in the 8-13 jam 
region, which is accessible to ground-based telescopes. 
In particular, the 9.0 jam Ar m, 10.5 jam S iv, and 
12.8 jam Ne n fine-structure Unes have now been de- 
tected in a large number of H ii regions and planetary 
nebulae (Beck etal. 1982; Lacy 1980, and references 
therein). 

This paper describes the results of a program of 
mapping the infrared fine-structure line emission from 
H ii regions. These observations differ from previous 
ones in that they cover extended areas of the sky (typi- 
cally more than I'Xl') with high angular resolution 
(4"-7"). At the distances of the galactic H u regions 
discussed here, this range of beam sizes corresponds to 
dimensions of 0.07-0.3 pc. 

In this paper we first describe how the observations 
were made (§ II). The procedure used to derive the 
source characteristics from the observed line fluxes is 
described in § III, and the uncertainties are discussed in 
§ IV. Conclusions about the individual nebulae are 
presented in § V. These conclusions are summarized, 
and similarities and differences among the nebulae are 
discussed in § VI. 

II. observations 

Maps were made of three southern H n regions, 
NGC 3576 (RCW 57 or G291.3-0.7), NGC 3603 (RCW 
57 II or G291.6—0.5), and G298.2-0.3, in all three 
ionic fine-structure Unes in the 10 jam atmospheric 
window. Two northern sources, W3 and G29.9-b0.0, 
were mapped in Ne n and observed at selected positions 
in Ar in. In addition, maps of G333.6—0.2 in all three 
lines are reported by Geballe etal. (1981), and observa- 
tions of M17 and G0.5—0.1 will be reported in a later 
paper. Throughout this paper optical source names are 
used when such names exist, although in most cases the 
infrared sources he in obscured regions offset from the 
visible nebulae. 

The southern objects, NGC 3576, NGC 3603, and 
G298.2, were observed with the 2.5 m du Pont telescope 
at Las Campanas Observatory, Chile. W3 and G29.9 
were observed with the 3 m Shane telescope at Lick 
Observatory. Information regarding the sources and ob- 
servations is given in Table 1. 

The observations were made with a Hquid nitrogen 
cooled Fabry-Perot interferometer in tandem with a 
Hquid heHum cooled grating monochromator (Lacy 
1979). The instrument was used both as a scanning 
spectrometer, to observe Une profiles, and as a mono- 
chromator, to allow mapping by scanning the telescope. 
The spectral resolution was 0.07-0.35 cm-1 or 30-100 
km s-1 (Lorentzian FWHM) which is sufficiently high 
that subtraction of continuum emission from the maps 
was not necessary. 
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STUDIES OF H n REGIONS 511 

TABLE 1 
Observational and Source Parameters 

Source Line Date 
"fwhm 

(") 
AS 
(") 

Ao A''fwhm 
(s) (cm-1) 

Rs 
(kpc) 

Te 
(K) (mag) 

^9.7 
(mag) 

W3A   
(2h 22m 54s 

+ 61° 53') 

W3B   

NGC 3576 .. 
(1 lh 09m 47s 

-61° 02') 

NGC 3603 .. 
(llh 12m 59s 

-61° 00') 

G298.2—0.3. 
(12h 07m 21s 

-62° 33') 

G29.9+0.0 . 
(18h 43m 30s 

-3° 43') 

2.4a 

Ne ii 
Ar ui 

Ne h 
Ar ni 

Ne il 
Ne il 
Ar ni 
S iv 

Ne il 
S iv 

Ne il 
Ar ni 
S iv 

1979 Sep 
1977 Sep 

1977 Sep 
1977 Sep 

1978 Apr 
1978 Feb 
1978 May 
1978 May 

1979 Mar 
1979 May 

1978 Apr 
1978 May 
1978 May 

Neu 1979 Sep 

0.2 

0.2 

0.3 
0.5 
0.3 
0.2 

1.0 
0.5 

0.4 
0.2 
0.2 

0.3 

0.13 

0.13 

0.20 
0.067 
0.32 
0.25 

0.08 
0.22 

0.20 
0.32 
0.25 

0.13 

3.6e 

8.2e 

ll.e 

7.r 

7800b 

9500b 

7700e 

6900e 

8100e 

16e 

0.59 
1.60 

46e 

1.70 
4.60 

15f 

0.56 
0.56 
1.50 
1.55 

4g 
0.15 
0.41 

14f 

0.78 
2.10 
2.16 

8000h >15* 
>0.56 

2.2d 

0.64 
1.73 

3.3d 

0.96 
2.60 

3.8f 

1.11 
1.11 
2.99 
3.08 

1.6f 

0.47 
1.26 

1.6f 

0.47 
1.22 
1.26 

2.4i 

0.70 

Note.—#fwhm: aperture size. A£: spacing between scans. A«: bin size. A^pw^: spectral resolution. Rs: distance from 
Sun. Te: electron temperature. Av: visual extinction derived from optical or near-infrared measurements and corresponding 
extinctions at fine-structure line wavelengths. A9 7: 9.7 /xm extinction derived by Gillett et ai 1975 case II procedure. 

aReifenstein eia/. 1970. 
bThum et al. 1980. 
cWynn-Williams, Becklin, and Neugebauer 1972. 
d Lester 1979. 
e Wilson et al. 1970. 
fPersson, Frogel, and Aaronson 1976. 
gFrogel, Persson, and Aaronson 1977. 
hRohlfs 1974. 
1 Soif er and Pipher 1975. 

Spectral scans were made at several positions within 
each source to determine the central frequencies and 
widths of the emission Unes. Lorentzian fits to these 
scans were used to determine the ratios of the integrated 
line intensities to the signals measured at the wave- 
lengths at which the maps were made. In most cases the 
variation in source line width and central frequency 
across the nebulae was small compared to the instru- 
mental line width, so that the ratio of Une intensity to 
measured signal is constant for each nebula. However, 
Ne ii was observed in NGC 3576, NGC 3603, 
and G29.9 with relatively high spectral resolution, and 
we cannot rule out the possibility that variations 
in the source line profile cause distortions in these 
maps. 

The mapping was done by repetitively scanning the 
telescope in right ascension while chopping in right 

ascension between the source and blank sky. The beam 
throw varied from 2' to 4', and the telescope was usually 
scanned a distance of two chopper throws. Any instru- 
mental offset signal was then removed by subtracting 
the second half of a scan from the first, a procedure 
equivalent to beam switching when observing a single 
source. Scans were separated in declination by some- 
what less than the beam width. The data were binned in 
right ascension to create a rectangular grid from which 
the maps were constructed. Scan separations and bin 
sizes are given in Table 1. Positions were referenced to 
guide stars whose coordinates were measured by offset- 
ting from nearby SAO stars. Relative positional uncer- 
tainties within a map are 1" rms. Maps in different ionic 
Unes, which were in some cases made in different years, 
have additional relative positional uncertainties of up 
to 2". 
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The intensity calibration was obtained by chopping 
between an ambient temperature blackbody and the sky 
and is accurate to ±20%, except in the high resolution 
Ne ii maps mentioned above where uncertainties in the 
line widths and frequencies cause possible errors which 
are perhaps twice as great. In NGC 3576, where diffuse 
nebulosity is seen to the east of the area mapped, there 
is evidence for contamination by infrared line emission 
in the reference beam. The resulting underestimate of 
the line fluxes should occur for all of the lines mapped, 
and so its effect on the line flux ratios should tend to 
cancel. The radio free-free fluxes used for comparison 
with the infrared fluxes have also been appropriately 
decreased in this case. The relative intensities at differ- 
ent positions within a map should be more accurate 
than the absolute intensity calibration. The uncertainties 
in relative intensities are due largely to guiding errors in 
dechnation which could allow small sources to fall be- 
tween scans. Relative uncertainties are typically ± 10% 
for point sources and ±5% for extended sources. 

III. ANALYSIS 

In principle, sufficient information can be obtained 
from infrared and radio observations of a visually ob- 
scured H ii region to determine its excitation, or ioniza- 
tion state, the degree of enrichment of heavy elements, 
and the motions of the ionized gas. In particular, ob- 
servations of the fine structure Unes of S in (18.7 fim), 
S iv (10.5 fxm), Ar ii (7.0 /im), and Ar m (9.0 /Am), when 
compared with radio or infrared observations of ionized 
hydrogen, would allow a determination of S/H and 
Ar/H as well as the excitation in a nebula. In addition, 
measurements of line profiles of any of the infrared Unes 
provide information on gas motions. Unfortunately 
Ar ii and S m fall in regions of the spectrum that are 
very difficult to observe except from airplane altitudes, 
so that detailed mapping of these Unes is not at present 
practical. High angular resolution observations of hy- 
drogen recombination line or free-free continuum emis- 
sion are also not available for most of the objects 
discussed here, particularly those south of —30°. Conse- 
quently, we use the observations of Ne ii (12.8 /Am), Ar 
in (9.0 /Am), and S iv (10.5 /Am) presented in this paper 
primarily to discuss the spatial distribution of the ionized 
gas and, by assuming that the abundances of neon, 
sulfur, and argon are solar, to derive qualitative infor- 
mation about the excitation of the nebulae studied. 

The intensity of the line observed from the fine-struc- 
ture sphtting of the 2P ground state of a pl or p5 ion, 
such as Ne+ and S+3, may be expressed as 

/ts(ergss_l cm_2sr-I) = 4.2X10_7Ä',Y,|±±J 

Xe-hc/\kTef_ü^_n dlicm-6 \ (j) 
J np + nr 

e p K ^ 7 v 7 

Vol. 254 

(Petrosian 1970). Here y, is the number abundance of 
the ion (yH+ = 104), Kt a line strength factor, and nc the 
critical density for collisional thermalization of the fine- 
structure levels. The intensity of the 3P1-

3P2 transition 
of Ar in has a more complicated density dependence 
but at low densities is adequately described by equation 
(1). Since hc = 3.6X 105 cm-3 for Ne n, ~3X 105 cm-3 

for Ar in, and 7.1 X104 cm-3 for S iv, and the density 
in the H n regions studied here is ~103-104 cm-3, we 
assume nc/(ne + ^c)= 1. The electron kinetic tempera- 
ture, Te, is taken from radio work. The line strength 
factors are ^ —(^21/^1) (10 /xm/A)=0.071 for Ne 11, 
0.62 for Ar in, and 0.81 for S iv, where the colhsion 
strengths, Q, are those of Seaton (1975) for Ne 11, 
Kreuger and Czyzak (1970) for Ar in, and Brocklehurst 
(1972) for S iv, and =2Jl +1 is the degeneracy of the 
lower level. 

At low densities, the relative intensities of fine- 
structure lines, calculated from equation (1), depend 
only on ratios of atomic constants and ionic abun- 
dances. The fractional ionic abundances, x(Z+n) — 
yz+n/yz, depend on the spectral distribution and 
luminosity of the ionizing radiation and the gas density. 
If the ionizing spectrum is not altered by absorption by 
dust and the ionizing stars are on the main sequence, the 
spectral distribution and luminosity of the ionizing radi- 
ation are determined by the spectral types of the ioniz- 
ing stars. Consequently, for an assumed gas density and 
assumed relative elemental abundances, the intensity 
ratio of two ionic fine-structure lines can be used to 
estimate the stellar spectral types. 

We assume solar elemental abundances, the ratios of 
which are likely to remain relatively constant even if the 
gas is enriched in heavy elements. The assumed cosmic 
abundances, yNe = 0.83* yAr — 0.063, and ys = 0.16, with 
yH = 104, are taken from Allen (1973). We obtain 
x(Z+n) from Balick and Sneden’s (1976) model nebu- 
lae, with wH —103, using Z=ZQ, log g = 4 stellar atmo- 
sphere models. The actual densities of the nebulae and 
the errors introduced by assuming nll = \03 cm"3 are 
discussed in § V below. Since Balick and Sneden do not 
include argon ionic abundances, we assume, based on 
the similarity of ionization potentials, that x(Ar+2) is 
the lesser of jc(N+2) and x(Ne+). Note, however, that 
this procedure does not allow x(Ar+2) > x(Ne+), in 
contradiction to the work of Koppen (1978, 1980) and 
in contradiction to some of the observations presented 
below. The neon abundance used by Balick and Sneden 
is ~ 4 times ours, but as they point out, changes in yNe 

should not change the nebular ionization structures or 
x(Ne+). 

For the purpose of discussing the variation in excita- 
tion across the H 11 regions, each nebula has been 
divided into from one to seven sources. The fine-structure 
Une fluxes from each source were obtained by integrat- 
ing over the Une intensity maps. The measured fluxes 
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TABLE 2 
Line Fluxes and Emission Measures 

513 

F (10“10 ergs s"'em“2) F(Jy) Fc (10“10 ergs s“1 cm“2) F,(cm“6pc3) 
Source Ne n Ar m S iv H n Ne n Ar m S iv Ne+ Ar+2 H+ 

33.00a 

10.00 
29.06 
16.50 

9.52 
2.28 

56.5 
34.5 

2.3 
0.6 

1.8e +06 
5.9e +05 

W3(A) — 16.92 2.18 
(B)  3.48 0.03 

N3576   46.13 12.56 
1   9.79 3.55 
2   12.10 3.76 
3   8.82 2.24 
4   3.71 0.24 
5   5.36 0.79 
6   3.85 1.18 
7    2.82 0.80 

N3603   16.13 
E  11.59 
W  4.54 

G298.2 ... 6.31 3.62 
E  3.83 2.24 
W  2.48 1.38 

G29.9 .... 8.36 0.84 

20.12 38.00b 76.60 
8.04 ... 16.25 
4.92 ... 20.10 
1.98 ... 14.65 

-0.04 ... 6.17 
0.99 ... 8.90 
1.86 ... 6.39 
2.17 ... 4.68 

41.43 21.00c 18.47 
29.66 ... 13.27 
11.77 ... 5.20 

12.68 31.00d 10.13 
8.22 ... 6.14 
4.45 ... 3.98 

0.29 2.90d 13.89 

49.99 83.86 333.7 
14.13 33.49 70.8 
14.98 20.49 87.6 
8.94 8.25 63.8 
0.94 -0.18 26.9 
3.14 4.12 38.8 
4.69 7.86 27.8 
3.17 9.05 20.4 

60.62 401.9 
43.39 288.8 
17.23 113.1 

13.13 48.03 499.2 
8.12 31.16 302.8 
5.01 16.87 196.4 

3.34 1.21 238.6 

27.3 31.8 4.1 e + 06 
7.7 12.7 
8.2 7.8 
4.9 3.1 
0.5 -0.1 
1.7 1.6 
2.6 3.0 
1.7 3.4 

115.3 l.le+07 
82.6 
32.8 

81.0 205.9 4.3 e +07 
50.1 133.6 
30.9 72.3 

7.2 1.8 a.bXW 

aHams and Wynn-Williams 1976. 
bRetallack and Goss 1975. 
c Shaver and Goss 1970 
dFelli, Tofani, and D’Addario 1974. 

and the fluxes corrected for interstellar extinction are 
listed in Table 2. Also listed are integrated ionic emis- 
sion measures, ¡Ei — fnine dV, derived from the extinc- 
tion corrected fluxes using equation (1) integrated over 
solid angle, and integrated proton emission measures, 
derived from radio free-free observations. In cases where 
spectral scans rather than maps were made of an ion, 
the flux from a source was estimated by assuming the 
ion to have the same distribution as another which was 
mapped. 

Fractional ionic abundance ratios, x(S+3)/x(Ne+) 
and x(Ar+2)/x(Ne+) were obtained from emission 
measure ratios and are listed in Table 3. The effective 
temperature and spectral type of a main-sequence star 
which would produce these abundance ratios were 
estimated from Balick and Sneden’s (1976) models. The 
integrated proton emission measure was then calculated 
from fENe+ by JEU+ = /£Ne+ /[x:(Ne+)yNe], using 
x(Ne+) from Balick and Sneden. The Lyman con- 
tinuum luminosity required to ionize the gas was calcu- 
lated from NLyc(îs) —aBjEH+, where aB is the case 
B effective recombination coefficient for hydrogen 
(Osterbrock 1974). Also Usted in Table 3 is the Lyman 
continuum luminosity provided by a main-sequence star 
of the derived spectral type, ALyc(MS), the Lyman con- 
tinuum luminosity derived from radio free-free observa- 
tions, ALyc(ff), and the Lyman a luminosity which would 
account for the 1-20 ¡im luminosity of each nebula, 

NLya(IR). The estimates of luminosity are used below to 
discuss the number of ionizing stars and the amount of 
nonionizing radiation. 

IV. UNCERTAINTIES 

In determining the spectral types of the stars which 
ionize the observed nebulae, uncertainties in the mea- 
sured fluxes are relatively unimportant sources of error. 
The most significant sources of error are uncertainties in 
(1) the elemental abundances of neon, sulfur, and argon, 
(2) the extinctions to the nebulae, (3) the electron densi- 
ties in the nebulae, and (4) other parameters of the 
models. The first two of these uncertainties affect the 
derivation of the fractional ionic abundance ratios from 
the line flux ratios. The second two affect the determina- 
tion of the stellar spectral types from the ionic abun- 
dance ratios. 

Variations or errors in the relative abundances of the 
observed elements would have quite different effects on 
the derived parameters than would variations in all three 
elements together relative to hydrogen. Equal changes of 
Yno Yat> aad Ys> as would result, e.g., from a galactic 
abundance gradient, would affect fEp and the derived 
number of ionizing stars. In contrast, a change in yNe/Ys 

or Ync/Yat would affect, proportionately, the derived 
values of x(S+3)/x(Ne+) or x(Ar+2)/x(Ne+), from 
which Teff is derived. The assumed abundances of neon 
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TABLE 3 
Ionic Abundance Ratios and Stellar Characteristics 

Source *(S+3) 
;t(Ne+ ) 

x(Ar+2) 
x(Ne+ ) 

Spectral 
(103 K) Type ¡EP 

^Lyc(T) ^Lyc(fs) NLyc(îf) NLya(IRC) 

(1048 s-1) (1048 s-1) (1048 s-1) (10 48 s-1) 

W3(A). 
(B).. 

N3576. 
1 ... 
2 ... 
3 ... 
4 ... 
5 ... 
6 ... 
7 ... 

N3603. 
E ... 
W .. 

G298.2 . 
E .... 
W ... 

G29.9 

0.49 
0.93 
0.46 
0.25 
0.00 
0.21 
0.56 
0.87 

1.49 
1.48 
1.50 

2.14 
2.29 
1.91 

0.04 

0.54 
0.23 

1.08 
1.44 
1.23 
1.01 
0.25 
0.58 
1.21 
1.12 

2.14 
2.18 
2.08 

0.40 

36.1 
33.9 

37.3 
39.2 
37.3 
36.4 
33.9 
36.1 
37.7 
38.9 

42.0 
42.0 
42.0 

44.2 
44.5 
43.6 

33.9 

08.0 
09.0 

07.5 
07.0 
07.5 
08.0 
09.0 
08.0 
07.5 
07.0 

06.0 
06.0 
06.0 

05.5 
05.5 
05.5 

7.2 e+05 
4.3 e+05 

4.3 e +06 
1.0e+06 
Lie +06 
8.1e+05 
3.3e +05 
4.9e +05 
3.7e +05 
2.8e +05 

7.5 e+06 
5.4e +06 
2.1e+06 

1.4e +07 
9.3e +06 
4.8e +06 

09.0 a.bX\Oc 

3.2 
1.5 

4.8 
8.4 
4.8 
3.6 
1.5 
3.2 
5.3 
7.7 

17.8 
17.8 
17.8 

29.8 
32.0 
25.9 

1.5 

5.5 
3.3 

33.2 
7.6 
8.7 
6.2 
2.6 
3.7 
2.8 
2.2 

57.0 
41.0 
16.0 

108.0 
70.8 
36.9 

22.7 

13.8 30.5a 

4.5 5.9 

31.4 186.6b 

86.8 1482.8b 

329.1 589.8 

11.6 94.0c 

a Hackwell et al. 1978. 
bFrogel, Persson, and Aaronson 1977. 
cSoifer and Pipher 1975. 

and sulfur are probably reasonably accurate for nebulae 
in the solar neighborhood. The argon abundance is 
much less well known and could be in error by as much 
as a factor of 2 (see Beck et al. 1981). Because of this 
uncertainty and the lack of calculated models which 
include argon, the Ar m results are used to derive stellar 
temperatures only for W3 for which S iv observations 
were not made. 

Extinction at infrared wavelengths, although much 
smaller than in the optical region, is difficult to de- 
termine and can be significant. Published extinction 
values, derived by two different methods, are listed in 
Table 1. The figures in the column labeled Av were 
derived from optical or near-infrared measurements, 
most often from measurements of 1.65-2.2 /im colors, 
by assuming that the emission at both wavelengths is 
due to free-free and free-bound transitions in the ionized 
gas. The figures in the column labeled A91 were derived 
by the Gillett etal (1975) case II 10 ¡im continuum 
fitting procedure. The extinction figures at the fine- 
structure line wavelengths, derived assuming the extinc- 
tion curve of Becklin et al (1978): A9Q = 10.0, ^9 7 = 12.7, 
A10 5^ 10.3, and AX1%=3.1 for Av = 100 mag, are given 
below Av and A91. Sources for Av and ^97 are given in 
the footnotes to Table 1. The extinctions derived from 
Av are used for the calculations in Tables 2 and 3. 

In the worst case, W3B, the two extinction determina- 
tions differ by 2 mag in A9Q and 1.5 mag in £9.0-im- 
portunately, the effects of an error in the extinction tend 
to cancel in the conclusions about the number of ioniz- 
ing stars. Because the extinction increases from Ne in to 
Ar ii to S iv, an underestimate of the extinction would 
cause an underestimate of the derived stellar tempera- 
tures and hence the ionizing flux of the stars as well as 
the required ionizing fluxes. Effects of possible errors in 
the extinctions are discussed in § V for the nebulae in 
which such errors are likely. 

The excitation of a radiation bounded nebula of 
uniform density depends not only on the spectral types 
of the ionizing stars, but also on the product of the 
ionizing luminosity and the nebular density (see Koppen 
1978). Values of x(S+3)/x(Ne+) for different values of 
reff and ne were calculated from models of three authors 
and are plotted in Figure 1. For a fixed Teff, 
x(S+3)/x(Ne+) decreases with increasing ne, although 
the models disagree on the exact nature of the depen- 
dance. The rms electron densities in the cores of the 
observed nebulae range from the assumed value, 103 

cm-3, up to ~ 104 cm-3. 
Another source of uncertainty is the large disagree- 

ment in calculated fractional ionic abundances be- 
tween published model nebulae, as is seen in Figure 1. 
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Fig. 1.—Fractional ionic abundance ratio, ^(S+3)/x(Ne+), 
vs. stellar temperature, Feff. Three models, labeled by ne (cm 3), 
are shown for each of three different authors. 

The models of Koppen (private communication) and 
Stasinska (1978) differ by as much as a factor of 100. 
R. H. Rubin (private communication) has calculated 
several model nebulae with the parameters and stellar 
spectra used by Koppen and Stasinska. He finds that 
the differences in the calculations are primarily due to 
differences in the stellar spectra. Koppen used spectra 
from Kurucz, Peytreman, and Avrett (1974), whereas 
Stasinska used NLTE stellar spectra from Mihalas 
(1972). 

Different choices of stellar model spectra or nebular 
gas density result primarily in vertical shifts of the 
curves in Figure 1. A vertical shift of a factor of 10 
would change the derived value of Teff by —2500 at 
35,000 K and by —8000 at 45,000 K. In the discussion 
of the individual sources (§ V), we assume that the 
models of Balick and Sneden (1976) with «<, = 103 cm“3 

accurately represent the observed nebulae. Ways in 
which the conclusions depend on the choice of models 
are discussed in § VI. 

Other factors also affect the degree of ionization of 
the model nebulae. For example, the presence of dense 
optically thin clumps within a nebula lowers its average 
excitation (Koppen 1979). Several of the nebulae show 

obvious large scale clumping, but no adequate models 
with which to compare this structure have been pub- 
lished. 

v. RESULTS 

a) W3 (main) 

W3 (Fig. 2) is the most studied of the objects dis- 
cussed in this paper. It has been mapped in the radio 
continuum by Harris and Wynn-Williams (1976) and 
Colley (1980). Harris and Wynn-Williams (1976) 
and Wynn-Williams, Becklin, and Neugebauer (1972) 
suggest that W3A is an ionization bounded H n region 
ionized by two highly obscured stars, 1RS 2 and 1RS 2a 
(Beetz, Elsässer, and Weinberger 1974). The radio con- 
tinuum luminosity of W3A and the infrared fluxes of 
1RS 2 and 1RS 2a are consistent with 1RS 2 being an 
05-06 V star and 1RS 2a being a —09 V star. 

Hackwell et al (1978) have mapped the mid-infrared 
continuum emission from W3. They conclude that the 
dust within W3A is heated by Lya emission from the 
ionizated gas. They also find a variable extinction across 
W3A, with t9 7 =2.0 toward the center, rising to r9 7 =4.0 
at the rim. Herter etal (1980) and Laçasse et al (1980) 
have studied the spatial distribution of Ne n, Ar n, 
Ar in, and S iv fine-structure line emission from W3A. 
They prefer a model in which the H n region is ionized 
by an 05 V star whose ionizing spectrum is softened by 
selective absorption by dust mixed with the ionized gas. 

The spatial distribution of Ne n emission from W3 is 
shown in Figure 2, along with the distribution of 5 GHz 
free-free emission from Harris and Wynn-Williams 
(1976). With the exception of the somewhat lower spa- 
tial resolution of the Ne u map and the larger extinction 
toward W3B than W3A, the two maps are nearly identi- 
cal. This similarity casts some doubt on Hackwell et al. ’s 
(1978) conclusion that the extinction varies across W3A, 
although the predicted variation is only —0.5 mag at Ne 
ii and peaking of the Ne n emission toward the rim 
would compensate for an extinction variation. The small 
source in the Ne n map labeled 5 is 1RS 5, which is not 
beheved to be associated with ionized gas. The 12.8 jttm 
flux at this source is consistent with Willner’s (1977) 
measurement of the continuum flux at this wavelength. 
This is the only case in which a continuum source is 
thought to contribute significantly to an emission line 
map in this paper. 

W3A and W3B appear to be ionization bounded H n 
regions, still surrounded by the molecular cloud out of 
which they formed. Both show shell structure, at least in 
the higher resolution radio map. In contrast to other 
sources discussed in this paper, this structure is essen- 
tially that expected from an H u region in a uniform 
molecular cloud. The observed shell structure can be 
explained by radiation pressure or a stellar wind from 
the ionizing stars (Harris and Wynn-Williams 1976). 
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516 LACY, BECK, AND GEBALLE 

Fig. 2.—Ne n line map (lower) and 5 GHz continuum map (upper, from Harris and Wynn-Williams 1976) of W3. Ne n contour interval 
is 7.4X10-3 ergs s_1 cm-2 sr-1. The area within the dotted line was not mapped. 

Since Ar m and S iv were not mapped in W3, its 
excitation was determined from comparison of the Ne n 
and 5 GHz maps with Ar m spectral scans. The 
Ar m/Ne n intensity ratio indicates that W3A is ionized 
by a star of spectral type 08 and W3B by an 09 star, 
assuming the extinction figures of Wynn-Williams, 
Becklin, and Neugebauer (1972). However, main-se- 
quence stars of these spectral types would provide only 
~ one-third the ionizing luminosities required to explain 
the Ne ii fluxes, 7VLyc(fs) in Table 3, and ~ one-third 
those required by the radio observations, ALyc(ff). The 
factor of -2 discrepancy between the luminosity de- 
rived from Ne n and that from the radio free-free 
suggests that the extinction has been underestimated. If 
^ is increased by 10 mag toward W3A and W3B, the 
derived spectral types become 07 and 08.5 and 7VLyc(fs) 
~ ^Lyciff) Main-sequence stars of these spectral types 
would account for ~ one-half of ALyc. The remaining 
discrepancy and the discrepancy with the spectral type 

derived for 1RS 2 may indicate softening of the ionizing 
radiation by dust absorption, as suggested by Laçasse 
et al (1980) or may result from inaccuracies in the 
models used. Because of the shell structures of W3A and 
B, the brightest parts of the nebulae are farther from the 
ionizing stars than in the modeled uniform nebulae. 
Consequently, they should be of lower excitation than 
predicted by the models. 

b) NGC3576 = RCW57 = G291.3-0.7 

The infrared and radio emission from NGC 3576 
(Figs. 3 and 4 [PI. 5]) peak in a highly obscured region 
to the southwest of the optical nebula. The Ne ii con- 
tour map is shown in Figure 4, superposed on photo- 
graph taken through a [S ii] interference filter by T. R. 
Gull. Little optical emission is seen from the region 
which is brightest in the infrared, and there is no optical 
evidence of the bright ridge toward the western edge of 
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Fig. 
ergs s-1 

a. NGC3576 Nell 4"beam 

b. NGC3576 Nell 7"beam 

c. NGC 3576 Ar III 7" beam 

d. NGC3576 SIV 7" beam 

3.—Ne ii, Ar hi, and S iv line maps of NGC 3576. Contour intervals are (a) 9X10 3, (b) 1.0X 10 2, (c) 3.0X 10 3, (d) 7.0X 10 
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the fine-structure line maps. The closest correspondence 
is between the weaker infrared sources to the east and 
the southwestern edge of the optical emission. The 10 
/im continuum emission from the vicinity of the radio 
peak in NGC 3576 was mapped by Frogel and Persson 
(1974) with \4'.'5 resolution. They observed four ex- 
tended sources, 1RS 2-5, and an unresolved possibly 
protostellar source, 1RS 1. All four extended sources are 
seen in the infrared line maps, although each separates 
into at least two peaks with 7" resolution, and ~16 
peaks can be seen in the 4" resolution Ne n map. The 
free-free emission from this region has been mapped at 
1.4 GHz by Retallack and Goss (1980) with a 55"X49" 
beam. They observe emission coextensive with the in- 
frared emission but do not separate the various peaks. 

The structure of NGC 3576 suggests that it is an 
example of sequential star formation as described by 
Elmegreen and Lada (1977). In their model an H n 
region which has formed near the edge of a molecular 
cloud drives a shock front and an ionization front into 
the molecular cloud. Between the two fronts a layer of 
compressed gas builds up which becomes gravitationally 
unstable after ~3X 106 yr and forms a new generation 
of stars. These stars would then ionize a new H n region 
which expands to break out of the molecular cloud while 
driving a new shock and ionization front into the cloud 
to repeat the process. The optical nebula of NGC 3576 
lies just outside of a molecular cloud, whereas the radio 
and infrared H n region is just inside the cloud, as 
would be expected if the obscured nebula formed in the 
layer compressed by the older optical H n region. There 
is some evidence that the younger region is breaking out 
of the molecular cloud, since the eastern extension of the 
infrared emission adjoins the brightest part of the opti- 
cal nebula. The abrupt western edge of the infrared 
emission seems clearly to be an ionization front between 
the molecular cloud and the H n region. 

We have somewhat arbitrarily (especially in light of 
the structure seen in the 4" Ne n map) divided the 
ionized gas maps into seven sources, the peaks of which 
are labeled in Figure 3. The observed and calculated 
parameters describing these sources are listed in Tables 
2 and 3. The extinction corrections were taken from 
Frogel and Persson who give Av = 13.6 mag. The figures 
in Table 3 indicate that typically one main-sequence star 
is required to ionize each source. This fact must however 
be fortuitous, since there is little reason to separate the 
sources in the way we have. The relative constancy of 
the Ne ii/Ar m/S iv intensity ratios over the region of 
sources 1 and 2 and over sources 3 and 4 suggests that 
these two regions are each ionized by a single star or a 
collection of similar stars. The ionic line ratios of sources 
1 and 2 indicate that one or more 07 stars ionize this 
gas, whereas sources 3 and 4 require a spectral type 
~ 08.5. In each case two or three main-sequence stars 
of the indicated spectral type would be required to 
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account for the ionization of the observed gas. A total of 
about eight 07.5 V stars could ionize the entire observed 
region. 

Since the ionizing stars of the NGC 3576 infrared and 
radio nebula have not been observed, ionization by a 
collection of stars like that suggested here cannot be 
ruled out. An alternative is that two more luminous stars 
dominate the ionization of the nebula. They could be 
more luminous than main-sequence stars of their spec- 
tral type, their ionizing spectra could be softened by 
absorption by dust mixed with the ionizing gas, or the 
clumpy structure of the nebula could lower its exci- 
tation. Absorption of ionizing photons by dust is sug- 
gested by the fact that the infrared luminosity of the 
dust in the H n region, observed by Frogel, Persson, and 
Aaronson (1977), is ~6 times that which would result 
from Lya absorption alone. It is surprising, however, 
that a high excitation region is not seen surrounding 
each ionizing star if this is the case. 

There is a great deal of structure in NGC 3576 which 
is apparently not due to the distribution of ionizing 
stars. The relatively constant Ne n/S iv intensity ratio 
across large areas of the maps indicates that this struc- 
ture cannot be due to very nonuniform extinction and 
probably not to nonuniform absorption of ionizing radi- 
ation by dust. The ionized gas must, in fact, be quite 
clumpy. Significant clumping is seen down to the 4" 
beam size, which corresponds to ~0.07 pc. Expansion at 
10 km s~1 would double the size of such a clump in only 
~5000 yr. Although neutral condensations might re- 
plenish the clouds, allowing them to persist for longer 
than this, the compact H n region must be quite young 
compared to the ~107 yr lifetime of the ionizing stars. 

c) NGC 3603 = RCW 5711 = 0291.6-0.5 

NGC 3603 (Figs. 5 and 6 [PI. 6]) has been observed 
by Frogel, Persson, and Aaronson (1977) in the mid-in- 
frared continuum, by Balick, Boeshaar, and Gull (1980) 
in optical emission lines, and by Retallack and Goss 
(1980) at 1.4 GHz. Except for differences in angular 
resolution, the nebula appears essentially the same at all 
of these wavelengths and in the infrared fine-structure 
lines. 

Balick etal. point out that NGC 3603 is a relatively 
unobscured giant H n region with a dense core 
of 7*^2000 cm-3 and d^l pc, and a faint halo of 
ne^ 100 cm-3 and d — 50 pc. The infrared maps cover 
the brightest part of the core. The nebula is ionized by a 
cluster of stars centered atllh12m57.s8, —60°59T6", on 
the northern edge of the region mapped. 

The Ne n contour map is shôwn superposed on the 
[N n] photograph of Balick etal, and the S iv map is 
superposed on their [O m] photograph in Figure 6. As 
they point out, there appears to be an evacuated bubble 
surrounding the star cluster. A bright rim is seen on the 
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b. NGC 3603 SIV 7" beam 

(1950) 

Fig. 5.—Ne n and S iv line maps of NGC 3603. Contour intervals are (a) 2.1 X10-3, (b) 3.6X 10-3 ergs s-1 cm-2 sr-1. 

southwestern edge of the bubble in the [O in] photo- 
graph. The lack of ionized gas near the cluster is also 
apparent in the infrared maps, and the S iv emission 
peaks toward the [O m] rim, although the rim itself is 
not apparent. Detailed inspection of the Ne n and S iv 
maps reveals an offset of the S iv peaks toward the star 
cluster from the Ne n peaks. This displacement can also 
be seen between [O m] and [N n] and probably results 
from a softening of the ionizing radiation as it is ab- 
sorbed by the gas and dust in the H n region. 

The nebula is simply divided into an eastern and a 
western source in Tables 2 and 3. The S iv/Ne n ratio is 
essentially the same in both sources and indicates a 

spectral type of the ionizing radiation of —06. About 
four 06 V stars would provide the required ionizing 
luminosity. As is discussed above, the ionizing stars are 
probably not embedded in the ionized gas, however. The 
observed gas probably absorbs a small fraction of the 
ionizing luminosity of the star cluster. If the ionized gas 
is separated from the source of ionizing radiation, the 
nebular models used should not necessarily be applica- 
ble. Stars hotter than 06 may be present. The infrared 
continuum luminosity of NGC 3603 is much larger than 
could be explained by Lya heating. Absorption of both 
ionizing and nonionizing stellar radiation by dust is 
probably occurring. 
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a. G298.2-0.3 Ne ll 4" beam 

b. G298.2-0.3 Ar III 7" beam 

c. G298.2-0.3 SIV 7" beam 

Fig. 7.—Ne n, Ar m, and S iv line maps of G298.2—0.3. Contour intervals are (a) 1.4X10 2, (b) 3.1X10 3, (c) 4.1 X10-3 

ergs s-1 cm~2 sr-1. 

d) G298.2 - 0.3 

G298.2—0.3 (Fig. 7) is the most luminous known 
galactic H n region. It has been mapped in the infrared 
continuum by Frogel and Persson (1974) and has been 
observed in infrared emission lines by Rank et al. (1978). 
Frogel and Persson observed a single peak, coincident 
with the eastern peak in our maps, with a shoulder to 
the west. Rank et al. observed Ne il and S iv with a 6" 
aperture centered on the eastern peak and a 14" N-S 
chop. Their relative line fluxes agree acceptably with 
ours, although their beam takes in only ~ 1 /20 of the 
emission we mapped. Three peaks can be seen in the 

fine-structure line maps. The eastern peak is bright in all 
three Unes. A second peak is seen 2?2 W in S iv and 
Ar in. A third peak, southwest of the second, is seen in 
Ar in and Ne n. In addition, a diffuse background is 
seen in all three ionic Unes. The apparently simple 
structure of this nebula is probably a result of its 11 kpc 
distance (Wilson etal. 1970). Higher spatial resolution 
observations might well show considerably more detail. 

G298.2—0.3 has been divided into only two regions, 
with the western and southwestern sources considered 
together. This was done because the southwestern source 
is much weaker than the western source and only margi- 
nally resolved from it. The presence of low excitation 
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G29.9 + 0.0 Nell 6"beam 

-2° 42'35" 

40" h- 

45" : 

50" 

55" - 

-2° 43'00" 

05" 
(1950) F I ■ ■ ■ . I 

18h 43m 32s 

T T 

18h 43m28s 

(1950) 

Fig. 8.—Ne n line map of G29.9+0.0. Contour interval is 1.5 X10 2 ergs s 1 cm 2 sr l. 
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gas in the southwestern source suggests that it may be a 
separate region ionized by cooler stars than those ioniz- 
ing the bulk of the nebula. 

Both the eastern and western sources require ionizing 
radiation characterized by a spectral type —05.5. One 
05.5 V star could ionize the western source, whereas 
—three such stars are required by the eastern source. 
The Lyman continuum luminosity derived from the 
fine-structure Une fluxes is —one-third that derived from 
the radio continuum. This may result from diffuse emis- 
sion outside of the region mapped or a underestimate of 
the extinction to the nebula. The infrared continuum 
emission from G298.2 is at least twice that which can be 
explained by Lya heating, suggesting, as with the other 
sources observed, direct stellar heating of the dust. 

e) 029.9 + 0.0 

G29.9+0.0 (Fig. 8) has been observed by Soifer 
and Pipher (1975), who detected Ne n and Ar m and 
by Lester (1979) who detected Ne n, Ar m, and 
S iv. Lester observed a Ne n flux of 2.7 X 
10~10 ergs s-1 cm-2, an Ar m flux of 2.7 X 
10~u ergs s“1 cm-2, and a S iv flux of 9.3X10”12 

ergs s“1 cm”2 in a 3.4" X 6.8" beam. Soifer and Pipher 
observed a Ne n flux of 8.8 X10”10 ergs s”1 cm”2 and 
an Ar m flux of 8.8X10”11 ergs s“1 cm”2 in a 22" 
beam, and we observed a Ne n flux of 8.4X10”10 

ergs s“1 cm”2 on a map showing the object to extend 
out to a diameter of — 30". The Ar m and S iv results of 
Lester, scaled by the ratio of his Ne n flux to ours, are 
given in Table 2 and used in the discussion below. 

The Lyman continuum luminosity of G29.9 derived 
from the fine-structure line fluxes is about twice that 
derived from radio observations, indicating an over- 
estimate of the extinction or an overabundance of metals, 
specifically neon. Since a moderate overabundance of 
neon would be required even with no extinction correc- 

tion, the results for this nebula, at a galactic radius of 
— 5 kpc, suggest the presence of a galactic abundance 
gradient. This conclusion has also been reached by 
Herter (1980). 

The fine-structure hne intensity ratios indicate that 
G29.9 is ionized by an 08.5 spectrum. About five 08.5 
V stars would provide the ionizing luminosity inferred 
from the radio flux. In this respect, G29.9 resembles but 
is less extreme than G333.6—0.2 which is a centrally 
concentrated symmetric nebula appearing to require 
many rather cool ionizing stars to explain its ionization 
(Rank etal. 1978; Greenberg 1978). In both cases the 
excitation is rather uniform across the nebula, arguing 
against the presence of a hot central star whose spec- 
trum is softened by dust in the nebula. The central peak 
of G333.6 has been found to break up into several 
condensations at high spatial resolution (Roche and 
Aitken 1980; Geballe et al. 1981), supporting the sugges- 
tion of multiple ionizing stars. As with all of the nebulae 
discussed in this paper, except W3, the 2-20 nm 
luminosity cannot be explained solely by Lya heating. 
In this case, the relatively constant excitation across the 
nebula indicates that if dust absorbs starlight directly, it 
does not do so selectively. 

VI. SUMMARY AND DISCUSSION 

a) Morphology 

The five H n regions discussed in this paper were 
selected for high surface brightness on the basis of radio 
continuum, infrared continuum, or previous infrared 
Une observations. Because of this selection, all sources 
are either young, compact nebulae or dense cores of 
very luminous sources. Surprisingly, a very diverse 
collection of structures was found. 

W3A and B appear to be isolated H n regions in a 
relatively uniform part of a molecular cloud. Each prob- 
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ably has one dominant ionizing star, although a sec- 
ondary star has been seen in W3A. If these H n regions 
formed near the edge of a molecular cloud, they have 
not yet broken out of it. Both show shell structure, but 
little large scale clumping within the ionized gas. The 
shell structure probably results from radiation pressure 
or stellar winds. 

The large scale structure of NGC 3576 fits that ex- 
pected in the sequential star formation model of 
Elmegreen and Lada (1977). The ionized gas observed in 
the infrared results from the most recent generation of 
star formation; an older H n region is seen optically just 
to the east. There is evidence that the younger H n 
region is now breaking out of the molecular cloud into 
the diffuse region. A remarkable degree of clumping is 
seen which appears to be unrelated to the distribution of 
ionizing stars. It probably results from clumping which 
was present in the molecular cloud before it was ionized. 
No evidence of shadowing by the clumps is seen, sug- 
gesting that they are largely optically thin to the ionizing 
radiation, although their cores must be quite dense if the 
clumps are to be replenished from neutral condensa- 
tions, as seems necessary to explain their lifetimes. 

The part of NGC 3603 observed is the dense core of a 
much larger giant H n region. It may be the last 
remnant of a molecular cloud which is being ionized by 
a young star cluster. Like NGC 3576, NGC 3603 is 
remarkably clumpy. In this case shadowing is evident, 
with S iv emission displaced toward the star cluster 
from the Ne ii emission. 

G298.2—0.3 is too distant to allow a detailed study of 
its structure. Radio observations show a core-halo mor- 
phology like NGC 3603. 

G29.9+0.0 is a symmetric nebula like W3A and B, 
but is centrally peaked, not shell-like. Its structure (and 
excitation) is very similar to that of G333.6—0.2, which 
has been described as a face-on, blister type source 
(Hyland 1980). 

The most striking aspect of the structure of these 
H ii regions is their diversity. Except for NGC 3603 and 
G298.2, both of which appear to be dense cores of giant 
H ii regions, each of the sources seems to require a 
different model to explain its structure. Different ages of 
the H ii regions and conditions in the parent molecular 
clouds may explain the diversity of structures seen. 
Many of the nebulae show substantial clumping. Clumps 
which were present in a molecular cloud can be expected 
to cause nonuniform emission for some period of time 
early in the life of an H n region. However, once the 
clumps are entirely ionized they will expand at ~10 
km s-1, disappearing in <104 yr. Clumps might persist 
for longer times if they could be replenished from neu- 
tral cores, or if new condensations could form. Neutral 
condensations could result from flows out of a molecu- 
lar cloud or condensations in a molecular cloud which 
are enveloped as the H n region expands. For example, 

NGC 3576 and NGC 3603 both show considerable 
clumping on scales of 0.1-0.5 pc, although their large 
scale structures and probably their ages are quite differ- 
ent. Since NGC 3576 appears to be a young H n region 
embedded in a molecular cloud, its clumpy structure 
could result from neutral condensations remaining from 
its birth or from flows out of the surrounding molecular 
cloud. For dense condensations to remain after the 
formation of a star cluster and ionization of a giant H u 
region in the case of NGC 3603, they must have been 
present as very dense condensations in a molecular 
cloud which has now nearly dispersed. 

b) Excitation 

In terms of the number of exciting stars present, W3 
is the simplest nebula studied. One star probably 
dominates the ionization of each source. The luminosity 
of the nebula is somewhat higher than expected for a 
main-sequence star of the inferred spectral type, but the 
discrepancy is not large. 

NGC 3576 requires a small number of ionizing stars, 
possibly only two. If the excitation is in fact dominated 
by only two stars of the inferred spectral types, there 
would be a problem providing enough ionizing luminos- 
ity in this case as well. The most extreme discrepancy 
between inferred spectral type and luminosity is G29.9 
which appears to require at least five 08.5 V stars. 

The cores of the two giant H n regions, G298.2 and 
NGC 3603, are ionized by clusters of rather hot stars. In 
each case, the observed gas can be ionized by only a few 
stars, but the halo observed at radio wavelengths re- 
quires much more luminosity. 

A nearly universal problem in these as well as other 
compact H n regions is that they appear to require a 
larger ionizing luminosity than that provided by a main- 
sequence star of the appropriate spectral type. Several 
explanations for this problem have been suggested here 
and elsewhere. (1) OB associations could form which are 
dominated by several similar stars rather than one very 
luminous member. This situation has been suggested for 
G29.9, G333.6, and Sgr A West (Lacy etal 1980). (2) 
The young stars which ionize compact H n regions 
could He above the main sequence. (3) The spectra of 
luminous, hot stars could be softened by absorption by 
dust in H ii regions if the dust were to preferentially 
absorb the harder ultraviolet radiation. This third 
suggestion seems promising for W3 and NGC 3603, 
where Ne n emission is found farther from the ionizing 
stars than S iv, but cannot easily explain G333.6 or 
G29.9, which have uniformly low excitation. A fourth 
explanation is suggested by the discussion of model 
uncertainties in § IV. Although we have used BaHck and 
Sneden’s (1976) model nebulae with = 103 cm-3, the 
models calculated by Koppen (private communication) 
would require a substantially hotter star for a given 
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excitation. In contrast, Stasinska’s (1978) models would 
require much cooler stars. If Köppen’s models, which 
use Kurucz, Peytreman, and Avretfs (1974) model stel- 
lar spectra, are the more accurate, hotter and therefore 
more luminous stars than those discussed here are prob- 
ably present. Most of the observed nebulae could then 
be ionized by only one or two dominant ionizing stars. 
Stasinska’s model nebulae, using Mihalas’s (1972) stellar 
spectra, appear to be ruled out by the very large pre- 
dicted x(S+3 )/jc (Ne+) ratios. 

A second problem found in this study of excitation of 
H ii regions is that the infrared luminosity of the 
observed nebulae is almost always larger than can be 
explained by Lya heating. Absorption of ionizing or 
nonionizing stellar radiation by dust is the most likely 
cause of this phenomenon. This absorption may or may 
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not soften the ionizing radiation, depending on the 
absorption spectrum of the dust. 
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