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ABSTRACT 
Measurements of the [N m] 57.3 /mi, [O m] 51.8 /tm, and 88.4 /mi fine-structure emission lines, obtained 

with the Kuiper Airborne Observatory, are presented for 13 Galactic H n regions spanning a large range in 
galactocentric distance, and also for two H n regions in the 30 Doradus complex of the LMC. These measure- 
ments are combined with data from earlier studies and, using newly revised atomic constants, N++/0 + + ionic 
ratios are derived for each of these nebulae. We argue that this ratio is proportional to the elemental ratio 
N/O, and its differences around the Galaxy reflect differences in nucleosynthetic history. This abundance indi- 
cator is compared with O/H and 12C/13C in an effort to assemble a consistent picture of nuclear enrichment 
of nitrogen and oxygen in the disk of our Galaxy. 

Using the newest set of atomic constants, the ratio of the 57.3 /mi line of [N m] to the 51.8 /mi line of 
[O in] is shown to equal the true ionic ratio N++/0 + + to within ±25% for any likely electron temperature 
or electron density. This is a result of the near coincidence of their critical densities to collisional deexcitation. 
These lines are conveniently juxtaposed in the spectrum, and their diagnostic value to studies of ionization 
structure and nebular abundances is thus considerable. If the 88.4 /mi line of [O m] is measured as well, the 
effects of collisional deexcitation can be corrected entirely, and the ionic ratio can be derived with great accu- 
racy. 

We find that N/O varies significantly with galactocentric distance. The observed H n regions inside 7 kpc 
have N/O that is, on the average, a factor of 3 higher than those we observe at larger radii. The H n region 
G337.1—0.4 has N/O that is a factor of more than 4 higher than H n regions in the solar circle. The nuclear 
H ii region Sgr A has N/O similar to that for regions in the “5 kpc ring” of enhanced star formation. The 
region G0.5 —0.0, at a galactocentric distance of only 100 pc, has N/O about a factor of 2 higher than Sgr A, 
and is one of the highest of the entire sample. It is not clear which, if either, of these two sources has abun- 
dances that are typical of the greater Galactic center region. Our upper limit to the N/O ratio for the LMC is 
approximately a factor of 10 lower than for the disk of our Galaxy, which is consistent with optical measure- 
ments. 

Comparison of the inferred N/O with O/H gives evidence for secondary enrichment of nitrogen in the 
heavily processed regions of the inner Galaxy. This scenario is that expected for nitrogen production by 
quiescent CN processing in stellar envelopes. Our N/O values also correlate well with molecular measure- 
ments of 13C/12C, a fact which strongly supports a CN-processing mechanism. While recent optical studies 
have suggested a primary origin for nitrogen in metal-poor systems, our results indicate that secondary pro- 
duction dominates for higher metallicities. The evidence for elevated abundances in the galactic center and 
5 kpc ring, where star formation is currently active, suggests that this enhanced star-formation activity has 
persisted for at least 107-108 yr. 
Subject headings: galaxies: abundances — infrared: spectra — nebulae: abundances — 

nebulae : H n regions — nucleosynthesis 

I. INTRODUCTION 
In a previous paper (Lester et al. 1983, hereafter Paper I), it 

was shown that measurements of the far-infrared fine-structure 
lines [O in] 88.4 /¿m, 51.8 /mi, and [N m] 57.3 /mi are useful 
for measuring the abundances of nitrogen and oxygen in the 
Galaxy. These lines sample the primary ionic states of these 

elements in galactic H n regions, are insensitive to electron 
temperature, and offer the distinct advantage over optical and 
UV studies of not being affected by interstellar extinction. This 
last property makes it possible to assay H n regions over much 
of the disk of our Galaxy. 

These lines are, however, collisionally deexcited at moderate 
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densities (ne ä 102-103 cm-3) and as a result, their emissivities 
are weighted differently than that of hydrogen free-free or 
recombination emission along any column through a typical 
nebula which can be assumed to be optically thin to these lines. 
This effect makes it difficult to determine 0++/H+ and 
N++/H+ values with an an accuracy that suits the needs of 
galactic nucleosynthesis models. The dependence of their emis- 
sivities on electron density is similar enough, however, that 
these far-infrared lines give N+ +/0+ + with confidence. As we 
will show below in § III, current estimates of the atomic con- 
stants for these lines allow this ratio to be determined with 
remarkably high accuracy. To the extent that the ionization 
equilibrium in the nebula is understood, this ratio should be 
indicative of the elemental ratio N/O in H n regions. 

The N/O abundance ratio has special significance for galac- 
tic nucleosynthesis models. Simple models of chemical evolu- 
tion have suggested that the dominant isotope of nitrogen 
(14N) is produced primarily by CN processing in stars that 
have already been seeded with carbon from previous stellar 
generations. The dominant isotope of oxygen (160), on the 
other hand, is expected to be produced in quiescent carbon- 
burning layers in massive stars. The oxygen yield from these 
layers is not strongly tied to the amount of light metals with 
which the star was originally formed. In this picture, in which 
nitrogen is thus termed a “ secondary ” element and oxygen a 
“primary” element, the ratio N/O is a measure of the extent of 
nuclear processing that a given parcel of gas has undergone 
(see, for example, Audouze and Tinsley 1976). Observational 
studies over the last 10 years, however, indicate that this model 
is not adequate. With the simplifying assumption of instanta- 
neous recycling of enriched ejecta into new stars, the model 
predicts N/O oc O/H, which is indicated only marginally from 
optical studies of spiral-arm H n regions in the optically acces- 
sible outer disk of our Galaxy as well as in several external 
galaxies (see review by Peimbert 1979; also Pagel and 
Edmunds 1981; Shaver et al 1983; Dufour 1984). These 
studies, as well as work on metal-deficient stars (Tomkin and 
Lambert 1984), indicate that, whether or not secondary pro- 
duction of nitrogen is presently dominant in the solar neigh- 
borhood, a substantial fraction of this element must have 
originated by primary processes, perhaps in an initial high- 
mass generation of stars in the young disk. 

From optical studies of relatively nearby H n regions and 
planetary nebulae, the existence of a negative radial gradient of 
O/H in the Galaxy now seems well established (see references 
cited above). This indicates that the cumulative amount of past 
star formation at a given galactocentric radius decreases with 
increasing galactocentric radius (RG), an indication that is sup- 
ported by measurements of heavy metal abundances in disk 
stars (Mayor 1976) as well. This radial gradient d log (O/H)/ 
d log (Rg) is only about — 0.07 kpc_1, however, and since 
optical measurements cannot probe abundances at galactocen- 
tric distances smaller than about 7 kpc, the total range in 
directly observed galactic disk abundances is small. A number 
of indirect abundance indicators, including radio 
recombination-line electron temperatures of H n regions 
(Shaver et al 1983; Garay and Rodriguez 1983; Wink, Wilson, 
and Bieging 1983) suggest, however, that enhanced abun- 
dances of primary coolants like oxygen are even more pro- 
nounced in the inner Galaxy. In Paper I we showed that one 
H ii complex in this region, W43 at RG = 5.5 kpc, had an N/O 
ratio a factor of at least 2 higher than that in the solar circle, 
taken here to be RG = 10 kpc. In this paper we present the 

results of more detailed measurements of the variation of 
N++/0++ with galactic radius, from the Galactic center 
through the solar circle and out to 12 kpc. In addition, we 
report observations of H n regions in the Large Magellanic 
Cloud, which is known from optical studies to have a quite 
different nucleosynthetic history than the disk of our Galaxy. 
Brief preliminary discussions of our results have been given by 
Dinerstein et al (1984), Dinerstein (1986), and Watson (1986). 
Our analysis benefits from new data on atomic parameters that 
has become available since our first paper. Our new results 
show that the N/O enhancement originally inferred for W43 is 
indeed representative of abundances in the inner Galaxy. 
These measurements are compared with independent indica- 
tors of elemental and isotopic abundances in an effort to 
assemble a consistent picture of nuclear enrichment in the 
inner part of our Galaxy, where star formation is progressing 
at an especially rapid rate. 

II. OBSERVATIONS 

The line measurements were made with the UC Berkeley 
far-infrared Fabry-Perot spectrometer at the Nasmyth focus of 
the 0.91 m NASA Kuiper Airborne Observatory (KAO). The 
instrument is described in detail by Storey, Watson, and 
Townes (1979). The relevant lines and their precise wave- 
lengths are listed in Table 1. The listed wavelength of the 
[N m] line was redetermined on G333.6 —0.2 relative to lines 
from a sample cell containing H2

180 and is probably accurate 
to about 0.002 /am. The observations presented in this paper 
were made on flights in 1982 and 1983. The work on the Galac- 
tic Center region, southern Galactic H n regions and LMC 
H ii regions were done during the 1983 KAO Australia expedi- 
tion. The measurements were made in a 50" diameter FWHM 
circular beam (effective solid angle 6 x 10“8 sr) with a chop 
throw of about 4' in azimuth. Table 2 lists the sources dis- 
cussed in this paper, in order of galactocentric distance, and 
the beam positions for the individual objects. The pointing 
accuracy is estimated to be about ± 10". For notational consis- 
tency, we refer to the H n regions by their G number. Table 2 
also cross references these numbers to the more commonly 
used names of the complexes to which they belong. The galac- 
tocentric distances have been taken from the literature and are 
Schmidt model distances with RQ = 10 kpc assumed for con- 
venience. 

A spectral resolution of one part in several thousand was 
used for the measurements. This is not sufficient to resolve the 
(largely thermal) linewidths in these sources, with the exception 
of Sgr A, and is low enough that thermal continuum radiation 

TABLE 1 
Far-Infrared Line Parameters 

Wavelength A 
Transition (/mi) (s ^ y(104 K) References 

o+ + 

2p2 3P1-
3P0   88.356 2.62 x KT5 0.5417 1, 2 

2p2 3Pl-
3P0   51.815 9.76 x 10“5 1.2884 1, 2 

N+ + 

2p2 2P3/2-2Pi/2   57.317 4.77 x 10~5 1.081 3,4 

References.—(1) Aggarwal 1983 (collision strengths); (2) Nussbaumer and 
Storey 1981 (transition probabilities); (3) Butler and Storey 1987 (collision 
strengths) ; (4) Nussbaumer and Storey 1979 (transition probabilities). 
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TABLE 2 
Sources Observed 

Source Complex R.A. (1950) Decl. (1950) RG
a 

GO.O + O.O  
G0.5-0.0  
G 10.2—0.4  
G337.1—0.2 .. 
G30.8 —0.0  
G25.4—0.2SE 
G333.6 —0.2 .. 
G49.5—0.4  
G 15.0—0.7  
G209.0—19.3 . 
G75.8 + 0.4 — 
Glll.5 + 0.8 .. 
G133.7+1.2 .. 
MC 77   
30 Dor Pki ... 
30DorPk2 ... 
R136a   

Sgr A 
Sgr B2 
W 31 

W 43 

W 51 
M 17 
Orion A 
ON 2 
NGC 7538 
W 3 
LMC 
LMC 
LMC 
LMC 

17h42m28s8 
17 43 51.0 
18 06 26.6 
16 33 01.0 
18 45 00.0 
18 35 32.8 
16 18 24.5 
19 21 23.0 
18 17 34.5 
05 32 48.0 
20 19 47.3 
23 11 22.9 
02 22 57.5 
05 40 24.0 
05 39 08.0 
05 38 53.0 
05 39 04.0 

— 28°59'20" 
-28 31 30 
-20 19 50 
-47 25 18 
-02 0000 
-06 50 35 
-49 59 10 
+ 14 24 55 
-16 13 25 
-05 25 30 
+ 37 21 30 
+ 61 1350 
+ 61 52 55 
-69 4600 
-69 06 20 
-69 07 50 
-69 07 40 

0.0 
0.1 
4.0 
5.3 
5.5 
6.0 
7.0 
7.7 
8.6 

10.5 
10.8 
11.5 
11.8 

The new line fluxes are listed in Table 3, along with pre- 
viously published values for other regions, germane to this 
study, made with the same instrument. Fluxes from Paper I 
have been revised to give them a flux calibration pedigree that 
is consistent with the new data. Except for especially faint 
sources, as noted in the table, the errors in the line fluxes are 
determined by the uncertainty in the responsivity calibration 
of the instrument, since the signal-to-noise (S/N) ratio of the 
individual line detections was generally high. This calibration 
error can be estimated from observations of different contin- 
uum sources and is about ±30%. At least half of this error is 
probably due to calibration errors in the continuum maps 
from which the standard flux densities were taken. However, 
the line intensity ratios should, in all cases, be accurate to 
about ±15%. For Sgr A the high-velocity dispersion reduced 
the line-to-continuum ratio and resulted in some additional 
uncertainty. 

III. ELECTRON DENSITY AND IONIC ABUNDANCE RATIO 
a Galactocentric distances assuming R = 10.0 kpc. 

is detected for the brighter sources. For all the sources, at least 
four resolution elements were scanned, and the data were 
binned in wavelength increments that oversample the 
resolution element by at least a factor of 10. Particularly inter- 
esting examples of our far-infrared line spectra are shown in 
Figure 1 for G337.1—0.2 and Figure 2 for 30 Doradus. The 
lines in these objects are among the weakest in our sample, and 
these figures thus serve to indicate the quality of our data. 
These spectra, as discussed below, exemplify regions of very 
different electron density and N+ +/0+ + . 

Flux calibration was accomplished using continuum mea- 
surements. The primary flux calibration is based on the mea- 
surements of Saturn by Haas et al. (1982), using their model for 
disk and ring brightness temperatures, and computed for the 
date of our observations. Secondary calibrations are from the 
observations of G333.6 —0.2 by Hyland et al. (1980) and mea- 
surements of G0.5 —0.0 by Gatley et al. (1977). The instrumen- 
tal responsivity derived from observations of the latter source, 
which has its calibration pedigree in Pioneer spacecraft mea- 
surements of Jupiter, agrees very well with that from Saturn. 
The observations of G333.6 —0.2 give consistent responsivities 
only when those data, calibrated originally against the Loe- 
wenstein et al. (1977) brightness temperature of Saturn, was 
rescaled in accordance with the Haas et al. value. Where it was 
well observed, the continuum flux density of an individual 
program object was given high weight in the calculation of 
responsivity for that line measurement. The excess continuum 
signal due to leakage of the low-order Fabry-Perot blocking 
filter in adjacent orders of the scanning Fabry-Perot was taken 
into account in the line flux calibration. The effect was smaller 
than 20% in all cases. The derivation of N++/0++ and elec- 
tron density is not sensitive to the absolute flux density cali- 
bration, since the line ratios are used for both the density 
determination and the ionic ratio. In fact, the 57 fim line of 
[N m] is so close in wavelength to the 52 jum line of [O m] 
that their flux ratio is almost identical to their equivalent width 
ratio, so the line flux ratio can be determined independently of 
flux calibration, if necessary, for a source with measurable con- 
tinuum. Atmospheric water vapor does not have strong lines 
that are coincident with any of these three ionic lines, and no 
correction for water vapor absorption was considered neces- 
sary. 

The procedure for deriving the ionic ratio N++/0++ from 
measurements of the two far-infrared oxygen lines and the 

Fig. 1.—[O in] and [N m] fine-structure line detections for G337.1—0.2. 
This region has a moderately high density compared with most regions that 
were observed and has the highest N+ +/0+ + in our sample. 
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Measured Line Fluxes 
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Fig. 2.—[O m] and [N m] fine-structure line detections for 30 Dor Peak 1. 
This region has a low electron density compared with most regions that were 
observed and has the lowest N + +/0 + + in our sample. 

far-infrared nitrogen line is described in detail in Paper I. 
Briefly, the ionic ratio is equal to the line flux ratio divided by 
the emissivity ratio. The latter ratio depends very little on the 
electron temperature of the gas since hv kT for each of the 
transitions. Due to differences in the critical densities for col- 
lisional deexcitation for the three lines there is, however, a 
residual dependence of the emissivity ratio on the electron 
density. These dependences are shown graphically for volume 
emissivity ratios of 57.3 /un/51.8 /um and 57.3 //m/88.4 /¿m, 
respectively, in Figures 3 and 4. The two oxygen lines have 
substantially different electron density dependences, and thus 
their ratio can be used to generate a measure of the beam- 
averaged electron density. This electron density value is inde- 
pendent of abundance, and by virtue of their similar ionization 
potentials is representative of both the 0 + + and N + + regions. 
Thus it can be used to remove the residual electron density 
dependence in the [N iii]/[0 m] line ratios. Figure 5 shows 
the dependence of 51.8 /¿m/88.4 jam on electron density and 
electron temperature. The absolute emissivity per unit volume 
per unit density of the 51.8 /¿m line is shown in Figure 2 of 
Dinerstein, Lester, and Werner (1985), in which the behavior of 
the [O m] lines is discussed in more detail. 

Source 
52 fim [O in] 57 /un [N in] 88 /un [O m] 

Line flux in units 10“17 W cm-2 

GO.O + O.O    
G0.5-0.0   
G10.2—0.4   
G15.0 —0.7    
G25.4—0.2SE   
G30.8 —0.0    
G49.5—0.4   
G75.84 —0.2   
Glll.5 + 0.8 ....... 
G133.7+ 1.2  
G209.0—19.3   
G333.6 —0.2 ....... 
G333.6 —0.2 40"N 
G337.1 — 0.2   
30 Dor Pkl   
30 Dor Pk2   
R136a   
MC 77  

5.2 G 
1.4 
3.1 

91. W 
14.2 
14.3 L 
79. W 

19. W 
22. 
19.3 L 
26.7 
12.1 
5.6 
7.7 
5.8 
3.1 

2.3 
2.4 
1.2 

19. W 
10.4 
6.6 L 

12. W 
3.3 L 
7.8 
3.6 
4.3 L 

11.9 
3.4 
6.0 
0.2: 
0.6: 

0.7 G 
1.7 
2.5 

39. W 
7.6 
7.9 L 

11. W 
1.6 L 

13. W 
5. S 
4.9 L 
5.0 
2.9 
1.9 
7.4 
5.9 
4.3 
1.3 

Reference to line fluxes (all others from this paper): L: Paper I; S: Storey 
et al. 1979; W : Watson et al. 1981 ; G: Genzel et al. 1984. 

Figures 3, 4, and 5 are similar to those presented in Paper I 
except that updated atomic parameters have been used to 
determine the line emissivities as a function of temperature and 
density. The variation of collision strengths with temperature 
has been included in this calculation. Spontaneous transition 
probabilities for 0 + + are taken from Nussbaumer and Storey 
(1981) and for N+ + from Nussbaumer and Storey (1979). The 
ab initio calculation of the A values for 0++ by Baluja and 
Doyle (1981) gives results that are consistent with those of 
Nussbaumer and Storey when corrected for the difference 
between the calculated energy levels and those observed (cf. 
Nussbaumer and Rusca 1979). Collisional excitation rates 
(averaged over a Maxwellian electron energy distribution at 
the appropriate temperature) were taken from Aggarwal (1983) 

Fig. 3.—Volume emissivity ratio of [N m] 57.3 /mi/[0 m] 51.8 /un as a 
function of electron temperature and electron density. 
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for the 0++ fine-structure lines, and from Butler and Storey 
(1987)for N++. 

The new N++ collision strength from Butler and Storey 
(1987) is within a few percent of the result of Saraph, Seaton, 
and Shemming (1969), which was used in Paper I, and it is 
about 50% larger than the result of Nussbaumer and Storey 
(1979). The latter two efforts were based on the distorted wave 
approximation, a method not noted for considerable accuracy 
(see Mendoza 1983). The new collision strength from Butler 
and Storey is based on a four-state close coupling approx- 
imation using new target wave functions and may be con- 
sidered superior to the preceding calculations. Uncertainty in 
the atomic data for N++ has historically been a weakness in 

log n 
Fig. 5.—Volume emissivity ratio of [O m] 51.8 /mi/[0 m] 88.4 /mi as a 

function of electron temperature and electron density. 

the N/O analysis (see Paper I). As a result of these new calcu- 
lations, we believe that all the physical constants on which our 
study is based are reliably determined. 

As discussed in Paper I, even in the strict absence of any 
information about electron density or electron temperature, the 
N+ +/0++ abundance ratio is equal to the 573 pm/51.8 pm line 
intensity ratio within ±50% (see Fig. 5). The similarity in 
wavelength of these latter two lines ensures that the ratio of 
their equivalent widths gives essentially the same information 
as their fluxes and justifies the comparison of fluxes measured 
with the same focal plane aperture without extensive correc- 
tion for diffraction. As we will show below, the range of elec- 
tron densities and temperatures that we encounter in this 
sample of H n regions is not very large and, in practice, the 
abundance ratio equals the line ratio to within about ±25%. 
These properties, as well as the intrinsic lack of sensitivity to 
intervening extinction that is a property of all far-infrared lines, 
make this line ratio a particularly powerful one for determining 
this ionic abundance ratio in H n regions. In Table 1 we sum- 
marize the more important physical constants for both ions; 
the collision strengths are given here only for the intermediate 
case of T = 10,000 K. 

Figures 3, 4, and 5 and the line fluxes in Table 3 were used to 
generate electron densities and N++/0++ ratios, which are 
listed in Table 4. The derived ratios range from less than 0.03 in 
30 Doradus to almost 1.4 in G337.1 — 0.4. Observational errors 
were propagated through the nonlinear dependences to obtain 
the indicated errors. The emissivity ratios that were used for 
each source take into account the (very small) effect of electron 
temperature. The LTE radio recombination line electron tem- 
peratures for these sources, listed in column (5) of Table 4, were 
used for this correction. In the case of G337.1 -0.4, no electron 
temperature determinations have been made, and we have 
assumed a value of 7000 K, which is representative of sources 
in that part of the Galaxy. Only one [O m] line was measured 
in G75.84 —0.4, and therefore no electron density was derived, 
so we have taken an electron density log ne = 4.3, which is 
indicated by the [S m] observations of Herter et al (1982). 
Similarity of the ionization potentials of 0 + + and S + + justifies 
our assumption that the [S m] electron densities are appropri- 
ate to the [O m] emitting region, as does the similarity of the 
derived densities for those few objects that have been observed 
in all four lines (see below). The resulting error in N+ +/0+ + 

for G75.84 —0.4 has, however, been increased to reflect the 
uncertainty in this substitution. 

For G333.6 —0.2 and 30 Doradus, where multiple positions 
were observed, the derived electron densities track the ionized 
column density as indicated by the radio continuum surface 
brightness fairly well. For the 30 Doradus region, the electron 
density at the two radio peaks (Mills, Turtle, and Watkinson 
1978) is significantly higher than that at the neighboring posi- 
tion centered on R136a, where the large-beam radio surface 
brightness is considerably smaller. This correlation of electron 
density and column density suggests that regions of increased 
column density are due to higher local electron density rather 
than simply greater line-of-sight thickness. 

The [O in] electron densities listed in Table 4 are fairly 
uniform and are in general smaller than those densities inferred 
from radio continuum measurements of H+ emission measure. 
The difference between local and global measurements of elec- 
tron density can be understood at least in part as the result of 
incomplete filling of the volume by otherwise uniformly dense 
clumps. At electron densities much greater than the critical 
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TABLE 4 
Derived Properties 

Source 
(1) 

N+70 + 
(2) 

log ne 
(cm“3) 

(3) 
He+/H + 

(4) 

L* 
(K) 
(5) 

2C/13C 
(6) 

GO.O + O.O  
G0.5-0.0  
G 10.2—0.4 ... 
G 15.0—0.7 ... 
G25.4—0.2SE 
G30.8 —0.0 ... 
G49.5—0.4 ... 
G75.8—0.4 ... 
Glll.5 + 0.8 .. 
G133.7+ 1.2 .. 
G209.0—19.3 . 
G333.6—0.2 .. 
G337.1-0.4 .. 
30 Dor Pkl .. 
30 Dor Pk2 .. 
R136a   

0.75 
1.14 
0.32 
0.22 
0.72 
0.44 
0.26 
0.42 
0.36 
0.23 
0.31 
0.68 
1.36 
0.03 

0.108 

±0.11 
±0.19 
±0.05 
±0.03 
± 0.12 
±0.07 
±0.04 
±0.24 
±0.07 
± 0.04 
±0.03 
±0.11 
±0.30 
± 0.014 
± 0.077 

3.9 ± 0.3 
1.9 ± 0.2 
2.3 ± 0.1 
2.8 ± 0.1 
2.7 ± 0.1 
2.6 ± 0.1 
3.8 ± 0.3 
4.2 (He)h 

2.5 ± 0.1 
3.3 ± 0.1 
3.2 ± 0.1 
3.5 ± 0.2 
3.0 ± 0.2 
2.3 ± 0.2 
2.2 ± 0.2 
1.7 ± 0.4 

0.095 
0.062 
0.054 
0.102 
0.066 
0.097 
0.103 
0.052 
0.063 
0.074 
0.091 
0.045 

± 0.04 (M)a 

± 0.02 (T)c 

± 0.01 (T)e 

± 0.005 (L)f 
± 0.010 (C)g 

± 0.015 (T)c 

± 0.01 (T)c 

± 0.013 (C)f 
± 0.02 (T)c 

± 0.01 (T)c 

± 0.005 (T)c 

± 0.005 (L)f 

0.083 ± 0.08 (S)k 

5000 ± 
5800 ± 
5500 ± 
6900 ± 
6000 ± 
6500 ± 
6500 ± 
8540 ± 
9000 ± 
7600 ± 
8470 ± 
6900 ± 

1000 (R)b 

800 (W)d 

200 (W)d 

300 (W)d 

200 (W)d 

200 (W)d 

400 (W)d 

360 (V)1 

1000 (W)d 

300 (W)d 

380 (L)e 

200 (Mc)j 

9400 ± 500 (S)1 

9400 ± 500 (S)1 

9400 ± 500 (S)1 

25 ± 5 (GW) 
14 ± 5 (GW) 
50 ± 15 (MP) 
53 ± 9 (H) 

42 ± 6 (H) 
70 ±11 (H) 

57 ± 2 (H) 
91 ± 16 (H) 
96 ± 5 (Sc) 
64 ± 20 (H) 

a 109a; 10'beam. 
b 65a; 13 beam. 
c 66a; 0!7 beam. 
d 76a; LO beam. 
e 76a; 0!9 beam. 
f 86a; 3!5beam. g 109a; Z6 beam. 
h [S in] 033 beam. 
' 85a; 23 beam. 
j 76a; 2Í3 beam. 
k Optical lines. 
1 109a; 4!5 beam. 
References.—(He) Herter et al. 1982; (M) Mezger and Smith 1976; (T) Thum, Mezger, and Pankonin 1980; (L) Lichten, 

Rodriguez, and Chaisson 1979; (C) Church well et al 1978; (S) Shaver et al. 1983; (R) Rodriguez and Chaisson 1978; 
(W) Wink, Wilson, and Bieging 1983; (V) Viner, Clarke, and Hughes; (Mc) McGee and Newton 1981; (GW) Gardner and 
Whiteoak 1982; (MP) Martin-Pintado et al. 1984; (H) Henkel, Wilson, and Bieging 1982; (Sc) Scoville et al. 1983. 

density of a collisionally excited transition, the volume emiss- 
ivity of the ion is proportional to ne, while it is proportional to 
ne

2 in the low-density limit. As a result, in a volume of gas with 
a range of electron densities the observed flux in a collisionally 
excited line will be biased toward the critical density, and the 
contribution of dense clumps will be deemphasized. Thus, with 
critical densities in the range 102-103 cm-3, it is not surprising 
that the two far-infrared oxygen lines indicate electron den- 
sities of this order for a wide range of sources. Shorter wave- 
length transitions, with generally larger critical densities, might 
be expected to indicate larger electron densities for the same 
sources in the same beam size. The excellent correspondence 
between our 0++ densities and the S++ densities of Herter 
et al (1984) for Sgr A and Orion suggests, however, that a 
two-phase model, with constant density clumps embedded in a 
lower density medium occupying much of the volume, is 
appropriate to these sources. In the case of W3, however, the 
0++ electron density is a factor of 10 lower than that from 
S++. This may indicate that a simple two-component model is 
inappropriate for this source, and a more complicated density 
structure is implied. Future observations that are better 
matched in beam size will, when combined with the global 
density measurement from the radio continuum flux, provide 
quantitative data on the density spectra in H n regions. We 
point out that, although measurements of different line ratios 
may give different electron densities, the far-infrared [O m] 
electron density is the most appropriate to this study of N+ +/ 
0++, because the emission from N + + is presumably weighted 
similarly to that from the O + + ion. 

IV. N++/0++ AND N/O 

Having derived N++/0++ for galactic H ii regions at a 
large range of galactocentric distances, we now address the 
relationship between the ionic ratio N++/0++ and the ele- 
mental ratio N/O. In Paper I we argued on the basis of the 
similarity between the ionization potentials of N+ and 0+ that 
regions in which N + + and O + + predominate are largely coex- 
tensive. This assumption, which we justified on the basis of 
nebular ionization structure models of Grandi and Hawley 
(1978), is commonly used in optical studies of N+/0 + . With 
this simple assumption, that N+ +/0 + + æ N/O, the N/O ratio 
was found to be at least a factor of two higher than the solar 
neighborhood ratio as derived from optical N+/0+ observa- 
tions of nearby H n regions. 

Recent work by Stasinska (1982) and Rubin (1985) has given 
new theoretical insight into the possible source of this differ- 
ence. His models show that the N++ and 0 + + Strömgren 
spheres begin to decouple for very low ionization tem- 
peratures, with the result that N++/0++>N/0. For 
G333.6 —0.2, in particular, there is some indication from these 
models that opacity in the nebular ionization continua of the 
more abundant light metals will substantially cool the ionizing 
radiation that is seen by much of the nebula, and this produces 
a similar result (Rubin 1983). G333.6 —0.2 is a somewhat 
extraordinary case, however, since it is extremely luminous as 
well as ionized by a cool central source, and the ionized region 
is large enough to build up substantial optical thickness in the 
0+ ionization continuum from center to edge. We note that 
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for the less luminous H n regions modeled by Simpson and 
Rubin (1984), of which Orion, G75.8—0.4, and W3 are 
included in our sample, the N++ and 0 + + regions are 
expected to be reasonably coincident. Heavy-element contin- 
uum opacity is unlikely to be the explanation for the elevated 
N+ +/0 + + in the Orion nebula for another reason. If it were, 
optical measurements of N+/0+ would show a reflected effect, 
which is not evident from the observed data (Peimbert and 
Torres-Peimbert 1977). Simpson et al. (1986) present spatially 
resolved, fine-structure line measurements of the Orion nebula 
that confirm our data for that object and underscore the fact 
that N++/0++ is about twice the accepted, optically inferred 
value of N/O for that object. After considering and rejecting 
the various explanations for this effect in a model-consistent 
context, these authors conclude that the optical N/O value is 
most likely underestimated by a factor of 2 for this object. Part 
of this discrepancy may be due to a more subtle effect, involv- 
ing cascades following recombination from 0 + 2, which 
appears to raise the derived N+/0+ over that inferred from a 
simple picture of collisional excitation, an effect which could 
result in an enhancement of this optically determined ratio by 
as much as 50% (Rubin 1986). 

Can differences in nebular ionization explain the large 
N++/o + + variations that we see without resorting to abun- 
dance differences? There is relatively little observational data 
that can be brought to bear on this question. Radio recombi- 
nation line measurements of He+/H+ are available for most of 
the H ii regions in our sample, however, and provide uniform 
information on the degree of ionization. Although, as pointed 
out by Rubin (1983), He+/H+ is not an ideal indicator of 
ionizing radiation in the O + and N + continua, it is one of very 
few ionization indicators measured for most of the H n regions 
in our sample. While the He+/H+ ratio cannot be completely 
isolated from the issue of difference in elemental abundance, 
He/H is expected to vary much more slowly with stellar 
nucleosynthesis than ratios of heavier species because of the 
substantial primordial contribution to He that dilutes the 
stellar contribution. The grid of models by Stasinska (1982) 
generally indicate that He+/H+ = He/H for those nebular 
excitation conditions for which N++/0++ = N/O. The radio 
recombination line determinations are listed in Table 3 and 
plotted against N+ +/0+ + ratio in Figure 6. This figure shows 
that there is only a weak dependence, if any, of our derived 
N+ +/o++ on nebular ionization. We note that the far-infrared 
line measurements 40" N from the center of G333.6 —0.2 show 
an N++/0++ ratio that is nearly identical to that at the 
central position. Such a correspondence is not easily reconciled 
with the radial ionization gradient models that have been pro- 
duced for this object. 

In summary, there are several competing processes which 
can modify the simple picture of N+ +/0 + + « N/O. The effect + 
of low-excitation temperature and heavy-element continuum 
opacity on the ionizing spectrum seems to be important for 
only a small subset of our sample, perhaps only for 
G333.6 —0.2. Errors in the atomic constants introduce errors 
in the absolute derived abundances though we argue that, as a 
result of recent calculations, these uncertainties are probably 
very small. We note that, to first order, errors in the atomic 
parameters for N+ + and O + + will change the values derived 
above by a scaling factor, and a study of N+ +/0+ + variations 
may be undertaken independently of perfect knowledge of the 
absolute abundance ratio. Bearing in mind the need for a more 
sophisticated analysis when a more complete body of observa- 

N++/0++ 
Fig. 6.—N++/0++ vs. He+/H+ for sources in Table 4. He+/H+ is used 

here as an ionization parameter rather than an abundance indicator, as dis- 
cussed in the text. Little correlation is seen, suggesting that N++/0++ is not 
strongly influenced by ionization effects. 

tions becomes available, we discuss the significance of our 
present observations assuming the simple interpretation, that 
N++/0++«N/0. 

V. A POSSIBLE N/O GRADIENT IN THE GALAXY: CN 
NUCLEOSYNTHESIS ON A GALACTIC SCALE 

<z) N+ +/0++ versus RG 

In Figure 7, we have plotted N++/0++ from Table 4 
against galactocentric distance (RG) from Table 2. This figure 
bears out the tentative conclusion from Paper I that N++/ 
0++, and presumably N/O, is elevated in the inner galaxy 
relative to the solar circle. The mean N++/0++ inside of a 
galactocentric radius of about 7 kpc is approximately a factor 
of 3 higher than outside this radius. There is some evidence, in 
addition, that this ionic ratio increases abruptly inside of 
7 kpc. The lack of significant variation in inferred N/O 

Galactocentric distance (kpc) 
Fig. 7.—N++/0++ vs. galactocentric distance for the sources in Table 4. 

An increase in N++/0 + +, and hence N/O, with decreasing galactocentric 
distance is evident in this plot. 
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between 8 and 12 kpc is reasonably consistent with the results 
of optical studies (cf. Peimbert 1979). While there is no infor- 
mation on the region between the galactic center and 4 kpc 
radius due to the paucity of bright H n regions there, this 
elevated ionic ratio appears to continue into the galactic center 
region. 

Our observation of G0.5 —0.0 is particularly important in 
this regard, since it suggests that an elevated N+ +/0+ + ratio 
may be a general characteristic of the entire galactic center 
region, and not just of Sgr A. Sgr A is a particularly extraordi- 
nary H ii region in terms of its kinematical properties as well as 
its intimate association with the galactic nucleus, and unusual 
abundances seen there might otherwise be interpreted as 
locally enhanced nucleosynthesis rather than enrichment on a 
galactic scale. In addition, as described in § II above, the large 
velocity dispersion of the gas in Sgr A produces some added 
uncertainty in its line flux measurements because the line is 
spread over a larger wavelength interval, and the line-to-line 
continuum ratio is smaller than for the other sources in the 
sample. Interestingly, the N++/0++ ratio in GO.5 —0.0 is 
almost 50% larger than Sgr A itself, and it is not clear from 
this study which inferred N/O ratio is the most appropriate to 
the entire Galactic center region. This issue will be discussed in 
more detail below. The low electron density that we derive for 
GO. 5 —0.0 is another conspicuous attribute of this source. We 
note that both the extremely large N+ +/0 + + ratio aw/ the low 
implied density could be accounted for simultaneously if the 
52 /un line strength had been underestimated. In order to get 
an abundance ratio and an electron density similar to Sgr A, 
however, a 52 fim line more than a factor of 3 larger would 
have to be invoked. We consider an error of this magnitude 
very unlikely. It is noteworthy that GO. 5 —0.0 has one of the 
lowest He+/H+ ratios in our sample. A relatively low degree of 
ionization is thus indicated, so decoupling ofN++/G+ + from 
N/O may be a problem for this source as in G333.6 —0.2. 

Our observations of 30 Doradus have not been plotted in 
Figure 7 because the nucleosynthetic history of the LMC is 
probably distinct from that of the Galaxy. The 57.3 /¿m [N m] 
line was not significantly detected in this region, and the 
N++/o++ errors are dominated by noise in the data rather 
than by calibration errors. This region has been investigated 
optically, and our result that N/O is exceptionally low (<0.1) 
is well supported by the optical N+/0+ work (Pagel et al. 
1978). Figures 1 and 2 illustrate the striking difference in mean 
density and N++/0++ between different Hu regions. The 
30 Dor Peak 1 region in Figure 2 shows virtually no 57.3 /¿m 
[N m] line compared with its strong 51.8 /¿m [O m] line—an 
indication of very low N++/0++. The line observations of 
G337.1—0.2 can be contrasted with 30 Dor, since this object 
has the highest N++/0 + + ratio in the entire sample. It can 
also be seen that G337.1 —0.2 has a higher mean density than 
30 Dor, as evidenced by the relatively weak 88.4 /un line in the 
former object. 

While N++/0 + + shows a correlation with galactocentric 
distance (see Fig. 7), it is clear from the scatter and error bars 
that a simple monotonie N/O gradient with galactocentric dis- 
tance is not adequate to explain the observations. In some 
cases, sources with the same galactocentric distance appear to 
have rather different N++/0++ abundances. In particular, 
G337.1—0.2 has N++/0++ that is more than a factor of 2 
higher than that of other H n regions at the same galactic 
circle. This could be due either to uncertainties in the observa- 
tional interpretation of N++/0++ (see § IV above) or, more 

significantly, to the particular way in which the Galaxy is 
enriched. In the latter case, it would be necessary to invoke 
chemical enrichment of the Galaxy on a time scale that is short 
compared to that required for azimuthal mixing. This possi- 
bility may be investigated by comparing our N+ +/0+ + mea- 
surements with other abundance indicators on a 
source-by-source basis. Does the scatter in N++/0++ versus 
galactocentric distance result from localized parts of the galaxy 
in which nucleosynthesis has been very active, or perhaps from 
nonuniformities in the relative production rates of nitrogen 
and oxygen? Unfortunately, rather little information about 
abundances of these fairly heavily obscured H n regions is 
known, especially for sources inside of the solar circle, and 
there are no direct measurements of heavy-element abun- 
dances available for comparison with our data for the major- 
ity of H ii regions in our sample. However, a number of 
indirect comparisons are possible, as described below. 

b) N++/0++ Versus Inferred O/H 
It has been known for some time that H n regions in the 

Galaxy display a fairly strong correlation of electron tem- 
perature (as derived from radio recombination line-to- 
continuum measurements) with galactocentric distance, in the 
sense that H n regions closer to the galactic center tend to be 
cooler. This effect was interpreted by Churchwell et al. (1978) 
as reflecting enhanced abundances of nebular coolants 
(primarily oxygen) in the inner Galaxy. The observational data 
have been considerably refined since then and is summarized 
most recently by Wink, Wilson, and Bieging (1983). The depen- 
dence of electron temperature on O/H has been investigated by 
Mezger et al. (1979) and Shaver et al. (1983) by calibrating H n 
region models with nebulae for which both O/H ratios and 
electron temperatures are available. These latter studies indi- 
cate that a decrease in electron temperature from 8000 K to 
6000 K, which is roughly the extent of the temperature gra- 
dient from the solar circle to RG = 4 kpc, can be attributed to 
an increase in the O/H abundance by a factor of 2.5. Inter- 
estingly, there is some indication that this monotonie gradient 
in electron temperature does not extend all the way into the 
Galactic center. Although the correction for background emis- 
sion is not known with certainty, Wink, Wilson and Bieging 
(1983) find that H n regions within 3 kpc of the Galactic center 
(with the arguable exception of the nuclear H n region Sgr A 
itself) may have <Te*> that is approximately 2000 K higher 
than that extrapolated on the basis of the gradient farther out 
in the disk. The electron temperature of the Sgr A H n region 
has been measured by Rodriguez and Chaisson (1979), though 
the broad lines and complicated line of sight make this mea- 
surement highly uncertain. 

The LTE electron temperatures Te* for most of the H n 
regions in our sample have been taken from the literature and 
are listed in Table 4 along with the beam size in which they 
were determined. The beam size difference between the radio 
and infrared observations should not be of great importance 
since each H n region may be considered chemically homoge- 
nous, though it may be an issue if ionization effects are impor- 
tant in the derived abundances. We have plotted our 
N++/0++ values against these electron temperatures in 
Figure 8. Within the errors in both measurements, there is a 
correlation in the sense that higher N+ +/0++ corresponds to 
lower electron temperature and higher inferred O/H. Even 
excluding GO.5 —0.0, which has a particularly high N+ +/0+ + 

for its low electron temperature, we find that the total range 
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Electron temperature (K) 
Fig. 8.—N++/0++ vs. Te* for the sources in Table 4. As discussed in the 

text, Te* is indicative of O/H, and the observed correlation indicates N++/ 
0++ocO/H. 

from 30 Doradus to the inner Galaxy regions, both the 
inferred O/H ratio and the N+ +/0+ + ratio increase by about 
a factor of 10. Regrettably, no measurement of Te* seems to 
have been made for G337.1—0.4, which has the highest 
N++/0 + + ratio in the sample. The slope of the N++/0+ + 

versus 7^* relation is even larger if G0.5 —0.0 is included. If 
N/O æ N'l"l70 ++ with the Te*-0/H relationship discussed 
above, we therefore find the N/H abundance to increase by a 
factor of roughly 100. Although scatter about the mean line in 
Figure 6 and, in particular, the extraordinarily high N/O 
inferred for G0.5 —0.0 may indicate some variation in the rela- 
tive amounts by which N and O are enriched, the main effect is 
consistent with relatively homogenous enrichment in which the 
relative stellar yields are similar from one part of the Galaxy to 
the other. 

We point out that one should expect there to be a larger 
scatter in the correlation of N+ +/0+ + with Te than with O/H 
because the sample includes regions with a range of electron 
densities. The electron temperature is somewhat sensitive to 
electron density as well as elemental abundance because of the 
more efficient cooling (in the infrared lines) of lower density 
H ii regions. Such an effect can lead to differences of order 
1000 K (Garay and Rodriguez 1983) compared with a more 
homogeneous sample. 

The radial gradient of O/H in the outer Galaxy has been the 
subject of considerable optical emission-line work. The most 
recent optical evidence for an O/H gradient in the Galaxy is 
given by Shaver et al (1983). The optical observations give 
direct abundance information that reinforces the much more 
indirect conclusions gleaned from H n region electron tem- 
peratures. Extinction in the Galactic plane has prevented 
optical observations from probing much closer than about 
7 kpc to the Galactic center, however, and comparison of our 
data with electron temperature inferred abundances is the only 
recourse. 

c) A Primary/Secondary Model of Galactic Enrichment 
The nature of the observed enrichment is consistent with 

that expected for the model of Galactic enrichment discussed 
by Talbot and Arnett (1973) and, more recently, by Serrano 

and Peimbert (1983). In this model, 14N is a secondary element 
whose production rate via the CN-burning reaction chain 
12C(p, y)13N(e+v)13C(p, y)14N is proportional to the amount 
of 12C with which the reaction chain begins. The primary 
species 12C and 160 are assumed to be synthesized directly 
from primordial constituents by a-process nucleosynthesis in 
supernovae and their massive star progenitors. Assuming, in 
addition, that the enrichment and efficient mixing of oxygen 
and carbon into the interstellar medium takes place on a time 
scale short compared to the time scale for star formation, we 
predict d(160/H)/di oc star-formation rate, and d(14N/160)/ 
dt oc d(160/H)/di. If the relative nucleosynthetic yields are 
assumed not to change with time, this model predicts time 
integrated abundance ratios 14N/160 oc 160/H. Although our 
fine-structure line measurements do not give information that 
is isotope-specific, these isotopes are by far the dominant ones 
of their species in the interstellar medium, so we would there- 
fore predict that N/O oc O/H. 

Several other observational studies are relevant to the 
picture described above. A similar CNO process primary/ 
secondary pair that can be studied is 12C/13C, since 13C is 
secondary to primary 12C. Henkel, Wilson, and Bieging (1982) 
and Henkel, Güsten, and Gardner (1985) have found evidence 
for a galactic radial gradient in 12C/13C using measurements of 
isotopic formaldehyde absorption toward strong continuum 
sources. They find that the solar neighborhood value for the 
ratio H2

12CO/H2
13CO is about 90, and that it decreases 

toward the Galactic center, with a value of approximately 50 at 
a galactocentric radius of 4 kpc. Gardner and Whiteoak (1982) 
find that this gradient extends to the Galactic center, where 
ratios as low as 23 are seen. Additional, but more indirect, 
evidence for a similar variation of the carbon isotope ratio with 
galactocentric distance has been shown from double-ratio 
arguments (cf. Wannier 1980; Frerking et al 1980). Thus, the 
general slope of the gradient of 13C/12C is similar to that of 
N/O, as expected from the primary/secondary model. 

A detailed source-by-source comparison of H2
12CO/ 

H2
13CO with N++/0++ can be made for many of the 

objects that we have observed. This is shown in Figure 9, 
where the carbon isotope data are from the papers referenced 
above. The points in this figure indicate H n regions for which 
both N++/0++ and H2

12CO/H2
13CO measurements are 

available (the latter corresponding to associated molecular 
clouds with nearly the same radial velocity as for the H n 
region). The isotopic ratio estimates suffer from some inaccu- 
racies due to optical depth effects (cf. Martin-Pintado et al. 
[1985] for G 10.2) and the possibility of chemical fractionation, 
and we must therefore use the results with some care. For 
Sgr A, the isotopic ratio used is that which seems to be repre- 
sentative of the nuclear region of the Galaxy from the work of 
Gardner and Whiteoak (1982). Although there is considerable 
line-of-sight confusion, the velocity information from the latter 
measurements give some assurance that these ratios really 
apply to the central region of the Galaxy. The isotopic ratio for 
Orion is from the near-infrared absorption-line measurements 
of the BN source (Scoville et al. 1983). We assume that this 
isotopic ratio typifies that in the Orion molecular cloud and 
has not been altered by outflow from the BN star. We have 
attempted to increase the data set slightly by including the 
— 39 km s“1 formaldehyde cloud in front of Cas A, having 
assumed that it has carbon isotopic abundances that are 
similar to that of NGC 7538, which is nearby on a galactic 
scale, but is not intimately associated with that H n region. 

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



19
8 

7A
pJ

. 
. .

32
0.

 .
57

3L
 

LESTER ET ÁL. Vol. 320 582 

Fig. 9.—N+ +/0++ vs. inferred 12C/13C for the sources in Table 4. There is 
strong evidence for the inverse correlation that is expected from the accumulat- 
ed products of CN processing. 

The expected inverse correlation between inferred N/O and 
12C/13C is borne out strikingly well. The most discrepant point 
is that of G333.6 (at N+ +/0 + + = 0.68, 12C/13C = 64) which 
was only marginally detected in H2

13CO, and whose 
ratio is thought (Rubin [1983] and above in § IV) 

to be somewhat in excess of its true N/O. We regard this good 
correlation as some of the strongest evidence in support of our 
assertion that normal CN processing has been primarily 
responsible for the chemical evolution of these ratios in the 
inner Galaxy. 

Our conclusion that a secondary enrichment process best 
explains the behavior of N/O in the inner Galaxy can be con- 
trasted with recent studies of very low metal abundance extra- 
galactic H ii regions (Dufour 1984) and planetary nebulae in 
the Galactic halo (Peimbert and Sarmiento 1985). These 
optical measurements indicate that N/H oc O/H in these 
metal-poor objects, suggesting a primary source for nitrogen. 
We can reconcile these optical observations of metal-poor 
nebulae with our measurements of more thoroughly processed 
gas, if secondary enrichment of nitrogen begins to dominate 
later in the nucleosynthetic history of a given parcel of gas. 
Serrano and Peimbert (1983) have found that models incorpo- 
rating a major secondary component in the production of 
nitrogen provide the best fit to the general pattern of abun- 
dance trends going from metal-poor to metal-rich galaxies. 

The lack of direct measurements of a-process abundances in 
the inner Galaxy is beginning to be remedied by infrared 
emission-line studies at shorter wavelengths. The dominant 
ions of argon, sulfur, and neon have fine-structure transitions 
that have been used to investigate galactic abundances. Pipher 
et al. (1984) and Simpson et al. (1987) have measured ionic 
abundances of a number of H n regions around the Galaxy. 
The and 5p transitions of these ions have poorly determined 
atomic parameters (see Mendoza 1983), and improved atomic 
structure calculations would be of great value here. Although 
there is considerable spread in the data that may correspond to 
real azimuthal abundance inhomogeneities, H n regions within 
4 to 7 kpc galactocentric distance show, in the mean, abun- 
dances that are a factor of 2-3 higher than for H n regions at 
larger radii. Of the Pipher et al. (1984) sample, only the inner 

Galaxy H n region G25.4—0.2 is common to our data set, and 
its enhancements in neon, sulfur, and argon are similar 
(roughly a factor of 2-3) to that of the inferred N/O. In addi- 
tion, while their total data set of 15 regions includes only three 
objects at RG<1 kpc, there is some indication that the abun- 
dances (particularly of neon) may jump by a factor of 2-3 
inside of this radius. Their neon abundances are probably the 
most accurate of their data set since the neon lines are outside 
the silicate features and, even for heavily obscured sources, are 
therefore relatively unaffected by extinction. The possibility of 
a sudden increase in Ne/H at the edge of the 5 kpc “ring,” 
similar to that which we see in N/O, is intriguing. These obser- 
vations reinforce the case for enhanced a-process nucleo- 
synthesis in the inner Galaxy from the radio electron 
temperature measurements. 

d) The Galactic Center 
A recent study by Güsten and Ungerechts (1985) finds that 

14N/15N is about a factor of 4 higher in the Galactic center 
than in the solar neighborhood. Since 15N is neither produced 
nor destroyed in normal CNO processing, one interpretation 
of the inferred N/O enhancement is that of CN process enrich- 
ment of 14N alone. Our N++/0++ measurement of 1.14 for 
G0.5 —0.0 is the second largest in our sample, and it is signifi- 
cant that its 12C/13C value of ~25 is among the lowest that 
has been observed for gas in star-forming regions. If we are to 
conclude from our analysis of G0.5 — 0.0 in particular that N/O 
is very high in the entire Galactic center region and that chemi- 
cal processing has been especially active there, then a depar- 
ture from the simple model is necessary to reconcile this with 
the similarity of the electron temperature of this region with 
that of H ii regions at 4-7 kpc where the mean N/O abun- 
dance is lower. The implication is that excess nitrogen enrich- 
ment has taken place in G0.5 —0.0 relative to oxygen. Such an 
enrichment pattern might be expected from a stellar popu- 
lation weighted heavily by lower masses, in which CN pro- 
cessing continues without the added benefit of 
supernova-produced oxygen. Such a situation need not 
demand an unusual initial mass function. An old stellar popu- 
lation like that in the Galactic bulge will not only fail to 
produce much new oxygen, but will actually tend to lower the 
O/H in the associated interstellar medium, as quiescent ejec- 
tion of relatively unprocessed stellar envelope material from 
the remaining lower mass stars dilutes the gas. This picture is 
supported by the fact that low values of 12C/13C are seen in the 
entire Galactic center region (Gardner and Whiteoak 1982; 
Penzias 1980). In the case of the molecular ring, measurements 
of the infrared excesses of star-forming regions do not support 
the idea of an unusual initial mass function, although there 
may be evidence for the presence of an older population (Lester 
et aims). 

The observation by Lester et a/. (1981) of enhanced argon in 
Sgr A fits well into the general picture of enhanced N/O in the 
Galactic center region. To the extent that the low electron 
temperature derived for Sgr A can be believed, and a concomi- 
tant enhancement in O/H of a factor of 2-3 over solar can be 
inferred, the observed enhancement of Ar/H is understandable. 
Massive stars that produce argon may be expected to produce 
oxygen as well, though the inverse may not be true. Barker 
(1983) finds that in the metal-poor population of the globular 
cluster Ml5, argon, sulfur, and iron peak enrichment has 
lagged behind that of oxygen. Improved measurements of 
Galactic center abundances, including better electron tem- 
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perature measurements, will be essential for a thorough under- 
standing of this region. One may speculate on the role that the 
possible embedded ~ 106 M0 black hole (Lacy, Townes, and 
Hollenbach 1982; Crawford et al 1985) has had on the nuclear 
evolution of the gas in this extraordinary H n region. It is a 
little surprising that this object, rather than G0.5 —0.0, has 
abundances that are more in accord with the large-scale abun- 
dance gradient derived from sources outside the Galactic 
center region. 

e) The 5 kpc “ Ring a Long-Lived Feature of the Galaxy 1 
As the result of generations of stars enriching the interstellar 

medium, elemental abundance ratios can give information 
about the history of star formation. It was noted briefly above 
that the plot of N++/0++ versus galactocentric distance 
shows some evidence for a sharp rise just inside of RG = 7 kpc. 
This indicates that, on the evolutionary time-scale of the stars 
that were responsible for this enrichment, star formation has 
been particularly active inside this galactocentric radius. Inter- 
estingly, we see evidence for prodigious contemporary star- 
forming activity in this same region of the Galaxy. Figure 10 
compares the radial distribution of ionized gas emission (which 
is indicative of the current formation rate of massive stars) with 
derived N++/0++ values and illustrates this similarity. We 
have rescaled the radial volume emissivity to normalize it to 
the N+ +/0++ data in this figure. The radial distribution of the 
ionized gas was taken from the work of Glisten and Mezger 
(1982), who used a simple azimuthally symmetric model to 
deconvolve the observed line-of-sight emission measures into 
volume emissivity as a function of radius. This remarkable 
concentration of H n regions and warm molecular gas that is 
seen between galactocentric radii of 4 and 7 kpc has been 
referred to as the Galactic “ring,” though it has been inter- 
preted by some as a spiral arm. 

Interpretation of the radial distributions of ionized gas and 
N/O abundance requires that we have some understanding of 
the relative yields of 14N as a function of stellar mass and 

Galactocentric distance (kpc) 
Fig. 10.—Same as Fig. 7, except with the addition of a curve showing the 

run of ionized gas emission with galactocentric distance. The latter curve is 
indicative of OB star density and thus shows the radial distribution of current 
star-formation rate in the Galaxy. The peak in OB star density indicates the 
5 kpc “ ring.” A simple picture of nucleosynthesis in this “ ring ” indicates that 
it must be a long-lived feature in the Galaxy. 

lifetime. While there is considerable uncertainty about the sites 
of 14N production, when theoretical yields are integrated over 
reasonable initial stellar mass functions masses of order 3-10 
M0, with main-sequence lifetimes of order 107-108 yr emerge 
as being the most important (see, e.g. Serrano and Peimbert 
1983). Studies of 15-25 M0 progenitor supernova nucleo- 
synthesis (Weaver, Zimmermann, and Woosley 1978) suggest 
that 14N is not efficiently produced by such stars compared 
with less massive stars which eject 14N in planetary nebula or 
nova episodes (Peimbert and Sarmiento 1985). Our observa- 
tions thus suggest that star formation at 5 kpc galactocentric 
radius must have been exceptionally efficient more than 107 yr 
ago, in order to have substantially enriched the interstellar 
medium there in secondary products. This implies that the 
“ ring ” has a lifetime approaching that of a Galactic rotation 
period. 

Large-beam, near-infrared surveys of the Galaxy show a 
similar enhancement at these galactocentric radii (Ito, Matsu- 
moto, and Uyama 1977; Oda étal 1979). A high volume 
density of red giants or supergiants is the simplest explanation 
for this enhancement and supports the picture of a historically 
high star-formation rate. Such stars, in fact, are part of the 
population that accounts for the enrichment that we see. 

Galactic rotation curves and studies of molecular emission 
indicate that the fractional mass of gas in the galactic “ ring ” is 
similar to that of the solar neighborhood (cf. Glisten and 
Mezeger 1982). The relatively high gas density is easily reconci- 
led with the currently high rate of star formation per unit 
volume. Compared with the solar neighborhood, the elevated 
abundances of the inner galaxy imply a historically high rate of 
star formation there. These facts argue that the inner galaxy is 
not a closed system for, if it were, successive generations of star 
formation would deplete the reservoir of available gas and 
increase the stellar density. In a closed system, it can be shown 
that the gas mass fraction decreases with increasing nucleo- 
synthetic enrichment as more and more gas is tied up in long- 
lived stars at the low-mass end of the initial mass function. We 
thus have some evidence for replenishment of gas in the 5 kpc 
ring on a time scale similar to that required for nucleosynthetic 
enrichment. It is possible that infall from the galactic halo is 
the source of this additional gas. 

VI. SUMMARY 

Measurements of the far-infrared lines [O m] 51.7 /un, 
88.4 gm and [N m] 57.3 gm are presented for 13 H n regions 
covering a wide range in galactocentric distance. These lines 
are used to derive electron densities and N+ +/0+ + abundance 
ratios. We argue that this ionic ratio is indicative of the ele- 
mental ratio N/O. The far-infrared data allow us to probe the 
N/O abundance ratio in regions of the Galaxy that are inacces- 
sible to optical or UV measurements because of extinction. 
Thus we have been able to carry out the first truly global 
survey of N/O abundances in the Galactic disk. 

It is shown that, using new atomic constants for these tran- 
sitions, the line flux ratio 57.3 ^m [N m]/51.7 gm [O m] is 
very nearly equal to the N++/0++ abundance ratio and is 
only weakly dependent on nebular conditions. The wavelength 
proximity of these two lines offers special observational advan- 
tages, making this line ratio a powerful tool for investigating 
chemical abundances in H n regions. 

Our derived N++/0 + + values, to first order, show an 
inverse correlation with distance from the Galactic center. In 
the ring of enhanced star formation between 4 and 7 kpc from 
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the Galactic center, N+ +/0+ + is approximately a factor of 2.5 
higher than for H n regions near the solar circle. There is some 
indication that N/O is relatively constant from 12 kpc inward 
to 7 kpc, which is consistent with the results of optical studies. 
N++/0++ is also elevated in the Galactic center region, 
though it is more than twice as large in the inner-disk extra- 
nuclear H ii region GO. 5 —0.0 as in the nuclear H n region 
Sgr A. The [O m] lines are also detected in the 30 Doradus 
complex in the Large Magellanic Cloud. The limit on 
N++/0++ is at least a factor of 10 below that for the solar 
neighborhood, in agreement with optical measurements. 

Comparison of N+ +/0 + + with other abundance indicators 
on a source-by-source basis shows significant correlations. 
N++/0 + + tends to increase as the H n region electron tem- 
perature decreases, a decrease that is conventionally inter- 
preted as being due to an increase in the relative abundance of 
oxygen, the primary nebular coolant. This behavior is consis- 
tent with a model of galactic enrichment in which 14N is sec- 
ondary to primary 160, a scenario that is the natural result of 
CN processing. Additional evidence for the importance of CN 
processing as the dominant enrichment mechanism for 14N 
and 13C in the inner Galaxy is the good correlation of inferred 
N/O with 13C/12C. These correlations suggest that the differ- 
ences in N/O that we see around the Galaxy are indicative of 
different amounts of the same kind of nucleosynthesis and not 
due to differences in the nucleosynthetic scenarios. The impor- 
tance of secondary 14N has been recently questioned, however, 
on the basis of observations which show that for low metal 
abundance nebulae, N is found to follow the abundances of 
a-process isotopes of oxygen and carbon and that a primary 

source of 14N is required. Our observations may be reconciled 
if a secondary process dominates the enrichment of 14N for a 
relatively enriched stellar population, such as that which char- 
acterizes the inner Galaxy. 

The similarity of the gas mass fraction in the inner Galaxy 
and solar neighborhood, along with the evidently higher his- 
torically averaged rate of nucleosynthesis in the former, may be 
consistent with the picture that infall of relatively unprocessed 
material has been important to the continued rate of star for- 
mation in the inner Galaxy. 
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