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ABSTRACT 

A dozen planetary nebulae have been observed between H<5 and [O n] A7325 with the Red Reticon at the 
2.3 m telescope of Steward Observatory, with the most extensive spectrophotometry done between Hy and 
[Ar in] A7135. The objects are a mixture of types, all but two drawn from wide-aperture surveys. For most of 
the nebulae [O m] and/or [N n] electron temperatures, [S n] electron densities, and He/H, O/H, and N/O 
ratios are derived. Since the red [O n] lines are observed for only three objects, [S n] and [O i] lines are used 
to estimate the [O n] 23727 intensities, and consequently 0+/H+ ratios, through the linear correlations estab- 
lished by the author. The results confirm the high N/O ratio found earlier for NGC 6537 from wide-aperture 
photometry; within rather wide errors, this extended nebula appears to be homogeneously enriched. In addi- 
tion, NGC 6563 may have enhanced abundances; the object needs further observation. Both rings of the 
double shell nebula NGC 6804 are observed, with no difference found in their He/H ratios. NGC 6894 has an 
[O i] line that is anomalously weak for the [S n] strength, and NGC 6578 has a Wolf-Rayet nucleus. 

A major feature of this work is an exhaustive discussion of errors. Internal errors are derived from measured 
line widths. The external, systematic, variety is evaluated from comparisons between: (1) Reticon and Kitt 
Peak 1RS data acquired for Ml-4; (2) observed and theoretical line intensity ratios; and (3) the observations 
of Me 2-1 presented here and those published by Aller, Keyes, and Czyzak. The last shows agreement to 
within about ±20%, except for 2 > 7000 Â. Error corrections are applied to the data prior to analysis. 

The extinctions derived here from Ha/H/? compare well with those found by the author from wide-aperture 
photometry. Other comparisons indicate considerable ionic stratification for some nebulae. 
Subject headings: nebulae: abundances — nebulae: planetary — spectrophotometry 

I. INTRODUCTION 

Several extensive spectral surveys over the past decade, 
together with numerous smaller studies, have allowed us to 
examine the chemical compositions of planetary nebulae with 
regard to the evolution of the Galaxy and to that of the indi- 
vidual stars within it. Particular examples are the works of 
Terres-Peimbert and Peimbert (1978), Barker (1978), and Aller 
and Czyzak (1979). From these and others we have been able 
to use the planetaries as markers of the changing galactic 
environment, wherein we see the increase of helium, oxygen, 
and nitrogen abundances with time. 

Perhaps of greater significance, we have now begun to relate 
nebular compositions to stellar evolutionary processes that 
took place prior to the event that produced the planetary. A 

•number of these objects are clearly enriched in helium, nitro- 
gen, and/or carbon, a result of convective dredge-up processes 
that took place in giant-branch states of the parent star’s life, 
which cycle products of nuclear burning into the outer stellar 
envelope; see Kaler, Iben, and Becker (1978). In effect, the 
planetaries are probes for studying internal processes in stars 
and for testing theories of stellar evolution. Various theoretical 
calculations predict that chemical abundances in excess of the 
ambient interstellar medium correlate positively with initial 
stellar mass (Becker and Iben 1979, 1980; Renzini and Voli 
1981), as does final core mass (Iben and Truran 1978). Iben and 
Renzini (1983) consequently predicted a correlation between 
core mass and nebular composition, which was subsequently 
qualitatively confirmed in a survey of large planetary nebulae 
made by Kaler (1983c). 

Summaries of current research in this subject have been 
written by Aller (1983), Peimbert and Torres-Peimbert (1983), 

and Kaler (19836). For interpretation in terms of theory, we 
currently have reasonably sufficient data on about 75 nebulae. 
But these planetaries, in spite of their unifying name, are a 
remarkably heterogeneous group. They extend through all 
population classes from the extreme disk to the distant halo, 
and represent initial masses from under the Sun’s to 6 or more 
times it. Some are so compact as to appear stellar; others are 
well over a parsec across. Central star temperatures encompass 
values from 25,000 K to considerably over 100,000 K, and 
luminosities range from only a few times solar to the Edding- 
ton limit near 104 L0. Some have powerful winds and complex 
and varied spectra; others do not. In an evolutionary sense, the 
nuclei range from those that have recently expelled the last of 
their red giant envelopes to ones that are essentially white 
dwarfs, and the stars reflect all the varied natures both of their 
predecessors and their successors. In this context, our set of 75 
is very small, and it is little wonder that there is considerable 
controversy regarding a number of topics. 

For proper statistics, and to enable quantitative correlations 
and comparisons to theory to be made among all varieties of 
planetaries, we must considerably increase the amount of data 
available. This paper begins an extended series of articles on 
digital spectrophotometry of planetary nebulae designed to do 
just that, opening here with a study of a dozen objects, 
observed primarily in the red part of the spectrum. Half of 
these were selected from the survey of large planetaries by 
Kaler (1983c), and another four from Kaler’s (1983a) study of 
more compact nebulae. Absolute line fluxes have been 
observed for all these planetaries, and the purpose here is to 
examine them in more detail and to confirm abundance ratios 
derived from the interference filter photometry. One other is an 
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interesting double shell object, chosen to examine abundance 
variations, and the last is simply an underobserved target of 
opportunity. The observations, data, and errors are discussed 
in the next section, and physical parameters and abundances in 
§HI. 

II. THE OBSERVATIONS 
The nebulae were observed with the Red Reticon system 

attached to the 2.3 m University of Arizona Steward Observa- 
tory telescope on Kitt Peak. The instrument is sensitive pri- 
marily from the He n 24686 line through [Ar m] 27135, but for 
a few of the brighter objects the data could be extended down 
to H<5 and longward to the [O n] 27325 lines. The effective 
resolution is about 6 Ä. 

The journal of observations is given in Table 1, which 
includes the common and Perek-Kohoutek (1967) names in the 
first two columns, and the date and integration times in the 
second two. Column (5) gives the position within the nebula 
observed through the 5 second of arc aperture used. One 
object, NGC 6804, was observed at two locations, one point in 
each of the two rings. Column (6) lists a capsule description of 
each planetary, and column (7) gives the principal references to 
earlier spectral studies. Note that one nebula, NGC 6578, has 
not been spectroscopically examined for 40 yr, and another, 
NGC 6563, not at all. 

All nebulae were observed in the normal beam-switching 
mode, with calibrators selected from the Kitt Peak Standard 
Star Manual. The larger nebulae were observed near their 
edges in order to place one aperture on the sky. NGC 6537 was 
examined in an extreme position in the outer halo far from the 
central source. For NGC 6804, a classic double-ring structure 
(see Curtis 1918), the outer ring served as the “sky” back- 
ground for the inner, in order to subtract it properly, so that a 
relatively pure spectrum of the inner nebula could be acquired. 

a) Reductions and Intensities f 

The data were reduced with Steward Observatory software 
and a mean atmospheric extinction function in order to 
provide fluxes. Most of the objects observed on June 9 and 10 
were affected by occasional light cirrus, which should not sig- 

nificantly alter the relative line intensities, but which renders 
absolute surface brightnesses useless. 

The Steward data are supplemented with one spectrum scan 
taken of M1-4 with the Intensified Reticon Scanner (1RS) at the 
No. 1 91 cm telescope at Kitt Peak, drawn from a study to be 
reported on at a later time. The observing technique was the 
same as described above, and there was a similar problem with 
light cirrus. 

Relative fluxes were determined with the Illinois Gaussian 
fitting program, SPEC. Gaussian profiles fit the line shapes 
reasonably well, and their adoption is needed for the resolution 
of blends. Up to four lines can be fitted at a time, and three 
options are available: (1) the widths are allowed to be a free 
parameter (the/ or floating mode); (2) the widths can be con- 
strained so that all lines reduced in the set of two to four are 
forced to have equal width, as they should, since the lines are 
unresolved and are simply aperture images (the e mode); and 
(3) a special iteration routine for the Ha + [N n] trio, the i 
mode, in which the line widths are similarly constrained, and 
[N ii] 26548 is required to be ^ the strength of [N n] 26584. 
The latter two options are needed to resolve blends. The i 
mode is required, since at typical dispersions, [N n] 26548 is 
lost within Ha, and is subtracted from it on the basis of the 
Gaussian fit to [N n] 26584. 

Since errors in the fluxes will be reflected in the line widths 
(see below), all lines except genuine blends were allowed to 
float. Four blending problems are important: (1) Hy and 
[O in] 24363, (2) [O i] 26300 and [S m] 26312, (3) [S n] 26717, 
26731, and (4) Ha + [N n]. The mode selected for the first 
depended upon the appearance of the spectrum; usually, the 
results of both the / and e options were simply averaged. Even 
though the widths must theoretically be the same, the floating 
solution must be included in order better to evaluate errors. 
For the [O i]-[S m] and for the [S n] blends, the lines were so 
close that the e mode was used exclusively. For Ha + [N n], 
the results of all three types of fits,/, e, and i, were averaged in 
order to derive the most meaningful results, and to allow for 
error estimation. 

The results, relative line fluxes on the usual scale 
F(Hß) =100 (here called intensities, /), are given in Table 2. 

TABLE 1 
Journal of Observations 

Nebula 
(1) 

PK 
(2) 

Date 
0) 

Exp. 
(min) 

(4) 
Position 

(5) 
Description3 

(6) 
References 

(7) 
NGC 6058 
NGC 6537 
NGC 6563 
NGC 6578 
NGC 6765 
NGC 6804 

NGC 6894 
IC 972   
IC 1454... 
Ml-4   

M2-2 .. 
Me 2-1 . 

64-I-48° 1 
10 + 0°1 

358 —7°1 
io-ri 
62 + 9°l 
45 —4° 1 

69 —2°1 
326 +42° 1 
117 +18°1 
147 - 2°1 

147 + 4°1 
342 +27° 1 

1980 Jun 9 
1980 Jun 10 
1980 Jun 10 
1980 Jun 10 
1979 Oct 14 
1980 Jun 9 

1980 Jun 9 
1980 Jun 9 
1980 Jun 10 
1979 Oct 4 
1980 Oct 13b 

1979 Oct 14 
1980 Jun 10 

10 
10 

5 
20 

5 
10 
20 
15 
20 
10 

5 
4 
5 
6 

Off star 
Arc, I'N 
N arc 
Center 
NE lobe 
S, inner ring 
S, outer ring 
N ring 
N ring 
S ring 
Center 
Whole 
W edge 
Center 

Large, med ex, high Z 1, 2, 3 
Large, med ex 2, 4 
Large, low ex 
Compact, low ex 2 
Large, high ex 1, 5 
Double shell, high ex 2, 3 

Large, low* ex 1, 2, 6 
Large, low ex, high Z 1 
Large, low ex, high Z 7 
Compact, low ex 4, 6 

Compact, low ex 4 
Compact, high ex 4, 8, 9 

a “ ex ” = excitation, “ Z ” = distance from galactic plane. 
b 1RS at Kitt Peak. 
References.—(1) Kaler 1983c (2) Minkowski 1942. (3) Chopinet 1963. (4) Kaler 1983a. (5) Sabbadin and Hamzaoglu 1981. 

(6) Kaler, Aller, and Czyzak 1976. (7) Kaler 1978. (8) Aller, Keyes, and Czyzak 1981. (9) Aller and Czyzak 1970. 
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These are as observed, and are not corrected for interstellar 
extinction, which is discussed in the next section. Relative 
fluxes are not given for 25007 for NGC 6058 and Me 2-1, since 
they show clear effects of instrumental saturation. The fluxes of 
lines observed in common for Ml-4 with the Reticon and the 
1RS are simple averages. The Hß line of NGC 6537 was only 
barely detected because of high reddening, and the scaling may 
be off; however, the nominal Uoc/Uß ration agrees with that 
found by Kaler (1983a) to within 11%. There appears to be 
uncertain sky cancellation for NGC 6563, and to some extent 
for IC 1454. The helium line intensities for the former are quite 
uncertain. 

The spectrum of NGC 6578 is confused with noise in the 
neighborhood of Hy, and consequently, the intensity of [O m] 
24363 is very poorly determined. Table 2 presents the 
maximum allowable values for it and for /(Hy), since the result- 
ant electron temperature from [O m] is still very low (see § III). 
This object also displays stellar emission lines that may be 
identified as C m 24650 and C iv 25801 + 12. We discuss these 
again in § llld. 

b) Internal Errors 
A serious problem that has afflicted work of this kind since 

its inception is the general lack of error analysis. The reason is 
fairly obvious: one frequently has but a single observation 
(intensity or flux) of an individual line. This difficulty was espe- 
cially appropriate to the older photographic data, wherein an 
observation consisted merely of an integrated profile of cali- 
brated photographic density versus wavelength. It was 
common to guess an error based upon the level of background 
noise, and a canonical value of ±20% was usually quoted, 
with little basis in fact. This attitude has generally carried over 
into the era of photoelectric photometry and digital counting 
systems, which are more amenable to error analyses. 

Detailed error evaluation, in which individual errors are 
assigned to each line, has been performed by Kaler et al. (1976), 
Barker (1978), Kaler (1983a, c), and in the other studies under- 
taken at Illinois’ Prairie Observatory cited by the latter. These, 
where possible, employ comparisons of multiple observations, 
and the Prairie reductions use photon-counting statistics as 
well. Excepting Ml-4, the present study contains only one 
observation per nebula, so that an alternative method, one 
based upon line widths, is employed. 

Clearly, there will be random errors in the line fluxes. These 
will affect areas, line peaks, and widths, w. Errors affecting the 
widths are directly detectable, since we know that theoretically 
they should all be the same. We may then assume that the 
errors in the integrated fluxes are proportional to those in the 
widths. The first step is to select three or four well-observed, 
unblended, lines for a given object (e.g., Hß, [O m] 24959, 
[Ar m] 27135, unblended Ha). These widths are averaged to 
determine a mean value, vv. The average percentage deviations 
of the widths of these standard lines from the mean is adopted 
as the minimum allowed error, emin. A preliminary error, ep, for 
each of the other lines is then found from [w(line) — vv]/w, with 
ep not allowed to drop below emin. 

We must now allow for the possibility that a line with a high 
intrinsic error in flux can accidently have the correct width, vv, 
leading us erroneously to believe that the error is low. To 
counter this difficulty, ep is plotted versus relative flux for each 
object. The plots show that maximum ep increases with 
decreasing intensity, as expected. The next step is to draw in 
the upper envelope of the point distribution, after rejecting 

what appear to be truly anomalous values, which then repre- 
sents the final percentage error curve as a function of relative 
flux. This relation is applied to each line to find the errors that 
are assigned in Table 1. Note that H/? is given an error as well, 
and that to find the error of a line relative to that at H/?, the 
two must be quadratically compounded. In a few instances, the 
line is so odd or uncertain that the usual all-encompassing 
colon is used, here really meaning “detection.” For the lines 
observed in common with the two instruments for Ml-4, the 
error is simply the deviation of each from the mean, so that 
individual values can be recovered. 

In principle this scheme should provide a realistic assess- 
ment of the accidental errors. In practice, the results must still 
be considered only as a relatively crude indicator of error. 
First, there are usually not enough lines to establish the upper 
envelope of the error curve with surety, and it often rests on few 
points. Second, the error curve should be applied before 
reduction to outside the atmosphere rather than after. The 
second effect, however, is likely to be small compared to the 
first. In spite of the problems, the attempt is made to provide 
errors that are as meaningful as practicable. 

c) Systematic Error and Interstellar Extinction 
The accidental errors, of course, do not provide the complete 

picture. We must also consider the systematic variety that may 
be dependent upon wavelength and/or line strength. In order 
to evaluate these, we must compare our data with externally 
derived flux ratios. This study uses two ways of examining 
these errors: (1) comparison of repeated observations, prin- 
cipally those made with different instrumental systems, which 
tests only relative error; and (2) comparison of the data with 
theoretical ratios. 

First, we can compare the intensities derived for Ml-4 by the 
Reticon and the 1RS ; these are graphed by their logarithms in 
Figure 1, where the dotted lines indicate a ±20% error. There 
are only seven lines in common, but the relation is linear, with 
little suggestion of a systematic trend. We may also compare 
the Ha/Hß and Hy/Hß ratios of the inner and outer rings of 
NGC 6804, under the assumption that the interstellar extinc- 
tion is uniform over the nebular surface. These agree to within 

Fig. 1.—-The logarithms of the intensities derived independently for Ml-4 
from the Red Reticon and from the Kitt Peak 1RS plotted against one another. 
The solid line is the 45° slope, and the dashed lines indicate an error of ± 20%. 
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Fig. 2.—The logarithms of the intensities for Me 2-1 from this paper, log / 
(Reticon), plotted against those from Aller, Keyes, and Czyzak (1981), log / 
(AKC). The solid and dashed lines again are the 45° slope and the ± 20% error 
indicators, respectively. Different wavelength regions are indicated by the 
symbols in the figure legend. The letters N, S, and a represent the [N n], [S n], 
and Ha lines. [N n] appears to show substantial stratification. Note the sys- 
tematic shift for lines with 2 > 7000 Â, discussed in the text. 

about ± 10%. Note that this difference is roughly double that 
expected from the given internal errors. 

The only nebula observed with digital techniques by anyone 
else with similar precision is Me 2-1, which was examined by 
Aller, Keyes, and Czyzak (1981, hereafter AKC). The 
logarithms of the intensities of Table 2 are plotted against 
theirs in Figure 2. Here, we see a much more extensive com- 
parison, wherein trends within different wavelength regions 
can be examined. The [N n] and [S n] lines are denoted by 
“ N ” and “ S ” respectively, with Ha indicated by “ a.” 

Figure 2 shows good linear agreement over a range of nearly 
three orders of magnitude. The [N n] lines fall well off the 1:1 
line, the new ones being about twice as strong as AKC’s. This 
divergence is almost certainly the result of ionic stratification, 
since the two studies used different apertures, although it is 
curious that [S n] (and [O i], not indicated) do not share it. In 
general, AKC measure the line strengths to be systematically 
greater, with the largest divergence seen for / > 7000 Â. If we 
ignore the weakest line, and [N n], the AKC intensities for 
/ < 7000 Â average 10% larger; but two-thirds of the points 
still fit within the ±20% error limits drawn, overall not incon- 
sistent with internal error estimates. The Ha/H/? ratios differ by 
24%, however, well in excess of expectations. It is possible that 
Ha was saturated with the Reticon, as was /5007, although the 
present value is supported by Kaler’s (1983a) measurement of 
/(Ha) = 310. The lines with / > 7000 À clearly lie outside the 
error limits drawn; for these, the AKC intensities average 60% 
larger. 

Further tests, and an evaluation of the problem for / > 7000 
Â, can be obtained through comparison of the observations 
with a number of theoretical ratios derived for hydrogen, 
helium, and forbidden lines. First, however, the data must be 
corrected for the effects of interstellar reddening. 

The logarithmic extinctions at Hß, c, are given in Table 3. 
They are calculated from the Ha, Hß, and Hy intensities, where 
the Whitford (1958) reddening function and Brocklehurst’s 
theoretical Balmer decrement are employed. As usual, 

TABLE 3 
Extinction Constants 

Nebula Ha/Hß Hy/Uß c(PO)£ 

(1) (2) (3) (4) 
NGC 6058   0.04 -0.12 0.18 ± 0.19 
NGC 6537   2.16 , ... 2.02 ± 0.14 
NGC 6563   0.07 0.68: 
NGC 6578 ....... 1.54 2.18 
NGC 6765   0.60 0.59 0.46 ± 0.15 
NGC 6804RI

b .... 0.98 1.04 ... 
NGC 6804Ro

b  0.84 1.30 
NGC6894 ....... 0.88 1.22 0.92 ± 0.16 
IC 972..  -0.05 ... 0.08 ±0.08 
IC 1454   0.11 0.99 
Ml-4    1.94c 1.69 1.36 ±0.22 
M2-2   1.58 1.58 1.25 ± 0.15 
Me 2-1   0.08 0.81 0.11 ±0.17 

3 Prairie Observatory; Kaler 1983a, c. 
b Ri and R0 represent inner and outer rings, respectively. 
c Reticon data alone yield c = 1.82. 

log Ic = log I0 + c/A, where Ic and I0 are the corrected and 
observed intensities ; the /A used are given in the last column of 
Table 2. Columns (2) and (3) of Table 3 give the extinctions 
found from the Ha/Hß and Hy/Hß intensity ratios, respec- 
tively. The Hy line seems to be subject to some systematic 
error, which is discussed below, and c(Ha/Hß) is adopted for 
subsequent analysis. For NGC 6804, the two values are aver- 
aged to obtain c = 0.91, which is used for both data sets. For 
comparison, column (4) presents the extinctions derived by 
Kaler (1983a, c) from interference filter photometry, c(PO). The 
results are generally quite satisfactory, the notable exception 
being Ml-4, for which c(PO) is clearly too small. This compari- 
son is probably more of a check on the systematic errors in the 
Prairie Observatory data than on the present observations. 
Note that AKC adopt c = 0.36 for the test object Me 2-1 from 
the Balmer decrement (see above). 

For external testing against theoretical ratios, the most 
extensive data available are /(Hy), /(26678)//(25876) of He i, 
and /(25007)//(24959) of [O in]. These are plotted, after correc- 
tion for extinction, in Figure 3, each point indicated by object 
name. 

The points representing /(Hy) are noticeably and consistent- 
ly under the theoretical ratio. It seems clear that the intensities 
in the Hy region are low by perhaps 10%, really not unsatis- 
factory since the Red Reticon was not designed to work this far 
into the blue. Obviously, any lines shortward of Hy (CTi 24267 
and H<5) must be viewed with caution; the C n identifications 
are only tentative, in any case. 

The 26678/25876, ratio, in the center of the Reticon sensi- 
tivity region, provides a truer test, although the lines are 
weaker and the accidental errors larger. The theoretical ratio is 
from Brocklehurst (1972), for low density and T = 10,000 K, 
and the observations were corrected for self-absorption 
according to Kaler (1978) and the densities listed in the next 
section. We see good agreement with theory; the error bars 
either overlap the theoretical ratio or are very close to it (as 
they are in fact for the Hy/Hß ratio), testimony to realism in 
their calculation. Here, however, no genuine systematic trends 
are clear. The formal average is 22% high, but the lower error 
limit is only 6% above theory. The objects with larger error 
bars are elevated more than those with smaller; if we confine 
our analysis to the five nebulae with the best observations, then 
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A6678 is 18% too weak relative to A5876, not significant for 
these lines. 

The A5007/A4959 ratio from [O m] provides a distinctive 
result. From Figure 3, we see that the ratio is systematically 
high (averaging 7%) as compared to the theoretical ratio of 
2.88 from Mendoza (1983). This ratio is so well researched that 
theory seems quite secure. «This departure suggests a nonlin- 
earity in the detector at high count rates and indicates that 
without further tests no result derived from the data (or, to be 
bold, from any system of this sort) should be trusted to better 
than ±5% to ±10%. 

Some other ratios are less extensively available. Comparison 
of 24471 of He i with 25876 for three nebulae shows nothing 
untoward. The 26300/26363 [O i] ratio is observed for four 
objects with a mean ratio 15% below the Mendoza (1983) 
prediction, good agreement considering the weakness of the 
lines and the partial blend of [O i] 26300 with [S m] 26312. 

Three line pairs are potentially available to test the con- 
tended region longward of 7000 Â. The observed 27065/25876 
He i ratio, averaged for five nebulae, is nearly 3 times the 
theoretical, clearly the result of self-absorption, wherein 27065 
is pumped by 23889 (see Osterbrock 1974). Although an inter- 
esting physical result, the effect renders 27065 useless for an 
error examination. That leaves the 27281/25876 He i and the 
27177/24686 He n intensity ratios, observed in two objects 
each. The mean He n ratio agrees very well with theory (from 
Brocklehurst 1971), but He n 27177 is likely to be blended with 
[Ar iv], the correction for which would lower it. The two good 
values of 27281/25876, all that are left, are 0.024 ± 0.005 (NGC 
6578) and 0.034 ± 0.004 (Ml-4, Reticon results only). These 
average 0.029, 75% under the theoretical value of 0.051, rea- 
sonably consistent with the 60% difference between the new 
data and AKC’s for 2 > 7000 Â. On this meager evidence we 
may conclude that systematic error affects the Reticon data in 
this region and not those of AKC. For subsequent analysis, it is 
recommended that the intensities in Table 2 for lines with 
2 > 7000 Â be increased by a factor of 1.45, which is the correc- 
tion required to make them consistent with the 10% systematic 
offset discussed in § lie for 2 < 7000 Â. 

Note that all of these tests against theoretical ratios include 
the error in the extinction constant. Unfortunately, NGC 6578 

and Ml-4, used to test intensities for 2 > 7000 A, are heavily 
reddened. However, an error of ±0.3 in c, which is unreason- 
ably high, produces an error of only 16% in the 27281/25876 
He i ratio, and somewhat less in J(26678)//(25876). 

d) Comparisons with Other Data 
The differences among the intensities in Table 2 and those 

from the references in Table 1 are of some interest; most can 
clearly be ascribed to stratification, since the tendency was to 
observe in lower excitation regions near the peripheries of the 
nebulae. Kaler (1983a) found strong 24686 in NGC 6537, in 
agreement with Minkowski (1942), and roughly equal Ha and 
[N n] 26584. The 24686 line cannot be detected here because of 
high reddening, but the 26584 [N n]/Ha ratio is 6.5 at a dis- 
tance Y from the center (see also Aller 1976a): stratification in 
the extreme ! Similar, but less pronounced, effects are seen for 
NGC 6765, IC 972, and NGC 6894. In the case of the first of 
these, Kaler (1983c) found 7(24686) to be almost twice as high 
as the present value, and [N n] to be over 3 times weaker; for 
the other two, Kaler (1983c) detected 24686, but it is not found 
here. The present 24686 intensity limit for M2-2 is also much 
lower than Kaler’s (1983a) measured value, but curiously, the 
new [N n] strength is lower as well. Kaler’s [N n] intensity has 
a very high error, and that result is likely to be spurious, which 
is consistent with lower Ha intensity from that study (i.e., [N n] 
and Ha were probably over- and underestimated, respectively, 
from the filter photometry). In this context, also note from 
Table 2 the large excitation difference between the inner and 
outer rings of NGC 6804. 

in. ANALYSIS 

a) Parameters and Abundances 
Here, the data are used to compute electron temperatures 

and densities, and abundances ratios, all of which are sum- 
marized in Table 4. The usual methodology is employed (see 
Aller 1956 or Osterbrock 1974), with the recombination coeffi- 
cients of Brocklehurst (1971, 1972) for hydrogen and helium, 
and the atomic parameters of Mendoza (1983) for the for- 
bidden lines. We processed the data with the Illinois analysis 
code ABUNDR, which employs strict 3- and 5-level atom solu- 
tions for (p2, p4), and p3 ions, respectively. This analysis 

Fig. 3.—Comparisons between observed and theoretical line ratios, indicated respectively by the points and the dashed line. The names of the nebulae are given 
along the bottom. The mean, with the formal mean error, is given to the right of each set. The inner and outer rings of NGC 6804 are denoted by R¡ and R0, 
respectively. For Hy and the [O m] lines, Ml-4 is plotted twice, for the Reticon data only {circle) and for the mean from the Reticon and the 1RS (hox). Note the 
systematic trends in both the Hy and [O m] plots. 
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program has been rigorously tested with hand checks and 
through comparison with an independent program (Y.-H. Chu 
1983, private communication). 

Electron temperatures, in columns (2) and (3), are available 
from the [O in] and/or [N n] lines for all but IC 972, IC 1454, 
and M2-2, for which a default value of 10,000 K is used. This 
figure is compatible with the upper limit for 7(24363) given for 
M2-2. In the calculation of [O m] temperatures, all the 24363 
data are corrected for systematic error by the scale factor 
required to bring Hy to the theoretical value. Although these 
two lines are generally partially blended (see § lia), they are 
well enough separated so that the systematic weakness in Hy is 
more likely to be caused by a wavelength dependent effect than 
it is by an overestimate in [O m]. For Ml-4, only the intensity 
of Hy determined by the Reticon alone was used for the correc- 
tion. If only one value of Te is known (from [O m] or [N n]), 
the other was set equal to it, except for the three high- 
excitation objects (NGC 6058, the inner ring of NGC 6804, and 
Me 2-1), for which Te[G in]/Te[N n] = 1.2 (Kaler 1985) is 
adopted; these are set in parentheses. The errors assigned to 
the temperatures are derived from the errors stated for the 
intensities in Table 2. 

The electron densities are generally derived from the [S n] 
lines, and are given in column (4) of Table 4. The [Ar iv] ratios 
observed for several nebulae are unsatisfactory due to high 
errors and blends (with He i and [Ne iv]), as is the one [Cl m] 
ratio; these are potentially useful for abundance determi- 
nations, however. The analysis for NGC 6058 uses an unpub- 
lished [O n] ratio from Aller and Czyzak, and for the other 
three nebulae without [S n] data, densities (in parentheses) are 
simply estimated from size and distance. 

Ionic and total helium abundances are given in columns 
(5)-(7). The He+/H+ ratios are derived from 24471, 25876, and 
26678, weighted approximately according to inverse error. The 
triplets are corrected for self-absorption with the method given 
by Kaler (1978), which is based upon electron density. Errors 
are derived from the deviations of individual ratios from the 
weighted means (col [5]) or from the errors in the line inten- 
sities (cols. [5] and [6]), and include errors in electron tem- 
perature, which are taken to be ±2000 K unless otherwise 
given. 

Ionic and total oxygen abundances are given in columns 
(8H11). There is a problem with the data set in that there is 
little information on [O n], from which 0+/H+ is found: the 
Red Reticon does not extend to 23727, and 27325 is detected in 
only three spectra. The analysis of O + is approached in three 
ways, in all cases using the [N it] electron temperatures. First, 
of course, 27325 is used when it is available, where the observed 
intensities are multiplied by a factor of 1.45 in accord with the 
error analysis of the last section. 

Second, this study employs a new way of deriving approx- 
imate 0+ abundances that is particularly useful for the study 
of faint, highly reddened objects for which neither 23727 nor 
27325 are readily detectable as a result of a combination of 
high reddening and intrinsic [O n]-line weakness, or are 
unavailable due to limited wavelength coverage. The pro- 
cedure uses the extensive line analyses by Kaler (1980, 1981), 
which show that the intensity of 23727 correlates linearly with 
both [O i] 26300 and the [S n] 26723 blend, although difier- 
ently for optically thick and thin nebulae. We can predict what 
23727 should be on the basis of the reddening-corrected [O i] 
and [S n] line strengths and enter this value into the analysis 
code. From Kaler’s compilation, we then find for optically thin 

nebulae (defined as those with central star temperatures 
>45,000 K): 

log /([O ii] 23727) = 1.039 + 0.821 log 7([S n] 26723) (1) 

log /([O ii] 23727) = 1.245 + 0.974 log /([O i] 26300); (2) 

and for thick nebulae : 

log /([O ii] 23727) = 1.537 + 0.652 log 7([S n] 26723) (3) 

log /([O ii] 23727) + 1.782 + 0.875 log 7([0 i] 26300). (4) 

Any abundance ratios involving 0+ that are so derived from 
[S ii] or [O i] are hereafter commonly referred to as “ [S] ” or 
“ [O] ” values, respectively. 

Obviously, this procedure must be used cautiously : the 
scatter in Kaler’s figures shows that errors of a factor of 2 can 
easily be made in individual cases with the [O i] relations, 
rising perhaps to a factor of 3 when the [S n] equations are 
employed, with even larger possible extremes (an example, dis- 
cussed below, is NGC 6578, which has an anomalously weak 
[O i] line not used in this analysis). The method’s great advan- 
tage, however, is that [S n] is considerably stronger than 
27325, and it enables crude calculations of 0+ abundances in 
situations in which it would otherwise be very difficult or 
impossible. It is certainly useful for statistical survey work 
when a large number of nebulae are involved, and it is 
employed here out of necessity. All of the nebulae fall into the 
optically thin case above, since they are either large or exhibit 
He ii 24686 (see either Table 2 or the references in Table 1), and 
therefore we here use equations (1) and (2). 

Finally, we can adopt 7(23727) observed by others, but 
unless the object is quite compact, this procedure is probably 
less satisfactory than the use of [O i] and [S n], because of 
stratification. Recall from § II<7 that most of the observations 
were made near the edges of the nebulae to allow for beam 
switching, and the intensities presented here may not be at all 
consistent with others. 

The 0+/H+ ratios that result from these methods are pre- 
sented in column (8) of Table 4, with the method used given in 
column (9). The agreement among values ranges from good to 
poor. In all three instances, the results from 27325 are greater 
than those derived by other methods. Particular disagreement, 
up to a factor of 3, is seen for Ml-4 and Me 2-1, for which the 
[O i] and [S n] lines are particularly weak; perhaps this 
method should not be used at the low end of the intensity scale, 
or perhaps the 27325 correction factor was too high. In any 
case, since the 0+/H+ ratio is usually a minor part of total 
O/H, these errors do not propagate greatly. 

The calculation of 0++/H+ (col. [10]) is straightforwardly 
based on 24959 and 25007, and Te [O m]. The total O/H ratios 
are produced by assuming, as usual, that the higher ionization 
states are related to the lower (0+ and 0++) by the ratio of 
He++ to He+ (Seaton 1968) because of the coincidence in 
ionization potential. The correction is not made here for the 
two highest excitation nebulae NGC 6804 (inner ring) and Me 
2-1, since it is so large. We may similarly be suspicious of the 
very large O/H for NGC 6765, for which the correction is also 
fairly high, and for which the [N n] electron temperature 
appears low (rendering 0+/H+high). 

Finally, N/O is determined by the standard procedure of 
setting it equal to N+/0 + , where N+/H+ is calculated from 
the [N ii] 26584/Ha intensity ratio and the [N n] electron 
temperature. These are given in column (12). Note that they are 
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much more sensitive to the uncertainties in the 0+/H+ ratios 
than is O/H. The 27325 result should be primary, of course. In 
order to reduce error, it would probably be best to average the 
[O] and [S] values. From the table, we see that the [O] and 
[S] values are generally in reasonable qualitative agreement 
with one another and with those derived from the other 
methods. But the danger of this procedure is clearly seen for 
Ml-4 in which the [O i] and [S n] lines imply very high N/O; 
here, the 23727 intensity, adopted from the literature, gives a 
result in good agreement with 27325. 

b) [S n] and [O i] 
As part of the above discussion, we should examine further 

the balance among the low-ionization species 0+ and S + . The 
reddening-corrected intensities of [S n] 26723 and [O i] 26300 
are given in Table 5, with the ratio in the last column. Except- 
ing NGC 6894, the ratios are reasonably consistent with the 
mean found by Kaler (1981), and the error bars of the new (this 
paper) and previous averages overlap. But NGC 6894 is 
decidedly odd : the 26300 line is nearly 20 times too weak ! This 
behavior is not seen in any other nebula and is not understood, 
but it does illustrate the problems of using the [O i] and [S n] 
lines to predict the strength of 23727, and relying heavily upon 
the method for individual cases. 

c) Chemical Variations 
A purpose of this work is to search for, and examine, nebulae 

with peculiar abundances. Kaler (1982a) found that NGC 6537 
is highly enriched in helium and nitrogen (He/H = 0.24 ±0.10, 
N/O = 1.8). This study confirms the high N/O ratio with the 
techniques of using the [O i] and [S n] correlations, wherein 
N/O ä 0.8. We may have some confidence in the elevated 
value since the [O] and [S] ratios agree (but again, witness 
Ml-4). The very low electron temperature, which results in an 
unrealistically high O/H ratio, may be an artifact of the high 
error associated with [N n] 25754. At the upper error limit, 
Te = 10,000 K, O/H ^ 9 x 10“4 (ignoring any states higher 
than 0++), and N/O (from both [O i] and [S n]) = 1.0. A 
temperature of 12,000 K yields O/H = 5 x 10 4, more in line 
with Kaler (1983a), and N/O = 1.3. It is significant that the 
outer fringe of the nebula, observed here, has an enrichment 
level qualitatively similar to the bright inner region, indicating 
that the enriching matter was reasonably well mixed into the 
envelope of the star before planetary ejection began. This 
object can apparently take a place alongside NGC 6302 and 
NGC 6445, which have similar extreme overabundances 
(Peimbert and Torres-Peimbert 1983; Aller and Czyzak 1978; 

TABLE 5 
[S ii] to [O i] Ratios 

Nebula /([S n] 26723) /([O i] 26300) Ratio 
(1) (2) • (3) (4) 

NGC 6537   136 51.5 2.64 
NGC 6563   42.4 40.1 1.06 
NGC 6765   133 24.7 5.38 
NGC 6894 ....... 79.9 1.17 68a 

Ml-4   0.65 0.41 1.6 
Me 2-1   3.74 1.42 2.63 
Mean     2.66 ± 0.74 
Kaler 1981   3.69 ± 0.55 

a [O O appears to be nearly 20 times too weak ; this ratio is excluded from 
the mean. 

Aller et al 1973, 1981). All three of these are in the plane of the 
Milky Way toward the galactic center and likely had progeni- 
tors near the upper mass limit of stars that produce planetaries 
(see the references cited in § I). 

Another candidate for enrichment is NGC 6563, for which 
He/H ä 0.15, and N/O = 1.8. However, the helium line 
strengths are very uncertain, and Te (based upon a very uncer- 
tain [O m] 24363 line) seems anomalously high, resulting in a 
low value of O/H. If Te = 10,000 K, N/O drops to about unity, 
and N/O from [O i] to 0.5. Although the abundances are 
uncertain, the nebula is clearly worthy of further investigation. 

NGC 6804 exhibits a more quantitative homogeneity (as 
compared to the qualitative result for NGC 6537), where both 
parts, the outer and inner rings, show nearly identical, nearly 
normal, He/H ratios, in spite of very different excitation levels. 
The difference in electron temperatures is not significant given 
the large error associated with [O m] 24363 in the outer ring. 

At the low end of the abundance distribution we find IC 
1454, for which the data yield He/H = 0.063 ± 0.025. Since we 
see the He i line, it is unlikely that neutral helium plays a role. 
The upper limit of 0.088 is probably more physically realistic; 
still the value is near the lower limit observed for planetaries. 

In spite of the uncertainties in some of the abundances, it is 
interesting to examine the correlation between N/O and He/H 
for these nebulae against the background of earlier determi- 
nations. Figure 4 shows a modified version of the detailed plot 
of log N/O versus He/H from Kaler (1983b). The new ratios 
are plotted as closed symbols, using the first N/O entry in 
Table 4, or averaging the [O] and [S] values, and for NGC 
6537 adopting He/H from Kaler (1983a). Error bars are 
included for He/H but not for N/O, since the latter are not 
known. We see that our objects are distributed within the 
general pattern. 

d) The Nucleus of NGC 6578 
This analysis discussion is concluded with a brief commen- 

tary on this planetary, which is of special interest. It is a 
compact object, and the nucleus was included in the aperture. 
There is a feature at 25806, which can be identified with the 
25801-25812 doublet of C iv that is characteristic of central 
star emission (see Aller 1976b). The line could also be N iv 
25806 (see Hiltner and Schild 1966), but other nitrogen lines- 
N v 24605-22, N m 24640-are not present. Weak emission at 
24650 that may be C m is also seen, although identifications in 
this part of the spectrum are uncertain: there is a similar 
feature at 24634 that here is called nebular N m, but the ordi- 
narily stronger 24640 line is not present. The nucleus can thus 
be identified as a carbon-sequence Wolf-Rayet star. Since C m 
25696 is missing, a later WC type can be ruled out (see Hiltner 
and Schild 1966 and Méndez and Niemela 1982), although 
there are insufficient data for an accurate classification. Stellar 
He ii 24686 does not appear to be present, but it is known from 
other work that it can be weaker than C m 24650 (Aller 1968). 
We estimate the equivalent widths of the C m 24650 and of the 
C iv 25801-12 lines to be 3 and 12 Â, respectively. The star 
deserves more detailed study with higher resolution, particu- 
larly in the region of the 23820 O vi line. 

IV. SUMMARY 

In this work, the first of a set of follow-up studies of previous 
wide-aperture photometry, measurements are presented of the 
relative fluxes of a dozen planetary nebulae primarily in the 
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Fig. 4. Log N/O plotted against He/H, adapted from Kaler (19836). Open circles and boxes represent Populations I and II. The new abundances are 
overplotted as closed symbols, with error bars given only for He/H. The highest point, representing NGC 6563, is especially uncertain. 

yellow-red part of the spectrum, with some extension into the 
blue. 

The data are used to derive electron temperatures from 
[O in] and [N n], densities from [S n], and abundance ratios, 
specifically He/H, O/H, and N/O. The latter confirm a case of 
extreme enrichment (NGC 6537) and suggest another such 
candidate for further study (NGC 6563). The analysis also sug- 
gests the chemical homogeneity of two nebulae with outer 
structures, both of which exhibit large stratification effects. 
NGC 6537 appears to be enriched throughout, although an 
abundance gradient is clearly possible given the large errors 
involved, and both rings of NGC 6804 exhibit nearly normal 
He/H ratios. Two other results of interest are the classification 
of the nucleus of NGC 6578 as WC, and the odd weakness of 
the [O i] line relative to [S n] in the spectrum of NGC 6894. 

Just as important as the above, are two procedures devel- 
oped for the testing and analysis of the data. The first involves 
an extensive examination of errors, in which the internal, acci- 
dental errors are derived from the line widths, and the external, 
systematic variety from comparisons between data sets and 
between observed and theoretical intensity ratios. The latter 
are employed to make corrections prior to the calculations of 
[O in] electron temperatures and of the 0+/H+ ratios derived 
from the [O n] A7325 lines. 

In the second, a new method for deriving approximate 
0+/H+ ratios is presented, applicable to cases in which the 
[O ii] lines are not observed. The procedure uses the correla- 
tions between the [O n] 23727, [O i] 26300, and [S n] 26723 
line intensities developed by Kaler (1980, 1981) and employs 
the values observed for the latter two to infer that of the 
former. The method is useful for nebulae for which only limited 
wavelength coverage is available, or for those that are both 
heavily reddened and intrinsically weak in [O n], since then 
neither 23727 nor 27325 is easily observable; it is largely sta- 
tistical in nature, with an intrinsic error of a factor of 2 or more 
in either direction, but it can be useful for checking and explor- 
ing nebulae for abundance anomalies. 

Most of the nebulae studied here are now deserving of 
further examination in the blue, and of general observation 
with an improved signal-to-noise ratio. 
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