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ABSTRACT 

We present the first observation of the [Ne m] 36.02 jttm line in a planetary nebula—NGC 6543. Since the 
dominant form of neon in medium-excitation to high-excitation planetary nebulae is Ne m, the abundance of 
this ion is important in determining the total neon abundance. Use of the 36 ¡im line for an abundance 
determination has the advantage of insensitivity to temperature uncertainties. However, current atomic parame- 
ters lead to a Ne ill abundance in NGC 6543 which is 4.5 times the cosmic neon abundance and 2.6 times the 
abundance from optical line studies. Although such a high abundance cannot be ruled out immediately, 
inaccuracies in the infrared level collision strengths are suspected because resonances were neglected in their 
calculation. The 36 /a m line is also useful as a temperature probe when combined with the [Ne m] 3868 A line. 
When compared to [Ne m] 15.56 pm fluxes, a temperature-insensitive density estimate may be obtained. The 
utility of these line ratios depends upon the actual infrared level collision strengths, which will affect the density 
range over which they are sensitive. 

Subject headings: mhaxzfr. spectra — nebulae: abundances —nebulae: planetary 

I. INTRODUCTION 

In most medium-excitation to high-excitation planetary 
nebulae, neon is predominantly twice-ionized (see, e.g., Aller 
and Czyzak 1983). In neon abundance studies of planetaries, 
therefore, an important probe has been the brightest optical 
line of Ne m, located at 3868 À. 

Ne in abundances derived from the 3868 Á and Hß fines 
are unfortunately affected by the strong temperature depen- 
dence of the emissivity. An uncertainty in nebular temperature 
of ±1000 K at 8000 K may lead to an error as large as a 
factor of 3.6 in the abundance. Spatial variations of tempera- 
ture in the Ne m regions translate into similar uncertainties in 
an abundance derived assuming a single temperature. 

The infrared fine-structure fines of Ne m at 15.56 and 36.02 
pm (see Fig. 1) are not temperature sensitive. Their use in 
abundance studies would therefore alleviate this problem with 
the analysis of optical fine data. Because of attenuation by 
atmospheric C02, the 15 pm fine is not observable even from 
airborne altitudes. On the other hand, the 36 jam fine is 
observable from aircraft, although it is in the wing of a 
pressure-broadened H20 fine. Erickson et al. (1983) have made 
a possible detection of the 36 jam fine in the H n region M17. 
We present the first detection of this fine in a planetary nebula 
—NGC 6543. 

If the extinction correction for an object is well known, the 
infrared to 3868 Á fine ratio can be used to obtain a nebular 
temperature. In addition, when 15 jam fluxes from spaceborne 
telescopes such as the Infrared Astronomical Satellite {IRAS) 
or the Shuttle Infrared Telescope Facility (SIRTE) become 

available, the ratio of the two infrared lines can be used to 
derive a temperature-insensitive estimate of nebular densities. 

II. OBSERVATIONS 

The 36.02 jam fine was observed using the liquid-helium- 
cooled high-resolution grating spectrometer described by 
Houck and Gull (1982). The instrument was used on the 91 
cm telescope of NASA’s Kuiper Airborne Observatory (KAO). 

The Ne m fine was observed from the KAO on the night of 
1983 July 20. The spectrum is shown in Figure 2. The fine is 
not resolved so that the FWHM of the fine profile is the same 
as the instrumental response width, 0.06 jam. The fine position 
is 36.02 ± 0.01 jam (all errors quoted in this Letter are 1 a). 
This is in the pressure-broadened wing of an H20 fine at 
35.938 jam. The usual procedure for calibrating a spectrum is 
to divide by a spectrum of the Moon measured on the same 
flight, which should suffer the same attenuation by atmo- 
spheric fines. However, after convolving the actual lunar spec- 
trum with the instrumental profile to obtain the observed 
lunar spectrum, the observed transmission at the Ne m fine in 
the H20 fine wing will be lower than the actual transmission 
at this wavelength. We used high-resolution atmospheric model 
fine spectra to correct for this effect. By comparing the con- 
volved (instrumental response with model spectrum) to the 
model transmission at the Ne m fine, we obtained a correction 
to the observed fine flux of 15%. The model transmission at 
36.02 jam is 0.78. After calibrating the NGC 6543 spectrum 
with the lunar spectrum and including the convolution correc- 
tion, the Ne m fine was fitted with a Gaussian instrumental 
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Fig. 1.—Energy levels of the Ne m ion. Level spacings are to scale, 
with the scale for 3F levels expanded. 

Fig. 2.—Calibrated spectrum of NGC 6543 centered on the [Ne m] 
36.02 jam line. 

profile (see Fig. 2). The resulting line flux is (7.7 ± 1.3) X 10“18 

W cm“2. 
The diameter of our circular beam was 30". The [O m] 

4959 + 5007 Á map of NGC 6543 made by Phillips, Reay, and 
Worswick (1977) is roughly oval with dimensions of 17" X 23" 
(FWHM). Since Munch (1968) found that the [Ne m] 3868 À 
and [O in] images were very similar in appearance, the 
Ne in-emitting regions of the nebula should have been en- 
tirely within our beam. 

III. IONIC ABUNDANCE AND TEMPERATURE 

By combining the above Ne m flux with the optically thin, 
free-free flux from the nebula, an ionic abundance can be 
calculated (cf. Herter et al 1981). We have assumed an effec- 
tive positive ion density of 1.16 times the hydrogen density. 
The radio flux at 10.63 GHz is 0.77 ± 0.08 Jy (Higgs 1971). 
We assume an electron density of 4000 cm“3 which is an 
average from [O n] and [Cl m] density contour maps of 
Dopita and Gibbons (1975). From the optical line O m 
temperature map of Reay and Worswick (1982), we obtain an 
average temperature of 8000 K (the contours range from 7750 
to 9000 K). Collision strengths and transition probabilities 
from Saraph, Seaton, and Shemming (1969) and Pradhan 
(1974) were used to set up the atomic level rate equations from 
which populations and line emissivities were calculated. The 
resulting ionic abundance of Ne m relative to hydrogen is 
(3.7 ± 0.7) X 10“4. Since the total cosmic abundance of neon 
is 8.3 X 10“5 (Allen 1981), the derived total neon abundance 
in NGC 6543 is at least 4.5 times the cosmic abundance. On 
the other hand, the Ne m abundance derived from the [Ne m] 
3868 À to H^8 fine ratio is 1.4 X 10“4 (Aller and Czyzak 
1983), only 1.7 times cosmic neon abundance. 

Two possible explanations for this infrared versus optical 
abundance discrepancy (a factor of 2.6) are a temperature 
overestimate for the optical line analysis or incorrect atomic 
parameters used for the optical or IR abundances, or for both. 

In analyzing the optical line intensities, Aller and Czyzak 
(1983) assumed a temperature of 8000 K. The optical abun- 
dance depends on assumed temperature as T“04 exp ( - 37,230 
K/T) (see, e.g., Osterbrock 1974). At 8000 K, this may be 
fitted by a power law of the form T“5 2. The optical result 
could be made to agree with the infrared determination by 
assuming a temperature of approximately 6700 K. Since the 
O in temperature contours on the map of Reay and Worswick 
(1982) range from 7750 to 9000 K, a temperature of 6700 K 
seems unlikely. Because of the insensitivity to temperature of 
the infrared line and free-free radio emission, the infrared 
abundance is quite insensitive to assumed temperature, vary- 
ing as T015 for densities less than the collisional critical 
density (42,000 cm“3 for the 36 /xm fine). At higher densities, 
the abundance varies as T“0 35. 

Another possible explanation for the abundance dis- 
crepancy is that one or more of the atomic parameters used in 
deriving abundances is incorrect. According to Mendoza 
(1983), the transition probabilities for Ne hi are quite accu- 
rately known. Moreover, he notes that the calculated collision 
strengths between the 3R, 1Z), and lS multiplets (Pradhan 
1974) are probably fairly accurate. Thus, the optical level 
parameters are probably correct. However, the most recent 
colhsion strengths for transitions within the inverted 3P multi- 
plet which are responsible for the infrared fines (Saraph, 
Seaton, and Shemming 1969) are questionable. These were 
calculated without including excitation resonances which can 
markedly increase the collision strengths. An example of this 
is the recent calculation of collision strengths for the nonin- 
verted 3P multiplet in Ne v (Aggarwal 1983). These indicate 
that the previous values for Ne v given by Saraph, Seaton, and 
Shemming (1969) were underestimates by an order of magni- 
tude due to the exclusion of resonances. Such an enhancement 
by resonances would increase the infrared fine emission per 
ion and so decrease the derived Ne m abundance. An increase 
by a factor of 2.9 in the Œ(3P2-

3P0) collision strength would 
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bring the infrared abundance into agreement with the optical 
result. 

A further check on the value of Q(3P2-
3

JP0) can be made by 
deriving an electron temperature through comparison of the 
36 jam and 3868 À fluxes integrated over the nebula. The 
integrated 3868 À to Hß flux ratio has been measured photo- 
metrically by Tamura (1970). The integrated Hß flux has been 
measured by Capriotti and Daub (1960). Using an Hß extinc- 
tion constant of c(Hß) = 0.18 + 0.11 (Cahn 1976) and the 
Whitford reddening curve as tabulated by Kaler (1976) to 
deredden the 3868 Á flux, the [Ne m] 3868 À flux is (1.85 ± 
0.63) X HT17 WcnU2. 

From the integrated 36.02 jit m/3 868 À flux ratio, the atomic 
parameters mentioned above, and an assumed density of 4000 
cm“3, the derived electron temperature is T/Ne m) = 
6900( + 700, - 400) K, considerably lower than the O m tem- 
peratures given by Reay and Worswick (1982). Increasing 
fí(3P2-

3Pp) by a factor of 2.9, the result is 8400( +1200, - 600) 
K, bringing the two ‘ determinations into better agreement. 
This supports our claim that ti(3P2-

3P0) is underestimated. A 
recalculation of the 3P collision strengths which includes reso- 
nance effects would clarify the situation. 

Depending on the detailed results of more accurate calcula- 
tions, the 36.02 jam to 15.56 jam line ratio might be an 
accurate, temperature-insensitive measure of electron density. 
Such density measurements will be a useful supplement to 
optical results. The density range over which any infrared line 
ratio is sensitive is dependent on the collision strengths. With 
the Saraph, Seaton, and Shemming (1969) values, the 36 jam 
to 15 jam line ratio is sensitive over the range of approximately 
1.3 X 10+4 to 1.3 X 10+5 cm“3. This is rather high for plane- 
tary nebulae, but the sensitivity range would shift to lower 
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densities with increased colhsion strengths. An order of mag- 
nitude increase in all of the 3P colhsion strengths would shift 
the sensitivity range to approximately 103-104 cm“3. 

IV. CONCLUSIONS 

We have presented the first detection of the [Ne m] 36.02 
jam line in a planetary nebula—NGC 6543. In principle, this 
line is a useful probe of the abundance of Ne m, the dominant 
form of neon in objects of medium to high excitation. The 
derived abundances are quite insensitive to temperature uncer- 
tainties or spatial variation in the nebula. 

Unfortunately, these and possible future measurements of 
this line cannot be used until the associated atomic parameters 
are known accurately. The discrepancy between the infrared 
and optical line abundances may be due to inaccuracies in the 
Ü^Pj^Pq) collision strength for Ne m. These may be the 
result of neglected resonance effects in past atomic calcula- 
tions. We therefore urge the recalculation of these numbers. 
Once accurate parameters are available, the 36.02 jam line can 
be used with existing 3868 Á or future 15.56 jam fluxes as a 
temperature or density probe, respectively, in objects of 
medium to high excitation such as planetary nebulae and 
Seyfert galaxies. 
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