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Abstract. The ISO spectrum of NGC 6302 is used, in conjunc- The use of the ISO infrared spectrum removes or alleviates
tion with the visible and ultraviolet spectrum, to determine theeveral of these problems. Concerning (1) the infrared lines orig-
nebular composition. In addition to being considerably moneate from levels so close to the ground level that the electron
accurate than previous determinations, the abundances of mamyperature does not enter in an important way in populating
more elements (and ions) can be found. A discussion of ttiese levels. Concerning (2), so many additional ions are ob-
previous evolution of the central star, in the light of these abuserved in the infrared that, as will be shown below, the uncer-
dances, is given. A discussion is also given of the composititainty of the correction for unseen ionization stages is much
of the dust. reduced. The correction for extinction (3) is negligible in most

of the ISO range and small in the near infrared. The electron
Key words: stars: abundances — stars: evolution — ISM: plandensity (4) is usually unimportant in the probable range, but
tary nebulae: individual: NGC 6302 — infrared: ISM: lines anthere are cases which require a careful discussion of the density.
bands Finally, new values of collisional cross-sections have become
available in the past several years which reduce the uncertainty
in the atomic data (the IRON project). The absolute uncertainty
in the atomic data, may still be occasionally large.

The ISO spectrum of NGC 6302 for a large region in the
Nebular abundances are the most important information for gntral part of the nebula has been presented and discussed in a
termining the evolution of the central star. As such, they hapgevious paper (Beintema & Pottasch, 1999, hereafter Paper ).
been studied for many years. The accuracy of the abundancghg optical and ultraviolet spectrum in essentially the same part
hard to judge. Aller (1994) estimates the uncertainty as aboufdhe nebula has also been presented. In this paper itis intended
factor of 2, but he may be optimistic. As pointed out by Pottaséf use this spectrum to derive the element abundances. In Sect. 2
(1997), a comparison of the most recent abundance determiwg-Wwill discuss the method to be followed. In Sect. 3 the nebular
tions for the 5 most abundant elements in the bright planetdl§nsity and temperature in the region observed. In Sect. 4 the
nebulae NGC 7027, gives reason for concern. Of the 4 deti@nic abundances will be given, together with the total element
minations made since 1990, there is a factor of 3 differengBundances. These results will be discussed in Sect. 5.
between the highest and lowest value for nitrogen, oxygen and
neon, and a factor of 6 difference for carbon and magnesium.

Itis not clear what the problem is. It probably has to do witB. Method of analysis
the following:

1. Introduction

NGC 6302 as seen in the optical is somewhat irregular, elon-
gted, and is crossed near the center by a dark dust lane. At very
low intensity levels a large bi-lobal structure is seen. Our spectra
ZQ_aper I) are confined to the central £420 arcsec where the
bi-lobal structure is unimportant. The radio map (see Paper I)
hows no important structures in this region of peak intensity.

1. uncertainties in the electron temperature, or temperat
fluctuations in the nebula.

2. different ways of correcting for the unseen stages of ioni
tion.

3. different corrections for the extinction to, or within, the ne ) -
ula. There is no evidence for a shell structure.

4. uncertainties in the electron density, or density fluctuations FOr this reason, we shall assume, as a first approximation,
in the nebula. that the spectrum is coming from a region of constant density

5. uncertainties in the atomic parameters, especially the crg2Rd temperature. This can then be checked. For example, there

section for electron collisional excitation. are 10 ions where measured line ratio’'s are dependent almost
entirely on the electron density.NThere ions have a variety of
Send offprint requests tpottasch@astro.rug.nl ionization potentials, ranging from 10.4evi{pto 97ev (Nev).
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Table 1.Electron density indicators mean of N = 11 000 cnv3. The factor 2 can simply be caused
by the fact that the observational errors are actually sometimes
lon loniz. Lines Observed Electron Ref greater than the 10% estimated, coupled with the fact that N
Pot. used ratio density is sometimes a non-linear function of the observed ratio. In ad-

S 10.4  6731/6716 2.080.04  1080@-1500 dition there is a further error caused by the uncertainty in the
On 13.6  3726/3729 2.170.01 8100a-300 atomic parameters. This error is very hard to quantify because it
Sm 23 33.5/18.7  0.3%0.04 500@:600 depends on how sensitive the ratio is to the density. The calcula-

Clii 24 5538/5518 240.2 2300@:-5000
Cimr 24 1907/1909 110.1 1700@1000
Artir - 28 21.8/8.99 0.059 <18000
Artv  40.7 4740/4711 1.790.03 1450a-500
Nemrr 41 15.5/36.0 1621.7 2000@:15000
Arv 60 13.1/7.9 1.50.15 3002500
Nev 97 24.3/14.3  0.420.05 10006-1500

References(1) Paper |, (2) Barral et al. 1982, (3) Oliva et al. 1996.

tions of the collision strengths include its variation with electron
temperature. The variation is usually not large and may either
increase or decrease with temperature, depending on the ion.
Itis interesting to compare this value of density with the rms
density found from the strength of thesHine. This depends on
the distance and for this calculatide 1.6 Kpcis used (Terzian,
1997). Itis assumed thatN= 0.8 N,, and that the observedH
emission originates in a sphere of 16 arc sec diameter, which is
a reasonable approximation to the aperture used in Paper I. The

It is expected that the ions with higher ionization potential willms density is:
be formed closer to the central star. If the derived densities Vélnw ) oms = 11000 cm ™
as a function of ionization potential of the observed ion, itis an /"™
indication that the density varies with the position in the nebulahich is in good agreement with the individual values in Table 1.
If necessary, this can then be used to refine the model.  This indicates that there are no large scale densities inhomogen-
It is assumed that the ions considered are in statisti¢éés in the nebula.
equilibrium and can be represented by the lowest 5 levels. In the rest of this paper we will use the value N
The collisional excitation is assumed to occur by electran 000cms?, constant over the emitting region of the aper-
collisions, where the cross-sections used are all from the recgie.
publications of the “IRON project”. The individual references
can be found in
http://www.am.qub.ac.uk/projects/iron/papers/papers.htmi
The Einstein A values are either summarized by Mendoiathe visual spectra two ions are available which have lines
(1983), or a reference is given there where they can be foundriginating from levels of sufficently different energy so that
the ratio can be used to determine the electron temperature T
These are @1 and Nit. When the SWS infrared lines are in-
cluded, at least 9 other ions become available, although a few
The ions from which line ratio’s can be used to determine Nf these lines also have a density dependence. These ions are
are listed in the first column of Table 1. The ionization potentiéikted in the first column of Table 2; the ionization potential of
required to reach thationization stage is in Column 2. The wauhe lower stage of ionization is given in Column 2. The line ratio
lengths of the lines used are given in the third column, where thged to determine the temperature is given in Column 3. When
units ared when 4 ciphers are given and microns when 3 cipheagher lines of the same ion are available they usually give the
are given. The observed ratio of these lines is given in the foughme temperature. In the single case where a difference exists,
column, where the errors are those given by the observers. Botii, the temperature resulting from two different line ratio’s
the ISO data, we estimate a 10% errow{ifor the ratio. The is given. The observed line ratio, with the estimatedetror, is
derived value of N for a value of T = 18000K is given in given in Column 4, and the resulting value qf, With its error,
Column 5, together with thesluncertainty. The reference foris given in Column 5. In those cases in which an electron density
the observed ratio is given in the last column. was also necessary, the value determined in the previous sec-
The ratio given for the Ari lines is a lower limit because tion was used. There appears to be a relationship betwesmdr
the 8.99um line is a blend of Arir with Mg vii. The Neiir  the ionization potential. This is also shown in Fig. 1. The higher
density has a large uncertainty because the line ratio is not vegnperatures are found from the ions with the higher ionization
sensitive to the density at values of N 10* cm™3. potential. Above an ionization potential of &0the tempera-
The choice of T=18 000 K is justified in the following sec- ture appears to remain constant at a value 22 000 K. Below
tion. However, the density value given is insensitive to the pré@ev the temperature drops, reachng its lowest value of about
cise value and the error given covers 15008 K. <20000K. 14 000K for Ni1. Since the ions with high ionization potential
The uncertainty in the collisional excitation rates is not includeate formed closer to the central star, it appears that the temper-
in the error, because it is not known. ature in the central regions is, as expected, the highest, and it
On examining the values of Nn the table there is no in- decreases toward the outer regions. It is rather difficult to spec-
dication that a systematic trend with ionization potential exisi$y this more quantitatively since (1) the exact position of the
Within a factor 2, all values are consistent with the weighteaperture is uncertain withi#t3”, (2) the spectrum is integrated
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Table 2.Electron temperature indicators weighed according to the amount of material at a given tem-

perature. Since this is difficult to calculate without discussing
lon loniz. Lines Observed Electron the stellar spectrum and the geometry of the emitting gas, we

Pot. used ratio temp. have chosen to use the valug ¥ 18 000K for the hydrogen
N 11 145 5755/6584 0.0450.0008 13600-1500 spectrum. Since the actual average value is certainly between
S 23.3 6312/18.7 0.180.02 1600@-1500 16 000K and 20 000K, and the error introduced depends only
Armn 27.6  5192/21.8  0.480.1 1350@:2500 on the square root of the temperature, the resultant uncertainty
Armm - 27.6  5192/7136  0.1950.03 15506:2000 is only 5 or 6%. This is smaller than the errors of measurement.
O11t 35 4363/5007 0.03360.003 18508-1500
Nein 41 3868/15.5 0.6%0.1 110062000 .
Orv 55  1400/25.9 1.250.3 230082000 5. lonic abundances
Nerv 63 2425/4725 6156.2 2150@-3000 The ionic abundances have been determined using the following
Narv 72 3242/9.04 2.20.6 2500@:5000 equation:
Nev 97 3426/14.3 1.110.2 24502500
Mgv 109 2783/5.61 0.880.1 200061500 Nion  Tiom . Aul 0ris ( N, )1 W
Np IHB eAHﬁ Aul Nion

I where |,,,/l 5 is the measured intensity of the ionic line, orig-

ﬂ[“ SRS S RS inating from levelw in the ion, compared to Bt N, is the

e ] density of (ionized) hydrogeny,; is the wavelength of this
line and\ g 5 is the wavelength of H; a5 is the effective re-
combination coefficient for H; A,,; is the Einstein spontaneous
transition rate for the line, while NN;,,,,, is the ratio of the pop-
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[ ulation of the level from which the line originates to the total
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o T e T e e e population of the ion. This ratio has been determined using the
Ionization Potential 5 level atom described above. The results are given in Table 3.

Fig. 1. The electron temperature as determined from different ions i&1€ first column lists the ion concerned. The second column
plotted as a function of the ionization potential of the ion. The ions agives the wavelength of the line (or lines) used to determine
specified in Table 2. the ionic abundance (relative to hydrogen). The intensity of that
line is taken from Paper I. It is interesting to note that (excluding
helium) an infrared line was used for 41 of the 57 ions listed.
along the line of sight, and (3) the original IR, optical and UM his means that most ionic abundances (listed in Column 3 of
spectral lines may not refer to precisely the same spatial regiding table) are not sensitive to the electron temperature nor to the
in the nebula. Although an effort was made in the reduction fpossibility of electron temperature fluctuations. Only C, N and
them to be consistent with each other within a common arg¢a,some extent O, are temperature dependent. When the ion is
some residual differences may have remained. temperature dependent, the temperature used is that discussed in
As can be seen from the table and figure, theiNien gives the previous section. In addition the ionic abundance is usually
a value of T considerably lower than given by the other ionsnsensitive to the electron density. Only in those cases where the
Although there is only one measurement of 48868 line inthe A value for the transition is smaller than 1dsec! is there an
literature (Aller etal. 1981), itis unlikely that the line strength ismportant N, dependence ($i and Orv). Even in these cases
so far wrong (to obtain I= 20 000. the\ 3868 line would have the dependence varies linearly with the density, i.e. there is no
to be 5 times stronger). It is possible that the electron collisiexponential dependence.
cross-sections are overestimated, but the IRON project valuesThe fourth column gives the sum of the observed ions of a
are estimated to be correct to within 10% (Butler & Zeippegiven element. The fifth and sixth columns give the ionization
1994). The Qv temperature is calculated on the assumptiaorrection factor (ICF) and the total abundance of each element
that theX 1400 A line is mainly Qv and that Siv is only a (relative to hydrogen). These were calculated on a purely em-
minor contributor. If Siv were an important contributor, thepirical basis, in the following manner. First it was noted that the
temperature would be lower. maximum ionic abundance occurs for ions which require 30 to
The precise value of the temperature is not of great impd&® ev to be produced. For ions with higher ionization potentials
tance for determining the abundance of ions which emit fitlee ionic abundance slowly decreases. From the magnesium and
structure lines in the infrared. This is the majority of the ionsilicon ions, it can be seen that above ionization potentials of
For ions which are represented only by lines in the visual 800 to 240ev the ionic abundance becomes very small and
ultraviolet, the temperature used will depend on the ionizatidor our purposes these ions contribute very little to the element
potential as shown by the dashed line in Fig. 1. The error in tabundance. As an example consider the case of neon. All of the
abundance of these ions will consequently be somewhat greabundant ions are seen. On the high ionization side a small con-
Since the hydrogen lines are formed over the entire regitiibution may be found in Ne1r and Neviir. Judging from the
an average temperature should be used. This average shoulctieer rapid decline from Ner through Nevr, it is unlikely that
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Table 3. lonic concentrations and chemical abundances. Wavelengtible 3. (continued)
in Angstrom for all values of above 1 000, otherwise jam.

lon A n(ion)/n, Xn(ion)/n, ICF n(element)/p
He® 4472 0.11

Het 4686 0.061 0.17 0.17
ctt 1909 2.2(-5)

c*? 1548 1.4(5) 3.7(-5) 1.68 6.0(5)
N+ 6584 2.9¢-5)

N+ 1750 6.8(-5)

N+3 1487 7.8(5)

NF4 1238 6.4(5) 2.4(-4) 1.2 2.9¢4)
o° 1.1(-5)

ot 3727 1.1€5)

o+t 5007 9.0(-5)

ots 25.9 5.9(5) 1.71(4) 1.35 2.3(4)
Ne® 12.8 5.2(-5)

Net 15.55 7,8(5)

Net3 2425 3.5(5)

Ne™  14.3,24.3 2.2(5)

Net® 7.65 7.066) 1.95C4) 1.1. 2.2(4)
Nat* 7.31 6.067)

Na'® 9.038,3242  2.5(7)

Na'® 8.607,14.39  6.4(7)

Nat® 4.68 2.1¢7) 1.7(-6) 1.5 2.6(6)
Mg*3 4.49 1.3(-6)

Mg** 5.61,13.51  4.4(6)

Mg+¢ 5.50 1.51¢6)

Mg*? 3.03 3.8(8) 7.24(-6) 1.8 1.3(5)
Al 2.91 <1.8(-9)

AltS  3.66,9.11 2.8(9)

AlFT 3.69 1.4C9) 42(-9) 2.4 1.0(8)
Sit 34.8 6.8(-6)

Sitt 1892 1.0(-6)

Sit® 3.5(-6)

Sitt  2.48,6.49 2.146)

Sit® 3.94 1.8¢9) 1.34(5) 1.7 2.3(5)
st 6731 1.3¢-6)

stt  18.7,335 2.2(6)

sts 10.5 1.3¢6)

ST 9918 3.8¢7) 5.2(-6) 1.5 7.8(6)
Clt  14.36,8577 7.28)

cIt+ 5538 3.7¢-8)

cl+3 11.76 2.1¢8)

cl+4 6.70 7.9¢8) 2.1(7) 1.65 3.4(7)
ArT 6.99 1.5(-6)

Artt 2187137  2.0(6)

Art3 4740 8.6(7)

Art*  13.10,7.90  3.6(7)

Artd 4.54 4.1¢7) 5.1(-6) 1.2  6.0(6)
K++ 4.62 3.0(-8)

K+3 5.98 1.9¢-8)

K+  558,8.83 1.148)

K+6 3.19 3.39) 6.3(-8) 1.35 8.5(8)
Ca®3 3.207 1.3¢8)

Ca™ 4.16 2.5(-8)

Ca'® 4.08 3.069)

ca'™’ 2.32 1.8¢10) 4.1(-8) 1.8 7.4(8)
Fe' 25.98 2.17)

Fet+ 22.9 <1.0(-7)

lon A n(ion)/n, Xn(ion)/n, ICF n(element)/p
Fet3 <2.1(=7)

Fet* 208 3.0(8)

Fe™ 14.8,19.6 2.0(7)

Fet® 952 6.08) 7.2(-7) 1.2 8.7(7)

more than 5 to 8% of the neon is in the two unseen ionization
stages. A more difficult problem is whether any neutral neon
is present, since its ionization potential of 2¢:6would allow

its presence in the ionized hydrogen region. But if it is present,
the amount is not substantial, since even the amount of singly
ionized neon is considerably less than that of doubly ionized
neon. We have thus increased the total amount of neon to be
10% more than the total of the observed neon ions, or an ICF of
1.1. As can been seen from Table 3, the ICF is almost always less
than 1.8, which is a rather small uncertainty. This reflects the
fact that usually very many of the important ionization stages
are seen. Only in the case of aluminium is the estimated ICF
higher; this is because no lines originating from the 4 lowest
ionization stages have been seen.

An estimate of the possible errorin the element abundance is
rather difficult to give, because it depends not only on accuracy
of the measured line strengths, the ICF and occasionally.on N
and/or T, but also on the atomic parameters, especially the
electron collision cross-section. Assuming that the estimate of
the uncertainty of the latter is 10 to 20% as indicated by the
IRON group papers, we estimate the total element uncertainty
to be about 30%, sometimes a little less, sometimes a little more.
The reason for such alow uncertainty is the fact that even a factor
2 uncertainty in a given ion will be moderated by the inclusion
of other ions of the same element.

6. Comparison with other abundance determinations

The abundances found are summarized in the first two columns
of Table 4. For comparison the results of Aller et al. (1981) are
given in column3. For some elements the agreement is good,
but for others there is substantial disagreement. For Si and Ca
the differences amount to more than a factor 3, but in both cases
Aller et al. were only able to measure a single ionization state.
When a comparison is made between individual ionization states
it is seen that disagreements of a factor of 3 or 4 are not uncom-
mon. But these are somewhat reduced when the total element
abundances are compared. There are many reasons for these dis-
agreements. First the collisional excitation cross-section may be
different. For example, the NI cross-section is now thought to

be a factor of 2 higher which reduces thaiNabundance by

the same factor. Secondly different measurements were used.
For example, the ©s abundance was determined from the 25.9
micron lines, which has the effect of lowering the abundance by
a factor 3. Similarly the Na1 abundance was determined from
the strong infrared lines at 15.5 and 36.0 microns, causing an in-
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Table 4. Comparison of abundances in NGC 6302 (log(X4d12) 7. Comparison with abundances in the Sun and B stars

In the study of evolution and the creation of the elements in PN,
it is interesting to compare the abundances in this nebula with
el 1126 those in earlier evolution stages. In particular we can compare
elium . . .
Carbon 778 800 855 824 814 849 with solar abund_ances as an exa_mple of a m|ddle-ag§d solar
mass star, and with the B stars, which are younger, heavier stars;

Element Present Aller etal. StrB Star? ISM
Abundance (1981) ¢ Opt? Orion*5

Nitrogen 8.46 8.92 797 7.81 7.90 7.83 .

Oxygen 8.36 870 887 862 848 860 the latter are therefore more likely to be the foreloper of the
Neon 8.34 799 808 8.09 7.01 central star of NGC 6302.

Sodium 6.42 657 6.31 5.36 In Column 4 of Table 4 the solar abundances, taken from
Magnesium 7.11 758 7.38 6.03 Anders & Grevesse (1989) and Grevesse & Noels (1993) are
Aluminium 4.00 6.48 6.37 shown. The 5th column lists the B star abundances. These are
Silicon 7.36 6.9 755 738 6.24 6.65 the average of the values given by Gies & Lambert (1992) and
Sulfur 6.90 680 727 709 745  6.97 Killian-Montenbruck et al. (1994). These two references some-
Chlorine 5.53 559 527 527 5.08 times differ by a factor 2 for a given element, which is a measure
ég%g;um 647;33 65'9332 65'5163 640(?4 6.42 ofthe uncertainty of these abundances. The number of elements
Calcium 487 536  6.34 261 reported for the B stars is less than in the Sun or in NGC 6302.

When comparing the abundances in these objects, several

Iron 5.95 751 7.55 5.23 6.43 . . . . "

" things are noticeable. First, consider C, N and O. The ratio N/O
Solar abundance from Grevesse & Noels (1993) and Andersi&clearly larger in NGC 6302 than in the sun or B stars, in agree-

Grevesse (1989). ment with Aller et al. (1981). The ratio C/© 0.27 is somewhat

® B star abundance are the average of Gies & Lambert (1992) d8%er than in the sun but, within the uncertainties, the same as in
Killian-Montenbruck et al. (1994) and have an uncertainty of 0.2 dex; ’ '

3 ISM abundance in from Savage & Sembach (1996) and refers to Eéta,rs- The sum (C+N+O)/H s SomeWh,at lower in NG.C 6302
cool clouds in the direction af Oph. A typical uncertainty compared than in the sun, but about the same as in B stars. This has the

to other clouds is at least 0.2 dex. consequence that it is possible that the central star of NGC 6302
4 Rubin et al. (1991, 1993) evolved from a B star, and in the process converted some of its
® Osterbrock et al. (1992) oxygen and carbon into nitrogen. Secondly, the abundance of

neon and argon are somewhat higher in NGC 6302 than in the

fth | factbiirdl ¢ sun or B stars. The difference, a factor of about 1.7, is marginal.
crease of the abundance by almost a factoiirdly, many o If it is true, it would mean that these elements are produced in
the abundances found by Aller et al. are dependefit@nd/or o urse of evolution.

N., for which somewhat different values were used than found The remainder of the elements can be divided into two

here. For example they used N 7200 cnm?, somewhat lower groups: the first have abundances very similar to the sun and
than the value of 11000 cn discussed in Sect. 3. Finally, theye B stars, and the second have substantially different abun-
large increase in the number of observed ionization stages ¢aRces The first group consists of Na, Si, S and Cl. The second
make a considerable difference in the total abundance, becaﬂ;‘r%%p consists of Mg, Al, Ca and Fe. It is uncertain to which
itis often very difficult to account for missing ionization stageg o, k belongs. The accepted interpretation of the lower abun-
especially when only one or two ionization stages of a givefynces is that these elements are “tied up” in the dust component
element are observed. which is abundantly present as the infrared bands attest to.
The carbon, nitrogen and oxygen abundances found here |, y,iq case it is strange that silicon does not belong to this
are somewhat lower than found by Aller et al., although thg. .\, since the infrared bands indicate it is one of the most
C/O and N/O ratios are similar. On the other hand, we findi,qrtant components of the dust (Waters et al. 1996). How-
higher neon abundance, which seems to be reliable, becaysg the error on the silicon abundance still allows an important

all important ionization stages have been observed, and all Byi,, nt to be present in dust. We shall discuss this further in the
one are represented by ISO infrared lines. The neon abund section

appears to be the same as oxygen, and in fact the total energy
loss in the neon lines is comparable to that in the oxygen lin
confirming that this is a reasonable result.

Magnesium, aluminum and iron abundances are measure
for the first time in this nebula. It is probably also the first timén the last two columns of Table 4, the abundances in the neigh-
that reliable abundances for the latter two elements have béening interstellar medium (ISM) are shown. Column 6 gives
obtained in any nebula. the abundance in the cool clouds in the direction/ddph,

taken from Savage & Sembach (1996). These clouds are the
ones which have been studied in the most detail, and are rea-
! The reason that th&3868A line gives a low abundance is someSOnably typical for cool clouds to within a factor 2. The last

thing we cannot explain, but it is clearly related to the very low electrdgilumn gives the abundances in the Orion nebula, the bright-
temperature obtained from this line. est and nearest H region. The abundances were taken from

%?’Comparison with abundances
H‘l the nearby interstellar medium
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Table 5.Outer regions of NGC 6302. Intensities 1§ ergent?s™!  column gives the strength of this line expected from the inner
region on the basis of the observed strength of an optical or

*Predict. Measur.  Outer ultraviolet transition of the ion. For © \6300 was used; for
Line A Intens. Intens. Reg. lon O111 \5007, for Ni1 A\6584 and for N1 A1750 was used. In all
InnerReg. LWSTot. Intens.  Abund. casestheintensities are givenin Paper I. An electron temperature
ol 63 3.1 289 286 ** T.=15000 Kwas used for @and Ni1, while T, =18 000 K was
ol 88 7.2 54 47 4.4107° used for Qi1 and Nii1. This predicted intensity is seen to always
52 54.0 160 106 be considerably smaller than the total LWS intensity given in
NiE 122 0.83 11 102 4.810°° Column 4. Column 5 gives the difference between columns 4
NIl 57 62 165 103 4%107° and 3, and is the intensity of the line in the outer regions.
* 144 x 20", It is possible to derive the average electron densityilN
* see text the outer region from the ratio of the twoi@ lines. The value

obtained is N = 850 cn 2, an order of magnitude lower than

Rubin et al. (1991, 1993) and Osterbrock et al. (1992). Rudh the inner region. While it is expected that the density de-

has used far infrared airborn measurements so that(sually creases outwardly, there is not sufficient information for a de-

not important. The iron abundance has been considered di@jed model. It is however possible to estimate the ionic abun-

by Osterbrock et al. (1992), and is unfortunately poorly detefances in the outer region. For this one needs to know the H

mined because the atomic data is uncertain for the transitidiy for this region. This is obtained as follows. The 6 cm ra-

they observe. dio continuum flux density of the entire nebula is 3000 mJy
The C, N and O abundances are very similar to the B s{&odriguez et al., 1985). For a value of ¥ 17 000, He'/H =

abundances, so that the discussion given above applies hef@ k% and H&"/H = 0.06, an ¥ flux for the nebula of 5.6«

well. The Ne/Ar ratio is about the same as in NGC 6302, b '* ergent? s~ ! is found. Since the inner region has af H

the abundance of both of these elements to a factor 2 to 3 lovjspx of 2.4 x 10~ ergenT? s~ (Paper 1), the 1 flux of the

If Ne has been enriched in the evolution of NGC 6302, thenqtiter region is 3. 10~ ' erg cn? s™! (no further extinction

is likely that Ar has also been enriched. For sulfur and chlori@rections are necessary). The abundances can now be calcu-

there is agreement to within a factor 2. Sodium and potassil@#€d in the same manner as for the inner region and the results

are an order of magnitude underabundant in the ISM compafé§ given in the last column of Table 5.

to the sun, B stars and NGC 6302. The other elements are clearlyThe abundances may be compared with those of the inner

underabundanct with respect to the Sun and B stars, and "&@0n given in Table 3. For nitrogen it can be seen thatibl

probably in the form of dust. They are also more underabund@90 higher in the outer region andrN about 50% lower. This

in the interstellar medium than in NGC 6302, with the possibi@dicates that the ionization is somewhat less in the outer region

exception of iron. Mg and Si are one order of magnitude 1e8§ Might be expected. Similarly,1@ in the outer region is half

abundant, while Ca is a factor 100 less abundant. This probapijat it was in the inner region, but it is expected that @ill

should be interpreted as a different equilibrium between tR€ higher. Taken together, there is no reason to expect that the

gas and dust in the interstellar medium as in NGC 6302. TraBundance differs from the two regions.

might have been expected in the cool clouds, whose physical AN important conclusion can be drawn from this agreement.

conditions are so different than in NGC 6302. This is not true ¢fe abundances of &, N1 and Onr in the inner region were

the Hui region, but the information on these particular elemerfgtermined from optical and ultraviolet lines and are sensitive
is so sparse that a comparison cannot yet be made. to the temperature, and in particular to temperature fluctuations,

if they exist. The abundances in the outer region are determined

from the far infrared lines, which are not at all sensitive to the

precise value of the temperature (or to temperature fluctuations).

The LWS has measured the spectrum of NGC 6302 from 4Be good agreement is a confirmation that temperature fluctua-

microns through 197 microns (Liu, 1997). The beam of the LW#&ns are not important (less than 50%) in determining the ionic

is much greater than the SWS; about'80 80 compared to abundances.

the 20’ x 14’ of the SWS (Burgdorf et al., 1997). Thus the In Table 5 we have not given an abundance for @ it

LWS has measured essentially the entire nebula and we caridermed in the same region as the other ions, i.e. the region

direcﬂy compare the LWS measurements with the SWS. in which hydrogen is ionized, the abundance can be found in
We shall analyse the LWS measurements which consistibe same way as the other ions. We then find: §(8" = 1.6

N1, N111, O1, Ort and Ci lines, in the following way. From x 10~*. This is considerably higher than ther®abundance.

our analysis of the inner regions (the SWS data) we are abldtids possible that part of the Oline is formed in a neutral

predict the strength of the lines of the first 4 of these ions in tf¢drogen region, especially since the ionization potential of

inner region. We substract this emission from the total obsen/é@utral oxygen and neutral hydrogen are almost the same. The

LWS emission to obtain the intensity in the outer region. TH&tio N(Ci1)/N(O1) can also be determined, since an intensity

results are shown in Table 5. The first two columns give ti§é the 158um line has been measured by the LWS, having | =

ion and the wavelength of the line used (in microns). The thid x 10~'?ergenr?s~!. This gives:

9. The outer regions of NGC 6302: the LWS measurements
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N(Cm) _ ., (2) (see Fig.1). The ionization potentials below aboutc50 T.

N(O1) decreases from about 22 000K to about 13000K in a uniform

But since it is difficult to say how much of each line has bedpanner. Th|§ corresp.onds to a temperature decrease in the outer
arts of the inner region.

formed in the ionized or neutral region, this ratio cannot B
present be related to the abundances. The abun_dance; presented here are not affected by electron
temperature in any important way.

10. Discussion and conclusions
10.3. Nebular masses

In this section 5 topics are listed, together with a discussion

f . . .
the conclusions which can be drawn from the ISO spectra. 'Iohese masses have not been discussed earlier, but they are im-

plicit in the electron densities given for the different regions.
o S If the distance as given by the expansion method is cortect (
10.1. Missing stages of ionization = 1.6 Kpc, Gomez et al.,1993) and the density found in earlier

This has always been an important problem in the past. Wﬁﬁction_s is uniformly distrib.uteq, thgn the inner region mass
the present observations, this problem disappears for many(E]EjUd'ng 40% helium contribution) is:

ements, since all of the important ionization stages have been 17 4 3
measured. This is true of Ne, N, Ar and even Fe and O. Offe~ 2 X 107" em, Ne ~ 1.1 x 10" cm (%)
can now reverse the argument, and ask how good the “ioniza- M =5.0x10""M®

tion correction factors” which are given in the literature are.

Torres-Peimbert & Peimbert (1997) mention two factors. The That this mass is approximately correct can be checked by
firstis: computing the K flux coming from a region of this size and

Ne  Net+ (uniform) density at the above distance. This flux is about 50%
— = (3) less than observed (2:4 10-'°ergcm 2 a '), but since the
0 o+t line-of-sight dimension is poorly known, this can be considered
We find (Table 3) that Ne/O = 1.1 and Ne/O™+ = 0.91. to be reasonable agreement.
This is at first sight reasonably good agreement. But here the The same calculation can be done for the outer region. There
Net+ abundance has been determined from the I1SO infrar@ two difficulties. The first is that the volume observed by the
lines. If the ultravioet line ah3869 had been used, as is usuabWS is probably larger than the actual nebular volume. The
a much lower N&* abundance would have been found. Thisecond is that the average density &9.0° cm~ is only a
problem has been discussed in an earlier section. very rough approximation, since the actual density must have a
The second “ionization correction factor” is: steep gradient. Ifthe average density is assumed, and the volume
N Nt is determined as that which will produce thg Hux, we find a
— = (4) volume of 1.3x 10°* cm® as the emitting region. This lead to a
[0) O+ . .
mass in the outer region of 1.7
We find N/O = 1.5 and N/O™ = 2.64. This is now a dif- Intotal thisis about 2 I\ inionized nebular material. To this
ference of almost 80%. It indicates that “ionization correctiomust be added the neutral and molecular matter that surrounds
factors” based on simple arguments about the similarity of iotite nebula, for both neutral hydrogen absorption (Rodriguez et
ization potentials should be used with caution. al. 1985) and CO (Huggins & Healy, 1989) have been observed.

10.2. Temperature fluctuations 10.4. Abundances and dust depletions

This rather old concept has had a renewed attraction in expldy-comparing the nebular abundances with the sun and B stars,
ing the abundance differences found between what is foutiére is convincing evidence that Mg, Al, Ca and Fe are de-
from collisionally excited €+ and that found from the recom-pleted in the gas. Since these same elements are depleted in the
bination line of Ci1. The abundances found from the ISO lineBiterstellar medium, itis likely that it is for the same reason: the
are formed from such low lying levels that the temperature delements are in the form of dust. In this connection it is strange
pendence is small. We can therefore check if it is necessarthat Si is not noticeably depleted, since it is clearly seen as a
postulate temperature fluctuations. In the inner region it wasmpound in the dust features observed in the nebular (Waters
necessary to use optical and ultraviolet lines to determineeDal. 1996). But a factor 2 depletion could be present, but not
and N abundances, because no ISO lines were available for thégectable.
small region. For the outer region the abundances of O and There is not enough information to say whether O or C is
N were determined from ISO measurements. The fact that firesent in important amounts in the dust. It is expected that the
same abundances were found for the two regions, indicates theppleted “metals” listed above will be in the form of compounds
it was not necessary to introduce temperature fluctuations. together with O and/or C. Probably the amounts of the “metals”
It was however found that the electron temperatue variage too low to significantly affect the O or C abundances, but
as a function of the ionization potential of the observed ichis is not yet certain.
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10.5. Abundances and evolution
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