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Abstract. The ISO and IUE spectra of the elliptical nebulae NGC 7662 and NGC 6741 are presented. These
spectra are combined with the spectra in the visual wavelength region to obtain a complete, extinction corrected,
spectrum. The chemical composition of the nebulae is then calculated and compared to previous determinations.
The abundances found are compared to determinations made in other nebulae using ISO data. A discussion is
given to see if possible evolutionary effects can be found from the abundance differences.
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1. Introduction

Including the ISO SWS spectra of planetary nebulae with
spectra of the nebula in other spectral regions allows an
abundance determination which has several important ad-
vantages. These have been discussed in earlier papers (e.g.
see Pottasch & Beintema (1999), Pottasch et al. (2000),
or Bernard Salas et al. (2001). The most important ad-
vantage is that the infrared lines originate from very low
energy levels and thus give an abundance which is not
sensitive to the temperature in the nebula, nor to possible
temperature fluctuations. Furthermore, when a line orig-
inating from a high-lying energy level in the same ion is
observed, it is possible to determine an effective tempera-
ture at which the lines in that particular ion are formed.
When the effective temperature for many ions can be de-
termined, it is possible to make a plot of effective temper-
ature against ionization potential, which can be used to
determine the effective temperature for ions for which only
lines originating from a high energy level are observed. Use
of an effective electron temperature takes into account the
fact that ions are formed in different regions of the neb-
ula. At the same time possible temperature fluctuations
are taken into account.

Use of the ISO spectra have further advantages. One
of them is that the number of observed ions used in the
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abundance analysis is approximately doubled, which re-
moves the need for using large “Ionization Correction
Factors”, thus substantially lowering the uncertainty in
the abundance. A further advantage is that the extinction
in the infrared is almost negligible, eliminating the need
to include large correction factors.

In much of the previously published analysis of PN us-
ing ISO spectra the nebulae involved had a bipolar mor-
phology. In this paper we discuss two nebulae classified as
“elliptical”: NGC 7662 and NGC 6741. Their abundances
will be compared to the other nebulae in the final section.

2. The spectrum of NGC 7662

2.1. ISO observations

The ISO SWS observations were made with the SWS02
observing template which gives good spectral resolution
for a limited number of lines. This was supplemented
by an SWS01 observation. The intensity of the lines
found in the spectrum is shown in Table 1. The un-
certainty of the stronger lines is about 10%. The mea-
surements were centered at RA(2000) 23h25m53.9s and
Dec(2000) +42◦32′5.4′′. The diaphragm used was 15′′ ×
20′′ below 12 µm and somewhat larger above this wave-
length. The nebula is somewhat larger than these di-
mensions. The total radio emission from the nebula is
631 mJy (the 6 cm flux density given by Zijlstra et al.
1989). This leads to an expected Hβ intensity of 1.53 ×
10−10 erg cm−2 s−1, which in turn leads to an expected
Brα of 1.04× 10−11 erg cm−2 s−1 (at Te = 12 000 K). If
this is true, the ISO intensity in Table 1 shows that 58% of

Article published by EDP Sciences and available at http://www.aanda.org or 
http://dx.doi.org/10.1051/0004-6361:20011480

http://www.edpsciences.org/
http://www.aanda.org
http://dx.doi.org/10.1051/0004-6361:20011480


S. R. Pottasch et al.: NGC 7662 and NGC 6741 685

Table 1. ISO observations of NGC 7662 (in units of
10−12 erg cm−2 s−1).

Ident. λ (µm) Intens.† Ident. λ (µm) Intens.†

? 2.555 2.8 [S iv] 10.51 130.8

H i 6–4 2.626 3.7 [Ne ii] 12.81 0.78

He ii 7–6 3.092 2.1 [Mg v] 13.52 0.5(:)

? 3.174 4.7 [Ne v] 14.32 22.6

H i 8–5 3.742 0.8 [Ne iii] 15.55 82.3

H i 5–4 4.052 6.2 [S iii] 18.72 12.4

[Mg iv] 4.486 16.9 [Ne v] 24.32 24.8

[Ar vi] 4.529 1.3 [O iv] 25.89 463.9

[Mg v] 5.609 2.3 [S iii] 33.47 5.0

? 6.247 3.2 [Ne iii] 36.01 9.17

[Ar v] 7.905 1.9 [N iii]
∗ 57 18.6

[Ar iii] 8.992 5.6 [O ii]
∗ 52 205

[O iii]
∗ 88 78

† These are aperture corrected intensities (see text).
∗ These data are from Liu et al. (2001) and refer to the entire
nebula.

the nebula is being seen in the 15′′ × 20′′ diaphragm. This
is in good agreement with the calculation of Harrington
et al. (1982) that 52% of the Hβ flux is being seen in
the IUE diaphragm which is slightly smaller (10′′ × 23′′).
Thus a correction factor of 1.72 was used to obtain the
total intensity for the ISO lines below 12 µm. A slightly
lower factor, 1.5, was used for the ISO lines between 12 µm
and 27 µm because of the slightly larger diaphragm used.
Above 30 µm, including the LWS measurements, no cor-
rection factor was necessary since the entire nebula was
being seen. The LWS measurements are reported and dis-
cussed by Liu et al. (2001).

2.2. Comparison with other infrared observations

A comparison is made in Table 2. Only four lines have
been measured earlier and the comparison is made diffi-
cult because different diaphragms were used. The IRAS
measurements refer to the entire nebula, and this is prob-
ably the case for the measurements of Shure et al. (1983).
Increasing the ISO measurements by the factor 1.5 gives
good agreement on average for the 3 lines above 12 µm
and 1.72 appears consistent for the [S iv] line. Because now
the [O iv] line intensity is 35% higher than found by Shure
et al., one can consider the possibility that this oxygen line
is formed in a region closer to the star and a smaller cor-
rection factor is needed. But this is limited by the [Nev]

line which would also be formed closer to the star and re-
quires that the correction factor not be too small to get
agreement with the measurements of Shure et al. A cor-
rection factor of 1.4 for the high ionization stages, and 1.6
for the low ionization stages might give better agreement.
But because the differences are less than 10% we have
chosen not to use this more complicated variant.

Table 2. NGC 7662: comparison of infrared observations (in
units of 10−12 erg cm−2 s−1).

λ Ident. ISO IRAS GMS B S

(µm) (1) (2) (3) (4) (5)

15.55 [Ne iii] 82.3 147

10.51 [S iv] 130.8 100 188 90 67

24.32 [Ne v] 24.8 35.8

25.89 [O iv] 463.9 514

(1) Pottasch et al. (1986); (2) re-reduced measurements;
(3) Gillett et al. 11′′ diaphragm; (4) Beck et al. (1981) 6′′ di-
aphragm: (5) Shure et al. (1983) 30′′ diaphragm.

2.3. Extinction

The observed 6 cm radio emission (631 mJy, Zijlstra
et al. 1989) predicts a total Hβ flux for the nebula of
1.53×10−10 erg cm−2 s−1. The observed Hβ is 1.02×10−10

(Cahn et al. 1992). The extinction is therefore c = 0.176.
The observed Balmer decrement is consistent with this
value: Cahn et al. (1992) give c = 0.15 and Stasinska
et al. (1992) find c = 0.20. We will use c = 0.18 or
EB−V = 0.123.

2.4. Comparison of ISO hydrogen and ionized helium
lines with theory

A comparison of the ISO hydrogen and ionized helium
lines with theory is made in Table 3. This is useful es-
pecially to determine the amount of these ions which are
seen through the ISO aperture. As can be seen from the
table, three infrared hydrogen lines can be seen in the ISO
spectrum. There intensities are given in the third column
of the table, and corrected for a very small extinction in
the fourth column. The theoretical values are shown in
the fifth column and are taken from Hummer and Storey
(1987) for Te = 12 500 K and ne = 104 cm−3. The values
are adjusted to give the best fit. At the same time this
fixes the intensity of all other hydrogen lines, in particu-
lar the Hβ line. The intensity found for this line is about
59% of the total Hβ, indicating that the ISO diaphragm is
seeing 59% of the nebular flux. It may be noticed that the
relative intensities of the observed infrared lines is in good
agreement with the theoretical expectation. The same can
be done for the ionized helium line. Since only a single line
is observed, its intensity fixes the intensities of the helium
lines in the visible and ultraviolet part of the spectrum
λ 4686 Å and λ 1640 Å. The latter is of importance in
comparing the IUE spectrum with ISO and visible spec-
trum. It should be noted that the ratio of λ 4686 Å to Hβ
found in this way, 0.67, is in very good agreement with the
ratio observed in the visible spectrum by Hyung & Aller
(1997a).
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Table 3. NGC 7662: hydrogen and ionized helium line inten-
sities (in units of 10−12 erg cm−2 s−1).

λ (µm) Transit. Obs. Corr. Theory

4.052 Brα(5–4) 6.2 6.25 6.31

2.626 Brβ(6–4) 3.7 3.77 3.68

3.742 Pfγ(8–5) 0.8 0.82 0.86

4861 Å Hβ 89.8

3.092 He ii(7–6) 2.1 2.12 2.12

4686 Å He ii(4–3) 60.4

1640 Å He ii(3–2) 425

The theoretical values assume an electron temperature for
hydrogen of Te = 12 500 K, and for ionized helium of
Te = 15 000 K.

2.5. The visual and the ultraviolet spectrum

The visual spectrum used is that of Hyung & Aller
(1997a). This spectrum refers to a small (6′′ × 4′′) region
on the bright ring of the nebula. We assume that the spec-
trum is similar over the entire nebula. This is an approxi-
mation which is reasonable but not perfect. It would have
been preferable to have the spectrum measured through
a diaphragm as large as the SWS diaphragm. Thus for
the visual spectrum we use the intensities measured by
Hyung and Aller, corrected for an extinction of c = 0.18,
and normalized so that Hβ = 1.53× 10−10 erg cm−2 s−1.

A measurement of the flux of the [Ne v] line at
λ 3426 Å has been made by Rowlands et al. (1984) using
a 48′′ diaphragm which includes the entire nebula. They
find a flux of 5.9× 10−12 erg cm−2 s−1 for this line.

The IUE spectrum is shown in Table 4. The first and
second column of this table give the wavelength and iden-
tification of the observed lines. The third column gives
the intensity measured from the high resolution spec-
tra SWP 04106 and LWR 06805. The fourth column is
the intensity measured from the low resolution spectra
SWP 06408, SWP 03812 and LWR 02657. All these spec-
tra are taken with the central star in the diaphragm. We
have also looked at low resolution spectra taken 7′′ away
from the central star (SWP 06466 and LWR 05548) and
find good agreement with the measurements presented.

The fifth column of the table gives the intensity
through the IUE diaphragm after correction for extinc-
tion. Finally, the last column gives the total intensity of
the nebula, normalized so that the He ii λ 1640 Å has
the intensity predicted by theory and the measurement
of λ 4686 Å in the visible and the 3.092 µm line in the
infrared. Thus the intensities in all three wavelength re-
gions refer to the entire nebula and are compatible with
each other, with the understanding that the intensities in
Table 1 (below 27 µm) and Table 3 refer to 58% of the
total intensity.

Table 4. IUE Spectrum of NGC 7662.

λ Ion Intensities Norm.

(Å) (1) (2) (3) Intens.

1175.60 C iii
\,∗ 2.41 7.95 23.3

1238.69 N v 0.78
1242.66 N v 0.17 2.2 6.64 19.5
1372.15 O v 1.62
1393.65 Si iv 0.82
1399.58 O iv] 0.93 6.9 15.8 46.4
1400.98 O iv] 3.06
1404.61 O iv] 2.19
1407.23 O iv] 0.74
1483.13 N iv] 3.70 5.3 13.7 40.1
1486.53 N iv] 1.93

1549 C iv
\ 168. 423. 1240.

1640 He ii
\ 98. 243. 713.

1660.62 O iii] 1.50
1666.01 O iii] 4.70 5.1 13.1 38.4
1746.78 N iii] 0.08:
1748 N iii] 0.13:
1749.49 N iii] 1.15 1.86 4.62 13.5
1752.00 N iii] 0.76
1753.69 N iii] 0.11:
1882.41 Si iii] 1.21 1.2 2.9 8.5
1909 C iii] 94. 235. 689.

2253 He ii
\ 0.42 1.2 3.5

2297 C iii
\,∗ 2.47 3.25 7.1 20.8

2306.9 He ii
\ 0.71 2.0 6.9

2325† [O iii], C ii] 3.65 9.75 28.6

2385 He ii
\ 1.3 1.14 3.1 9.1

2422 [Ne iv] 12.0 29.2 85.8
2424 [Ne iv] 13.6 33.0 96.7
2468.7 [O ii] 0.27 0.63 1.85

2511 He ii
\ 1.95 2.97 6.4 18.8

2733 He ii
\ 5.63 11.2 32.8

2783.6 [Mg v] 0.37 0.74 2.2
2854 [Ar iv] 0.73 1.5 4.4
2869 [Ar iv] 0.28 0.55 1.6
3024 O iii 1.57 1.75 3.2 9.4
3047 O iii 5.06 6.92 12.7 37.2
3133 O iii 30.0 56. 164

3203 He ii
\ 7.93 10.9 19.1 56.

(1) From SWP 04106 and LWR 06805 – all intensity units
10−12 erg cm−2 s−1.
(2) From low resolution intensity SWP 06408 SWP 0312 and
LWR 02657 – all intensity units 10−12 erg cm−2 s−1.
(3) Low resolution intiensities corrected for extinction,
EB−V = 0.123 – all intensity units 10−12 erg cm−2 s−1.
† High resolution spectra show that this line is mainly due
to [OIII].
\ Probably saturated.
∗ Measured from the short exposure to determine the Ne.

3. The spectrum of NGC 6741

NGC 6741 is a small nebula, not more than 9′′ in diameter.
This means that in well centered ISO and IUE measure-
ments, the entire intensity of the nebula is observed. This
makes it easier to compare the various wavelength regions.
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On the other hand, radio observations of the nebula are
made somewhat more difficult by the fact that there is an-
other strong source only 2′ away (see Condon et al. 1998).
This makes the several single dish observations useless for
determining the flux density of the nebula. There are sev-
eral VLA observations which can be used. Condon et al.
(1998) measure 132.8 mJy at 21 cm, which agrees with
the 21 cm measurement of Phillips & Mampaso (1988).
However a small nebula could be partly optically deep at
this wavelength and the flux density would be too small.
Phillips & Mampaso (1988) find a flux density of 127 mJy
also at 2 cm, which is equivalent to 144 mJy at 6 cm.
Isaacman (1984) measures 153 mJy at 6 cm. We shall use
150 mJy at this wavelength.

3.1. ISO observations

The ISO SWS observations were made with both the
SWS01 and SWS02 observing templates. They were made
with a position centered at RA(2000) 19h02m37.0s and
Dec(2000) −00◦26′56.0′′. The diaphragm was the same
as described for NGC 7662. The nebula is small enough
so that the entire nebula has been measured. The inten-
sities of the various lines are shown in Table 5. Not all
the lines were observed by ISO. The [S iv] and [Ar iii]

lines have been taken from ground based measurements
by Beck et al. (1981) and Grasdalen (1979). Beck et al.
use a 7′′ aperture which is just sufficient to measure the
entire nebula. Grasdalen uses an 11′′ aperture which cer-
tainly measured the entire nebula. His values are slightly
higher than those of Beck et al., and the table gives an
average of both measurements. The data from the LWS
spectrum are taken from Liu et al. (2001), and are taken
with a 70′′ aperture which was large enough to measure
the entire nebula, but small enough to avoid the nearby
emission features. The uncertainty in the SWS observa-
tions is estimated to be 10%.

Table 5. ISO observations of NGC 6741 (in units of
10−12 erg cm−2 s−1).

Ident. λ (µm) Intens. Ident. λ (µm) Intens.

H i 5-4 4.052 2.74 [Ne v] 24.31 21.8
[Mg iv] 4.487 1.98 [O iv] 25.89 81.9
[Ar vi] 4.530 1.14 [Ne iii] 36.01 6.99
[Mg v] 5.609 1.71 [N iii] 57 7
[Ne ii] 12.81 5.34 [O iii] 52 26
[Ne v] 14.32 23.8 [O iii] 88 5.4
[Ne iii] 15.55 76.5 [S iv] 10.5 21

3.2. Extinction

The 6 cm radio flux density of 150 mJy implies that
Hβ = 4.1 × 10−11 erg cm−2 s−1. The Brackett α mea-
surement of 2.90× 10−12 (after a small extinction correc-
tion) predicts an Hβ intensity of 4.0×10−11 erg cm−2 s−1

if Te = 12 500 K. The observed Hβ = 4.36 ×
10−12 erg cm−2 s−1. The leads to a value of extinction
about c = 1.0. From the Balmer dectrement, Hyung &
Aller (1997b) find a value of c = 1.1.

The correction for extinction was made in the following
way. For the infrared lines in Table 5, a correction based
on c = 1.1 was used. Only a minor difference occurs if
c = 1.0 is used. For the visible lines, c = 1.1 is used to
obtain all lines with respect to Hβ. For Hβ itself a value
of 4.1 × 10−11 erg cm−2 s−1 is used. Using the value of
the He ii λ4868 Å line found in this way, a value of the
He ii λ1640 Å line is found from the prediction of Hummer
& Storey (1987) at Te = 15 000 K. The IUE ultraviolet
observations are then multiplied by a factor which gives
the predicted λ1640 Å line intensity, which takes care of
the largest part of the extinction correction. The ratio
of other ultraviolet lines to λ1640 Å is then made using
c = 1.1 (EB−V = 0.75). The extinction curve of Fluks
et al. (1994) is used throughout.

3.3. The visual and the ultraviolet spectrum

The visual spectrum used is that of Hyung & Aller
(1997b). As before, the spectrum refers to a 6′′ × 4′′ re-
gion in the nebula. Since NGC 6741 is only slightly larger
than this, it is probably a good approximation to assume
that this represents the entire visual spectrum of the neb-
ula. After correcting for extinction with respect to Hβ, the
spectrum is normalized to Hβ = 4.1×10−11 erg cm−2 s−1.

The [Ne v] line at λ3426 Å measured by Rowlands
et al. (1984) was used (0.7 × 10−11 erg cm−2 s−1 before
correction for extinction).

The IUE spectrum is taken from NEWSIPS processed
SWP 08970 and LWR 07721 spectra. Both are low resolu-
tion spectra, and both have an exposure of 240 min. They
are similar, but probably more accurate than the values
given by Hyung & Aller (1997b). The measured intensities
are shown in the third column of Table 6, and corrected
for extinction in the fourth column of the table.

4. Chemical composition of the nebulae

The method of analysis is the same as used in the papers
cited in the introduction. First the electron density and
temperature as a function of the ionization potential is
determined. Then the ionic abundances are determined,
using density and temperature appropriate for the ion un-
der consideration, together with Eq. (1). Then the element
abundances are found for those elements in which a suffi-
cient number of ions abundances have been determined.

4.1. Electron density

The ions used to determine Ne are listed in the first col-
umn of Table 7. The ionization potential required to reach
that ionization stage, and the wavelengths of the lines
used, are given in Cols. 2 and 3. Note that the wavelength
units are Å when 4 ciphers are given and microns when
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Table 6. IUE spectrum of NGC 6741.

λ Ion Measured Corrected

(Å) Intens.1 Intens.2

1240 N v 4.1 4.3

1279.54 3.6 2.9

1288.31 1.8 1.45

1311.03 1.7 1.14

1400 O iv] 7.8 3.40

1434.63 2.3 0.90

1487.01 N iv] 3.6 1.29

1549.6 C iv 64.4 22.7

1615.09 3.5 1.2

1641.50 He ii 54.3 17.9

1664.27 O iii] 7.7 2.48

1731.56 2.0 0.58

1751.59 N ii] 13.7 3.77

1813.91 1.3 0.4

1834.46 2.3 0.7

1888.23 Si iii] 2.6: 0.8:

1908.54 C iii] 89.4 29.3

2030.93 6.6 2.3

2328.92 C ii] 15.8 7.94

2425.53 [Ne iv] 29.5 8.20

2472.08 [O ii] 8.9 1.97

2734.55 He ii 4.6 0.43

2786.52 [Mg v] 5.8: 0.52:

2799.47 Mg ii 18.8 1.61

2836.68 O iii 6.8 0.52

3024.70 O iii 4.2 0.24

3047.16 O iii 12.3 0.70

3133.99 O iii 85.6 4.35

3202.50 He ii 21.5 1.02

1 Units: 10−14 erg cm−2 s−1.
2 Units: 10−11 erg cm−2 s−1; EB−V = 0.75.

3 ciphers are shown. The observed ratio of the lines is
given in the fourth and sixth column for NGC 7662 and
NGC 6741 respectively. The corresponding electron den-
sity is given in the fifth and seventh column. The tem-
perature used is discussed in the following section, but
is unimportant since these line ratios are essentially de-
termined by the density. There are not so many density
determinations for NGC 6741 because (1) no high resolu-
tion IUE measurements have been made, and (2) complete
ISO scan has not been made.

There is no indication that the electron density varies
with ionization potential in a systematic way. As already
pointed out by Liu et al. (2001) the [O iii] lines always
give a lower density than the other lines. Ignoring these
lines, the electron density appears to be about 3500 cm−3

for NGC 7662 and about 7500 cm−3 for NGC 6741.
It is interesting to compare this value of the density

with the rms density found from the Hβ line. This de-
pends on the distance of the nebula which isn’t accurately
known, and on the angular size of the nebula. For this cal-
culation we shall use a distance of 0.8 kpc for NGC 7662

(Hajian & Terzian 1996) and 1.5 kpc for NGC 6741 (Acker
et al. 1992). The volume of each nebula is represented by a
sphere of 15′′ and 3.9′′ respectively. The Hβ flux has been
given above and the electron temperature will be discussed
below. We obtain a value of 2300 cm−3 for NGC 7662 and
6500 cm−3 for NGC 6741. These values are uncertain be-
cause the distance is not well known. However the rms
density varies only as the square root of the distance. It is
therefore likely that the similarity of these values to the
forbidden line densities is real. This probably indicates in-
homogeneities do not play a dominant role in determining
the density in either nebula. We will use the forbidden line
densities in further discussion of the abundances.

The fact that the [Ne v] 24.3/14.3 line ratio is “im-
possible” for any density deserves some comment. Rubin
et al. (Mexico City conference of Nov. 2000) have studied
this line ratio in several PN and have found other cases
when this is also true. They suspect that this may be
due to errors in the atomic parameters involved in these
transitions.

4.2. Electron temperature

A number of ions have lines originating from energy levels
far enough apart that their ratio is sensitive to the tem-
perature. These are listed in Table 8, which is arranged
similarly to the previous table. It is clear that the electron
temperature increases for the higher ionization potentials.
This is the same general effect which has been found in the
other nebulae with ISO observations discussed previously.
In the previous nebulae the temperature found from the
[Ne iii] lines is lower than what would be expected from
the ions with lower and higher ionization potential. This
may also be the case for NGC 7662 and NGC 6741, but
it is not so large an effect as in the other nebulae. Still,
we give less weight to this ion in defining the temperature
vs. ionization curve, which is used to give the temperature
for individual ions. Thus for each nebula a diagram was
made plotting the electron temperature against ionization
potential for each ion listed in Table 8 (except [Ne iii]).
The plots are shown as Figs. 1 and 2. In these figures the
best fitting line is drawn and it is this line that is used
to assign a temperature to a given ion to determine its
abundance.

4.3. Ionic and element abundances

The ionic abundances have been determined using the fol-
lowing equation:

Nion

Np
=
Iion

IHβ
Ne

λul

λHβ

αHβ

Aul

(
Nu

Nion

)−1

(1)

where Iion/IHβ is the measured intensity of the ionic line
compared to Hβ, Np is the density of ionized hydrogen, λul

is the wavelength of this line, λHβ is the wavelength of Hβ,
αHβ is the effective recombination coefficient for Hβ, Aul

is the Einstein spontaneous transition rate for the line,
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Table 7. Electron density indicators.

NGC 7662 NGC 6741

Ion Ioniz. Lines Observed Ne Observed Ne

Pot. (eV) Used Ratio (cm−3) Ratio (cm−3)

S ii 10.4 6731/6716 1.60 3200 1.81 6000
O ii 13.3 3726/3729 1.92 5000 2.15 8500
S iii 23.3 18.7/33.4 2.48 3800
Cl iii 23.8 5538/5518 1.24 4500 1.61 9000
C iii 24.4 1907/1909 1.34 5000
N iii 29.6 1752/1749.7 0.66 3200
O iii 35.1 52/88 2.63 1000 4.82 3000
Ar iv 40.7 4740/4711 0.98 3000 1.19 5500
Ne iii 41.0 15.5/36.0 9.07 1000:
Ne iv 63.5 2425/2422 1.13 3200
Ne v 97.1 24.3/14.3 1.10 Imposs.

Table 8. Electron temperature indicators.

NGC 7662 NGC 6741

Ion Ioniz. Lines Observed Te Observed Te

Pot. (eV) Used Ratio (K) Ratio (K)

O ii 13.6 7320/3727 0.49 11 800 uncert.
N ii 14.5 5755/6584 0.042 14 500 0.0216 10 300
S iii 23.3 6312/18.7 0.057 10 800
Ar iii 27.6 5192/8.99 0.0156 11 900 0.020 12 500
O iii 35.1 4363/5007 0.0133 12 800 0.0132 12 600
Ne iii 41.0 3868/15.5 1.23 12 200 1.27 12 500
O iv 54.9 1400/25.9 0.059 14 700 0.274 17 000
Ne iv 63.5 2425/4725 84.7 19 500 81.3 18 300
Ne v 97.1 3425/14.3 0.518 18 300 0.88 21 000
Mg v 109 2783/5.61 0.563 17 000 uncert.
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Fig. 1. The effective electron temperature is plotted against
the ionization potential for the ions listed in Table 8 for
NGC 6741. The x–axis is in logarithmic scale.

and Nu/Nion is the ratio of the population of the level
from which the line originates to the total population of
the ion. This ratio has been determined using a five level
atom.
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Fig. 2. The effective electron temperature is plotted against
the ionization potential for the ions listed in Table 8 for
NGC 7662. The x–axis is in logarithmic scale.

4.3.1. NGC 7662

The results are given in Table 9, where the first column
lists the ion concerned, and the second column the line
used for the abundance determination. Sometimes more
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Table 9. Ionic concentrations and chemical abundances in
NGC 7662. Wavelength in Angstrom for all values of λ above
1000, otherwise in µm.

Ion λ nion/np Σnion/np ICF nel./np

He+ 5875 0.030

He++ 4686 0.058 0.088 0.088

C+ 2325 2.3(−6)

C++ 1909 2.0(−4)

C+3 1548 1.0(−4) 3.0(−4) 1.2 3.6(−4)

N+ 6584 2.6(−7)

N++ 1750, 57 3.7(−5)

N+3 1487 2.6(−5)

N+4 1238 3.2(−6) 6.6(−5) 1.0: 6.7(−5)

O+ 3727 2.8(−6)

O++ 5007, 52 2.5(−4)

O+3 1400, 25.8 1.2(−4) 3.8(−4) 1.1 4.2(−4)

Ne+ 12.8 1.6(−5)

Ne++ 15.5 3.4(−5)

Ne+3 2425 1.1(−5)

Ne+4 14.3, 24.3 3.2(−6) 6.2(−5) 1.03 6.4(−5)

Mg+3 4.459 7.8(−6)

Mg+4 5.606 6.5(−7) 8.5(−6) 2: 1.7(−5)

S+ 6731 1.8(−8)

S++ 18.7 1.2(−6)

S+3 10.5 3.2(−6) 4.4(−6) 1.5 6.6(−6)

Cl++ 5538 3.2(−8)

Cl+3 8046 4.8(−8) 8.0(−8) 1.7 1.4(−7)

Ar++ 8.99 5.7(−7)

Ar+3 4741 7.8(−7)

Ar+4 7.91 9.2(−8)

Ar+5 4.54 2.6(−8) 1.5(−6) 1.4 2.1(−6)

K3+ 6102 1.6(−8)

than one line was used. The third column gives the ionic
abundance, while the fourth column gives the sum of the
observed stages of ionization of a given element. The fifth
column gives the Ionization Correction Factor (ICF). This
has been determined both empirically and with the help of
model nebulae. Notice that the ICF is usually small, less
than a factor 1.5, and the element abundances, given in the
last column, are probably well determined. The abundance
of Mg is somewhat less certain, but probably correct to
within 50%.

4.3.2. NGC 6741

The results are given in Table 10, where the columns are
the same as for NGC 7662. The degree of ionization is
similar in both nebulae. The He abundance is somewhat
higher in NGC 6741, and all other elements are about a
factor of two higher. The single exception to this is Mg,
which is about a factor of 6 higher in NGC 7662. But the
abundance of Mg in NGC 7662 is very similar to that in
NGC 7027 or NGC 6302 and within a factor of two of the

Table 10. Ionic concentrations and chemical abundances in
NGC 6741. Wavelength in Angstrom for all values of λ above
1000, otherwise in µm.

Ion λ nion/np Σnion/np ICF nel./np

He+ 5875 0.070

He++ 4686 0.041 0.111 0.111

C+ 2325 3.5(−5)

C++ 1909 4.8(−4)

C+3 1548 5.7(−5) 5.8(−4) 1.1 6.4(−4)

N+ 6584 4.8(−5)

N++ 1750, 57 1.8(−4)

N+3 1487 2.3(−5)

N+4 1238 2.1(−5) 2.7(−4) 1.0 2.8(−4)

O+ 3727 1.1(−4)

O++ 5007, 52 3.2(−4)

O+3 1400, 25.9 1.7(−4) 6.0(−4) 1.1 6.6(−4)

Ne+ 12.8 1.5(−5)

Ne++ 15.5 1.2(−4)

Ne+3 2425 3.3(−5)

Ne+4 14.3, 24.3 1.0(−5) 1.8(−4) 1.03 1.8(−4)

Mg+3 4.459 3.5(−7)

Mg+4 5.606 9.8(−7) 1.3(−6) 2: 2.7(−6)

S+ 6731 1.5(−6)

S++ 18.7 3.3(−6)

S+3 10.5 2.5(−6) 7.3(−6) 1.5 1.1(−5)

Cl+ 8578 4.1(−8)

Cl++ 5538 8.1(−8)

Cl+3 8046 2.5(−8) 1.5(−7) 1.6 2.4(−7)

Ar++ 8.99 2.5(−6)

Ar+3 4741 8.0(−7)

Ar+4 7007 2.0(−7)

Ar+5 4.54 3.4(−8) 3.5(−6) 1.4 4.9(−6)

solar abundance. The low value of Mg in NGC 6741 is thus
anomalous. It could be that much of the Mg is trapped in
dust grains in this nebula, but the question then arises as
to why this does not happen in the other nebulae.

5. Comparison with other abundance
determinations

5.1. NGC 7662

Table 11 shows a comparison of our abundances with the
most important determinations in the past 20 years. There
is reasonable agreement to within a factor of two. Hyung
& Aller (1997a) have made two determinations of the
abundances. The first method is to determine the indi-
vidual ionic abundances and to sum these to get the el-
ement abundance. This is listed as “Σion” in the table.
Further, they have constructed different model nebulae
and compared the resultant line flux with that observed.
The abundances were changed until a best fit was ob-
tained. This is listed as “Model” in the table. As can be
seen, the difference between these two determinations is
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Table 11. Comparison of abundances in NGC 7662.

Elem. Present HA(1) B(2) H(3)

Abund. Model Σion

He 0.088 0.093 0.093 0.093 0.093

C 3.6(−4) 4.5(−4) 9.5(−4) 6.8(−4) 6.2(−4)

N 6.7(−5) 4.7(−5) 15.4(−5) 11.0(−5) 6.0(−5)

O 4.2(−4) 3.5(−4) 7.0(−4) 4.3(−4) 3.6(−4)

S 6.6(−6) 7.0(−6) 4.7(−6) 4.2(−6) 1.5(−6)

Ar 2.1(−6) 2.0(−6) 1.3(−6) 1.5(−6)

Ne 6.4(−5) 6.3(−5) 9.2(−5) 9.1(−5) 7.0(−5)

(1) Hyung & Aller (1997a); (2) Barker (1986); (3) Harrington
et al. (1982).

rather large. Our abundance determination, which is made
by summing the individual ions, is actually in good agree-
ment with their “model” determination.

In spite of the comparatively small differences among
the various determinations, the present determination in-
dicates that the nebula is oxygen rich (the C/O ratio is
less than unity). Earlier results indicated the opposite. But
the differences from unity are still marginal.

The helium abundance differs slightly with the earlier
determinations. This is due to the more recent determi-
nation of the He i spectrum by Benjamin et al. (1999). In
addition only the λ5875 Å line was used, because we feel
that the theoretical determination of this line is the most
reliable.

5.2. NGC 6741

The same comparison for NGC 6741 is shown in Table 12.
Many of the same comments as above apply also to this
nebula. Hyung & Aller (1997b) have also given two abun-
dance determinations, one using a model and the other by
summing the individual ions observed. This time the two
results are somewhat closer than before, although there is
almost a factor of two difference in the two nitrogen deter-
minations. Our results this time are closer to their results
summing the individual ions of each element.

Interestingly our results question the previous determi-
nation that the nebula is carbon rich. The present results
indicate that oxygen and carbon are equally abundant in
this nebula.

5.3. Errors

In both this nebula and in NGC 7662 it would be interest-
ing to determine the errors in the abundance determina-
tion. Unfortunately this is difficult to do. The reason for
this is the following. The error can occur at several stages
in the determination. An error can occur in the intensity
determination and this can be specified: it is probably less

Table 12. Comparison of abundances in NGC 6741.

Elem. Present HA(1) KB(2) A(3)

Abund. Model Σion

He 0.11 0.11 0.11 0.11 0.11

C 6.4(−4) 8.0(−4) 7.3(−4) 6.5(−4) 12.0(−4)

N 2.8(−4) 1.4(−4) 2.4(−4) 1.4(−4) 5.2(−4)

O 6.6(−4) 4.5(−4) 5.4(−4) 4.9(−4) 5.4(−4)

S 1.1(−5) 5.7(−6) 8.0(−6) 8.1(−6) 3.1(−6)

Ar 4.9(−6) 3.5(−6) 3.1(−6) 2.4(−6) 3.6(−6)

Ne 1.8(−4) 1.0(−4) 1.3(−4) 1.3(−4) 1.6(−4)

(1) Hyung & Aller (1997b); (2) Kingsburgh & Barlow (1994);
(3) Aller et al. (1985).

than 30% and may be lower for the stronger lines. An error
may occur in correcting for the extinction, either because
the extinction is incorrect or the average reddening law is
not applicable. We have tried to minimize this possibil-
ity by making use of known atomic constants to relate the
various parts of the spectrum. Thus the ratio of Brα to Hβ
is an atomic constant, as is the ratio of He ii λ4686 Å to
λ1640 Å. The ratio of the infrared spectrum to the visible
spectrum to the ultraviolet spectrum is fixed in this way,
at least for the nebulae which are small enough to emit
entirely in the diaphragm used. But if this is not the case,
an error is introduced. The magnitude of this error is not
possible to specify.

A further error is introduced by the correction for un-
seen stages of ionization. This varies with the element, but
is usually small because very many ionization stages are
observed. Thus for neon all but neutral neon is observed,
so that the error will be small. For sulfur, on the other
hand, the correction for SV and higher ionization stages
is about 50%, which could lead to greater uncertainties.

There is also an error due to uncertainties in the col-
lisional cross-section and the transition probabilities. The
former is estimated at 25% and the latter is smaller. One
might think that when comparing nebulae this error will
disappear, since the same error is made in all nebulae.
This is partly true, but because the contribution of a given
ion varies with the nebula, some unspecifiable error will
remain.

To obtain some measure of the error we can look at the
resulting sulfur abundances in the various nebulae shown
in Table 13. This element is chosen because theoretical
considerations predict that it will not be formed in the
course of its evolution. In fact most of the nebulae have a
sulfur abundance within 30% of the value S/H = 10−5 or
slightly higher. Part of this could be due to differences in
abundance at the time of formation of the star. This gives
a justification for conducting the further discussion using
a 30% error.
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Table 13. Comparison of abundances.

Elem. NGC He2-111 NGC NGC NGC NGC NGC NGC Sun Orion

6537 6302 6445 6741 7027 7662 2440†

He 0.149 0.185 0.17 0.14: 0.111 0.106 0.088 0.119 0.10 0.098

C(−4) 1.75 1.1 0.60 6.0 6.4 6.0 3.6 6.7 3.55 2.5

N(−4) 4.5 3.0 2.9 2.4 2.8 1.6 0.67 4.4 0.93 0.60

O(−4) 1.85 2.7 2.3 7.4 6.6 4.1 4.2 3.6 7.4 4.4

Ne(−4) 1.7 1.6 2.2 2.0 1.8 1.0 0.64 1.1 1.2 0.78

Na(−6) 2.6 2.6 1.2 2.0

Mg(−5) 0.96 0.8: 1.3 1.7: 0.27 2.2 1.7 3.8

S(−5) 1.1 1.5 0.78 0.79 1.1 0.94 0.88 0.47 1.86 1.5

Cl(−7) 2.4 3.5 3.4 2,4 1.1 1.4 1.9 2.2

Ar(−6) 4.1 5.5 6.0 3.8 4.9 2.3 2.1 3.1 3.6 6.3

C/O 0.95 0.41 0.26 0.81 0.97 1.46 0.86 1.89 0.48 0.57

N/O 2.4 1.1 1.3 0.32 0.42 0.39 0.16 1.23 0.13 0.14

(C+N+O)/H∗ 8.1 6.8 5.8 15.8 15.8 11.7 8.5 14.7 11.9 7.5

(N+O)/H∗ 6.35 5.7 5.2 9.8 9.4 5.7 4.9 7.93 8.3 5.0

∗ These ratios are in units of 10−4.
† Bernard Salas et al. (2002).

6. Comparison of planetary nebula abundances

In Table 13 we list the abundances of the seven PN
which have been determined using ISO measurements.
NGC 7662 and NGC 6741 are an interesting addition since
they have a lower helium abundance than the others,
closer to the solar helium abundance. The solar abun-
dance is also shown in the table; it is taken from Anders &
Grevesse (1989) and Grevesse & Noels (1993). The abun-
dance in the Orion nebula in the last column is taken from
Esteban et al. (1998).

In Fig. 3 the nitrogen abundance N/H is plotted as a
function of the helium abundance He/H. It is clear that
the increase in the helium abundance by a factor of two is
accompanied by an increase in the nitrogen abundance by
a factor of 5 to 7. The scatter is small enough to be caused
by errors in the abundance determination. Presumably the
nitrogen is being produced by the same process that pro-
duces the helium, and is being brought to the surface at
the same time.

In Fig. 4 the carbon abundance C/H is plotted as
a function of the helium abundance He/H. The carbon
abundance has a reasonably high value, about 5 × 10−4,
for low values of the helium abundance. This is similar to
the solar carbon abundance. For the three nebulae with
the highest helium abundance, the carbon abundance has
fallen by a factor of 3 to 5, indicating that the carbon is
being converted to another element at these high helium
abundances (presumably high initial mass stars). It ap-
pears that the scatter is somewhat higher for the carbon
as for the nitrogen.

The behavior of the oxygen abundance O/H is sim-
ilar to that of carbon. For the same three nebula with
the highest helium abundance, the oxygen abundance is

Fig. 3. The nitrogen abundance of the nebulae listed in
Table 13 is plotted against their helium abundance. The so-
lar value is shown as “Sun”, while the values in the Orion
nebula is indicated by a circle around a cross. The y–axis is in
logarithmic scale. The nitrogen clearly increases as the helium
increases.

clearly a factor of 2–3 lower, indicating that it too is being
converted to another element. This other element must be
mainly nitrogen, because, as can be seen in Table 13, the
sum of carbon, nitrogen and oxygen is approximately con-
stant for all nebulae. The sum of nitrogen and oxygen is
also constant to within a factor of two. This constant is
the same as shown by both the Sun and the Orion nebula.
In Fig. 5 the nitrogen abundance is plotted against the
oxygen abundance, showing an increase of the nitrogen
abundance as the oxygen decreases. There is considerable
scattering in the diagram however. Taken together, this
qualitatively agrees with theoretical calculations of a third
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Fig. 4. The carbon abundance is plotted against the helium
abundance for the same nebulae. The y–axis is in logarithmic
scale. The decrease in carbon as the helium increases indicates
its conversion to some other element in conditions which pro-
duce large amounts of helium.

Fig. 5. The nitrogen abundance as a function of the oxygen
abundance for the nebulae listed in Table 13. Both x and y–axis
are in logarithmic scale. It can be seen that the oxygen increase
as the nitrogen decreases, but the scatter is large.

dredge-up event having occurred in NGC 6537, NGC 6302
and He2-111. But the large scatter may indicate that some
other process is also occurring.

In Fig. 6 the neon abundance Ne/H is plotted against
the helium abundance. While the range is small, not more
than a factor of three, there is a very good correlation with
very little scatter. It may be that the neon abundance is
better determined than other elements since all ionization
stages are observed. The diagram makes it probable that
neon is being created in higher mass stars. This has been
suggested earlier (Corradi & Schwarz 1995) on the basis
of somewhat weaker evidence.

Fig. 6. The neon abundance is plotted against helium for the
same nebulae. The y–axis is in logarithmic scale. The increased
neon abundance argues for the production of some neon when
a considerable amount of helium is produced.

The abundance of Mg has also been determined. The
determination is made usually from Mg+3 and Mg+4,
which probably represent about one half of the Mg. Mg+

is usually also observed, but very little Mg is present in
this ion. The Mg abundance is seen to be lower than so-
lar, usually by a factor of 2 to 4. It is generally thought
that magnesium is a constituent of the nebular dust. In
the two interstellar components seen in the direction of
ζOph, the magnesium is depleted with respect to the sun
by a factor of 35 (cold cloud) and 8 (warm cloud). This is
considerably higher than found for the nebulae considered
in Table 13. The single exception to this is NGC 6741, in
which Mg is depleted by a factor of 14. It would be inter-
esting to see whether this correlates with some feature in
the dust spectrum.
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