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Abstract. The ISO and IUE spectra of the elliptical nebulae NGC 40 and NGC 6153 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. A discussion is given of: (1) the recombination line
abundances, (2) the exciting stars of the nebulae, and (3) possible evolutionary effects.

Key words. ISM: abundances – planetary nebulae: individual: NGC 40, NGC 6153 – infrared: ISM – ISM: lines and bands

1. Introduction

NGC 40 and NGC 6153 are similar nebulae in several respects.
They are both large nebulae, elliptical in shape and somewhat
open on the long end. Brighter structures are seen within the
nebulae which could be interpreted as a torus-like structure.
NGC 6153 has a size of about 18′′ × 28′′ for the brighter re-
gions, while NGC 40 is somewhat larger, about 38 ′′ × 38′′.
Both nebulae have faint emission which extends beyond these
dimensions. A good photograph of NGC 40 can be found in
Meaburn et al. (1996); one of NGC 6153 can be found in Liu
et al. (2000).

Another similarity is the 6 cm radio flux density, as well as
the far infrared flux. Because there is more extinction in the di-
rection of NGC 6153, this nebula appears weaker in the visible,
and it is much harder to see in the ultraviolet.

Both of these nebulae have been studied before. NGC 6153
had been poorly studied before the launch of the IRAS satel-
lite which showed that it had a strong infrared emission line
spectrum. This stimulated the work of Pottasch et al. (1986)
showing the very high abundances in this nebula. There is a
recent, very detailed and very interesting work by Liu et al.
(2000) which contains both careful measurements of the visual
spectrum, and the ISO LWS (but not the SWS) measurements
as well. This work showed that the abundances of important
elements obtained from recombination lines give a different
(and higher) abundance than those obtained from collisionally
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excited lines. The reason for this is at present not satisfactorally
explained.

NGC 40 has been studied earlier, probably because it is a
northern hemisphere object. Unfortunately, there are no visual
spectra covering the entire nebula. The best spectrum is that
of Clegg et al. (1983) which covers a bright region of approx-
imately 12′′ × 7′′. There is also a spectrum taken by Aller &
Czyzak (1979) which refers to a bright part of the nebula, prob-
ably the same region. Ultraviolet (IUE) spectra of the same
region of the nebula, as well as spectra of other regions of
the nebula (Feibelman 1999) have been made. The size of the
IUE diaphragm is not large enough to cover the entire nebula,
so that in this case, as well as in NGC 6153, a correction for the
diaphragm size must be made.

The ISO diaphragm is only able to measure the entire
nebula in the long wavelength region. The ISO LWS spec-
tra (which cover a spectral region from 45 µm until almost
200 µm), are taken with a diaphragm large enough to cover
the entire nebula. The ISO SWS spectra, covering the spectral
region from 2.4 µm to about 45 µm, are taken with a smaller
diaphragm so that only part of the nebula is measured.

The exciting star of NGC 40 was classified as a Wolf-Rayet
WC8 star by Smith & Aller (1969) and it has remained in this
class in the most recent classification by Crowther et al. (1998).
It has an observed magnitude V = 11.55 (Ciardullo et al. 1999).
The star is also classified as O since it shows weak emission
lines of this ion at λ3811 Å and λ3834 Å. The stellar temper-
ature is usually given as approximately T = 35 000 K, which
is consistent with the low ionization of the nebula. Bianchi &
Grewing (1987) give a temperature of T = 90 000 K based
on the rather uncertain ultraviolet continuum. We return to this
point in Sect. 6. The exciting star of NGC 6153 is consider-
ably fainter. Ciardullo et al. (1999) give an observed magnitude
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V = 15.55. Because the extinction in the direction of this neb-
ula is larger than for NGC 40 the actual difference is only about
a factor of 10. The stellar temperature, judging from the ioniza-
tion state of the nebula, is considerably higher. The spectrum of
the central star has not yet been carefully studied. According to
Liu et al. (2000) this star also shows the λ3811 Å line of O.
It does not show any other stellar emission lines, except possi-
bly the C  at λ5801 Å and 5812 Å. This would place it in the
group of weak emission line stars which are sometimes called
low gravity PG1159 stars. These stars appear to be similar in
composition to Wolf-Rayet stars in the sense that their atmo-
spheres are hydrogen free and consist mainly of helium and
carbon in about equal amounts.

The purpose of this paper is to obtain more accurate abun-
dances for these nebula using the ISO spectra. The reasons for
this have been discussed in earlier papers (e.g. see Pottasch &
Beintema 1999; Pottasch et al. 2000, 2001; Bernard Salas et al.
2001), and can be summarized as follows.

The most important advantage is that the infrared lines orig-
inate 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
originating from a high-lying energy level in the same ion is
observed, it is possible to determine an effective temperature at
which the lines in that particular ion are formed. When the ef-
fective temperature for many ions can be determined, it is pos-
sible to make a plot of effective temperature against ionization
potential, which can be used to determine the effective tem-
perature for ions for which only lines originating from a high
energy level are observed. Use of an effective electron tempera-
ture takes into account the fact that ions are formed in different
regions of the nebula. 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 abundance
analysis is approximately doubled, which removes 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, elimi-
nating the need to include large correction factors.

This paper is structured as follows. First the spectrum of
NGC 40 is discussed (in Sect. 2). Section 3 discusses the spec-
trum of NGC 6153. This prepares the way to discussing the
chemical composition of both nebulae in Sect. 4, and com-
paring the resultant abundances with those made earlier (in
Sect. 5). In Sect. 5.2 the relation between nebular abundances
determined from collisionally excited lines and from recombi-
nation lines is considered. In Sect. 6 the central stars are consid-
ered in more detail. Finally Sect. 7 gives a comparison with the
abundances determined in other PN, and a general discussion.

2. The spectrum of NGC 40

2.1. ISO observations

Most of the ISO SWS observations were made with the SWS02
observing template which gives good spectral resolution for a
limited number of lines (TDT 44401917, 81101203, 81101304,

81803104, 82701607, 85303501). This was supplemented by
an SWS01 observation (TDT 30003803). The intensity of the
lines found in the spectrum is shown in Table 1. The uncer-
tainty of the stronger lines is less than 10%. The measure-
ments were centered at RA(2000) 00h13m01.0s and Dec(2000)
+72◦31′18.9′′, which is very close to the center of the nebula.
Because the diaphragm used was 14′′ × 20′′ below 12 µm and
somewhat larger above this wavelength, only a part of the neb-
ula was measured by the SWS. Therefore a factor must be ap-
plied to correct for the missing flux. Because of the different di-
aphragm sizes, this factor depends on the size of the diaphragm
and thus depends somewhat on the wavelength. The factor was
found in the following way. For the range below 12µm the fac-
tor was determined so that the observed hydrogen lines, espe-
cially the Brα and Brβ lines agree with the total Hβ which in
turn is derived from the total radio emission to be discussed
below. The correction factor for this wavelength region is 5.5.
The correction for the wavelength region between 12µm and
27µm is found by comparison with the IRAS measurements
made with a very large diaphragm so that the entire nebula
was measured. The IRAS measurement of the 12.8 µm [Ne ]
given by Pottasch et al. (1986) is 1.5 × 10−10 erg cm−2 s−1.
We have rereduced the IRAS measurements and obtained al-
most the same result: 1.46 × 10−10 erg cm−2 s−1. This leads to
a correction factor of 4.3. The continuum spectrum between
13µm and 20µm of the IRAS was a factor of 4.0 higher than
the ISO flux in this wavelength region; this is the factor which
has been used. Finally, the flux in the spectral region between
30 µm and 46µm was corrected so that it agreed with the
LWS measurements at 46µm which contain the entire nebula.
This requires a correction factor of 2.5. The results are given in
Table 1. The intensities are given for the entire nebula (after the
correction factors have been applied). The LWS measurements
are reported and discussed by Liu et al. (2001).

2.2. Extinction

There are several methods for obtaining the extinction:
(1) comparison of radio emission with Hβ flux, (2) compari-
son of observed and theoretical Balmer decrement, (3) dip at
λ2200 Å, (4) photometry of the exciting star. First, however,
we will discuss the radio emission and the Hβ flux.

2.2.1. The 6 cm radio emission

Several measurements of the 6 cm flux density have been made.
The most reliable appears to be that of George et al. (1974)
who have made a map of the nebula with the WRST tele-
scope, thus avoiding nearby sources. They give a flux den-
sity of 457 mJy. The Green Bank single dish also measured
the nebula at this wavelength, giving a somewhat higher value:
587 mJy (Becker et al. 1991, rereduced by Gregory & Condon
1991, who find 506 mJy). The danger of confusion is real, if
only because NGC 40 lies on the rim of the supernova remnant
CTA1. Incidentally Seiber et al. (1979) found that the radio
emission of CTA1 is completely depolarised at the position of
NGC 40 and concluded that it lies in front of CTA1, which has a
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Table 1. ISO observations of NGC 40 (in units of 10−13 erg cm−2 s−1).

Ident. λ(µm) Intens.(1) Intens.(2)
H  6-4 2.626 12 66
H  10-5 3.039 1.5 8.2
H  9-5 3.297 2 11
H  4.052 25 137
[Ar ] 6.984 55 301
[Ar ] 8.990 30 164
[Ne ] 12.811 340 1360
[Ne ] 15.554 5 20
[P ] 17.888 9 36
[S ] 18.711 148 592
[Fe ] 22.926 4 16
[O ] 25.890 ≤0.6 ≤2.4
[Fe ] 25.988 1.0: 4.0:
[S ] 33.476 180 450
[Si ] 34.810 28
[O ]∗ 52 200 200
[N ]∗ 57 170 170
[O ]∗ 63 221 221
[O ]∗ 88 119 119
[N ]∗ 122 32 32
[O ]∗ 146 7.5 7.5
[C ]∗ 157 203 203

Intens.(1) are measured values; Intens.(2) are intensities corrected for
the diaphragm size (see Sect. 2.1).
∗ These data are from Liu et al. (2001).

distance of 1.5 kpc. The 21 cm flux density is 510 mJy (Condon
& Kaplan 1998) made with the VLA D-array. If the nebula is
optically thin at 21 cm this would correspond to a 6 cm flux
density of 450 mJy, which agrees with the value of George et al.
(1974). We shall use 457 mJy in the present analysis.

2.2.2. The Hβ flux

Two measurements of the Hβ flux are given in the literature.
Carrasco et al. (1983) give log Hβ = −10.37, while Liller
(1955) finds log Hβ = −10.64. The value given by Carrasco
et al. (1983) seems to be the better one, not only because it is
the newer one and it is part of extensive measurements which
appear trustworthy, but also because it is more consistent with
the measurement of the [S ] line at λ9532 Å by Hippelein &
Munch (1981). These authors measure the total intensity of this
line over the entire nebula; it is only consistent with the other
lines, both in the infrared as well as in the visible, when the
higher Hβ flux is used.

2.2.3. The value of the extinction EB−V
– Using the above value of the 6 cm radio flux density

and values of electron temperature and helium abundance
which will presently be discussed, we obtain the intrinsic
flux Hβ = 1.73 × 10−10 erg cm−2 s−1. Combining this with
the measured value Hβ = 4.28× 10−11 erg cm−2 s−1 gives a
value of extinction C = 0.605 or E B−V = 0.41.

– The extinction determined from the Balmer decrement dif-
fers somewhat according to the author. Aller & Czyzak
(1979) give C = 0.65, Clegg et al. (1983) find C = 0.70
and Sabbadin et al. (2000) give C = 0.60. Earlier mea-
surements, e.g. Aller et al. (1972) gave much lower val-
ues which are not included in the average: C = 0.65
EB−V = 0.44.

– The extinction determined from the dip at λ2200 Å is some-
what more difficult because the flux is weak near the center
of the dip. Pottasch et al. (1977) give E B−V = 0.38, using
filter photometry on the ANS satellite. Bianchi & Grewing
(1987) find EB−V = 0.50 from IUE measurements.

– Narrow band photometry has been carried out by Crowthers
et al. (1998), who find EB−V = 0.42.

These values are quite similar. In the remainder of this paper
we use the value EB−V = 0.41 or C = 0.60, together with the
extinction curve of Fluks et al. (1994).

2.3. The visual spectrum

The visual spectrum has been measured by Clegg et al. (1983),
Aller & Czyzak (1979) and Aller et al. (1972). The measure-
ments of Clegg et al. (1983) refer to the brightest patch of lu-
minosity located about 14′′ northwest of the exciting star, and
are integrated over a region of 8 ′′ × 12′′. Those of Aller &
Czyzak are taken with a 2′′ × 2′′ diaphragm and “correspond
to a low excitation region”. Finally the measurements of Aller
et al. (1972) are averaged over several positions in the nebula,
and are considered by the authors as “appropriate to the neb-
ula as a whole”. These latter measurements are more uncertain
than the others; especially the low intensity values are so un-
certain that they have not been shown. The first five columns
of Table 2 give the measured intensities relative to Hβ = 100
for those lines which are of interest. In the last column the
unreddened intensities are given, normalized to the total flux:
Hβ = 1.73 × 10−10 erg cm−2 s−1. An average value of the in-
dividual measurements, scaled to the total flux, is used. It is
not clear how close these values approach the actual integrated
nebular fluxes of the entire nebula.

2.4. The IUE ultraviolet spectrum

Many IUE observations of this nebula exist. Most of them are
centered at the position of the central star which then dominates
the spectrum. Several observations have been made of the neb-
ula far enough from the central star so that no stellar light is
measured. Several of the low dispersion spectra are made in
roughly the same region as the visual measurements of Clegg
et al. (1983). These measurements are reported by Clegg et al.
(1983) and have been rereduced by Feibelman (1999) using the
NEWSIPS reduction program. These measurements are given
in the third column of Table 3 (I(line)). They can be supple-
mented by high resolution measurements which include the
central star. The stellar spectrum can be separated from the neb-
ular spectrum because the stellar line emission is much broader.

Because these nebular observations only contain a part of
the nebula, a correction must be made for the diaphragm size;
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Table 2. Visual spectrum of NGC 40 (unreddened intensity in units of
10−12 erg cm−2 s−1).

λ Ion Intensities Unred.
(Å) (1) (2) (3) intens.

3727 [O ] 264 264 253 657
3869 [Ne ] 0.25 0.59
4068 [S ] 3.0 2.3 6.8
4076 [S ] 0.91 0.8 2.1
4102 Hδ 19 19 23 42.4
4267 C  0.35 0.72
4340 Hγ 39 43 81.0
4363 [O ] 0.13: 0.27:
4471 He  1.9 2.1 3.2 4.2
4861 Hβ 100 100 100 173
5007 [O ] 19 12 29 43
5518 [Cl ] 0.25: 0.26 0.35:
5538 [Cl ] 0.35: 0.26 0.47:
5755 [N ] 2.7 3.1 3.7
5876 He  9.0 9.1 11.3
6312 [S ] 0.74 0.72 0.86
6563 Hα 480 500 520
6584 [N ] 450 460 490
6717 [S ] 15.4 18 18
6731 [S ] 23.2 22.5 25
7136 [Ar ] 6.9 8.9 8.0
7320 [O ] 11.5 11.4
7330 [O ] 9.7 9.4
9531 [S ] 227∗

(1) Clegg et al. (1983), (2) Aller & Czyzak (1979), (3) Aller et al.
(1972).
The (:) indicates uncertain values.
∗ The [S ] λ9531Å intensity was taken from Hippelein & Munch
(1981).

alternatively use can be made of the continuum measurement
in the same diaphragm for which the line was measured, to
obtain the ratio of the line to Hβ. This latter method, which
was also used by Clegg et al. (1983), has the advantage that
the ratio obtained in this way is independent of the extinc-
tion. In detail the method is as follows. The theoretical ratio
I(continuum)/I(Hβ) is computed, where I(continuum) consists
of two quantum emission, Balmer continuum and a small con-
tribution from neutral helium emission. The ratio is indepen-
dent of electron density because all the continua and the Hβ
mission have the same density dependence; it has only a small
dependence on the electron temperature since all the emission
sources change in much the same way. A value of T e = 104 K
was used. It was assumed that the two quantum emission is pro-
duced by all recombinations to the 2s level, and that recombina-
tions to the 2p level produce Lyα photons which are removed
from the nebula. The observed I(continuum) is shown in the
fourth column of Table 3. The value of I(line) is then multi-
plied by the theoretical ratio I(continuum)/I(Hβ) and divided
by the observed I(continuum) to give the ratio I(line)/I(Hβ),
shown in the fifth column. This ratio, independent of extinc-
tion, has been directly used for determining ionic abundance (it
is assumed that the ratio is the same over the entire nebula).

Table 3. IUE spectrum of NGC 40.

λ Ion Intensities Ratio
(Å) (1) (2) (3) (4)

1550 [C ] 5.13 1.69 0.246 0.268
1663 O ] ≤0.7 1.54 ≤0.033 ≤0.034
1762 C  1.35 1.34 0.101 0.061
1883 Si ] 0.45 1.01 0.026 0.022
1909 C ] 11.2 0.87 0.72 0.564
2325 C ] 10.1 0.49 0.873 0.636
2470 [O ] 2.31 0.67 0.142 0.094
2740 C  0.59 1.14 0.021 0.015
2841 C  1.36 1.26 0.049 0.031

(1) I(line) – all intensity units 10−13 erg cm−2 s−1;
(2) I(continuum) – all intensity units 10−14 erg cm−2 s−1;
(3) I(line)/I(Hβ) from continuum measurement;
(4) I(line)/I(Hβ) from [O ] ratio.

There is another way of correcting for the diaphragm size
of the IUE aperture. This is by relating the IUE intensities
to the Hβ intensity in the visual by means of the [O ] line
ratio I(λ2470)/I(λ7325). These lines arise from the same lev-
els, and have a theoretical ratio of 0.78 for all electron densities
and temperatures of interest. The extinction is of importance in
determining the observational ratio, and a value of E B−V = 0.41
has been used. In addition the assumption has been made that
the ratio of these lines to Hβ remains constant over the nebula.
This results in the determination that the IUE diaphragm cov-
ers 24% of the nebula, and this leads to the I(line)/I(Hβ) ratios
given in the last column of Table 3. This correction for the di-
aphragm size is very similar to that used for the SWS spectrum
between 12 µm and 27 µm The agreement with the ratio ob-
tained from the measurement of the continuum is reasonably
good, although there seems to be a wavelength dependence.
This is not caused by a wrong choice of the extinction E B−V

since any other reasonable value would not improve the situ-
ation. But the cause is not clear; there could be a number of
possible origins. First, the measured continuum could be inac-
curate; it is weak in this region. Secondly, the assumed extinc-
tion in this region could be wrong, either because the average
extinction law used (Fluks et al. 1994) is wrong, or because the
dust in this direction has somewhat different properties than the
average dust. Thirdly, the calculation of the theoretical contin-
uum could be wrong for a reason yet unknown. We shall use
the average of the two methods. This introduces a maximum
error of 25%.

3. The spectrum of NGC 6153

3.1. ISO observations

Two ISO SWS01 observations were made of this nebula.
We have used only one of them, that taken on 09 Feb. 1996
(TDT 08402713). The reason for this is that this spec-
trum appears less noisy and more consistent than the
other observation. The position measured for both spec-
tra was the same: RA(2000) 16h31m30.9s and Dec(2000)
−40◦15′22.4′′. This was supplemented by an SWS02 mea-
surement (TDT 28901214) on which only three lines could
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be measured. Liu informs us that the position measured is not
the center of the nebula but 3.49 ′′ east and 9.0′′ south of the
center. In addition the uncertainty of the observed position is
3′′. The diaphragm was not large enough to cover the entire
nebula and a correction factor is necessary. Because this nebula
is smaller than NGC 40, the correction factor is lower. For
the range below 12 µm the factor was determined so that the
observed hydrogen lines, especially the Brα and Brβ lines
agree with the total Hβ which in turn is derived from the total
radio emission which will be discussed below. The correction
factor for this wavelength region is 2.3. The correction for
the wavelength region between 12 µm and 27 µm is found
by comparison with the IRAS measurements made with a
very large diaphragm so that the entire nebula was measured.
The IRAS measurement of the 15.5 µm [Ne ] given by
Pottasch et al. (1986) is 7.5 × 10−10 erg cm−2 s−1. We have
rereduced the IRAS measurements and obtained a somewhat
larger result: 11.1 × 10−10 erg cm−2 s−1. Liu et al. (2000) have
also rereduced the IRAS data and obtained a smaller value:
5.4 × 10−10 erg cm−2 s−1 This leads to a very uncertain correc-
tion factor between 1.7 and 3.4. Because the diaphragm in this
wavelength range is only slightly larger than that in the lower
wavelength range and the additional flux may be quite small,
we have used the value of 2.0 between 12 µm and 27 µm. It is
possible that some ions are more concentrated than others, so
that the correction factor may depend somewhat on the ion dis-
cussed. This increases the uncertainty of the derived intensities.

Finally, the flux in the spectral region between 30 µm
and 46 µm was corrected so that it agrees at 46 µm with the
LWS measurements which contain the entire nebula. This
requires a correction factor of 1.25. The results are given in
Table 4. The intensities are given for the entire nebula (after the
correction factors have been applied). All the measurements
have been corrected for extinction (see below), but the correc-
tion is small and only important at the lower wavelengths. The
LWS measurements are reported and discussed by Liu et al.
(2000, 2001).

3.2. Extinction

The extinction can be determined from a comparison of the
radio emission with the Hβ flux. The 6 cm flux density is
given by Griffith et al. (1994) as 663 mJy, and is similar to an
earlier value cited by Cahn et al. (1992): 632 mJy. Gregory et
al. (1994) give 641 mJy. We will use 650 mJy, which together
with the helium abundance and electron temperature given
below, lead to an intrinsic Hβ = 2.15 × 10−10 erg cm−2 s−1.
Combining this with the observed log Hβ = −10.86 (Cahn
et al. 1992), a value of C = 1.19 or E B−V = 0.81 is obtained.

The Balmer decrement given by Liu et al. (2000) gives a
similar answer. The Hα/Hβ ratio gives EB−V = 0.90 and the
Hγ/Hβ and Hδ/Hβ ratios give 0.80 and 0.82 respectively. In the
remainder of this paper a value E B−V = 0.81 will be used.

3.3. The visual spectrum

The visual spectrum has been determined by several authors.
The best spectrum to date is that of Liu et al. (2000) who have

Table 4. ISO observations of NGC 6153 (in units of
10−13 erg cm−2 s−1).

Ident. λ(µm) Intens.(1) Intens.(2)
H  Brβ 2.625 55.2 127
He  7-6 3.091 8.5 19
H  Brα 4.053 78.3 180
[Ar ] 6.983 106 244
[Na ] 7.321 16.5 38
[Ar ] 8.994 499 1148
[S ] 10.511 2490 5730
[Cl ] 11.756 38: 87:
[Ne ] 12.818 124 248
[Ne ] 15.556 3340 6680
[S ] 18.712 928 1856
[Ar ] 21.836 15: 30:
[Fe ] 22.94 4.5 9
[O ] 25.901 1046 2090
[S ] 33.487 413 516
[Si ] 34.815 48.4 60.5
[Ne ] 36.012 666 832
[O ]∗ 52 5400 5400
[N ]∗ 57 1550 1500
[O ]∗ 88 1580 1580
[N ]∗ 122 ≤4 ≤4

Intens.(1) are measured values; Intens.(2) are intensities corrected for
the diaphragm size (see text).
∗ These data are from Liu et al. (2001).

measured the entire nebula by uniformly scanning a long slit
across the whole object. From their detailed measurements, we
have reproduced in Table 5 those line intensities which are im-
portant for the present work. The third column of the table gives
the observed intensities relative to Hβ = 100 and the fourth col-
umn gives the total intensity corrected for extinction.

3.4. The ultraviolet IUE spectrum

Even though NGC 6153 is a bright radio source, it is difficult
to measure in the ultraviolet because of the rather large extinc-
tion. Only eight IUE spectra have been taken, four by the short-
wavelength camera and four by the long wavelength camera.
Two were not well centered and will be ignored in the present
discussion. All are low dispersion spectra and quite noisy. A
further difficuly is that the spectra contain both radiation from
the central star and the nebula which are difficult to separate.

The spectra are in NEWSIPS format that yields better S/N
than the old IUESIPS. In the earlier work (Liu et al. 2000;
Pottasch et al. 1986) only three lines were detected in the
SWP spectra, in spite of the fact that Liu et al. (2000) also
coadded the spectra. This indicates that the weaker line in-
tensities should be taken with caution. All measureable emis-
sion features, both of the nebula and the star, are listed in
Table 6. The 1984 and 1986 data were coadded and exposure
weighted, but the errors are considerable for the weaker lines.
The wavelength and identification are given in the first two
columns of the table, the third column gives the measured flux,
the fourth column is the flux after correction for the extinction,
and the last column gives the ratio of the line emission to Hβ.
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Table 5. Visual spectrum of NGC 6153 (unreddened total intensity in
units of 10−12 erg cm−2 s−1).

λ Ion Relative Total∗

(Å) intensity intensity
3726 [O ]† 8.82 40.9
3729 [O ]† 4.73 21.1
3869 [Ne ] 46.8 194.
4068 [S ] 0.58 2.09
4076 [S ] 0.20 0.71
4102 Hδ 16.1 56.8
4267 C  1.56 5.03
4340 Hγ 33.3 100.3
4363 [O ] 2.90 8.85
4471 He  4.84 14.0
4686 He  11.2 27.5
4711 [Ar ] 2.26 5.44
4740 [Ar ] 2.14 5.05
4861 Hβ 100 215
5007 [O ] 987 1952.
5191 [Ar ] 0.125 0.22
5518 [Cl ] 0.865 1.25
5538 [Cl ] 1.11 1.60
5755 [N ] 1.47 1.88
5876 He  35.6 42.1
6312 [S ] 3.09 3.05
6563 Hα 772 705.
6584 [N ] 127. 115.
6717 [S ] 8.74 7.55
6731 [S ] 14.6 12.6
7136 [Ar ] 61.9 47.1
7320 [O ] 6.08 4.28
7330 [O ] 5.47 3.81

† Taken from measurements on the minor axis.
∗ The total fluxes are extinction corrected.

3.4.1. The central star

Although the central star does not dominate the IUE spec-
trum, several lines clearly originate from the star. The O at
λ1371 Å clearly shows a P Cygni profile. From this profile a
terminal velocity of 2400 ± 400 km s−1 can be deduced. The
C  λ1550 Å resonance doublet shows a deep absorption com-
ponent but no emission could be detected. Other stellar lines
include the N line at λ1240 Å and several O lines seen in
emission. This confirms the conclusion of Liu et al. (2000) that
the star is a [WC]-PG1159 hydrogen-deficient weak emission
line star.

The presence of the highly excited Fe  line at λ1776 Å is
a direct confirmation of O in the stellar spectrum, since this
line has been shown to be resonantly excited by the O line at
λ1032 Å (Johansson 1988).

3.4.2. The diaphragm size

The diaphragm size can be obtained directly from a compar-
ison of the five lines longward of λ3000 Å measured by the
IUE, with the same lines measured by Liu et al. (2000) from
the ground. The ground based measurements were corrected
for ozone absorption which increases their uncertainty. Since

Table 6. IUE spectrum of NGC 6153.

λ Ion Intensities Ratio
(Å) (1) (2) (3)

1240 N 1.6 23.0 0.30
1248 C  1.2 17.0 0.22
1293 O 2.3 23.0 0.30
1334 C  1.7 13.0 0.17
1344 C  2.0 15.0 0.20
1371 O∗ 1.7 10.0 0.14
1401 Si  1.7 9.4 0.12
1410 Si  2.2 12.0 0.16
1425 O 1.5 8.2 0.11
1486 N  ≤1.0 ≤4.4 ≤0.057
1550 C ∗ abs
1640 He  16.9 67.6 0.88
1663 O ] ≤0.3 ≤1.1 ≤0.014
1750 N ] 3.7 12.3 0.16
1762 C  ≤0.3 ≤1.1 ≤0.014
1776 Fe  1.2 4.0 0.052
1883 Si ] 0.4: 1.5: 0.020:
1892 Si ] 0.5: 1.9: 0.027:
1909 C ] 7.7 30.8 0.401
2070 O 10.3 93.7 1.31
2424 [Ne ] 1.8 6.07 0.085
2733 He  1.2 1.25 0.018
2836 O  5.5 4.68 0.065
3047 O  5.3 3.29 0.046
3132 O  39.8 21.9 0.306
3170 C ? 10.9 5.8 0.081
3186 Si  3.9 2.05 0.029
3203 He  6.4 3.23 0.045

(1) I(line) measured – all intensity units 10−14 erg cm−2 s−1;
(2) I(line) extinction corrected – all intensity units 10−12 erg cm−2 s−1;
(3) I(line)/I(Hβ) after correction for diaphragm size and extinction.
∗ These stellar lines show P Cygni profiles. The O absorption has an
equivalent width of 4.5 Å and the C  of 0.82 Å.

the measurements were made with respect to Hβ, we have mul-
tiplied by the observed Hβ. In this way no extinction correc-
tions need to be applied and the measurements can be directly
compared. If double weight is given to the strong O  line
at λ3133 Å, a factor of 3.0 must be applied to the IUE mea-
surements to bring into agreement with the ground based mea-
surements. This is a reasonable number since since the infrared
SWS measurements, made with a somewhat larger diaphragm,
required an increase of 2.3.

The diaphragm size can also be found by comparing
He  lines observed by the IUE with the total He  λ4686 Å,
assuming the theoretical ratios given by Hummer & Storey
(1987) for a temperature of 8500 K. This leads to a correction
factor of 2.8 from the λ1640 Å line and a factor of 3.5 from the
less certain λ3202 Å line. We have chosen to use the factor 2.8
for the SWP wavelength region and a factor 3.0 for the LWP re-
gion. The uncertainty of these factors is 10%–20%; they have
been used to calculate the ratio I(λ)/I(Hβ) given in the column
labeled (3) in Table 6.



S. R. Pottasch et al.: Abundances of planetary nebulae NGC 40 and NGC 6153 605

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 function of the ionization potential are determined. Then the
ionic abundances are determined, using density and tempera-
ture appropriate for the ion under consideration, together with
Eq. (1). Then the element abundances are found for those el-
ements in which a sufficient number of ions abundances have
been derived.

4.1. Electron density

The ions used to determine Ne are listed in the first column of
Table 7 (for NGC 40) and Table 8 (for NGC 6153). The ion-
ization potential required to reach that ionization stage, and the
wavelengths of the lines used, are given in Cols. 2 and 3 of
the tables. Note that the wavelength units are Å when 4 ciphers
are given and microns when 3 ciphers are shown. The observed
ratio of the lines is given in the fourth column; the correspond-
ing Ne is given in the fifth column. The temperature used is dis-
cussed in the following section, but is unimportant since these
line ratios are essentially determined by the density.

There is no indication that the electron density varies with
ionization potential in a systematic way in either of the neb-
ulae. As already pointed out by Liu et al. (2001) the [O ]
lines always give a lower density than the other lines. Ignoring
these lines, the electron density appears to be about 2000 cm−3

for NGC 40 and about 4000 cm−3 for NGC 6153. The scatter
is higher for NGC 40. It is interesting to compare this value
of the density with the rms density found from the Hβ line.
This depends on the distance of the nebula which isn’t accu-
rately known, and on the angular size of the nebula. For this
calculation we shall use a distance of 0.8 kpc for NGC 40 and
1.2 kpc for NGC 6153. A sphere of radius of 19 ′′ will represent
NGC 40 and 12′′ will represent NGC 6153. These are rather
uncertain values. The Hβ flux has been given above and the
electron temperature will be discussed below. We obtain the
uncertain rms values of 1500 cm−3 for NGC 40 and 2600 cm−3

for NGC 6153. In spite of the uncertainties involved in these
calculations (the uncertain distance and the assumption of a
spherical homogeneous nebula), there is a similarity of these
values to the forbidden line densities. This probably indicates
that inhomogenieties do not play a dominant role in determin-
ing the density. We will use the forbidden line densities in fur-
ther discussion of the abundances, i.e. 2000 cm−3 for NGC 40
and about 4000 cm−3 for NGC 6153.

4.2. Electron temperature

A number of ions have lines originating from energy levels far
enough apart that their ratio is sensitive to the electron temper-
ature. These are listed in Tables 9 and 10, which are arranged
similarly to the previous tables. The electron temperature for
both nebulae remains roughly constant as a function of ioniza-
tion potential at a similar rather low value. This is not always
the case. Sometimes the higher stages of ionization are formed
in higher temperature regions. This is not the case for these

Table 7. Electron density indicators in NGC 40.

Ion Ioniz. Lines Observed Ne

pot. (eV) used ratio (cm−3)
[S ] 10.4 6731/6716 1.39 2100
[O ] 13.6 3626/3729 1.3 1400
[N ] 14.5 6584/122 140. 2000
[S ] 23.3 33.5/18.7 0.76 1100
[Cl ] 23.8 5538/5518 1.3: 4500
[C ] 24.4 1907/1909 1.27 4000
[O ] 35.1 52/88 1.7 800

Table 8. Electron density indicators in NGC 6153.

Ion Ioniz. Lines Observed Ne

pot. (eV) used ratio (cm−3)
[S ] 10.4 6731/6716 1.66 4100
[O ] 13.6 3626/3729 1.92 3500
[S ] 23.3 33.5/18.7 0.28 4500
[Cl ] 23.8 5538/5518 1.27 4500
[O ] 35.1 52/88 3.61 2000
[Ar ] 40.7 4711/4740 1.08 2800
[Ne ] 41.0 15.5/36.0 12.3 3400

Table 9. Electron temperature indicators in NGC 40.

Ion Ioniz. Lines Observed Te

pot. (eV) used ratio (K)
[N ] 14.5 5755/6584 0.0078 7500
[S ] 23.3 6312/18.7 0.0145 7800
[Ar ] 27.6 7136/8.99 0.488 7000
[O ] 35.1 4363/5007 0.0062 10 500
[O ] 35.1 5007/52 2.15 8000
[Ne ] 41.0 3868/15.5 0.295 8400

Table 10. Electron temperature indicators in NGC 6153.

Ion Ioniz. Lines Observed Te

pot. (eV) used ratio (K)
[N ] 14.5 5755/6584 0.017 9600
[S ] 23.3 6312/18.7 0.016 8000
[Ar ] 27.6 7136/8.99 0.342 ≤7000
[O ] 35.1 4363/5007 0.0047 9030
[O ] 35.1 5007/52 3.6 7800
[O ] 35.1 1663/5007 ≤0.00159 ≤7900
[Ne ] 41.0 3868/15.5 0.290 8200

nebulae, but also not for several other nebulae with low elec-
tron temperatures.

Notice that for both nebulae the temperature determined
from the O  line ratio λ4363 Å/λ5007 Å is higher than that
determined from ratios of other lines of the same ion. It is not
clear if this is a measurement error or whether there is a physi-
cal explanation. Both nebulae have a similar electron tempera-
ture and it is difficult to judge the weight to be given to different
ions. We have chosen to give both nebulae an average temper-
ature of 8200 K. This is similar to the temperature found by
Clegg et al. (1983) for NGC 40 (T e = 8300 K). It is somewhat
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lower than that used by Liu et al. (2000) for NGC 6153 who did
not use the ISO SWS measurements.

4.3. Ionic and element abundances

The ionic abundances have been determined using the follow-
ing 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 com-
pared 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, 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.

4.3.1. NGC 40

The results are given in Table 11, where the first column lists
the ion concerned, and the second column the line used for
the abundance determination. The third column gives the in-
tensity of the line used relative to Hβ = 100. The fourth col-
umn gives the ionic abundances, and the fifth column gives the
Ionization Correction Factor (ICF).This has been determined
empirically. Notice that the ICF is unity (except for P and Fe)
and the element abundances, given in the last column, are prob-
ably well determined. Only the abundance of C+3 is uncertain
because the presence of such a high ionization stage is unex-
pected. Clegg et al. (1983) have already noted this, and have
investigated the possibility that the line is formed by resonance
scattering of starlight. They conclude that there may be a con-
tribution of radiation produced in the inner part of the nebula
and scattered from the region observed. For this reason we do
not include the C+3 ion in the total carbon abundance.

The abundances in NGC 40 are in general very similar to
solar abundances. This is shown in Table 13 where it can be
seen that the abundances of oxygen, neon and argon agree al-
most exactly with those of the sun. Sulfur is lower than solar,
but in most nebulae it is lower and it is likely that the solar
abundance is anomalous. Even nitrogen is only slightly higher
than solar. Carbon is the only element with a substantially
higher abundance: a factor of five above solar. This large abun-
dance has already been partially seen by Clegg et al. (1983)
(who didn’t recognize it as an overabundance). Iron is clearly
depleted with respect to the solar value. This is seen in all neb-
ulae where iron has been measured, and is presumably due to
depletion onto dust grains.

4.3.2. NGC 6153

The results are given in Table 12 which has the same format as
the previous table.

The abundances in NGC 6153 are quite different from
NGC 40. Carbon and oxygen are about a factor of two higher

Table 11. Ionic concentrations and chemical abundances in NGC 40.
Wavelength in Angstrom for all values of λ above 1000, otherwise
in µm.

Ion λ Intens./Hβ Nion/Np ICF Nel./Np

He+ 5875 6.5 0.044
He+ 4471 2.43 0.048
C+ 2325 75. 8.54(−4)
C++ 1909 66. 9.33(−4)
C+3 1548 ≤25. ≤7.4(−4) 1 1.9(−3)
N+ 6584 283. 1.01(−4)
N+ 122 1.85 8.6(−5)
N++ 57 9.83 3.46(−5) 1 1.3(−4)
O+ 3727 380. 5.0(−4)
O++ 5007 25. 1.9(−5)
O++ 52 11.6 3.0(−5)
O+3 25,8 ≤0.14 ≤5.2(−8) 1 5.3(−4)
Ne+ 12.8 78.6 1.38(−4)
Ne++ 15.5 1.16 8.4(−7)
Ne++ 3869 0.34 8.3(−7) 1 1.4(−4)
S+ 6731 14.5 1.48(−6)
S++ 18.7 34.2 4.09(−6)
S++ 6312 0.5 2.8(−6) 1 5.6(−6)
Ar+ 6.99 17.4 2.39(−6)
Ar++ 8.99 9.48 7.2(−7) 1 3.4(−6)
Ar++ 7136 4.6 3.8(−6)
Cl++ 5538 0.27 7.5(−8)
Cl++ 5518 0.20 5.9(−8)
P++ 17.9 2.08 1.2(−7) 2.0: 2.4(−7):
Fe+ 25.9 0.23: 6.2(−8)
Fe++ 22.93 0.93 3.4(−7) 1.5: 6.1(−7):
Si+ 34.8 4.05 2.0(−6)
Si++ 1892 2.4 4.9(−6) 1 7.0(−6)

Intensities given with respect to Hβ = 100.

than solar, while neon and argon are almost a factor of three
higher. Sulfur is about solar which, as discussed above, is al-
ready a factor of two or three higher than in most nebulae.
Nitrogen is a factor of five higher than solar, but this also true
of many other nebulae. It appears that NGC 6153 was formed
from material which originally had a higher abundance than
solar, and only nitrogen and helium have increased by nucle-
osynthesis in the course of evolution.

5. Comparison with other abundance
determinations

Tables 13 and 14 shows a comparison of our abundances with
the most important determinations in the past 20 yrs. There
is marginal agreement, usually to within a factor of two. A
comparison is also made with the solar abundance (Anders &
Grevesse 1989; Grevesse & Sauval 1998; Allende Prieto et al.
2001), which has been commented on above.

The helium abundance has been derived using the theoreti-
cal work of Benjamin et al. (1999). For recombination of singly
ionized helium, most weight is given to the λ 5875 Å line , be-
cause the theoretical determination of this line is the most reli-
able. The abundance of helium in NGC 40 is a lower limit since
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Table 12. Ionic concentrations and chemical abundances in
NGC 6153. Wavelength in Angstrom for all values of λ above 1000,
otherwise in µm.

Ion λ Intens./Hβ Nion/Np ICF Nel./Np

He+ 5875 19.6 0.131
He+ 4471 6.51 0.128
He++ 4686 12.8 0.010 1 0.14
C++ 1909 40.1 5.67(−4) 1.2 6.8(−4)
N+ 6584 53.5 1.90(−5)
N+ 122 ≤0.18 ≤2(−5)
N++ 1750 16.: 5.9(−4):
N++ 57 72.1 4.42(−4) 1.1 4.8(−4)
O+ 3727 28.8 4.40(−5)
O++ 5007 908. 6.87(−4)
O++ 52 251. 1.0(−3)
O+3 25.8 97.3 3.7(−5) 1 8.3(−4)
Ne+ 12.8 11.5 1.95(−5)
Ne++ 15.5 311. 2.26(−4)
Ne++ 3869 90.2 2.20(−4)
Ne+3 2425 8.5 6.10(−5) 1 3.1(−4)
S+ 6731 5.86 6.0(−7)
S++ 18.7 86.3 1.04(−5)
S++ 6312 1.42 7.78(−6)
S+3 10.5 267. 8.54(−6) 1.05 1.9(−5)
Ar+ 6.99 11.4 1.57(−6)
Ar++ 8.99 53.4 6.09(−6)
Ar++ 7136 21.9 3.39(−6)
Ar+3 4740 2.35 1.48(−6) 1 8.5(−6)
Fe++ 22.9 0.42 1.55(−7) 2: 3.1(−7):
Cl++ 5538 0.744 2.1(−7)
Cl++ 5518 0.581 1.7(−7)
Cl+3 11.8 4.05 2.7(−7) 1.2 5.6(−7)
Na++ 7.32 1.77 1.6(−6)
Si+ 34.8 2.8 2.0(−6)
Si++ 1892 2.7: 5.5(−6) 1.3 9.8(−6)
Intensities given with respect to Hβ = 100.

the ionization in this nebula is so low that much neutral helium
may exist.

5.1. Errors

It is difficult to determine the errors in the abundance determi-
nation. 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 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 ap-
plicable. We have tried to minimize this possibility by making
use of known atomic constants to relate the various parts of the
spectrum. Thus the ratio of the infrared spectrum to the visible
spectrum is fixed by the ratio of Brα to Hβ which is an atomic
constant.

A further error is introduced by the correction for unseen
stages of ionization. This varies with the element, but is usu-
ally small because very many ionization stages are observed.
Thus for neon all but neutral neon is observed, so that the er-
ror is negligible. This is also true for sulfur, argon, oxygen and

Table 13. Comparison of abundances in NGC 40.

Elem. Present Clegg(1) AC(2) Solar(3)
He ≥0.046 ≥0.044 ≥0.05 0.098
C(−4) 19 10 3.3
N(−4) 1.3 2.4 0.98 0.84
O(−4) 5.3 8.4 6.0 4.9
S(−6) 5.6 3.9 4.1 19
Ar(−6) 3.4 2.5
Ne(−4) 1.4 1.2
Fe(−7) 6.1 320

(1) Clegg et al. (1983); (2) Aller & Czyzak (1979); (3) Solar: Anders
& Grevesse (1989); Allende Prieto et al. (2001); Grevesse & Sauval
(1998).

Table 14. Comparison of abundances in NGC 6153.

Elem. Present Liu(1) PDM(2) Solar(3)
He 0.14 0.14 0.14 0.098
C(−4) 6.8 2.8 8.0 3.3
N(−4) 4.8 2.3 20 0.84
O(−4) 8.3 5.0 10 4.9
S(−5) 1.9 1.6 3.7 1.9
Ar(−6) 8.5 2.7 10 2.5
Ne(−4) 3.1 1.7 2.5 1.2
Cl(−7) 5.6 4.2 3.0
Fe(−7) 3.1: 320

(1) Liu et al. (2000); (2) Pottasch et al. (1986); (3) Solar: Anders
& Grevesse (1989); Allende Prieto et al. (2001); Grevesse & Sauval
(1998).

nitrogen where the higher stages of ionization which are not
observed contribute very little to the abundance.

There is also an error due to an incorrect determination of
the electron temperature. This is very small for ions represented
by infrared lines, so that the abundances of neon, argon and sul-
fur will not be affected. The abundance of carbon is more sensi-
tive to the temperature however. This is one of the reasons that
we obtain a higher carbon abundance in NGC 6153 than Liu
et al. (2000). It is not a reason for the higher carbon abundance
found in NGC 40, since the electron temperature we found is
almost the same as used by Clegg et al. (1983).

5.2. Recombination line abundances

Liu et al. (2000) have discussed the recombination line abun-
dances in NGC 6153 for several ions of carbon, nitrogen, oxy-
gen and neon using their careful measurements of very weak
lines from this nebula. These abundances are a factor of 3
to 5 higher than we have obtained from the collisional lines.
(These authors find a factor of 10 difference because they use
lower collisional line abundances). The explanation for this
difference is not clear. Originally it was suggested that tem-
perature inhomogeneities caused a too high temperature to
be found; a lower temperature would increase the collisional
line abundances. But now that collisional line abundances can
be determined from low lying levels which are insensitive to
the temperature (the infrared lines) it is clear that some other
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explanation must be found. Liu et al. (2001) have exam-
ined several models based on the assumption that there exist
hydrogen-poor regions in the nebula which have a low electron
temperature so that only recombination line radiation is emit-
ted. None of these models is entirely satisfactory however.

In NGC 6153 the C++ recombination line λ4267 Å yields an
abundance C++/H of 2.2 × 10−3. We have also obtained an up-
per limit for the C++ recombination line λ1761 Å which yields
a much lower upper limit to the abundance: C++/H ≤ 2.6×10−4.
These abundances are obtained using the effective recombina-
tion coefficients given by Davey et al. (2000) for their Case B,
which refers to the case in which the nebula is optically thick
for the resonance transition. If the nebula is completely thin
(Case A) for the resonance transition the abundance from the
λ1761 Å would be increased by a factor of about 5.5, while that
obtained from the λ4267 Å would essentially be unchanged. In
this way agreement may almost be achieved. We regard it as
unlikely however that the nebula is completely thin for the res-
onance line (λ1334 Å).

Consider now the same lines in NGC 40. In this case the
λ1761 Å line is much stronger and yields a Case B abundance
C++/H = 1.5 × 10−3. This is a factor 4 higher than obtained
from the λ4267 Å line. Here we cannot invoke the optically thin
case, because this would only increase the difference. The only
possibility of obtaining agreement is if the measurement of the
λ4267 Å by Clegg et al.(1983) is too small by a factor 4. This
is unlikely since the spectra given by these authors shows the
line very clearly and its intensity relative to Hβ does not have an
error of more than 30%. The possibility that the λ1761 Å line is
misidentified is also unlikely because an additional C++ line is
seen with an intensity which gives the same higher abundance
as the λ1761 Å line. This is the C++ line at λ2836 which is
difficult to measure in many nebulae because it is blended with
a Bowen O  line. This is not the case in NGC 40 because
almost no O  is present. This would argue that there is some
physical process which is not yet well enough understood to
predict the observed C++ recombination line ratios. This makes
it uncertain that the correct C++ abundance can be determined
from its recombination lines.

6. The central star

6.1. NGC 40

As mentioned in Sect. 1, this nebula is excited by a WC8 cen-
tral star. Using the visual magnitude of 11.55 (obtained from
the HST measurements of Ciardullo et al. 1999) and the Hβ flux
given above, the hydrogen Zanstra temperature (T z(H)) is about
35 000 K. No doubly ionized helium is seen in the nebula. This
is consistent with the above temperature. The “Stoy” or Energy
Balance temperature can also be found from the above data.
The value of the ratio of “forbidden line emission” (including
all collisionally excited emission) to Hβ is 12.3, which leads
to an Energy Balance temperature (T EB) of 41 000 K, assuming
blackbody emission. A model atmosphere would give a slightly
lower temperature (see Preite-Martinez & Pottasch 1983). We
will use a stellar temperature of 38 000 K in the following
discussion.

As already mentioned in the introduction, Bianchi &
Grewing (1987) obtain a temperature of T = 90 000 K from
the ultraviolet (IUE) continuum radiation. This evidence is very
uncertain. Firstly, it is strongly dependent on the value of ex-
tinction used. Bianchi & Grewing use a value of E B−V =0.50.
The value found here, E B−V =0.41, reduces the continuum tem-
perature to a value of about T = 60 000. Secondly, even small
departures of the continuum from a black body can have an im-
portant effect on the derived temperature, especially because a
limited wavelength region is being observed in a wavelength
region where only a small percentage of the total flux is con-
tained. Therefore there appears to be little reason to doubt that
the temperature is about 38 000 K.

6.2. NGC 6153

The central star has an observed visual magnitude of 15.55
(Ciardullo et al. 1999). Corrected for extinction, E B−V = 0.81,
this is a magnitude of 13.04, and leads to a hydrogen Zanstra
temperature Tz(H) = 74 000 K. The ionized helium Zanstra
temperature is slightly higher T z(HeII) = 84 000 K. The value
of the ratio of “forbidden line emission” (including all colli-
sionally excited emission) to Hβ is 26.7, which leads to an en-
ergy balance temperature (T EB) of 80 000 K, which we will use
as a reasonable to the temperature of the star.

6.3. Radius and luminosity

These quantities are dependent on the distance of the nebu-
lae which is difficult to obtain accurately. For this discussion
we will use the distances cited above: d = 0.8 kpc (NGC 40)
and d = 1.2 kpc (NGC 6153). Similar values are cited in
the literature especially as “individual distances”. These val-
ues have an uncertainty which could be larger than 40%. They
lead to stellar radii R/R� = 0.73 (NGC 40) and R/R� = 0.19
(NGC 6153) and, using the above temperatures, stellar lumi-
nosities L/L� = 720 (NGC 40) and L/L� = 950 (NGC 6153).

It is also possible to obtain the stellar luminosity from
the nebular Hβ luminosity, since there is a direct relationship
between the number of ionizing photons and the number of
Hβ photons, in the case in which the nebula absorbs all the ion-
izing photons emitted by the star. A mathematical formulation
of this can be found in Pottasch & Acker (1989). It yields the
following luminosities: L/L� = 760 (NGC 40) and L/L� = 860
(NGC 6153). This is roughly the same found above and indi-
cates that most of the ionizing photons are absorbed in the neb-
ula. It does not give any information about the distance, since
both formulations have the same distance dependance.

7. Discussion and conclusions

The rather low luminosity of the central star of both of these
nebulae, although quite uncertain, leads to the expectation that
the initial mass of the star was low so that only the first dredge-
up (and possibly the third dredge-up) took place. This seems
in general agreement with the abundance determinations. In
NGC 40 the abundances are solar (with the exception of car-
bon). Even nitrogen is only slightly increased compared to the
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Table 15. Comparison of abundances in PN with WR central stars.

Elem. NGC 40 BD+30 3639� NGC 5315† Solar(3)
He ≥0.046 ≥0.0053 0.124 0.098
C(−4) 19 7.3 4.4 3.3
N(−4) 1.3 1.1 4.6 0.84
O(−4) 5.3 4.6 5.2 4.9
S(−6) 5.6 6.4 12 21
Ar(−6) 3.4 5.2 4.6 2.5
Ne(−6) 1.4 1.9 1.6 1.2

� Abundances from Bernard-Salas et al. (2003).
† Abundances from Pottasch et al. (2002).

sun, indicating that only the first dredge-up took place. The
large carbon abundance is puzzling. It could have some relation
to the carbon rich WR central star which is beginning to lose
some of its atmosphere to the nebula. However this has not been
seen to this extent in other nebulae with WR central stars which
we have investigated. This is illustrated in Table 15 which com-
pares the abundances in NGC 40 with those in two other neb-
ulae with Wolf-Rayet central stars: BD+30 3639 (WC9) and
NGC 5315 (WC4).

From the table a large similarity of the abundances of oxy-
gen, neon, argon and sulfur is seen. Nitrogen is considerably
higher in NGC 5315 indicating that it is a somewhat higher
mass star and a second dredge-up has occurred. Neither of these
nebulae has such a high C/O ratio as NGC 40. It is clear that the
high carbon abundance is anomalous.

In NGC 6153 the abundances of neon, argon, oxygen, car-
bon, and chlorine are between a factor of 2 and 3 higher than
solar. The sulfur abundance is equal to that of the sun, but is
about a factor of 2 to 3 higher than in other planetary neb-
ulae. The only other element measured, nitrogen, is about a
factor 5 higher. It seems unlikely that this increase could have
taken place in the course of the evolution of the star. It is more
likely that the central star of this nebula originally was formed
from material with an abundance 2 to 3 times higher than solar.
Further, it appears to be a star of low enough mass that the third
dredge-up could not take place.

The role of the intensity of the C++ recombination line in-
tensities is discussed. It appears difficult to explain the ratios of
λ4267 Å/λ1761 Å in both nebulae with the same recombination
line theory. The theory may have to be reconsidered.
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