FTIBBVNRAS, 2347 ~583M

Mon. Not. R. astr. Soc. (1988) 234, 583-624

An optical spectrophotometric survey of abundances in
Magellanic Cloud Planetary Nebulae

D. J. Monk, M. J. Barlow and R. E. S. Clegg pepartment

of Physics and Astronomy, University College London, Gower Street, London
WCIE 6BT

Accepted 1988 March 10. Received 1988 March 4; in original form 1987 December 21

Summary. Optical spectroscopic data for 71 Planetary Nebulae (PN) in the Large
and Small Magellanic Clouds have been analysed. The line fluxes have been used
to determine nebular temperatures, densities, and the abundances of He, N, O,
Ne, and Ar, relative to H. In our sample there are 12 nebulae with N/O=0.5,
resembling Peimbert’s Type I PN; six low-excitation (LE) objects [1=<1(5007)/
I(HB)=4]; and four very-low-excitation (VLE) nebulae [I(HB)>1(5007)], similar
to the Galactic VLE class. Mean abundances have been calculated for the nebulae
not in these special groups. After correction for collisional excitation contribu-
tions to the nebular Hel lines, PN in the SMC and LMC yield mass fractions of
Y=0.249£0.025 and Y=0.258%0.015, respectively. Compared with PN in our
own Galaxy, the abundances of Ne and Ar, which are the elements in our sample
least affected by nucleosynthesis, are lower by 0.6 and 0.35 dex for the SMC and
LMC respectively. The oxygen and neon abundances in the Magellanic Cloud PN
are the same as those previously found for Hu regions in the LMC and SMC, but
the nitrogen in PN is enhanced by 0.9 and 1.0 dex in each galaxy, respectively.
This is found to be consistent with the processing of all of the original carbon to
nitrogen by the CN cycle, operating in the progenitor stars at the time of the first
dredge-up. This process seems to have operated much more efficiently in the
metal-poor Magellanic Clouds than in the Milky Way, in agreement with theoreti-
cal predictions. Five Wolf-Rayet central stars are detected in the sample (two
SMC, three LMC). The frequency of occurrence of these helium-rich central stars
in low- and medium-excitation PN (15 per cent) is very similar to that of helium-
rich white dwarfs in the solar neighbourhood, suggesting that events at the end of
the AGB phase may be reponsible for the observed fractions of helium- and
hydrogen-rich white dwarf stars.

1 Introduction

Early surveys of Magellanic Cloud planetary nebulae (Henize 1956; Lindsay 1961; Henize &
Westerlund 1963; Lindsay & Mullen 1963; Westerlund & Smith 1964; Sanduleak, MacConnell &
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Philip 1978; Jacoby 1980) and other early studies (Feast 1968; Webster 1969a, b, ¢; Smith &
Weedman 1972) have provided identifications, colours, and kinematics for a large number of
objects.

Spectroscopic studies of PN in the Large and Small Magellanic Clouds (LMC and SMC)
followed this early work and provided an extension to the well-established and intensive
investigations of PN within our own galaxy. Previous optical spectroscopic studies of Magellanic
Cloud PN, though, have only been for relatively small samples (Osmer 1976; Webster 1976a, b,
1978; Dufour & Killen 1977; Aller et al. 1981; Aller 1983), as have the studies of Magellanic Cloud
PN with IUE (Maran et al. 1982; Stecher et al. 1982; Barlow et al. 1983; Aller et al. 1987), and this
has led to selection effects in the mean abundances derived for LMC and SMC PN.

In this paper, we report the results of an abundance analysis of the largest sample of optical
spectrophotometric spectra so far obtained of Magellanic Cloud PN. Of the 74 nebulae observed,
71 are classifiable as PN. The 21 PN observed in the SMC represent about 70 per cent of those
listed in the Sanduleak et al. (1978) catalogue, while the 50 PN observed in the LMC represent 50
per cent of those catalogued by Sanduleak et al. (1978). We will follow the standard practice for
Galactic PN and adopt the earliest identification of any particular PN as the reference for its
name. The catalogue of Sanduleak et al. (1978) contains a cross-index of these identifications.

2 Observations and calibration

2.1 OBSERVATIONS

The spectra discussed here were obtained from the AAO database, the original observations
having been made by Dr E. J. Wampler with the 3.9-m Anglo-Australian Telescope (AAT) at
Siding Spring Observatory during the nights of 1975 November 27/28 (low resolution data), and
1976 February 4/5, 5/6, 6/7 and 7/8 (medium resolution data), using the Boller and Chivens
Spectrograph and Image Dissector Scanner (IDS) (Robinson & Wampler 1972), at the f/15
focus. The low resolution spectra were obtained with a 300 line mm™ grating, giving a noise-
limited useful wavelength range from 3600 to 7400 A, at a resolution of ~25 A FWHM. The
medium-resolution spectra were obtained with a 600 line mm™ grating, giving a useful coverage of
3600-7100 A, at a resolution of ~12 A FWHM. The low- and medium-resolution spectra were
obtained with entrance slots of 1X2 and 1x1mm?, respectively, which gave projected areas on
the sky of 3.6X 7.2 arcsec? and 3.6 3.6 arcsec?. Each object was observed for 2 min in each of two
slots having a projected separation on the sky of 20 arcsec. The object spectra were then summed
and the sky spectra, which had been recorded simultaneously in the alternative slots, were
subtracted in order to yield net spectra. The sky spectra were monitored for the presence of field
stars in the beam and when such cases occurred the relevant sky spectrum was replaced with that
from the observation immediately before or afterwards. All of the low-resolution spectra were
obtained on the night of 1975 November 27/28, when the PN were observed in essentially Right
Ascension order. The same order of observation applied on the nights of the medium-resolution
observations. The medium-resolution observations of the SMC PN N6, 1.239, 1.302, and L305
were obtained on February 7/8, while the remaining SMC medium-resolution data were obtained
on February 5/6.

Using the sDrsys reduction package at the AAO (Straede 1980), the spectra were calibrated in
wavelength with respect to comparison exposures of a He-Ne arc, and were calibrated
spectrophotometrically by observations of white dwarf stars from the list of Oke (1974). The
subsequent analysis of the calibrated spectra was carried out at the UCL STARLINK node, using
the pIpso package of routines (Howarth & Murray 1987) to measure line intensities. Table
1(a—d) presents the measured line intensities on a scale where I(HB)=100, corrected for interstel-
lar extinction and atmospheric dispersion as described below.
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2.2 BLENDS

Several groups of lines were only partially resolved in both series of spectra, most importantly the
[Nu] 6548 A, 6584 A and Ha lines, and the Hy and [O 1] 4363 A lines, which are used either for
the determination of the effects of interstellar extinction and atmospheric dispersion, or as
temperature diagnostics. To deconvolve these lines into their respective components we used the
DIPSO routine ELF written by Dr P. J. Storey. The Gaussian emission line fits were constrained by
the wavelength differences of the theoretical line centres, and by the requirement that all
components should have identical FWHMs. The actual value of the FWHM was not constrained
within the routine but fits were only accepted for FWHMs within =3 A of the FWHM of the
unblended lines in the spectrum.

The fitting was made more complicated by the presence of broad wings on the stronger lines
(relative intensity =Hp for a typical PN), which are a feature of the detector itself, and whose
width increased with increasing line intensity. It was necessary, therefore, to estimate the FWHM
of this broad component from the (unblended) Hf line, and fit both a narrow and broad
component to the strong lines within the blends. Examples of the fits for the [N1], Ha blend and
for the Hy, [Om] blend, for both the low- and the medium-resolution spectra, are given in Figs 1
and 2.

In the medium resolution spectra, the [Nu], Ha blend and the Hy [Omi] blend are almost
resolved by the instrument, and the estimated errors for the line fitting are in the range 5-15 per
cent, depending on the relative strength of the components involved. There was more significant
blending, however, in the low resolution spectra, and errors of about 10-30 per cent are
estimated. It should be noted that the Hy, [O 1] blending was particularly pronounced in the low
resolution spectra, and the weakest [O1m] 4363 A relative line intensities have the largest associ-
ated errors. Relative intensities for [O 1] 4363 A of less than 5 (on a scale where HpB=100) have
been designated as ‘very uncertain’ (::) in Table 1(a—d), and have not been used to calculate an
electron temperature.

2.3 ATMOSPHERIC DISPERSION AND INTERSTELLAR EXTINCTION CORRECTIONS

Since the seeing was generally of the order of the entrance slit width, and because some nebulae
were observed at large zenith distances, the spectra were affected by wavelength-dependent
atmospheric dispersion. The effect of this is similar to that of interstellar extinction, and it was
found necessary to correct for the two effects together. The spectra were first corrected to the
Case B theoretical Ha:Hp intensity ratio of 2.85 for T,=10*K and n,=10*cm (Brocklehurst
1971; Hummer & Storey 1987), using a galactic reddening law curve (Howarth 1983) with a
suitable value for the logarithmic extinction at HB [¢’ in Table 1(a—d)]. This correction is
based on the assumption that both effects have the same wavelength variation between Ha and
Hp, and we are thus unable to make an estimate of the true interstellar extinction suffered by each
object. Where objects were observed twice at the same resolution both values of ¢’ are given.
The effects of atmospheric dispersion were most pronounced at the blue end of our spectra and
further corrections were found to be necessary to the fluxes of the lines shortwards of 4400 A. In
order to estimate the magnitude of the corrections needed, we made two types of comparison.
First, the relative intensities, following dereddening by ¢’, of [On]3727 A and [Nem] 3868 A,
were compared with the dereddened relative intensities for these lines from Aller et al. (1981),
Aller (1983) and Barlow (1987) for the nebulae in common. The relevant line fluxes are listed in
Table 3(a) (LMC PN), and (b) (SMC PN). A summary of the mean ratios of the IDS intensities
to the other intensities is presented in Table 4. Secondly, the Hy:HB, and Ho:Hp ratios obtained
from the IDS spectra, after dereddening by ¢’, were compared with the theoretical ratios for
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Figure 1. Examples of multicomponent fits to the Hy, [Om] 4363 A blend [top diagram (a)], and the Hat, [N11] 6548,
6584 A blend [bottom diagram (b)] for a typical medium resolution spectrum. The spectral data and the Gaussian fits
to each line are shown along with the residual (which is displaced downwards from zero for clarity).
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Figure 2. Examples of multicomponent fits to the Hy, [O ] 4363 A blend [top diagram (a)], and the Ha, [N 1} 6548,
6584 A blend [bottom diagram (b)] for a typical low resolution spectrum. The spectral data and the Gaussian fits to
each line are shown along with the residual (which is displaced downwards from zero for clarity).
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T,=10*and n,=10* cm=, which are equal to 0.469 and 0.259, respectively (Brocklehurst 1971). A
comparison between the observed mean ratios and theoretical ratios is also included in Table 4.

Inspection of the various ratios in Table 4, for the low-resolution spectra of both the SMC and
LMC PN, indicates that the corrections needed for the [On], [Nem1], HJ, Hy fluxes are similar.
The weighted mean of all 93 low resolution ratios (IDS divided by other) is 0.89. We have
therefore multiplied all low resolution line fluxes between 3700 and 4400 A by a factor of 1/0.89
(=1.12). The corrected low resolution line fluxes listed in Table 1(b) and (d) are thus the result-
of the dereddening of all fluxes by ¢’, followed by multiplication by a factor of 1.12 for those lines
with 1<4400 A.

In the case of the medium-resolution spectra, comparison of the dereddened and intrinsic
Balmer line ratios in Table 4 indicates that a correction factor of 1/0.89 (=1.12) is again
appropriate for Hé and Hy, for both the SMC and LMC PN. However, in the case of the [O11] and
[Nem] lines, the ratio of the medium resolution IDS intensities to others is significantly lower
than 0.89. We attribute this to the fact that these lines fall closer to the detector edge in the
medium resolution spectra, and the sensitivity of the detector in its outer regions is significantly
lower than in the central regions, due to pincushion distortion in the electrostatically focused
image tube chain. On the basis of Table 4, we adopt a medium resolution spectra correction factor
0f 1/0.70 (=1.43) for lines with 3700 <1<4000, and a correction factor of 1/0.89 (=1.12) for lines
with 4000<A<4400 A.. The corrected medium resolution line fluxes listed in Table 1(a) and (c) are
thus the result of the dereddening of all fluxes by ¢’, followed by multiplication of the above
correction factors.

The final corrected relative line intensities (on a scale where H8=100) are presented separately
for the medium and low resolution spectra of the LMC PN [Table 1(a) and (b), respectively], and
the SMC PN [Table 1(c) and (d), respectively]. The estimated errors of measurement of the
relative line intensities are listed in Table 2, and are a function of (a) the wavelength, (b) the line
intensity (relative to HB), and (c) the overall strength of the signal. These effects will combine to
produce a specific signal-to-noise ratio for an individual line within a spectrum, and the estimated
errors are the uncertainties due to the noise over the various wavelength regions. Spectra with a
weak overall signal have higher associated uncertainties and these spectra have been labelled by
an asterisk next to the object name in Table 1(a~d). For these spectra, and for other spectra with
non-detections of the important [On] 3727 A and [Nem] 3868 A lines, upper limits to the fluxes in
these lines were measured. For some nebulae for which only upper limits for [On] 3727 A or
[Nem] 3868 A could be derived, the relative intensities of the lines were available from the higher
resolution IPCS data of Barlow (1987). In such cases, the relative intensities from the latter
source are given in parentheses (labelled with an ‘a’) following the upper limits derived from the
IDS spectra [Table 1(a—d)], and were used subsequently for the derivation of the O* and/or Ne?*
abundances.

Rosa (1985) has found evidence that the IDS detector at ESO is non-linear, such that the
detected signal, S, depends upon the input flux, I, as S<I*, with a~1.04. We have used our

Table 2. Estimated errors in line intensity measurements due to the
uncertainty in the continuum level caused by noise.

Relative
Intensity Wavelength Range (Angstroms)

(HB = 100) < 3900 3900-4200 4200-6000 6000-7000
3-5 > 50% > 50% 40% 30%
5-15 » 30-40% 20-30% 20%

15-35 » 25% 10-15% 15%
>35 > 30% 10% 10% 10%
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Table 3(a). Medium- and low-resolution spectra of LMCPN, corrected by ¢’
only, compared to dereddened relative line intensities from Aller (1983; or
Maran et al. 1982), and Barlow (1987).

Relative Intensity (H8 = 100)

LMC Line Medium Low Aller (1983)  Barlow (1987)
N24 [omm)3727 A - 25.7 25.1 -
[Nelll)3868 A - 40.1 42.9 -
N28 [o1m)3727 A - 94.0 - 65.8
[NelII)3868 A - 63.7 - 87.3
N42 [om]s727 A <70.6 80.2 - -
[NelII)3868 A <83.3 98.8 - -
Neé6 [om]3727 A <60.3 67.6 - 58.7
[NelII]3868 A 72.1 73.0 - 113.0
N97 [o1m]3727 A - 1000 116.4 118.6
[NelII}3868 A - 99.6 92.6 128.9
N102 [om)3727 A 39.0 61.7 72.0 63.4
[NelII)3868 A 69.5 96.1 85.5 135.4
N104 [oms727 A <144.2  155.8 - -
[NellI}3868 A 70.4 80.6 - -
N110 [om3727 A 50.8 - - 56.0
[NellI}3868 A 58.7 - - 106.8
N133 [o11)3727 A 26.2 - - 7.0
[NellI]3868 A 32.2 - - 39.5
N141 [om3727 & 15.4 - - 35.3
[NellI]3868 A 29.1 - - 69.5
N153 [omms727 A 38.9 - 65.0 57.7
[NellI}3868 A 69.3 - 97.7 100.5
N178 [o1n]3727 A 41.6 - 49.4 52.0
[Nell1}3868 A 59.2 - 82.9 102.2
N184 [om]3727 A 39.3 63.5 71.3 84.9
[NellI)3868 A 77.3 74.2 64.5 98.6
N201 [oms7e7 A 25.1 - - 39.0
[NelII)3868 A 47.2 - - 92.3
N203 [oIm3727 A 55.9:: - - 74.9
[NellI]3868 A 33.0 - - 42.0
LM1-27 [omm)3727 A 75.1 1575 - -
[NellI)3868 A 60.0 92.5 - -
LM1-61 [om)3727 A <20.6 - 22.0: (Maran) 22.8
[Nelll)3868 A 40.2 - 47.9 (Maran) 63.2

observed [Om1] 5007:4959 ratios (Table 1) to investigate whether such an effect is present alsoin
the AAT IDS. The theoretical intensity ratio of these two lines is 2.88 (Nussbaumer & Storey
1981), while the mean 5007:4959 ratio given by the 68 medium- and low-resolution spectra with
1(5007)/I(HB)>4 is found to be 2.90+0.12, implying that a=1.007%0.040. We conclude that our
data do not provide evidence for significant non-linearity in the AAT IDS.

3 Nebulae with Wolf-Rayet central stars

The spectra of five of the planetary nebulae in our sample were found to show strong Wolf-Rayet
emission lines, notably the C1v 5806 A feature and the broad complex between 4650 and 4686 A
due to Cur, C1v and He 1. The Wolf-Rayet central star of LMC N203 was originally discovered by
Feast (1968), while the presence of Wolf-Rayet central stars in SMC N6, SMC L302, LMC N110
and LMC N133 was first noted by Dr E. J. Wampler (1978, private communication).

The most recent systematization of the classification criteria for WC Wolf-Rayet stars is that by
Torres, Conti & Massey (1986). Their assignments to a given subclass are based on the ratios of
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Table 3(b). Medium- and low-resolution spectra of SMC PN, corrected by
¢’ only, compared to dereddened relative line intensities from Aller et al.
(1981) and Barlow (1987).

Relative Intensity (Hf = 100)

SMC Line Medium Low Aller et al. Barlow
(1981) (1987)

N2 [om)3727 A - 7.1 24.5 29.0
[NellI]3868 A - 43.6 49.9 73.1

N4 [o1]3727 A <434 - - 14.2
[NelII)3868 A 18.3 - - 38.5

N5 [om3727 A - 59.0 80.0 72.7
[NellI)3868 A - 63.7 87.0 78.4

N6 (o327 A <221 <19.3 - 13.9
[NelIl]3868 A <63.3 34.1 - 74.2

N8 [om]3727 A 338.7 - - 528.0
[Nell1}3868 A nd - - 2.4

N38 [om)3727 A - 32.3 - 19.2
[Nelll)3868 A - 58.8 - 51.7

N40 [om3727 A - 51.6 - 29.8
[NellI)3868 A - 74.4 - 68.6

N43 [omm3727 A - 11.2: 14.4 12.9
[NellI]3868 & - 43.4 34.8 40.4

N44 [om3727 A - 20.0 25.5 21.4
[NellI]3868 A - 73.0 76.0 67.8

N70 [oI3727 A 19.3:: - 62.0 85.6
[NelIT)3868 & 9.6:: - 19.4 26.1

N87 [o1)3727 A <26.8 - 18.8 17.5
[NellI]3868 A 28.8 - 27.5 33.6

L66 [omm3727 A <70.6 - - 101.4
[NellI}3868 A <711 - - 64.1

L302 [om3727 A 190.7 - - 462.0
[NellI]3868 A nd - - nd

the equivalent widths of (a) C1v5806 A to Cm 5696 A, and (b) Cm 5696 A to Ov 5590 A. Their
sample consisted of bright Population I WC stars, whereas the five WC central stars in our sample
are all extremely faint, with the consequence that Ov5590 A was not detectable in any of the
spectra, and C1i1 5696 A was definitely detected only in the spectrum of SMC L302. Therefore, we
have used only the ratio of the intensity of C1v 5806 A to C11 5696 A to classify the central stars.
Table 5(a) lists, for each WC subclass, the mean value of this ratio, and its 1¢ limits, as defined by
Torres et al. (1986). Table 5(b) lists the observed ratio (or lower limit) of C1v5806 A to
Cur5696 A for each of the five WC central stars. The central stars of SMC 1.302 and LMCN110
are found to have spectral types of WC8 and WC4, respectively, while the remaining three central
stars have spectral types WC4/5.

Mendez et al. (1986) have found that the spectral types of WC central stars in Galactic PN show
a pronounced gap, in that the subtypes WC5, WC6 and WC7 do not occur. The spectral types
found here are consistent with the same situation holding for central stars in Magellanic Cloud
PN, although the presence of WCS spectral types amongst them cannot be excluded as yet.

The spectra of WC central stars in planetary nebulae are known to be very similar to those of
the much more luminous Population I WC stars which have the same spectral types (e.g. Smith &
Aller 1971; Mendez et al. 1986). Since the spectra of WC stars contain no lines due to hydrogen,
one must conclude that hydrogen-shell burning is excluded as the energy source for WC central
stars, leaving helium-shell burning as the likely energy source. Wood & Faulkner (1986) have
calculated helium-shell burning evolutionary tracks for PN central stars (however, their models
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Table 4. Comparison of IDS relative intensities (corrected by ¢’ only) with
other sources.

Compared Data Sets Sample Size Compared Lines Mean Ratio
(see notes below)

B87/ALS1 10 [O11]3727,[Nell1}3868 109.4+23%
B87/AL83 12 [OI1]3727,[NelIT}3868 117.9+24%
SMC Low/Theory 11 Hy/HB 90.0+8.5%
SMC Low/Theory 11 Hé§/Hp 82.6+17%
LMC Low/(AL83 or B87) 12 [O11]3727, [NelIT]3868 93.6:20%
LMC Low/Theory 17 H+/HpA 81.2+10%
LMC Low/Theory 17 Hs/Hp 85.3+22%
SMC Med/Theory 10 Hy/Hp 90.8+6.8%
SMC Med/Theory 10 Hé/Hp 93.4+£50%
LMC Med/(AL83 or B87) 19 [OI1)3727,[NelI1]3868 68.3£15%
LMC Med/Theory 39 H~/Hp 84.448.3%
LMC Med/Theory 38 H6/Hp 80.7£19%

Notes to Table 4.

B87 : Barlow, 1987 Low : Low resolution data this paper
AL81: Aller et al. , 1981 Med: Medium resolution data this paper
AL83 : Aller, 1983 Theory : Brocklehurst, 1971

still had inert hydrogen shells above the helium layers). They found that helium-shell burning
models evolved much more rapidly than hydrogen-shell burning models of the same mass. For
example, after 3000 yr, a 0.6 M hydrogen-shell burning model reached an effective temperature
of 30000 K at constant luminosity, whereas in the same time a 0.6 M, helium-shell burning model
reached an effective temperature of 70000 K, and experienced a luminosity decline of a factor of 2
compared with its starting value.

If nebular expansion velocities are independent of whether central stars are hydrogen- or
helium-shell burning, then a consequence of the faster evolution in the latter case should be that
at the same effective temperature the nebulae surrounding WR central stars should be younger
and denser. The [O11] nebular electron densities measured by Barlow (1987) for the five PN with
WC central stars are listed in the last column of Table 5(b). It is notable that all four of the
early-WC central stars have nebular electron densities in excess of 10*cm™. Of the other 27
Magellanic Cloud PN in the survey of Barlow (1987), only one (SMC N54) was found to have an
electron density larger than 10*cm=.

The only PN in our sample having a late WC central star, SMC 1302, has a much lower nebular
electron density (930 cm=) than do the four early-WC central stars. Amongst Galactic PN, NGC
40 is the only nebula with a WCS8 central star (Mendez et al. 1986) and its [O11] nebular electron
density is also relatively low (1400 cm; Clegg et al. 1983). This may indicate that WCS8 central
stars have a somewhat different evolutionary origin from the early-WC central stars.
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Table 5(a). Wolf-Rayet WC spectral classification (from
Torres et al. 1986).

Class log (CIV 5806 A :CIII 5696 A )
WC 8 —0.26 £ 0.15
WC 7 +0.22 £ 0.16
WC 6 +0.74 £ 0.29
wWCs +1.08 £ 0.20
WC 4 +1.84 £ 0.22

Table 5(b). Observed line strength ratio of Civ5806 A:Cm5696 A.

Object log (CIV 5806 A :CIII 5696 A ) Class ne(O11)
SMC N6 > 1.23 WC4/5 26600
SMC 1302 —-0.10 WC 8 930
LMC N110 > 1.61 WC 4 13000
LMC N133 > 1.34 WC 4/5 66000
LMC N203 > 1.57 WC4/5 30000

Itis of interest to estimate the overall fraction of Magellanic Cloud PN which have WC central
stars. As discussed above, helium-shell burning central stars are predicted to decline in luminosity
more rapidly than hydrogen-shell burning central stars, and so WR central stars in evolved high-
excitation Magellanic Cloud PN may be rather hard to detect. We have therefore confined our
comparison to those PN (medium and low excitation) which do not show nebular Henr emission
lines, implying central star effective temperatures of less than 60000-70000 K. Of the 13 low- and
medium-excitation SMC PN, two have WC central stars, while the fraction for LMC PN is three
out of 20. Therefore, 15 per cent of SMC and LMC low- and medium-excitation PN have WC
central stars. If WC central stars do indeed evolve more rapidly than non-WR central stars, then
this may represent a lower limit to the overall fraction of Wolf-Rayet central stars.

A WC-type fraction of 15 per cent is interestingly similar to the fraction of white dwarfs that are
hydrogen-deficient (i.e. DB or DO). Fleming, Liebert & Green (1986) have estimated that the
fraction of all white dwarfs that are helium-rich is 12 per cent for T.>40000 K and 19 per cent for
T.+>12000K. Since WC central stars are clearly helium-rich, our statistics on Magellanic Cloud
PN are consistent with a simple scenario whereby the hotter DB and DO white dwarfs evolve
from WC central stars, while the remaining central stars evolve into DA white dwarfs. If this is
correct, then it implies that the relative fractions of helium- and hydrogen-rich white dwarfs may
be determined by events occurring at the end of the AGB phase. Much more complex scenarios
for the origin of DB white dwarfs have been proposed previously (see Liebert 1986 for a review).

4 The very-low-excitation nebulae

Among the nebulae included in the current sample are five that were classified as very-low-
excitation (VLE) by Sanduleak & Philip (1977). The criteria for this classification (Sanduleak &
Stephenson 1972) are that (a) the strength of [Om] 5007 A be less than that of HB, and (b) the
strength of [O1]3727 A should exceed that of HB. The five nebulae in the current sample
common to the list of Sanduleak & Philip (1977) are SMCNS8 and 1302 and LMCN16, N47 and
N99. In addition, the nebulae LMCN25 and N101 were found to have [Om] 5007 A<HSB,
although in both cases the strength of [O1] 3727 A was only about half that of HB.

Morgan (1984) noted that his objective-prism spectrum of SMCL302 appeared anomalous,
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since despite satisfying the VLE criteria, strong Hen4686 A emission was also present. As
discussed in the previous section, the central star of this nebulae is a WCS star, so that strong
stellar emission by Cm 4650 A and He 1 4686 A is responsible for the feature seen by Morgan.

Monk (1987) has carried out an H1 Zanstra analysis of all of the VLE nebulae in our sample,
since they were found to have easily measurable stellar continua. A number of low- and medium-
excitation PN in the sample were also analysed in the same way. Monk found that the VLE
nebulae SMCNS8, LMCN16 and N47 all had stellar luminosities in excess of 15000 Lo, whereas
SMCL302, LMCN99 and N101 were found to have central star luminosities in the range 2200
4800 L, this range being typical of the luminosities derived for the PN central stars in the sample.
Monk concluded that the latter three VLE nebulae are planetary nebulae at an early stage in their
evolution, whereas SMC N8, LMCN16 and N47 are Hu regions powered by Population I stars.
The effective temperatures (25000-30000 K) and luminosities (15000-25000 L) found for these
three stars are typical of those of early B-type main sequence stars.

Sanduleak & Philip (1977) found that SMC N8, LMCN16 and N47 were spatially resolved on
their objective-prism plates, whereas SMC L302 and LMC N99 were stellar in appearance. This is
consistent with our classification of the first three as Hi regions and the latter two as planetary
nebulae. Barlow (1987) derived a nebular mass of 0.27 Mg for SMC L302, similar to that found for
the other PN in his sample, whereas SMCNS8 was found to have a nebular mass of 2.0 M,
consistent with it being a Population I Hir region.

Finally, a further difference between the three VLE nebulae which we have classified as Hnt
regions and those classified as PN, is that [S11] 6725 A is very much stronger in the spectra of the
former (Table 1). There are probably two factors contributing to this, the first being that the
absolute abundance of sulphur is higher in the H1i regions than in the PN, and the second being
that the nebular electron densities are much lower in the VLE Hu regions than in the VLE PN,
favouring the efficient excitation of [S1u] 6725 A in the former.

5 Electron densities and electron temperatures

It is possible to calculate the electron temperatures in the O1ur and N1 emission regions and the
electron density in the O 11 emission region [7,(O ), 7,(N1), and n,(On) respectively] using the
ratios of the following emission lines:

1(5007+4959 A)/1(4363 A) of [Omi],
1(6548+6584 A)/1(5755 A) of [N],
1(3729 A/1(3726 A) of [On].

To do this, two statistical equilibrium programs EQUIB, and RaTIO (Adams 1983), were used,
along with the transition probabilities and collision strengths for O, N1t and O11 taken from the
references listed in Table 6.

Table 6. References for atomic data.

Ion Transition Probability Collision Strength

NII Nussbaumer & Rusca, 1979.  Seaton, 1975.

oIl Zeippen, 1982. Pradhan,1976.
OIIl  Nussbaumer & Storey, 1981.  Baluja, Burke & Kingston, 1980.
Nelll Mendoza, 1983. Butler & Mendoza, 1984.

slI Mendoza & Zeippen, 1982. Mendoza, 1983.
Arlll Mendoza & Zeippen, 1983. Krueger & Czyzak, 1970.
ArIV  Mendoza & Zeippen, 1982. Zeippen, Butler, & Le Bourlot, 1987

© Royal Astronomical Society * Provided by the NASA Astrophysics Data System


http://ukads.nottingham.ac.uk/cgi-bin/nph-bib_query?1988MNRAS.234..583M&amp;db_key=AST

FTIBBVNRAS, 2347 ~583M

Abundances in Magellanic Cloud PN 605

The resolutions of the spectra reported here are not high enough to resolve the [O1t] doublet;
but, for 56 PN, data on the [O 1] doublet ratio were available from higher resolution AAT IPCS
observations (Barlow 1987; Monk, Barlow & Clegg, in preparation). The derived electron
densities, n,(O11), are given in Table 7. For objects not included in this list an electron density of
3500 cm was adopted if Hen 4686 A was present in the spectrum, while an electron density of
10* cm™® was adopted for those PN not showing He 11 4686 A emission. The T, and r, sensitive [O1]
intensity ratio, 1(3726+3729)/1(7320+7330), was not used in this analysis as it was felt to be too
unreliable, due to the generally low signal-to-noise ratios for the latter lines.

An electron temperature, 7,(O11), was calculated from all but 15 of the spectra by deconvolv-
ing the [Om]4363 A line from Hy (as described in Section 2.2). The total error in the value of
T,(O1m) is determined mainly by the error in the 4363 A line intensity and more confidence can be
placed in the temperatures derived from the medium resolution spectra than those from the low
resolution spectra.

The electron temperature of the N* region, T, (N11), was also calculated using lines which suffer
some blending, but in this case the overall error is determined mainly by the error in the 5755 A

Table 7. [O1] electron densities (cm~3) (from Barlow 1987; Monk et
al. in preparation).

LMC PN ne(O1II) SMC PN ne(O1I )
N1 39500 N1 8950
N24 2700 N2 2850
N25 13500 N4 1800
N28 7300 N5 3900
N39 4800 Né 26600
N60 18800 N8 380
N66 2700 N18 2150
N77F 1600 N29 2750
N78 3300 N38 7100
N97 2400 N40 3550
N101 7600 N42 4900
N102 8200 N43 8800
N104A 4500 N44 4600
N110 13000 N47 36400
N122 2500 N70 9900
N123 9400 N87 6400
N133 66000 L239 3900
N141 7700 L302 930
N153 4600 L305 1900
N170 3300 L536 1900
N178 3900
N184 3900
N186A 3750
N188 2700
N192 2150
N199 14400
N201 4800
N203 30000
N208 8700
N221 2400
LM1-9 2800
LM1-27 900
LM1-61 2050
St 2000
ws12 880
Ws16 2100
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Table 8. Comparison of electron temperatures.

Electron Temperature
Object Ion Medium  Low Aller (1983) or  Adopted
Aller et al.(1981)

LMCN2¢  [oI1]] 12300 11370 12300
LMCN42  [OH 15750 16000 15750
LMC Né6  [OIIf] 15000 17750 15000
[NI] 11000 11750 11000

LMC N97  [OII]] 20500 19500 20500
[NII] 11000 11800 11000

LMC N102  [OII] 23250 19250 19000 23250
[NI] 12000 13250 14400 12000

LMC N104 [OII] 13750 12750 13750
LMC N153  [OIll] 13100 13600 13100
LMC N178  [OII] 11900 13000 11900
LMC N184  [OII[] ~ 12750 13500 14300 12750
[NII] 11000 11000

LMC LM1-27 [OIIl] 11500 15000 11500
LMC LM1-61 [OIIf] 14500 15000 14500
SMC N2 {om] 13250 12800 13250
SMC N5 for 14250 13000 14250
SMC N6 [OII] 14500 15250 14500
SMC N43 (ot 13250 12000 13250
SMC N44 (i) 12250 12100 12250
SMC N70 {omr 10900 10900 10900
SMC N87 forn 13000 12000 13000

line intensity. This line was absent in most spectra, but was clearly present in the spectra of the
Type I LMC planetaries N28, N66, N77F, N97, N102, N122 and N181 (see Section 8).

The calculated values of T,(Om) and T,(Nu) are given in Table 1(a-d), at the bottom of the
‘relative line intensity’ column for each object. For the 12 PN where no 7, (Om) or 7,(N) value
could be derived, or where the [Om]4363 A line was very uncertain, a temperature of 10500 K
was adopted. Abundances derived assuming such a temperature are indicated by a single colon (:)
in Tables 9, 11 and 12.

A check on the accuracy of the derived temperatures is provided by comparing the values
obtained from the medium and low resolution spectra with those of Aller et al. (1981) and Aller
(1983) (see Table 8). The comparison shows reasonable agreement between the datasets, with a
spread of ~10 per cent about the mean values. To be self-consistent within this analysis, it was
decided to adopt the electron temperatures derived from the medium resolution spectra, where
available (final column of Table 8), and again these adopted values are within ~10 per cent of the
mean value. This scatter of 10 per cent, though, is probably a lower limit on the overall accuracy,
as it is derived from a comparison between the brighter objects in the sample.

6 Helium abundances

Following the work of Peimbert & Torres-Peimbert (1971) and Brocklehurst (1972), it had
generally been assumed when calculating helium abundances for PN that the He14471, 5876,
and 6678 A lines were purely due to radiative recombination. However, Ferland (1986) pointed
out that the calculations of Berrington et al. (1985) implied that collisional excitations from the
metastable 2°S state are not negligible for conditions appropriate to PN, and that the observed
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intensities of the He14471, 5876, and 6678 A lines will be partly due to recombination and partly
to radiative transitions following collisional excitation from the 23S level to the n=3, n=4, and
higher levels.

Based on the 11 state (up to n=3) calculations of Berrington et al. (1985), Ferland (1986) was
able to estimate, as a function of electron temperature and density, the ratio of the ‘collisional’ to
‘recombination’ contributions to the intensity of the He14471, 5876, and 6678 A lines. A recent 19
state calculation by Berrington & Kingston (1987) which includes the n=4 levels has shown that
the earlier 11 state calculation significantly overestimated the collisional rates to the n=3 levels
from 23S, so, in a similar manner to Ferland (1986), Clegg (1987) has derived the following
empirical formulae to estimate the collisional contribution to the intensities of the He14471, 5876
and 6678 A lines.

I(4471) o 6.1110% =434/
1(4471)c  1+(3110£7951/n,)

1(5876)cqn_(7.124014 7377641 47 1028 ¢~4544)
1(5876)cc 14+(3110£7°51/n,)

I(6678)c011 _ (3 27 t—0.4l e—3.777/t+ 049 t~0.52 6-4‘544/t)
1(6678)ec 14+(3110 931 /,)

These equations include estimates for cascades from the n=4 level that contribute to the
He15876 and 6678 A lines, but take no account of photoionization from the lower levels.

The collisional contribution to the He1 recombination lines was found to be largest for
He15876 A (contributing an average of 18.5 per cent of the total flux in this line, versus 7.8 per
cent of the 4471 A flux, and 8.5 per cent of the 6678 A flux, for the case of the LMC PN).

After subtracting the collisional contributions to the He1 line fluxes that are predicted by the
above equations, the He 11 4686 A fluxes and the corrected He1 line fluxes were used to derive the
He?* and He* abundances relative to H*, from the equation

NHe™) I(1) a§fn, T.(HY] 4
N(H*) I(HP) afia [n, T.(He™)] 4861°

The recombination coefficients, oys and ay., were taken from Brocklehurst (1971, 1972)
(which agree to within 1 per cent with the more recent calculations of Hummer & Storey 1987)
and the [O 1] electron temperatures from Table 1(a~d) were adopted for 7,(H*) and 7,(He™*).

The ionic abundances derived from the He1 6678, 4471 and 5876 A lines have significantly
different errors associated with them, owing to the different intrinsic intensities of the lines, and
to the differing detector sensitivity in the regions where they fell (see Section 2.3). The instrumen-
tal sensitivity is a function of wavelengfh, with the highest sensitivity at the central wavelengths
and a gradual fall off in sensitivity towards the detector edges. The effects of this sensitivity
variation are small for the low resolution spectra, since the three He1 lines all fall in the central
zone of the detector. For the medium resolution spectra, however, the 4471 and 6678 A lines fell
closer to the outer, less sensitive zones of the detector.

It was decided, therefore, to base overall He* abundances on different procedures for the
medium and low resolution spectra. The adopted He* abundance for the low resolution spectra is
the weighted (1:3:1) mean of the abundances derived from the 4471, 5876 and 6678 A lines
respectively, since the instrumental sensitivity variations can be ignored, and the weighting
applied is directly proportional to the intrinsic intensities of the three lines. For the medium
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resolution spectra, the He* abundance was derived from the 5876 A line alone, due to its much
higher signal-to-noise ratio arising from its placement in the highest sensitivity region of the
detector.

Table 9(a) summarizes the ionic helium abundances derived for the eight PN having both
medium- and low-resolution spectra, while Tables 9(b) and (c) summarize the ionic helium
abundances derived for the rest of the LMC and SMC PN. Entries labelled with an ‘a’ are derived
using the results of Barlow (1987), and those designated with ‘:* are derived using an assumed 7,
of 10500 K. The last column of Table 9(a—c) lists the overall He/H abundance ratio found for each
nebula.

Table 10 presents the mean He/H ratios (by number) derived for 133 SMCPN and for
32LMCPN. Type IPN (Section 8) and low-excitation PN [those with 1(5007)<4xI(Hp)] were
excluded from these means — a Zanstra analysis of the central stars of the latter by Monk (1987)
showed that their effective temperatures are not sufficiently high to fully ionize helium in the
surrounding nebulae. Nebulae with colons following their derived helium abundances were also
excluded from the means given in Table 10.

The first row in Table 10 gives the He/H ratios obtained when no correction is made for
collisional contributions to the He1lines, while the second row gives the ratios after correction for
collisional excitation. For comparison, Table 10 also presents the mean He/H ratios for
3SMCHu regions and 4 LMC Hu regions discussed by Dufour, Shields & Talbot (1982), both
before (first row) and after (second row) correction for collisional excitation of the He1 lines (the
electron temperatures and densities adopted by Dufour ef al. were used for this). Inspection of
Table 10 shows that the effect of collisions on the observed Her line intensities is very much

Table 9(a). Comparison of ionic helium abundances by number relative to
H+, for PN with both medium (M) and low (L) resolution spectra.

Het Het He!t He/H
OBJECT  Res™ (6678) (4471) (5876)  (Adopt) (4686)

LMC

N42 M 0.104 0.079 0.079 0.079
N42 L 0.088 0.058  0.058 0.066 0.066
N66 (TyI) M 0.046 0.046 0.053 0.099
Né66 (TyI) L 0.032 0.032 0.058 0.090
N102 (TyI) M 0.073  0.047 0.047  0.072 0.119
N102 (TyI) L 0.082 0.068  0.044 0.053 0.064 0.117
N104A* M 0.057 0.057 0.03¢ 0.091
N104A L 0.075 0.051 0.057 0.033 0.090
N184 M 0.101 0.069 0.064 0.064 0.039 0.103
N184 L 0.057 0.071  0.054 0.055  0.035 0.090
LM1-27 M 0.074 0.074 0.010 0.084
LM1-27 L 0.093 0.082 0.084 0.012 0.096
SMC

N1 (LE) M 0.087: 0.109: 0.055: 0.055: 0.055:
N1 (LE) L 0.076:  0.059:  0.059: 0.064: 0.064:
Né M 0.114 0.114  0.080 0.080 -0.080
Neé L 0.116 0.076  0.067 0.079 0.079
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Table 9(b). Ionic helium abundances for LMCPN, by number relative
to H*.
Het Het He?t He/H

OBJECT  Res™ (6678) (4471) (5876)  (Adopt) (4686)

N1 (LE) M 0.089: 0.083: 0.083: 0.083:
N24 L 0.098 0.078 0.078 0.078
N25 (VLE) M 0.031: 0.031: 0.031:
N28 (TyI) L 0.051 0.051  0.051 0.051 0.040 0.091
N39 L 0.061  0.033 0.070 0.068 0.016 0.084
Nb52 M 0.104 0.093 0.070 0.070  0.020 0.090
Né60o M 0.080 0.085  0.081 0.081 0.081
N77F (TyI) M 0.041 0.041 0.060 0.101
N78 M 0.110: 0.140: 0.097: 0.097: 0.097:
N97 (TyI) L 0.056  0.058 0.058 0.055 0.113
N99 (VLE) M 0.013: 0.013: 0.013:
N101 (VLE) M 0.008: 0.008: 0.008:
N107* L 0.085:: 0.085:: 0.033 0.118:
N110 M 0.127  0.089  0.094 0.094 0.094
N122 (TyI) M 0.096  0.093 0.093 0.036 0.129
N123 M 0.075 0.088  0.082 0.082 0.082
N124 M 0.087 0.068 0.065 0.065 0.020- 0.085
N125 M 0.122  0.081 0.088 0.088 0.088
N133 M 0.065 0.080 0.072 0.072 0.072
N141 M 0.086 0.085 0.084 0.084 0.084
N151 M 0.115 0.092 0.084 0.084 0.084
N153 M 0.067 0.075 0.058 0.058 0.026 0.084
N170 M 0.117 0.081 0.065 0.065 0.027 0.092
N178 M 0.058 0.055 0.076 0.076  0.008 0.084
N181 (TyI) M 0.108  0.059 0.059  0.048 0.107
N182 M 0.080 0.077 0.088 0.088 0.088
N186A L 0.040 0.051 0.072 0.064 0.023 0.087
N188 L 0.053 0.048 0.049 0.030 0.079
N192 L 0.063 0.039 0.045 0.053 0.098
N199 (LE) M 0.060: 0.083: 0.042: 0.042: 0.042:
N201 (TyI) M 0.083  0.052 0.066 0.066 0.022 0.088
N203 M 0.080 0.094 0.094 0.094
N207 (TyI) M 0.082 = 0.098 0.065 0.065 0.037 0.102
N208 M 0.072 0.074 0.070 0.070  0.021 0.091
N209 M 0.103 0.075 0.075 0.020 0.095
N211 M 0.088 0.078 0.079 0.079 0.079
N212 M 0.098:: 0.098:: 0.098:
N221 (TyI) M 0.050 0.071 0.075 0.075 0.017 0.092
LM1-9 L 0.082 0.056 0.062 0.026 0.088
LM1-61 M 0.042  0.025 0.025  0.057 0.082
LM1-62 M 0.066 0.075 0.081 0.081 0.013 0.094
S1 (LE) M 0.090: 0.090: 0.090
WS12 L 0.064 0.063 0.063 0.016 0.079
WsS16 L 0.069 0.069 0.046 0.115
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Table 9(c). Ionic helium abundances for SMCPN, by number relative
to H*.

Het Het He?’t He/H
OBJECT  Res™ (6678) (4471) (5876)  (Adopt) (4686)
N2 L 0.037 0.061 0.061 0.022 0.083
N4 M 0.094b 0.094 0.007 0.101
N5 L 0.083 0.077 0.050 0.058 0.035 0.093
N7 L 0.110 0.076 0.074 0.083 0.083
N18 L 0.070 0.070 0.070
N29 (LE) L 0.067: 0.067: 0.067:
N38 L 0.082 0.066 0.070 0.073 0.073
N40 L 0.051 0.051 0.029 0.080
N42 (LE) L 0.067: 0.067: 0.067:
N43 L 0.053 0.105 0.081 0.074 0.074
N44 L 0.054 0.114 0.077 0.071 0.071
N47 (LE) L 0.067: 0.088: 0.077: 0.075: 0.075:
N70 M 0.062 0.156 0.076 0.076 0.076
N87 M 0.093 0.058 0.091 0.091 0.091
L66* M 0.046a 0.046 0.059 0.105
L239 M 0.078 0.070 0.063 0.063 0.042 0.105
L305 (TyI)* M 0.063 0.063 0.038 0.103
L536 (TyI) M 0.144 0.090 0.090 0.051 0.141

Table 10. Helium abundances in PN and Hu regions in the Magellanic Clouds.

Mean He/H number ratios

SMC PN SMC HII LMC PN LMC HII
Sample size 13 3 32 4

He/H before correction for 0.100 + 0.010 0.083 + 0.004 0.105 % 0.010 0.083 & 0.004
Hel collisional excitation

He/H after correction for 0.083 4+ 0.011 0.081 + 0.003 0.087 4 0.008 0.082 £ 0.004
Hel collisional excitation

Corrected helium mass fraction, Y 0.249 + 0.025 0.245 % 0.007 0.258 & 0.015 0.247 £ 0.009

smaller for the Hiu regions than for the PN, due to the lower temperatures and densities
characteristic of the former.

Table 10 shows that, when no correction is made for He1 collisional excitation, the mean He/H
ratio found for PN is significantly larger than for Hu regions in the same galaxy. A similar
enhancement of helium, relative to Hu regions, was found in the past for PN in the Milky Way
(e.g. Torres-Peimbert & Peimbert 1977; Aller & Czyzak 1983a). One suggested explanation
(Kaler 1978) was that helium-rich products of hydrogen-burning had been dredged to the surfaces
of the progenitor stars. However, the results in the second row of Table 10 and in Table 14 show
that, once the corrections for He1 collisional excitation are made, the He/H ratios for PN are only
very slightly larger than those for Hu regions in the same galaxy, and are the same within one
standard deviation. Clegg (1987) found a similar result when comparing only Galactic PN and Hir
regions.

The mean helium mass fraction, Y, after correction for collisional excitation of He1, is given in
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the last row of Table 10, for PN and Hu regions in the SMC and LMC. We find mean Y values of
0.249 and 0.258 for the SMC and LMC PN respectively, and nominal excesses over the Hiregion
values of AY=0.00%0.02 and 0.01£0.02. Peimbert & Torres-Peimbert (1987) presented evi-
dence that in planetary nebulae the population of metastable (2°S) helium is only about half the
predicted value (Clegg 1987). This would yield mean Y values of 0.267 and 0.276 for the SMC and
LMCPN, respectively, and nominal ‘excesses’ over the Hi region values of AY=0.02+0.02 and
0.03%0.02 for these galaxies.

All of the above results are consistent, within the uncertainties, with the predicted enrichment
of helium for metal poor stars experiencing a first dredge-up phase, AY=0.01-0.02 (Renzini &
Voli 1981). The Magellanic Cloud PN and Hu region helium abundances are actually
indistinguishable in this work; at present, a single value, Y=0.25+0.02, seems to be consistent
with all of the data on PN and Hu regions in both of these galaxies. The predicted enhancement of
the abundance of helium for the first dredge-up is too small to test observationally without
extremely accurate (~1-2 per cent) helium abundances. The implications of our results for the
predicted helium enrichment by the third dredge-up (AY=0.03-0.05; Renzini & Voli 1981) will
be discussed in a later paper, on carbon abundances for Magellanic Cloud planetary nebulae
derived from [UE spectra.

7 Ionic abundances for N, O, Ne and Ar

The intensities given in Table 1 for the collisionally excited lines of [Nmu] 6548, 6584 A,
[Ou]3727 A, [Om] 4959, 5007 A, [Nemr] 3868 A, [Arm] 7135 A, [Arv]4740 A, and [Su]6717,
6731 A were used to derive the abundances (relative toH*) of N*, O*, O%*,Ne?*, Ar**, Ar’**, and
S+, using the multilevel statistical equilibrium code EQuiB (Adams 1983).

When only T, (O 1) was available it was adopted for all ions; if 7, (N 1) was also available it was
adopted for the O*, N* and S* ions. The sources for the atomic parameters used are listed in
Table 6, while the adopted electron densities are as given in Table 7 (see Section 5).

The calculation of elemental abundances is limited by the absence of optical lines from the
higher ionic species of most elements. However, it is possible to make an empirical correction to
the lower stage ionic abundances in order to determine the overall elemental abundances
(Peimbert & Torres-Peimbert 1971). Barker (1983) has discussed ionization correction pro-
cedures for He, O, N, Ne, Ar and S, and has found a reasonable agreement between element
abundances calculated from optical lines only (using the necessary ionization correction factors,
ICFs) and those derived using IUE ultraviolet observations of lines from higher ionic stages to
supplement the optical data.

The ionization correction procedures for He, O, N, Ne and Ar used by Torres-Peimbert &
Peimbert (1977) and Barker (1983, 1980) are adopted here:

He/H=(He*/H")+(He** /H*)
O/H=[(O*/H*")+(0* /H")]XICF(O)
N/H=(N*/H*")XICF(N)

Ne/H=(Ne?**/H*")xICF(Ne)

Ar/H=1.5x(Ar>*/H"),

where
ICF(O)=(He*+He?")/He*
ICF(N)=0/0*

ICF(Ne)=0/0%*.

The absence, or blending, of the 6312 A [Sm] line meant that no correction procedures could
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be applied for sulphur and therefore no total sulphur abundances could be derived from the S*
ionic abundances. The Ar?* and total Ar abundances could only be derived from the low-
resolution spectra, since the wavelength coverage of the medium resolution spectra did not
extend to [Arm] 7135 A.

The ionic and elemental abundances derived by the procedures outlined above are presented in
Tables 11(a) and 12(a) for the eight objects with both medium and low resolution spectra. In
Table 11(b) and (c) we present the ionic abundances derived for of the objects with only a low
resolution or a medium resolution spectrum and in Tables 12(b) and (c) we present the overall
elemental abundances for all LMC and SMC objects in this survey. In these tables entries labelled
‘a’ are derived from the results of Barlow (1987), and those designated ‘:* are derived from an
assumed T, of 10500 K.

From an inspection of Tables 9(a), 11(a) and 12(a) it is possible to estimate the effects of the
calibration corrections applied to the medium resolution [On]3727 A and [Ne m] 3868 A line
intensities (see Section 2.3). The calibration correction to the [O11] line will increase the derived
oxygen abundance of each object by varying amounts depending on the contribution to the total
oxygen abundance made by the O* ion relative to that by the O** ion. In two cases, LMCN99 and
LMCN101, the O* ions make the dominant contribution and the abundance will increase in
almost direct proportion to O*. For all other objects the increase in the derived oxygen abun-
dance due to the corrections (discussed in Section 2.3) is less than 33 per cent, and for the majority
of these objects it is less than 6 per cent.

A comparison of the O* abundances derived from the low and medium resolution spectra

Table 11(a). Comparison of ionic abundances by number relative to H*, for PN
with both medium (M) and low (L) resolution spectra.

N+ ot 0¥  Ne+ st At At
OBJECT Res™ (6584) (3727) (5007)  (3868) (6717/31)7135) (4740)

LMC

N42 M 4.9(-6) < 1.8(-5) 1.4(-4) < 2.1(-5) 1.7(-7)

N42 L 2.6(-6) 1.6(-5) 1.2(-4) 2.0(-5) 2.3(-7) 2.8(-7)

N66 (TyI) M 1.8(-5) 2.2(-5)a L1(-4) 2.1(-5) 3.7(-7) 6.1(-7)
N66 (TyI) L 1.9(-5) 2.7(-5) 9.4(-5) 17(-5) 5.3(-7) 4.4(-7) 1.2(-6)
N102 (TyI) M  4.6(-5) 2.2(-5) 5.4(-5) 7.9(-6) 1.1(-6) 5.8(-7)
N102 (TyI) L 4.7(5) 2.7(-5) 4.7(-5) 8.6(-6) 1.0(-6) 3.8(-7) 5.1(-7)
N104A* M 7.9(-6) < 3.9(-5) 2.2(-4) 2.7(-5) 3.9(-7)

N104A L 6.3(-6) 3.3(-5) 17(-4) 2.4(-5) 3.7(-7) 4.5(-7)

N184 M 41(-6) 2.3(-5) 2.3(4) 3.7(-5) 2.3(-7)

N184 L 2.3(6) 2.9(-5) 2.0(-4) 2.8(-5) 1.9(-7) 4.1(-7) 2.9(-7)
LM1-27 M 85(-6) 2.6(-5) 2.9(-4) 4.1(-5) 4.8(-7)

LM1-27 L 9.3(-6) 4.3(-5) 2.7(-4) 5.0(-5) 4.8(-7) 9.7(-7) 2.3(-6)
SMC

N1 (LE) M 3.0(-6): 2.5(-5): 6.2(-5): < 1.1(-5):

N1 (LE) L 2.9(-6): 2.4(-5): 5.9(-5): < 4.8(-6): 3.5(-7):

N6 M 54(-6) 1.8(-5)a 9.9(-5) 1.6(-5)a

N6 L 6.2(-6) 1.8(-5)a 1.0(-4) 9.1(-6) 2.1(-7) 3.0(-7)
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Table 11(b). Ionic abundances for LMCPN, by number relative to H*.

N+ o+ 0%  Ne+ st At At
OBJECT  Res™ (6584) (3727) (5007)  (3868) (6717/31X7135) (4740)

N1 (LE) M 9.8(-7): < 3.8(-5): 1.3(-4): < 1.9(-5):

N24 L 6.8(-6) 1.5(-4) 1.7(-5) 5.2(-7)

N25 (VLE) M  9.4(-6): 4.6(-5): 1.5(-5): < 1.3(-5):

N28 (Tyl) L 3.0(-5) 6.1(-5) 1.6(-4) 1.9(-5) 5.8(-7) 5.5(-7) 5.8(-7)
N39 L 7.1(-7) 4.0(6) 1.5(-4) 2.0(-5) 6.6(-8) 2.3(-7)

N52 M 21(-7) < 9.4(-6) 2.7(-4) 3.0(-5) 6.3(-7)
N60 M 2.4(-8) < 3.1(-5) 1.8(-4) 2.7(-5) 1.5(-7)

N7T7F (Tyl) M 4.8(-5) 4.8(-5) 1.3(-4) 1.5(-5) 2.4(-7)

N78 M 3.3(-6): 1.3(-5): L7(-4): 2.6(-5): 9.1(-8):

NO7 (Tyl) L 8.0(-5) 3.9(-5) 5.7(-5) 1.1(-5) 1.2(-6) 3.6(-7) 3.3(-7)
N99 (VLE) M  2.6(-5): 5.8(-4): 2.2(-6): = 9.7(-6)::

N101 (VLE) M 1.6(-5): 3.5(-5): 7.0(-7):  2.0(-5):

N107* L 25(-6) < 5.4(-6) 1.8(-4) 3.2(-5) 5.6(-7)

N110 M 8.0(-6) 6.4(-5) 3.7(-4) 5.7(-5) 3.0(-7)

N122 (Ty) M 2.3(-5) 8.2(-6) 1.3(-4) 2.9(-5) 2.2(-7) 7.2(-7)
N123 M 3.8(-6) 2.2(-5) 1.8(-4) 2.2(-5) 1.5(-7)

N124 M 22(-6) 7.3(-6) 2.5(-4) 2.1(-5) 1..1(-7) 2.7(-7)
N125 M 1.9(-6) 17(-5):2.1(-4) L7(-5): 1.6(-7)

N133 M 1.0(-6) 1.0(-5)a1.4(-4) 14(-5)a

N141 M 3.1(-6) 1.3(-5) 2.8(-4) 2.6(-5) 1.5(-7)

N151 M 29(-6) < 2.0(-5) 2.2(-4) 3.5(-5)

N153 M 4.2(-6) 1.3(-5) 2.3(-4) 3.1(-5) 13(-7) 4.0(-7)
N170 M 6.2(-6) 1.8(-5) 3.0(-4) 3.8(-5) 2.7(-7) 6.4(-7)
N178 M 3.7(-6) 1.8(-5) 2.9(-4) 3.6(-5) 1.3(-7) 3.3(-7)
N181 (TyI) M 2.5(-4) 1.6(-4) 6.9(-5) 2.6(-5) 3.6(-6)

N182 M 24(-6) 2.1(-5) 2.1(-4) 2.9(-5)

N186A L 4.6(-6) 3.5(-5) 2.9(-4) 6.1(-5) 2.5(-7) 6.9(-7)

N188 L 65(-6) 3.1(-5) 21(-4) 23(:5) 4.1(-7) 5.6(-7) 5.2(-7)
N192 L 14(-6) 1.3(-5) 1.6(-4) 21(-5) 17(-7) 3.8(-7) 6.4(-7)
N199 (LE) M 15(-5): 5.3(-5): 4.6(-5): < 5.4(-6): 1.4(-7):

N201 (TyI) M  25(-6) 4.8(-6) 1.2(-4) 1.3(-5) 1.3(-7) 4.6(-7)
N203 M 58(-6) 14(-4)a3.0(-4) 3.9(-5) 7.5(-7)

N207 (Tyl) M 8.7(-6) 2.0(-5) 2.5(-4) 3.8(-5) 3.5(-7)

N208 M 5.7(-6) 2.6(-5) 2.8(-4) 4.5(-5) 2.7(-7) 3.2(-7)
N209 M 4.0(-6) 14(-5) 2.8(-4) 3.9(-5) 1.9(-7) 5.1(-7)
N211 M 1.2(-6) < 1.2(-5) 18(-4) 1.9(-5): 1.3(-7) 3.1(-7)
N212 M 9.0(-7) 1.6(-5) 1.2(-4) 1.1(-5): 9.0(-8)

N221 (Tyl) M 1.7(-5) 1L7(-5) 3.2(-4) 2.5(-5) 2.6(-7) 2.3(-7)
LM1-9 L 10(-6) 7.5(-6): 1.4(-4) 1.6(-5) 7.8(-8) 2.4(-7) 4.7(-7)
LM1-61 M 52(-7) 2.8(-6)a 1.2(-4)  1.3(-5) 47(-7)
LM1-62 M 3.3(-6) 9.5(-6) 2.6(-4) 4.1(-5) 1.2(-7) 2.8(-7)
S1 (LE) M 4.3(-6): 8.2(-5): 8.5(-5): < 2.7(-5):

WS12 L 4.0(-6) 2.3(-5) 2.6(-4) 4.0(-5) 8.7(-8) 5.8(-7)

Ws16 L 13(-5) 6.2(-5) 2.0(-4) 3.6(-3) 6.4(-7) 1.1(-6)

N16 (VLE) M 6.9(-6): = 5.6(-4): 3.2(-6): 2.3(-6):

N47 (VLE) M  7.5(-6):  3.0(-4): 3.5(-6):
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Table 11(c). Ionic abundances for SMCPN, by number relative to H*.

N+ ot 0%  Ne?t st Azt At
OBJECT  Res™ (6584) (3727) (5007)  (3868) (6717/31)(7135) (4740)

N2 L 1.5(-6) 1.3(-4)  1.5(-5) 5.5(-8) 2.1(-7)
N4 M 4.5(-7) 3.3(-6)a 1.9(-4) 1.6(-5)a

N5 L 21(-6) 1.1(-5) 1.3(-4) 17(-5) 1.5(-7) 2.4(-7)
N7 L 4.1(-6) 1.1(-4)  9.3(-6) 1.3(-7)
N18 L 4.0(-6):: 2.0(-4)  1.9(-5) 1.4(-7) 4.4(-7)
N29 (LE) L 9.1(-5): 9.6(-5): < 3.6(-5): 2.4(-7): 7.5(-7):
N38 L 1.1(-5) 1.4(-4)  2.2(-5) 2.0(-7)
N40 L 1.5(-5) 1.8(-4)  3.2(-5) 2.7(-7)
N42 (LE) L  2.6(-6): 7.8(-5): 4.9(-5): < 2.4(-5):

N43 L 3.6(-6) 9.6(-5) 1.5(-5) 2.7(-8) 2.0(-7)
N44 L 6.4(-6) 1.7(-4)  3.2(-5) 2.3(-7)
N47 (LE) L 2.9(-6): 1.0(-4): 9.3(-5): 1.7(-5): 5.6(-7):
N70 M  2.5(-6) 5.5(-5)a 1.3(-4)  1.5(-5)a 9.0(-8)

N87 M  4.6(-7) 4.5(-6)a 1.0(-4)  9.9(-6)a

L66* M  4.5(-6) 2.8(-5)a 2.5(-4)  2.6(-5)a

L239 M  81(-7) 7.7(-6)a 1.7(-4)  2.1(-5)

L302 (VLE) M  1.8(-5): 9.6(-5): 2.0(-5):

L305 (TyD)* M 5.8(-6) 1.6(-6)a 4.0(-5) 8.7(-6)a

L536 (TyI) M 9.4(-6) 2.2(-6)a 1.2(-5)  4.4(-6)a 1.2(-7) 2.2(-7)
N8 (VLE) L 7.2(-6): 1.6(-4): 7.0(-7):

(Table 11a) shows agreement to within 30 per cent for all objects except LMCLM1-27. For this
case, the [O11] 3727 A line intensity from the low-resolution spectra is probably the more reliable,
and the low resolution values of the O* ionic abundance should be adopted. A comparison of the
overall oxygen abundances (Table 12a) shows better agreement (within 20 per cent), reflecting
the small effect that the uncertainty in O* abundance has on the oxygen abundance for the
majority of the PN studied.

Owing to the placement of [Nem] 3868 A on a lower sensitivity region of the detector, neon
abundances derived from the medium resolution spectra are significantly less reliable than those
derived from the low resolution spectra. Since O%* generally dominates over O*, the ICF for Ne,
and thus the derived Ne abundances, is not very sensitive to uncertainties in the O* abundance
derived from [O1]3727 A. From the comparison of ionic abundances (Table 11a) it can be seen
that there is agreement between the medium and low resolution spectra for Ne?*/H* to within 30
per cent for all objects, except for SMC N1 where upper limits for the [Nem] 3868 A line intensity
in both spectra are given. The agreement between the neon abundances derived from low and
medium resolution spectra (Table 12a) is generally within 25 per cent.

The total nitrogen abundances are inversely proportional to the [O11]3727 A line intensity,
since it affects the nitrogen ICF linearly (the nitrogen ICFs of the two VLE objects LMCN99 and
LMCNI101 are unaltered). A comparison of N* ionic abundances derived from low and medium
resolution spectra (Table 11a) shows reasonable agreement, although the values derived from the
medium-resolution data are less uncertain, because of better resolution of the Ha [N11] blend,
and should therefore be adopted.

For most cases, a comparison of the nitrogen abundances derived from low- and medium-
resolution spectra (Table 11a) shows reasonable agreement, except where the [O11] 3727 A line is
either ‘very uncertain’ (designated ::) or an upper limit, which then leads to a very uncertain, or
lower limit for the nitrogen ICF. For LMCN184, however, the two O™ ionic abundances are in
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Table 12(a). Comparison of elemental abundances by number rela-
tive to hydrogen, for PN with both medium (M) and low (L)
resolution spectra.

OBJECT Res™ He N (o] Ne Ar
LMC

N42 M 0.079 4.3(-5) 1.6(-4) < 2.4(-5)

N42 L 0066 2.1(-5) 1.3(-4) 2.3(-5) 4.2(-7)
Adopted 0.073  4.0(-5)c 1.3(-4) 2.3(-5) 4.2(-7)
N66 (TyI) M 0.099 2.3(-4)b 2.8(-4) 5.5(-5)

Né66 (TyI) L 0.090 2.4(-4) 3.4(-4) 6.1(-5) 6.6(-7)
Adopted 0.094 2.3(-4) 3.2(-4) 5.8(-5) 6.6(-7)
N102 (TyI) M 0.119 4.0(-4) 1.9(-4) 2.8(-5)

N102 (TyI) L 0.117 2.8(-4) 1.6(-4) 3.0(-5) 5.8(-7)
Adopted 0.118 3.4(-4) 1.8(-4) 2.9(-5) 5.8(-7)
N104A* M 0.091 8.2(-5) 4.1(-4) 5.0(-5)

N104A L 0090 6.2(-5) 3.2(-4) 4.5(-5)  6.7(-7)
Adopted 0.091 7.7(-5)c 3.2(-4) 4.8(-5) 6.7(-7)
N184 M 0.103 7.4(-5) 4.1(-4) 6.6(-5)

N184 L 0.090 3.0(-5) 3.7(-4) 5.2(-5)  6.2(-7)
Adopted 0.096 7.4(-5) 3.8(-4) 5.9(-5)  6.2(-7)
LM1-27 M 0.08¢ 1.1(-4) 3.6(-4) 5.2(-5)

LM1-27 L 0.096 7.7(-5) 3.6(-4) 6.7(-5)  1.5(-6)
Adopted 0.090 9.4(-5) 3.6(-4) 6.0(-5) 1.5(-6)
SMC

N1 (LE) M 0.055: 1.0(-5): 8.8(-5): < 1.5(-5):

N1 (LE) L 0.064: 1.0(-5): 8.3(-5): < 6.7(-6): 5.2(-7):
Adopted 0.060: 1.0(-5): 8.6(-5): < 6.7(-6): 5.2(-7):
N6 M 0.080 3.5(-5) 1.2(-4) 1.9(-5)a

Né L 0.079 4.2(-5) 1.2(-4) 1.1(-5) 4.5(-7)
Adopted 0.080 3.9(-5) 1.2(-4) 1.5(-5) 4.5(-7)

good agreement and it is the poor N* abundance derived from the low resolution data that has
caused the discrepancy between the elemental abundances. When both low- and medium-
resolution spectra exist, the nitrogen ICF calculated using the low-resolution [O11] 3727 A line
intensity, together with the N* ionic abundance derived from the medium-resolution data, yield
the best overall value for the nitrogen abundance. Such nitrogen abundances are labelled ‘¢’ in
Tables 11 and 12, whilst entries labelled ‘b’ have a nitrogen ICF derived using the Barlow (1987)
Ou data. '

The third line in Table 12(a) gives the adopted abundance of each element for PN having both
low- and medium-resolution spectra, derived from the mean of the low- and medium-resolution
values where appropriate, or in the cases where there was a definite difference in quality between
the two datasets, from the better data as outlined above.

8 Type I PN

Type I planetary nebulae have been defined by Peimbert & Torres-Peimbert (1983; PTP83) as
those Galactic planetary nebulae which have significantly enhanced helium and nitrogen abun-
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Table 12(b). Elemental abundances for LMC PN, by number rela-
tive to hydrogen.

OBJECT He N o Ne Ar
N1 (LE) 0.083: > 4.3(-6): 1.6(-4): < 2.5(-5):

N24 0.078 1.6(-4) 1.8(-5) 7.8(-7)
N25 (VLE) 0.031: 1.2(-5): 6.1(-5): < 5.3(-5):

N28 (TyI) 0.091 2.0(-4) 3.9(-4) 4.7(-5) 8.3(-7)
N39 0.084 3.3(-5) 1.9(-4) 2.5(-5) 3.4(-7)
N42 0.073 4.0(-5)c  1.3(-4) 2.3(-5) . 4.2(-7)
N52 0.090 > 8.2(-6) 3.6(-4) 4.0(-5)

N60 0.081 > 1.6(-5) 2.1(-4) 3.1(-5)

N66 (TyI) 0.094 2.3(-4) 3.2(-4) 5.8(-5) 6.6(-7)
N77F (TyI) 0.101 4.4(-4)  4.4(-4) 5.0(-5)

N78 0.097: 4.5(-5): 1.8(-4): 2.8(-5):

N97 (TyI) 0.113 3.8(-4) - 1.9(-4) 3.5(-5) 5.3(-7)
N99 (VLE) 0.013: 2.6(-5): 5.8(-4):

N101 (VLE) 0.008: 1.6(-5):  3.5(-5):

N102 (Tyl) 0.118 3.4(-4) 1.8(-4) 2.9(-5) 5.8(-7)
N104A* 0.091 7.7(-5)c  3.2(-4) 4.8(-5)  6.7(-7)
N107* 0.118: > 1.2(-4) 2.6(-4) 4.6(-5) 8.4(-7)
N110 0.094 5.5(-5) 4.4(-4) 6.6(-5)

N122 (Tyl) 0.129 5.5(-4)  2.0(-4) 4.3(-5)

Ni23 0.082 3.5(-5) 2.1(-4) 2.4(-5)

N124 0.085 9.8(-5) 3.3(-4) 2.9(-5)

N125 0.088 2.5(-5) 2.2(-4) 1.8(-5)::
N133 0.072 1.4(-5) 1.5(-4) 1.5(-5)a
N141 0.084 7.0(-5) 2.9(-4) 2.7(-5)

N151 0.084 3.5(-5) 2.4(-4) 3.8(-5)

N153 0.084 1.2(-4) 3.5(-4) 4.7(-5)

N170 0.092 1.5(-4)  4.4(-4) 5.7(-5)

N178 0.084 7.1(-5)  3.4(-4) 4.3(-5)

N181 (TyI) 0.107 6.3(-4) 4.1(-4) 1.6(-4)

N182 0.088 2.6(-5) 2.4(-4) 3.1(-5)

N184 0.096 7.4(-5) 3.8(-4) 5.9(-3) 6.2(-7)
N186A 0.087 5.8(-5) 4.5(-4) 9.2(-5) 1.0(-6)
N188 0.079 8.0(-5) 3.8(-4) 4.2(-5) 8.4(-7)
N192 0.098 4.2(-5) 3.8(-4) 4.9(-5) 5.8(-7)
N199 (LE) 0.042: 2.8(-5): 9.9(-5): < 1.2(-5):

N201 (Ty1) 0.088 8.7(-5)  1.6(-4) 1.8(-5)

N203 0.094 1.8(-5) 4.4(-4) 5.7(-5)

N207 (TyI) 0.101 1.9(-4) 4.2(-4) 6.4(-5)

N208 0.091 8.5(-5) 4.0(-4) 6.4(-5)

N209 0.095 1.1(-4) 3.8(-4) 5.1(-5)

N211 0.079 > 1.9(-5) 1.9(-4) 2.1(-5)::

N212 0.098:: 7.6(-6) 1.4(-4) 1.3(-5)::

N221 (Tyl) 0.092 1.2(-4)  4.1(-4) 3.3(-5)

LM1-9 0.088 3.0(-5) 2.1(-4) 2.4(-5) 3.6(-7)
LM1-27 0.090 9.4(-5)  3.6(-4) 6.0(-5) 1.5(-6)
LM1-61 0.082 7.8(-5)  4.1(-4) 4.5(-5)
LM1-62 0.094 1.1(-4) 3.1(-4) 4.9(-5)

S1 (LE) 0.090: 8.8(-6): 1.7(-4): < 5.2(-5):

ws12 0.079 6.1(-5)  3.5(-4) 5.4(-5) 8.8(-7)
WwS16 0.115 9.4(-5) 4.4(-4) 7.8(-5)  1.6(-6)
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Table 12(c). Elemental abundances for SMC PN, by number rela-
tive to hydrogen.

OBJECT He N o Ne Ar
N1 (LE) 0.060: 1.0(-5): 8.6(-5): < 6.7(-6): 5.2(-7):
N2 0.083 1.8(-4) 2.0(-5)  3.2(-7)
N4 0.101  2.9(-5) 2.1(-4) 1.7(-5)a

N5 0.093  4.5(-5) 2.3(-4) 2.9(-5) 3.6(-7)
N6 0.080 3.9(5) 1.2(-4) 1.5(-5)  4.5(-7)
N7 0.083 1.2(-4) 9.6(-6) 1.9(-7)
N18 0.070 2.0(-4) 1.9(-5)  6.6(-7)
N29 (LE) 0.067: 1.9(-4): < 7.1(-5): 1.1(-6):
N38 0.073 1.5(-4) 2.4(-5)  3.0(-7)
N40 0.080 3.0(-4) 5.5(-5)  4.1(-7)
N42 (LE) 0.067: 4.2(-6): 1.3(-4): < 6.2(-5):

N43 0.074 9.9(-5) 1.5(-5)  3.0(-7)
N44 0.071 1.8(-4) 3.3(:5)  3.5(-7)
N47 (LE) 0.075: 5.6(-6): 1.9(-4):  3.5(-5): 8.4(-7):
N70 0.076  8.3(-6) 1.8(-4) 2.2(-5)a

N§7 0.001 11(-5) 1.1(-4) 1.0(-5)a

L66* 0.105 1.0(-4) 6.3(-4) 6.6(-5)a

L239 0105  3.1(-5) 2.9(-4) 3.7(-5)

L302 (VLE) 21(-5):  1.2(-4):

L305 (TyI)* 0.101  2.3(4) 6.6(-5) 1.4(-5)a

L536 (Ty1I) 0.141  9.2(5) 2.2(-5) 8.2(-6)a

Table 13. Elemental abundances of Type I PN in the LMC and SMC, in
the form log (X/H)+12.

He/H N/H O/H Ne/H log(N/O)

Galactic TypeI + > 11.10 > -0.3
LMC PN
N97 11.06 8.58 8.28 7.54 0.30
N102 11.07 8.53 8.26 7.46 0.27
N122 11.11 8.74 8.30 7.63 0.44
N181 11.03 8.80 8.61 8.20 0.19
N28 10.96 8.30 8.60 7.68 -0.30
N66 10.97 8.36 8.50 7.76 -0.14
N77F 11.00 8.64 8.64 7.70 0.00
N201 10.95 7.94 8.20 7.26 -0.26
N207 11.01 8.28 8.62 7.81 -0.34
N221 10.96 8.62 8.61 7.52 0.01
SMC PN
L305 11.00 8.36 7.82 7.15 0.54
L536 11.15 7.96 7.34 6.91 0.62

Notes to Table 13.
t Peimbert and Torres-Peimbert, 1983.
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dances (specifically He/H=0.125 and N/O=0.5, by number). Such PN are very often bipolar in
structure, with large internal motions (an example is NGC 6302) and have been interpreted as
originating from the high mass end of the main sequence stellar mass range that eventually
evolves through the PN phase, i.e. stars with initial masses in the range 3-5 M (Renzini & Voli
1981; PTP83).

We have classified a number of the PN in our sample as Type I, using only the PTP83 criterion
that N/O exceed 0.5 by number. Our reasons for not using the PTP83 He/H abundance criterion
are two-fold. First, allowance for the effects of collisional excitation on the He1 line fluxes from
Galactic Type I nebulae reduces the original estimates for their He/H ratios. More importantly,
however, the starting Magellanic Cloud He/H ratios are much lower than those found in the
Milky Way, so that a significantly larger enhancement in the abundance of helium would be
necessary before a Magellanic Cloud PN could satisfy the He/H abundance criterion for Galactic
Type I PN.

A further justification for using only an N/O abundance criterion to define Type I PN is that the
mean N/O ratios found for the remaining PN in the SMC, LMC and Milky Way are very similar to
each other (by number, 0.15, 0.21 and 0.17, respectively; Table 14), so that the requirement that
N/O exceed 0.5 represents a similar degree of nitrogen enhancement in the Type I nebulae of
each galaxy.

Table 13 lists the abundances found for the 10 LMC and two SMCPN in our sample which
satisfy the above Type I criterion. The two SMC Type I nebulae and the first four LMC Type 1
objects listed in Table 13 have N/O ratios which exceed the minimum criterion by more than a
factor of 3, and so can be termed ‘extreme Type I’. The Type I nature of LMC N97 was pointed
out by Barlow et al. (1983) and by Aller (1983). Aller also remarked on the Type I characteristics
of LMC N102. Webster (1976a) and Aller & Czyzak (1983b) have found that the spectrum of
LMC N201 contains many lines due to [Fevi] and [Fe vij.

One other bright Type I nebula is known to exist in the SMC, namely SMC N67 (Osmer 1976;
Aller et al. 1987). Including SMC N67, three out of 22 SMC PN (14 per cent) are Type I, while 10
out of 50 LMC PN (20 per cent) can be classified as such. Although it has long been known that
the LMC contains a higher fraction of high-excitation PN than does the SMC (Feast 1968;
Webster 1975), it is not clear that the difference in the fractions of Type I nebulae is statistically
significant.

The neon abundances found for the Type I PN (Table 13) appear normal relative to the other
PN in their galaxies (Table 14). The mean oxygen abundance found for the 10 LMC Type I
nebulae (8.46+0.18) likewise appears normal relative to that of other LMCPN (8.49+0.15;
Table 14). However, the oxygen abundances derived for SMCL305 and SMCL536 (Table 13)
appear to be significantly lower than the oxygen abundance found for other PN or Hu regions in
the SMC (Table 14). The other bright Type I nebula in the SMC (N67) has also been found to
have a significantly reduced oxygen abundance (7.15, where H=12.0; Aller et al. 1987). This may
indicate that oxygen has been destroyed by the ON cycle, so the Type I nebulae in the SMC
deserve further study.

9 Mean abundances for N, O, Ne and Ar

In Table 14 we present the mean abundances of helium, nitrogen, oxygen, neon and argon for
the LMC and SMCPN in this survey. These were calculated by excluding the Type I objects, the
low- and very-low-excitation objects (Ty I, LE and VLE in Tables 9, 11 and 12), and all
abundances shown as uncertain (::) or as an upper or lower limit. The abundances are presented
in the form log X/H+12, followed by the standard deviation, and (in parentheses) the number of
objects in each sample.
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The second column of Table 14 gives the reference for each dataset and, for data presented in
this paper, whether the sample was for PN with an observed Hen 4686 A line (‘He?* PN’), for PN
without an observed Hen 4686 A line (‘Non-He?* PN’), or for all PN (‘Full sample’). The final
three rows of Table 14 give the differences between the abundances in PN and Hu regions in each
of the LMC, SMC and our own Galaxy, as derived from the adopted mean abundances for each
galaxy. ,

Our helium abundances include an allowance for the contribution made by collisional excita-
tions from He1 23S (see Section 6). This also affects the derived abundances of N, O and Ne,
through the ICFs (see Section 7). The percentage change in the abundances of N, O and Ne, for
calculations excluding the collisional excitation of Her compared with those including this
mechanism, is of the order of 6 per cent, a negligible variation compared to the scatter about the
means. The allowance for collisional excitation of He1 decreases the mean helium abundance by
approximately 20 per cent for the ‘full sample’, by 14 per cent for the ‘He?* PN’ sample, and by 26
per cent for the ‘Non-He?* PN’ sample.

Inspection of the mean abundances in Table 14 shows that, for both the SMC and LMC, the
elemental abundances found for He?* PN are always larger than those found for non-He?* PN. In
most cases the differences are within the total error limits but the differences for helium in the
SMC and nitrogen in the LMC appear significant, as does the fact that there are no examples of an
element being more abundant in non-He?* PN. Since ICFs are often larger for He?* PN, one
might suspect their reliability, particularly for nitrogen, whose abundances are based on fairly
large ICFs applied to the abundance of N*. However, whenever the ICF method has been directly
checked by ultraviolet observations (e.g. Barker 1983), the method has been found to be reliable. -
Fig. 3 shows a plot of the nitrogen ICFs for all of the LMC PN, with the He?* PN indicated by filled
symbols and non-He?* PN indicated by open symbols. Although there is a clear separation in
their nitrogen abundances, this does not appear to be attributable to their ICFs.

If the elemental enhancements in the He?* PN are indeed real, then it may be possible to
interpret them as due to their progenitor stars being slightly more massive and younger than those
of the non-He?* group. If more massive, such stars could have higher initial abundances and
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Figure 3. A plot of log N/H (on a scale where log H=12.0) versus the nitrogen ionization correction factor (ICEN),
for LMCPN. The open squares are nebulae without He114686 A present in their spectra, whilst the filled squares are
nebulae with Her4686 A. The Type I objects all have log N/H=-3.7.
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might self-enrich themselves in He and N to a greater extent. As central stars, they would also
evolve more quickly, making it more probable to find them at the higher effective temperatures
characteristic of the He?* PN.

In order to compare the present abundances with those of previous studies it was necessary to
correct the earlier results for the effects of collisional excitation of He1. For this purpose, the
samples of Aller (1983), Aller et al. (1981), Torres-Peimbert & Peimbert (1977) and Aller &
Czyzak (1983a) were used (excluding Type I and low-excitation PN). The reduction in the ionic
abundance of He™* due to collisional excitation was estimated using the equations of Clegg (1987),
employing the same T,, n,, and general methods as the original authors. The resulting corrected
mean abundances are also presented in Table 14. No correction was applied to the adopted heavy
element abundances in Table 14 of Hu regions in the LMC, SMC and our own Galaxy (Pagel et al.
1978) since the electron temperatures and densities in these regions lead to little collisional
excitation of He1 (see Table 10) and therefore negligible changes to the ICFs.

A comparison of the mean abundances found here (i.e. the ‘full sample’ abundances of Table
14) with those of Aller (1983) for LMCPN, and those of Aller et al. (1981) for SMC PN, shows
that there is good general agreement, within the errors, between the results. Due to our much
larger sample, the abundances calculated in this paper are adopted as the means. It should be
noted, though, that the mean nitrogen abundance found for the SMCPN could be an upper limit
due to selection effects, since the eight SMCPN for which no [Nu] was detectable in low
resolution spectra could be objects with lower nitrogen abundances.

If one compares the abundances found here for Magellanic Cloud PN with those found
previously for Galactic PN (Table 14), one finds that the abundances of neon and argon, the
elements least affected by nucleosynthesis during the evolution of the PN progenitor star, are
lower by 0.6 and 0.35 dex, for the SMC and LMC respectively. Oxygen is found to be lower by 0.4
and 0.2 dex in SMC and LMCPN relative to those in our own Galaxy. Within the errors, the
oxygen and neon abundances in Magellanic Cloud PN are the same as those previously found for
Hu regions in the SMC and LMC.

The final column of Table 14 gives the relative abundance of nitrogen to oxygen (log N/O) for
PN and Hurregions in the LMC, SMC, and our own galaxy. Itis noticeable that the mean values of
log N/O for SMC, LMC and Galactic PN are all similar (—0.82, —0.68 and —0.76, respectively),
whilst the SMC and LMC H region log N/O ratios are quite different from the Galactic ratio
(—1.56, —1.46 and —1.13, respectively).

Comparing the elemental abundances found for LMC PN and the LMC Hiiregions (Table 14),
it can be seen that there has been significant enrichment of nitrogen, by 0.89 dex, whilst the -
abundances of helium, oxygen, neon and argon are unchanged within the error limits. A similar
comparison for the SMC shows an increase by 1.02 dex of the nitrogen abundance in the PN,
while again the helium, oxygen, neon, and argon abundances remain the same within the error
limits. The extent of the nitrogen enhancements in the LMC and SMC PN is significant, more so
when compared with our own Galaxy, where the PN show a nitrogen enhancement (compared to
Hu regions) of only 0.38 dex.

The clear enhancement of nitrogen in Magellanic Cloud PN appears to be consistent with the
exposure at the surfaces of the PN progenitor stars of the main product of the CN cycle, namely
secondary nitrogen produced by conversion of the initial carbon. Such an effect (the ‘first dredge-
up’) is predicted to occur early in the post-main sequence life of all low- and intermediate-mass
stars (Iben & Renzini 1983). Becker & Iben (1980) have predicted that, following the first dredge-
up, about one-third of the initial carbon should have been converted to nitrogen for low-mass
stars of solar composition, while for low-mass stars of Population II composition, the fraction of
carbon converted to nitrogen should be about unity. Our results appear to be consistent with this.
The abundances listed in Table 15 are the same as those listed in Table 14, supplemented by the
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Table 15. The CN cycle in Magellanic Cloud and Galactic PN.

Mean logarithmic abundances, H = 12.0

C N C+N (0] Ne
SMC PN 7.4410.28 8.26 + 0.15 7.36 £ 0.22
SMC HII 7.16 + 0.04 6.42 +0.13 7.2310.14 7.98 £ 0.09 7.18 £0.17
LMC PN 7.811+0.30 8.49+0.15 7.64 +0.19
LMCHII 7.90 £0.15 6.92 £ 0.15 7.94+0.20 8.39£0.12 7.60 £0.15
GAL PN 7.961+0.32 8.68 4+ 0.14 7.98 £ 0.20
GAL HII 8.46 7.57 +£0.33 8.51+0.35 8.70 +0.25 7.90 £0.17

Hu region carbon abundances of Dufour ez al. (1982). The fourth column of Table 15 lists the sum

of the abundances of C and N for Huregions in the SMC, LMC and Milky Way, respectively. For

the SMC, whose heavy element abundances are comparable to those of Population II stars, we

see that all of the initial carbon must have been converted to nitrogen in order to match the PN

nitrogen abundances. For our own Galaxy, the figures in Table 15 imply that about 20 per cent of
the initial carbon has been converted to nitrogen in the PN, while in the LMC, whose abundances

are intermediate between those of the Milky Way and SMC, the fraction of initial carbon

converted to nitrogen is 70 per cent. Although the CN cycle appears to have operated to near-

completion in the SMC and LMC PN, there is no evidence for any depletion of oxygen caused by

the ON cycle.

It should be noted that although the nebular carbon abundances in Magellanic Cloud PN can
show great enhancements (Maran et al. 1982; Aller et al. 1987), these enhancements can be
interpreted as due to the effects of the ‘third dredge-up’ (Iben & Renzini 1983), whereby the
products of the triple-a reaction are brought to the surface much later in the evolution of the
progenitor stars.
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