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ABSTRACT 
Images and fluxes of Magellanic Cloud planetary nebulae have been obtained with a time resolution of 

1/60 s. The high time resolution was used to remove translational seeing effects and produce the sharpest 
possible images for the prevailing observing conditions. Angular diameters greater than 0'.'7 have been 
obtained for 20 Magellanic Cloud planetary nebulae, and fluxes in Hß or [O m] A5007 or both have been 
obtained for 80 nebulae. Masses have been derived for 18 nebulae from the angular diameters and Hß fluxes. 
A comparison of the masses derived here with the masses derived previously from speckle interferometry in 
Paper I of this series (Wood, Bessell, and Dopita 1986), and with the masses derived by Gathier et al (1983) 
for planetary nebulae near the Galactic center, indicates that the ionized masses of typical Magellanic Cloud 
planetary nebulae increase with radius R roughly as R3/2 to R5/3 until R ä 0.1 pc; thereafter, the ionized mass 
has a maximum value of ~0.5 M0, a value that is predicted for the total mass of the envelope ejected by a 
typical precursor star in the Magellanic Clouds. Bolometric luminosities have been estimated for the central 
stars of those objects for which H/? fluxes were obtained. None of the planetaries has log L/L0 > 4.0, again 
consistent with the luminosities predicted from the properties of the precursor stars. 
Subject headings: galaxies: Magellanic Clouds — nebulae: planetary — stars: evolution — stars: mass loss 

I. introduction 

A problem which has plagued the study of planetary nebulae 
(PNe) in the Galaxy is the lack of an accurate distance scale. By 
studying planetary nebulae in the Magellanic Clouds this 
problem is immediately overcome. However, another problem 
arises in the study of Magellanic Cloud nebulae : their diam- 
eters are typically less than ~ 1" so that it is difficult to get size 
information for them; high spatial resolution is clearly 
required. In the first paper in this series (Wood, Bessell, and 
Dopita 1986), speckle interferometry was used to obtain 
angular diameters for seven nebulae. These PNe were among 
the brightest known in the Clouds, and they are small (angular 
diameters </> < 0"32); it is not possible to obtain speckle diam- 
eters for faint or large objects in a reasonable time. 

In the current paper, our objective is to find angular diam- 
eters for the fainter and larger (</> > 0'.'7) nebulae using direct 
imaging techniques. In addition, we have used the images 
obtained to derive nebular line fluxes in Hß and [O m] /15007. 
Using the angular diameters and H/? line fluxes, we have 
derived the ionized mass in each nebula. The Hß flux can also 
be used to derive an approximate (accurate to better than 30%) 
bolometric luminosity for the central star; combined with the 
excitation class of Morgan (1984), this luminosity allows us to 
put the planetary nebula nuclei (PNNi) in an approximate H-R 
diagram. Finally, the masses, radii, and luminosities derived 
here have been compared with values expected from the study 
of the immediate precursor stars (the long-period variables) in 
the Clouds. 

II. OBSERVATIONS AND DATA REDUCTION 

The observations were made at the Cassegrain focus of the 
Anglo-Australian Telescope on the nights of 1985 October 

16-17. Seeing had a full width at half-maximum (FWHM) of 
~ 1"7 on October 16 and the second half of October 17 and a 
FWHM of ~ T.'2 during the first half of October 17. The IPCS 
was used as detector running in speckle mode so that the 
addresses of all photon events falling in each frame of duration 
1/60 s were recorded. A pixel size of 0'.T8 x 0'.T8 and a frame 
size of 240 x 240 pixels was used, giving a total field size of 
43" x 43". Narrow-band filters centered at Hß and [O m] 
/15007 were used to isolate the nebular lines. 

The nebular fluxes were derived using the following pro- 
cedure. Photon events recorded at each pixel were added in the 
usual way to make images which were subsequently divided by 
a normalized flat-field frame. The STARLINK program 
PATCH was used to remove any stars near the planetary 
nebula, and then the aperture photometry program in the 
FIGARO package was used to derive an instrumental magni- 
tude for each object. A circular aperture of radius 3"2 was used 
for most of the program objects, and the sky background was 
derived from a circular annulus of inner and outer radii 3"2 
and 4"2, respectively (larger radii were used for a few of the 
larger PNe). Atmospheric extinction was derived by assuming 
an extinction coefficient of 0.11 mag per airmass. The zero- 
point correction to be added to the instrumental magnitudes 
was obtained by adopting fluxes determined previously for 
some of the brighter objects (Webster 1969, 1976; Osmer 1976; 
Aller 1983). Fluxes determined in this study are given in 
Table 1. 

Angular diameters were determined by two methods. In the 
first, the radial profile of each PN image was obtained from an 
azimuthal average around the center of the image (the image 
center was obtained from program CENTRES in the 
FIGARO package). Then a least-squares Gaussian fit was 
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TABLE 1 
Planetary Nebula Properties 

Object3 Log Fßb Log F5007
c Diam(") M/M©0 Object3 Log Fßb Log F 5007 DiamD M/M©d 

SMP 4 
SMP 10 
SMP 14 
SMP 16 
SMP 20 
SMP 24 
SMP 30 
SMP 32 
SMP 40 
SMP 44 
SMP 46 
SMP 49 
SMP 52 
SMP 60 
SMP 7 0 
SMP 78 
SMP 95 
SMP 99 
MG A1 
MG 
MG 
J 
J 
J 

A10 
A24 
10 
18 
23 

SMP 1 
SMP 3 
SMP 7 
SMP 11 
SMP 13 
SMP 16 
SMP 18 
SMP 21 
SMP 24 
SMP 27 
J 6 
MG 
MG 
MG 
MG 
MG 

1 
3 
5 
7 
11 

-13.52 
-1.3.14 
-13.68 
-13.29 
-13.42 
-13.77 
-13.43 
-12.80 
-13.44 
-13.59 
-13.60 
-13.35 
-12.53 
-13.63 
-13.55 
-12.57 
-13.39 
-12.54 
-14.02 
-14.02 
-13.56 

-14.07 

-12.76 
-13.07 
-13.58 
-12.99 
-12.56 
-12.72 
-12.65 
-13.23 
-12.69 
-12.44 

-14.27 
-13.63 
-13.8 
-13.71 
-14.09 

LMC 

-12.86 
-12.67 

-12.54 

-12.59 

-13.69 
-13.37 
-13.53 

-14.55 
-13.47 
-13.20 

-13.86 
-13.24 

<1- 
<1. 

1. 
0. 

<1. 
2.0 

<1.0 
<1.1 
<1.0 
<1.0 
<1.1 
<1.0 
<1.0 

1.6 
<1.1 
<1.0 
<1.1 
<1.0 
<1.0 
<1.1 
<1.1 
<1.1 
2.5 

<0.6 
<0.6 

0.8 
1.0 

<1.0 
<1.0 
<1.0 
<1.0 
<1.0 
<1.0 

0.7 
<0.6 
<0.6 
<0.6 
<0.6 

<0.15 
<0.24 

0.18 
0.15 

<0.17 
0.28 

<0.15 
<0.35 
<0.15 
<0.12 
<0.14 
<0.16 
<0.42 

0.24 
<0.15 
<0.40 
<0.18 
<0.41 
<0.08 
<0.09 
<0.15 

0.28 

<0.27 
<0.19 

0.16 
0.45 

<0.73 
<0.61 
<0.66 
<0.34 
<0.63 
<0.84 

0.06 
<0.10 
<0.08 
<0.09 
<0.06 

SMP 9 
SMP 11 
SMP 15 
SMP 18 
SMP 21 
SMP 28 
SMP 31 
SMP 35 
SMP 41 
SMP 45 
SMP 47 
SMP 50 
SMP 54 
SMP 62 
SMP 72 
SMP 87 
SMP 96 
MG 
MG 
MG 

SMC 

MG 
MG 
MG 
MG 
MG 

A0 
A4 
A22 
4 
12 
20 
26 

SMP 2 
SMP 5 
SMP 9 
SMP 12 
SMP 14 
SMP 17 
SMP 20 
SMP 22 
SMP 26 
J 2 
J 12 

2 
4 
6 
10 
13 

-13.3 
-13.15 
-12.65 
-13.30 
-12.81 
-13.35 
-12.90 
-12.79 
-13.33 
-13.17 
-12.53 
-12.68 
-13.51 
-12.32 
-13.64 
-12.90 
-13.34 
-13.11 
-13.83 
-13.92 
-14.06 
-14.15 
-13.97 

-12.76 
-12.78 
-13.43 
-13.45 
-13.02 
-12.61 
-12.47 
-12.83 
-13.5 
-15.03 

-13.97 
-14.15 
-13.87 
-13.72 
-13.51 

-12.47 
-12.50 

-12.19 

-12.89 

-13.51 
-13.71 
-13.0 
-13.21 

-12.17 

-12.45 

-13.52 
-13.96 
-13.09 

-13.38 
-13.55 

<1.0 
<1.0 
<1.0 
<1.1 
<1.0 
<1.1 
<1.0 
<1.1 

1.5 
<1.0 
<1.0 
<1.0 

1.1 
<1.0 
1.6 

<1.1 
<1.0 
<1.0 
0.9 

<1.0 
3.8 
1.8 
1.7 
3.2 

<1.0 
<0.6 
<0.6 
<0.6 
<0.6 
<1.0 
<1.0 
<0.6 
<1.0 

2.3 
<1.0 

1.5 
<0.6 
<0.6 

0.7 
1.5 

<0.16 
<0.21 
<0.37 
<0.20 
<0.30 
<0.19 
<0.27 
<0.36 

0.31 
<0.20 
<0.42 
<0.35 

0.16 
<0.53 

0.24 
<0.32 
<0.16 
<0.21 

0.09 
<0.08 

0.53 
0.16 
0.18 

<0.58 
<0.27 
<0.13 
<0.12 
<0.20 
<0.69 
<0.82 
<0.25 
<0.23 

0.15 
<0.00 

0.27 
<0.05 
<0.08 

0.10 
0.45 

a SMP numbers from Sanduleak, MacConnell, and Philip 1978; J numbers from Jacoby 1980; MG numbers in the SMC from Morgan and Good 1985; MG 
numbers in the LMC from Morgan and Good, private communication. 

b flux in ergs cm “ 2 s “ ^ 
c [O m] A5007 flux in ergs cm " 2 s “ L 
d Mass of nebula in which hydrogen is ionized. Jacoby (1980) obtained the following angular diameters (in arcseconds): LMC J4:3'.'4; LMC J10: > T.'6; LMC J12: 

> T.'3; LMC J18: >0?6;LMCJ20: >2':i;LMC J26: 3'.'7;SMC J2: £2'.'8. 

made to the points in this profile with intensity greater than 
20% of the peak intensity, and the FWHM of the observed 
planetary nebula image (FWHMIPN) was derived from the 
fitted Gaussian. The same procedure was then applied to any 
bright point sources which occurred in the image frames so the 
FWHM of an observed point source image (FWHMIPS) could 
be found. The true FWHM of the planetary nebula as esti- 
mated from the image profile (FWHMj) was then derived from 
the equation (FWHM,)2 = (FWHMIPN)2 - (FWHMIPS)2. 
When there was no reasonably bright point source in the frame 
containing the planetary nebula, FWHMIPS was obtained from 
a point source in a nearby (in time) frame. 

The second method of deriving angular diameters was an 
attempt to calculate the digital autocorrelation of the instanta- 
neous image of the object under observation. In the ideal case, 
this method overcomes several problems which occur with the 
determination of FWHM from the integrated image: image 
translation due to seeing effects (eliminated since the image is 
instantaneous), tracking errors, and errors in centering of the 
image. For a Gaussian image profile, the FWHM of the image 
is 1/(2)1/2 times the FWHM of the autocorrelation of the 
image. Full widths at half-maximum of images were obtained 
from the autocorrelation using this formula for both planetary 
nebulae (FWHMAPN) and point sources (FWHMAPS) which 
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occurred in the fields observed. Then a true FWHM 
(FWHMa) for each planetary nebula observed was obtained 
from the equation (FWHM J2 = (FWHMAPN)2 

— (FWHMaps)2. The adopted FWHM for each planetary 
nebula (given as the diameter in column [4] of Table 1) is the 
mean of FWHMA and FWHMj. The rms deviation of 
FWHMA and FWHMZ about this mean is 11 %. 

In practice, the autocorrelation of the instantaneous image 
as required above can be obtained only approximately. If each 
frame is autocorrelated, two factors give an artificial spike in 
the center of the autocorrelation : the speckle component in the 
image, and the fact that each photon event is frequently spread 
over two (or more) adjacent pixels. To overcome these prob- 
lems, the autocorrelation of each frame was approximated by 
the cross-correlation of each frame (i) with the following 
frames z + AT to z +JV + n. The gap of AT — 1 frames (N = 16 
was used) was found to be necessary to remove the central 
spike in the cross-correlation resulting from either persistence 
in the I PCS phosphor or persistence of speckles. Each frame 
was cross-correlated with n frames (zz = 6 was used in most 
cases) in order to increase the signal-to-noise ratio. Thus the 
approximate autocorrelation obtained was not instantaneous 
but was taken over s. Tests carried out by varying N 
showed that, on the nights on which the observations were 
obtained, the FWHM of a point source increases by only 
l%-2% when the autocorrelation was evaluated over ^ s 
rather than over 1/60 s. The FWHM of point sources as deter- 
mined from the autocorrelation was typically 10%-20% 
smaller than that obtained from the integrated image. 

in. DISCUSSION 

a) The Ionized Mass-Radius Relation 
The nebulae for which angular diameters and Hß fluxes have 

been determined in Papers I and II in this series are shown in 
the (ionized mass, nebular radius)-plane in Figure 1. Masses 
are derived from the formula given in Paper I. Also shown are 
nebulae near the Galactic center observed at radio wave- 
lengths by Gathier et al. (1983). All the nebulae in Figure 1 are 
at well-known distances (we have assumed distances of 8.6, 52, 

Fig. 1.—The mass M of ionized gas in planetary nebulae plotted against 
the nebular radius. Filled squares: planetary nebulae in the Magellanic Clouds 
for which angular diameters have been determined in this paper; open squares: 
nebulae for which angular diameters were determined in Paper I ; crosses: 
nebulae near the Galactic center studied by Gathier et al. (1983). Distances of 
8.6, 52, and 66 kpc have been assumed for the Galactic center, the LMC, and 
the SMC, respectively. The arrow shows the effect of a 20% increase in 
assumed distance. 

ET AL. Vol. 320 

and 66 kpc for the Galactic center, LMC, and SMC, 
respectively) so that the usual problem of distance uncertainty 
pertaining to local Galactic planetary nebulae is overcome. 

Plots similar to Figure 1 has been produced previously by 
Gathier et al. (1983) and Pottasch (1983) who argued that 
planetary nebulae show a large range in ionized mass, thereby 
making the Shklovsky method of distance determination, 
which assumes a constant ionized mass, very unreliable. The 
relations derived by Daub (1982) also imply an (ionized mass, 
radius)-relation similar to that in Figure 1. 

It appears from Figure 1 that there is a continuous increase 
in ionized mass Mion with nebular radius up to Æ ~ 0.12 pc; 
this is presumably the result of the gradual ionization of the 
nebula by the central star (e.g., Pottasch 1983). For these 
smaller nebulae, the relations Mion oc R3/2 (Paper I) or Mion oc 
R5/3 (Daub 1982) would fit equally well. The mean mass of the 
larger, optically thin nebulae with Æ > 0.12 pc is 0.27 M0, 
while the maximum mass attained by these nebulae is ~0.5 
Mq. It will be assumed here that this latter mass corresponds 
to the total mass Mneb of material in the planetary nebulae in 
the Magellanic Clouds. 

The mass Mneb can be related to the results obtained for 
other objects such as long-period variables (LPVs) in the 
Magellanic Clouds. The dominant population of stars current- 
ly leaving the main sequence in the LMC has an intermediate 
age of ~2 x 109 yr (Butcher 1977; Hardy et al. 1984), corre- 
sponding to an initial mass of ~1.6M0. A similar result 
applies in the SMC (Hawkins and Bruck 1982; Hardy and 
Durand 1984). The results of the study of a complete sample of 
LPVs in the bar of the LMC by Wood, Bessell, and Paltoglou 
(1985) show that the LPV population is dominated by these 
intermediate-age stars. By the time they have evolved to the 
long-period, high-luminosity end of the LPV sequence of 
Wood, Bessell, and Paltoglou (1985), they have Mbol ~ —5.2, 
core masses of ~0.65 M0 (from the luminosity-core mass 
relation for asymptotic giant branch stars [see, e.g., Wood and 
Zarro 1981]), present-day pulsation masses of ~1.3M0 
(consistent with a total mass loss since the main sequence of 
~0.3 M0), and envelope masses of ~0.65 M0 (where 
envelope mass is total minus core mass). 

The immediate precursors of planetary nebulae in the 
Magellanic Clouds are the LPVs (e.g., Wood, Bessell, and Fox 
1983). Since by far the most common LPVs are those of age 
~2 x 109 yr, it is reasonable to expect that planetary nebulae 
are descended predominantly from such stars also. We note 
that LPVs at the end of the sequence in Wood, Bessell, and 
Paltoglou (1985) must eject their envelopes to form planetary 
nebulae, as they disappear from the LPV sequence while they 
still have significant envelope masses (~0.65 M0). Given the 
uncertainties involved, the total planetary nebula mass of ~0.5 
Mq derived above is in good agreement with the estimate of 
~0.65 Mq for the envelope mass ejected at the end of the LPV 
phase. 

b) Luminosities of the Central Stärs 
Another property of the planetary nebulae in the Magellanic 

Clouds which can be compared with observations of the pre- 
cursor LPVs and with theory is the luminosity distribution of 
the central stars. Given the Hß fluxes for the nebulae from 
Table 1, an estimate of the bolometric luminosity of the central 
star can be made by assuming that each photon emitted by the 
central star shortward of the Lyman limit leads to one photo- 
ionization and subsequent case B recombination of a hydro- 
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Excitation Class 
Fig. 2.—Luminosities of planetary nebula nuclei in the Magellanic Clouds 

plotted against the nebula excitation class from Morgan (1984). Squares: 
nebulae in the LMC; diamonds: nebulae in the SMC; open symbols: objects for 
which the radii are known to be greater than 0.12 pc. 

gen atom in a gas with T = 104 K. In deriving the luminosities 
in Figure 2, the central star is assumed to radiate like a black- 
body with a temperature of log T = 5.2, corresponding to the 
maximum temperature reached by a planetary nebula nucleus 
of mass ~0.65 M0. The number of ionizing photons per unit 
stellar luminosity does not vary by more than 30% from the 
adopted value for temperatures in the wide range 
4.6 < log T < 5.2; thus errors in log L/L© from this source are 
less than or equal to 0.15. 

The luminosities of the central stars deduced in this fashion 
are shown plotted against excitation class (a rough measure of 
the temperature of the central star, but also dependent on the 
flux of ionizing photons per nebular atom) in Figure 2. The 
excitation class is obtained from Morgan (1984); when Morgan 
gives only a range in excitation class, the mean of the range is 

used. A few additional objects are plotted in Figure 2 using the 
Hß fluxes given in the papers cited above as sources of stan- 
dard fluxes. We note that the luminosity estimates in Figure 2 
are effectively lower limits : escape of ionizing photons from the 
nebula (because the nebula is optically thin or because it does 
not completely surround the central star as in the case in 
bipolar nebulae) or absorption by dust in the nebula will all 
lead to a reduction in the luminosity estimated for the central 
star. Reddenings EB„V to the SMC and LMC of 0.02 and 
0.06 mag, respectively, have been assumed. 

The largest luminosities derived for Magellanic Cloud plan- 
etary nebula nuclei are log L/L© ~ 3.9 (Mbol ~ — 5), in quite 
good agreement with the luminosities of the dominant popu- 
lation of LPVs at the end of their AGB evolution. Since evolu- 
tion from the asymptotic giant branch to the planetary nebula 
region of the H-R diagram occurs at constant luminosity, this 
is as expected. As planetary nebulae age, their luminosities 
finally decline below the peak values on the horizontal portion 
of the evolutionary track. The large range in luminosities 
exhibited in Figure 2 is probably partly due to errors in the 
luminosity estimates as well as to real evolutionary effects. 
Some further comparison of the evolution of the Magellanic 
Cloud planetary nebulae with theoretical evolutionary calcu- 
lations is given in Wood (1986). 

IV. SUMMARY 

Line fluxes in H/? and [O m] 25007 have been obtained for a 
large number of planetary nebulae in the Magellanic Clouds, 
and angular diameters >0'.'7 have been derived for a smaller 
number of the nebulae. Ionized masses for the nebulae and 
luminosities for the central stars have been derived; these 
quantities have been shown to be in good agreement with the 
values expected from the properties of the immediate precursor 
stars, the long-period variables. 
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