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ABSTRACT

We have obtained Hubble Space Telescope Planetary Camera images in the [O m] 15007 A emission line,
and FOS UV spectrophotometry of the low-excitation planetary nebula SMP 85 in the Large Magellanic
Cloud. By combining these results with existing optical spectrophotometry, absolute flux measurements, and
dynamical and density information, we have been able to construct a fully self-consistent nebular model. This
proves that SMP 85 is a dense, young, carbon-rich object which started to be ionized about 500-1000 years
ago, and which contains a substantial inner reservoir of atomic or molecular gas, probably in the form of
many small cloudlets. These cloudlets have been ejected at a velocity not exceeding 6 km s™!, a result which,
together with the morphology is an important clue to mass loss during late AGB evolution. We have directly
detected the central star through its UV continuum emission, and from both Zanstra techniques and nebular
modeling derive a stellar temperature of 46000 + 2000 K, a stellar luminosity of 7300 + 700 Ly, and a core
mass of 0.63-0.67 M. The nebular analysis also demonstrates that there is severe depletion of the nebular
gases onto dust grains, most likely of the calcium magnesium silicate variety; a surprising result in view of the

carbon-rich nature of the ionized nebula.

Subject headings: Magellanic Clouds — planetary nebulae: individual (SMP 85)

1. INTRODUCTION

The evolution of stars from the termination of the asymp-
totic giant branch (AGB) evolution through the planetary
nebula (PN) stage represents an important transition, the
parameters of which are still poorly determined from an obser-
vational viewpoint. The major reason for this is the absence of
a reliable distance scale for Galactic PNs, which has proved to
be a millstone around the neck of progress. However, the dis-
tance problem can be overcome by the study of the population
of PNs in the Galactic bulge, or in the Magellanic Clouds. Of
these, the Magellanic Cloud group is a vital key to understand-
ing the details of post-asymptotic giant branch evolution. The
distance is well known, and unlike the Galactic bulge group,
reddening is generally small. Furthermore, these PNs are near
enough to be easily studied, and details of their internal struc-
ture can be resolved with the Hubble Space Telescope (HST).

In the optical, the Magellanic Cloud population has been
the subject of a systematic and detailed study by us and by the
University College group in recent years, and data on the
diameters, fluxes, expansion velocities, and kinematics have
been accumulated (see the review by Barlow 1989; also Dopita
et al. 1985b; Dopita, Ford, & Webster 1985a; Meatheringham
et al. 1988a; Meatheringham, Dopita, & Morgan 1988b;
Wood, Bessel, & Dopita 1986; Wood et al. 1987; Jacoby,
Walker, & Ciardullo 1990).

However, the key to the determination of the PN nebular
abundances, and the position of the central star on the H-R
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diagram is accurate spectrophotometry over as wide a wave-
length range as possible. With the aid of a photoionization
code, the ionization temperature can be determined from the
nebular excitation, the luminosity of the central star can be
determined from the absolute HB flux, and the chemical abun-
dances can be determined from the electron temperature of the
nebula and from its detailed emission line spectrum. In a recent
series of papers (Clegg et al. 1987; Meatheringham & Dopita
1991a, b; Vassiliadis et al. 1992), high-quality optical spectro-
photometry has been obtained which has permitted such an
investigation to be undertaken (Dopita & Meatheringham
1991a, b). However, this exercise remains incomplete without
the high-resolution direct imaging and spectrophotometry that
is possible using the HST. In particular, HST imaging will tell
us the geometry of the nebular gas with respect to the planet-
ary nebula nucleus (PNN), enable us to derive a dynamical age,
and reveal whether the nebula is optically thin to the ionizing
radiation. UV spectrophotometry with the Faint Object Spec-
trograph (FOS) will reveal the chemical abundance of key ele-
ments such as C, synthesized in helium-burning layers of the
precursor star, dredged up into the hydrogen-rich envelope,
and ejected into the nebular gas. Heavier atomic species such
as Ca, Mg, and Si are best observed in the UV, and a study of
the far-UV continuum gives us our best chance of discrimi-
nating the continuum produced by the PNN itself from the
nebular continuum emission processes, especially when the
star has a high effective temperature.

In the previous paper in this series (Dopita et al. 1993, here-
after Paper I), we described imaging observations of the
extreme PN in the LMC, WS 35 in the catalog of Westerlund
& Smith (1964), or SMP 83 in the catalog of Sanduleak, Mac-
Connell, & Philip (1978). This was selected by the GTO team
for observation with the Planetary Camera (PC) on the basis of
its extreme velocity of expansion and other characteristics. We
were able to combine the results of this imaging with the
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_ published optical and UV spectrophotometry to generate a

self-consistent photoionization model. This allowed us to place
SMP 83 on the Hertzsprung-Russell diagram with reasonable
accuracy and to prove that it was a PN derived from a high-
mass precursor.

“In this Paper, we give the first results of our Cycle I GO
program comprising both imaging and spectrophotometry of a
young, high-density PN, SMP 85 in the LMC. The long-term
aim of this program is to make a systematic study of over 20
objects covering the full range of the Hertzsprung-Russell
diagram accessible to observation with HST. By this means,
we hope to ultimately place severe observational constraints
on theoretical models, so as to cast light on the physical pro-
cessses involved in AGB evolution and beyond.

2. RESULTS OF HST IMAGING

2.1. Observations and Data Processing

The LMC PN SMP 85 was observed with the PC on 1991
October 24 as part of our Cycle I GO program. To reduce the
noise due to cosmic-ray events, two sequential exposures of
600 s were made in the [O m] 15007 line using the F502N
filter. This gave a peak signal to noise in excess of 20 per pixel.
The wavelength of peak transmission of the [O m1] filter is 5016
A, and its bandpass is 30 A, FWHM. The PN was placed on
the PC8 chip in order to provide maximum sensitivity, and
displaced ~ 15" northeast from the center of the chip in order
to avoid the Baum Spot. At the time of observation, PSF
observations for this chip and this filter were not available. To
enable us to correct the data for the effects of the spherical
abberation of HST, we preceded the HST observations of the
PN by three sequential exposures of 800 s of a V' = 13.05 star
some 26" from the PN, the star having been placed on the same
point of the PC8 chip as the PN. Of the three exposures, only
the first two could be used in the construction of the PSF, since
the third was affected by a reaquisition problem. The two
remaining exposures gave us a measured PSF with a peak S/N

of greater than 30 per pixel, which could then be used in the
subsequent image processing.

The STSDAS task CALWFPC was used to reprocess the
images, using the bias subtraction and flat field correction
available on 1992 May 5. Since calibration of the [O ur] filter
was relatively low on the list of calibration priorities, the gap
between the time of the observations and the time when the
calibration was obtained was inevitable. However, we have no
reason to believe that this has any deleterious effect on the
quality of the reductions. In order to deconvolve the data, a
256 x 256 pixel sub-image centered on the PN was extracted
and cleaned of cosmic ray hits. A standard Lucy (1974) decon-
volution was done using 70 interactions. Since the point spread
function (PSF) was explicitly determined by calibration obser-
vations with this filter, it was not necessary to use the pre-
launch HST optical model in the code TINYTIM (Krist 1992).
In any case this model seems to be inadequate, since fainter
features in the observed PSF were not reproduced by the cor-
responding TINYTIM model. We found that application of
more than 100 iterations tended to amplify both noise features
and artifacts in the image (see Paper III, in preparation).

2.2. The Size and Dynamical Age of SMP 85

We show in Figure la the original PSF as measured above
for the F502N filter and in Figure 1b this same PSF decon-
volved using the Lucy algorithm. Each frame is 5'5 square.
This clearly demonstrates the power of the deconvolution tech-
nique. In Figure 2, we show that central 170 x 170 of the PN
frame and of the PSF, after deconvolution. To do justice to the
large dynamic range of the observations, these are shown at
three gray levels, separated from each other by 0.5 dex in inten-
sity. It is clear that the PN is well resolved at all levels, is
almost perfectly round, and has very little internal structure
other than that which would be produced by a radial density
gradient. Its structure is similar to low-excitation Galactic PNs
such as IC 418, IC 3568, or BD + 30°3639 (see Balick 1989). In
order to determine the radial brightness gradient we used the

Raw PSF

Restored PSF

FI1G. la

Fic. 1b

F1G. 1.—(a) Raw PSF on the PC8 chip measured through the F502N filter. The gray scale here is logarithmic so as to bring out the fainter features in the PSF. (b)
PSF after 70 iterations with the Lucy (1974) algorithm. Note that 94% of the light now follows on the central 07043 pixel, and that the first diffraction maximum of

the intrinsic telescope PSF can now be distinguished.
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F1G. 2.—Deconvolved image of the PN (top) and of the PSF (bottom) are shown on a linear scale at three different intensity levels to demonstrate the very high
dynamic range achieve. The size of the frame is 170. Note that the PN is very clearly resolved, but that it does not have a pronounced outer boundary.

Galaxy Aperture Surface Photometry (GASP) software. The
results of this is shown in Figure 3. It is clear that the PN has a
bright core with a radius of ~3.5 pixels (~0”1) which corre-
sponds to ~7.5 x 10'® cm at the distance of 49 kpc we have
assumed as being the distance of the LMC (Feast & Walker
1987; Feast 1988). Outside this core, the profile falls off with
angular radius 6 approximately as 63 as far as the outer
boundary at 0734 (~2.4 x 10'7 cm). For a large nebula, this
radial variation translates to a local emission profile having
r~*, which, at constant [O m] emissivity could be produced by
a density gradient following a density law r 2.

Dopita et al. (1988) measured the expansion velocity of SMP
85 to be 11.3 km s~ ! in the [O n1] 45007 line and 11.2 km s !
in the [O 1] 43727 line. This is very similar to the sound speed
in the ionized material; 12.4 km s~ !, suggesting that the
ionized gas in flowing out under its own thermal energy, rather
than being accelerated by a strong stellar wind. Taking the
dynamic age to be the time taken for the gas to flow out of the

10000
LMC 85

1000 | ."

E .

:@ )

A wf *

8 °.
10 .a \

Radius (pixels)
F1G. 3.—Radial intensity profile of SMP 85 measured using the GASP

routine. For comparison a radial power-law gradient following an r~3 law is
also shown.

dense core of the nebula, we can estimate a (maximum)
dynamical age of ~ 2000 years.

3. RESULTS OF HST SPECTROSCOPY

3.1. Observations and Data Processing

The FOS observations were carried out in a single orbit on
1993 January 6. Because the PN was very small, it was
acquired by a binary acquisition, followed by an IMAGE
exposure. From this, the PN was confirmed to have been cen-
tered in the 1”0 circular aperture to a precision of ~0712. The
science exposures consisted of sequential exposures using the
blue side of the detector in each of the G130H, G190H,
G270H, and PRISM dispersive elements. The three grating
give continuous coverage in wavelength from 1150-3250 A.
Since the grating observations suffer flux calibration uncer-
tainty through spherical abberation losses, uncertainty in the
sensitivity calibration and errors due to decentering the mag-
netically induced drifts of the electron image on the Digicon
detector diode array, we took the prism observations so as to
provide overlap with the ground-based spectrophotometric
data.

The data were processed through the STSDS software to
provide flat-field, sensitivity and scattered light corrections.
The latter correction was necessary only for the G130H obser-
vatlion, where scattered light proved to be only 0.002 counts
s™h

The optical spectrophotometry of Meatheringham &
Dopita (1991a) was normalized so as to give an HB flux of
3.802 x 1073 ergs cm 2 s~ ! corrected to above the Earth’s
atmosphere, as measured by narrow-band filter photometry by
Meatheringham, Dopita, & Morgan (1988b). The prism obser-
vations, after deblending from the [O m] lines indicated a
somewhat lower HB flux of 2.6 x 107!3 ergs cm™2 s~ !. For
the Hy + [O m] line blend the agreement is poorer still;
1.74 x 10713 ergs cm~2? s, from the optical spectrophotom-
etry, compared with the 0.77 x 10713 ergs cm ™2 s~ ! obtained
from the prism data. If the calibration for the prisim is correct,
then it is clear that the abberation losses and losses due to
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decentering have conspired to cause the prism to give an
underestimate of the true flux. In order to correctly normalize
the UV data to the optical, we normalize the UV data so that it
gave the same integrated flux as the optical data in the range
3500-4700 A.

The raw data clearly showed the 2200 A interstellar absorp-
tion feature. In order to correct the UV data for the absorption
of interstellar dust, we applied a combined LMC + Galactic
extinction correction using the fitting parameters given by
Fitzpatrick (1985) for the LMC, and by Seaton (1979) for the
Galaxy. In the optical, we used the Whitford reddening func-
tion as tabulated by Kaler (1976). The mean logarithmic
reddening constant, ¢ = 0.255 derived from the Balmer decre-
ment (Meatheringham & Dopita 1991a, b) was assumed, and
28% of this was assumed to be due to Galactic dust
[E(B—V) = 0.05; Bessell 1991].

3.2. Results

The combined, extinction corrected spectra are shown in
Figure 4 on an absolute flux scale. The Balmer Discontinuity
appears in emission, and the spectrum rises strongly at the
shortest wavelengths as a result of the contribution of the con-
tinuum of the underlying PNN. A number of prominent emis-
sion lines are visible in the UV spectrum. These include the Ly«
line, which is a blend of both nebular and geocoronal com-
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ponents, the C n1] 141907, 1909 and C 1] 142325, 2329 doub-
lets, and the [O u] 42470 line. In addition, a number of
absorption lines can be seen. Some of these can definitely be
ascribed to interstellar absorption. These include the Mg 1
22800 line and the Fe 1 doublet near 2580 A. However, the
origin of the C 1v 141548, 1550 and the N v 111239, 1243
absorption features is more problematic. Some of this absorp-
tion may be stellar in origin. However, to pre-empt the results
of the following section, the relative strengths of the nebular
and stellar continuum fluxes show that the depth of the
absorption is greater than that which could be accounted by
stellar atmospheric absorption alone. Clearly then, at least
some of the absorption is also interstellar in origin. This con-
clusion is weakly supported by the absence of a Si 1v stellar
absorption feature, although the carbon-rich nature of the
central star might well explain this.

Following the normalization with respect to the optical
spectra described above, and also following the corrections for
reddening the UV emission line fluxes relative to Hf were
extracted from the spectrum. These are listed in the third
column of Table 1 along with the optical line intensities rela-
tive to HB measured by Meatheringham & Dopita (1991a, b).
It is clear from the ratio of the [O ] 42470 and the C 1]
AA2325, 2329 lines that the nebular gas has a high C/O ratio,
expected if the PNN has evolved from a carbon star. These line
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F1G. 4—Merged HST and ground-based spectra corrected for interstellar extinction and plotted on an absolute flux scale by normalization to the observed HB
flux. The dashed curve represents the theoretical nebular continuum for the model described in the text, and the dash-dotted line is a blackbody curve corresponding
to 45,000 K, normalized so as to give the best fit to the observations at 1400 A. The smooth solid curve is the sum of these, which gives a satisfactory fit to the

observed continuum spectrum.
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TABLE 1
OBSERVED AND MODELED LINE INTENSITIES WITH RESPECT TO Hf = 100.0, ARRANGED BY WAVELENGTH

Ton Wavelength (&) Observed M69 M71 M9I1 M92 Best-Fit
N cooveieininnens 1750 1.80 0.81 0.83 2.19 0.95 1.82
CHi].eevinennennnnenns 1907, 9 100.60 65.20 65.20 116.90 114.80 116.27
CHl covviinniiiininns 2326 102.60 49.80 35.85 37.88 279.60 110.40
[On].cceenennennn.e. 2471 20.80 11.60 7.50 6.42 4797 18.89
Ci,Oml .....eeeeen 2837 2.90
Hel..oooovvvinanenn. 3188 2.00
[On].cocevvennaenan. 3727,9 35.80 19.60 44.40 71.22 3.76 50.98
Nem] .oooovennennnns 3869 12.60 11.84 13.03 17.47 4.02 13.44
[Su).cceeveeninennne. 4069, 76 2.70 331 2.05 0.30 10.15 3.26
) 5 O ISR 4100 23.10 25.95 2590 25.93 26.25 26.03
4340 46.20 46.87 46.82 46.87 47.13 46.95
4363 3.20 1.85 1.98 3.12 2.65 298
4472 5.70 4.72 4.64 4.67 4.37 4.58
4861 100.00 100.00 100.00 100.00 100.00 100.00
4959 117.30 90.38 94.94 154.10 13.67 111.97
5007 338.00 260.30 273.50 443,90 39.40 322.55
5755 1.30 1.10 0.69 0.81 8.52 3.12
5876 12.00 13.08 1291 12.90 11.87 12.59
6312 1.20 3.26 242 047 1.80 0.87
6548 15.10 9.77 12.95 15.98 4.16 12.43
6563 281.30 284.70 285.60 284.80 280.00 283.36
6584 43.10 28.77 38.12 47.10 12.26 36.65
6678 4.50 3.71 3.67 3.67 3.35 3.58
[Arm] ......c....... 7138 8.10 6.88 5.68 8.10 8.89 8.34
[Ou].ccceveenennn.e. 7318, 28 30.30 15.52 10.04 8.55 63.50 25.03
[Arm] .....cceeenene 7751 2.50 1.66 1.37 1.95 2.14 201

fluxes will now be used to derive a photoionization model for
the nebula to determine both physical conditions and nebular
abundances.

4. PHOTOIONIZATION MODELING

4.1. Single-Component Models

According to the definition given by Dopita & Meathering-
ham (1991a, b) SMP 85 has an excitation class of 1.5. In the
spectrum of Table 1, the strength of the [O 1] 117318, 7328
with respect to the 143727, 3729 lines and the positive detec-
tion of the [S 1] 114068, 4076 doublet without the 116717,
6731 lines are both indicators that this PN is unusually dense.
This is in agreement with the high-resolution observations of
the [O 1] doublet by Dopita et al. (1988), which indicated a
,113737/3729 line ratio near the high-density limit (n, > 50,000
cm ™).

Attempts were made by Dopita & Meatheringham (1991a,
b) to model this and other PNs using the modeling code MAP-
PINGS 1 (Binette, Dopita, & Tuohy 1985). These assumed
spherically symmetric, isobaric nebulae excited by a central
star having a blackbody spectral distribution. In the case of
SMP 85, a good fit to the optical spectrum could be obtained
with an optically thick model, in which all the ionizing UV is
absorbed by the surrounding nebular plasma. A C/O of 1.5 was
assumed. For comparison with the results given in this paper,
the specific parameters of the two photoionization models of
Dopita & Meatheringham (1991a, b) are as follows, where the
first and second numbers given refer to the first and second
reference, respectively: Central star luminosity L/L = 6150,
7000, excitation temperature T, = 43,000 K; 41,500 K,
nebular density N(H) = 23,000 cm ~3; 46,000 cm ~3 (10,000 K,
isobaric model), inner nebular radius r,, =5 x 10'¢ cm;
5x 10'® cm, outer nebular radius, r,, = 8.8 x 10'¢;
5.8 x 10'® cm, and nebular mass M, = 0.066; 0.034 M.
Clearly these two independent models are in quite good agree-

ment with each other, most of the remaining differences being
ascribable mainly to the different densities used in the model-
ing.

The UV data provide a number of valuable new observa-
tional constraints on the abundances of species that remain
unobserved in the optical. In particular, as mentioned in the
previous section, it is clear from the relative strengths of the
[O 1] 42470 and the C 1] 442325, 2329 lines that the nebular
gas has a C/O ratio in excess of 2. Also, the nondetection of the
Mg 1 resonance line at 12800 [1(2800) < 2.0 with respect to
Hp = 100] places a strong constraint on the Mg abundance in
the gaseous phase. To anticipate the results of our final model,
the Mg abundance must be less than 2 x 10~ 7 by number with
respect to hydrogen, consistent with a depletion onto grains of
at least 150, by comparison with the LMC Mg abundance
determination of 3 x 1075 by Russell & Dopita (1992). The
absence of the Si m A2336 and Si 1] 41892 lines places a
constraint on the Si abundance, Z(Si) < 6 x 10”7 by number
with respect to hydrogen, compared with the estimated LMC
abundance of ~2 x 1073; a depletion factor of order at least
30. Clearly then the gas-phase abundances are consistent with
a severe depletion onto magnesium silicate dust grains. This is
something of an extraordinary result, considering the carbon-
rich nature of the number gas derived below, and begs the
question, why is not the carbon locked up in grains (SiC,
graphite, etc.) as well?

For the photoionization modeling presented here we have
used the improved photoionization/shock modeling code
MAPPINGS 2 (Sutherland- & Dopita 1993). Amongst the
improvements relevant to this exercise, this code now includes
all important ionization stages up to fully stripped Fe and Ni,
has a much improved adaptive spatial gridding procedure,
explicitly computes all nebular continua, and operates with a
much extended and improved set of atomic parameters, partic-
ularly with respect to the resonance and intercombination
lines.
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! As a first test, we ran a model similar to those used in the
original modeling exercise (spherically symmetric, optically
thick, isobaric nebula excited by a central star having a black-
body spectral distribution). The effective ionization stellar tem-
perature T, is constrained fundamentally by the ionization
state of helium, and by the excitation of the other elements for
which more than one species is observed. We can also derive
constraints on T, through the electron temperature, and
through the sum of all the strong emission lines with respect to
Hp, since this is the basis of the energy balance technique
(Preite-Martinez & Pottasch 1984; Stoy 1933). The luminosity
of the star is determined by matching the model Hf luminosity
to that which is observed, since this is a direct measure of the
total number of ionizing photons. The density is determined by
the density-sensitive ratios such as [O 1] AA(7318, 7328)/(3727,
3279) [S ] A4 4068, 4076/6717, 6731 and [O 1] A43737/3729.

The results of this simple model (model M69) are shown in
Table 1. This model has stellar parameters which are quite
similar to those given by the MAPPINGS I models, vis central
star luminosity; L/L = 7850, excitation temperature T, =
41,200 K. However, in order to generate strong infrared [O 11]
lines along with strong UV [O 1] and C 1] lines, it was neces-
sary to use a higher nebular density N(H) = 61,000 cm™3
(given for a temperature 10,000 K, in an isobaric model). To
compensate for the lower ionization parameter, the inner
radius had to be taken as small as r;, = 4.4 x 10!* cm, which
led in turn to a small outer nebular radius, r,,, = 4.2 x 10'S;
scarcely in agreement with the imaging. Other problems are
apparent from the line fluxes in Table 1. First, the [O 11] lines
are weaker than observed, which, from the relationship
between excitation class and effective temperature (Dopita &
Meatheringham 1991b) would indicate that the effective tem-
perature is too low. On the other hand the excitation defined
from the [O m]/[O 1] line ratios or the C mr]/C ] ratio is
apparently too high, which would indicate rather too high a
temperature. A lowering of the effective temperature weakens
all the forbidden and intercombination lines, in line with the
energy balance arguments (Preite-Martinez & Pottash 1984),
which makes the fit even worse. This cannot be compensated
by an increase in elemental abundance, since the nebular
temperature, which is already too low, would be further
decreased, giving even weaker UV lines.

In order to have a fully self-consistent model, we should also
strive to reproduce the image structure. As pointed out above,
this should have a very steep radial density gradient. Photoion-
ization models which have a density gradient as steep as r ~2 do
not have a stable solution, since the ionized nebula is either
confined to a thin layer at the inner edge, with a thickness
much smaller than the distance over which the characteristic
density changes, or else the ionized nebula fills the whole
region containing matter, and is optically thin. This is because
in this case, the strength of the ionizing radiation decreases in
the same way as the matter density, so as to keep a constant
ionization parameter. Since our nebula is clearly optically,
thick, based on the relative strength of the low-ionization
species, this type of model does not apply. We have therefore
taken a compromise density law, that in which density varies
as r~ 32, The “best-fit” model is also presented in Table 1;
Model M71. This has precisely the same stellar parameters as
M69. The nebula is characterized by a hydrogen density of
1.22 x 10° cm at a radius of 1.0 x 10° cm, and the ionized
region extends out to 8.23 x 10'® cm; in somewhat better
agreement with observation. This model fails mainly in that
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the low-excitation species occur in a region which has too low
a density compared with observation. This is very well shown
by the various [O ] lines; the 12471 and the AA7318, 7328
lines are too weak, while the 4143737, 3739 lines are somewhat
too strong.

4.2. A Two-Component Model

It is clear that we require a model having a strong density
gradient to produce the image structure, having a higher stellar
effective temperature to produce the required total forbidden
line strength, but containing a very dense, optically thick zone
of low-ionization parameter to reproduce the low-excitation
species. Clearly this cannot be accomplished by a single com-
ponent model.

We are therefore led to a model in which we have a reservoir
of unionized dense gas near to the central star, either in the
form of a set of cloudlets, or in the form of a coherent structure.
This dense gas is rimmed by ionization fronts which produce
mainly the low-excitation spectral lines, and gas flows from
these ionization fronts stream into the intercloud region
producing a more extended high-excitation emission region
with a strong radial density gradient. Consistent with the con-
straints placed upon the procedure from the imaging and from
the density-sensitive line ratios, we then seek linear sums of
models for each of these components which produce as nearly
as possible a constant ratio of observed to predicted line inten-
sities over the full range of ionization states of a given element.
If the abundance of an individual element is incorrect, then this
will appear as an (approximately constant) offset in the ratio of
observed to predicted line intensity over the whole range of
ionization stages. The abundance can then be altered in a sub-
sequent run so as to bring these ratios for that element to close
to unity.

Within the constraints and assumptions of the two-
component model itself, this procedure produces a fully self-
consistent result, in that it agrees with the observed density and
the physical size of the nebula, and also gives the correct global
line strengths and excitation state of the nebula.

The parameters of our final model are given in Table 2, and
the line intensities of this model are compared with the obser-
vations in Table 1. Here model M91 is for the intercloud com-
ponent, and M92 refers to the contribution from the regions
around the cloudlets. The intercloud medium is assumed to
have a density profile varying as r!-5, which is nearly the
steepest density profile for which a stable optically thick solu-
tion can be found. The [O mi] emissivity profile for this
solution follows a slope of close to 33, and the outer radius of
the [O 1] zone is a 1.25 x 10!7 cm, or 0718 at the distance of
the LMC. These figures are reasonably consistent with the
imaging. The dense component probably occurs over a range
of radii, but for the purposes of the modeling, we have placed it
at the density-weighted mean radius of the intercloud com-
ponent.

The “best-fit” model is obtained by adding the two com-
ponents with relative weighting factors 0.7 and 0.3, res-
pectively. The error on these numbers is about +0.1. Since
both components are optically thick, these weighting factors
are equivalent to the fractional covering factors for each
component.

The comparison of the “best-fit” model with the observa-
tions is very good indeed. In Figure 5 we plot the observed and
the theoretical line intensities for each element over all
observed ionization stages. From this figure and Table 1, we
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TABLE 2 see that the C 1] line is produced mainly in the dense cloudlets,
INFERRED PARAMETERS FOR SMP 85 AND 1TS NEBULA and the [O 1] lines at 12471 and 447318, 7324 are also strong
A. INFERRED STELLAR PARAMETERS in this phase. This removes the problems associated with the
ionization state and apparent density of the single component
Parameter Value models. As a consequence a higher effective temperature was
LiLg coveoieeeineaieaenieenns 7200 + 600 (from nebular analysis) indicated by the modeling, allowing generally stronger for-
7400 + 1200 (from stellar continuum flux) bidden and intercombination lines relative to the recombi-

Tiee (K) vovneeeieeieeiieeenn, 45000 + 2000 nation lines, and higher electron temperature.
Ty (K) oo 47800 + 1900 ' The scatter of the points in Figure 5 is sufficiently small to
M/Mg oo 0.63 4 0.03 (if H-burning) give confidence that the elemental abundances have now been

0.67 £ 0.03 (if He-burning)

B. ABUNDANCES OF THE ELEMENTS, BY NUMBER WITH RESPECT TO H
(ERROR ~ 15%)

He C N (o] Ne S Ar

0.105 5.50E—4 427E—5 251E—4 3.02E—5 200E—6 174E—6

C. PROPERTIES OF NEBULAR COMPONENTS

Parameter Value

Cloud Component, Model M91

NH)(em™3) .ooveininnenn. 1.6E6 (at 10,000 K, isobaric)
ay(em) oveiieiiiiiiinn. 4.0E16
Covering factor ............. 0.30 + 0.08
J 0. S I 413(+14E—-4
Intercloud Medium, Model M92
NH)(m™3) oo 30600 (at r = 4.0E16 cm; N(H) oc r3/?)
raom) .o 2.0E16
Foue (€M) oo 1.46E17
Covering factor ............. 0.70 + 0.08
My Mg) oo, 0.075 + 0.015
1000 T T T
100 | 1
E o
"8 .
E o
:
0k J
2]
(] e H
5 e T
+ A C
* N
1k , - 9
° Ne
x s
+ A
1 . A A
1 1 10 100 1000
Observed Line Flux

FiG. 5—Line flux predicted for emission lines of each element in the
models is plotted against the observed line flux with respect to Hf = 1.0 for all
unblended lines, and lines which represent the brighter component of a doublet
with known intensities ratio. It is clear that the accuracy of the fit approaches
that of the observations, and that the elemental abundances have been deter-
mined to an accuracy of order 15%.

determined to within 4 15%, which is comparable to the errors
of the observations. The abundances found here can be com-
pared with those obtained by Dopita & Meatheringham
(1991a, b). The added constraints of the UV spectroscopy and
the imaging allow us to have much more confidence in the
abundance results. Overall, the heavy element abundances
found in this study are higher than in the earlier work. This is a
consequence of the increased number of cooling processes in
MAPPINGS II, the inclusion of denser gas in the current
model, and of the higher carbon abundance given by the UV
data. The helium abundance found here is somewhat lower,
thanks to the higher ionization temperature.

A final test of the comparison between theory and observa-
tion comes from consideration of the nebular continuum. In
Figure 4 we plot the theoretical nebular and stellar continuua
for the parameters determined by these models. The nebular
processes included are the free-free, bound-free, and two-
photon processes of both hydrogen and helium, allowing for
collisional de-excitation of the hydrogen two-photon contin-
uum (see, for example, Pottasch 1984; Osterbrock 1989). In
Figure 4 the stellar continuum is that of a 45,000 K blackbody,
and has been arbitrarily normalized so as to fit the continuum
near 1300 A, where it is the major contributor. It is clear that
the central star has been detected, and that the nebular model
gives a good description to the observed continuum in the
1200-8000 A. The major apparent difference is the relatively
small Balmer discontinuity seen in the optical spectra.
However, a host of faint, unresolved emission lines, including
the high members of the Balmer Series, combine to produce a
quasi-continuum above the Balmer jump, as far as about Hé.
The true continuum placement is defined more nearly by the
lower envelope of the flux measurements.

The accurate separation of the nebular and stellar com-
ponents of the continuum allow us to determine a Zanstra
temperature from a comparison of the flux emitted in the Hf
line, F(HP), with that of the stellar continuum in the ¥ band
(A™Y), F(V), according to the formula given by Pottasch
(1984):

F(HP)/F (V) = 3.95 x 10711 T3 G(T)
x {exp [26650/T,] — 1}, (4.1)
where the integral G,(T,) is given by

G\(T) = f ?

hvy/xTz

x%(exp [x] — 1) tdx. 4.2
The stellar flux from the continuum model showed in Figure 4
was measured in the range 5055 to 5945 A and compared to
the Hp line flux from Meatheringham et al. (1988b). This gives
a Zanstra temperature of T, = 48,700 + 1900 K, where the
errors are due to the error in the determination of the absolute
Hp line flux (+0.07 dex) and in the placement of the stellar
continuum in the continuum fit (+0.05 dex). The ionization
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temperature and the Zanstra temperature are in excellent
agreement, and it is therefore not necessary to invoke a
“Zanstra discrepancy ” in this case.

Finally, with this Zanstra temperature, we can estimate the
stellar luminosity from the absolute luminosity of the central
star in Figure 4, assuming that it radiates as a blackbody.
From the measured flux at 1216 A; 4.3 x 10" '3 ergscm ™25~ !
A1, which should be almost entirely due to central star, we
derive a luminosity of 7400 + 1200 L.

5. DISCUSSION

The model establishes the luminosity of the central star to be
7300 + 700 L. The luminosity of the PNN depends upon
whether it is on a H-burning or He-burning track, which in
turn depends on the phase of the thermal pulse cycle at which
the transition to PN occurs. Dopita, Jacoby, & Vassiliadis
(1992) argue that the distribution of the LMC PNN on the
Hertzsprung-Russel Diagram strongly argues in favor of the
hypothesis that the majority of these are helium-burners. For
the hydrogen-burning objects, the core mass is well-
determined, since the evolution to high temperature occurs at
an almost constant luminosity, L, which may be expressed in
terms of the core mass (Wood & Zarro 1981, Dopita et al.
1992):

(L/Lg) = 57340{(M /M ) — 0.507} , (5.1)

from which we can derive the core mass given in Table 2,
M, =0.63 + 003 M. If helium-burning, the core mass is
somewhat higher, about 0.67 + 0.03 M, according to the
tracks of Vassiliadis (1992).

The combination of the UV and optical spectra has permit-
ted us to derive accurate abundances, and to derive the carbon
abundance for the first time. Although the heavier elements
have abundances consistent with those expected in the LMC
(Russell & Dopita 1990), the carbon abundance is well above
that normally found in the LMC, and even exceeds the solar
value. The C/O ratio of 2.2 is a clear indication that large
amounts of dredge-up have occurred, and that this star is
derived from a carbon star precursor. Values as high as this
were also derived by Aller et al. (1987) for LMC PNs using
spectra from IUE. For WS2 (SMP6), they find C/O = 2.7, and
in WS 33 (SMP 78) the C/O ratio was estimated at 1.55.

The structure that we have derived from the nebula casts
light on the early evolution of planetary nebula. The ratio of
densities between the cloud and the intercloud components,
~50, is consistent with what would be expected for dense
clouds of gas being ionized by an external source of UV
photons, and having strong D-type ionization fronts at the
boundary between the ionized and the unionized gas (Dyson
1968; Kahn 1969). Such a model would predict an expansion
velocity for the ionized gas of about the isothermal sound
speed, ~12 km s~ !, consistent with the observed expansion
velocity; 11.3 km s~ 1. Thus the expansion timescale we derive
is in fact a measure of the time since the nebula began to be
ionized, which we will call the ionization timescale.

This can also be estimated by consideration of the cloud
component. Of the total output of ionizing photons from the
central star ~3.7 x 1047 s~!, ~30% are intercepted by the
clouds. Because of the need to maintain the ionization in the
dense gas around these clouds, few of these photons go into
producing new ionization. If we take the ionization front to be
strong-D, or D-critical, the speed of the ionization front is <10
km s~ !, and the rate of outflow through the ionized layer will
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be ~5 km s~ 1. At a hydrogen density of 1.6 x 106 cm ™3, this
implies a mass flux of ~1.7 x 107* My yr~! into the ionized
gas. The same quantity can also be estimated more directly
from the model, which shows that the layer of ionized gas is
~4.1 x 10'3 c¢m thick. Assuming an average speed of flow
through it of 5 km s ™, it takes ~ 2.6 years for a parcel of gas to
pass through the dense ionized region, which according to the
model has a total mass of 4.1 x 10™* M. The rate of pro-
duction of ionized material is therefore ~1.6 x 107* M yr~ ..
These two estimates are in good agreement. Given that the
mass of the low-density ionized component in the model is
0.075 M, we can conclude that the nebula has an ionization
age of about 500 years.

The difference between this and the estimate of ~ 2000 years
(maximum) for the dynamical age can be ascribed to the fact
that the rate of production of ionizing photons by the PNN is
increasing rapidly. The ionization age given from consider-
ation of the cloud component measures the timescale for the
ionized mass to double at the current time, while the estimate
based on the expansion timescale of the intercloud gas mea-
sures rather the timescale since ionization first began.

Models of the evolution of hydrogen burning PNN with
LMC abundances by Vassiliadis (1992) show that, at the posi-
tion of SMP 85 on the H-R diagram, about 800 years have
passed since log T, became greater than 4.0, and that about
500 years have passed since log T, passed 4.5. For He-burning
tracks the numbers are similar, 1000 and 600 years, respec-
tively. These are in satisfactory agreement with the ionization
timescale 500 < 1;,, < 2000 years estimated above.

The expansion velocity of the atomic or molecular gas
ejected just before the termination of the AGB phase of evolu-
tion must be rather low. This material, identified with the
clouds, cannot have traveled more than the distance to the
inner edge of the ionized nebula, 4 x 10'® cm since that time.
Furthermore, it was ejected not less than 2000 years ago. This
places an upper limit on the velocity of ejection of ~6kms™?,

We would like to estimate the mass-loss rate at the termina-
tion of the AGB evolution. However, this is neither trivial nor
can it be reliably derived in a direct fashion from these observa-
tions. Let us apply, as a working hypothesis, the assumption
that the outflowing wind has been broken up by a dynamical
instability, either associated with the passage of the ionization
front, or a result of Rayleigh-Taylor instabilities associated
with the development of a fast stellar wind from the PNN. In
this case, the clouds will have a characteristic size similar to
that of the ionized flow region (~4 x 10'3 cm). To give a total
covering factor of 0.3, we would then require ~ 10° of these in
the ionized region. Since the sound crossing time of these
clouds is much shorter than the evolution time, we can take the
molecular gas to be in pressure equilibrium with the ionized
flow. Assuming a temperature of ~ 100 K for the material, the
density of the clouds would be ~2 x 10® cm™~3 and the cloud
lifetime would then be of the same order as the ionization
timescale of the nebula. The implies a reservoir of 0.06 M, of
atomic gas to be added to the total amount of ionized gas,
0.075 M, out to 1.5 x 10*7 cm. At an outflow velocity of 5 km
s~ 1, this implies an AGB mass-loss rate of ~1.4 x 1075 M
yr~1. However, this estimate remains uncertain to about an
order of magnitude.

6. CONCLUSIONS

In this paper, thanks to images and UV spectrophotometry
from the HST, we have been able to produce a self-consistent

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1994ApJ...426..150D

G 158 DOPITA ET AL.

model for a second Magellanic Cloud planetary nebula. This The results described in this paper are based on observations

proves that SMP 85 is a dense, young, carbon-rich object con-
taining a substantial inner reservoir of unionized gas, probably
in the form of many small cloudlets. We have directly detected
the central star through its UV continuum emission, and from
both Zanstra techniques the nebular modeling derive a stellar
temperature of close to 46,000 + 2000 K, a stellar luminosity of
7300 + 800 L, a core mass of 0.63—-0.67 M, and an age of
500-1000 years since ionization of the nebula first started. The
expansion velocity of the atomic or molecular gas ejected just
before the termination of the AGB phase of evolution must
have been rather low, of order ~6 km s~ 1.

with the NASA/ESA Hubble Space Telescope, obtained at the
Space Telescope Science Institute, which is operated by the
Association of Universities for Research in Astronomy, Inc.,
under NASA contract NAS5-26555. We thank D. J. Lindler
who set up the procedure for reprocessing the data and provid-
ed the deconvolved images. M. A. D. acknowledges a grant
from the International Science and Technology Department of
Australian Department of Industry Technology and Com-
merce without which the modeling described would not have
been possible.
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