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ABSTRACT

We present medium- and broadbandHubble Space Telescope (HST) photometry of a sample of 35 central
stars (CSs) of planetary nebulae (PNs) in the Large Magellanic Cloud (LMC). The observations were made
with the Wide Field Planetary Camera 2 (WFPC2) and Space Telescope Imaging Spectrograph instruments
on board the HST. By observing LMC objects, our sample is free of the distance uncertainty that is the
dominant source of error in the determination of CS luminosities in Galactic PNs. By observing with the
HST we resolve the nebula, and therefore we often detect the CSs unambiguously. We obtain core masses of
16 of the objects by comparing their positions on the H-R diagram with theoretical evolutionary tracks, once
we determine the stellar effective temperature through Zanstra analysis. This sample of CS masses is the
largest and most reliable set obtained in an extragalactic environment. We find an average mass of 0.65 M�,
although a few of the objects have very high mass. This average value is consistent with the average mass of
the white dwarf population in the Galaxy. As the immediate precursors of white dwarfs, the study of the mass
distribution of PN CSs should help to constrain the initial-to-final mass relation within environments of
differing metallicity. Finally, by exploring the physical connections between the star and the nebula, we
establish the importance of the study of PNs in the LMC to constrain the energy input from the wind during
the post–asymptotic giant branch phase.

Subject heading:Magellanic Clouds — planetary nebulae: general — stars: AGB and post-AGB —
stars: evolution — stars: fundamental parameters

1. INTRODUCTION

Central stars of planetary nebulae (CSPNs) are the result
of the evolution of stars in the approximate mass range 1–8
M� that ascend the asymptotic giant branch (AGB) after
hydrogen has been exhausted and helium has been ignited
in the core. During the AGB phase, low- and intermediate-
mass stars experience high mass-loss rates that remove most
of the stellar envelope, leaving behind a stellar core that
later on will ionize the previously ejected envelope. The star
then enters its evolution in the PN domain. During the PN
phase the CS evolves at constant luminosity toward higher
effective temperatures, and later descends a white dwarf
cooling track after the nuclear energy sources have been
exhausted.

The upper initial mass limit for white dwarf production,
according to stellar evolution theory, depends on the treat-
ment of two poorly understood mechanisms: mass loss and
convection (Blöcker 1995; Herwig 2000); therefore, an
observational determination of the initial-to-final mass rela-
tion, and therefore the minimummass of Type II supernova

progenitors, depends strongly on the measurements of white
dwarf masses.

White dwarfs are observed to posses a very narrow mass
distribution, which peaks at�0.57M� and has a tail extend-
ing toward larger masses (Bergeron, Saffer, & Liebert 1992;
Finley, Koester, & Basri 1997). The CSPNs in the Galaxy
are found to peak around the same mass value (Stanghellini
et al. 2002b). However, the initial-to-final mass relation is
expected to change slightly with the metallicity (Weidemann
1987), and because of the lower metallicity the upper mass
limit of white dwarf progenitors is expected to be smaller in
the Large Magellanic Cloud (LMC; Umeda et al. 1999;
Dominguez et al. 1999; Girardi et al. 2000). The mass distri-
bution of CSPNs in the LMC should reflect this fact, as they
are the immediate progenitors of the white dwarf popula-
tion. Only four masses of CSPNs in the LMC have been
determined from direct measurement of the stellar flux
(Dopita et al. 1993; Bianchi, Vassiliadis, & Dopita 1997).
The mass range of three of these CSs agrees with the range
of values found in the Galaxy, and the fourth one has a
high-mass progenitor; thus, more mass determinations of
CSPNs in the LMC are needed to address the scientific
problems described here.

The determination of accurate masses of CSPNs is also
important to solve a long-standing problem in PN formation:
the likelihood that the mass of the progenitor star determines
the morphology of the PN it hosts. Understanding the
development of the simplest variety of shapes, from round to
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bipolar, displayed by PNs is one of the most exciting chal-
lenges of the late stellar evolution studies. On the one hand,
there is a large amount of observational evidence that shows
fundamental differences in the physical and chemical proper-
ties between morphological classes. On the other hand, there
is still a wide debate about which of the proposed collimation
mechanisms operates in PNs, although numerical models are
able to reproduce the overall morphologies. While it seems
clear that the mechanism is related to the stellar progenitor, it
is to be determined whether the mass of the progenitor, its
magnetic field (Pascoli 1992; Garcı́a-Segura et al. 1999), its
rotation (Calvet & Peimbert 1983; Garcı́a-Segura et al. 1999),
the presence of a companion star (Livio & Soker 1988), or a
substellar object (Livio & Soker 2002) plays the dominant
role.

The importance of the progenitor mass in the develop-
ment of the PN morphology first suggested by Greig
(1971) has been corroborated from the N and O chemical
enrichment found in the bipolar and extremely axisym-
metric morphological classes (Peimbert 1978; Torres-
Peimbert & Peimbert 1997). Bipolar PNs in the Galaxy
are also found at a lower average distance from the
Galactic plane than other morphological classes (Corradi
& Schwarz 1995; Manchado et al. 2000; Stanghellini
et al. 2002b), suggesting that they evolve from more mas-
sive progenitors. The correlations between the CS mass
and the morphology for Galactic PN samples has been
explored by several authors (Stanghellini, Corradi, &
Schwarz 1993; Amnuel 1995; Corradi & Schwarz 1995;
Gorny, Stasinska, & Tylenda 1997; Stanghellini et al.
2002b), who have found slightly different mass distribu-
tions for the CSs of symmetric and axisymmetric PNs.
However, determining CS masses for a statistically signif-
icant sample in the Galaxy is not an easy task. Typically,
the evolutionary tracks of the CSs of different masses in
the H-R diagram show very little variance with the CS
luminosity, and since distances to Galactic PNs are very
uncertain, so is the estimation of their luminosities.
Moreover, CSPNs are faint, and the nebular continuum
emission can completely mask the CS.

Hubble Space Telescope (HST) offers a unique opportu-
nity to study the CSPNs in the Magellanic Clouds and to
explore correlations with PN morphology and with PN
physical conditions, with unprecedented accuracy, largely
because their distances are independently known. In this
paper we determine accurate masses of CSPNs for the larg-
est sample of extragalactic PNs ever studied, and we explore
the connections among the fundamental properties of the
stars (luminosity, temperature, and mass) and the physical
properties of the host nebulae.

We present photometry of 35 CSPNs in the LMC
obtained from the Cycle 8 HST snapshot survey of LMC
PNs by using broadband imaging with the Space Telescope
Imaging Spectrograph (STIS), and from the Cycle 9 HST
medium-band F547M (Strömgren y) images obtained with
Wide Field Planetary Camera 2 (WFPC2). The broadband
images of the 29 PNs observed with STIS have been already
published by Shaw et al. (2001, hereafter Paper I), and the
line intensities and nebular physical conditions obtained by
using HST STIS slitless spectroscopy by Stanghellini et al.
(2002a, hereafter Paper II). In x 2 and x 3 we describe the
observations and the photometric calibration. The CS tem-
perature and luminosity determinations and their distribu-
tions versus different nebular parameters are presented in

x 4. The results are presented in x 5 and discussed and
summarized in x 6.

2. OBSERVATIONS

2.1. STIS Broadband Data

The STIS observations of 29 of the targets presented in
this paper are from the HST GO program 8271. The
observation log, observing configuration, target selection,
acquisition, and a description of the basic calibration
(through flat-fielding) can be found in Paper I. The photom-
etry of the CSs was measured from the STIS clear aperture
mode images (50CCD). The 50CCD is an unvigneted aper-
ture with a field of view of 5200 � 5200 and a focal plane scale
of 0>0507 pixel�1. In this setting no filter is used, and the
shape of the bandpass is governed by the detector (which
has a sensitivity from �2000 to 10300 Å) and by the reflec-
tivity of the optics. The central wavelength of the 50CCD is
5850 Å, and the bandpass is 4410 Å. The FWHMof a point-
spread function (PSF) is close to 2 pixels at 5000 Å, and the
90% encircled energy radius is 3 pixels (Leitherer et al.
2001). The observations were made with the CCD detector
by using a gain of 1 e� per analog-to-digital converter unit
(ADU). All the exposures were split into two equal
components to facilitate cosmic-ray rejection.

Table 1 gives in column (1) the object name, in column (2)
the instrument and configuration used for the observation,
in column (3) the total integration time, and in column (4)
whether or not the CS was detected in the images.

2.2. WFPC2 F547MData

We obtained images of 13 PNs with the WFPC2 instru-
ment on HST between April 2000 and May 2001. The
WFPC2 observations were executed in GO program 8702,
which aimed to recover CSs that were undetected in pro-
gram 8271, because of severe contamination from nebular
continuum, and in GO program 6407 (PI: M. A. Dopita),
where only narrowband images were available. Of the 13
targets observed in program 8702, seven are in common
with program 8271, and the other six objects are from
program 6407.

Two exposures were taken for each of two closely spaced
(dithered) pointings, with the object centered on the PC
reference aperture. The spatial scale is 0>0455 pixel�1. The
observations were taken with the filter F547M at a gain of
7 e� ADU�1. The medium-band F547M (Strömgren y)
filter (centered at 5454 Å with a bandpass of 487 Å) is a close
match to the Johnson V filter, although the bandpass is nar-
row enough to exclude the strongest nebular emission lines
([O iii] �4959, 5007; H� �6563; and [N ii] �6548, 6583).
However, nebular continuum emission is present in our
images that originates mainly from the recombination of
hydrogen. In addition, F547M includes some contribution
from weak emission lines such as He i �5876, He ii �5411,
and [Cl iii] �5527. Another possible source of nebular con-
tamination is the ‘‘ leakage’ of the [O iii] �5007 emission into
the F547M filter pointed out by Rubin et al. (2002). The
radial velocities of the LMC PNs we observed are between
220 and 285 km s�1 (Meatheringham et al. 1988a). The cen-
tral wavelength for these objects will be displaced toward
the red by about 4–5 Å. This effect will increase the filter
transmission in the [O iii] 5007 Å line, which is usually one
of the brightest in PNs, by about 0.4%. So for our data,
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some emission from the [O iii] 5007 Å line in the F547M
filter is very likely.

The images were calibrated using the standard HST data
pipeline (see Baggett et al. 2002). Duplicate exposures were
combined, but with rejection of cosmic rays. Further rejec-
tion of cosmic rays and hot pixels was applied when the
dithered images were aligned and co-added.

3. ANALYSIS

3.1. Photometric Technique

The application of conventional photometric methods to
CSPNs in the Magellanic Clouds is currently possible only
with the spatial resolution offered byHST, when the nebula
is resolved and the separate nebular and stellar contribu-

tions to the emission can be distinguished. We have applied
aperture photometry techniques to our data by using the
IRAF3 PHOT task. Briefly, we measured the flux within a
circular aperture centered on the star. The flux within this
aperture also includes the nebular emission projected onto
the star, for which we correct by subtracting the nebular flux
in an annulus surrounding the aperture of the star. The neb-
ular emission may be very inhomogeneous, so for each
object we evaluated the radial distribution of nebular flux to
select the optimal aperture width and position.

The stellar aperture was chosen to have a radius of 2 and
3 pixels for the STIS and the WFPC2 images, respectively.
Bigger apertures increase the noise without increasing the
signal, and a smaller aperture is not advisable since the
enclosed flux will depend on the position of the star within
the pixel. The fraction of the stellar PSF that falls outside
the stellar aperture is taken into account with an aperture
correction that is well determined from the instrument
PSFs.

For most of the objects in our sample, the contribution of
the nebula can be accurately subtracted by using the median
of the flux in an annulus with a width of 2 pixels adjacent to
the stellar aperture. Strong variations around the median of
the subtracted nebular flux are reflected in the standard
deviation and, therefore, are propagated into the errors of
the measured magnitudes. In those cases in which the nebu-
lar emission decreases very sharply with the radius (e.g., for
very compact PNs) or when the CS emission is faint com-
pared with the nebula, an accurate value of the nebular flux
for subtraction could not be determined with this technique
without very large errors in the photometry. In those cases
we performed the photometry on an image from which the
two-dimensional nebular emission had been removed. We
constructed a nebular emission image for this purpose by
co-adding the available monochromatic images taken from
the STIS spectroscopy (see Paper II), where the individual
monochromatic images were weighted by the throughput of
the 50CCD bandpass for that wavelength. We considered
the H�; [O iii] �4959, 5007; H�; and [N ii] �6548, 6584
contribution. We subtracted the resulting nebular image
from the 50CCD image. We then used our annulus sub-
traction technique to eliminate any residual nebular
contribution.

To test the validity of the procedure we have applied the
two methods described above to four randomly selected
PNs (SMP 4, SMP 10, SMP 27, and SMP 80), that is,
aperture photometry on a nebular subtracted image and
aperture photometry when the nebula has not been previ-
ously subtracted. In both cases the emission of the nebula,
or the residuals from the nebular subtraction, are deter-
mined in an annulus surrounding the stellar aperture. The
differences in the magnitudes measured in the cases in which
we tested both methods are at the 0.001 mag level, which is
smaller than the errors in the magnitudes. We believe that
for most of the objects it is not necessary to subtract a nebu-
lar image before performing the aperture photometry. But
in those cases for which either the CS is detected at a very
low level above the nebular emission or the nebula is very

TABLE 1

Observations

Name

(1)

Instrument and

Configuration

(2)

Integration

(s)

(3)

CS

Detection

(4)

J 41 ...................... STIS 50CCD 300 Yes

SMP 4.................. STIS 50CCD 120 Yes

SMP 9.................. STIS 50CCD 120 No

WFPC2 F547M 1600 No

SMP 10 ................ STIS 50CCD 120 Yes

SMP 13 ................ STIS 50CCD 120 Yes

SMP 16 ................ STIS 50CCD 300 No

WFPC2 F547M 1600 No

SMP 18 ................ STIS 50CCD 120 Yes

SMP 19 ................ STIS 50CCD 120 Yes

WFPC2 F547M 1600 No

SMP 25 ................ STIS 50CCD 120 Yes

SMP 27 ................ STIS 50CCD 120 Yes

SMP 28 ................ STIS 50CCD 120 Yes

SMP 30 ................ STIS 50CCD 120 Yes

WFPC2 F547M 1600 No

SMP 31 ................ STIS 50CCD 120 Yes

SMP 33 ................ WFPC2 F547M 1600 No

SMP 34 ................ STIS 50CCD 120 Yes

SMP 42 ................ WFPC2 F547M 1600 Yes

SMP 46 ................ STIS 50CCD 120 No

WFPC2 F547M 1600 No

SMP 50 ................ WFPC2 F547M 1600 Yes

SMP 52 ................ WFPC2 F547M 1600 Yes

SMP 53 ................ STIS 50CCD 120 No

WFPC2 F547M 800 No

SMP 56 ................ WFPC2 F547M 1600 Yes

SMP 58 ................ STIS 50CCD 120 Yes

SMP 59 ................ STIS 50CCD 120 Yes

SMP 63 ................ WFPC2 F547M 800 Yes

SMP 65 ................ STIS 50CCD 120 Yes

SMP 71 ................ STIS 50CCD 120 No

SMP 78 ................ STIS 50CCD 120 No

WFPC2 F547M 800 No

SMP 79 ................ STIS 50CCD 120 No

SMP 80 ................ STIS 50CCD 120 Yes

SMP 81 ................ STIS 50CCD 120 Yes

SMP 93 ................ STIS 50CCD 120 No

SMP 94 ................ STIS 50CCD 120 Yes

SMP 95 ................ STIS 50CCD 120 No

SMP 100 .............. STIS 50CCD 120 Yes

SMP 102 .............. STIS 50CCD 120 Yes

3 IRAF is distributed by the National Optical Astronomy Observatory,
which is operated by the Association of Universities for Research in
Astronomy, Inc., under cooperative agreement with the National Science
Foundation.
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compact, we were able to reduce the errors greatly by
subtracting the nebula prior to performing the photometry.

When the CS is not detected (i.e., no stellar PSF appears
above the nebular level), we computed a lower limit to the
CSmagnitude by measuring the flux inside a stellar aperture
at the geometric center of the nebula (i.e., the most likely
position of the CS). The nebular background flux was mea-
sured in an adjacent aperture and then subtracted. The
lower limit to the stellar magnitude is the measured magni-
tude minus the error in magnitudes. Obviously, the lower
limits for the magnitude are very uncertain since they
depend on the flux measured within an aperture that may or
may not actually contain the CS. Moreover, it is very diffi-
cult to set the nebular level when the CS is not visible, since
it depends strongly on a very uncertain position, which
could contain the CS.

3.2. Photometric Calibration

3.2.1. STIS Broadband Data

We have transformed our net instrumental count rate to
magnitudes measured in the STMAG4 system by using the
zero-point calibration given by Brown et al. (2002). (The zero
point used was 26.518.) The STIS charge transfer efficiency
(CTE) has been characterized by Gilliland, Goudfrooij, &
Kimble (1999), and the effect on the magnitudes has been
shown to be below 0.01 mag (Rejkuba et al. 2000), except for
very faint stars on the edge of the CCD, which was never our
case; therefore, we have ignored the CTE correction for the
STIS data since it is negligible for our purposes. In this
observing mode, the image distortions can be neglected as
well, since they are less than a pixel across the whole detector.
The aperture correction applied to the magnitudes measured
in a radial aperture of 2 pixels is 0.517 dex, on the basis of the
curve of encircled energy derived by Brown et al. (2002) for
stars near the field center.

3.2.2. WFPC2 F547MData

The zero-point calibration to the STMAG system for the
filter and observation configuration of the data taken with
the WFPC2 was taken from Dolphin (2000a; we used a zero
point of 21.544). We have applied the CTE, geometric
distortion, and aperture corrections to this data. The CTE
correction, which depends on the position on the chip,
target brightness, background, date, and observing mode,
was determined for our data following the prescriptions of
Dolphin (2000a). The geometric distortion in the WFPC2
field, which is removed during calibration during flat-
fielding, causes pixels to have different effective areas as a
function of position. It does not affect surface photometry,
but it affects point-source photometry; therefore, we have
applied a correction for geometric distortion depending on
the position of the star on the CCD by using a geometric
correction image. We have determined the offset between
our aperture (3 pixels) and the nominal aperture used for
the calibration (0>5 in radius, which correspond to 11 pixels
for the PC camera) by selecting isolated bright stars on each
field and averaging the difference between the 3 and 11 pixel
apertures. Usually, we have averaged the values for five
stars on each field. No contaminant correction was applied

since it is significant only for UV observations. To check the
calibration of our STMAG instrumental magnitudes we
performed PSF photometry on each field with the HSTphot
package (Dolphin 2000b). Then we verified that the magni-
tudes of selected stars on the field measured with HSTphot
agreed with our aperture photometry measurements after
all the corrections were performed.

3.3. Extinction Correction

To derive the stellar extinction correction we used the
nebular Balmer decrement. We adopted from Paper II the
extinction constants for all objects except for SMP 50, SMP
52, SMP 56, and SMP 63 (which were taken from
Meatheringham &Dopita 1991a), and SMP 33 and SMP 42
(taken from Meatheringham & Dopita 1991b). The conver-
sion from the nebular extinction constant, c (the logarithm
of the total extinction at H�), to the color excess, E(B�V ),
requires some caution (Kaler & Lutz 1985). The approxi-
mate relationship between c and E(B�V ) depends on the
spectral energy distribution (SED) of the target in question.
We have used the approximate relation c ¼ 1:41E(B�V ).
Kaler & Lutz (1985) found that the ratio of c to E(B�V )
shows little variation with the stellar temperature but
increases with the amount of extinction. Since the amount
of extinction measured in our objects is typically small, we
are confident about the assumption of a constant value for
the relation between c and E(B�V ). Adopting a different
relation is meaningful only in the cases in which c � 0:2,
which leads to E(B�V ) values that change in the second
decimal place (i.e., of the order of our photometric errors).

The reliability of our method to determine the stellar
extinction assumes that the extinction does not vary across
the nebula because of internal absorption by dust. In Paper
II no significant variations of the H�/H� ratio were found
for heavily reddened objects on spatial scales of �0.04 pc,
which gives us confidence in the use of c to derive the
amount of stellar extinction.

In the wavelength range under consideration, the LMC
extinction law is very similar to the Galactic extinction law
(Howarth 1983); thus, to convert E(B�V ) to total absorp-
tion in the V band, we used the interstellar extinction law of
Savage & Mathis (1979) and assumed that RV ¼ 3:1. The
extinction in magnitudes (AV ) is thenAV ¼ 2:2c.

3.4. Transformation to Standard VMagnitudes

The filters inHST instruments do not match perfectly the
bandpasses of standard photometric systems, such as
Johnson-Cousins UBVRI, so the transformation from
instrumental magnitudes to a standard system depends on
the SED of the object observed. For the WFPC2 data the
transformation is straightforward because the F547M filter
is a close match to the Johnson V filter (see Biretta et al.
2002). Our WFPC2 F547M magnitudes have been trans-
formed to the standard V magnitudes following the pre-
scriptions of Holtzman et al. (1995). The color (V�I )
needed to apply the transformation has been derived via
synthetic photometry with IRAF STSDAS SYNPHOT by
using a blackbody spectrum to represent the SED of the
CSs. The color dependence with temperature and reddening
has been determined using as input a range of blackbody
temperatures and E(B�V ) in the parameter range of our
CSPNs. For our purposes, it seems that a blackbody is as
good an approximation as any model atmosphere to

4 The STMAG is the Space Telescope magnitude system, based on a
spectrumwith constant flux per unit wavelength.
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represent the SED of CSPNs (Gabler, Kudritzki, &Mendez
1991). We find that the transformation from WFPC2
F547M to standard V magnitudes is rather insensitive to
changes in the stellar temperature and reddening within the
range of values of our sources. The median of the transfor-
mation obtained by using a (V�I ) color range derived for
CS effective temperatures5 between 30,000 and 300,000 K is
�0.013 mag, with a standard deviation of � ¼ 0:002. By
using a CS effective temperature of 50,000 K and allowing
E(B�V ) to change between 0.1 and 1, we obtain a transfor-
mation with a median of 0.001 mag and a � of 0.004. We
have converted the WFPC2 magnitudes to standard V by
using the median of the transformation obtained for effec-
tive temperatures between 30,000 and 300,000 K. We have
estimated the error of the transformation to be the quad-
ratic sum of the � obtained for the range of effective temper-
atures and the � obtained for the E(B�V ) range considered.

The STIS 50CCD bandpass is very broad, and its
response curve is far from that of the standard V filter.
Moreover, the transformation from 50CCD to V magni-
tudes has not been published; therefore, obtaining standard
V magnitudes from our 50CCD data requires considerable
care. As a first step we used the SYNPHOT package in
STSDAS to explore the dependence of the transformation
with both the E(B�V ) and the CS temperature. We
explored the CS temperature range 30,000–300,000 K, and
the E(B�V ) in the range of our data. We find that the cor-
rection is strongly dependent on the extinction and, to a
lesser extent, on the temperature of the star; therefore, we
have determined the transformations of the 50CCD to V
individually for each object by determining the median of
the V�50CCD colors for blackbodies between 30,000 and
300,000 K and using the E(B�V ) value of each source. The
� of the transformation for each object (given for the correc-
tion in the range of temperatures) has been added to the
error of the magnitude. The highest standard deviation we
get is 0.05 mag, and the highest value of the correction is
0.308 mag [for J41, SMP 59, SMP 93, and SMP 102 with
E(B�V ) = 0], although most of the corrections are near
0.1 mag.

In Table 2, we give the results of the photometry. Column
(1) gives the PN name (according to the SMP nomenclature
when available); column (2) gives the V magnitude or its
lower limit, as well as the associated errors. The error value
includes the random error (photon noise and read noise),
systematic error (CS flux and sky), and the errors in the cali-
bration. In those cases for which the data were saturated we
note that circumstance in the table with the measurement of
the magnitude. The magnitudes derived from saturated data
have not been used for the analysis in the rest of the paper.
Unless noted otherwise the magnitudes obtained from the
STIS data are given. The color excesses used to correct for
extinction are listed in column (3).

4. DETERMINATION OF THE CS
EFFECTIVE TEMPERATURE

The temperatures of the CSs were computed using the
Zanstra method (Zanstra 1931). The method, fully

developed by Harman & Seaton (1966) and extensively used
in the literature (i.e., Kaler 1983), derives the total ionizing
flux of the star by comparing the flux of a nebular recombi-
nation line of hydrogen or helium with the stellar contin-
uum flux in the V band. The method assumes a particular
choice of stellar spectral energy distribution, which from
now on we consider to be a blackbody. The Zanstra method
also assumes that all the photons above the Lyman limit of
H or He+ are absorbed within the nebula and that each
recombination results in a Balmer series photon; therefore,
when the He ii 4686 Å line flux is available, the Zanstra
method gives two values of the stellar temperature.

The data needed for the temperature calculation were
taken from Paper II (H� fluxes, nebular radii, and extinc-
tion constants) except for SMP 33, SMP 42, SMP 50, SMP
52, SMP 56, and SMP 63, for which the H� fluxes were
taken from Meatheringham, Dopita, & Morgan (1988b).
The He ii 4686 Å line fluxes were taken from Boroson, &
Liebert (1989), Meatheringham & Dopita (1991b), Vassilia-
dis et al. (1992), Jacoby & Kaler (1993), andMonk, Barlow,
& Clegg (1988). The line intensities given in some of these
references were corrected for extinction, so we have uncor-
rected these fluxes by using the extinction constants given in
the original references and the average Galactic reddening
curve of Savage & Mathis (1979). To assure the best results
we have been very conservative with the errors in the fluxes
quoted by the references. We have supplemented the above
with fluxes from our unpublished ground-based observa-
tions for SMP 33, SMP 56, SMP 100, SMP 102, SMP 34,
and SMP 80 (R. A. Shaw et al. 2003, in preparation; S. Palen
et al. 2003, in preparation). Table 2, column (4) we list the
He ii 4686 Å line intensity (and error) relative to H� = 100,
not corrected for extinction; in column (5) we list the
reference code for the He ii fluxes.

4.1. Bolometric Corrections and LMCDistance Estimates

We computed bolometric luminosities for the CSs in our
sample. The bolometric correction (BC) dependence with
Teff was taken from Vacca, Garmany, & Shull (1996), which
was derived for Galactic O-type and early B-type stars. We
use this relation since the dependence of the BC on log gwas
found to be extremely weak. Flower (1996) also found that
each luminosity class appears to follow a unique BC-Teff

relation. The BCs have been computed by using the He ii

Zanstra temperature when available, otherwise the H i

Zanstra Teff was used. Temperatures from TZ(He ii) are the
most reliable because of the likely optical thickness of most
PNs to He ii–ionizing photons. TZ(H) can be reliable for
PNs with sufficient optical depth; the problem is to deter-
mine which PNs are optically thick to hydrogen-ionizing
radiation. The derived BCs agree with the empirical values
given by Code et al. (1976).

To compute the CS luminosities we adopted a distance to
the LMC of 50.6 kpc and an absolute bolometric magnitude
for the Sun of Mbol,� = 4.75 mag (Allen 1976). We esti-
mated the error introduced in the derivation of the luminos-
ity due to the distance variation caused by the depth of the
LMC. The LMC can be considered a flattened disk with a
tilt of the LMC plane to the plane of the sky of 34=7 (van der
Marel & Cioni 2001). Freeman, Illingworth, & Oemler
(1983) derived a scale height of 500 pc for an old disk popu-
lation. The scale height of young objects is between 100 to
300 pc (Feast 1989). From the three-dimensional structure

5 The lower temperature limit is set to provide enough ionizing photons,
and the upper limit is taken from the CS evolutionary tracks of Vassiliadis
&Wood (1994).
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of the galaxy, we have a spread in the distance modulus of
0.03, which we propagate into the error of the absolute mag-
nitudes and luminosities. We have not taken into account
the errors in the distance to the LMC, since it will affect all
the objects in the same way.

We give our resulting temperatures and luminosities in
Table 3. In column (1) we give the PN name; in columns (2)
and (3) we give the effective temperatures (in units of 103 K)
derived from the Zanstra method for the He ii and the
hydrogen recombination lines, respectively. The two lumi-
nosity determinations given by the Zanstra method are
given in columns (4) and (5), respectively. If the CS was not
detected we give the upper limit of the luminosity. The vis-
ual absolute magnitude and the stellar luminosity (derived
from the BC) are listed in columns (6) and (7), respectively.
The BCs and their errors, computed by propagating the

errors in the determination of Teff, are given in column (8).
All the values are listed with their respective errors.

5. RESULTS

In the following discussion we use the morphological
classification of the nebulae provided in Paper II. PNs are
classified as round, elliptical, bipolar, bipolar core, and
point-symmetric according to their morphology in the
[O iii] 5007 Å line. In those cases for which we have two
measurements of the magnitude, we have selected one of
them according to the following criteria: for SMP 9, SMP
16, SMP 46, and SMP 53 we have used the STIS lower limits
on magnitudes since they are deeper observations, for SMP
19 and SMP 30 we used the STIS data because the CSs are
detected with this instrument, and in the case of SMP 78 we

TABLE 2

Magnitudes, Extinction, andHe ii Fluxes

Name

(1)

V � �

(2)

E(B�V )

(3)

I(He ii) � �

(4)

Reference

(5)

J 41 ...................... 19.88 � 0.07 0.00 8 � 4 1

SMP 4 .................. 21.19 � 0.08 0.09 38.10 � 3.81 2

SMP 9 .................. �22.18,�22.35a 0.16 39.5 � 3.91 2

SMP 10 ................ 20.72 � 0.07 0.11 5.0 � 1 2

SMP 13 ................ 21.80 � 0.19 0.06 42.17 � 2.1 3

SMP 16 ................ �22.15,�21.74a 0.10 69.75 � 3.5 3

SMP 18 ................ 18.97 � 0.07 0.05 0.0 2

SMP 19 ................ 22.25 � 0.43,�20.38a 0.13 45.15 � 2.3 3

SMP 25 ................ 16.73b � 0.09 0.09 0.0 4

SMP 27 ................ 18.68 � 0.06 0.04 0.0 5

SMP 28 ................ . . . 0.23 . . . . . .

SMP 30 ................ 24.38 � 0.28,�23.67a 0.08 . . . . . .
SMP 31 ................ 17.04 � 0.05 0.38 0.0 6

SMP 33 ................ �20.08a 0.26 44.8 � 4 5

SMP 34 ................ 17.93 � 0.08 0.04 20.6 � 4 7

SMP 42 ................ 19.03a � 0.02 0.16 7.8 � 0.8 3

SMP 46 ................ �21.42,�21.00a 0.13 31.5 � 1.6 3

SMP 50 ................ 18.89a � 0.07 0.13 19.0 � 1 6

SMP 52 ................ 19.84a � 0.16 0.20 25.0 � 1.25 6

SMP 53 ................ �18.42,�18.01a 0.09 0.0 8

SMP 56 ................ 17.79a � 0.01 0.08 0.4 � 0.08 5

SMP 58 ................ . . . 0.08 1.8 � 0.18 6

SMP 59 ................ 20.10 � 0.06 0.00 80.9 � 8.09 5

SMP 63 ................ 17.58a � 0.04 0.16 0.0 6

SMP 65 ................ 18.11 � 0.05 0.16 0.0 6

SMP 71 ................ �18.67 0.17 39.9 � 4 8

SMP 78 ................ �17.34b,�17.54a 0.15 29.6 � 1.5 3

SMP 79 ................ �17.23 0.13 . . . . . .

SMP 80 ................ 18.24 � 0.09 0.06 0.0 7

SMP 81 ................ 16.38b � 0.05 0.17 0.0 8

SMP 93 ................ �25.55 0.00 52.4 � 5.2 8

SMP 94c ............... 15.22b � 0.04 0.74 54.7 � 2.7 6

SMP 95 ................ �23.40 0.08 28.6 � 4.3 2

SMP 100 .............. 21.84 � 0.19 0.014 38.7 � 3.9 5

SMP 102 .............. 22.15 � 0.19 0.00 75.4 � 7.5 5

Note.—The symbol� refers to lower limit to the magnitude when the CS is not detected.
a WFPC2 data.
b CS saturated.
c Probably not a PN.
References.—(1) Boroson, & Liebert 1989; (2) Vassiliadis et al. 1992; (3) Meatheringham

& Dopita 1991b; (4) Jacoby & Kaler 1993; (5) R. A. Shaw et al. 2003, in preparation;
(6) Meatheringham & Dopita 1991a; (7) S. Palen et al. 2003, in preparation; (8) Monk et al.
1988.
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used the WFPC2 data because the STIS data are saturated.
All saturated and unresolved objects have been excluded
from the following analysis.

5.1. Effective Temperatures

In Figure 1 we plot the Zanstra ratioTZ(He ii)/TZ(H) ver-
sus TZ(He ii), but only for those objects for which the CS
was clearly detected (i.e., no limiting values were used) and
for which TZ(He ii) and TZ(H) are the Zanstra temperatures
derived from the He ii 4686 Å and the H� recombination
lines, respectively. The difference between the two tempera-
ture determinations is a well-known effect: the ‘‘ Zanstra dis-
crepancy ’’ (Kaler 1983; Kaler & Jacoby 1989; Gathier &
Pottasch 1988). The Zanstra discrepancy has been studied
by several authors; the optical thickness in the nebula to the
H- and He+-ionizing radiation is the principal reason cited
for TZ(He ii) often exceeding TZ(H) (Kaler & Jacoby 1989;
Stasinska & Tylenda 1986; Schönberner & Tylenda 1990;
Gruenwald & Viegas 2000). We find that the Zanstra ratio

approaches unity for higher effective temperatures, in agree-
ment with the previous results cited above. SMP 10 and
SMP 56 (the only filled circle and the only open circle,
respectively) are the only objects that have both a small
Zanstra ratio and a low effective temperature. Both objects
have a small He ii flux, which can indicate either that the
nebula is optically thick to both hydrogen and helium radia-
tion or that the He ii Zanstra calculation is rather uncertain.
SMP 10 is also the only point-symmetric object in this
sample, and SMP 56 the only round PN in the plot. It might
be significant that both fall off the trend. Although the num-
ber of objects is too small to be conclusive, we do not find
any morphological segregation of the Zanstra discrepancy
in Figure 1, with the exceptions of SMP 10 and SMP 56.

Villaver, Manchado, &Garcı́a-Segura (2002b) found that
the transition from an optically thick to an optically thin
nebula depends on the initial mass of the star: the higher the
initial mass, the higher the effective temperature at which
the nebula becomes optically thin. If the Zanstra discrep-
ancy is due only to the optical thickness in the H-ionizing

TABLE 3

CS Parameters

Name

(1)

Teff (He II) � �

(103 K)

(2)

Teff (H) � �

(103 K)

(3)

logLZ=L�ð Þ � �

He ii

(4)

logLZ=L�ð Þ � �

H

(5)

MV � �

(6)

logLZ=L�ð Þ � �

(7)

BC� �

(8)

J 41 .............. 60.1 � 3.5 30.4 � 1.8 3.24 � 0.07 2.47 � 0.06 1.36 � 0.07 3.37 � 0.07 �5.03 � 0.17

SMP 4 .......... 89.9 � 7.2 48.1 � 7.4 3.31 � 0.09 2.56 � 0.17 2.67 � 0.08 3.32 � 0.10 �6.23 � 0.24

SMP 9 .......... 114.0 � 10.2 77.6 � 13.7 �3.29 �2.89 �3.66 �3.25 �6.93 � 0.27

SMP 10 ........ 74.6 � 4.3 57.1 � 7.9 3.31 � 0.07 2.98 � 0.15 2.20 � 0.07 3.29 � 0.07 �5.67 � 0.17

SMP 13 ........ 129.1 � 11.9 99.1 � 18.2 3.49 � 0.11 3.16 � 0.20 3.28 � 0.19 3.51 � 0.13 �7.30 � 0.27

SMP 16 ........ 141.9 � 17.3 97.5 � 21.8 �3.45 �3.07 �3.62 �3.54 �7.58 � 0.36

SMP 18 ........ . . . 30.9 � 2.8 . . . 2.91 � 0.09 0.45 � 0.07 2.94 � 0.11 �3.05 � 0.27

SMP 19 ........ 143.5 � 17.5 119.1 � 27.9 3.52 � 0.12 3.29 � 0.21 3.73 � 0.43 3.45 � 0.23 �7.61 � 0.36

SMP 25a....... . . . 33.7 � 2.6 . . . 3.95 � 0.08 �1.79 � 0.09 3.94 � 0.10 �3.31 � 0.23

SMP 27 ........ . . . 28.3 � 2.9 . . . 2.92 � 0.10 0.16 � 0.06 2.95 � 0.13 �2.79 � 0.31

SMP 28b....... . . . 17.1 � 1.1 . . . 4.14 � 0.05 . . . . . . . . .
SMP 30 ........ . . . 149.3 � 37.8 . . . 2.66 � 0.27 5.86 � 0.28 2.65 � 0.32 �7.73 � 0.75

SMP 31 ........ . . . 28.6 � 2.4 . . . 4.01 � 0.08 �1.48 � 0.05 3.62 � 0.10 �2.82 � 0.25

SMP 33 ........ 110.9 � 11.2 69.7 � 13.8 �4.16 �3.64 �1.55 �4.06 �6.85 � 0.30

SMP 34 ........ 67.8 � 3.6 32.0 � 2.9 4.22 � 0.06 3.35 � 0.10 �0.59 � 0.08 4.29 � 0.07 �5.38 � 0.16

SMP 42 ........ 66.4 � 0.8 37.7 0.3 3.89 � 0.02 3.23 � 0.01 0.51 � 0.02 3.82 � 0.02 �5.32 � 0.03

SMP 46 ........ 119.4 � 35.4 93.8 � 55.4 �3.20 �2.84 �2.90 �3.65 �7.07 � 0.88

SMP 50 ........ 80.4 � 0.9 46.0 � 0.8 4.15 � 0.02 3.49 � 0.01 0.37 � 0.07 4.11 � 0.03 �5.89 � 0.03

SMP 52 ........ 100.9 � 2.6 69.8 � 3.5 4.13 � 0.04 3.68 � 0.01 1.32 � 0.16 4.00 � 0.07 �6.57 � 0.08

SMP 53 ........ . . . 43.2 � 4.1 . . . �0.60 ��0.1 �3.63 �4.04 � 0.28

SMP 56 ........ 45.9 � 2.0 29.0 � 3.1 3.85 � 0.05 3.35 � 0.10 �0.74 � 0.02 3.89 � 0.05 �4.23 � 0.13

SMP 58b....... 71.4 � 2.8 71.4 � 8.4 3.49 � 0.05 3.49 � 0.13 . . . . . . . . .
SMP 59 ........ 98.2 � 6.8 46.2 � 5.6 3.75 � 0.08 2.85 � 0.13 1.58 � 0.06 3.86 � 0.09 �6.49 � 0.21

SMP 63 ........ . . . 38.8 � 0.4 . . . 3.85 � 0.01 �0.94 � 0.04 3.77 � 0.02 �3.73 � 0.03

SMP 65 ........ . . . 27.0 � 2.2 . . . 3.25 � 0.08 �0.41 � 0.06 3.12 � 0.10 �2.65 � 0.24

SMP 71 ........ 83.4 � 5.2 40.8 � 4.8 �4.34 �3.53 �0.15 �4.27 �6.00 � 0.18

SMP 78 ........ 75.7 � 3.1 36.4 � 2.8 �4.67 �3.82 ��0.99 �4.61 �5.71 � 0.12

SMP 79 ........ . . . 33.5 � 2.6 . . . �3.80 ��1.30 �3.79 �3.29 � 0.23

SMP 80 ........ . . . 30.7 � 2.8 . . . 3.21 � 0.09 �0.28 � 0.10 3.22 � 0.12 �3.03 � 0.27

SMP 81a....... . . . 28.1 � 1.7 . . . 3.99 � 0.07 �2.14 � 0.06 3.86 � 0.08 �2.77 � 0.18

SMP 93 ........ 372.4 � 97.6 526.0 � 158.5 �3.25 �3.73 �7.03 �3.04 � 0.39 �10.45 � 0.78

SMP 94a....... 59.3 � 2.6 21.1 � 1.4 6.00 � 0.05 4.88 � 0.06 �3.30 � 0.05 5.21 � 0.06 �4.99 � 0.13

SMP 95 ........ 146.2 � 28.6 152.4 � 57.1 �2.81 �2.93 �4.88 �3.08 �7.67 � 0.58

SMP 100 ...... 127.1 � 11.7 99.5 � 18.3 3.39 � 0.11 3.09 � 0.20 3.31 � 0.19 3.47 � 0.13 �7.25 � 0.27

SMP 102 ...... 131.8 � 12.4 82.4 � 14.2 3.30 � 0.11 2.72 � 0.18 3.63 � 0.19 3.39 � 0.14 �7.36 � 0.28

Note.—The symbol� refers to lower limit to the magnitude when the CS is not detected. Luminosities for those cases are therefore upper limits and
are preceded by�.

a The photometry was performed on saturated data.
b Temperature and luminosity for this nebula were derived from crossover analysis. The temperatures should be considered upper limits.
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radiation and since the Zanstra ratio approaches unity for
higher effective temperatures, then, according to the results
of Villaver et al. (2002b), it is very likely that the objects with
the higher Zanstra discrepancy have low-mass progenitors.
We return to this point in x 6.

5.2. Luminosities

In the adopted Zanstra method, the stellar temperature is
computed by determining the point where a parameteriza-
tion of the stellar luminosity with temperature (based on a
blackbody assumption and on the measured visual magni-
tude and extinction) equals the parameterization for the
luminosity of the nebula in two different recombination
lines; thus, the Zanstra method gives as a by-product two
determinations of the stellar luminosity: from the hydrogen
and the He ii temperatures. The Zanstra method does not
use any empirical bolometric correction to convert the mag-
nitude in the visual band to the bolometric magnitude, but it
is instead a function of the stellar temperature, which itself
is based on a blackbody assumption.

The CSPNs in the LMC are free of the distance uncer-
tainty that dominates the determination of CSs luminosities
for Galactic PNs. However, another problem remains: the
measurement of the Teff that influences the luminosity deter-
mination through the BC. We have the stellar luminosities
derived from the Zanstra method (LZ) and those derived
from the observed magnitudes by using the BCs (L*).
Although the Teff plays a role in both determinations, they
are not completely independent, and we can compare them
to check the consistency of luminosity determinations based
on these two approaches.

In Figure 2 we show the logL�/L� versus the logLZ/L�
derived from He ii (left) and H i (right) Zanstra analysis. We
are comparing the two luminosity determinations in a self-
consistent way, and the luminosities derived by using the
He ii Zanstra temperature to determine the BC are compared
with those luminosities derived from the He ii Zanstra
analysis (left). The same comparison is valid for the luminosi-
ties derived from hydrogen Zanstra temperatures. These are
plotted in Figure 2 (left), but only for those CSs for which the

Fig. 1.—Ratio of Zanstra temperatures vs. the He ii Zanstra tem-
perature. The symbols represent the morphological types of the hosting
nebulae: round (open circle), elliptical (asterisks), bipolar and quadrupolar
(squares), bipolar core (triangles), and point-symmetric ( filled circle).

Fig. 2.—Left, Stellar luminosity derived from the observed magnitude (in solar units logarithm scale) against Zanstra luminosity from He ii temperature
(TZ[He ii]); right, same but against the Zanstra luminosity derived from hydrogen temperature (TZ[H]). The symbols represent the morphology of the hosting
nebulae and are as in Fig. 1. The dotted lines represents the 1 : 1 relation.
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He ii Zanstra temperature was not available. Figure 2 shows
that the points lie very close to the 1 : 1 relation.

The two samples of CSs displayed in the left and right
panels of Figure 2 show a quite different luminosity range.
The CSs displayed in Figure 2 (left), those for which we have
a He ii Zanstra temperature, appear to be more luminous
than the CSPNs with hydrogen Zanstra temperatures (Fig.
2, right). Here TZ(He ii) is thought to represent more closely
the effective temperature of the star, and it is rather well
established that TZ(H) is probably underestimating the CS
temperature for optically thin objects. CSs with higher effec-
tive temperature will have bigger BCs and therefore more
likely higher luminosities, and thus if the TZ(H) is under-
estimated is likely that the CS luminosities will be
underestimated too. However, we do not think that the
lower luminosity range of the CSs in Figure 2 (left) is due to
this effect. The absence of 4686 He ii line emission in these
nebulae suggests that the CSs have a low temperature,
which is indeed the case (i.e., the CSs are not hot enough to

ionize He ii); therefore, we are more inclined to think that
most of the CSs plotted in Figure 2 (right) are intrinsically
low-luminosity stars. It should be mentioned that He ii 4686
fluxes of only 0.005 of H� can yield significantly higher
TZ(He ii) than TZ(H) Zanstra effective temperatures. He ii

4686 line fluxes are rarely available at this accuracy; thus,
the distribution in the logL–logT plane could change
significantly with higher quality spectra.

Figure 3 shows L*, TZ, and the nebular radius plotted
(top to bottom) versus the relative difference between L* and
LZ on a linear scale. The left and right panels of Figure 3
represent the relative differences in the luminosity when
derived from the He ii and H i Zanstra analysis, respec-
tively. In the left panel of Figure 3 we plot only those objects
for which an He ii Zanstra temperature is available. In the
right panel of Figure 3 we plot the CSs with only hydrogen
Zanstra temperatures, i.e., only the CSs for which the He ii
�4686 flux relative to H� is zero or not available. We find
that all the LZ(He ii) are within �30% of the L*. We do not

Fig. 3.—Relative differences between the observed, L*, and derived Zanstra luminosities vs. logL�/L�, Zanstra temperature, and nebular photometric
radius, showing luminosities derived from theHe ii (left) andH i (right) Zanstra temperatures. The symbols are as in Fig. 1, and the dotted lines represent equal
luminosity.
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find any systematic differences with L*, with TZ(He ii), nor
with the nebular radius or morphology. The LZ(H) and L*
agree to within 20%, with the exception of two objects (SMP
63 and SMP 65), which are within 40%. SMP 31 is not
shown in the plots because of the high (L*-LZ[H])/
L* � 150%. It could be that there are systematic errors in
the (L*-LZ[H])/L* difference, but this is not conclusive
because of the small number of data points. As mentioned
before, the dependency of the BC with Teff is based on an
empirical approach, while in the Zanstra analysis the rela-
tion between the luminosity and Teff is based on a blackbody
assumption. We find that both determinations provide
similar values (within�30%) of the CS luminosity.

5.2.1. Luminosity–Nebular Radius and Surface
Brightness Relations

The relation between CSs and the nebulae is explored in
Figure 4, where we show the logL�/L� versus the nebular
photometric radius (taken from Paper II). The photometric
radius and the CS luminosity should be good indicators of
the evolutionary status of the nebula and the CS, respec-
tively. On one hand, the evolution of the nebular radius is a
gasdynamic problem that depends, among other things, on
the energy that the stellar wind is injecting into the gas,
which is a function of the evolution of the stellar luminosity
and the core mass. On the other hand, the stellar luminosity,
after a constant phase for hydrogen burners, decreases dur-
ing the evolution at a rate that depends mainly on the core
mass; thus, it is expected that both quantities decrease with
time and that they do not evolve independently; the evolu-
tion of the radius must be related to that of the luminosity
of the CS.

We find in Figure 4 a tendency of higher radii for lower
stellar luminosities. There is an apparent segregation in

Figure 4 of smaller nebular radii for symmetric PNs for
which a selection effect toward the detection of younger
symmetric PNs cannot be ruled out. Villaver et al. (2002b)
studied the PN formation for a range of progenitor masses
and followed the gas structure that resulted from the AGB
evolution (Villaver, Garcı́a-Segura, & Manchado 2002a).
To have an indication of how the nebular evolution relates
to the evolution of the CS we have superposed on Figure 4
an interpolation of the nebular radius evolution with the CS
luminosity for different progenitors from the numerical
simulations of Villaver et al. (2002b).

A qualitative comparison with the models shows that
high-luminosity objects with large radius may have a low-
mass progenitor star because of the fast evolution of the CS
luminosity for high-mass progenitors. The nebular radius
does not evolve as fast as the luminosity, although the
amount of energy injected by the wind is higher.

A quantitative comparison with the models shown is not
possible, since the core mass, stellar luminosity, stellar wind
history, and gasdynamical evolution are dependent on the
metal content of the gas and star. A different metallicity will
change the efficiency of the wind-driven mechanism and the
cooling of the gas. Work is in progress on numerical simula-
tions of PN formation that reflect the metallicity of the
clouds. We would like to point out here that, once the
models are performed for the LMC metallicity, a plot such
as the one shown in Figure 4 will be very useful to constrain
the wind energy injected during the post-AGB phase by the
star.

Figure 5 shows two direct observational quantities in the
LMC: the absolute visual magnitude and the nebular radius
(in logarithmic scale). There is a strong correlation between
the absolute visual magnitude and the nebular radius. An
evolutionary effect is a very likely explanation for this corre-
lation since as the CS fades, the radius becomes bigger.
There is also a strong correlation with nebular morphology,
at least for symmetric versus asymmetric types. In Paper I,

Fig. 4.—Logarithm of the observed luminosity vs. the physical radius of
the nebulae. The symbols are as in Fig. 1. The solid lines represent the
evolution of the nebular radius vs. the stellar luminosity taken from the
numerical simulations of Villaver, Manchado, &Garcı́a-Segura (2002b) for
Galactic PNs. Each line has been marked with the initial mass of the
progenitor used in the hydrodynamical simulations.

Fig. 5.—Absolute visual magnitude vs. the physical radius of the
nebulae. The symbols are as in Fig. 1.
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Shaw et al. noted the tendency of round nebulae to have
systematically lower expansion velocities, and they may
therefore be older than their relative sizes would suggest.
However, their small size and visually bright CSs might
imply that they are young; thus, using the nebular radius
and visual magnitude as the sole indicators of their evolu-
tionary state may be too simplistic. We shall address the
complicated interpretation of nebular kinematics in this
context in a future paper.

In Figure 6 we plot the CS luminosity versus the nebular
surface brightness in the H� emission line (SBH�, defined as
the integrated line flux divided by the nebular area �R2

phot).
The luminosity gradient steepens as SBH� declines, as
expected by the common evolution of nebulae and stars. We
do not find any low-SB object with high luminosity, nor any
object with low CS luminosity and high SB, with the excep-
tion of SMP 59 (the square point in the right upper corner
of the plots). The relation is shown in Figure 6 (left) for the
[O iii] line (the [O iii] SB has been taken from Paper II). The
fact that the relation is the same, although with higher
dispersion (which might be due to variations in oxygen
abundance), for a collisionally excited (rather than
recombination) emission line strengthens the point that a
fundamental physical process, related to nebular evolution,
must underlie the cause.

In Figure 7 we have added to the luminosity versus SBH�

plot those points for which we have only a lower limit to the
magnitudes (arrow), and we have surrounded each point
with a circle of size proportional to the nebular radius. Low-
SB objects are always located toward the position of
low-luminosity CSs and have a larger radius. The potential
use of this kind of plot as an indicator of the nebular age is
very clear. We find that it offers a better diagnostic than the
H-R diagram for showing the evolutionary status of the
nebula, confirming that an evolutionary effect must underlie
the SB–nebular radius relations found in Papers I and II.

5.3. Stellar Distribution on the logL–logT Plane

Figure 8 shows the distribution on the logL–logT plane
of the CSs of those PNs in our sample for which the CS was

detected. The evolutionary tracks have been taken from
Vassiliadis & Wood (1994) for stars with LMC metallicity.
The post-AGB evolution of a CSPN depends on its previous
AGB evolution and on the phase of the thermal pulse cycle
on which the star leaves the AGB (Schönberner 1983;
Vassiliadis & Wood 1994; Blöcker 1995). Whether the star
leaves the AGB when helium shell– or hydrogen shell–burn-
ing is dominant determines the He- or H-burning nature of
the subsequent post-AGB track. The lower mass models
presented by Vassiliadis & Wood (1994) are more efficient
at producing He-burning post-AGB tracks, which they

Fig. 6.—Logarithm of the observed luminosity vs. the surface brightness of the nebula in the [O iii] and H� lines. The symbols are as in Fig. 1. The objects
with hydrogen Zanstra temperatures have been surrounded with a circle.

Fig. 7.—Same as Fig. 6 but only for the H� line. We have also plotted
the upper limits of the luminosity for those objects for which the CS was
not detected. The arrows mean that the magnitude was a lower limit, and so
the luminosity is an upper limit. Each data point is surrounded by a circle
proportional to the radius of the hosting nebula.
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argue is a natural consequence of the mass-loss behavior
during the AGB phase. The mass-loss rates on the AGB
were artificially enhanced or diminished to control the point
of departure from the AGB in the He-burning track models
for initial masses 1.5 and 2 M�. It is important to note that
the mechanism that controls the departure of the star from
the AGB is unknown and therefore artificially defined in the
stellar evolutionary models.

We do not find the tendency reported by Dopita et al.
(1996) of size evolution along the evolutionary tracks on the
H-R diagram. We do find that the luminosity versus SB dia-
gram is a better diagnostic of the evolutionary status of the
nebula. It is important to note that the masses derived by
Dopita et al. (1996) and Vassiliadis et al. (1998) are based
on photoionization modeling of the optical spectrophotom-
etry of individual nebulae. The conclusions about the
helium- and hydrogen-burning nature of the progenitors
are based on a comparison between the dynamical ages
derived from observations of the nebula and a determina-
tion of the theoretical timescale. The theoretical timescale
was obtained through an empirical fit to the expansion
velocity as a function of the position on the H-R diagram
and theoretical evolutionary tracks of the CS. The physical
relationship between the expansion velocity of the nebula
and the CS luminosity is a problem that requires numerical
simulations to be solved.

The same kind of distribution on the H-R diagram that
Shaw & Kaler (1989) called ‘‘ Zanstra’s wall,’’ that is, the
apparently high number of CSs with 4.9 � logTeff � 5.1,
can be seen in Figure 8, although the number of objects is
very small. As pointed out by Shaw&Kaler (1989), it is very
possible that the nebula becomes optically thin to He ii radi-
ation above a certain stellar temperature, in which case the

Zanstra method provides only lower limits of the
temperature for the hottest CSs.

We have derived the core masses based on the locations
of the post-AGB tracks at hand and the interpolations
between them. We have not derived core masses for the four
points that lie below the tracks. Only hydrogen Zanstra tem-
peratures could be computed for those objects, and there-
fore their temperatures are very likely to be underestimated.
If their temperatures were higher, those points would move
toward the upper left of the H-R diagram (the BC will
increase and therefore so will the derived luminosity), where
the theoretical stellar evolutionary tracks predict the evolu-
tion of most CSPNs. Another, albeit very unlikely possibil-
ity, is that those objects are the result of the evolution of a
progenitor less massive than the lower mass progenitor
available in the models of Vassiliadis & Wood (1994), e.g.,
0.9M�.

The core masses and the morphological classification of
the nebulae are summarized in Table 4. We do not find any
correlation between the mass of the CS and the morphology
of the nebula. The mean and the median of the mass distri-
bution are 0.65 and 0.64 M�, respectively. The number of
objects is small, and therefore the distribution of the objects
in the H-R diagram has limited statistical value. However,
this is the first time ever that CSPN masses have been
derived without the distance bias affecting the Galactic PNs,
so these averages are extremely valuable.

6. SUMMARY AND DISCUSSION

The distribution of CSPNs in the H-R diagram is rather
uncertain for Galactic PNs, mainly for the lack of reliable
distances. Because LMC PNs are seldom resolved from the
ground, most of the previous determinations of CSPN
masses are highly model-dependent; i.e., they are based on
CS luminosities derived solely from nebular fluxes (Henry,

Fig. 8.—H-R diagram for the CSPNs. Symbols are as in Fig. 1. We have
surrounded by a circle those points for which the H i Zanstra temperatures
have been used. Evolutionary tracks are for LMC metallicities from
Vassiliadis &Wood (1994). The initial and core masses are marked on each
track. The solid lines are for He burners, and the dotted lines for hydrogen
burners.

TABLE 4

Stellar Masses

Name Morphology

M

(M�) Comments

J 41 .............. E(bc) 0.59 Interpolation of He-burning tracks

SMP 4 .......... E 0.58 He-burning track

SMP 10 ........ P 0.58 He-burning track

SMP 13 ........ R(bc) 0.63 He-burning track

SMP 19 ........ E(bc) 0.63 He-burning track

SMP 30 ........ B 0.67a He-burning track

0.67a H-burning track

SMP 31 ........ R 0.59a Interpolation of He-burning track

SMP 34 ........ E 0.84 L-core mass relationH-burning

tracks

SMP 42 ........ Q 0.67 Interpolation of He-burning tracks

SMP 50 ........ E(bc) 0.75 Interpolation of H-burning tracks

SMP 52 ........ R(bc) 0.70 Interpolation of H-burning tracks

SMP 56 ........ R 0.68 He-burning track

SMP 59 ........ Q 0.65 Extrapolation of H-burning tracks

0.69 Extrapolation of He-burning tracks

SMP 63 ........ R 0.64a Interpolation of He-burning tracks

SMP 100 ...... Q 0.63 He-burning track

SMP 102 ...... E(Bc) 0.60 Extrapolation of He-burning tracks

a Derived from hydrogen Zanstra analysis and therefore rather
uncertain (see text). Note that the masses derived from He-burning tracks
might be slightly smaller if they were derived fromH-burning tracks.
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Liebert, & Boroson 1989; Monk et al. 1988; Kaler & Jacoby
1990, 1991; Dopita et al. 1996; 1997; Vassiliadis et al. 1998).
Although International Ultraviolet Explorer spectra were
employed in the work by Aller et al. (1987), the CSs were
not detected, and therefore photoionization modeling was
used to determine the CS parameters. In all, only four CS
masses were previously determined from direct measure-
ment of the stellar flux, and then only from the UV spectrum
of the CS (Dopita et al. 1993; Bianchi et al. 1997). Dopita et
al. (1993) estimated the mass of the CS of SMP 83 to be �1
M�, an extremely massive object, which has been classified
as a Wolf-Rayet nucleus by Peña et al. (1995). The CS
masses determined by Bianchi et al. (1997) are in the range
0.62–0.68M�.

We have performed photometry and derived luminosities
for a sample of CSs in the LMC. By observing LMC objects
for which the distance is well known, we greatly reduce the
uncertainty in the vertical axis of the H-R diagram; by
directly measuring the CS continuua with HST, we elimi-
nate the dependency on photoionization models in the
determination of the stellar flux. Although significant uncer-
tainty remains in the determination of effective tempera-
tures, we have adopted a very conservative approach by
using for most cases only effective temperatures derived
from the He ii Zanstra analysis, which are considered more
reliable.

The Zanstra discrepancy has been successfully explained
on the basis of an optical depth effect (Kaler & Jacoby 1989;
Gruenwald & Viegas 2000). Villaver et al. (2002b) showed
an increased likelihood that PNs become optically thin at a
lower effective temperature for lower mass progenitors. We
find that most of the objects with high Zanstra discrepancy
indeed have lower progenitor masses, confirming the optical
depth effect as the main reason for the Zanstra discrepancy.
However, two of our targets with high Zanstra discrepan-
cies (SMP 34 and SMP 50) are among the most massive and
youngest of the sample. It is very unlikely that these two
nebulae are optically thin to hydrogen radiation, so some
other effect, e.g., an excess of photons above the He ii ion-
ization threshold if the stars had pure H stellar atmospheres,
must be invoked to explain the Zanstra discrepancy in these
two objects.

We find an average mass for our sample of 0.65 M�,
which is close to (although slightly higher than) the average
mass of white dwarfs in the Galaxy (Finley et al. 1997;

Bergeron et al. 1992). Finley et al. (1997) pointed out that
the average mass of white dwarfs should be used with
caution as it depends on the underlying distribution of
masses, which is a function of the temperature range
covered by the sample. The total number of objects in our
sample is very small so it would be premature to plot histo-
grams of our distribution and assign great significance to
the peak values of the sample. Work on the data of theHST
SNAP program 9077 (in which �60 LMC objects were
observed) is in progress and will help us to address this
issue.

The mass loss during the AGB phase is expected to be
affected by the metallicity, and the relation between the
mass of a white dwarf and that of its progenitor on the main
sequence tells us the complete integrated mass loss through
the evolution. If mass loss is reduced in the LMC with
respect to the Galaxy because of the lower metallicity,
assuming that other selection effects are not operating, one
might expect a change in the mass distribution of white
dwarfs in the LMC compared with other metallicity envi-
ronments. The mass distribution of the CSPNs should show
the same effect. The star formation history of the LMC
should also be reflected in the average mass of CSPNs. We
plan to compare the mass distribution of the CSPNs in two
different metallicity environments: the LMC and the Small
Magellanic Cloud, which are free of the biases that make
the comparison with the Galactic CSs very difficult.

We would like also to propose the LMC PNs as excellent
tests probes to study the gasdynamic processes and wind
injection rates. By comparing the correlations between the
nebular radius and the stellar luminosity with numerical
models pursued for LMC metallicities, we will be able to
constrain the efficiency of the wind-driven mechanisms dur-
ing the post-AGB phase. Finally we do not find any strong
evidence of morphological segregation as a function of the
progenitor mass, although this point will be explored fur-
ther once we analyze a larger sample of objects already
observed with theHST.

We would like to thank Jesús Maı́z-Apellániz for sharing
his experience on photometric analysis. This work has been
supported by NASA through grants GO-08271.01-97A and
GO-08702 from the Space Telescope Science Institute,
which is operated by the Association of Univeries for
Research in Astronomy.
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