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Abstract. We present a comprehensive study of the Magellanic Cloud planetary nebula SMP 61 and of its nucleus, a Wolf-Rayet
type star classified [WC 5-6]. The observational material consists of HST STIS spectroscopy and imaging, together with optical
and UV spectroscopic data collected from the literature and infrared fluxes measured by IRAS. We have performed a detailed
spectral analysis of the central star, using the Potsdam code for expanding atmospheres in non-LTE. For the central star we
determine the following parametefs; = 103% L, R, = 0.42R,, T, = 87.5kK, M = 1052 M, yr %, v,, = 1400 kms?,

and a clumping factor oD = 4. The elemental abundances by massXe= 0.45, Xc = 0.52, Xy < 5x 10°°, X5 = 0.03,

andXge < 1 x 107*. The fluxes from the model stellar atmosphere were used to compute photoionization models of the nebula.
All the available observations, within their error bars, were used to constrain these models. We find that the ionizing fluxes
predicted by the stellar model are consistent with the fluxes needed by the photoionization model to reproduce the nebular
emission, within the error margins. However, there are indications that the stellar model overestimates the number and hardness
of Lyman continuum photons. The photoionization models imply a clumped density structure of the nebular material. The
observed @] 211909 C11 214267 line ratio implies the existence of carbon-rich clumps in the nebula. Such clumps are likely
produced by stellar wind ejecta, possibly mixed with the nebular material. We discuss our results with regard to the stellar and
nebular post-AGB evolution. The observed Fe-deficiency for the central star indicates that the material which is now visible
on the stellar surface has been exposed to s-process nucleosynthesis during previous thermal pulses. The absence of nitrogen
allows us to set an upper limit to the remaining H-envelope mass after a possible AGB final thermal pulse. Finally, we infer
from the total amount of carbon detected in the nebula that the strong [WC] mass-loss may have been active only for a limited
period during the post-AGB evolution.

Key words. stars: Wolf-Rayet — stars: atmospheres — stars: mass-loss — ISM: abundances —
ISM: planetary nebulae: individual: SMP 61 — ISM: planetary nebulae: general

1. Introduction Paia et al. (1998), De Marco & Crowther (1998, 1999),

. . De Marco et al. (2001) are examples of such studies, while
Only a few studies have been devoted so far to a consistedt  ther et al. (1999) have performed a similar study on

modelling of a planetary nebula and of its central star. Sugfp ation | Wolf-Rayet ring nebula. Such investigations are
studies are useful to get a better insight into the relation B&s i\ jjarly important in the case of planetary nebulae with
tween the nebula and its progenitor. Another, very importag, c pavet type central stars (which represent about 10% of
aspect is that this is the only way to test model atmOSph%{I?planetary nebulae), since recent work (e.gr@y’& Tylenda

predictions in the Lyman continuum and thus to validate t%oo; De Marco & Soker 2002) has completely changed previ-
model atmospheres. The works of Rauch et al. (1994, 1998 jiews on the evolutionary status of these objects.

Send @print requests toG. Stasiska, In general, Wolf-Rayet central stars of PNe belong to
e-mail: grazyna. stasinska@obspm. fr the [WC] sequence. In our galaxy most of these objects

* Table 2 is only available in electronic form at have been classified as [WC-early] or [WC-late] types, with
http://www.edpsciences.org only few objects of intermediate types (Tylenda et al. 1993).
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Table 1.Log of observations.

Instrument Image ID Date A Range texp Remarks
Al [min]
CTIO 4 m Ret.2 31/12/94 3184-7463 5.0 2 and 1@lit width
IUE SWP 54313 0®4/95 1152-1978 135 Large ap., low res.
HST STIS G140L 057n02010 A¥1/99 1124-1730 36.36 FUV-MAMA
HST STIS G140L 057n02020 A¥1/99 1124-1730 22 FUV-MAMA
HST STIS G230L 057n02030 /0199 1580-3160 255 NUV-MAMA
HST STIS G230L 057n02040 /01/99 1580-3160 54 NUV-MAMA
HST STIS G430L 057n03010 Ap/98 2900-5710 37.86 CCD
HST STIS image 057n02iuq (B51/99 5852 3.3 CCD, acquisition im.
HST STIS image 057n03bqq A2/98 5852 33 CCD, acquisition im.

2 CTIO 4 m with Reticon detector and grating KPGL2.
Also in HST archives FOS spectra Y2N30302T, Y2N30303T, Y2N30304T, 1150-4800 A reported by Vassiliadis et al. (1998b).

In the Magellanic Clouds, the WR central stars are algmssible. Prior to the spectroscopic observations, STIS images
of [WC] type (except for the extraordinary central star of LMCwere obtained to acquire the target. The log of the observations
N66, e.g. Pra et al. 1997b), but in this case they have beémnpresented in Table 1.
classified in the intermediate [WC] types.rReét al. (1997a) Direct images with HST WFPC were searched in the
suggested that such afidirence might be a consequence airchives. Apart from our own STIS images for target acqui-
the diferences in metallicity between the Milky Way and theition (see Table 1), we retrieved the FOC image W1ID0O601T,
Magellanic Clouds. In any case, [WC] central stars show spabtained on 19931/08, with exposure time of 3 min through
tral features identical to those of massive WC stars but at muble filter F502N which isolated the strong ] 45007 line
lower luminosity, and they can be analyzed with the tools déhis image is shown in Vassiliadis et al. 1998b). We decided
veloped for massive WR stars (e.g. Hamann 1997). to use our target acquisition images to analyze the nebular mor-
In the present paper, we concentrate on the planetary netphalogy and surface brightness because they are better expose
SMP 61 (also known as N203, WS 24 and LM1-37) which &nd because the Vassiliadis et al. images were obtained before
among the brightest planetary nebulae in the Large Magellatiie COSTAR mission. Our images are obtained with a filter
Cloud. This is a good case for a detailed study: The object isiatluding the brightest emission linesatdHg and [Or] lines.
a known distance modulus of 18.50 mag (Benedict et al. 2002), We also considered ground-based spectrophotometric data
equivalent to 50.1 kpc. The central star is one of the brightdet SMP 61 obtained by Monk et al. (1988), Meatheringham
[WC] central stars in the LMC and therefore relatively easy #® Dopita (1991) and Ped et al. (1997a). Other available
observe. It is of [WC 5-6] type (Monk et al. 1988;1ieét al. UV spectroscopic data are IUE data given innReét al.
1997a), therefore the nebular spectrum contains many line{¥97a) and HST FOS data from 1175 to 4800 A published
various excitation levels that allow refined diagnostics. In addiy Vassiliadis et al. (1998a).
tion, the nebula appears to be spherical and integrated spectrdll the available spectroscopic data are presented in
are already available (Raet al. 1997a). Table 2, which lists the reddening corrected fluxes for the ob-
Using HST STIS, we have secured high signal-to-noiserved lines (in units of pi= 100) obtained by the fferent au-
spectra of SMP 61 in a wide spectral range. This provid#aors. We also list the total flux observed in the slit-(Hp),
strong constraints for our modelling of the central star atmtie logarithmic extinction at pi C(Hg), and the slit dimen-
sphere. The best fit model atmosphere was then used assians, when available. All the spectra mentioned above have
input to build a photoionization model for the nebula. Thgood signal-to-noise, and thefidgirences among observations
observations are described in Sect. 2, the stellar modellipyg different authors are, in general, small. Note that observa-
technique is presented in Sect. 3, the spectral analysis of tieas by P&a et al. (1997a) were made both with a slit 6f 2
central star of SMP 61 is discussed in Sect. 4. The nebular maad a slit of 10 and, as noted by these authors, the line ratios
elling strategy is exposed in Sect. 5 and the nebular model &ite very similar in both slits. The #Hflux reported in Col. 2
ting of SMP 61 is presented in Sect. 6. The implications of oof Table 2 is the one obtained with the”16lit.
modelling are discussed in Sect. 7, and the main points of this SMP 61 is one of the twelve planetary nebulae in the LMC
study are summarized in Sect. 8. detected by IRAS. The fluxes retrieved from the IRAS data
base are:F(12 um) = 0.08 Jy (flux density quality= 2)
F(25 um) = 0.13 Jy (flux density quality= 3), F(60 um) <
2. New observations and previous data 0.16 Jy (flux density quality: 1).

2.1. Observations

HST STIS spectroscopic data were obtained on 1880 2.2. Preliminary analysis of the observational data

(HST Cycle 7, program ID 7303). MAMA and CCD de-In HST images the nebula appears perfectly spherical and
tectors were employed to cover the broadest spectral rasgpews no small-scale structure. The surface flux distribution,
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R T 3. Stellar modelling technique
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The analysis of hot stars with strong winds like the [WC]-type
5000 X central star of SMP 61 requires the application of model at-
mospheres that account for complex model atoms in non-LTE.
by Recent investigations revealed the necessity to include iron
2500 e line-blanketing as well as thefect of density inhomogeneities
g (clumping) for a reliable determination of their stellar param-
L ***ﬁ%m%“ eters and emergent flux distributions (Hamann & Koesterke
T R N B 1998; Hillier & Miller 1999; Crowther et al. 2002; Gféner
0 2e s 7 et al. 2002).
Fig. 1. Radial distribution of the surface brightness. The STIS im- In the present work, .We utilize the Potsdam code for
o ) . s ) nlaxpandmg atmospheres in non-LTE (Koesterke et al. 1992;
age 57n02iug, obtained for target acquisition, was employed to pre- ) )
pare this graphic. The radius is measured in pixels. Each pixel is qui-el\;_imann etal. 1992; Leuenhagen & Hamann 1994; Koesterke
alent to 0.05. & Hamann 1995; Leuenhagen et al. 1996; Hamann &
Koesterke 1998; Koesterke et al. 2002a€&rier et al. 2002).
This code calculates the radiative transfer in the co-moving
as derived from the image 057n02iuq, is shown in Fig. 1. TH@me of reference for a spherically symmetric, stationary out-
ionizing star dominates the emission in the central pixels. THew. The atomic populations, the electron density, and the
nebula seems to have an inner radius of about @.0§5ow- €lectron temperature throughout the extended atmosphere are
ing the maximum surface brightness there. The surface brig&termined from the equations of statistical- and radiative equi-
ness declines outwards and drops belg®0lof its maximum librium. The system of statistical equations is solved in line
at0.26'. with the radiation transport by application of the ALI formal-
The extinction of the nebula is modest. Throughout the p&M (accelerated lambda iteration, see Hamann 1985, 1986),
per, we use the valu@(Hg) = 0.18 (corresponding teg v = Whereas radiative equilibrium is obtained by a temperature cor-
0.122 mag derived by Peet al. (1997a) from the observed&ction procedure which is based on the method ofdlths™
Balmer decrement and we adopt the Seaton (1979) redder{kgP5) and Lucy (1964) (see Hamann & agher 2003;
law. Mihalas 1978, p. 174). The statistical equations are solved
The STIS observations were essentially obtained to proviffs Complex model atoms of He, C, O, Si, and the iron group,
constraints on the central star. However, the’ 052" STIS taking advantage of the concept of super levels for the inclusion
slitincludes a significant fraction of the nebula so that both st&f millions of iron-group line transitions (see &ener et al.
lar and nebular emission is seen. The nebular emission mus£8p2). Density inhomogeneities are accounted for by the as-
course be subtracted from the stellar emission in order to petmption of small-scale clumps with a constant volume filling
form the stellar analysis (see Sect. 4.1). Most of the emissitiftor fv (Hamann & Koesterke 1998).
lines detected in the UV are of stellar origin, except for the in-
tense Qn 1909./&, Cm 2321, 26 A, and [@r] 2470 A. Many 35 podel parameters
bright nebular lines were detected in the optical region. The
dereddened fluxes of all the nebular lines measured in the STI® model atmospheres are specified by the luminosity and
calibrated spectra are presented in the first column of Table eadius of the stellar core, by the chemical composition of the
The STIS nebular lines together with the data presenteddsyelope, and its density- and velocity structure. The basic pa-
Paia et al. (1997a, Col. 2 in Table 2) have been used to deri@neters are: The stellar core radRs at Rosseland optical
first estimates of the physical conditions and of the chemidgdgpthrr = 20, the stellar temperatufie, (related to the lumi-
composition of the ionized gas. The atomic data are the san@sity L, via the Stefan Boltzmann law), the chemical com-
as used in the nebular modelling (see Sect. 5). The density pesition (given by mass fraction§e, Xc, Xo, Xsi, and Xre),
rived from [SI1] 16731/6717 is 5400 cim?, the temperature de- the mass-loss raté, the terminal velocity.,, and the “clump-
rived from [O1m1] 14363/5007 is 10 300 K, and the one derivedng factor’ D = 1/fy giving the density enhancement of the
from [N11] A5755/6584 is 11400 K. These values were usedumped matter with respect to the mean wind density. For the
to derive the ionic abundances, and the ionization correctidapendence of the velocity on radius, a relation of the form
factors from Kingsburgh & Barlow (1994) led to the followingu(r) = v (1—Ro/r) is assumed. This outer velocity law is
total abundance ratios: H: He: C: N: O: Ne: S: Arl: .104: augmented by an exponentially decreasing density distribution
7.35% 1074 3.95x 1072 2.65x 10%: 4.26%x 10°°%: 6.0x 10°8; in the hydrostatic domairR, is suitably determined to connect
8.0x 1077. These abundances are employed in Sect. 6 as sthath domains smoothly.
ing values for the photoionization modelling. The parameter®R,, M, v., and D are connected by
Regarding the IRAS data, Zijlstra et al. (1994) commentehe “transformed radiusR; o« R, (v./ VYDM)?3. Models with
that the IRAS colord-(12)F(25) ~ 0.62 andF(25)F(60) < the sameR; show almost identical line equivalent widths
0.81 of SMP 61 are very blue and typical of a young nebula. (Schmutz et al. 1989). This invariance holds because the line
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Fig. 2. Subtraction of the nebular continuum.
Top panel The observed flux distribution around
the Balmer jump before and after subtraction of
the nebular continuumBottom panel The red-
dened theoretical continuum as utilized for the neb-
ular subtraction is plotted in black. It is compared
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to the nebular flux (grey) as estimated from the
observation, by correcting for the stellar contribu-

|}\ T ,m T
tion (see text). Although the latter may still include

2000 3000 4000 a small contribution from the central star, the theo-
MR retical flux distribution is clearly confirmed.

emission in WR stars is dominated by recombination processekevant to the object. After applying the appropriate reddening

(see Hamann & Koesterke 1998). the model flux is scaled by the ratio of observed to theoretical
H; line flux. Finally, the theoretical continuum is utilized for
the nebular subtraction. Due to the good agreement between

4. Spectral analysis of the central star theory and observation, a possible stellar contribution to the

In the present section, we perform a detailed spectral analy¥$erved Balmer jump can be excluded.
of the central star of SMP 61 based on HST W\bptical ob-

servations. Owing to the reliable spectrophotometry of HST in )

combination with the known distance and the moderate intér2- Spectral fit

stellar reddening towards the LMC, the observations provide ]
the absolute stellar flux distribution in the wavelength randd€ central star of SMP 61 shows a typical [WC S]-type spec-

from 1150 to 6000 A. The model comparisons in the presgfifm dominated by emission lines of He, C, and O. Apart
section are therefore performed with respect to the absol{f@m @ narrower line width, the spectral appearance of SMP 61

flux, corrected for interstellar extinction applying the standafd Similar to the well-known massive WCS star WR111.
law of Seaton (1979) witlg_y = 0.122 mag. Consequently, the fit criteria and the fitting technique are sim-

ilar to the analysis of WR 111 described by&aBarier et al.

(2002). An important dference between both objects con-
4.1. Subtraction of the nebular continuum cerns the low iron abundance of SMP61. The iron forest
around 1300 A —a combination of a large number of iron emis-
sion and absorption lines — is barely visible in the HST obser-
@tions of this object.

Due to the small angular diameter of the nebula7’/(p
the HST spectra (@” slit width) include a significant part of
the total nebular flux. Consequently, the observations cleall
show nebular features superposed to the stellar spectrum. TheThe stellar analysis is based on fitting the absolute flux dis-
most striking of these is the Balmer jump at 3646 A in emisribution including the observed wind emission lines of iHe
sion, indicating the dominance of the nebular continuum @i, Civ, Om, O1v, and Ov. A hydrogen-free WC surface
the UV to blue part of the observation. A reliable subtractiogtomposition with a metallicity of @ solar is adopted (refer-
of this continuum emission is essential for the spectral analygigg to the compilation of solar element abundances in Gray
of the central star. 1992, p. 318). This value matches the derived nebular oxy-
A distinction between both contributions is in principlegen abundance. The iron mass fraction is correspondingly set
possible, because the nebula is spatially extended in contrasbtiXg. = 4 x 104, and the silicon abundanceXg; = 2 x 107%.
the point-like star. To estimate the contribution of the nebul@he other model parameters are kept free throughout the fit-
two spectra with apertures of2l’ and 025" are extracted from ting procedure. The hydrogen abundance is set to zero. This
the UV part of the HST data. Theftiirence between these twaassumption cannot be checked empirically, because the strong
spectra is dominated by nebular emission. After scaling the dilebular Balmer emission masks any possible stellar contribu-
ference spectrum to the flux of the nebulam @ne at 2327 A, tion. However, in previous works no hydrogen is found on
a coarse estimate for the pure nebular flux is obtained. the surface of early-type [WC] stars, and even for late types
In Fig. 2, this spectrum is compared to the theoretical netaly small amounts oKy < 0.1 are detected (Koesterke 2001;
ular continuum flux computed with the physical conditionBe Marco & Barlow 2001).
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Fig. 3. Spectral fit of the central star of SMP 61. The observation (thin line) is shown together with the synthetic spectrum (thick line, grey).
The model parameters are compiled in Table 3. Prominent spectral lines are identified. After correction for interstellar extinction, the observed
and the model flux are both divided by teememodel continuum, i.e. absolute fluxes are compared. Additionally, a correction for interstellar

Ly a absorption is applied to the model spectrum.

The final model fit is presented in Fig. 3 together with theot match the observation. For this reason we can only set
derived stellar parameters in Table 3. As expected, the st upper limit ofXge < 1 x 107* (=0.07 solar) to the iron
lar temperature, transformed radius, and surface composittiundance. Compared to the standard LMC metallicity found
are similar to the values obtained for WR 111 &f&rier et al. in the nebula the central star shows a significant iron defi-
2002), while the luminosity is lower by 1.5 dex. A good fitiency. In addition, the absence ofWline emission at 1721 A,
quality is obtained with some exceptions likertC2297 A which is relatively common among galactic [WC] stars, allows
(a transition that is mainly fed by dielectronic recombinationor the determination of an upper limit for the nitrogen sur-
the classification line @1 5696 A, or the Hai/C1v blend face abundance. Calculations with a full nitrogen model atom
at 54125470 A. The latter reacts very sensitively to changeésiply a value ofXy < 5x 107
of the ratio of carbon to helium abundance. Additionally, our
model with standard iron abundance produces too strong i
features in the UV.

For the subsequent nebular analysis, it is important to dis-
'Qs the reliability of the derived ionizing fluxes. The main dif-
ficulty in the present analysis arises from the nebular contin-
Test calculations for dierent iron abundances are preaum dominating the observed flux distribution frerB500 A
sented in Fig. 4. For a mass fraction aroundx510° to the visible wavelength range. At first sight, the situa-
(=0.04 solar) the overall strength of the iron forest is well reion seems to be well established, because the subtraction of
produced, but the wavelengths of the single transitions still ttee nebular continuum works withoutfficulties. In addition,
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Table 3. Model parameters for the central star of SMP &tellar leading towards an inferior but still acceptable fit quality, can
core parameters Stellar luminosity L,, temperatureT, and ra- change the derived luminosity up to 0.1-0.2 dex. Including the
dius R,. Wind parametersmass-loss ratd/, terminal wind veloc- observational uncertainties mentioned above, the possible error
ity v, clumping factorD, and the corresponding transformed ramgay reach values up to 0.3 dex.

dius R.. Atmospheric abundanceass fractionsXye, Xc, and Xo In Fig. 5, the overall flux distribution as obtained from our
are determined by the model fit (Fig. 3) whereqsis set to a stan- model calculations is shown together with the observed flux

dard LMC value. FoiXge and Xy upper limits are given. The hydro-
gen mass fractioXy could not be determined in the present analy5|gIsmbmIon and the ionization edges ofioHer and HL. The

Interstellar parametersDistance modulus/ — m for the LMC, color importance of testing the ionizing fluxes for a reliable deter-
excess due to interstellar extincti@_, and Lye hydrogen column Mination of the overall flux distribution of the central star is

densityny. obvious. A detailed analysis of the nebular spectrum is there-
fore capable to put substantial constraints on our atmosphere
L, 10%°L, R. 0.42R, calculations.
Ts 87.5kK
612 1 1
||\3A ‘110 Moyr :;": i%%OR:mS 5. Nebular modelling technique
X - Xue 045 5.1. The photoionization code
Xc 0.52 XN <5x 10°
Xo 0.03 Xsi (2x10%) The photoionization models for the nebula were constructed
Xre <1x10* using the code PHOTO which computes the radiative trans-
M-m 185 mag Ny 1x 10 cm? fer of the ionizing photons in spherical symmetry with the
Es v 0.122 mag “outward only” assumption for the flfuse radiation field and
solves at each radius the equations of ionization equilibrium
6 T - T T | ' and thermal balance. The atomic data are the same as usec

3 ~ Xp.=410"4 by Stasiiska & Leitherer (1996). The only modification is that
4 S s - low-temperature dielectronic recombination ffagents for S
| - iron forest - |J]

| K IJ'I \ | and Ar ions were introduced (assuming that they are equal
o
2 —
I At o

to the computed values for the corresponding second-row el-
AW VW N ==kf a5 described in Stasika & Szczerba (1999, 2001).
I W\ Il I Il I Il

CIII
SiIV
Ccl

Z =
o o

ements, O and Ne respectively). Theeets of dust are treated

T I T I T
Xr=110" 7 52 The strategy

/
. ﬂ/\ A Av /\V“ AMAA /\j\\ﬂﬁ\ VAA/V\M“ we®ed  The aim is to reproduce all the observational constraints within
0 | Wi L | . a certain degree of tolerance (to be clarified later). The ob-
/\/\
|

servational constraints are the emission line fluxes in the op-

=, L Xpe=5 10 | tical and the ultraviolet, the fluxes in the I&m, 25 um
= A A N A /\[\\ {\\ S A ool and 60um IRAS bands and the surface brightness distribu-
o YA oo Yy . tion as measured by HST. Out of the zoffieeted by the cen-
1200 1300 1400 1500 tral star, the surface brightness distribution is dominated by
MA the [Orm] 14959, 5007, 18 and Hy lines (with the [O1] lines

Fig. 4. Model calculations for dferent iron abundances. The strengtlg'vIng the major contribution except, perhaps, in the outer parts

of the iron forest indicates a significant iron deficiency on the centrd gf the nebula). ) ) o
stars surfaceXee < 1 x 1074). The models are computed using as an input the radiation

field from the stellar atmospheres described in the previous sec-

tion. The other input parameters are the inner nebular radius,
the resulting stellar flux distribution is very well reproducethe gas density distribution, the abundances of the elements and
by our models, and the extinction parameter determined frahe characteristics of the dust grain population.
the nebular spectrum is perfectly compensating the interstellar We assume that dust is composed of graphite grains with
2200 A feature (see Fig. 5). However, slight uncertainties of taeclassical power-law size distribution of exponef5 be-
flux level in the optical wavelength range remain. For this reaween 0.003um and 0.3um. The total dust-to-gas mass
son, the determination of the stellar luminosity primarily reliesatio is chosen so as to reproduce the observed flux in
on the UV, i.e. it becomes extremely sensitive to the appligide 25um IRAS band (which includes nebular fine structure
reddening parametéig_y. lines). As a matter of fact, in SMP 61, the observed IRAS fluxes

Moreover, already small changes of the model parametemsrespond to a small amount of dust, which then does not

may significantly &ect the derived values for the stellar lumiaffect significantly the nebular (Hluminosity or its ioniza-
nosity and ionizing fluxes, because the observed flux distriien structure. We do not introduce an additional population of
tion is still far away from the flux maximum at350 A. Test small organic grains, as in Staska & Szczerba (2001), since
calculations indicate that a variation of the model parametettse efects of those grains are essentially to heat the gas and,



G. Stasiska et al.: The planetary nebula LMC-SMP 61 and its [WC]-type central star 335

12 L Om| Her Hr B

H ¢ )
MIM u
| J
1

log,, F, /(erg cm?stA)
o
=~
|

Fig. 5. Overall flux distribution and ionizing fluxes
of SMP 61. The model flux is shown in grey to-
i gether with the extinction-corrected observed stel-
PR - S ] S BN —" lar flux of SMP 61 (black, dashed). The edge fre-
2.5 3.0 3.5 quencies for the ionization of HHe1 and Or are
logy, MR indicated by vertical lines.

-16 +

as will be clear later, our initial models rather show an excesacertainty in the dereddening process. Note that we use the
of heating. outer nebular radiug as a convenient way to visualize the
We first determine the density distribution that reproducesnstraint on the nebular size (but in fact we require the entire
the observed surface brightness distribution. By trial and drightness profile to be reproduced by the model). Rather
ror, we find that the observed surface brightness profile is wiihn using line fluxes with respect tg3Has is done usually,
reproduced by a spherical model with a hydrogen density dige prefer to use line ratios that are easier to interpret. Apart

tribution described by from the traditional temperature and density diagnostics men-
612 tioned above, we also use (5214069 4076§[S1] 16717,6731
n= noexp{—(r -5x10 ) } (1) and Om]1166¥[Om] 45007, which increase with nebu-
1.84x 10Y lar temperature and density, andg11909C1 14267,

. . . . . which increases with nebular temperature. The line ra-
wherer is the distance to the star in cm anglis the density at fios  [Om]A5007[0n] 43727,  Cim] 11909Cn] 42326,

the inner boundary.
, s . : : N 1] A175Q[N 11] 16584, [Sm] 26312[S1] 16717,6731,
The ch I t th which tart is th o
€ chemical composiiion WIth WhICh We Start IS e ongy, [ArIv] 14740Q[Ar ) 47136  reflect the ionization

derived by classical empirical methods in Sect. 2.2. (the abLﬁtPr_ucture of the nebula. Finally, [M 16584[01] 13727,

dances of Mg, Si, Fe with respect to H are fixed at an arQiz
trary value of 106° and do not fiect our results). In a first step, anmgge[go HO] ’137/12570’ 07 q SH] /;1791%9[001111 ’355%%77
we aim at reproducing the main characteristics of the nebLﬁaeIH] 9[Om] and _ [Am] §lOm]

. . : " aré closely linked to the abundances of the elements with
which can be summarized by the following quantiti¢Hs) respect to oxygen while the IRAS fluxes reflect the abundance

the total nebular flux in 4, the nebular outer angular radius, i .

0, defined as the radius of the nebular image at zero intens, d _temperature of dus.t. The ent|re_ list of constramFs U.SEd
and several line ratios: [i[§ 16731/6717 to test the gas density,! this study, together with the assoc lated tolerancgs 'S given
[O 1] 14363/5007 to test the gas temperature in the @one, in Table 4. Note that we _do not consider rgdgndant lines, such
[01] 13726 3729[01] 47320 7330, to test the density and®S N1 46548 whose ratio with [] 16584 is independent of
temperature in the Dzone; [Om] A5007/[0 1] 3727 to test the physical co_ndltlons_m the ne_bula. The res_ults pfourmodels
the ionization structure; [@1] A5007/HA to test the heating ?hrg F\J:Ijggti?am graepg'lg?tlggr?;:n;ni#gccoon;'s'lgafiféreihghere
power of the central star, and [IM6300/H5 to test the im uality of a model is then easily judged by the location of

portance of a warm neutral zone. It is only when we are re . . : :
sonably satisfied with these constraints (which we will referf € pomt_s with respect to the Im_e O.f ordmat_e 0. Note that
consider a model as fully satisfying only each of the

as the restricted set) that we modify the elemental abundan&%, :

if needed, to obtain an acceptable model. valtes ofopis .roughly found bgtweenl and+1. Anystrong
In order to easily visualize whether a model is acceptab%e,v"”‘tIon requires an explanation.

we compute for each constraiRtthe quantity

op = (lOQ Pmod - IOQ Pobs)/t’ (2)
6.1. First models

where Ppoq is the value returned by the modétys is the

observed value, antithe accepted tolerance in dex for thidVe use the stellar atmosphere model described above as an
constraint. We determine the valuestofor each constraint input to the photoionization code. From the point of view
from the estimated uncertainties in line fluxes, including thef the nebular diagnostics available, there is nffeténce

6. Results from the nebular model fitting



336 G. StasiSka et al.: The planetary nebula LMC-SMP 61 and its [WC]-type central star

Table 4. Observational constraints and tolerances for the planetary” T v ! ! !
nebula SMP 61. - 83 o k4
L o g

F(HB)/10713 371 0.18 **gg*g;**g***fﬁ@ ****** ° s T
0 3.50x 101  0.06 s & - 5 _ &1
He | 5876H3 1.60x 101 0.06 . ¢ 28 © ]
[Su] 467316717 1.81 0.11 ° 0o ° 8
[0 111] 143635007 7.15¢10°  0.08 m Ry Ao .hE CtRsBY
[N 11] 157556584 222102 0.30 [, .cpzicB8§2385: B2BS< ]
[O1] A732Q733Q[0 1] 137263729  1.79%x 10!  0.08 L1 5% § 835853 <52 < B § 225855
[S1] 14069 4076[S1] 16717 6731 4.92< 100 0.18 S BRoBOEE838B 55288 88T T
O] A166[O 1] 15007 9.18<10°  0.30 olfd3m525052555525852n225208 ]
CIH] A11909C 1114267 1.76x 1% 0.15 TO ' = 5 ’ 10 ’ ' 15 — 20 — 25
[O 1] A5007[O 1] 23727 9.26 0.08 constraints
C] 11909C 11] 12326 5.10 0.11
N 1] 21750[N 11] 16584 2.86x 101 0.30 Fig.6. Representation of a series of photoionization models
[Smi] 16312[S 1] 167176731 2.03x 10t 0.15 of SMP61. The plotted quantities are the values @f =
[Ar 1v] 2101474 [Ar m]A7135 455¢< 102 0.30 (log Prmoa — l0g Pobg)/t as a function of the observational constramt
[O 111] A5007HB 7.41 0.04 (see text in Sect. 5.2). The photoionization modgls have a d(_ensity
[O1] 16300H3 4.20% 1072 0.15 structure that re_produces the observed surface brlghtr_less _proﬂle and
[N 11] 16584[0 1] 13727 3.94¢ 10-1 0.08 they use as an input th(_a stellar atmosphere_flux des_,crlbe_d in Sect. 4.
[ST]16725[0 1] 13727 737 102 0.15 The chemical composm_on qf these models is descrlpe_d in Sect. 2.2.
C 1] 419090 m] 15007 4.26¢ 101 011 All the nebular_ mpdels in th!s figure have a volume filling factor of
[Ne 1] 13869[O 1] 45007 567102 0.06 one. Models with inner density, = 1.0 x _104, 105x% 10°, 11x 10,

) 5 ) 1.15 x 10* cm® are represented by circles, squares, triangles and
[Ar 1471 35[O 11] 45007 1.19« 102 0.10 diamonds respectively. In principle, a completely satisfactory model
Egéﬂmg iggx 1g1 gig should have all its points located between the dashed lines.

u .30x .

F(60 um) 1.60x 10t  0.18

larger than observed. Thus, we conclude that, either the real
number of stellar photons in the Lyman continuum is smaller
between using the model atmosphere with iron mass fractithan in the model atmosphere or that there is some leakage
Xre = 4x 107% or Xge = 5x 107°. The hydrogen density distri- of ionizing photons. As seen in Fig. 6, the photoionization
bution of the nebular model is given by Eq. (1). As will be madeodels also predict too large [@] A5007/[O1] 43727 and
clear later on, one of the main shortcomings of the models[@8 111] 15007/HB (with a op of 3—4), and slightly too large
that the excitation, as measured byIflpA5007/[O1] 43727 [O11] 243635007. This cannot be improved by chang-
is too high. We therefore discuss only models tailored tog the oxygen abundance or by fine tuning th#®GCand
provide the lowest possible [@] A5007/[On] 13727 ratio. SO ratios to fit the observed 1@]41909[O11] 45007

For example, there is no point to present models in which thed [Si]16725[0 1] 43727 ratios. The models also
nebula would have an inner radius smaller thar 50 cm have too low [Q1] A732Q733Q[0On] 37263729 and
(which corresponds to 0.085at the distance of the LMC). [S11] 14069 4076[S11] 16717, 6731 ratios, the agreement with
Also, while planetary nebulae are not necessarily ionizatitine observations being better for higher valuesigfbecause
bounded, optically thin models are not discussed, sinttee nebula is then mordieient in absorbing photons and the
they lead to higher [@i] A5007/[O1] 23727 ratios than ionization front occurs at a higher value of the density.
ionization-bounded models. We tried various values of the In order to get away with theF(HB) problem, one
inner densityny. Note that the [$1] 16731/6717 ratio is could argue that the covering factor of the nebula is smaller
not very sensitive tan, due to the fact that the hydrogerthan unity, so that some ionizing photons escape with-
density decreases outwards, and that, in addition, the electoonh interacting with the gas. But this would not help in
density in the [S1]16725 emitting zone is smaller than thesolving the [Omr] A5007/[O11] 43727, [Omr] A5007/HB and
hydrogen density. We show in Fig. 6 a series of models mgth [O 1] 14363/5007 problems.

equal to 10 x 10* cm3 (circles), 105 x 10* cm™ (squares), We do not attempt two-sector models oftdient densities

1.1 x 10* cm2 (triangles), 115 x 10* cm™2 (diamonds). All (such as those of Clegg et al. 1987 or Dudziak et al. 2000) for
these models have a dust-to-gas mass ratio »f1®“. We the following reasons. First, as mentioned in Sect. 2, the neb-
see that a value ofy between about.02 and 112 x 10* cm3  ular image is extremely round. This, a priori does not mean
leads to an angular radius (and a surface brightness profitegt the nebula is spherical. Indeed, it could be elongated but
compatible with the observations. But they give too larggeen pole on. But, in that case, the nebular extension along
F(HB) (by a factor about 3 compared to the observed valtige line of sight would be larger than the one observed on
after correction for extinction). We cannot help by addinthe images. Replacing a portion of the model nebula with two
more grains to absorb part of the Lyman continuum radiatiosgctors of lower density (to obtain a larger dimension) would
since the modelled flux in the 2Bm IRAS band is already considerably worsen the [} 1732Q 7330¢/[O11] 13726 3729
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° [T T T Ty T T T T T T problem there). Increasing the dust abundance only worsens
{ the problem, since then the dust particles are more numerous
084 g8 1 toshare the photons that heat them, and the temperature of the
[ fa, 4 6 0, 8% " #~~ 9~ dust grains becomes smaller, decreasing the flux in then2
@ﬁ, | bandwith respect to that in the 2 band. Actually, there may
2 { Dbe a simple explanation to our under-prediction of the flux in
the 12um band. Our code does not handle PAHs, while PAHs
are known to exist in planetary nebulae with Wolf-Rayet central
stars (Szczerba et al. 2001; Cohen 2001) and they contribute to
the emission in the 12m band. Note also that our predictions
concerning dust emission are given here only for the ionized
part of the nebula. The presence of dust in the neutral zone
15 would increase the fluxes in the 28n and 60um bands. We
constraints do not consider this in the modelling presented here, since it
Fig. 7. Same as Fig. 6 but for models withfiirent filling factors. Prings no useful information to the problem we are interested
Models defined byrp, €) equal to (105x 10* cm3, 1.0) are repre- iN. In the following, we therefore simply require from our mod-
sented by circles, (& x 10* cm3, 0.49) by squares, @x 10* cnr3,  els that they do not over-predict the i&h and 25um fluxes
0.27 by triangles, (8 x 10* cnm3, 0.122) by diamonds. with respect to the observations.
We have found that with a model having an inner density
. . of about 2-3 x 10* cm™ and a filling factor about .3-0.1,
and [Su] 14069 407¢/[Su] 46717 6731 ratios while not help- e are able to reproduce many of the observational con-
ing much for the [Qu1] 15007/[0O 1] 43727 ratio and worsen- gyraints, provided that we assume a covering factor of ab@ut 1
ing the [Om] 45007/Hp ratio, as we can judge from sphericaloyever, this model is still not entirely satisfactory. Mainly,
models built at lower densities. Besides, if the low density segje (0] temperature is still too high and so is the predicted
tor is density bounded, this may indeed help with thefldx, [0 1) 15007/Hg ratio. And a conspicuous shortcoming of the
but will worsen the [Qu] 15007/[O 1] 43727 ratio. model is that the @ 14267/C 1] 11909 ratio is predicted too
One way to lower the excitation of the nebula is t@yrge by a factor of about 5. Note that, while the density struc-
assume that it is clumpy. Models thatffér in density tyre of planetary nebulae is known generally not to be uniform
and filling factor but have the same value of the progs g small scale from high resolution images, the clumps or fil-
uct nge, where € is the volume filling factor, will have aments of gas are actually embedded in a mdfast medium.
about the same external radius but will have lower excitghis diffuse medium is expected to be more highly ionized, and
tion for higher densities. Such a series of models is showf)s its presence will enhance the 1jA5007/[O11] 13727
in Fig. 7, where the values of the coupls(€) are (105X  predicted by our simple model. We do not attempt to construct
10 e, 1-0)3(0”‘3"35): (15 x 10* cm®, 0.49) gsquares), a two-phase model but we keep this in mind.
(2'.0 x 10* em?, 0'27). (tnangles), (® x 10° cm, 0.122) . In the following, we look for more satisfactory solutions by
(_dlamond_s). As seen in the figure, modgls W'th. higher den?é’leasing some of the assumptions of our models.
ties considerably improve many of the line ratios, and espe-
cially the [Om] A5007/[O11] 43727 and [Q11] A5007/HB ra-
tios as well as the [@]A732Q733(¢/[0mn] 37263729 6.2. Models with modified stellar fluxes
and [Si] 214069 4076/[S1] 167176731 ratios and also the
[O1] 2630Q/Hg ratio. It is then easy to fine tune the N, S an@ue to the compact and spherical appearance of the nebula,
C abundances. A model with, between 2 x 10* and 30 x the covering factor of /B which is needed to explaiR(Hg)
10* cm3 would then be in agreement with all the observationgeems to be very unrealistic. The obvious next step is there-
constraints (except {fi] 11909 C11 14267, but see later) if one fore to assume that the discrepancy is at least partly due to an
assumed a covering factor of roughja1 overestimation of the stellar ionizing radiation field in Sect. 4.
The predicted emission in the IRAS bands deserves Soﬁc@explained in Sect. 4.2, the error for the derived stellar lumi-
comments. First, we note in Fig. 7 that models with lower eROSity may be as high as a factor of 2 under very pessimistic
citation show lower fluxes in the IRAS bands. The reason &sumptions.
that the larger proportion of neutral hydrogen particles in the Let us therefore first consider the case where we assume
nebula reduces the amount of Lyman continuum photons dbat the number of photons emitted by the star at any energy
sorbed by dust. Another point to make is that, in the hypothesagger than 13.6 eV is only 50% of what is predicted by the
of incomplete coverage of the ionizing source by the nebutaodel atmosphere (from the point of view of the photoioniza-
(and if dust is intimately mixed with the gas), the predictetion model, it is equivalent to assume that the star luminosity is
IRAS fluxes should be larger than observed by roughly thawver than given in Sect. 4 by a factor 2). The results are shown
same amount aB(Hp) is larger than observed in our modelsn Fig. 8. Here, the values of the coupig € are 75x10° cm,
computed for a covering factor of unity. Obviously, this is nat.0 (circles), 10 x 10* cm™3, 0.6 (squares),.2 x 10* cm 3,
the case of our predicted flux in the &fh band (the observed0.4 (triangles), ¥ x 10* cm™3, 0.3 (diamonds) while the dust-
flux in the 60um band is only an upper limit so there is ndo-gas mass ratio is still assumed to bex 3074, Since the
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Fig. 8. Same as Fig. 7 but for models with in which the stellar photdrig. 9. The same as Fig. 8 for models ionized by a softened stellar flux
flux has been divided by a factor 2 with respect to the original modgee text). Models defined by €) equal to (75 x 10° cm™3, 1.0) are

for all the energies larger than 13.6 eV. Models definedyd) equal represented by circles, €110* cm3, 0.6) by squares, (2x 10* cm 3,

to (7.5 x 10° cm3, 1.0) are represented by circles10* cm™3, 0.6)  0.4) by triangles, (# x 10* cm3, 0.3) by diamonds.

by squares, (2x 10* cm 3, 0.4) by triangles, (#x 10* cm 3, 0.3) by

diamonds.

6.3. Models with inhomogeneous nebular composition

number of ionizing photons is smaller than in the previoygis 4 known fact that recombination lines of C, and also of
case, we had to take smaller densities to match the obserygth; elements like N, O, Ne generally indicate much higher
size of the ionized nebula. Globally, the ionization paramgp,ngances of the parent ions than collisionally excited lines
ter is nevertheless smaller, so that1fPA5007/[O1] A3727 (see e g. Liu 2002 or Esteban 2002 and references therein).
can now be fitted even with a model with a filling factog\,k:my explanations have been proposed (see e.g.nSkasi’
of unity. Of course, the [@] 1732Q 733¢/[On] 13726 3729 7002 for a review). The generally preferred one is to assume
and [Si] 14069 4076/[S1] 16717 6731 ratios are better re-ihat the chemical composition of the nebulae is not uniform
produced for the highest density models of this seriesnie. (e.g. Torres-Peimbert et al. 1990; Liu et al. 2000). And in-
around 15 x 10* cm?, which again require a small filling geeq, there isdirect evidence at least in two nebulae (A 30
factor. The best models of this series are at least as goodhg§ A 78) of the presence of clumps of matter enriched in C
the best models shown in Fig. 7 without requiring a smalyacohy & Ford 1983; Harrington & Feibelman 1984) and
covering factor. Note that the [@] 443635007 ratio is still 5;5q N, O and Ne for A30 (Wesson et al. 2003). The cen-
somewhat high in this series of models, and adjusting the | star of SMP 61 being a Wolf-Rayet, this nebula is a good
C and Ne abundances (by lowering them) can only make g qidate for carbon enrichment. If material seen in the stel-
problem worse. lar wind ends up in the nebula as cool clumps, these clumps
Another option to consider is a radiation field softenedill strongly emit in the Q114267 line. We have mimicked
in the Lyman continuum. This would not only lower thesuch a situation by assuming that the inner zone of the neb-
[O 1] A5007/[O1] 43727 ratio, but also reduce the heatula consists of helium- and carbon-rich material, maintaining
ing. Figure 9 shows a series of models identical to thoflee same density distribution as before. The number of com-
of Fig. 8, but this time keeping 60% of the photons besinations to explore is obviously very high, and we have run
tween 13.6 and 24.6 eV and 40% of the photons with enerany simulations. In Fig. 10, we present the result of a se-
gies larger than 24.6 eV. Clearly, the models from this seriges of simulations witmg = 1.4 x 10* cm 3, € = 0.3 (the best
represented by the triangles are quite satisfactory also asaembination from Fig. 9) with the following abundances of He
gards the electron temperature and thar{Qt15007/Hg ratio. and C (relative to H by number) in the innen310-3 M, of
[S1]A6725[011] 43727 can easily be matched by reducing thtae nebula: 1.04 and 0.4 (circles), 0.78 and 0.3 (squares), 0.52
original sulfur abundance by a factor3t2). The observed and 0.2 (triangles), 0.26 and 0.1 (diamonds). These ratios cor-
fluxes in the IRAS 25um and 60um bands are compatiblerespond to the mass ratio of He and C in the atmosphere of the
with dust-to-gas mass ratios of up tox3L0~3. The quality of central star, as derived in Sect. 4. Otherwise, the number abun-
the fit of the optical and UV data is noffacted by the amount dance ratios with respect to hydrogen are: H: He: C: N: O: Ne:
of dust in the allowed range. The only important mismatch &: Ar=1:.09: 40x 107%: 3.95x 107°: 2.65x 107%: 4.26x 107>
the model with the observations is thai§ 11909 C114267 4.0x 10°%: 8 x 107'. We see that the last combination provides
whose computed value is much higher than observed, by a fasery good fit to the data, including thaif11909 Ci1 14267
tor of almost 4. This problem is discussed in the followin@ine ratio. Probably, other combinations can be found that pro-
subsection. vide a similar fit.
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° ! ! ! ! ! corresponding dielectronic transitions become optically thick,
° and their recombinationfigciency is reduced because recom-
r A 1 bination photons cannot escape. Indeed, first tests with an im-
o8 . & e & & 8o %;Q*@@* ~ 1 provedtreatment show that the recombination from @ Cix
L g ____8 §—x——— A Q% ,,,,,,,, _] issuppressed by thigfect, leading to higher derived mass-loss
& 8 4 8 ° s & { rates and slightly lower stellar temperatures. A detailed inves-
x . , 8 Lt s 5] tigation of this topic will be presented in a forthcoming paper.
T, .opaf2afigliz  B23fz 1
5 $828378s85285828355% |
é B éiﬁig 3g3g¢ é%i g Sé g g;ggg 7.2. The effect of He-rich clumps on the nebular
o[cf22825555565563852a52558¢ spectrum
o 5 10 15 20 25
constraints He-rich clumps, which we have invoked in Sect. 6.3, canin fact

Fig. 10. Models ionized by a softened stellar flux (as in Fig. 9), wit§often the radiation field available to the rest of the nebula
an inner density, = 1.4 x 10* cm3and a nebular filling factoe =  under certain conditions, by selectively absorbing the photons
0.3 (the best combination of Fig. 9). Now, the innex 303 M, of above 24.6 eV. The total mass of heliuvf,, required to ab-
the nebula are He- and C-rich. The abundances of He and C (by ngorb all the HE-ionizing photons emitted by the central star
ber relative to H) are: 1.04 and 0.4 (circles), 0.78 and 0.3 (squargs)of the order 1&n. M, (wherene is the electron density
0.52and 0.2 (triangles), 0.26 and 0.1 (diamonds). Otherwise, the abyn- cm™3). If the integrated mass of helium in the clumps is
dance ratios with respect to hydrogen are (by number): H: He: C: B east equal to this value and if the clumps are located close
Sé':'(elzggfb‘gillz&gg: 40x107%:3.95x10°: 2.65x10%: 4.26x 10 11 the inner boundary of the nebula with an integrated cover-
: : ' ing factor of unity, then the Heionizing photons would be
completely blocked by the He-rich material. Such an extreme
) ) situation does not correspond to the case of SMP 61, since
7. Discussion [Om1] 25007 is emitted not only in the most central part but
in the entire nebula. One can however imagine a less extreme
situation where the high density He- and C-rich clumps are dis-
The nebular analysis of SMP 61 indicates two possible proftbuted over the entire volume of the nebula and soften the
lems concerning the theoretical flux distribution of the cemverage radiation field available to the bulk of the nebular ma-
tral star: The absolute number of Lyman photons is probahbrial. In such a case, a softening of the predicted stellar energy
too large by a factor of 2, and the Lyman continuum radiatiafistribution in the Lyman continuum would perhaps not be nec-
field is possibly too hard. The first problem may be discussedsary. Note however that such clumps are fffitient in ab-
away by assuming a very pessimistic value for the uncertairiyrbing radiation between 13.6 and 24.6 eV, unless they are
of the derived luminosity. However, the second point concergery dusty, which for SMP 61 seems excluded by the observed
the slope of the energy distribution in the flux maximum anRAS fluxes. Obviously, the impact of these He- and C-rich
cannot be easily resolved. clumps on the global spectrum of the nebula will strongly de-
A simultaneous solution of both problems would b@end on their density, on the amount of mixing with nebular
achieved by decreasing théfettive temperatur@e; of the material and on their spatial distribution in the nebula.
model atmosphere (i.e. increasing the radius whexgs =
2/3). In this way, photons would be distributed from the flux In the case of SMP 61, we can estimate the maximum
maximum to the observed wavelength range.fiea, the de- mass of helium contained in the clumps by considering that
rived luminosity would be decreased, and a softer flux disttihe H¢C proportion is the same as in the stellar wind and by
bution would be obtained in the flux maximum. For a corraising the observed flux in thelC14267 line. The observed flux
sponding decrease Otg, the stellar core temperature must b this line corresponds to a carbon ma&sof about 1¢ne M,
lowered significantly, or the mass-loss rate must be increasédnost of the carbonis in € form and if the line is emitted at
Of course, both operations are strongly limited by the necessityemperature of 8000 K, which is the case for the C-rich zone
to fit the observed spectrum of the central star. Test calculation®ur models. Since helium and carbon are roughly equal by
show that the simultaneous fitting of the observed spectmugin  mass in the stellar wind, this means that the total helium mass is
the nebular ionizing fluxes is not possible with the model atmatuch smaller than tM7,, implying that there is no significant
spheres applied in present work. blocking of Hé-ionizing photons by the clumps. If the clumps
A possible solution concerns the treatment of dielectroréee of much higher density than in our models; @nay be
recombination in our stellar atmosphere code. In the preseattly recombined in the clumps, increasiitg with respect
version dielectronic transitions are treated as optically thin, at@MZ,, but in that case the clumps will have a smaller cross
their contribution to the rate equations is accounted for by teection and will be lessfigcient to block the stellar radiation.
approach of Mihalas (1971). However, whemvQrecombines Therefore, in the specific case of SMP 61, we do not think that
to Ci in the outer part of the WC atmosphere, the ionizahe He-rich material will significantly soften the stellar radia-
tion edge of A becomes optically thick. In this case also théon available to the nebula.

7.1. Stellar ionizing fluxes
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7.3. Stellar parameters and evolutionary status therefore exactly resembles the abundance pattern that is ex-
) o ) Pected for a He-intershell where the s-process has been active.
The derived stellar parameters are in line with recent analy-

ses of galactic [WC]-type central stars based on line-blanketed Fpr the forma_tlon of central stars with [\.NC] surface com-
models (De Marco & Crowther 1998, 1999; De Marco et a[ﬁosmon, the H-rich layers above the He-intershell must be
2001; Crowther et al. 2003). In cc;ntrast,to previous urqgamoved or mixed with intershell material. Herwig (2001a)

blanketed calculations (Koesterke & Hamann 1997a,b), t gd Blbcker (2001) demonstrated that the latter is possible

new models show a trend towards similar surface mass fraé{—dmdge'Up of intershell material after an AGB-final thermal
. . ~ 100 pulse (AFTP) or a late- or very late thermal pulse on the post-
g?lgicf;);f"i”{ and late [WC]subtypes, withXo 10% AGB (LTP, VLTP). In case of a LTP or VLTP very long evo-

e ~ .

. lutionary timescales on the post-AGB are expected, because
Due to the known distance to the LMC, SMP 6ffevs the y P P

) o tr]e central star first evolves to the blue as H-burner, then back
rare chance to determine the luminosity of a [WC]-type centrt% the red during the thermal pulse, and again to the blue as
star. From the analysis of the stellar spectrum alone we infeﬁg-burning [WC] star ’

value of 1G° L. The nebular analysis reveals that this value The ob d ab i for SMP 61 v
is probably too large by up to 0.3 dex — dependent on the as- e observed absence of nitrogen for strongly 1a-

sumed nebular covering factor. The luminosity of SMP 61 jors the AFTP scenario because fora LTP or VLTP nitrogen

therefore in the range of #6-10%° L. For a second object Is produced by the CNO-cycle in the H-burning phase. In the

BD+303696, Li et al. (2002) derive a distance of 1.2 kpc frc;hofFTP scenario the last thermal pulse occurs when the star is
the angular expansion of the nebula. For this distance, Crowt!f \Igng the:GE, and tge central starbdlr.ectly e_ntelrs thhehpost-
et al. (2003) obtain a value &f, = 1036 L. Both values are in as a He-burner. However, to obtain afsiently hig

the range that is expected for the majority of all post-AGB stat%mbab'“ty for the AFTP to occur at small enough H-envelope

with a typical mass around 0M,, (see Bticker 1995; Herwig masses, a coupling of mass-loss to the thermal pulse cycle is re-

2001b). Altogether, no evidence is found that [WC] centr:91u"ed (Bbcker 2001). F“’F" Fhe upper limit ofy < 5x 105. .
stars have dierent masses than H-rich objects although, afy® can derive an upper limit for the mass of the remaining
mittedly, the number of cases with knowg is small. H-envelope after the f|na.1| thermal pulse.
An interesting hint of the evolutionary status of SMP 61 Under the assumption that nitrogen has nebular abun-
is given by its low iron and nitrogen abundances. For a stai@nce in the H-envelope, and is completely destroyed in

dard solar composition as given by Gray (1992, p.318) e He-intershell, it follows that the maximum mass of
Grevesse & Sauval (1998) a ratio of log (B9 = -1.33 the H-envelope can be only 0.15 of the dredged-up mass from

is expected. More recent investigations (Allende Prieto et 41€ intershell. Herwig (2001a) finds that the dredged-up mass

i 3
2001a; Allende Prieto et al. 2001b) imply a lower solar oxyS WPically of the order of 6< 10 Ms. Consequently, the
gen abundance and give log (B = -1.19. The upper remaining H-envelope mass at the final thermal pulse must

limit of Xee < 1 x 107 that is derived in Sect. 4 translated'@ve been smaller than>@ 107 M. This value is signif-
to log (FgH) < —5.54 for a solar composition. In relationicantly smaller than the cprrespondmg envelope masses in
to the oxygen abundance of the nebula (log/HD= —3.58) the AFTP models of Herwig (2001a). Eor these models the
we obtain log (F¢O) < —1.96, i.e. iron is under-abundant byMass-1oss on the AGBzhas been t;med in such a way that en-
at least 0.63 dex in the atmosphere of the central star. In ¥§/0P€ masses of:810°“and 4x 10" Mo were obtained after
dition, no nitrogen is detected in our analysis. The upper linfi€ thermal pulse. The present work implies even lower val-

of Xy < 5% 10°° lies 0.9 dex below the abundance derived fdfes. and therefore also lower H-abundances for the resulting
the nebula. [WC]-type central stars.

The detection of an iron deficiency is in line with recent Additional evidence against the LTP and VLTP scenarios

results from analyses of PG 1159 stars, the probable desdérflué to the very young appearance of the planetary nebula.
dants of [WC]-type central stars. Miksa et al. (2002) set up!Sing the observed nebular expansion velocity aB2gn s
per limits from 0 to—1.5 dex solar for the iron abundancé_VaSS'“ad'S et _aI. 1998b) and angular radius from Table_4 we
of 15 PG 1159 stars. Additionally, Werner et al. (2003) find dif'd an expansion time of about 3000 yr, whereas evolutionary
iron depletion of at least1.5 dex for the central star of A78,racks of Bocker (1995, 2001) for a 0.629,, central star un-
a [WC]-PG 1159 transition object. Also Crowther et al. (2003}€rgoing & VLTP imply a timescale of at least 8000 yr to reach
find evidence for an iron abundance of 0.3-0.7 dex below sofafemperature of 85 kK (dependent on the time where the zero
for BD+303696 and NGC 40. However, for these two objecRint for the PN age is assumed). Moreoveor@®/ & Tylenda
the nebulae show oxygen abundances significantly below §8900) find general evidence against the LTP and VLTP sce-
lar (see Peé et al. 2001), so that the iron deficiency may Harios due to the similarity of the [WR]PN and non-[WR]PN
attributed to a low initial metallicity. populations.

Such an iron deficiency is expected for material which has
been exposed to s-process nucleosynthesis in the He-intershe)l stajiar mass-loss history
of thermally pulsating AGB or post-AGB stars (see Lugaro
et al. 2003; Herwig et al. 2003). This region is expected We know from the analysis of the central star atmosphere that
consist of partially He-burned material, i.e. mainly He, Ghe presently observed mass-loss ratélis= 107612 My yr!
O andno N. The observed surface composition of SMP 6and that the carbon mass fraction is 0.52 (see Table 3).
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As mentioned in Sect. 6.3, the total mass of carbon in the nefi < 1x 107*. The low iron and nitrogen abundances indicate
ula required to produce the observed flux in the 21267 line, that the star has undergone an AGB final thermal pulse with a
Mg, is about 1fne Mo. In our model, the value ofie in the very low H-envelope mass@ x 1074 M,). The iron depletion
zone where this line is mostly emitted is about 20* cm™® is probably due to s-process nucleosynthesis during previous
which impliesMc ~ 5x 10~* M. Note thatMc is just slightly thermal pulses.
larger than the total mass of carbon in the C-rich zone, and that, The fluxes from the model stellar atmosphere were used
if the density of the carbon-rich clumps is larger, the total cags an input to our photoionization code to construct photoion-
bon mass will be smaller. We thus infer that the star has spenition models of the nebula. We considered all the available
about 1300 yr in a similar state of mass-loss. observational constraints, within their error bars. These con-
This timescale is significantly lower than the time expecteiraints are numerous and allow a detailed discussion of the
for a PN central star to reachiey = 85 kK. Evolutionary models. We find that the fluxes from the stellar atmospheres
tracks for He-burning stars of the corresponding luminosigilow to reproduce many features of the nebular emission.
from Vassiliadis & Wood (1994) give values around 3000 yHowever, the observed nebular properties are better explained
Vassiliadis et al. (1998b) show that this timescale fits the ngbthe central star produces less photons in the Lyman con-
ular age of SMP 61. H-burning tracks fromdgKer (1995) im- tinuum than the model atmosphere by about a factor 2. An
ply an age of 3000 yr for a post-AGB mass of 0.6@5 (with even better fit is obtained if the Lyman continuum radiation
L, = 10*° L,) and 5000 yr for 0.6084,, (with L, = 10*" Lo). s also softer than predicted by the stellar model. A possible
Our modelling then suggests that the mass-loss of SMP&dlution involves the treatment of dielectronic recombination
may be intermittent, which would indicate that it is initiated byh the stellar atmosphere code and will be presented in a forth-
processes other than radiative acceleration. Interestingly, @gming paper.
atmosphere models would confirm this hypothesis, because theye z1s0 find that the nebula must contain extremely
force due to radiation pressure is much too low to explain thé hon rich clumps in order to reproduce the observed
observed mass loss: For the massive WC star WR 111, whighyy) 11909 C 1114267 ratio. The observational constraints do
has a very similar spectral appearance to SMP 61, the ragigt allow us to describe these clumps in detail (density, chemi-
tion pressure, as calculated in our models, supplies about @aecomposition, location) but these clumps are likely produced
half of the energy necessary to drive the stellar wincaf€mer |, ejecta from the clumpy stellar wind, possibly partly mixed
et al. 2002). On the other hand, for SMP 61 the same MQgith the nebular material. Obviously, high signal-to noise and
els provide only 17% of the wind energy. However, one mugigh spatial resolution observations of nearby planetary nebu-
be aware that the timescales for mass-loss and evolution gg-excited by a similar star would be extremely useful to better
rived above both dier from large uncertainties. The spectrogngerstand the process of enrichment of planetary nebulae by
scopically derived mass-loss rate depends on the clumping fﬁ@'sh|y made carbon (and helium).
tor (M o 1/ VD for constantR,, see Sect. 3.2) which is only From a comparison of the estimated total amount of carbon

roughly known. The error margin fawd may there_fore be as in the nebula with the carbon mass-loss rate measured in the
large ast50%. The stellar evolutionary timescale is even mor

) ) : Afescales and is subject to revision.
is also uncertain, mostly because the nebular velocity changes

during the course of evolution as shown by dynamical simula-
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Table 2. Nebular dereddened fluxes frontférent authors.

lambda ion Dereddened fluxes relative t6 H

STIS (this work) PRT-P97a MD91 Vass98a MBC88
1240 Nv stell
1336 Cu 26.0
1406 Sitv], O1v] stell 12.9
1550 Cv stell stell 72.%50.4
1640 Hex stell 31.2
1649 Cv stell 10.3
1666 [Orr] 6.8: 7.4
1750 Niir] 0.09
1909 Cii] 316 401 392.7
2297 Cit stell 30.7
2321,26 ar 62 87.9
2405 Cv stell 8.1
2470 [Or1] 6.2: 9.0
2524 Civ stell 11.9
3203 Hel,Helr stell 3.4
3726+29 [Om] 60 80.0 85.8 <80
3835 H9 7.2 7.4 10.4
3869 [Nem] 43 41.6 50.6 47.2
3889 Ha+H8 19 18.7 24.6
396470 [Nem]+H 7 28 29.0 37.9
4026 Ha+Hen 2.6 2.5 3.9
4069 [Si] 2.2 29 3.9
4102 H 26 25.2 31.2 135
4269 Cu 1.8 1.4 1.7
4340 Hy 46 46.6 46.6 39.9
4363 [Om] 5.3 5.7 6.4 5.5
4471 Hea 5.2 4.9 5.9
4686 Hex stell stell
4711+13 [Ar1v]+Her 0.7 13
4711 [Arrv] 0.2:
4740 [Artv] 0.2:
4861 HB 100.0 100.0 100.0 100.0
4921 He 1.5 1.4 2.0
4959 [Orn] 253 231 222.5 278.6
5007 [Orr] sat? sat sat 800.0
5200 [N1] 0.3:
5411 Het 0.4
5522 [Cl] 0.2:
5538 [Clnn] 0.3:
5755 [N11] 0.7 1.4
5808 Cv stell
5876 Hea 16.0 18.8 15.2
6300 [O1] 4.3 6.1 3.3
6312 [St] 1.2 1.3
6363 [O1] 1.3 2.3
6548 [Ni11] 15.8 15.0 7.7
6563 Hy 285.8 282.1 282.4
6584 [N11] 315 44.8 22.3
6678 Ha+Hen 4.2 6.1
6717 [Si] 2.1 2.2
6731 [Si] 3.8 4.9 5.3
7065 Hea 8.2 13.7
7136 [Am] 8.8 16.3
7320+30 [Om] 14.3
log F(HB) -12.80 -12.61
C(HpB) 0.12 0.18 0.19 1.07
slit () 0.2x 52 2;10 3.6x 3.6

1 Value dfected by atmospheric dispersion.



