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Radiation-driven winds of hot luminous stars
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Abstract. We present a new model atmosphere analysis of nine central stars of planetary nebulae. This study is based on a
new generation of realistic stellar model atmospheres for hot stars; state-of-the-art, hydrodynamically consistent, spherically
symmetric model atmospheres that have been shown to correctly reproduce the observed UV spectra of massive Population |
O-type stars. The information provided by the wind features (terminal velocity, mass loss rate) permits to derive the physical
size of each central star, from which we can derive the stellar luminosity, mass, and distance, without having to assume a
relation between stellar mass and luminosity taken from the theory of stellar structure and AGB and post-AGB evolution. The
results of our analysis are quite surprising: we find severe departures from the generally accepted relation between post-AGB
central star mass and luminosity.
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1. Introduction ature {Ieft), radius R) — or equivalently, luminosityl() —, mass

oﬁfﬁ%he star M), terminal wind velocity ¥.,), and mass loss rate
fin

Ir;llrece?t yearsdyherethas bﬁ en sut;shtatnntal prcl)tgress in the .(M). Therefore we have a purely spectroscopic method to ob-
elling of expanding atmospheres of hot stars. It is now possi separately. andM.

to produce synthetic UV spectra of O stars that resemble the

. Using this new generation of realistic stellar model at-
real, observed ones nearly perfectly. The state-of-the-art wind
yp y ospheres, Pauldrach et aR0Q1), Pauldrach Z003, and

models deal with radiatively driven, homogeneous, stationaly,
extended, outflowing, spherically symmetric atmospheres.%IUIdraCh and HEmann @003 present analyses of the mas-

complete model atmosphere calculation involves solving thY® O supgrg|ants HD 30614 Cam) and HD 66811,(Pup)
hydrodynamics and the NLTE problem (rate equations for 4} ich provide excellent matches to the observable UV-spectra,

important elements, radiative transfer, and energy equatio l.JtS dle:tertrrr]nnlng the Iba5|cfsttﬁillark.p%rar?eterIfets of Fhesebob-
The solution of the total interdependent system of equati §'S. Further examples of nis Kind of work are given by

has thereby to be based on a non-restrictive treatment. mann and Pauldrach?(()O_]), who gonflrm in their analy-
permits the calculation of the predicted or synthetic spe Is of a subsample of galactic massive O stars the parameters
rived by Puls et al1096 from an optical investigation.

trum, which is then compared to the observed UV spectr ) )
(cf. Pauldrach et al2001). The process is repeated adopting Since this method produces reasonable results when ap-
different stellar parameters until a satisfactory fit is obtaing@fied to massive Population | stars, we now want to apply it
In this kind of work it is not necessary to adopt an arbitrary vé0 another kind of hot stars: the central stars of planetary nebu-
locity law for the wind; the solution is hydrodynamically conl@® (CSPNs in what follows). This permits, for the first time,
sistent and gives us the velocity law as well as the mass-1é@gest the predictions from post-AGB evolutionary calcula-
rate (cf. PauldracB003 Pauldrach and HEmann2003. tions. (The idea is describgd together with a first appli(.:ation.by
A very important consequence of these recent develdea‘_JldraCh et atl988.prellm|nary results of the presentln\{estl—
ments is that the fits to the UV spectral features provide infd#ation have be published by Pauldrach e2@D1a) The earlier

mation about all the basic stellar parametefteative temper- WOrk on CSPNs, based on plane-parallel non-LTE model atmo-
spheres (e.g., Bhdez et al1988a 1988l could not provide

Send gprint requests toA. W. A. Pauldrach, a completely independent test, in the following sense: since
httpy/www.usm.uni-muenchen.(feeopléadiadi.htm| the plane-parallel model fits to H and He photospheric absorp-
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tion lines can only produce information about surface tempeén-the rectification process, leading to an empty band around
ature, He abundance and surface gravity ¢jpgve cannot de- 1216 A with noisy edges.

rive stellar masses or luminosities, but ohlyM ratios. This

is exactly the same problem we face when dealing with low- i

gravity early-type “supergiant” stars at high Galactic Iatitude§: The optical spectrograms

are they luminous and massive, or are they evolving away fraiibst of the optical spectrograms were obtained by one of us
the AGB? We need some independent evidence to settle thqm:iM) during two observing runs at the European Southern
sue — for example, the distance to the star. Unfortunately, ®dservatory (ESO), Cerro La Silla, on 21-24 March and 13-17
lack reliable distances to almost all CSPNs. June 1994 (the first one by remote control from ESO Garching),
What could be done was to plot the positions of CSPNfing the 3.5 m New Technology Telescope (NTT) and EMMI
in the logg-logTert diagram, and compare them with plots o§pectrograph in dichroic mode. In this mode of operation a
post-AGB tracks, translated from the lbglogTerr diagram. dichroic beam-splitter was inserted, allowing to obtain blue and
After doing this translation it is possible to read the stellgg spectrograms simultaneously.

mass in the log-logTer diagram. From this, we can derive A |ong slit of 1 arc sec width was used in the focal plane.

L and, if we know the visual dereddened apparent magnitug®e sjit was oriented either N-S or E-W.

a so-called “spectroscopic distance”. All this work, however, The dispersing element in the blue arm was grating num-

is based orassuminghat the evolutionary models give us the)er 3. with 1200 lingsnm, and the camera wag/4, giving

correct relation between stellar mass and luminosity. It is ngtyixe| size of 0.37 arc sec and a dispersion of 0.4gix&l.

a real test of the evolutionary models, but only a consistengye detector was a Tektronix CCD, 11241024 pixels, with

check. - pixel size of 24um. In order to decrease the readout time only
The new models allow us to overcome this limitation anghe central 200 pixels along the slit were read. Therefore the

produce for the first time information ob and M which is  resylting spectrograms covered 74 arc secs along the slit, and

completely independent from the theory of stellar structure apdg A in wavelength, with central wavelengths of 4500 A and

evolution. In this paper we present the initial outcome of thg53s A in March and June 1994, respectively.
project. We have made a careful selection of CSPNs for which 1he dispersing element in the red arm was grating num-

we have adequate spectrograms covering both the visible gag 6, with 1200 lingsnm, and the camera wdg5.2, giving

UV spectrum. In Sectiong and 3 we describe the available 5 pixel size of 0.27 arc sec and a dispersion of 0.3ixkl.
spectrograms. In Sectichwe present the necessary informarne detector was a Tektronix CCD, 20862048 pixels, with

tion about the new wind models and we outline the fitting prosixel size of 24um. In order to decrease the readout time only
cedure. Sectiorb introduces the relation between wind MOoghe central 400 pixels along the slit were read. Therefore the
mentum loss rate and stellar luminosity, predicted by the theqigyiting spectrograms covered 108 arc secs along the slit, and

of radiatively driven winds, and briefly describes earlifods g5 A in wavelength, with central wavelengths of 6560 A and
to verify if the CSPNs follow this relation. Then in SectioBs g505 A in March and June 1994, respectively.

and7 we present the UV spectral fits using the new wind mod- ¢ exposure times were short in the red arm, to avoid sat-
els, explaining what discrepancies there are with respect to {}&tion of the strongest nebular emission lines.
earlier modelling and producing a table with the stellar pa- e ygyal calibration frames (bias, dome flats, He-Ar com-
rameters determined. Secti@rgives the interpretation of the o150 spectrum for wavelength calibration) were obtained for
CSPN winds and a discussion of the results concerning steﬁ% observations in both arms. The CCD reductions were made
luminosities and masses. In SectiBrwe estimate the Spec-ging standard tasks provided in IRARfter bias-level sub-
troscopic distances and compare them with other distance gez(ion and flatfielding, whenever possible the spectrograms
terminations, with inconclusive results. Sectib@deals with \yere registered and combined, to eliminate cosmic ray events
other estimates of pre-white dwarf masses. In Sectibwe 54 improve the signal-to-noise ratio. The image combination
summarize the conclusions. was made with the IRAF taskncombine using theaverage
option andccdclip rejection (pixel rejection based on CCD
2. The UV spectrograms noise parameters).

The sample of CSPNs we have analyzed is defined by the avail-
ability of adequate high-resolution UV spectra, covering the The modelling procedure
spectral region between 1000 and 2000 A. .

P With thg exception of that of He 2-108, all UV spectra OFhe wv 'spectrum bgtween 10.00 and 2000 A carries a lot of
our sample were obtained from the INES Archive Data Servgg;rgit'oor;' g -ﬁy%m-éypg pFr)ogles g{l fsznigig d“nsfs (:Iosnevl-
on the Web ahttpy/ines.laéf.esa.es providing access to IUE . dl St > t' d I L f E’ IS:W F S g N'S AS gy
Final Archive data. Apart from rectification “by eye” (aidedNIn -contaminated fines ot fre, Fev, Fevi, Lrv, NI, Arv,

by our experience with UV spectra from massive O stars) ﬁgw. But the information about the stellar parameters can be

further processing was done on the spectra. 1 |RAF is distributed by the National Optical Astronomical

The spectrum of He 2-108 is an H&DS spectrum Opservatories, operated by the Association of Universities for
(Proposal ID 5339, PI RHM) rectified by Hasér995. Here, Research in Astronomy, Inc., under contract to the National Science
interstellar Lymanz absorption has been taken into accouroundation of the U.S.A.
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extracted only after careful analysis. A very important recent wind-momentum-luminosity relation
improvement of our method concerns the development of a 31
substantially consistent treatment of the blocking and blanket-

ing influence of all metal lines in the entire sub- and supersoni- 30 | et
cally expanding atmosphere. All the results we will present arg o088
based on this new generation of models. § 29 ¢ S o ®o 1

The analysis method is based on modelling a homogé&
neous, stationary, extended, outflowing, spherically symmetrEe 281 5 ¢ ]
radiation-driven atmosphere. A detailed description is given by s .7
Pauldrach et al.2001), Pauldrach2003, and Pauldrach and = 2| . 3 -, ]
Hoffmann 2003. .

The procedure is as follows. A preliminary inspection of ~ massive O stars: improved wind models
the visual angbr UV spectrum of the star to be analyzed gives | yxqs ol grd: P brovad wimd rodels
an estimate oflg. From the UV spectrum, the terminal wind A s 25 5 55 6 6.5
velocity v, can be measured directly. Now initial values for the log L/Lsun

stellar radiusR (defined at a Rosseland optical depth 882 Fig 1. The wind-momentum—luminosity relation for massive
and for the stellar masg are assumed. _ O stars and CSPNs. P96 designates the analysis based on H
With the current values @, Terr, M, and assuming a set ofyrqfiles by Puls et all996 K97 that of CSPNs by Kudritzki

abundances, we can solve the model atmosphere and calclaly 1997 Also plotted are the calculated wind momenta for
the velocity field, the mass loss rat and the synthetic spec-, sample of massive O stars and for a grid of stars following

trpm. If the calculated terminal wind velocity, Qf the model post-AGB evolutionary tracks (masses giverMp).
differs from the observed one, we modif§ until agreement

is reached (since,, scales with §1/R)Y/? according to the the-

ory of radiation-driven winds). Now the predicted spectrum imomentum of the wind floww, |\'/|) is mostly a function of
compared to the observed one. If the fit is not satisfactory, Whoton momentumL(/c) and is therefore related to the lumi-
need to modifyM via a change oR (since logM ~ logL, nosity. Thus, the radiatively driven wind theory predicts, for
according to radiation-driven wind theory). The changeRin fixed abundances, a simple relation between the qualttity,

forces us to change the mass, too, in order to keeponsis- \hich has the dimensions of a momentum loss rate, and the
tent with the observed value. The new model is calculated ag|lar luminosity:

the process is repeated until we obtain a good fit to all features

e 0

log

Fsia
26 ;-7 | 0696
0625

a massive O stars: optical analysis (P96) -

i 0 e o

in the observed spectrum. (Additionalllgs might need to be Mv,, ~ R Y2LYe
corrected slightly during this iteration, if the initial guess was
not satisfactory.) whereq, related to the power law exponent of the line strength

With this procedure our current models produce satisfadistribution function, is= 2/3 (slightly dependent on tempera-
tory results for massive Population | stars. What happens if dife and metallicity; see, for example, Puls etl&196). As the
apply the same procedure to CSPNs? expressiorv,, MRY? is an almost directly observable quantity
(see below), it is practical to plot the log Mv.,RY? as a func-
tion of logL. In this kind of plot the theory predicts, in first
approximation, a linear relation, which is indeed followed by
As a first point of our investigation we examine the dynamicall kinds of massive hot stars, as shown in Figlre
parameters,, andM of radiation-driven CSPN winds. An initial attempt to verify if CSPNs follow the wind-

The significance of this parameters is obvious, since it iSomentum—luminosity relation was partly successful (see
the consistent hydrodynamics which provides the link betwegfyure 3 in Kudritzki et al.1997 and also our Figurd). In
the stellar parameter3e, M, R) and the appearance of the UMhat paper, terminal wind velocities, were taken from ob-
spectra, because the latter are determined by the interplay Ofé@ﬂ/ed uv spectra ar@-va|ues (a quantity re|ating mass loss
NLTE model and the hydrOdynamiCS. The link is the line forc%_te and stellar radiuQ ~ M(RVM)—S/Z) were derived from ob-
which controls the hydrodynamics, and which is controlled berved H profile using the optical spectra described in sec-
the occupation numbers, and the radiative transfer of the NL{ign 3. Stellar masses were derived frolgx and logg, using
model. The hydrodynamiCS in turffacts the NLTE model and post_AGB tracks p|otted in the |('_m_|og'|'eff diagram_ The Stel_
thus the spectra via the density and velocity structure. lar radii (and thus, mass loss rates) and luminosities were then

obtained from the masses and the post-AGB mass—luminosity
5.1. The relation between wind-momentum loss rate relation. The CSPNs were found to be at the expected posi-
and luminosity tion along_thg wind-momentum—lu.mi.nosity relation, indicat-
ing a qualitatively successful prediction by the theory of ra-
Atool for illustrating the behavior of the dynamical parameters
is offered by the so calledind-momentum—luminosity relation > We refer to this as “optical analysis”, since althoughwas taken
The significance of this relation is based on the fact thdtom UV spectra, this is a quantity that can be derived easily and does

due to the driving mechanism of hot stars, the mechanid@t require much analysis. The real analysis determiirand logg
using model atmospheres was performed using optical spectra.

5. The wind properties of hot stars




4

diatively driven winds. However, the situation was not sat-
isfactory because there appeared to be a large dispersion in2s00
wind strengths at a given luminosity (strong-winded and weak-
winded CSPNSs) and some of the CSPN masses and luminosi- 500
ties were very highNl > 0.8 M), in contradiction with theo-
retical post-AGB evolutionary speeds. _
Thus, at that point we had a qualitatively positive result,é
namely that in principle the CSPN winds appear to obey the:

1500

> 1000 -

same physics as the massive O star winds; but we also had some
unsolved problems.

This situation has been recently discussed by Tinkler and
Lamers 2002, who try to improve the central star parame-
ters by imposing consistency between the evolutionary age of o
the central star and the dynamical age of its PN. As result of
scaling the distances and stellar parameters according to their
method they obtain a scatter diagram with no clear dependence
of wind momentum on luminosity. So in this way we find a 1
conflict between the predictions of post-AGB evolution theory
and the theory of radiatively driven stellar winds! Are the post-

AGB evolutionary tracks not complete? Or is the behavior ok
the photon-momentum transferfigirent in the atmospheres of 3
O-type CSPNs and massive O-stars?

We now want to rediscuss this situation using our improve@
model atmospheres. 3

As a preparatory step we have used our models to calcu-
late the terminal velocities and mass loss rates for a grid of
stars following the current theoretical post-AGB evolutionary
tracks with surface temperatures from 30000 to 90000 K (see,
for instance, Bbcker1995; the resulting wind momenta are

500

20000

0.1

046

0.01
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also plotted in Figurel (labelled “m-L grid”). The numeri- Fig. 2. Terminal velocities (upper panel) and mass-loss rates
cal models do nicely follow, as expected, the theoretical winghwer panel) calculated for a grid of stars following post-AGB
momentum—luminosity relation, showing less spread than go|utionary tracks (dashed lines, massesvig labelled on
“‘observed” values derived by Kudritzki et al997). The posi- the right) compared to observed values derived by Kudritzki
tions of the Kudritzki et al. values in the diagram, compared {4 5], 1997 (squares). Note that the observed terminal veloci-

those of our models, again indicate rather large masses betwggfland mass-loss rates indicatéetient masses for the same

below Q6 M.
As explained before, to find so many very massive CSPNs

Is rather un_expgcted from_ the star_ldpoint O_f current eV_OI'“'tio&'l'screpancy immediately becomes obvious: whereas the posi-
ary theory, in view of their very high predicted G“VOM'Onanfions of the observations in the diagram showing the terminal
speeds. velocities cluster at rather small CSPN masses (between 0
and 06 M), their mass loss rates point to a majority of masses
above 07 M,

A detailed look at the positions of individual CSPNs in the
plots reveals even more alarming discrepancies. Take, for ex-
To try to better understand the discrepancy found from the igmple, He 2-131. Its terminal velocity would indicate a mass of
vestigation of the wind momenta, we must compare the relgyout 06 M, (circle 1A in Figure2 upper panel). But this mass
tions of the individual dynamical quantities involved.(and js completely irreconcilable with its mass loss rate: it is found
M), since these relations are not just a function of the stellar ot at the position labelled 1A in Figut(lower panel), but
minosity, as is the case for the “wind-momentum—luminosity 18, with M a factor of hundred higher, suggesting a mass of
relation”, they are also sensitively dependent on the stellgfove 094 M,! The reverse is true for NGC 2392. Its terminal
mass. velocity points to a mass of abouM,, (circle 2A in Figure2

By doing so we find indeed that something must be sgpper panel), but its observed mass loss rate is much too small
riously wrong. Figure2 (upper panel) shows our predictedor this mass (circle 2B in Figur2 lower panel), indicating a
terminal velocities and the observed values. Figigower mass of approximately.6 M.
panel) shows our predicted mass loss rates and those deriveds instead of the terminal velocities we take the mass loss
by Kudritzki et al. (997 for their sample. Here a fundamentalste determinations of Kudritzki et all997) as basis for the

5.2. The relations of the individual dynamical
parameters V., and M
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discussion, then our calculations place these two stars at lilminosity and thus the mass loss rate yields a model which is
positions labelled 1B and 2B in Figu&(upper panel), with quite well in agreement with the observed spectrum (Fiure
terminal velocities dfering by factors of 2 to 3. But this is bottom right). The stellar parameters of this model are also
clearly ruled out by the observations; is a directly measur- given in Tablel.
able quantity! In summary, the new model atmospheres produce a good
Therefore, no matter how we look at these plots, we cofit to all the observable features in the UV spectrum. We re-
clude that the analysis of Kudritzki et all997 revealed mark at this point that our error in the stellar mass is very small
mass loss rates which cannot be reconciled with the curren(ty0.1 M) due to the sensitive dependence on the predicted
accepted post-AGB evolutionary tracks which the radiativend the small error received from determining this value from
driven wind models shown have been based on. the observed spectrurg (L0%). Furthermore, we note that our
So far we have used from the UV spectra of the CSPNisedicted values of., are in agreement within 10% with the
only one bit of information: the observed terminal veloaity. observed values in the case of massive O stars (afnkémn
Now we will try to clarify the situation by fitting the full UV and Pauldraci2001). Thus, a possible internal error leaves no
spectra with the new atmospheric models. In this way the wingargin for a larger uncertainty in the deduced masses.
theory will provide us with stellar parameters derived indepen- What can we conclude from the derived stellar parameters?
dently of the post-AGB evolution theory, and in case we ateet us consider first the weak-winded CSPN, NGC 2392. We
successful by fitting the spectra consistently with the dynansietermine der of 40000 K from the ionization equilibrium of
cal parameters we might have the chance to decide whetherftedons in the stellar UV spectrum, similar to the value obtained
reason for this discrepancy lies with the evolutionary tracks #i®@m the ionization equilibrium of Heand Her (absorption
the one hand or the analysis by Kudritzki et 41997 on the lines in the optical stellar spectrurh)The very low terminal
other. wind velocity of 400 kms?, together with the low luminosity
(needed to adjust the predicted mass loss rate so that the pre-
dicted and observed spectra are in good agreement) lead us to
6. Consistent UV analysis of the CSPNs He 2-131 adopt a small radius. Using this radius§R.) andv,, we get
and NGC 2392 a stellar mass of only.81 M, a value much smaller than ob-

We will start with a detailed description of the two puzzlingizllgigr:f Wz ari;ﬁmriatgse g;a;ls\;lcalv\?aosstt-ﬁfI?e;wj?tsio—lljl;rglrgslslty
_ 9OM,

cases we have been squarely faced with above. oo
Figure3 (top left) shows the synthetic UV spectrum of thé(udmZkl etal. (997.
: . . ) Note that the radius.2 R, and mass @1 M, of this CSPN
model corresponding to position 1A in FiguPelt is clearly ) .
correspond to log = 3.7, in good agreement with the log

mcompatlbl_e with the observed spectrinf He 2'131 (.m|d-. derived earlier from the NLTE plane-parallel analysis of the
dle), since its mass loss rate and due to that its luminosity 1S

. ; tical stellar spectrum.
obviously too small, as evidenced by the presence of mos%E/) P

purely photospheric lines, hardlffacted by the unincisive thin In the case of the central star of He 2-131 the terminal
3 H =1 _
wind. The theory of radiation-driven windgfers a solution: velocity of 500kms " (and Te = 33000 K) would appear to

this CSPN must have a much larger luminosity, becduis suggest, according to the classical post-AGB mass—luminosity

the major factor determining the mass loss rate. We have glation (cf. Figure2 upper panel), a stellar mass of about
: e : e .6 M. However, the wind features observed in the UV spec-
culated a series of models with increasing luminosity — an

. . . .trum forced us to increase the stelRrand thusL, which in
therefore increasing mass loss rate — (at the same time adjyugﬁ increased/ until a good fit was obtained. From the corre-

o S
to verify if one of thesg modgls CO.UId reproduce the NUMEToYs, 39 Mo, a value very close to the Chandrasekhar mass limit
strongly wind-contaminated iron lines observed especially bfe'r white dwarfs! Thus, in this case the resulting mass is even

ing the mass to keep the terminal velocity at its observed value bnding large radius =R, — andv.. we derive a stellar mass
0

tween 1500 and'17OOA. Indeed, a more Iummous'mOQeI, atr)z%re extreme than the value oPW,, obtained by Kudritzki

to sustain the high mass loss rate of model 1B in Figire etal. (1997

produces a convincing fit — see FiguBebottom left. The pa- ' '

rameters of this model are given in Tallle
The situation is reversed with NGC 2392. The syntheti¢. Consistent UV analysis of 7 additional CSPNs

spectrum of model 2A in Figur2 is incompatible with the ob- - . : . .
. . . In a similar fashion as for the two objects described in de-

served UV spectrum (Figurg, right top and middle, respec-,_., - . . :

: : ) . : téul in the previous section, we have computed hydrodynamical
tively), since it produces many strongly wind-contaminate
lines, which are not observed; the star produces almost exclé4- we do not want to hide the fact that this central star has an anoma-
sively photospheric lines! Again the problem can be attributéglisly high Hen Zanstra temperature of about 70000 K and an even
to the luminosity, which is too high in this case. Decreasing ttégher energy-balance temperatureéddez et al1992), but we have
carefully verified that both the visual and especially the UV stellar

3 Note that here and in the following, the observed spectra are cdeatures are decidedly incompatible with such high temperatures. This
taminated by interstellar Lymam-absorption. We have not attemptedliscrepancy is at present unresolved. Apparently an additional source
to include this in our models, since thexted region has no bearingof He-ionizing photons is needed in this case. For the moment we ig-
on our conclusions. Neither are other interstellar lines included in there this, and perform the analysis using the information abgut
modelling procedure. derived from the stellar spectrum.
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He2-131 model Mdot = 0.003 ) NGC 2392 model Mdot = 0.4
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Fig. 3. (Left) Top: Synthetic spectrum of model 1A for He 2-131 (see text). This is incompatible with the observed IUE
trum (middle). A model with a significantly enhanced luminosity which gives a higher mass loss rate, reproduces the
tive features in the UV spectrum much better (bottom, overplotted with the observed spectrum to better show the sin
(Right) Top: Synthetic spectrum of model 2A for NGC 2392. Again, this is incompatible with the observed IUE spectrum
dle). In this case, however, the luminosity) (@nd thus the mass loss rate is much too high, whereas a model with a |
luminosity reproduces the observed spectrum (bottom).
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models that reproduce the observed UV spectra of the 7 othexrs the case in Kudritzki et al1997). None of these facts is
CSPNs of our sample. The spectra are plotted in Figuthe surprising, because our derived parameters are now based on
resulting parameters are listed in Talile the wind theory; of course the theory, consistently applied, will

We would like to remark on two points in this context. Th@ot produce any departure from its own predictions! However,
first is that the observed spectrum of IC 4637 (not shown)tise really significant fact is that we could produce a very con-
very noisy. Our parameters given for this particular star avéncing fit simultaneously to a multitude of diagnostic features
therefore not of the same quality as those of the other objedtsthe CSPN UV spectra. There was no guarantee a priori that
and should thus be seen more as a hydrodynamic consistesuaogh a good overall fit was possible, and this is the main reason
check to the values derived by Kudritzki et @907, than as why we think that it is not easy to simply argue “the wind mod-
resulting from a detailed spectral fit. els must be wrong”. Instead, it is very likely that the theory and

The second is that the UV spectra of IC 418 and He 2-1@8 models as an approach to it are correct in case the exper-
are very similar, and we therefore derive similar parameters farent in the form of a comparison of observed and synthetic
these two stars, as the same model obviously fits both spetikaspectra was successful.

equally well. More importantly, the results obtained for NGC 2392 and

Concerning the elemental composition, we have adoptR&C 3242 rule out the possibility that our method simply sys-
the Helium abundances from Kudritzki et al997. For the tematically overestimates the stellar masses: for these two stars
other elements, we have assumed a solar abundance pat{@&igerive masses that lie below those deduced by Kudritzki et
justified by the good fit to the observed UV spectra. A ming{|. (1997). In the extreme case of NGC 2392, any systematic
discrepancy is seen in NGC 2392, which the optical spectrigerestimate of the mass would require this star to have a mass
would indicate to be N-rich and C-deficient, a result also r@yen below 61 M, If there is any physicalféect at work whose
flected in the UV spectrum (for example, both the observed Cneglect results in a systematic error in the analysis, it would
and G lines are weaker than those of the model). Howeve{eed to be such that it can lead to an over- as well as underes-
the influence of this on the hydrodynamics is small, since C agighate of the masses, despite reproducing nearly perfectly the
N are not major contributors to the line force (Pauldra®B7  opserved UV spectra. Our current knowledge of stellar winds
and the sum of C, N, and O would remain constant if theges not provide us with any mechanism able to do this.

abundances were the result of the CNO-process. If we drop theassumptiormade by Kudritzki et al. that the
stars obey the theoretical post-AGB mass—luminosity relation,

8. Interpretation of CSPN winds and instead scale their mass loss rates to ourradieeping

. , the real observational quantity, fixed — then their wind mo-

Tablel shows the result of applying the method and UV an nenta match ours to within about a factor of two. Furthermore,

ysis t.o the nine CSPNS of our sam_ple. their sample with the radii thus scaled now also shows a much
First of all, these results are, in a broad sense, encour@

ina. We h t found biect with decidedly | i 8hter correlation of the wind momentum to luminosity than
ing. Ve have not found any object with decidedly Impossi &e%ore (see Figur®). This indicates thatwo independent

masses and luminosities (for example, we could have deriy ceduresto obtain the mass loss rates (one based on optical,

happen).t I—C|iovytev1?['r , & closer look shows that we are in a Viftbuted exclusively to the observational data used by Kudritzki
unhexpected sriuation. et al. (1997 to estimate the mass loss rates.

Figure5 shows the relation between stellar mass and lumi- ) _
nosity obtained from our model atmosphere analyses, in com- If we believe both, the current evolutionary theory and the

parison with the mass—luminosity relation of the evolutionafyminosities and masses we have determined from the atmo-
tracks, represented by the values from Kudritzki et 2090). spherlc. models, then most .Of our CSPNs have not followed
From the viewpoint of current stellar evolutionary calculatior ssical post-AGB evolution. We find many stars near the
this plot is somewhat unsettliing: there is a very large spreadifiandrasekhar limit for white dwarfs. They do not obey the

masses, between 0.4 and M4, and the derived masses an&ore—mass—luminosity relation (being underluminous for their
Iuminosities do not agree witr{ the classical post-AGB masgﬂ_ass) and this indicates that their internal structure must be dif-

luminosity relation. Most CSPNs are underluminous for theffrént- The special case of NGC 2392 is also remarkable: with
mass (or too massive for their luminosities). such a small mass it cannot be a post-AGB star, and we would

In Figure6 we show again the wind-momentum—luminos2® forced to consider alternative evolutionary histories, involv-

ity relation for both massive hot stars and CSPNs, but this til probably a binary system merged_im_mediately after the first
based on the parameters derived in our analysis. Our new Jiit t© the red giant branch. A few s‘lmllar cases of low-mass
rameters give wind momenta of the right order of magnitude>” NS have been noted in the past: EGB 5 and PHL 932, see

and within the expected luminosity range (there may be still tdpendez et al. 19883 19880. What makes NGC 2392 a more
many CSPNss at lo/L, > 4, but not so many as in Kudritzki troublesome case is the additional fact that kinematically it is a

et al. 1997). The CSPNs are found along the extrapolation gpther young PN, while numerical simulations of binary merg-

the wind-momentum—luminosity relation defined by the mas-
sive hot stars, and the CSPNs show a smaller dispersion, i.€.,Additionally allowing for their diferent éfective temperatures by
a tighter correlation of wind-momentum with luminosity, thamequiring that the observed visual flux R2T.) stay constant.
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Table 1. Parameters of nine CSPNs derived from our analysis of the UV spectra using our model atmospheres, compared to th
values found by Kudritzki et alL997.

Object Test R og L M  logg 6M Voo
K (R Lo (Mo) (cgs) (10°Mg/yr) (kmys)
our models

NGC 2392 40000 1.5 3.7 0.41 3.70 0.018 420
NGC 3242 75000 0.3 3.5 053 5.5 0.004 2400

( 1C 4637 55000 0.8 3.7 0.87 457 0.019 1500 )
IC 4593 40000 2.2 4.0 111 3.80 0.062 850
He 2-108 39000 2.7 4.2 133 3.70 0.072 800

IC 418 39000 2.7 4.2 133 3.70 0.072 800
Tc1l 35000 3.0 4.1 137 3.62 0.021 900
He 2-131 33000 5.5 4.5 139 3.10 0.35 450

NGC 6826 44000 2.2 4.2 1.40 3.90 0.18 1200
Kudritzki et al. 1997

NGC 2392 45000 2.5 4.4 0.91 3.6 <0.03 400

NGC 3242 75000 0.6 4.0 0.66 4.7 <0.02 2300

IC 4637 55000 1.3 4.1 0.78 4.1 <0.02 1500

IC 4593 40000 2.2 4.0 0.70 3.6 0.1 900
He 2-108 35000 3.2 4.1 0.75 3.3 0.24 700
IC 418 37000 35 4.3 0.89 3.3 0.26 700
Tc1l 33000 5.1 4.4 0.95 3.0 <01 900

He 2-131 30000 5.5 4.3 0.88 2.9 0.9 500
NGC 6826 50000 2.0 4.4 0.92 3.8 0.26 1200

luminosity vs. mass — CSPNs our models, while adequate for massive O supergiants, are

4.8 a failure for stars of similar surface temperature and gravity
46 | in another evolutionary status, and produce good fits to the
44t - = He 2-131 | CSPN UV spectra only by a surprising and misleading coin-
‘ w® . cidence. Considering the successes of radiatively-driven wind
421 o it 1 theory, however, we regard this conclusion as highly improb-
% 4t o - . able. We must therefore contemplate the possibility that our
2 a8l o! i current knowledge of stellar evolution might be incomplete.
2 3.
= NGC 2392 = -
3.6 8 4
34 - i 9. Spectroscopic distances and white dwarf
32 | o optical analysis (K97) ] masses
- improved wind models — m-L grid
3 : " Iproved wind models — UV analysis Facing this surprising situation, we ask if there is any way of
0 05 " (Nfsun) Lo > further verifying the CSPN masses and luminosities we deter-

mined. One possible way is to calculate the spectroscopic dis-
Fig.5. Luminosity vs. mass for the evolutionary tracks (opefances and verify if they agree with the rest of the available ev-
squares) compared to the observed quantities determined ifhce. Another way, since we expect CSPNs to become white
our method (filled squares). Although the luminosities deducggarfs, is to look into what is currently known about the white
from the UV spectra lie in the expected range, a much larg@farf mass distribution and into the recent results on astero-
spread in the masses (fromi@o 14 M) is obtained. The re- seismology of pre-white dwarfs.
lation between CSPN mass and luminosity deviates severely Haying all the basic stellar parameters it is easy to calculate
from that taken from the theory of post-AGB evolution. Ofne spectroscopic distances, following, for example, the method
course the latter is followed by the open squares and dots, Bgscribed in Mndez et al. 1992, which uses the stellar mass,
cause in that case it had been assumed from the start. logg, monochromatic model atmosphere flux at visual wave-
length, and dereddened apparent visual magnitude.

Table2 shows these quantities and the resulting distances.
ing lead to expect no visible nebulae around them, or at masiey are not too dierent from the earlier spectroscopic dis-
very old ones, like EGB 5 and PHL 932. tances by Mndez et al.{988h 1992, except for the ect of

If we reject such drastic departures from the classical postte diferent stellar masses we are using now. NGC 2392 gets
AGB evolutionary picture, still assuming the evolutionary cah smaller distance and He 2-131 a larger one because the new
culations to be correct, then we would need to conclude thmatss is smaller and larger, respectively, than before.
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Table 2. Computed spectroscopic distances of our sample stars and the quantities used to derive them. (See text.)

Object Mass logg Fa \% c distance -logF(HB) Mg
(Mo) ~ (cgs) (kpc)
NGC 2392 041 3.70 7.48 10.53 0.16 1.67 10.29 0.5
NGC 3242 053 5.15 14,69 1210 0.09 1.10 9.80 0.3
IC 4637 0.87 457 10.64 1247 1.10 1.01 11.24 1.6
IC 4593 1.12 3.80 769 11.27 0.12 3.63 1055 -0.5
He 2-108 133 3.70 749 1282 0.40 6.76 1141 -04
IC 418 1.33 3.70 7.49 10.00 0.32 2.00 9.62 -2.0
Tc1l 1.37 3.62 6.38 11.38 0.36 3.73 10.66 -0.8
He 2-131 1.39 3.10 6.26 10.50 0.14 5.62 10.16 -24
NGC 6826 140 3.90 8.61 10.69 0.04 3.18 997 -14
wind-momentum-luminosity relation NGC 7293, S 216. Their distances compare very well with the

31 spectroscopic distances of NapiwotzkD@9.

30 i /,;;’1 The Hipparcos parallaxes again do not overlap with our
T 5l ) /;925'8' | sample, but again it is possible to compare with other spec-
& PP troscopic parallaxes. Here there is some disagreement, espe-
sl . el 5 i cially in the case of PHL 932 and (marginally) A 36. The
g .o ’ parallax for NGC 1360 is too uncertain, but Pottasch and
e o 1 Acker (1998 show convincingly that the Hipparcos distances
% .l | of PHL 932 and A 36 require higher surface gravities than
° + "o indicated by the spectroscopic analydisve assume a cen-

25 | 1 tral star mass 00.6 My. One way to reduce the discrepancy

N | | . f;ggfg;ggaw'iv:;srggggﬁagg analysis is to reduce the mass of the central star; so in fact we could

3 35 4 45 5 5.5 6 es  argue that Hipparcos has confirmed the conclusion that the
log L/Lsun central star of PHL 932 must have a very low mass, below

Fig. 6. The wind-momentum—luminosity relation for CSPNQ'3 MG" a”‘?' cannot be a post-AGB star giidez et _"3“19883' ,
(lower left) based on our values determined from the UY/aPiwotzki (1999 has repeated the spectroscopic analysis of

spectra (filled squares). The open squares are the values - 932, u'sing dferent models gnd spectrqgrams, gnd obtains
Kudritzki et al. (1997 scaled to our determined radii, thuftMospheric parameters marginally consistent with those of
eliminating the need of an a-priori assumption for the radii, %gendez etal.19883. His surface gravity is somewhat higher,

was done by Kudritzki et al. (see text). Compared to Figure ut not as high as required by the Hipparcos parallax, unless

the result is striking: now there is good agreement between we reduce the central star mass to the rather implausible value
optical and UV mass loss rate determinations. of 0.1 M. Therefore in the case of PHL 932 some degree of

contradiction remains. Would somebody please remeasure this
parallax? Nowadays it can probably be done from the ground

_ _ with adequate CCD techniques.
Now we want to discuss systematically how these spectro-
scopic distances compare with individual PN distances derived
from_ other methods. We disregard all the statistical dlstgnc&%_ Distances derived from visual companions to the
published by many authors because they are too uncertain for a
. . o . . CSPNs
case-by-case discussion. We consider in turn trigonometric par-
allaxes, distances derived from visual companions to the cen-

tral stars, cluster distances, extinction distances, and expanégain no overlap; but Ciardullo et al1999 assign a distance
distances. of 2.4 kpc to NGC 1535, in good agreement with the spectro-

scopic distance of 2.0 kpc in &hdez et al.{992).

9.1. Trigonometric parallaxes

There is no overlap with the sample we are analyzing hef3. Cluster distances

However, it is possible to compare trigonometric versus other

spectroscopic parallaxes. Some ground-based trigopnomeftgain no overlap. The only object we can mention here is the
parallaxes are listed by Harris et all997. We consider central star of the PN in the globular cluster M 15, where the
only those objects with reliable parallaxes larger than 2 millspectroscopic distance is in excellent agreement with the clus-
arc-seconds, i.e., with distances below 500 pc: NGC 6858y distance, see McCarthy et a907).



Pauldrach et al.: Radiation-driven winds of PN central stars 11

9.4. Extinction distances Therefore we may still have a severe problem with the classi-

H finall find bi , ith cal interpretation of severather CSPNs as post-AGB stars;
ere finally we find some objects in common with our Sag%imilar to what we found for NGC 2392

ple. Martin (1994 concludes that the extinction distance

: In this situation we need more and better independent dis-
He 2-131 (abput_?OO.pc), although substqnthlly smaller, d Nce determinations, good enough to convince everybody. For
not necessarily invalidate our distance, in view of the hi

Galactic latitude of this PN. Th int q e moment, we find no compelling reason to reject the spec-
>alactic fatitude of this FIN. 1he same point was made e"{’lr(')scopic distances, although we understand that some of them
lier by Maciel (1989: given its high latitude, this object at a

are taken with skepticism. But we would expect the spectro-

distance of 700 pc would be some 180 pc below the Galacé'gopic distances, if based on an inadequate physical theory, to

plane, .Wh'Ch IS r_10t very dierent from the halﬂhlcknegs Of the ail all together in a very systematic way; not just a few of them
Galactic absorbing layer. As a consequence, the extinction

. . ong and all the others OK. And so we still expect that the few
tance should be taken as a lower limit to the true distance. T g P

. - ; flicting cases may be resolved in favor of the spectroscopic
same can be argued about Tc 1, with an extinction dlstarbqgtances when more evidence is added.
of 600 pc, although Martin considers this case more of a con-
tradiction with the spectroscopic distance. For another of our
objects (He 2-108) again there is no conflict. 9.7. The constraints from the PN luminosity function

'Malrtin’s 'best case of a contradiction is IC 2448’_With here is another verification we can undertake, based on the
extinction distance of 840 pc and a spectroscopic d'Stanceb(éhavior of extragalactic PNs. They show a very characteris-
about ?(; k_pc.hUnf(.)rtun;tely IE 244.? IS npt 'g the sarlnple lwt?_c luminosity function (PNLF), with a well-defined limiting
are studying ere, we do not Know it a revise spectralana yﬁ‘r‘T‘ghtness, which has been successfully used for extragalactic
would reduce its spectroscopic distance somewhat. In any C8RErance determinations (see, e.g., Jacoby and Ciartia0a
we think that one isolated discrepant case does not have %%obylgg'/) We can try to \,/erify’ if our spectroscopic dis-
much weight, given the existence of many other cases Sh%"ces produce any overluminous PN; that would be a nice

N9 _agreement, because_ the Isolated_dlscre_pancy can alway§ Biment supporting a smaller spectroscopic distance in that
attributed to accidental fine structure in the interstellar dust dtsése

tribution. Now one complication is that for extragalactic work the
PNLF is built using the normally very bright nebular emission
9.5. Expansion distances [Om] A5007. Very low-excitation PNs do not contribute to the

) ) . ~ bright end of thet5007 PNLF. But it turns out that some of
Again no overlap with our sample, but since we mentionggr central stars belong to low-excitation PNs, implying that
IC 2448 in the previous subsection, we should add that thek flux in 45007 does not provide any useful limit. For that
is a recent expansion distance estimate for this PN by Palep&ison we have decided to do the test using a recombination
al. (2002. Their result is 1.4 kpc, apparently in better agregne. namely k8. The problem is now that we do not have too
ment with the extinction distance. Here we would like to soung,ch observational information about the limitingg fHux in
a word of caution: a point which was made already some tirggher galaxies: the only well-observed case is the LMC. But
ago by Stéfen et al. {997 and again by Sdmberner2001). e can try to supplement the observational LMC limit by a
The outer rim of a PN is defined by a shock front, the tempofighit obtained from numerical simulations of the PNLF: see
displacement of which is not given by a material velocity and jgandez and Stner (1997). Their Figure 6 shows the observed
not easily derivable from the Doppler splitting of the strongegls LMC PNLF, compared with a simulated PNLF. Allowing
PN emission lines. Hydrodynamic modelling indicates that frgs; 5 somewhat larger sample size in our Galaxy (see the ef-
quently the Doppler splitting is smaller than the linear velocitct of increasing the sample size in Figure 10 déMez and
of expansion in the plane of the sky. The assumption that baner), we can estimate that the brightest PNs in our Galaxy
are equal can easily lead to systematically too small expansig{uid have an absoluteshinagnitude of about2.3 (the rela-
distances, perhaps by a factor as large as 2. For that reasoRj¥epetween observedgHlux and H3 apparent magnitude is
think that some more work is needed on the interpretation ﬁéditionally defined asy, = —2.5logFs — 1374).
the angular expansion of PNs. The resulting absolute fHHmagnitudes we derive using our
spectroscopic distances are listed in Tabl&here is only one
case at the limit: He 2-131, withlz = —2.4. All the other dis-
tances produce weaker absolutg idagnitudes. Again we find
The amount of information is too small to extract any solilo strong reason to reject our spectroscopic distances, although
conclusion. The independent evidence would seem to provide 2-131 is admittedly at the very limit of acceptability.
support to several spectroscopic distances, but there are a few
discrepant cases that need to be resolved.

Since we are primarily interested in testing the validity
the theory of post-AGB evolution, a few more comments aRrobably the most severe conflict we have is the large num-
relevant. An interesting consequence of the extinction distantes of very massive CSPNs, in view of the known mass dis-
is that they produce several central stars with extremely low lwibution of white dwarfs, with a well-defined maximum at
minosities, which cannot be post-AGB stars (see Mdr8ifi4. about 0.6M,. Although this could be used to argue against

9.6. Summary on distances

0%0. Masses of white dwarfs and pre-white dwarfs
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the credibility of our analysis, we would like to point to theof post-AGB stellar evolution on the other (in particular the
existence of some recent results involving very massive pfaet that from the former we derive masses both larger and
white dwarfs and white dwarfs. Most interesting is a report lgmaller than those predicted by the latter); however, we point
Kawaler 001 who finds a wide range of pulsation period®ut a number of other independent observational investigations
among H-deficient CSPNs, which he tentatively interprets ésee sectior®) that have also found a similarly large spread
due to a correspondingly large range of masses, from 0.52(t@ to 1.2M,) in the CSPMwhite-dwarf masses which cannot
1.2 M. This looks surprisingly similar to our result, based onlae explained by the classical post-AGB evolutionary theory.
completely diferent observational technique applied to a conNevertheless, if we believe both, the current evolutionary the-
pletely diterent sample of central stars (our stars have H-ricity and the luminosities and masses we have determined from
atmospheres). the atmospheric models, then most of the CSPNs of our sample
Another study worth mentioning is by Napiwotzki ethave not followed a classical post-AGB evolution.
al. (1999. They have determined masses for a sample of 46
hot DA white dwarfs selected from the Extreme UV ExploreficknowledgementsThis work was supported by the Sonderfor-
(EUVE) and ROSAT Wide Field Camera bright source listschungsbereich 375 of the Deutsche Forschungsgemeinschaft and by
They find a peak mass of 0.99,, in agreement with many the DLR under grant 50 OR 9909 2.
other studies, but find a non-negligible fraction of white dwarfs
with masses in excess of\M. References
Yet another study by Silvestri et aR@0J), dealing with _
a sample of 41 white dwarfs in wide binary systems, find:scB,A0Cker T, 1995, A&A 299, 755

. S . lardullo R., Bond H. E., Sipior M. S., et al., 1999, AJ 118, 488
bimodal mass distribution with a second mass peak a1 Harris H. C., Dahn C. C., Monet D. G., & Pier J. R., 1997, in proc.

They interpret this second peak, suspiciously close to twice the |z symp. 180, Planetary Nebulae, eds. H. J. Habing & H. J. G.
mass of the first peak, as the result of binary mergers. L. M. Lamers, p. 40

Therefore, our mass distribution, with its probable depepmser S. M., 1995, PhD-Thesis
dence on very strong selectioffexts, is perhaps not as irrecHoffmann T. L. & Pauldrach A. W. A., 2001, in proc. IAU Symp. 209,
oncilable with the rest of the evidence as we could have thought Planetary Nebulae, in press
initially. Jacoby G., 1997, in proc. IAU Symp. 180, Planetary Nebulae, eds. H.
The conflict with the post-AGB evolutionary speeds is not J.Habing &H. J. G. L. M. Lamers, p. 448
too important if we decide to accept a drastic departure from tfeoPy G. & Ciardullo R., 1993, in proc. IAU Symp. 155, Planetary
relation between luminosity and mass. In this case new stellar NePulae, eds. R. Weinberger & A. Acker, p. 503

. . Kawaler S. D., 2001, ASP Conf. Series 226, p. 287
structure and evolutionary calculations would be needed. Kudritzki R-P., Mendez R. H., Puls J.. & McCarthy J. K., 1997, in

proc. IAU Symp. 180, Planetary Nebulae, eds. H. J. Habing & H.

11. Conclusions and perspectives J. G.L. M. Lamers, p. 64
_ ) ) Maciel W., 1985, Rev. Mex. Astr. Astrof. 10, 199
We have applied our new model atmospheres, involving a mugrtin W., 1994, A&A 281, 526
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have shown how the new models can produce an essentiM@ndeZ R. H., Groth H. G., Husfeld D., Kudritzki R.-P., & Herrero
perfect fit to a multitude of spectral features in the UV spectra_ A 19882, A&A 197, L25

of the CSPNSs. The fits lead us to determine a set of stellar ﬁ’éergezlgé;;";;:qt;gi 1Rl"3p" Herrero A., Husfeld D., & Groth H.
rameters including separate determinations of luminosity aK}Idendez R. H. Kudritzki R.-P.. & Herrero A., 1992, AGA 260, 329

mass, allowing fo.r the first timg afull testiof the po'st—AGB ®Qendez R, H, & Shiner T., 1997, AGA 321, 898
lutionary calcula_tlons. Surprisingly, we flr_ld drastlc d_epartur%sapiwotzki R.. 1999, A&A 350, 101
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