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LUMINOSITY INDICATORS FOR HOT STARS
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ABSTRACT By the example of a typical O4f star like
C-Puppis, the applicability of Hy and Hell 4686 for the deter-
mination of mass-loss rates is demonstrated. The comparison
of our ‘“unified model atmosphere” calculations to earlier
work shows that the approximations concerning the atmos-
phere and the radiation transport made there can lead to
large errors, especially in the case of high or low mass-loss
rates. Therefore, we propose to use the results of our calcu-
lations directly for the mass-loss determination from observed
equivalent widths of Hy and Hell 4686 - furthermore, because
the Hell 6560 Blend is taken correctly into account in our
profile calculation of Hgy, which has an effect of 0.2 dex in
the resulting mass-loss rate for {-Puppis. The second applica-
tion of these two lines is to use them as luminosity indica-
tors for Central Stars of Planetary Nebulae (CSPN). Our
theoretical calculated profiles show the same behaviour as the
observed ones: they switch over from absorption to emission
as the stars approach the Eddington limit. Thus the wind
lines together with the photospheric lines give us a purely
spectroscopic method for the determination of LM,R, T ¢ and
distances at hand.

INTRODUCTION

The determination of accurate mass-loss rates is one of challen-
ging problems in hot star spectroscopy. Originally, after the advent
of the .UV-sensitive rocket and satellite telescopes, the P-Cygni
type profiles of UV resonance lines were used to determine the
terminal wind velocity v, and the mass-loss rate M. However, it
soon became clear that the rates determined in this way depend
crucially on the way how the ionisation in the wind is calculated.
Therefore, the alternative and more accurate method to use radio
observations of the thermal emission from hot stars became more
important. However, because of the sensitivity of present day radio
telescopes, this method is limited to the brightest objects only. On
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the other hand, winds of hot stars produce also line emission in
H, and Hell 4686, which in principle can also be used to determine
mass-loss rates. The great advantage of such a method is the ap-
plicability even for very faint objects in distant galaxies and its in-
dependence from the knowledge of the metallicity of the observed
stars.

Another interesting application is the case of the Central
Stars of PN (CSPN). These objects show also winds depending in
strength on stellar mass and luminosity. We will demonstrate that
this provides us with a new method to determine directly stellar
luminosities.

Hy, AND Hell 4686 AS MASS-LOSS INDICATORS

FORMER WORK

Several steps in this direction were already done earlier by Klein
and Castor (1978), Olson and Ebbets (1981), Cassinelli et. al. (1978)
and recently by Leitherer(1988). H, wind emission was calculated
by means of NLTE/Sobolev methods what showed undoubtedly that
the winds around hot stars provide enough emission measure to
explain qualitatively the observed Hy emission profiles. Quantitati-
vely, however, these calculations are insufficient because of two
reasons:

- First, they divide the atmosphere artificially and ad hoc in
two separate regions: a hydrostatic, photospheric part and the
supersonic wind region. The borderline between these two
regions is defined by the free parameters radius rg and either
velocity vg or density pg. Unfortunately, as test calculations
not only for Hy and Hell 4686 but also for the near and far
IR make evident, the calculations depend crucially on these
parameters.

- Second, the radiative interaction between these two regions
is treated in a very simplified way: Only the wind emission
additionally to a photospheric continuum is calculated. Howe-
ver, part of the H, profile, e.g. the Stark-broadened wings, is
formed in the photosphere and H, is a complicated mixture
of photospheric and wind photons. Sometimes, this is appro-
ximated by the very simple procedure of only adding the flux
line-profiles of hydrostatic, plane-parallel models and wind
emission to give the final emergent profile.

It is clear that this is a very limited procedure - but we have to

check if it's accuracy is still sufficient compared to the inaccura-
cies involved in UV-work.
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UNIFITED MODEL ATMOSPHERES

We use our ‘“unified model atmosphere code” to calculate correct
theoretical Hy profiles, which avoids the artificial division between
photosphere and wind (for all details see the contribution by R.
Gabler et.al., this meeting, or R.Gabler et.al., 1989).

In the final formal integral to calculate the emergent Hy and
He II 4686 profiles Stark-broadening is taken into account in additi-
on to the effects of the velocity field. Vidal-Cooper-Smith theory
is applicated for Hy whereas for Hell 4686 the broadening tables
from Schoning and Butler (1989) are used. As we have found, the
inclusion of Stark-broadening is crucial for quantitative fits.

Normally, T.ee, log g and the stellar radius R are the only
free parameters in our models, because they also define the radia-
tive line force and its parameters k, a, 8§ and yield finally v(r) and
M. In this case, however, we give up the full selfconsistency and
use k and a as free parameters to produce a sequence of models
with different M but constant v, (§ has been set equal to zero for
simplicity). Table I summarizes the values choosen for our example
- a typical O4f star with T.ee = 45 000 K, log g = 3.6, R/Rep = 18.

TABLE 1

model k o vco(km-s-i) MU0 ®Mg-yr')  log M

1 .0001 .70 2376 .0006 - 9.22
2 .001 .69 2340 .0136 - 7.87
3 .01 .68 2287 3358 - 6.47
4 .02 .68 2311 9240 - 6.03
S .05 .68 2338 3.523 - 5.45
6 .07 .68 2353 5.760 - 5.24
7 A .68 2363 9.690 - 5.01
8 2 675 2329 26.11 - 4.58
9 3 675 2352 47.39 - 4.32
10 S 675 2368 100.4 - 4.00

The resulting density structure for some of these models is given
in Figure 1. As enhancing the mass-loss rate, the sonic point
moves further into the atmosphere.

The corresponding sequence of Hgy- profiles is shown in Figu-
re 2. The sensitivity of Hy, with respect to the mass-loss rate is
obvious. The profile turns over from a pure absorption profile to a
broad emission feature when the mass-loss rate is enhanced.
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Fig. 1 log o(r) versus log tposs for some of the models from
Table I. Log M is indicated at each curve.

To compare with the approximate procedure (for details see Lei-
therer, 1988) we proceed as follows:
We define the emission equivalent width of Hgy:
T/ H
Wi(Hy = [(—22 -1 ) dan) (2)

- cont

Leitherer (1988) shows, that in the approximate procedure the ob-
served equivalent width of Hy is related to the mass-loss rate and
stellar parameters by:

log [ ( Wy(Hgy) + W{hOt(Ha) ) - Ly(Hg) ] =

2 log M - 2 log v, - log R/Re + C(Tgge) + 25125 + 1 (3)

Ly (Hy) is the continuous spectral luminosity close to Hy, W; (Hg)
the absorption equivalent width of the corresponding hydrostatic,
photospheric NLTE-model. Taking the parameters of our example,
equation (3) reduces to:

log M = 0.5 - ( log ( W (Hy) + W{)hOt(Ha) ) - 11.271 ) (4)

This approximate relation is shown in Figure 3 in comparison to
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Fig. 2 The sequence of theoretical calculated Ha profiles (so-
lid curve) in comparison to the profile from a plane-parallel,

hydrostatic model (dotted).
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the results of our unified models.
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Fig. 3 log M as function of W)\(Ha)+W)I:h°t(Ha). The ap-
proximate equation (4) (solid curve) is shown in comparison
to the results of our unified models (dotted).

In the relevant domain between -6.0 < log M < -5.0 the approxi-
mate procedure is sufficient within a factor of two. For higher or
smaller mass-loss rates M it fails significantly. The reasons for
this failure are obvious:

For high mass-loss rates M, the assumption of optical thin
Hy (tgo « 1) made in the derivation of equation (3) no longer
holds in this case of a very dense stellar wind.

In the case of low M, Hy is nearly "photospheric” and the
artificial division between wind and photosphere leads to cru-
cial errors.

A great disadvantage of the approximate procedure is the use of
the spurious “photospheric” H, equivalent width, which is physical-
ly unrealistic, not well defined and introduces additional errors,
which may become significant.

We, therefore, propose to use our theoretical calculated equi-
valent width directly for the determination of mass-loss rates. Fi-
gure 4 allows one to read off log M directly as W) (Hy) is observed.
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Fig. 4 Log M against the equivalent width W; (Hy). Calculati-
ons without Hell 6560 blend (solid curve) and new calculati-
ons with blend (dots) are shown.

Another very important fact, which was absolutely ignored in all
the work up to now, is that the observed H, profile is always
influenced by the nearby blend of Hell 6560. In our calculations it
is easy to take this Hell blend correctly into account as additional
opacity/emissivity in the formal integral of the source function.

If we want to determine log M from Figure 4, using the ob-
served equivalent width for {-Puppis which is given as Wy (Hy) =
1.99 (S.Voels, 1989), we get from the old calculations: log M = - 5.0.
This value is about 0.2 to 0.4 dex too high compared with radio
rates. From the calculations with Hell 6560 Blend we get:
log M = - 5.2, which is much closer to the radio rate, but may be
still a bit too high.

The Hell 4686 line allows a similiar procedure as Hy. This li-
ne is also very sensitive to the mass-loss rate M as is demonstra-
ted in Figure S for our example. The theoretical calculated equiva-
lent widths for our example are shown in Figure 6, from which it
is possible to read off log M for an observed value of
W (Hell 4686).
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Fig. 5 The sequence of Hell 4686 profiles from our unified
model calculations (solid curve) in comparison to a profile
from a plane-parallel hydrostatic model calculation (dotted).
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Fig. 6 Log M versus the equivalent width W3 (He Il 4686).

For T-Pup we observe W; (Hell 4686) = 2.12 (S.Voels, 1989), which
yields log M = - 5.4, which is quite in the right domain compared
to radio rates.

As next future steps we want to apply the H, and Hell 4686
mass-loss determination method on the full HRD domain - for
0O.B.A-supergiants and luminous blue variables. Another interesting
point would be to look after the variability of Hy, which reflects
the variability of M.

Hell 4686 AND H, AS LUMINOSITY INDICATORS FOR CSPN

Central stars close to the Eddington limit show stellar winds. The
following (log g.log T.ge)-diagram (Figure 7) is obtained by detai-
led NLTE analysis of photospheric lines done by R.Méndez et. al.
(1988). Evolutionary tracks, labelled by the stellar mass, are also
shown. As demonstrated by A.Pauldrach et. al. (1988), the improved
theory of radiation driven winds is appropriate for CSPN. We now
have calculated a sequence of models for central stars with Tgger =
50 000 K and different stellar masses ranging from 0.55 to 1.0 M.
More detailed information about each model is given in Table II
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Fig. 7 The (log g,
log Tggp)-diagram of
the CSPN analysed
by Méndez et.al.
(1988). Evolutionary
tracks, labelled by
the mass are also
shown.

M/Mo R/Re log g M(Mgyrl)

Volkm-s=1) L/Lg

9

0.55 0.59 4.63 2.86:10”
0.64 1.24 4.06 3.84-10°8
0.75 1.62 3.89 1.08-1077
0.85 1.90 3.81 2.05-1077
1.0 2.24 3.74 1.33-107°

1658 0.09
866 0.35
635 0.52
520 0.62
426 0.74

As increasing the mass, the stars come closer to the Eddington li-
mit (see last coulumn of Table II). The resulting Hell 4686 and H
line profiles are given in Figures 8 and 9. As it is observed, the
Hell 4686 line switches over from absorption to emission when the
stars approach the Eddington limit - the same is true for Hy. The
model with one solar mass is very close to the observed stellar
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parameters of NGC 2392 ( acc. to Mendez, 1988: T.ge = 47 000 K,
log g = 3.6, M/Mp = 09 ) and shows a very strong Hell 4686
emission profile.

To summarize, the improved theory of radiative driven winds
together with the spherical extended model atmosphere code gives
us a “purely spectroscopic method” for the determination of
LM,R,Toer and distances at hand. While we can get T.ge, log g
and the ratio N(He)/N(H) from the analysis of photospheric spec-
tra, the emission/absorption characteristics of the wind lines
He Il 4686 (and H,) in the spectra of CSPN can be used to deter-
mine stellar mass M and radius R.

Hell 4686
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Fig. 8 The observed Hell 4686 line features for hot CSPN
( Toge~S50 000 K) beside the results of our theoretical calcu-
lated profiles. M/Mg is indicated at each profile.
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