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Abstract. In most stellar atmosphere models, a homogeneous chemical
composition is assumed, which is a good approximation for many stars.
With the absence of convection and mass-loss, however, gravitational
settling can produce a chemical stratification gradient. Typical examples
are white dwarfs. In hot stars this diffusion process is modified by the
radiative acceleration, resulting in levitation of ions with large radiative
cross sections. The status of our program for self-consistent stratified
non-LTE model atmospheres is presented.

1. Introduction

Element segregation can be observed in different types of stars, e.g. main se-
quence A stars, subdwarf B stars, or white dwarfs (Michaud 1970, Greenstein
et al. 1967, Michaud et al. 1983, Schatzman 1949, 1953). The mono-elemental
composition in most white dwarfs is a direct indication for such diffusion pro-
cesses. The pure hydrogen atmosphere of DA white dwarfs is interpreted as
a product of gravitational settling of all heavier elements leaving a very puri-
fied atmosphere. In this paper we will concentrate on the white dwarfs because
the effects can be most clearly observed in these stars. The hope is that this
comparable simplicity will also enable a realistic modeling of the processes.

The high surface gravity (log 9 ~ 8) of white dwarfs in combination with
very calm atmospheres during long periods of the white dwarf evolution deter-
mines the chemical composition of these stars. The lightest element, depending
on the evolutionary history either hydrogen or helium, diffuses on top of the
atmosphere and dominates the optical spectrum. However, this simple picture
is altered if competing mechanisms are present. In the case of white dwarfs
hotter than 20000 K the most important process is selective radiative pressure
(radiative levitation). Theoretical calculations for white dwarfs by Vauclair et al.
(1979) and later by Morvan et al. (1986), Vauclair (1987, 1989), and Chayer et
al. (1989, 1991, 1994, 1995a, 1995b) have shown that radiative acceleration can
be strong enough at some effective temperatures and gravities to provide traces
of photospheric elements such as carbon, nitrogen, oxygen, silicon, iron, and
nickel. Unglaub & Bues (1989, 2000, 2001) investigated the influence of a weak
stellar wind on the element stratification of hot white dwarfs (Teff ;(j 65 000 K)
and subdwarf B stars while self-consistent calculations for Ap stars were pre-
sented by Hui-Bon-Hoa et al. (2002).
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These theoretical predictions of abundances for trace elements in white
dwarfs can be confronted by numerous observations in the ultraviolet, extreme-
ultraviolet, and X-ray regions of the electromagnetic spectrum. A flux deficit
caused by the additional opacity in the EUV as compared to pure hydrogen
atmospheres, hinted at already by earlier data (Mewe et al. 1975, Hearn et
al. 1976, Lampton et al. 1976, Margon et al. 1976, Shipman 1976), became
more and more evident as the quality of observations improved with the HEAO
(Einstein), EXOSAT and ROSAT satellites (Kahn et al. 1984, Petre et al. 86,
Jordan et al. 1987, Paerels & Heise 1989, Barstow et al. 1993b, Jordan et al.
1994, Wolff et al. 1996). While one EXOSAT (Vermes et al. 1989) and various
ROSAT observations revealed the opacity to be mainly due to absorbers other
than helium, observations with EUVE made possible a more detailed investi-
gation of the nature of absorbers. Recent analyses of hot white dwarf EUVE
spectra have been presented by Barstow et al. (1997) and Wolff et al. (1998).
Using the latest non-LTE and LTE atmosphere models, both groups derived a
metal mix scaling factor for each object in their respective WD sample. Barstow
et al. (1997) use this single scaling factor per object to adjust metal abundances
predicted for its combination of effective temperature and surface gravity by
Chayer et al. (1995a,b), whereas Wolff et al. (1998) use relative metal abun-
.dances which they have derived for the standard star G 191-B2B as a typical
metal mix and give the appropriate scaling factor that they call metallicity for
each of their sample objects. There are many UV observations starting with
IUE and later continued with HST and FUSE (a complete compilation would
be beyond the scope of this paper, we can therefore name only a few, e.g. Bruh-
weiler & Kondo 1981, Vennes et al. 1992, Sion et al. 1992, Holberg et al. 1994,
Werner & Dreizler 1994, Vidal-Madjar et al. 1994, Lanz et al. 1996, Vennes et
al. 1996, Wolff et al. 1998, Holberg et al. 1999, Chayer et al. 2000, Vennes &
Lanz 2001, Barstow et al. 2001).

This very rich observing material of very high quality was in contrast to the
modeling ability for quite a while. The data were analysed mainly with chemi-
cal homogeneous model atmosphere because no stratified models were available.
These results were later compared to predicted abundances derived from the
equilibrium between radiative levitation and gravitative settling (e.g. Chayer et
al. 1995a,b). The major drawback of these calculations are the assumption of
a fixed flux distribution obtained from homogeneous models for the calculation
of the radiative forces. A re-coupling of the chemical stratification on the at-
mospheric structure was not taken into account. It is therefore not surprising
that these results could only provide a rough outline of the chemical evolution of
white dwarfs. The shortcomings of the models can now be overcome by calculat-
ing the atmospheric structure, the radiation field, and the element distribution
self-consistently (Dreizler 1999). We have successfully applied these models to
a sample of EUVE spectra of white dwarfs (Dreizler & Wolff, 1999, Schuh et al.
2002). In the following we will summarize the numerical method and shortly
describe our results.
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2. Outline of the model calculations
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The modeling of stratified NLTE model atmospheres splits in two major parts:
On the one hand the self-consistent solution of the radiation transport together
with the rate equations provides the radiation field and the the atomic level
populations (see Werner & Dreizler for details and Dreizler 2002 for the newest
developments). On the other hand the chemical stratification is determined from
the equilibrium between radiative levitation and gravitational settling (see also
Dreizler 1999, Hui-Bon-Hoa et al. 2002).

The equilibrium requires the absence of all other competing processes which
is very well fulfilled for at least the majority of white dwarfs under investigation:

Rotation produces meridional currents which would counteract the stratifica-
tion. Rotation velocities are however very low in white dwarfs. Spectro-
scopically only upper limits of about v sin i = 10 km/s (Heber et al. 1997,
Koester et al. 1998) can be derived while asteroseismology provides direct
measurements for rotation periods in the order of days, i.e. v sin i "-J 1 km/s
(Kawaler & Bradley 1994, Bradley & Winget 1994)

Mass loss drops below a critical limit of 10-13 M8/yr (Unglaub & Bues 1998)
for white dwarfs with effective temperatures below about 65000 K and is
therefore unimportant at least for most DA white dwarfs.

Convection is negligible for all hot white dwarfs in the range where radiative
acceleration is still sufficient enough to support heavy elements.

The short diffusion time scale in combination with the absence of convection
and mass loss allows the determination of abundances at each depth point from
the balance of gravitational, radiative and electrical forces. For a trace element
(i) in a plasma mainly composed of element (1) this can be written as:

i.e. the fources m1F1, truF; are balanced and there is no net velocity of element
i with respect to element 1. Ai are the atomic weights, Z; the ionic electrical
charges, e is the charge of an electron, m p is the proton mass, and grad,i is the
radiative acceleration acting on element (i). Neglecting the radiative forces on
element (1) assumes that the main constituent of the plasma is homogeneously
distributed over the atmosphere (however, still hydrostatically stratified). The
radiative acceleration is given by

1 47r 100

grad i = -- KviHvdv
, Pi CO'

(2)

where Pi is the mass fraction of the element (i), Kv,i is the frequency dependent
mass absorption coefficient which includes all contributions of this element at
the frequency v, and H; is the Eddington flux. The electric field E can be
obtained from charge conservation:

(3)
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Figure 1. Chemical gradient of iron in models for DA white dwarfs
along the cooling track of 0.6 M8. The models are labeled according to
their effective temperature in Kelvin and the logarithm of the surface
gravity in cgs units. The atmospheric depth is given in column mass.

where Pj and Pe denote the partial pressure of the elements (j) and of the
electrons, respectively. Differentiating Eq. (3) with respect to r and inserting
the partial pressures Pi as given by

1 dPi Aimpg ZieE
--=--+--
Pi dr kT kT

results after some approximations in

With this expression Eq. (1) reads

(4)

With
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Figure 2. The EUVE spectrum of MCT 2331-4731 (solid) compared
with a stratified NLTE model atmosphere (dashed) of Teff == 56000K,
logg == 7.6.

Eq. (4) yields:

grad,i == geff,i

37

(5)

which is exactly what Chayer et al. (1995a) derived. Eq. (5) defines the mass
fraction of element (i) at each depth point through the dependence of the radia-
tive acceleration on Pi (Eq.2).

In Fig. 1 the development of the chemical gradient of iron in DAs along a
cooling track for a 0.6 M8 white dwarf is demonstrating the interplay between
gravitational settling and radiative levitation. The decrease of the effective tem-
perature reduces the radiative acceleration and iron is more and more depleted
as the star cools down. It should be noted that the equilibrium formulation re-
quires two input parameters only: The effective temperature and surface gravity.
The chemical composition is then determined by the equilibrium.

In contrast to the necessity in homogeneous model atmospheres, the opacity
has to be determined accounting for Stark broadening of every line. Additionally,
the model atoms have to be very detailed in order to provide a realistic amount
of radiative acceleration. In the current stage, we ignore possible effects from
redistribution of the transferred momentum over the ionization stages. We also
assume that a bound-free transition transfers the momentum completely to the
ion ignoring a momentum transfer to the electron.
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Figure 3. The EUVE spectrum of PG 1123+189 (solid) compared
with a stratified NLTE model atmosphere (dashed) of Teff = 54000 K,
logg = 7.9.

Since the equilibrium condition (5) is coupled via the opacity and the Ed-
dington flux to the structure of the model atmosphere, it must be solved self-
consistently with our usual set of equations necessary for the construction of
non-LTE model atmospheres. We perform this in the most simple way by an
iterative scheme. Starting with a homogeneous atmosphere we take its radiation
field, density and temperature stratification as well as the occupation numbers
of all atomic energy levels and calculate the radiative acceleration of all elements
at all depth points. We then solve Eq. (5) to obtain a chemical stratification for
all trace elements. Keeping this fixed, we re-determine the structure and the ra-
diation field for the next iteration step. Alternatively the equilibrium condition
could be included as an additional constraint equation in the construction of the
model atmosphere which in principle would result in a faster convergence. How-
ever, starting from the chemically homogeneous models would then be nearly
impossible, due to large initial changes in the abundances and therefore in the
atmospheric structure.
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Figure 4. The EUVE spectrum of HZ 43 A (solid) compared with a
stratified NLTE model atmosphere (dashed) ofTeff == 50000K, logg ==
8.3.

3. Results

In the recent years, we have presented our new chemically stratified model at-
mospheres as described above. We applied these model to hydrogen rich (DA)
and hydrogen poor (DO) white dwarfs.

The application to 26 EUVE spectra of hot DA white dwarfs has revealed an
overall good agreement (Dreizler & Wolff 1999, Schuh et al. 2002), demonstrat-
ing the potential of these new models. Three representative examples are shown
in Figs. 2 - 4. The agreements is good, however, some discrepancies are visible
for the two cooler DAs. Whether these slight discrepancies can be traced back
to the detailing of the models is currently investigated, but we want to stress
the point again that the chemical composition is no longer a free parameter in
these fits. Our results (Schuh et al. 2002) show that the abundance especially of
iron is the dominating parameter for the EUV flux distribution. Fig. 5 displays
sections of the HST-STIS UV spectrum of RE 1032+535 covering C, N, and Si
lines compared with a stratified NLTE model atmosphere. The agreement is
very nice, again without adjusting the abundances.

In upcoming papers, we will check the derived parameters through a re-
analysis of the Balmer lines and of the metal lines observable in UV spectra.
The analysis of optical spectra with our new stratified models should allow to
check for systematic errors as compared to previous analyses with chemically
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Figure 5. The HST-STIS UV spectrum of RE 1032+535 (solid) com-
pared with a stratified NLTE model atmosphere (dashed) of Teff =
47000K, logg = 7.8. From top to bottom: CIII, NV, SiIV, CIV
lines.

https://doi.org/10.1017/S0074180900133224 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900133224


Stratified NLTE Model Atmospheres for Hot Stars 41

homogeneous models. This will also be an important test for the consistency of
atmospheric parameters derived from different parts of the spectrum, which has
often posed a problem in the past.

The current models are only a first step, in the future we will be able to
present an improved set of stratified model atmospheres. A "next generation"
version of our stellar atmosphere code itself as well as a more efficient coupling
between the computation of the model structure and the chemical stratification
will allow us to include much more detailed model atoms and at the same time
many more chemical elements. This is crucial for the accuracy of the calcula-
tion of the radiative acceleration. By evaluating the scale of the deviation in
comparison to the current results it should then become clear how trustworthy
the latter are.

The comparison for the DO white dwarfs is far less convincing (Dreizler
1999). The synthetic spectra of the stratified atmospheres were compared to
UV (HST-GHRS) spectra of hot helium rich white dwarfs. These spectra were
analyzed with chemically homogeneous as well as with stratified non-LTE model
atmospheres. In the simple picture, where the chemical abundance of hot white
dwarfs is determined through the interaction between gravitational settling and
radiative levitation, the stratified models should result in a better fit. How-
ever, the stratified models reveal significant discrepancies whereas homogeneous
models can nicely reproduce the observations. There are numerous possibilities
to explain the failure of the stratified models in the current stage. The two
most urgent ones, the treatment of the model atoms of the light metals and the
inclusion of mass loss will be tackled in the future.
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calculated on CRAY machines of the Rechenzentrum der Universitat Kiel. This
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4. Discussion

WADE: We have recently begun calculating self-consistent chemically strati-
fied model atmospheres for main sequence A+B - type stars. We find that
the assumptions of unlimited abundance source and the equilibrium condition
log geff == 0 yield abundances which are systematically too large. Do you find
similar problems?
DREIZLER: Yes, predicted abundances can be too high, especially in hot white
dwarfs (Teff 2: 70000K) where Fe comes out a factor of 10 too high. On the
other hand it is not systematical in the sense that all abundances are predicted
too high.
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