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Abstract. We present the results of new diffusion calculationSor a long time the question has been debated if these different
with mass loss for hot white dwarfs withiz > 50000K. Incon- compositions are preferably due to events which occur before
trast to previous calculations, the stellar paramefggs logg  the star evolves into a white dwarf (primordial scenario) or if
and the mass loss are allowed to vary. With stellar paramettire surface compositions are a consequence of processes, which
from evolutionary tracks and two independent estimates of tbecur on the cooling sequence (see the review of Fontaine & We-
mass loss rates the time-dependance of the composition dusagael 1997). Because of the lack of hydrogen-rich pre-white
the cooling is investigated in an outer region of abmut*M,. dwarfs, Fontaine & Wesemael (1987) suggested that most white
With an improved numerical method the elements H, He, C,dNvarfs descend from helium-rich progenitors with some minor
and O can be taken into account simultaneously. amounts of hydrogen mixed in their envelope. During the cool-

IntheT.g - log g -diagram we expect a DAO/DA transitioning hydrogen diffuses upwards. So the star evolves via the DAO
region near an approximately horizontal line characterized biage with a stratified H/He atmosphere into a DA. After the
log g =~ 7. In hydrogen-rich objects with lower surface gravidetection of hydrogen-rich pre-white dwarfs and even “hybrid”
ties helium lines should be detectable, because mass loss wiifects with about similar abundances of hydrogen and helium
M > 10~'2 M, /y prevents or retards the gravitational settlinge.g. Napiwotzki & Scbhnberner 1991, 1995; Rauch et al. 1999)
of helium. PG 1159 stars are predicted to evolve into DO’s whéimere is now clear observational evidence that pre-white dwarfs
the surface gravity reaches a value betwlegry = 7.5 and8.0 may have a variety of H/He ratios. In addition, from an anal-
and the mass loss rate decreases below adlbout M. /y. From  ysis of helium line profiles Napiwotzki & Sémberner (1993)
the results we suggest the existence of an evolutionary link lagd Bergeron et al. (1994) ruled out the existence of stratified
tween PG 1159 stars and most of the DO’s. Calculations witmospheres for most of the DAO’s.
various admixtures of hydrogen in PG 1159 stars show that most From standard theory of stellar evolution, only the existence
DAQ'’s cannot be descendants of hydrogen-poor PG 1159 staffiydrogen-rich white dwarfs is expected. The masses of the
with a number ratidl/He < 0.1, because mass loss is expecteduter hydrogen layer and the helium-rich intershell region on
to retard the floating up of hydrogen. The majority of hot DAO'top of the C/O interior may depend on the total stellar mass.
and DA's must be descendants of hydrogen-rich precursors.For M, = 0.6M, a hydrogen layer mass of abola—*M,

is predicted (Bdcker et al. 1997). As a possible explanation

Key words: stars: abundances — stars: evolution — diffusionfer the existence of H-deficient post-AGB stars the born-again
stars: white dwarfs AGB-star scenario originally developped by Iben et al. (1983)
was proposed. A very late thermal pulse experienced by a white
dwarf during its early cooling phase brings it back onto the AGB
1. Introduction where mass loss may remove the H-rich envelope. After the

_ ) inclusion of hydrodynamically based overshoot into the AGB
The model atmosphere analyses of hot white dwarfs with effggpge| calculations, Herwig et al. (1999) have shown that due

tive temperatures.; > 50000K revealed a variety of surfacety the additional energy release from convective H-burning a
compositions. There are helium-, carbon- and oxygen—nch R@nvective instability reaches up to the surface. This produces
1159 stars (Dreizler & Heber 1998), helium-rich DO's analyzegl . geficient and C-O-rich surface chemistry. The most recent
by Dreizler & Werner (1996) and Dreizler (1999), hydrogenyagyits are summarized in@iker (2000).

rich DAO’s analyzed by Bergeron et al. (1994) and Napiwotzki  There is clear observational evidence that not all properties
(1999) with various abundances of helium and the DA's in whicly the white dwarfs surface chemistry can be explained by this
no helium can been detected, whereas traces of heavy elemgaiario. Additional processes must exist, which operate when
may be present (e.g. Holberg et al. 1999; Koester et al. 1998)s star is already on the cooling sequence and change the sur-
Send offprint requests 1. Unglaub facg compositiqn. The existence.of the DB-gap rgquires that gll
(unglaub@sternwarte.uni-erlangen.de) helium-rich white dwarfs evolve into hydrogen-rich ones until
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they have cooled down t6.¢ ~ 45000K. The lower limit for changed the surface composition significantly. In principle, the
PG 1159 stars is d@f.g ~ 70000K (Dreizler & Heber 1998). initial compositions may vary from star to star. In hydrogen-rich
Therefore C und O must be removed from the surface regiopse-white dwarfs, Mndez (1991) found evidence for a variety
The most extensively investigated effects are gravitational sef-carbon abundances. A detailed NLTE analysis of such objects
tling possibly counteracted by radiative levitation (Chayer &tin progress, first results have been obtained for the case ofiron.
al. 1995a,b and references therein). However, various phend®eetjen et al. 1999). Because of this poor knowledge of the ini-
ena cannot be explained with the assumption of an equilibriuial composition, we assume solar ratios He/H and CNO/H. The
between both effects. For example, the predicted helium abuesults are presented in Sect.5. We especially investigate the
dances in DAQO's are clearly too low (Vennes et al. 1988). lquestion, for which hot hydrogen-rich white dwarfs the pres-
PG 1159 stars carbon and oxygen would sink in time scaksce of helium can be expected and when do DAO's trans-
of 1000y only (Unglaub & Bues 1997). Therefore we investiform into DA's. Close inspection of the element abundances in
gated the influence of mass loss (Unglaub & Bues 1998; Rardrogen-deficient post-AGB stars shows that each object has
per I). The results have been quite promising. For a DAO witts individual He/C/N/O mixture (Werner 2000). In Sect. 6 we
Tex = 80000K, logg = 7.0 and a mass loss rate of the oreonsider a typical case with an initial compositidpiHe = 0.3,
der10~13 to 10~12M, /y, the surface abundance of helium deN/He = 0.01 andO/He = 0.1 (number ratios) and discuss the
creases fronile/H = 0.1 to 10~3 within a time scale o1 0°y. evolutionary link between PG 1159 stars and DO’s. In Sect. 7 for
So in the presence of a weak wind the time scales of gravithe case of PG 1159 with various admixtures of hydrogen, the
tional settling may be of the same order of magnitude as ttransformation of helium-rich into hydrogen-rich white dwarfs
cooling ages. In Unglaub & Bues (1999) we have shown thiatinvestigated. Finally, in Sect. 8 we summarize the most im-
in PG 1159 stars winds with/ > 10~ (in the following we portant results and discuss the existence of chemically stratified
give the mass loss rates M. /y and omit the units) consid- atmospheres and the origin of the DB-gap.
erably retard or prevent the gravitational settling of the heavy
elements. . . . 2. Basic assumptions

In comparison to Paper |, the most important improvement
of the present investigation is, tHAts, log g and the mass loss The most important improvement in comparison to Paper | is,
rate are allowed to vary during the calculations. So the coolitigat the stellar parameters are allowed to vdiy andlog g
of the star can be taken into account quantitatively. This nex a function of time are taken from evolutionary tracks,
aspect and the involved physics are summarized in Sect. 2idrestimated as described in Sect. 4. Thus the effect of cooling
Sect. 3 the numerical method is described in detail. As it is mave the stellar structure can be taken into account. We neglect,
stable than the one used in Paper |, the elements H, He, C, N hndever, the possible effect of the changing composition on the
O can be simultaneously taken into account for all calculatiorstellar parameters and the cooling ages. This would require the

In Sect. 4 we discuss the existence of winds and various @splementation of the method into a stellar evolution code. As
timates of the mass loss rates from a theoretical point of viewuclear burning is not taken into account, the calculations are
Winds have been detected in hydrogen-rich central stars of plagstricted to the outer regions. The inner boundary of our com-
etary nebulae (Kudritzki etal. 1997; Perinotto 1993) and in lunputation domain, characterized by a fixed gas pressure scale, is
nous PG 1159 stars (Koesterke et al. 1998; Koesterke & Weragf, = 10'9Pa. As during the cooling the gravity increases, the
1998). The mass loss rates are of the ofder’ to 10~°. Thus mass within the computation domain decreasesldegy = 7.5
we expect that in these phases of stellar evolution the effitds about10~*M,. The composition at the inner boundary is
of gravitational settling is still negligible. For hot white dwarfdeld fixed. As we know from our previous results, usually the
there is some evidence for the existence of winds. Werner etdiffusion time scales at this depth are large in comparison to the
(1995) and Dreizler et al. (1995a) detected absorption linesasfoling ages of aboit)®y. An exception may be the case with
highly ionized stages of several elements in some DO’s and draces of hydrogen in a helium-rich background plasma. In ad-
DAO and suggest that they are formed in a rapidly acceleratidigion, for typical mass loss rates of the ordér 2, /y and
wind (Werner et al. 1999). HoweveF,z andlog g of these ob- cooling ages ofl0°y the total mass loss is small compared to
jects are not yet known. Holberg et al. (1998a,b) report on thee mass within the computation domain. Thus we expect that
detection of detached, blue shifted features in the majority tfe inner boundary condition has negligible influence on the
hot DO'’s and in a few DA's. These features are possibly formgaedicted surface composition. At the beginning of the calcula-
in circumstellar matter, which may be due to episodes of mdfms, that is just before the pre-white dwarfs enter the cooling
loss. From these observational results it seems that winds segquence, the composition within the computation domain is
more likely to exist in DO’s rather than in DA's. assumed to be homogeneous.

In Sects. 5, 6 and 7 we investigate the chemical evolution The temperature structure is obtained from
of white dwarfs on the cooling sequence starting from a give 9
composition, which in the following will be denoted as initial"— — _ETSHXL& (1)
composition. The computations start, when or just before tHe 16 T8 r?

star enters the cooling sequence. Here the expected mass\Jggs74 — 174, atthe outer boundary. In contrast to Paper | ra-
rates are large enough so that diffusion processes cannot yet liyeffects are taken into account now. To account for the effect
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of the composition on the temperature structure we calculate Although we take into account mass loss, the total stellar
monochromatic continuum opacities as described in Unglamass is assumed to be constant. This is justified, because for the
& Bues (1996), from which the Rosseland mean opagiig considered mass loss rates and time scales the total mass loss is
evaluated. Eq. (1) is a sufficient approximation for our purposeegligible in comparison td/,.. With this assumption the mean

For the mass loss rates of interest the matter of the stellar\alocity due to mass loss can be obtained from the equation of
mosphere is removed within a few years or even less. Wittgontinuity:

this time diffusion cannot change the composition significantly. .

Then the atmosphere is replaced by matter from underlyigg _ M1 3)
regions. Therefore in diffusion calculations with mass loss es- 4772 p

pecially the conditions in deeper regions are important. This i%
in contrast to calculations without mass loss, where the surfale
abundance can be predicted only if the radiative accelerations

in the stellar atmosphere are known. 3. Numerical method

The radiative accelerations for heavy elements are obtained

as described in Unglaub & Bues (1996) with the method afthis section we describe the complete numerical method. Itis
line list similar as in Vauclair et al. (1979). Fdfe* and[l More stable and more accurate than the one used in Paper | and

the evaluation of the line profiles has been improved (see B4OWS to take into account H, He, C, N and O simultaneously
per I). For hydrogen-like ions the factgr,,, from Massacrier N all calculations. Th(le.sta_bmty pf the m(_athods used requires
(1996) is taken into account. With this factor the momentuFHat the Courant condmoq is fullf|lled. Wris the geometrical
transferred to the heavy particles in photoionization proces&dgtance between two grid points,the velocity andA¢ the

is calculated as described in Paper I. For the mass loss ratestdR@ Step-width, then the relatiodr < vAt must be valid.
stellar parameters of interest only the radiative accelerations féterefore we use a primary grid (described in Sect. 3.1) for the
helium- and hydrogenlike ions of the CNO elements are of mg@nstruction of thé” — P, stratification and for each element
jorimportance. Lower ionization states are preferably presenfiyariable secondary grid (Sect. 3.2) for the diffusion and mass
the outermost regions near the stellar atmosphere. As explail§ calculations. The spacing of the secondary grids are such

above, the conditions in these regions have little influence Bitt the Courant condition holds. .
our results. however. Ateach point of the fixed gas pressure scale we would like to

The diffusion velocitiesy are calculated as in Unglaub gcalculate the time-derivative of the mass fraction of an element

Bues (1997) from the system of linear equations, which consiétd "€ mass-fraction is defined as
of the various momentum equations and the condition of zero Aymyny

erep is the density and,, the wind velocity.

net mass flow. For an elemehthe momentum equation readsX! = P) (4)
— % — gy + miZieE +nFpaa A is the atomic weightn,, the proton mass arglthe density.
r The mass fraction may change because of the effects of diffusion
= Kiy(vas —vap)- (2) and wind. The corresponding variation of the particle density
t

will be denoted ai%)(dw). Mass loss and diffusion do not

The expressions on the left represent the momentum per whikingey, because the wind velocity is derived from the equation
volume and unit time transferred to the element by the gradf continuity (see Sect. 2) and diffusion does not lead to a net
ent of the partial pressure, gravity, the electric field E and tigass flow. However, the stellar structure changes with time. For
radiative forceF] ,.q. lonization effects and thermal diffusionexample, if the gravity increases the mass-depth at a given gas
are neglected. The former may be of importance only in regiopgessure decreases. So mass elements move to larger values on
of partial ioniziation and thus are negligible at least for H anghe P, scale. In the presence of concentration gradients, this
He. Paquette et al. (1986a,b) have shown that for plasma clyads to variations of the composition at the various points on
ditions typical for hot white dwarfs thermal diffusion is lesshe P, scale. We denote the corresponding time-variation of the
ef!‘ectlve thf?m grawtatlongl sgttlmg. For our calculatlpns the ,rqlﬁass—fracti on witr( % )(evol>. Alltogether we then have

ative magnitude of the diffusion velocity and the drift velocity t
due to mass I_oss (see_ Eq._ ) is 01_‘ special importance. If, f85(l A, (dm)(der) (Xm>evol
example, the inward diffusion velocity of an element would be— = — T
larger by a factor of two, this could be compensated by an inc—it p dt d

crease of the mass loss rate by a similar factor. As the mass loggthe particle density and the total velocityf an element,
rates are obtained from rough estimates, these simplificationgjfhe following we omit the indicek
the diffusion calculations seem to be justified. The dependence

of the gravityg on the distance from the stellar center is ap- dn, (dnz ) (d+w)

(5)

proximated by, ~ G%* . The resistance coefficients ; are 7 = dt (6)
obtained according to Paquette et al. (1986a). The charoé

an element is the mean value over all ionization states. V= Vg, + V. (7)
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‘fl—? is obtained from the equation of continuity for radial symThe outer boundary of the primary grid is per definition a point
metry: of the secondary grid, so that) = 1. The left inequality is our

dn 1d (nwg) numerical representation of the Courant condition. The time
— = (8) which the flow needs to proceed from paojitio 5 + 1 must be

dt. ~ dr . smaller tham\t,. In other words, the distance the flow proceeds
This equation has to be evaluated numerically for each eIemQﬂ}ring a time step must be smaller than the distance between
Under certain conditions, which are fulfilled preferably in thgyq grid points. In addition we demand that at least in the outer
outer regions, we use a modified_upwind scheme describe_c}é@ionSvAt is of the same order of magnitude As. This is
Sect. 3.3. Otherwise the monotonic transport scheme desc”ﬁf‘éjmeaning of the second inequality. This additional condition

in Sect. 3.4 is used. _ _improves the accuracy in the regions where the modified upwind

~ Thevariation of the mass fraction due to the stellar evolutiqheme is used.

IS written as The pointsj represent zone centers. At these points the time
dX, evol dX; dm derivations of the number densitié% will be evaluated. The

(dt) = dm dt () inner and outer boundaries of the zghwill be denoted with

) ) ) o j+ % andj — 3, respectively. To evaluate the various quantities
m is the mass deptifz is the time variation of the mass deptfike velocity or radius at the zone boundaries, let us consider
at a given point on thé’, scale. The numerical evaluation ofe following expression:
Eq. (9) is described in Sect. 3.5. The boundary conditions and
the time integration are described in Sects. 3.6 and 3.7. Then we _ 1 (i) + i) (12)
will briefly comment on the stability of the method. @+1/2) = 5 V@) T+ -

m th.e f°,”°W'“9 supsectlons some cqnvennons are usqp'z’(-ﬂ/g) is an integer, then the quantities at this point of the
The indicesi and j, which denote the points of the primary rirriary grid are taken. Let, howevey, bek+ 1 where
and the secondary grid, respectively, are defined such that tﬁqg an integer. In this é:ase, the mearrjltlia/laes of the2 ,quantities at
arel at the outer boundary and increase to the stellar interi&r.e pointsk ankor 1 of the primary grid are used. So the point
The geometrical depth variabtehowever, is the distance from, )

jgLj i if
the stellar center and thus increases in opposite direction. 7 Jé 3 1S e>§actly a'F the geometrical cente( of the POW“?‘”"
£ 1 only if the primary and secondary grids are identical.

velocities and flows have a positive sign if they are directed {o
the stellar surface.
3.3. The modified upwind scheme

3.1. The primary grid At a grid point; the modified upwind scheme is used if the

For the calculation of th& — P, stratification a grid is con- following “’V.O cond|t|on§ are fulﬂllgd.] Bk L
of the considered species of particles.

structed as described in Unglaub & Bues (1997). For the gas

pressure at the outer and inner boundaries we chog@Pa JG-1) >0 A Jgy >0 A Jijsy >0 (13)
and10'®Pa, respectively. The grid spacing is Y , v Y

iG+1) ~ i) > 1 Vig) —ig-1 > 1. (14)
Py(i1) = Pyiy +0.1 % Py (10)

The first condition means, that the flows at pgijrats well as at
the two neighbouring points must have a positive sign: they are
irected to the stellar surface. The second condition means that
near pointj the primary and secondary grid are not identical.
Both conditions are fulfilled preferably in the outer regions,
3.2. The secondary grid where the wind velocity is large in comparison to the diffusion
T . . velocities and where during one time step the flow covers a
Let vq(;) anduy;) be the diffusion and wind velocities for ayision e which is larger the?n the distancepbetween two points
given element at the points of the primary grid ang the of the primary grid.

distance of point from the stellar center. Witi\i, we de- ", e denote withX the number of particles per unit
note the chosen time step-width. It is not necessarily identi- e which cross a surfacerr?. Thend is the number
cal with the actual time step-width which may be smaller (sé'gn wh u " dt (j+1/2) ! u

Sect. 3.7). These points of the primary grid which are simultarfd-Particles per unit time, which enter the zofeia its inner

The points denoted ab in Unglaub & Bues (1997) define the
primary grid of the present calculations. At each grid point t
diffusion and wind velocities are calculated.

N . . .
ously points of the secondary grid are found from the followingoundary a”“%(j_um is the corresponding number which
condition: leave the zone via the outer boundary. We use the numerical
i(j+1) i+ +1 representations

@) — T+ @) — T+
Z U()- +|;Z.)‘§At0§ Z U()- +|('UZ)‘ (11) dN . Agr? 15
imigy @ O =iy OO W gy T MIDYGEDAT ) (15)

The expression ;) represents the relation between the indicesv

— 2
j of the secondary grid and the indicesf the primary grid. “g ;o) — nHUGHATT()- (16)
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The obvious method would be to evaluate the vatuesandr . _ "G=1 = "G+1)

at the zone boundary. This is numerically unstable, however. In  7(i—1) — 7(j+1)

the usual upwind scheme only the particle densitg evalu-

ated upstream, whereas the velocities are evaluated at the zgne )

boundaries. This would be very unconvenient for our PUrpOSES, =0 ifab < 0

because in the outer regionandv may vary by order of mag- dn ab

nitudes between the grid points. The particle flows, however, == else (22)

are similar at the various grid points, at least if the compositionr @

gradient is not too large. For this reason we evaluate all quarptjy dn — 0 the mono scheme is identical with the upwind
ties upstream. The time derivative of the particle density of agheme. With the flowg(; 1 /2) and.J;;_1 o) at the inner and

element at poin is obtained from outer zone boundaries, respectively, the number of particles
dn % _ _dN crossing the boundaries per unit time are obtained according
- — (j+1/2) dt (j—1/2) . (17) to:
dt (5 47Tr(2j)Ar(j)

dN 5
The expression in the denominator on the right would be th%(jﬂ/z) = JGr1/2477 (1 2) (22)
volume of the zongj, if Ary = r(—1/2) — 7(j+1/2) Were AN ,
used. However, we use Ty JG—1/2ATT (1 2y (23)
AT() =T() = T(G+1)- (18)

s _ _ _ ) Then the time derivative of the particle density of an element at
This is more consistent with our upwind evaluationrofn  point j is
Egs. (15) and (16).

dN dN
dn - dbGHy2) T dG-12) (24)
3.4. The monotonic transport scheme dt () 47”"(2j> (rG-1/2) = T(+1/2))

The monotonic tranport scheme (abbreviated mono scheme) is

used, if the conditions (13) and (14) are not fulfilled. This ig.5. The evaluation O(f%)(e“l)

the case especially in the inner regions, where the primary and o )

the secondary grid tend to be identical. The basic ideas frdi evaluate the variation of the mass fraction of an element
which the mono scheme is derived are described in Hawley/dtich is due to changes of the mass depth at a given point,
al. (1984). It is an improved upwind scheme, which combin&&cording to Eq. (9) we need numerical representatiorfgiof
stability with accuracy. In deep regions, during one time st@®d 4. Herem is the mass depth anll is the mass fraction
the flow covers a distance which is small in comparison to tiéan element (the indekis omitted). At a poiny we use the
distance between two points of the primary grid, sotist, < Obvious representation:

Ar. Especially in such cases the mono scheme is more accuraie X1y — X(-1)

. = 25
than the upwind scheme. dm ) M — Mmoo (25)
According to the mono scheme the flow atthe zone boundary
j+ % for example, is evaluated as follows: An exception is the poinjmax which represents the inner
. boundary. Here is used:
it vty 20 then  Jiiys) = vz
dn dX o X(jmax) - X(jmaxfl) (26)

1 —_— = .
X (n(j-H) + (dr)( ) B} (Arg) - ”(j+1/2)At0)> (19)  dm(max)  M(jmax) = M(jmax—1)
! The variation of the mass depth during the considered time step

if V(jt1/2) <0 then J(i+1/2) = V(j+1/2) is obtained by linear extrapolation from the preceding time step
dn 1 with
N— | — — (Ary; ; At . 20 _
x <%> (m«)m 5 (ArG) +vG1172) o)) @) Cm® Y on
Ar(;) is the geometrical distance between the pojred; + 1 dt () Art=1)

as defined in Eq. (18). In a similar way the flaly;_, /5) atthe = A;(-1) js the width of the preceding time step. The nominator
outer zone boundary is obtained. The mono scheme requiresgRgne right represents the difference between the actual mass

knowledge of the time step. However, we fix after the time  depth at pointj and the corresponding mass depth in the pre-
derivatives?? for the various elements have been calculategleding model.

Therefore we must use thet, which is equal or larger thatu¢
(see Sect. 3.7). The spatial derivat%»geat a pointj is evaluated
similar as in Hawley et al. (1984):
Nj—1) = N() N5y — N(j+1) The outermost points of the primary and secondary grid are
el e e—— identical. The point = j = 1 ts the center of th
TG-1) = T() TGy — T(G+1) identical. The point = j = 1 represents the center of the

3.6. Boundary conditions

a
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outermostzone. The outer boundary of this zone is beyond of efocities and particle densities and the secondary grids are up-
computation domain. The gas pressurg at 1 is 2000Pa for dated after each time step. Other quantities like opacities, radia-
all our computations. Therefore the density will be low enougtiye accelerations per particle and mass loss rates are updated
so that for the considered mass loss rates the wind velocityidy if the mass fraction of at least one element has changed by
usually large in comparison to the diffusion velocities. As shovat leastl 0% at one of the grid points.
in Paper I this tends to smooth out concentration gradients. This
justifies the assumption of homogeneous composition in tg%_ The stability of the method
region between the two outermost grid points:

The method is by far more stable than the one used in Paper I.
Xig=1) = Xi(j=2)- (28)  There the stable upwind scheme has been used only for the

This choice avoids numerical problems at the outermost poiRft Of the flow which is due to the wind, whereas the diffu-
At the lower boundary{ = jmax) at P, max = 1016Pa, we SN flows have been evaluated at the zone boundaries. Then

assume that diffusion and mass loss do not change the abilities occurred in cases of very large diffusion velocities.
fractions. Only if the mass depth .. decreases, the Com_This may happen for extremely low abundances, where the ra-

position is allowed to vary. In this case mass elements locafligtiveé acceleration may be much larger than the gravitational
within our computation domain &, < P move to the ONe Therefore in the present method stable schemes are used
g g,max

lower boundary. So we obtain the inner boundary condition:for_the tota_il flow. If_the velocities increase the grid is adapted
by increasing the distances between the points. We use a sepa-

aX; _o i m ~0  and rate grid for each element. So if one element requires a coarse
dt (jmax) dt j(max) grid (because of large velocities), the grids for the other ele-

dX,; dX; dm ments can be kept more refined, which means a better accuracy.
= else (29)  However, numerical instabilities may still occur under certain

W(jlnax) % (jmax) E(jmax) . . X i X
circumstances. This is for the case of helium-rich white dwarfs

. i i <1073 .
3.7. The time step with small admixtures of hydrogehi(/He < 10~ by number)
In Sect. 3.2 we have introquced the chosen timg step widgh 4, Estimate of the mass loss rates

This value is used to define the secondary grids for the vari- _ _ _ . _
ous elements and to obtain the time derivatives of the partidie estimate the mass loss rates in white dwarfs, in the discussion
densities according to the monotonic transport scheme. ForafIPaper | we used a formula from@&iker (1995) derived from
calculations presented in this papr, = 1y is used. The the calculations of Pauldrach et al. (1988) for hot central stars
drawback of the numerical method is, that during many tinfd planetary nebulae.

steps the composition fluctuates around some slowly changing 157 1.86

mean value. To restrict these fluctuations, during one time step™ 12951077 L (Mo /y]. (33)
we do not allow the mass fractions to vary by more tBéh  |n Paper | has been shown that with the corresponding mass

For each elemeritat each grid poin§ we define loss rates the separation of hot hydrogen-rich white dwarfs into
dX, DAO’s and DAs can be explained. However, the use of this
Aty ;= O-OQXI,(J')|W( _)I_l- (30) equation for white dwarfs may be criticized for the following
J

reasons. First, it does not take into account the dependance of the
Aty ; is the time, for which the mass fraction would change byass loss rate on the composition. This dependance is of special
2%. The actual time step width used in the computations is tireportance for our calculations. Secondly, Eq. (33) yields a non-

minimum value ofA¢y and allAt; ;: zero mass loss rate for all white dwarfs and thus disregards the
] existence of a wind limit. Thirdly, the Pauldrach et al. results
At = min(Ato, Aty ;). (1) for hot CSPN have been obtained with their improved CAK

In most cased\¢ andAt, are identical. Exceptions may occur,(caStor et al. 1975) theory. However, for extremely weak winds

if one of the elements has an extremely low abundance or dgfPected in white dwarfs the CAK theory is probably not the

ing the calculations for helium-rich white dwarfs with traces @iPPropriate one. This is due to the effect of line shadowing
hydrogen. Them\t may be smaller thagty. The new mass discussed by Babel (1996) for the case of main sequence B

fractions of the elemeritat the pointsj of the secondary grid Stars- Whereas dense winds are driven by a large number of
are obtained according to weak lines, in thin winds the strong lines contribute significantly

to the radiative acceleration. These are, however, affected by
X, (t+At) o . dX their broad photospheric counterparts. As a consequence the
(dt) _ = Xl(j) + W(j)At' (32) radiative acceleration does not only depend on the density and
() the gradient of the velocity as in the CAK theory, but on the
The new mass fractions of these pointsf the primary grid, velocity itselfinaddition. This effect may lead to mass loss rates,
which are not points of the secondary grid, are obtained framhich may be lower by more than a factor of ten as predicted by
interpolation. Then a new model is constructed. The variotiee CAK theory. An additional problem is, that extremely weak
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winds may be selective, so that only these elements are lost

which the radiative acceleration is large enough. The proble

of selective winds has been investigated for A stars by Bal

(1995). For similar reasons Abbott's (1982) mass loss formt,w\ 6.0

cannot be expected to be reliable for the case of white dwai ¥

Moreover, it is valid forl.g < 50000K only. :J
For purposes of comparison, Eq.(33) will be applied it(:)n

some cases. In addition we use an alternative estimafd of ~

as described below. It is simple enough to be implemented it g,

our code. The intention is to allow for a dependencébbn

the chemical composition, to recognize when the wind limit -

reached and to make the calculations formally consistent. T 590 48 44

effect of line shadowing would require model atmosphere ci log Teff

culations, however. ] ) S )
The existence of a chemically homogeneous, radiativeRig: 1- The predicted wind limits in théog g - log Tes diagram for

. . . . . L lar compostion (short dashed line), helium-rich composition with
driven wind requires that the maximum possible radiative accéolar ratio CNO/He (long dashed), PG 1159 stars (dashed dotted) and

_eration is at least _equal to the gravitat_i(_)nal acceleratipn. If tm)? the case with a constant force multiplier t#* (dotted line). In
is the case, we estimaié from the conditions at the sonic point, ggition a0.467., post-EHB track from Dorman et al. (1993) and
by use of various approximations, which will be described o post-AGB tracks from Ricker (1995) are plotted

this section. For an isothermal wind with constant mean particle

massy the equation for the wind velocity can be written as
(e.g. Mihalas 1978):

7.0

depth considered by himldgt. = —7) the values are of the
order103. The dotted line in Fig. 1 would be maximum pos-
dv 1 a? s N n E (34) sible radiative acceleration, if the maximum value of the force
Yar T YT Grad,C T Grad L T multiplier were10? for all effective temperatures. Thus only in
o . the region above this line winds can exist. This result may be

whereyg, g:ad.0, grad,L @re the gravitational acceleration and the . . .

S : ; . ._compared with the short-dashed line, which represents the cor-
radiative accelerations due to bound-free transitions and lines

respectively.a is the isothermal sound velocity. At the Soniéespondmg wind limit obtained with the force multipliers from

i i 2
point, wherev = a, the right hand side must be zero. In “cool’pur calculations, where the occupation numbers at ; for

. . e . .. models withlog g = 7 have been used. Faig < 100000K
winds with T' ~ T the expressior;- at the sonic pointis o, estimates are of the same order. Eor > 100000K,

small, sothatthe total radiative acceleration must approximatﬁlgwever, according to our results the maximum radiative ac-
be equal to g. In radiatively driven winds the sonic point iEeleration even decreases with increadihg. This is because
near the photo.sph(.are. Itis, .hf"’"e,"er' oquide Of, ourcomputaqqrbnd He are preferably fully ionized and the CNO elements
domain. The c_ilffu_smn VQIOC|t|es_|n the wind regionare assqmﬁgve noble gas configuration, which makes the radiative accel-
tobe zero, whichis consistentwith the assumption of chemically,io, small, The long-dashed line represents the wind limit
homogeneous winds. for helium-rich composition with a solar ratio CNO/He. The

We calculate the radiative acceleration at the sonic pojf, s qashed-dotted line is the wind limit for PG 1159 stars with
by use of the concept of force multipliers described by CA(FéHe — 0.3, N/He = 0.01 andO/He = 0.1.

and Abbott (1982) and various rough estimates. As no simp

and reliable estimate for the occupation numbers in the wind _ 6], the existence of chemically homogeneous winds

: i 2
region exists (Pauldrach 1987), the ones at 3 are assumed jg ,astionable for the whole cooling sequence. Only for less
to be representative. The emergent fluxes from our own modﬁq

. . SR dssive objects they may exist until they have reached a sur-
described in Sect. 2 are used. The line list is the same as u%%(i gravity of aboutog g — 7. According to our results, for
for the diffusion calculations witB80 lines of the elements H, 5y the strong lines offe* yield a major contribution to’ the
He, C, N and O, which are preferably the strongest lines. The 4 diative acceleration. Mass loss possibly exists until they
justification for these assumptions is, that for solar compositiq, o ~qoled down t@: + ~ 50000K. As a consequence of their
and YV”_‘d opUgaI .dep”_‘sf_% te smaller than about5.5 Qurforce _extremely large metal abundances, for PG 1159 stars the exis-
multipliers coincide within a factor of about three with Abbott Sence of winds is clearly more probable than for any other type
ones. For the case Of Wegk winds, Wh_'(,:h are of Spe‘?'a' 'nterSFEigh-gravity stars. They are the only objects for which even
for the present investigation, the densities at the sonic point gﬁogg — 8 mass loss may still exist
so low that according to our resulisg t. ~ —5.5isindeed an g oy estimate the mass loss rate from the conditions at the

upper limit. sonic point, where = a. Then the right hand side of Eq. (34
The maximum value of the force multiplier and thus the \C poi, W o 9 | =

. 2,
maximum radiative acceleration is reachedlfgyt, — —oc. must be zero. If the express@& Is neglected, we have:
Abbott (1982) has calculated force multipliers féggy < ( Voo ) 0
pS? 9 a = :
R,

02

The results show that for hydrogen-rich white dwarfs with

50000K and solar composition. At the smallest wind optical” 9 T 9rad,C T grad,L (35)
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In general, the radiative acceleration due to bound-bound trar -1.0
tions, g,a4,1., depends on the density, the gradient of the veloci
and the velocity itself. From this equation the dengityat the
sonic point can be obtained, if an assumption about the veloc
gradient is made. We use

L
L1l

N

L
L1

-3.0

log N1/
T
o
|

@ ~ UOO
dr = R,
This assumption is motivated by the fact that for wind mode —4.0
calculated according to the CAK theorydaw is valid:v(,) =

(36)

T T T
|
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I
|
I
|
I
1
|
I
I
I
I
I
J
L1

T
1

L
L1l

B
Voo (1 - RL) , whereg is of the order 0.5. Then between= . ‘ . . . . ‘
* 100000.0 90000.0

R, andr = 2R, the velocity changes from ~ 0 t0 v ~ V. Teff

To estimate the terminal velocity,, we assume a constant ratio_. ) .
Voo /U Fig. 2. Surface number fractions (number of particles of an elerhent
o esc

over the total number of heavy particles) as a function of the effective
Voo & BVesc (37) temperature for the track with/. = 0.529M and mass loss rates
for which the dependence on the composition is taken into account
Wherevgs: = 4 /2% is the escape velocity. According to the

results for hot central stars of planetary neblue (Pauldrach 100 b
al. 1988), hot PG1159 stars (Koesterke et al. 1998) and m B SNY .
sequence B-stars (Babel 1996) this relation betwggnand L \\ ]
oo should hold within a factor of two. Wit from Eq. (35), = _j10[ \\ ]
the mass loss rate is obtained from the equation of continuits i RN ]
o | ~So i
y 2 o S ]
M = 47w R psa. (38) 2 _.of N N
5. The DAO/DA transition \\\
In this section we investigate the question, for which hydroge -leor ‘ ‘ \i
rich white dwarfs mass loss prevents helium from sinking ai 100000.0 80000.0
when do they transform into DA's with no detectable heliun Teff

For the initial abundances of He and the CNO elements the |s_9g—. 3. Mass loss rates (ind, /y, M, = 0.529Mo) according to this
lar ones are assumed. Evolutionary tracks for various MaS§&Ser (solid line) and Eq. (33) (dashed line)
are considered. A.414Mg, track from Driebe et al. (1998)
represents the evolution of helium white dwarfs. They may Bgpc 1 start valued,
produced in binary systems, if the hydrogen-rich envelope is
stripped away by a companion during the red giantbranch phagg. , - 0414 0467 0529 0546 0.605 0.836
The remaining mass is too low for the ignition of he_hum bum—rem) [KK] 806 702 630 575 799 813
Ing. A 0.467M@ track from Dorman et al. (1993) with a COfelOg 900) [cgs] 6.00 6.37 5.40 5.09 5.02 4.72
massM. = 0.464M,, a hydrogen envelope mass on the zero
age horizontal branch/? , = 0.003M, and a mass fraction
of metalsZ = 0.04 has been chosen, because it passes through preceding evolution the expected mass loss rates are usually
the region of the DAO’s investigated by Bergeron et al. (1994arge enough, so that the effect of diffusion is negligible. Excep-
This track represents the evolution from the (extended) hatibns are cases with/ > 0.6M,. Here the wind limit may be
zontal branch directly to the white dwarf region. Most of theeached even before the “knee” of the tracks, where they begin
DAQO’s analyzed by Napiwotzki (1999) have masses betwegmcool. In Table 1 for various tracks the start vallgg ) and
0.5 and0.6M,. Therefore we consider@529M., post-early log g are given.
AGB track from Bbcker (1995) in detail. It represents the evolu- For M, = 0.529M, in Fig. 2 the surface composition is
tion of a star which suffers from two late helium flashes. At thehown as a function df.g. The mass loss rates are obtained
cooling sequence, where we expect the onset of gravitatiomdth the method described in Sect. 4, which allows for a de-
settling, this track is very similar to th&5461/;, post-AGB pendance on the composition. They are plotted in Fig. 3 (solid
track from Sclkinberner (1983). However, for the latter data alne). The effect of gravitational settling is small until the star
available forl.g > 70000K only. In addition we consider vari- approaches the wind limit 8t = 90000K, log g = 7.0. Then
ous post-AGB tracks from Btker (1995) with masses betweemass loss cannot prevent or retard any longer the sinking of he-
0.605 and0.836 M. lium. As decreasing abundances of helium and heavy elements
The computations start before the star has reached its maeduce the mass loss rate, we expect a rapid transformation of
imum effective temperature. This is sufficient, because duritige DAO into a DA. The small discontinuities in the helium

(o) andlog g(o) for various tracks
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Fig. 4. Number fractions as a function of the gas pressur.at= Fig. 5. Surface number fractions as a function of the effective tempera-

90000K, log g = 7.0. In the upper part of the figure the Rosselangre for the track with\Z, = 0.529M, and mass loss rates according
mean optical depths = 1 and10 are indicated to Eq. (33)

abundance and mass loss rates appear because we updal
mass loss rate only if the composition or the stellar paramet
have changed by a certain amount (see Sect.3.7). The C~
elements sink more slowly than helium. Whereas the numt &
fraction of helium decreases by about a factor of tenin the rar o,
100000K > Teg > 90000K, the CNO elements are reduced b' 2
a factor of two only. The relative abundances of these eleme™
are almost unchanged. At the wind limit the computations ha
been terminated. Perhaps selective winds still exist for a whi
which lead to an outflow of such elements, for which the ri
diative force is large enough. Finally an equilibrium betwee 120000.0 90000.0 60000.0
gravitational settling and radiative levitation may be reached Teff

In F|g..4 the number fractions of He, C, N and O are plotte,qg. 6. Summary of the results in thi. - log g diagram. If the depen-
asafunction ofthe gas pressurefgf = 90000K,log g = 7.0.  gance of the mass loss rates on the composition is taken into account it

Whereas the number fraction of helium continuously decreasgfe /11 = 0.05 at the upper solid line and the wind limit is reached at
from the inner to the outer regions, for the CNO elements Wige dashed-dotted line. With the rates from Eq. (33)liégH = 0.05
recognize the influence of the radiative acceleration, which aatshe dotted line antie/H = 102 at the lower solid line. The filled
especially on the hydrogen-like ions. For carbon this is nesquares represent DAO’s willie/H =~ 0.1, the filled circles helium
log P, ~ 10, where the temperature is ab@®0000K. In re- deficient DAO’s and the open circles DA's, respectively. In addition
gions where the radiative acceleration is very effective, the tofgveral tracks are introduced (labelled with /M)
velocity (diffusion + wind) has a local maximum. According to
the equation of continuity this leads to a low particle density
of the corresponding element. In the region with P, < 9.0 slowly. At T.g ~ 65000K they are reduced by a factor of 10
carbon preferably has helium-like configuration. The radiatite 100, whereas no detectable helium is present. The helium
acceleration and thus the total velocity decreases. This leadatondance is even lower than predicted from the equilibrium
an accumulation of carbon. So the abundance tends to hawdiffusion calculations of Vennes et al. (1988). So in this sce-
minimum in regions where the radiative force is large and a maxario the DAO is transformed into a DA with an extremely low
imum in the adjoining region where it is small. This situatiohelium abundance, whereas the CNO elements are clearly less
is somewhat different as expected from diffusion calculationsduced. However, it requires that mass loss goes on indepen-
which assume an equilibrium between gravitational and radiently of the low abundances.
tive forces. Inthelog g - Teg diagram of Fig. 6 the results obtained from

In Fig.5 the surface composition is shown as a functighe calculations along tracks with various masses are summa-
of T.¢, but now with the mass loss rates from Eq. (3B).is rized. At the upper solid line the helium abundance would be
assumed to depend on the luminosity only. As the correspomeduced by a factor of two according to our mass loss calcu-
ing rates (dashed line in Fig. 3) are larger than those from dations. So just before the tracks cross this line we expect the
calculations, helium sinks later. A,z =~ 80000K it is re- onsetofgravitational settling. The dashed-dotted line is the wind
duced by a factor of ten. Then the ongoing mass loss leadditait. For all objects above this line, our results predict the ex-
a strong depletion of helium. The CNO elements sink moigtence of winds. After the onset of gravitational settling, the
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wind limit is reached rapidly. Therefore both lines are close t L i
gether. If the mass loss rates according to Eq. (33) are usec e o o 1
the dotted line the helium abundance would be reduced b

factor of two. At the lower solid line would be He/HH#) 3. In .
addition the DAO’s analyzed by Napiwotzki (1999) and Bercy;

eron et al. (1994) are shown (filled symbols), as well as t= —20
DA's (open symbols) from the compilation in Table A2 from 2

T T T T

T T T

Napiwotzki (1999). These objects, for which itlig/H ~ 0.1 8

within the limits of uncertainty given by the authors, are rej -30 |- v 9 7

resented by filled squares. In accordance with our results, tt i vyote ]

are preferably near or above the upper solid line, where the | T S TR I I S|

lium abundance should be reduced by not more than a facto 4.0 30 =0 1.0 0.0
log L/L(sun)

two. The objects below this line, for which the onset of grav-
itational settling is predicted, all are clearly helium deficienkig. 7. The helium abundance as a function of the luminosity. The solid
In the region below the lower solid line both estimates prediltes represent the predictions with mass loss rates from this paper for
the absence of helium, at least the abundance should be lofgar tracks with (from left to the right\/, = 0.546,0.524,0.467
than10~2. Indeed, in the great majority of all hydrogen-rictand0.414Mg, respectively. The dashed lines are the predictions with
white dwarfs in this region no helium has been detected. TH&SS loss rates according to Eq. (33) for (from left to the right)—=
few DAO’s may either be influenced by accretion of matter (e.gﬁo‘r” 0.467 and0.414Mp. The DAO's from Napiwotzki (1999) with
from a companion) or are possibly in a DO/DA transition stat.2>>¢% " the range4s < M./Mo < 0.58 are represented by ,
For the two hottest known DAs (EGB 1 and WeDe 1) wit circles, those with other masses by triangles. In addition the DAQO’s
. . ) rom Bergeron et al. (1994) are shown (squares)

Tes =~ 145000K andlog g =~ 7.5 Napiwotzki (1999) gives an
upper limitHe/H < 0.02. From the estimate of the radiative
acceleration in the wind region, we clearly expect the absengrich helium begins to sink, are lower. Most of the DAQO’s an-
of mass loss. Therefore they should indeed be DAs. Eq. (3@yzed by Bergeron et al. (1994; represented by squares) have
yields a mass loss rate of the ordér ''. Then, however, he- helium abundances in the rang®.0 < log nge/ng < —2.0
lium should be reduced by less than a factor of two and thus&ed masses belo®.6,. According to our predictions they
detectable. This shows thal ~ 10~'! is an upper limit for are beyond the wind limit. If the mass loss rates from Eq. (33)
these two objects. are used, however, for some of these DAQO’s an explanation

If all progenitors of the white dwarfs had the same conwith diffusion and mass loss seems to be still possible. The
position, the DAO's and DA's should be clearly separated brresponding predictions for the tracks witis05, 0.467 and
theTeq-log g diagram. Otherwise the mass loss rates will diffey.414 M/, are represented by dashed lines. All these result show
even for objects with the same mass. Therefore, in dependateg at leastin the luminosity range between al6@nd300L
of the initial composition, in some objects helium sinks earliesome relation between the helium abundance and the luminosity
in others later. This leads to the existence of a transition regigfindeed expected. A certain scatter will appear, if the various
where DAO’s as well as DA's with similar stellar parametersbjects have very different masses and possibly initial compo-
exist. Thus this coexistence of both types is not in contradigitions.
tion to our results, but probably is a consequence of different
evolutionary histories. .

Napiwotzki (1999) found a relation between the heliurf- The PG 1159/ DO transition

abundance and the luminosity of hot DAO’s. In Fig. 7 our pren this section the transformation of PG 1159 stars into DO’s
dictions are shown. The solid lines represent the results qfitl be investigated. An initial compositiol/He = 0.3,
tained with the mass loss rates, for which the dependanceN)/He = 0.01 andO/He = 0.1 (number ratios) antl/He = 0

the composition is taken into account. The two left solid lings assumed. Cases with hydrogen will be considered in the next
are the predictions for the tracks with 0.546 a&nd24Mq, section. The results for the.529M, born-again track from
respectively. As the tracks are similar, the results are simil@lacker (1995) are discussed in detail. This track is used, be-
too. Therefore the two curves are close together. 16 out of 23use the data for the corresponding 0.625 track are available
DAO’s analyzed by Napiwotzki (1999) have masses inthe ranig 7. > 80000K only and all known “cool” PG 1159 stars
0.48 < M. /Mg < 0.58 and are represented by circlesin Fig. lhave masses smaller than abomM .

The results show that they are close to our predictions. For ob- |n Fig. 8 the surface number fractions of the elements He,
jects with luminosities larger thaas 300L, the helium abun- C, N and O are plotted as a functionf;. The corresponding
danceis nearthe start valtie/H = 0.1. Here gravitational set- mass loss rates have been obtained with the method described in
tling is negligible. To lower luminosities the helium abundancgect. 4 and are shown in Fig. 9 (solid line). We see that mass loss
decreases slowlyfirst, then thereis asharp cutdif@100Ls.  with M > 1012 effectively prevents the CNO elements from
The two right solid lines are the predictions for the67 and  sinking. Until the star has cooled s = 65000K the num-
0.414 tracks, respectively. In these cases, the luminosities, #¥%r fractions are reduced by a factor of about two only. Then,
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Fig. 8. Surface number fractions as a function of the effective tempd¥ig. 10. Surface number fractions as a function of the effective temper-
ature for the track withl/,. = 0.529 M and mass loss rates for whichature for the track witl/,. = 0.529 M and mass loss rates according

the dependance on the composition is taken into account to Eq. (33)
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Fig. 9.Comparison of the mass loss ratesiin /y, M. = 0.529M)  Fig. 11. Number fractions as a function of the gas pressurE.at=
according to this paper (solid line) to the rates from Eq. (33) 70000K, log g = 7.39. In the upper part of the figure the Rosseland
mean optical depthd = 1 and10 are indicated

as a consequence of the increasing gravity and the decreagimd our predicted wind limit finally leads to a strong depletion
mass loss rates, the effect of gravitational settling becomes mof¢éhe CNO elements &g ~ 50000K.
and more apparent. Because of the ongoing depletion of heavylt is a typical result that mass loss rates of the onder'4
elements, finally the mass loss rate decreases drastically.oAtomewhat lower lead to strong underabundances of the CNO
T = 56300K, the PG 1159 star is transformed into a DCelements. In depths where the temperature is between about
Here the CNO elements are reduced by about a factor of 200000 andl00000K the CNO elements have noble gas con-
and mass loss cannot exist any longer. During the cooling, figuration. The radiative acceleration is extremely small, which
relative abundances of the CNO elements remain nearly Ueads to negative diffusion velocities directed to the stellar inte-
changed. If an initial value oK /He = 107" instead of 0.01 rior. Whenthe mass loss rate falls below a critical value, even the
is used, the results would be similar with the only differendetal velocity (diffusion+wind) may become negative. Thus the
that C and O sink somewhat earlier, because the mass loss rpteticles of these elements lost at the surface cannot be replaced
are slightly lower. In this case the wind limit is reached at (a@ny longer, because the supply from the stellar interior is inter-
Tog = 57400K). The relative abundances of the CNO elementapted. This is true for helium-rich as well as for hydrogen-rich
remain nearly unchanged. Therefore the signifcant differencgkite dwarfs.
ofthe nitrogen abundances in the various PG 1159 stars found byln Figs. 11 and 12 the number fractions of the various ele-
Dreizler & Heber (1998) cannot be due to diffusion processements are plotted as a function of the gas pressure for two exam-
For comparison, in Fig.10 the corresponding results oples. AtT.s = 70000K, log g = 7.39 (Fig. 11) the composition
tained with the mass loss rates according to Eq. (33) are shostill is approximately homogeneous. The surface number frac-
Again the PG 1159 star is transformed into a DOI'gt =~ tions of the CNO elements are reduced by not more than a factor
60000K with a somewhat smoother transition, however. This &f two in comparison to the initial composition. The mass loss
because in this casel does not depend on the composition anetes are of the ordei0~'2. This is enough to prevent the for-
decreases continiously (see Fig. 10). The ongoing mass lossrhation of composition gradients. This is quite different from the
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Fig. 12.The same as Fig. 11 = 50000K, 1 =7.62 . . . .
9 9 ata &9 Fig. 13. Summary of the results in tHE.g - log g diagram. The solid

line is the predicted wind limit for PG 1159 stars, the dashed line the

wind limit obtained with mass loss rates reduced by a factor of 10.
situation atfeg = 50000K, log g = 7.62 shown in Fig. 12. Ac- With the mass loss rates from Eq. (33) carbon would be reduced by
cording to Eq. (33) itisM = 104 here. As explained above,a factor of two at the upper dotted line and by a factor of ten at the
this leads to strongly reduced abundances in the outer regiondower dotted line. The squares symbols represent PG 1159 stars, the
the stellar surface the number fraction of C is of the oider®, triangles DO’s. The thin lines represent the evolutionary tracks used
these for N and O are even lower. Dreizler & Werner (1996) ha{® the computations (labelled with/.. /M)
analyzed several DO’s with.g ~ 50000K. Indeed, their upper
limits for the abundances of the CNO elements are of the order
10~°. This is lower than the predictions from the equilibriundependance af/ on the composition)/ decreases drastically
diffusion theory, which is expected to be valid in the absen@éhen the heavy elements sink. This in turn favours gravitational
of mass loss or other competing processes. So the strong sidtling so that we expect an even sharper transition. Therefore
pletion of the CNO elements seems to be compatible with dior these cases we have plotted the wind limit only, this is the
predictions, if the mass loss rates are assumed to depend oditleewhere we expect the transition. The solid line represents
luminosity only. However, in the absence of heavy elementbge wind limit if the mass loss rates from the method described
chemically homogeneous winds could exist only if they weiia Sect. 4 are used. The dashed line is the wind limit from the
driven by the lines of helium alone. According to our estimateame estimate, however with mass loss rates reduced by a fac-
the radiative acceleration atthe sonic pointis too low (this wouldr of ten. The squares in Fig. 13 represent the PG 1159 stars
even be true for ratioc€ NO/He ~ 10~2). In addition we have from the list of Dreizler et al. (1995b), where the results of the
estimated the radiative acceleration on helium at the sonic panetv analyses of some objects by Dreizler & Heber (1998) have
for Togq = 50000K with the fluxes from a (static) NLTE model been taken into account. The triangles represent the DO’s an-
atmosphere with pure helium from Napiwotzki (priv. comm.)alyzed by Dreizler & Werner (1996). Clearly no PG 1159 star
It is too low by a factor of the order 100. To summarize, aexists below the predicted transition region. Near a horizon-
explanation of the low abundances of these DO’s with diffusidal line atlog g = 7.5 several PG 1159 stars and DO’s exist
and mass loss is possible. However, the driving mechanismwith similar stellar parameters. Some of these PG 1159 ten-
these winds is not clear. dencially have somewhat lower abundances of C and O as it

In Fig. 13 all results of this section are summarized. Apaig typical for their hotter counterparts. This may be considered
fromthe 0.529 track discussed above, we have done calculatiagsan indication for the onset of gravitational settling. Two of
for a 0.836 born-again track from &tker (1995). To cover the the DO’s (RE0503-289 witll,s = 70000K, logg = 7.5 and
intermediate mass range two tracks for hydrogen burners h&@0108+101 with g = 95000K, log g = 7.5) have number
been used with\/, = 0.605M, and0.696 M, respectively. ratiosC/He ~ 0.01. These abundances are clearly lower than in
The tracks for hydrogen and helium burners are very differeBG 1159 stars, but more than a factor of ten larger than the pre-
during the pre-white dwarf evolution. On the cooling sequenadictions from diffusion calculations without mass loss (Chayer
however, when we expect the onset of gravitational settling, thetyal. 1995a; Dreizler 1999). A natural explanation of these re-
are similar. The surface gravities differ by a factor of about 12lts is that they are transition objects. So from the observational
only and the cooling ages are approximately the same. side comes some evidence that the transition region is near aline
Let us consider the two dotted lines in Fig.13. With theith log g = 7.5. Ifthis line represents the transition region, this

mass loss rates from Eg. (33) carbon would be reduced byvauld require that our estimated mass loss rates are too large by
factor of two at the upper dotted line and by a factor of ten atore than a factor of ten. In Sect. 4 we have discussed the effect
the lower one. Thus even if the dependance of the mass lo§fine shadowing, which is of great importance in the case of
rate on the composition is neglected, we expect a narrow tréimin winds. This may be one reason. Secondly, the densities in
sition zone between PG 1159 stars and DO’s. If we allow forthe wind region are much lower thanat= % where we have
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Fig. 14. Surface number fractions of H, He, C, N and O as a functidrid- 15. Number fractions as a function of the gas pressuf.at=
of the effective temperature for the track with. = 0.529M, andan 67000K, logg = 7.43 for the case withg; = 0.1. In the upper

initial number fractionH%(O) =0.1 part of the figure the Rosseland mean optical deptas1 and10 are
indicated
. . T
evaluated the occupation numbers. The lower densities fav ' "R\
higher ionization states such Hg?*, C**, N>+ andO°%*. For TR

the CNO elements with helium-like configuration the radiativ
acceleration is low, however. Ftg > 80000K with increas- =
ing T.g more and more particles tend to be in these ionizati=
states. So it is well possible that the mass loss rates are appfﬂ
imately the same for objects wiB0000K < T.g < 120000K =
and similar gravities, although the luminosities are very di
ferent. The estimates in Fig. 1 have shown that the maximt
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—13.0
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possible radiative acceleration in the wind region even tends 40 [ |
decrease fofl.g > 100000K. This could explain why in the 100000.0 50000.0 50000.0
T.-log g diagram the transition region is near a horizontal lin Teff

with constant gravity. i i ,
. . 5ig. 16. Mass loss rates (id4./y; M. = 0.529M) as a function
According to our results the existence of PG 1159 and Dd;?qthe effective temperature. The two solid lines represent the rates

with various composition with similar stellar parameters is N@lzined in this paper for the Cas§§(0) — 0.1and0.01, respectively.

surpnsmg, bgga}use we ex.p.ect a sharp transition. Small d'ﬁ%'r comparison, the results from Eq. (33) are shown in addition (dashed
ences in the initial composition may be the reason that the mMass)

loss rates are somewhat different. Because of the resulting vari-
ations of the mass loss rates some objects may transform into

DO’s somewhat earlier, others later. So a certain overlap of th@vents the gravitational settling of the CNO elements. Then,
PG 1159 and DO region in thE - log g diagram is expected gt 7, — 76000K andlogg = 7.3, hydrogen floats up. The
and can even be considered as an indication for the existencg@hber fractions of the CNO elements are still reduced by a
an evolutionary link between both types. factor of two only, so that we now have a hybrid PG 1159 star.
The enrichment of hydrogen in the outer regions favours the
gravitational settling of the heavy elements. This is because the
resistance coefficients in Eq. (2) are proportional to the square of
In this section we again assume initial number ra@ig$le = the charge of the particles. This leads to larger diffusion veloci-
0.3, N/He = 0.01, O/He = 0.1, but now with various admix- ties in hydrogen-rich surroundings in comparison to the helium-
tures of hydrogen. For the track witif,. = 0.529M, theresults rich case. This has the consequence that in hydrogen-rich PG
forinitial ratios hydrogeq%(o) = 0.1and0.2 willbe discussed 1159 stars the heavy elements sink earlier than in helium-rich
in detail. Then the results for all tracks are summarized. ones. For the example shown in Fig. 14 we expect the wind
In Fig. 14 the surface number fractions of the various dimit at 7. = 67000K, log g = 7.43. The corresponding in-
ements are shown as a function’fify for an initial number ternal structure is shown in Fig. 15. We now have a DAO with
ratio H/He = 0.1. The corresponding mass loss rates are ode/H ~ 10~2. Accidentally, N and O have nearly the solar
tained with the method described in Sect. 4 and are shownaloundance, only C is still somewhat overabundant. It seems to
Fig.16. ForT.s > 80000K the results are similar as for thebe impossible to find out spectroscopically, if such a DAO is in
case without hydrogen discussed in the previous section. Magsansition state or a descendant from a hydrogen-rich progen-
loss withAZ > 10~'2 keeps the stellar surface helium-rich anitor. The tick marks in the upper left part in the figure indicate

7. The floating up of hydrogen
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Fig. 17.Surface number fractions as a function of the effective temper- fth itsi di he dashed
ature for the track with\/, = 0.529M andL = 0.01 ',:'g' 1.9.S.ummary0 the resu tsin 'lo.gg lagram. T e dashe
(0 lines indicate, where (with/ from Eq. (33)) itisH/He = 1 for initial
ratios%<0> = 0.1 (upper line) and 0.01 (lower line). The solid lines

oo kL “ ______ E indicate the wind limits for both cases, derived withfrom this paper
N ] (the upperline isfog%(o) = 0.1, the lower line fo0.01, respectively).
C el _e=mTTTTT i In addition are introduced the same DAQO’s (filled symbols) and DA's
- Lo __,,/""-’-..__y, I (open symbols) as in Fig. 6 and two evolutionary tracks labelled with
% - He //” T ] the mass im/q
w —20F ST -
= .77 - . H : ;
T~ P - i Ho(0) = 0.1 and0.01, respectively. These two lines have been
307 P . derived with the mass loss rates from Eq. (33). (The correspond-
_IN ing results obtained with the mass loss rates from this paper are
—40fF 77, | | | ] similar, they are shown in Fig.20.) With the rates according
6.0 8.0 100 120 140  16.0 to this paper we expect the wind limit for the two cases at the
log Pg [Si] solid lines in Fig. 19. So PG 1159 stars with an initial number
Fig. 18. Number fractions as a function of the gas pressufE.at= ratio 0.01 < Hie(o) < 0.1 will transform into DAO's some-

58900K, log g = 7.53 and the case'- (o) = 0.01. In the upper part where near the region between the upper dashed line and the

of the figure the Rosseland mean optical degths: 1 and 10 are lower solid line. FOV%(O) < 0.01 the results would be very

indicated similar to the case without hydrogen discussed in the previous
section. The heavy elements sink and the wind limit is reached
before hydrogen floats up. So only these PG 1159 stars will be

the mean optical depthis = 1 and 10, respectively. It can be transformed into DO’s.

seen that the stellar atmosphere is in very good approximation The most important conclusion from the results shown in

chemically homogeneous. Fig. 19 is, that the majority of all DAO’s cannot be descendants

In Fig. 17 the surface number fractions are shown as a furef-hydrogen-poor PG 1159 stars Wiﬁg(o) < 0.1. Thisis true
tion of T, for an initial ratioH/He = 0.01, the correspond- especially for objects withogg ~ 7 or even lower surface
ing mass loss rates are plotted in Fig. 16. Hydrogen floats gavities. For the expected mass loss rates hydrogen would not
atT.g = 60500K, logg = 7.51. Then the CNO elementsyet float up. The DAO’s withM, < 0.5M probably have
sink rapidly and the wind limit is reached &ts = 58900K, evolved directly from the extented horizontal branch (EHB) to
log g = 7.53. So hydrogen floats up almost at the same timghe white dwarf region. Thus they are descendants from sdB,
when the CNO elements sink. The PG 1159 star directly evolvsOB or sdO stars (for a review see Heber 1992). The H/He
into a DAO, whereas the DO state is left out. In Fig. 18 the imatio of these objects varies from helium-poor withHe ~
ternal structure at the wind limit is shown. The outer regions ate—> to helium-rich with no detectable hydrogen. Although in
stratified with a hydrogen layer mass of abbuit ! A7, floating  this section we have not investigated the post-EHB evolution,
on top of the helium-rich regions. Again the stellar atmospheiteis plausible that these variations have consequences for the
is approximately chemically homogeneous, because during tunposition of the corresponding white dwarfs.
transformation phase a weak wind is still present.

In Fig. 19 all results of this section are summarized. In a
dition we have done calculations for the tracks fronddKer
(1995) for M, = 0.605 and 0.696M, (hydrogen burners) In thelog g-T. diagram the white dwarfs evolve from a region
and0.836 M, (helium burners). The two dashed lines indicatehere winds exist into a region where no winds exist. Therefore
where a number ratibl/He = 1 is expected for initial ratios somewhere on the cooling sequence mass loss must terminate,

%’_ Summary and conclusions
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this line. From the results in Sect. 6 we have seen that during the
. cooling the CNO elements first sink very slowly and then we
e | expect a sharp transition into a DO. Because the initial compo-
e O, 00 sitions and thus the mass loss rates of the various objects may
S i differ, an overlap of the regions populated by PG 1159 and DO’s
must be expected. Therefore the existence of PG 1159 stars and
DO’s with similar stellar parameters near aline wity g = 7.5
is consistent with the existence of an evolutionary link. This
implies that the majority of the DO’s may belong to an evolu-
tionary sequence which leads from the helium- and carbon-rich
central stars of planetary nebulae (spectral type [WC]) via the
120000.0 90000.0 80000.0 PG 1159 phase into the DO white dwarfs. It is not clear, how-
Teff ever, if this is true for all ones. Rauch et al. (1998) analyzed
Fig. 20. Summary of the results in tHE #-log g diagram. The dashed several helium -rich pre-white dwarfs (O(He) Stars.) in the range
line represents the wind limit for hydrogen-rich white dwarfs. Near thiD0000K < Tegt < 140000K, 5.5 < lggg < 6.5, which do not ,
line we expect the transition from DAO's into DA's. The solid line isShOW the strong lines of carbon typical for PG 1159 stars. This
the wind limit for PG 1159 stars, which can exist above this line onijn@y be an indication for the existence of a distinct sequence,
For PG 1159 stars with an initial ratid$/He < 0.1 and 0.01, we Which never passes through the PG 1159 phase.
expect the floating up of hydrogeH {He = 1) at the upper and lower In Sect. 7 we have shown that PG 1159 stars with initial num-
dotted line, respectively. The filled circles represent the DAO's frotmer ratiosH/He > 10~2 directly evolve into DAO’s, whereas
Napiwotzki (1999) and Bergeron et al. (1994), the open symbols ttige DO phase is left out. During the floating up of hydrogen some
DA’ from the compilation of Napiwotzki (1999). The filled squaregnass loss may still be present, so that the stellar atmosphere is
represent the PG 115_9 stars from Dreizler et a_I. (1995b) and Dreizilﬁrgood approximation chemically homogeneous. According to
& Heber (1998), the triangles the DO’s from Dreizler & Werner (1996‘),&1per | weak winds witth/ > 1016 prevent the development
of an equilibrium between gravitational settling and concen-

this is the wind limit. When the white dwarfs approach the wintiation gradients. Stratified H/He atmospheres as calculated by
limit and the mass loss rate decreases below about' we Jordan & Koester (1986) or Vennes & Fontaine (1992) can ex-
expect the onset of gravitational settling. The heavy elemeffisonly in the absence of any significant mass loss. PG 1159
(and helium in hydrogen-rich white dwarfs) begin to sink slowlytars which have initial ratiotl/He < 10~ transform into
During the ongoing cooling the surface gravity increases. TH¥J's. Due to the decreasing metal abundances we expect the
and the decreasing abundances of heavy elements (and heli@fiination of mass loss. In the absence of mass loss, however,
favour the diminution of the mass loss rates. Then the elemefyglrogen should float up rapidly. In Paper | it has been shown,
sink rapidly and, for example, DAO's transform into DA's oithat @ DO with an initial ratid/He = 10~* may evolve into

PG 1159 stars into DO’s. In Fig. 20 the most important resusDA within a time scale 010* to 10°y. In cooling DO's, at

are summarized. The dashed line nearg = 7 represents Togr ~ 65000K helium recombination leads to the formation of
the wind limit for hydrogen-rich white dwarfs. These DAO's@n outer convection zone (Tassoul et al. 1990) with a mass of
which had approximately solar composition before they enter@gs thari0~'* A1... If, in the presence of awind, the mass within
the cooling sequence, should transform into DA's near this linf@is zone is lost rapidly, the influence of convection is negligi-
This is in good agreement with the observational results. Wighe. When the mass loss rate approaches zero, convection may
one exception, in all objects above this line helium has beg@mewhat prolong the time scales, in which the surface compo-
detected, whereas below more and more DAs appear. If tiion changes. However, as diffusion acts in regions below, this
mass loss rates obtained from the two estimates used in 8l convection zone probably cannot prevent the floating up of
calculations are of the correct order of magnitude, the majorfydrogen. So we expect that finally all helium-rich white dwarfs
of the DAO’s cannot be descendants of hydrogen-poor PG 118®Ive into DAs, if any traces of hydrogen are present. From
stars. For initial ratiodl/He < 0.1 and0.01 hydrogen floats these arguments it is plausible that in thg:-log g diagram

up near the upper and lower dotted line, respective|y_ Dreiz@'OW the wind limit a region exist where all white dwarfs are

& Werner (1996) report on an increasing ratio of hydrogen- 8A's. This scenario could be a possible explanation for the exis-
helium-rich white dwarfs with decreasirifi¢. This result is tence of the DB-gap, if mass loss terminates for all white dwarfs
expected, if their progenitors have a continuous distribution Bgfore they have reached the blue end fear= 45000K. It
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H/He ratios with a variety of metal abundances. fits into this picture that the only DAO of the sample of Bergeron
For PG 1159 stars with initial H/He ratios below 0.01, acet al. (1994), which shows evidence for stratification (PG 1305-
cording to our results the wind limit is between abbytg = 017)is withT,¢ = 44400K indeed one of the coolest ones. The

7.5 and8.0 (solid line in Fig. 20). Near this line PG 1159 star&Xistence of a stratified atmosphere is a clear indication for the
with an initial compositionC/He = 0.3, N/He = 0.01 and absence of mass loss.

O/He = 0.1 (number ratios) should be transformed into DO's. Foradetailed comparison of the theoretical predictions with
In agreement with this prediction, no PG 1159 star exists beldg abundances of individual objects a precise knowledge of the
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mass loss rates would be required. Diffusion calculations whiChayer P., Vennes S., Pradhan A.K., et al., 1995b, ApJ 454, 429
assume an equilibrium between gravitational settling and rad@hayer P., Fontaine G., Pelletier C., 1997, in: Isern J., Hernanz M.,
tive levitation are appropriate only in the absence of mass loss Garcia-Berro E. (eds.), White Dwarfs, Kluwer Academic Publish-
or if at least\/ < 10~16. This has been shown in Paper | for ~ €rs, p. 253
mixtures of hydrogen and helium and by Chayer et al. (19979man B., Rood R.T., O’Connell R.W., 1993, ApJ 419, 596
for the case of silicon in DA's. An example is G 191-B2B Witheeftjen J.L., Dreizler S., Rauch T., Wemer K., 1999, A&A 348, 940
T.s = 56000K, log g = 7.6 (WOIff et al. 1998). Dreizler & 2r&iZ1erS., 1999, A&A 352,632

. . Dreizler S., Heber U., 1998, A&A 334, 618
Wolff (1999) analyzed _the uItrgwo!et and extreme—utrawoleéreizlerS_, Werner K., 1996, A&A 314, 217
spectra using self-consistent diffusion models. The results Ggizjer S.. Wolff B., 1099, A&A 348, 189
reproduce the flux distribution and the ultraviolet lines at leagteijzler S., Heber U., Napiwotzki R., Hagen H.-J., 1995a, A&A 303,
of iron. The abundance distribution in the atmosphere is strat- | 53
ified, a result which has also been suggested by Barstow etabkizler S., Werner K., Heber U., 1995b, in: Koester D., Werner K.
(1999). So for DA's equilibrium diffusion calculations seem to (eds.), White Dwarfs, Lecture Notes in Physics 443, p. 160
be promising. This is consistent with our results, which préiebe T., Scbhnberner D., Bbcker T., Herwig F., 1998, A&A 339,
dict the absence of mass loss in DAs wittg g > 7, espe- 123
cially if the abundances of the heavy elements are clearly belb@ntaine G., Wesemael F., 1987, I1AU Coll. 95, in: Phillip A.G.D.,
the solar one. For DO’s the diffusion calculations of Dreizler Hayes D.S., Liebert J. (eds.), The Second Conference on Faint
(1999) cannot explain the observed spectra, they can bes beBlue Stars, Davis Press, p.285

fitted with chemicallv h dels. F th | ontaine G., Wesemael F., 1997, in: Isern J., Hernanz M., Garcia-Berro
Itted with chemically homogeneous models. From the calcula- (eds.), White Dwarfs, Kluwer Academic Publishers, p. 173

tions presented in this paper and from previous calculations Wﬁg\mey J.F., Smarr L.L., Wilson J.R., 1984, ApJS 55, 211

fixed Tegr andlog g we obtain the following results. For DO’S yeper U., 1992, in: Heber U., Jeffery C.S. (eds.), The Atmospheres of
with mass loss rates in the ran@@’l‘l < M < 10712 the Early-Type Stars, Springer Verlag, p. 234

surface composition is more or less affected by gravitationaérwig F., Bbcker T., Langer N., Driebe T., 1999, A&A 349, L5
settling. However, the CNO elements should still be presehiolberg J.B., Barstow M.A., Sion E.M., 1998a, ApJS 119, 207
Therefore the hotter DO’s analyzed by Dreizler (1999) shoultblberg J.B., Barstow M.A., Sion E.M., 1998b, in: Philip A.G.D.,
have mass loss rates within this range, if they are descendantd-iebert J., Saffer R.A. (eds.), The Third Conference on Faint Blue
of PG 1159 stars and thus the composition is a consequenceStars, Davis Press, p. 331

of gravitational settling. Abundances of the CNO elements BfPerg J.B., Barstow M.A., Sion E.M., 1999, A.S.P. Conf. Ser. 169,
10~% and lower as found in the two cooler DO’s HZ 21 an
HD 149499 B wit_HiZ;eﬁ ~ 50000K andlog g =~ 8 are exPﬁcf[ed Jordan S., Koester D., 1086, AGAS 65, 367

only for M < 107" Therefore for these two DO5) IS Koester D., Wolff B., Jordan S., Dreizler S., 1998, in: Philip A.G.D.,
an upper limit for the mass loss rate. These result support the | jepert J., Saffer R.A. (eds.), The Third Conference on Faint Blue
hypothesis that for DO’s near the blue end of the DB-gap the stars, Davis Press, p. 313

mass loss rate approaches to zero, which favours the floatingdpsterke L., Werner K., 1998, ApJ 500, L55

of hydrogen. In addition, the results indicate that in DO’s windsoesterke L., Dreizler S., Rauch T., 1998, A&A 330, 1041

more probably exist rather than in DA's. However, the drivingudritzki R.P., Mendez R.H., Puls J., McCarthy J.K., 1997, in: Habing

?ben 1.Jr., Kaler J.B., Truran J.W., Renzini A., 1983, ApJ 264, 605

mechanism still has to be investigated in detail. H.J., Lamers H.J.G. (eds.), Planetary Nebulae, IAU Symp. 180,
p. 64
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