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Abstract. Stability properties are presented of dipole and quadeupohradial oscillation modes of model stars that experi-
enced a late helium shell flash on their way to the white-deaofing domain. The computed instability domains are carexgba

with the observed hot variable central stars of planetabulee and the GW Vir pulsators.
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O L. Introduction The excitation physics of the PG1159-type oscillations is

) ) still a matter of debate; this, despite the relative sinigliof
The family of pre-white dwarfs (PWDs) referred to as PG11384 microphysicsin the destabilization region as compaftd

stars is spectroscopically _defined by_ the dominance of He él_g_ classical pulsating variables. Most of all, in the cafste
LO € 1V, and O VI (and sometimes N V) lines and 3 strong ';' defbwp pulsations, the stability analyses are not discredited
O ciency. Surface mass abundances of about 33% He, 50% C gpdinggriciently understood rdle of convection which is usu-
"= 17% O are reported as typical. Currently, 32 stars are mebgjy, nresent when the-mechanism is at work. Nonetheless,

o Of the PG1159 family, theffective temperatures range fromy, ;' general agreement exists regarding in particular thenghe
i_about 170000 to 80 000 K. Roughly half of the PG1159 stag§ composition in the driving zone (elg. Starrfield ¢f aB3:9

e are embedded in a planetary nebula. Saio | 1996;| Bradley & Dziembowski 1996: Gautschy 1997;
+=  Until recently, a hydrogen-deficient composition of thigox[2008| Quirion et 4l. 2004).

() PG1159 kind could not be reconciled with stellar evolutioe-s - . o
E‘(j. narios. Only the introduction of appropriate overshooting Saio (1996) and_Gautschy (1997) studied qualitatively the

= mixing procedures in modeling post-AGB stars undergoingirz):\ﬂuence of the_n_ew generation .Of qpacity data, specifi@flly
2 Very late thermal pulse (VLTP) led to PWDs with H-deficienéhe OPAL opacities, on the excitation of GW Vir pulsations.

44

> surface layers that are in agreement with PG1159 specpgsc ue to the lack of evolutionary models Wlth realistic higsr
o™ (Herwig[2001, and references therein) that led them through the thermally pulsing AGB phase, the au
' : thors performed theiexpl orative computations on model stars

@Rt evolved & the helium main sequence. The evolutionary

i : hases before the kneeffédred significantly from post-AGB
onymoLSl throughout the tox). Four of he ton variabisesty/26KS: The post-knee epochs though, converged surpsing
ha\);e highysurfacg gravities (I@> 7) and low luminosities well towards the loci of full evolutionary computations. &h
. . . . " PG1159-type instability regions deduced from the simglifie
€. they are essentially on the corresponding wh|t‘<::‘-dmmf- models agreed decently well with observations. The contpute
ing track and have hence evolved around the “evolution

a . . . .
knee” (cf. Fig[}). The rest of the GW Vir stars has low tpg ;%rlod separations, howeverffered stficiently from the ob-

. ) . served ones to arouse considerable criticism_(O’Brien 12000
(i.e. logg < 7), in four cases associated planetary nebulae gigy ‘ .

) C6x12008). However, it seems to have largely gone unrecog-
known. The observed periods range from about 5 to some 1./

minutes on the hiah-loabranch and thev can exceed one ho nized that usually thexcitation physics is much more robust
minu 'gh-iogbral y xeeec Lfﬁan the asteroseismic signatures and that the studlesiof Sa
in the low-logg PG1159 variables. Based on these time-scal

. : : . ) T996) and Gautschy (1997) served a useful purpose nonethe-
the pulsations must be attributed to intermediate to higleo T(ess ) o ) il
g modes. '

tized as GW Vir variables, after the variable-star desigmat

In the following paper we return to the excitation physics
Send  offprint  requests to: A.  Gautschy, e-mail: of PG1159 stars. We set out to show that the Saio and Gautschy
alfred@gautschy.ch results are robust, as it has also been shown recently in-an in
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IR L B N O white-dwarf cooling phase, the admixture of heavy elements
in the star’'s envelope was assumed to be solar; the OPAL
opacity tables that entered the computations are desciibed
Althaus et al.|(2005). The abundance evolution of 16 cheimica
elements was included via a time-dependent numerical sshem
that simultaneously treated nuclear evolution and mixirg p
cesses due to convection and overshooting. Such a treanent
particularly important during the short-lived phase ofthRa'P

1 and the born-again episode for which the assumption of in-
stantaneous mixing is inadequate. In the course of the VLTP
—  phase, most of the residual hydrogen envelope is engulfed by
the deep helium-flash induced convection zone and is com-
pletely burned. The star is then forced to evolve rapidlykbac
to the red-giant region and eventually into the domain of the
central stars of planetary nebulae at hiffleetive temperatures
but this time as a hydrogen-deficient, quiescent heliunmingr
object. We note that the inclusion of overshooting below the
1 helium-flash convection zone leads naturally to surfacerabu
dances in agreement with those observed in PG1159 stars (see
—| Fig.[). In particular, also the N abundance is compatiblé wi
the range of observed ones (of the order of 0.01 in mass) in
pulsating PG1159 stars (elg. Dreizler & Heber 1998; Werner
2001).

Four model-star sequences, with58, 055, 059, and
0.64M,, were analyzed in this paper. Th&0M, sequence de-
rived directly from the evolution computations of Althausé
(2005). Figurddl displays the evolutionary track of the nmiode

Fig. 1. Evolutionary track of the initially ZM,, star passing With 2.7Ms on the zero-age main sequence an89M, at
through the AGB, a very late thermal pulse (VLTP), and enteth_e end on the white-dwarf cooling track. The stellar models
ing the final cooling phase as a hydrogen-deficient white Hwa¥ith 0.53, 055, and 064M,, were derived from the.89M;, se-

with 0.59M,. Pulsation computations were performed at laf/ence by changing the stellar mass to the appropriate value

epochs along the locus tracing the terminal departure frem ghortly after the termination of the born-again red-giamage
red-giant domain. of the VLTP (i.e. at logTes ~ 4.2). Upon restarting the evo-

lution of the models with the abruptly changed mass, the ef-
ficiency of the helium-burning shell did not match the model
ucture. For all three stellar masses, the transitios@lar-

5.0 45 4.0
log Tegf

dependent approach by Quirion et al. (2004). This time, we

beyond the use of simplifi_ed evolut_ionary ”_‘Ode's or th? US€dly which nuclear burning and the internal structure repeth
envelope models to describe GW Vir pulsations. Numerieal Stasted to about lo§e: = 5.1 on the locus of the last descent
bility analyses were performed on state-of-the-art motsks from the red-giant domain

that evolved through a late helium shell flash after they\aabl
through the thermally pulsing AGB, starting originally fno
the main sequence. Hence, this paper closes the credimlty
left open by the earlier work. Secti@h 2 introduces the atell ul
models and reiterates on the computational tools used ér ﬁ1
stability analyses. Sectidh 3 presents the results of #islisy
computations for dipole and quadrupole modes; in particu
the instability domains are described. The results araidsd
and compared with earlier work in Seltk. 4; the conclusions
Sect[d point out further steps that need to be taken.

Furthermore, the evolutionary phase along the white-dwarf
cooling track (when lodes < 5.0) included elemental tfu-

sion which is important for the occurrence of a red edge of the

sations as discussed in S&cfl 3.2.

The nonradial stability analyses of dipole and quadrupole
modes were performed with the Riccati integration method
the linear nonadiabatic oscillation equations as usetien

PG1159 study af Gautsdhy (1997); the approach was described

1Br example in_Gautschy etlal. (1996). Again, we retained the

nuclear terms in the stability equations to detect potéynex-
istente-driven instabilities. Convective energy transport is not
important in the envelopes of the PG1159 stars. Hence, the
stability computations neglected convectidieets completely.

The model stars on which stability analyses were pérhe Riccati method was described on various occasions in the

formed were extracted from the computations described past; nevertheless, elementary misjudgments continueeto p

Althaus et al. |(2005); they followed an initially.ZM, star vail (e.g.Cok 2003) and it seems necessary to emphasize once

with solar composition from the zero-age main sequengapre that the Riccati approach is a shooting method. The spa-

through the AGB and a VLTP, to the final cooling sequend&l resolution that can be achieved in the pulsation compu-
as a hydrogen-deficient white dwarf. Except for the finghtions is not limited by the number of spatial gridpoints ap

2. Models and Tools
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r I Figure3 displays the instability boundaries on theTgg—
period plane forr = 1 (left panel) andd = 2 modes (right
panel). Eigenmodes with periods up to 1800 s were consid-
ered. For the dipole modes, the observed domains which are
occupied by GW Vir variables are overlaid for comparisore Th
observed dipole-mode period ranges were adopted from Tab. 1
of INagel & Werner [(2004); the horizontal sizes of the boxes
reflect the canonical 10 % uncertainty in the spectroscogic
determinations.

The logTes — period diagram for dipole modes shows that
the instability regions are separated into a lowdd@igh lu-
minosity) and a high-log (low luminosity) domain for each
mass. For all stellar masses considered, the tip of the evolu
tionary knee is pulsationally stable. The low-lpdnstability

log(1 - m/M,) domains are roughly compatible with observed periods it var

able planetary-nebulae nuclei (PNNV). One exception is the
Fig.2. Representative spatial abundance profiles for selectstdr Lo4 with its short periods. The Lo4 observations could
nuclear species for a®8M, model at logler = 5.15 and possibly be reconciled by adopting, < 0.53M.
logL/L, = 2.377. The outermost 1®M., are not shown as  No red edge was encountered in the low-goigstability
the compositions do not change there anymore; this appligsmains. Due to our restriction of the computations on the
to the evolutionary phases prior to Idg;r = 5.0 along the |ong-period side, we could not follow overstable modes to-te
white dwarf cooling track. Overshoot episodes during c@e hperatures below 125000 K on the high-luminosity branch of
lium burning and the AGB evolution left clear signaturestia t the evolutionary tracks. At these longest periods that wene-
abundance profiles: the step-#1.3 and the mountain-like fea- puted, we did see no signs yet of a decline of the strengtteof th
ture at around-1 of the abscissa. instabilities.

The high-logy instability domains start at 106 = 5.12

proximating the stellar background model. All that is reqdi for the 053M; model and at successively lowEgs for higher
is that the stellar model must resolve all the relevant gasi masses. If elementalféiision was included, all instability do-
guantities sfiiciently well. The physical quantities that mustmains showed a sharply defined red edge on th& dpg- pe-
be accessible to the pulsation integration at arbitrartigigzo- riod plane. The 9M, model sequence was evolved once with
ordinates are then interpolated in the stellar backgrouadiv diffusion at logley < 5.0 and once without diusion. The re-
monotonized cubic polynomial (Sten|1992). The limitation sulting instability boundaries are displayed as dot-caied
of the radial mode order that was computed in this projed (alines in the left panel of Fid]3. For I0B > 4.98 both in-
any other before) was inflicted by the computing time that hatability domains are indistinguishable. Thefdsive models
to be invested per mode rather than by any numerical spattacounter a red edge at ldgr ~ 4.97. The instability do-
resolution issue. main of the dffusion-free sequence (thin dot-dot-dashed line),

In this project, the Brunt-Vaisala (BV) data had to be-span the other hand, continues to grow towards lolugis with-
tially smoothed. Very crisp composition steps in the stell@ut a sign of a weakening at 1@z = 4.70, the location of the
interior, be they imposed by elaborate treatments of conveoolest model analyzed.
tive boundaries or artificially produced by the finitefdrence The position of the red edge is not realistic; its location de
methodology, cause spikes in the BV frequency. Shootipgnds on the epoch whenfiilision is switched on during the
methods are particularly sensitive to spikes in theflicients evolution computations. All that is important here is thleft
of the diferential equations as they usually entail very short ifiusion causes a red edge; this point is further elaborated on in
tegration steps to spatially resolve such rapid changegiing Sect[3P.
that such discontinuities are somewhat smeared out in a real The maximal period-widths of the high-lggnstability do-
star, we smoothed the BV frequency numerically to iron omains range from 290 to 480 s with no clear mass dependence.
the spikes but maintaining at the same time its broader féan the other hand, the magnitude of the shortest and thedbnge
tures. The simple algorithm that was invoked computed the BWerstable periods are a function of mass. TSM, models
frequency iteratively at any point in the star as the average have the longest-period overstable modes; the magnituttie of
its nearest neighbors and consequently removed narrowspikpper period boundary decrease with increasing mass. Eor th
efficiently. 0.64M, sequence, the longest overstable period is as short as
500 s. On the other side, the shortest-period overstablesnod
have periods as low as 192 s for thé4M,, sequence. This is
shorter than the shortest observed periods in any GW Vir star
This section describes the numerical results obtained fham The most obvious problem is evidently the prototype of
nonadiabatic eigenanalyses®f 1 and 2 modes, performedthe class, PG1159-035 itself. PG1159-035 lies so closeeto th
on the four model-star sequences witlb3)0.55,0.59, and evolutionary knee of the model tracks that it falls mogiey
0.64M. tween the low- and high-log ¢ = 1 instability domains.

0.6 —

0.4 — C

0.2

0.0 ‘

3. Results
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Fig. 3. The boundaries of the instability domains on theTgg— period domain. The left panel shows the dipole modes, ¢ ri
panel contains the results for the quadrupole modes. Thérdmed out by the four model sequences are plotted witlerdint
line types. For the B9M,, sequence, the results obtained on models with suppres$esiain are shown in addition with a thin
dot-dot-dashed line in the left panel. The boxes delindeseobservational situation for dipole modes. Details avergin the
text.

The observational box on the ldgg — period plane overlaps follows the relation

only marginally with the instability domains of theIBM,, se-

quences. Such a low mass must be rejected, however, based on logL/Le = 9.0372- log Ter — 44.158. 2)
the computed period separations (see also Bect. 4).

The right-hand panel of Fidll 3 shows the boundaries ¢fe apove parameterizations of the blue edges imphass
the instability domains traced out by the quadrumplaodes. gependence of the GW Vir instability domains as it is already
For the two most massive sequences, the instability togologigent in Fig[B. In SecEl4, we return to the observation tha
looks the same as for the dipole modes. The maffedince (e grientation of the blue edge on the HR plangeds from

is that considerably shorter-period modes are overst&iole. 4t of the classical instability strip, in particular tHepe as
the 055 and 063M, sequences, the instability domains are ufpe opposite sign.

interrupted, they extend around the knee from the low- to the

high-logg domain. The #ective temperatures of the red edges

of the dipole and quadrupole instability domains coincitiee  3.1. The excitation mechanism
growth rates of the overstabfe= 2 modes reach comparabl

magnitudes as those of tiie= 1 modes. QI'he g modes that are found overstable in our models are all

. ) . . iven by thex-mechanism induced by the opacity bump peak-
For comparison with spectroscopically calibrated PGll?rE]Sg around log = 6.2. Partial ionization of K-shell electrons

stars, Fig[¥ plots the evolutionary tracks and the ovelesta .
gions on the l0g «s — logg plane. Observed GW Vir stars and" C and O cause the peak. As the matter of the stellar en-

the associated error boxes are superimposed. PNNVs are ixglopes als_o contains heavy elements before the onseff_of di
cated by encircled dots. The loci of the blue edgeéefl and sion, the high-temperature Z-bump enhances the opacity pea

2 modes are given as dotted and dash-dotted lines, respiycti\?rounq logl" = 6. !—!ence, t_he pulsation drlvmg s the same as
The evolutionary phases harboring overstable di des M all hitherto stability stgdles of P§-1159 vgrlables. _

are marked with a heavier line on top of the evolutionarykrac '€ abundance profile shown in Fig. 2 is representative of
The general agreement between observations and modef@/jgnodels before the occurrence offdsion-induced helium

reasonably good. Note again, the red edge position is natt trradients in the outer envelopes (see Hg. 6). For tfiasion-
worthy. Important is, however, the existence of a red edge. less models, the abundances remain on the level as at the left

Finally, Fig.[3 shows the evolutionary tracks of the moddorder in FigP out to the photosphere. Note that in Hig. &, th

\/ —
stars on the HR plane; thereon, the blue edges can be apprigiiPerature reached alreadg 110" K at log(1-m/M.) = -5.

mated by straight lines. The dipole-mode blue edge obeys fgNCe: all model stars have at least&3@ of helium (in mass
relation units) in the driving region. In particular, all oscillagiiPG1159

models with logleg > 5.0 (on the white-dwarf cooling tracks)
logL/Le = 9.289- log Ter — 45.186. (1) haveno composition gradient between photosphere and the
pulsations’ driving region. Therefore, the excitation pieg re-
The dash-dotted line in Fidl 5, delineating the quadrupolerains the same as discussed_by!Saio (1996), Gautschy (1997),
mode blue edge, is less steep than the 1 blue edge and and more recently by Quirion etlal. (2004).
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Fig.4. The GW Vir instability domains on the [00¢ — logg

plane. The dots represent observed variable PG1159 stgfg.5. The loci of all model sequences in the PG1159 re-
Encircled dots indicate the pulsators that are embeddedgian of the HR plane. The heavy lines delineate the do-
a planetary nebula. The boxes around the observational d@atins of unstablé = 1 g modes. The blue edges for dipole
mark the canonical uncertainties. The dotted line ind&atgnd quadrupole modes, respectively, are indicated witkesro
the dipole-mode and the dash-dotted line the quadrupok blihes. For logle; > 5.1 at high luminosities of the .BOM,
edge. Along the evolutionary tracks, the epochs with oaétst models, no instability is indicated; most probably, howeve
g modes are plotted with heavy lines. In the lower right of thgverstableg-modes exist there. However, the computations

figure, the two grey dashed lines mark the loci of constant pgere stopped because the shortest unstable periods egceede
riod separation (21 s and 22 s) as derived from the nonadiabaigoo s.

stability computations.

On the other hand, if diusion was accounted for, the
3.2. The red edge g mode instabilities literally starved when the He abundance
exceeded a critical level. The microphysics of elementalss
As mentioned before, all model sequences were evolved witbrt is such that the He that is going to float on top of the
switching on elemental ffusion after they passed ldgr = heavier elements starts to separate from these other élemen
5.0 on the white-dwarf cooling track. The choice of the epocit a temperature depth of about’ 32 The steepest abundance
of the switch-on of dtusion was arbitrary. If diusion alone, gradients are found between [®6g= 6.7 and 63, this region
without competing counteracting physical transport psses, also dominates the damping and driving of theodes for the
is considered, sedimentation is verffegtive. The top panel PG1159 variables. Hence, it is understandable that sufiagse
of Fig.[@ shows the helium profiles close to tirenode driv- the main driving elements of that region with “pulsatiogall
ing region at several epochs of th&sBM, model sequence. inert” stellar material reduces thdfieiency of the pulsational
It took the star to evolve only from I00s = 5.0 to 4951 driving. Looking at the dferential work curves in the lower
for the superficial He abundance to rise fron3@ to Q77. panel of Fig[® shows indeed that the curves are essentially
The superficial flattening of the He profile is an artifact of thself-similar. The higher the helium abundance in the dgvin
modeling procedure: thefilision equations are solved only irregion the lessficient is the driving contribution to the pulsa-
the Henyey part of the stellar interior but not in the stedlar tions. Finally, with Y= 0.77 in the superficial layers in Fifl 6,
velopes that are computed in full equilibrium. Hence ounltss the driving cannot compensate the damping anymore and the
probably underestimate thefillision dfects. g modes turn stable. The critical level of helium above the-dri
As mentioned in SecE]l3, we computed also the stabilityg region for the red edge varies betweeriand about 82
properties of 39M,, model stars devoid of fiusion. The cor- for the diferent masses of the model stars considered here.
responding stability analyses were hence performed onimode The diferential-work curves are very similar in form as the
with a constant He mass abundance.80® from the surface to He abundance rises towards the surface; the compositiocmal g
the nuclear-active deep interior. Neglectingfasion altogther dient does not distort the eigenfunctions (the spatial tidkne
for the whole evolutionary history, no damping of thenode energy distribution is essentially ufiacted by the dfusion
pulsations was found along the white-dwarf cooling track. process). Therefore, one can say thdfudion lets the pulsa-
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Regarding the comparison with observations, there is es-
sentially one problem case: PG11590354 itself. As men-
tioned before, on th&s — period plane, the observational box
overlaps only slightly with the computed instability domsbf
the Q53M, model sequence. Comparing the associated com-
puted mean period-separatioki{,-; = 22.46 s) with the ob-
served one (262 s) makes it clear that theSBM, model is
no acceptable solution. With regard to the period-separati
the best agreement was found with thB8M, model having
All,—q = 2150 s atTeg = 138000 K. This, however, means
that the¢ = 1 blue edge is at least 6000 K to cool there to
be compatible with the observed situation. Our preferredsma
for PG1159- 0354 is closer to the spectroscopic calibration
of Dreizler & Heber |(1998) (®4My) than to the (9M,, of
Kawaler & Bradley [(1994). The latter value is frequently re-
garded as kind of a canonical mass for PG1159354; it
should, though, be kept in mind that the asteroseismic realib
tions rely on fits to some evolutionary models with all their
shortcomings and uncertainties.

According to the current models, regions of exclusively
¢ = 2 overstable modes were encountered for lower-mass (i.e.
about 053 < M, < 0.57M,) PWDs when they pass along the
low-luminosity side of the evolutionary knee.

As mentioned hitherto for DBVs| (Gautschy & Althaus
2002), also for the pulsating PG1159 models we found the
shortest-period overstable modes to be quadrupole ones and
the longest-period overstable modes to be dipole ones. Even

Flg 6. Top panel: Spatial variation of the He profile (Y) as gthe latest RXJ2117 observations (Vauclair E".i al. QOOZI)'Idb
function of depth, measured in Idg for four 055M, model Clearly reveal quadrupole modes, the most likély 2 can-

stars as the red edge of tgemode instability is approached.didates in the data are at the short-period boundary of the ob
Bottom panel: Diferential workw = dwWjdr, of thel = 1,k = served set. Also for PG1159 (Winget elial. 1991), the pasitiv

19 mode for the same models. The eigenmode belonging to ffightified = 2 mode has a short period at 425 s. However, one
thinnest line is pulsationally stable. multiplet, the one associated with longest-period modposs

sibly due to ar = 2 mode; if true, this would clearly contradict

our computations. Another potential problem case is PGP122

its 465 s mode — the third-longest period mode reported in
tions “starve”. In the present computationsfatsion destroys [5'Brien et al. [1996) — is suggested to be a quadrupole mode.
the pulsations rather quickly after sedimentation is “stéd The identification was not without debate, however.

on”atTer = 100000 K. The red edges of thefférent mass se- With regard to mode excitation, we saw that neither the use

quences were then encountered between 70 800 and 89 1081"%‘ver| simplified full stellar models nor the use of enysdo
Approaching the red edge, the long-period modes died awa y simp

earlier than the short-period ones. Therefore, close tadte m.%dels iny are the reason for overstaphaodes in gqvelopes
: . with helium mass abundances of about 0.3. Additionally, we
edge, the mean period of the range of excited modes

have now three dlierent numerical methods (finiteftirence
relaxation, finite-element solver, and a nonlinear shaptin
method) that agree on thgemode excitation. The disagree-
ing results (e.d. Starrfield etlal. 1983; Bradley & Dziembkivs
The splitting of the PG1159 pulsation domains (see Fily. 3$96;.Cox 2003) were obtained with finitefiirence relax-
into two regions — a long-period, low-lggdomain and a short- ation methods which resemble the method ofiSaio (1996). We
period, high-logy part — agrees with the results[of Sdio (1l99d)yPothesize therefore that the origin of the disagreement i
and Gautschy (19b7). In the current computations, no contidinked to particularities of the computational realizato We

ous instability domain connecting low- and high-tpgegions found the previously proclaimed “helium poisoning” to be-
was found for dipole modes. In the two older studies just mef@me éfective only at higher mass abundances such as they
tioned, the (66 and 067M, sequences had continuous instabi'® encountered when elementatuiion was at work. If the

ity domains, however. The reason is connected with tiferdi relative mass abundance of helium exceeded abatn, Ghe

ent loci of the evolutionary tracks on tfigg — logg plane, the 9 modes were found to “starve” so that a red edge occurred.
present models reach higher lpgalues earlier in their evolu-  With respect to pulsational driving, the only qualitativié d
tion than in the old simplified ones of Saio and Gautschy. ference to the results bf Shlo (1996) and Gauischy (199gis t

log T

4. Discussion



A. Gautschy et al.: On the excitation of PG1159-type pubsesti 7

absence in the current model starg-afriven instabilities with EliminateP in the last equation with the chosén- T relation

periods of around 100 s. to get
~ T5.25
How can the bimodal period distribution on tfigr — pe- o1 T \/ — =~ const. (4)
riod plane (cf. FiglB) be understood? At a cho$gn the peri- TG M

ods difer by at least a factor of three, whereas the IuminositiE%
differ by factor of 15 or more. In contrast to the expectatior‘gvi
the short periods are excited at low and long periods at high
minosities. To understand this, we resort to the classiced-t
scale argument (e.g. in Cox & Giuli 1968)

r the periodll, we adopt the relatiodl « T,;%R from
nget et al. [(1983). Using a very simple white-dwarf model
from Kippenhahn & Weigdr (1994) (their section 35.8); «
(L/M)? to estimate the maximum temperatuFg, leads to

L\
HKR(M) .

EliminatingR again via Stefan-Boltzmann’s law gives

f cvT dm/L, = O(I1/2x). 3)
AM
The integral extends over the mass of the envelapé, over- .
lying driving region of the pulsations. Relatidd (3) defirles &T°% L7

. . . . : . ~ const. (5)
pulsation periodll, for which the thermo-mechanical coupling Tgﬁ M
in the stellar material is optimal for pulsational drivingle .
compared two B9M, models at lod e = 5.06, one at high Assume the temperature at the top of the driving regiartp
and the other at low |uminosity_ For both mode|s' we eva“ﬂemain constant within the |nStab|l|ty domain of the PG1159
ate the left-hand side in edd (3). We approximate the integrgariables and neglect the mass dependence of the derived re-
as usual, by adopting the values at the driving region for thion, as the range of stellar masses assigned to PG1189 var
quantitiescy and T (indicated by a tilde) and write it henceables is small. From fits to the evolutionary computations we
ascy T AM. Based on the full stability computations, we asderive dlncy/dInLlr,, ~ 0.5 and we neglect any additional
sumed the driving to occur at around [6g= 6.3 in all cases. Ter dependence. All things considered, we finally arrive at:
Therefore, we compute the ratios @f, AM, andL,; all three dinL 28
guantities are considerably larger than unity as the elolut dinTer =3~ 93. (6)
proceeds past the knee (always measured at the $gmdt
turns out that the product in the numerator of Hg. (3) ovefccording to eq.[L), the slope of the blue edge as obtained
compensates the changelin in the denominator. Therefore,from the fit to the full nonadiabatic computations i3 9or
the high-luminosity phase of evolution prefers longer pesi ¢ = 1 and 90 for £ = 2. Regarding the simplicity of the model
for pulsation than the low-luminosity one. The overcompensand the coarseness of the approximations, the result is-asto
tion is mainly due to the considerable decrease of the epeeldshing. We attribute the dominant contribution to the slabe
mass, overlying the driving region, as the stars evolve tds/a the blue edge to the term ddg/d InL. Hence, itis the growing
to white-dwarf cooling track. At loge; = 5.06 for example, importance of radiation pressure as the luminosity in@eas
AM at highL, is 630 times larger than at loky.. The influence the PG1159 envelopes that tilts the blue edge to the leften th
of this number is further enhanced by the fact that radiati¢#R- and the loger — logg diagrams.
pressure constitutes a considerable fraction of the totd-p ~ We found elemental éiusion to quench g-mode instability
sure,P, in the high-luminosity stage. Sinag « 1/82, with 0n the high-log branch of evolution when the helium abun-
B = 1— Prag/P, cy can rise considerably when radiation pregiance exceeds a critical level in the driving region. A heliu
sure gains importance. Again, for the models afllgg= 5.06 mMass abundance of abou?®@ was found to be siicient for
we foundp ~ 0.4 at the high luminosity ang ~ 0.9 at the the overstablgg modes to starve. Hence, as conjectured by
low-luminosity epoch. Dreizler & Heber (1998), a depletion of C and O, which can

be regarded complementarily as an enhancement of He, due to
To understand the slofmientation of the blue edge in thesedimentation in the driving region enforces a red edge.

post-knee domain in the HR diagram, we follow the reason- pjysjon is a very fiicient process to turn PG1159 stars
ing oflCox & Hanseni(1979). We approximate d4. (3) the saniio DO stars. If only dfusion — without counteracting pro-
way as to understand the period bimodality. We approximaigsses — is included in stellar modeling, DO stars would show

the hydrostatic equilibrium as up at too high #ective temperatures to be compatible with
~ observations. In the current modelingffdsion was switched

4rPR¢ ~AM. on ad hoc at 100000 K on the white-dwarf cooling track.

GM Therefore, the location of the red edge of the PG1159 varsabl

The Stefan-Boltzmann relation allows to rewrite €. (3) as  in the various diagrams shown in this paper is not trustworth
» The quantitative non-equilibrium computations of
¢y TPL Unglaub & Bues|(2000) to model the counteracting processes
———— ~ const. P :
HTSPf M of diffusion and mass loss suggest that a unique red edge for
the PG1159 variables aschass cannot be expected. As com-
The envelope® — T structure of PWDs is decently approxipositions and rotational velocities (which tend to homadgen

mated by a radiative-zero one using a Kramers-type opacitgmposition gradients) vary from star to star, also the bpoc
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(and hence the correspondifigg, L, or g) will vary when oscillation-frequency spectrum that becomes availablkesa
the critical contamination of the driving region is reache@n important contribution to solve this conundrum.
Therefore, it is not inconceivable that close to the red eafge  In addition to the period-separation information, we can
the PG1159 variables, these are intermixed with stable R@¥o compute the lengths of the trapping cycles. The two com-
stars and even with non-pulsating PG1159 stars. The cloparisons with observations that are currently possibleatad
one gets to the red edge, the shorter should the mean petim modeled trapping-cycle lengths to be always shortar tha
of the excited modes be; this occurs since, according to dhe observed ones: RXJ21%73412, 839 s observed and
computations, the long-period modes starve earlier than %6 — 60 s computed. For PG1159035: 805 s observed and
short-period ones. 52.6 - 684 s computed. Based on mode-trapping theory as de-
. L . . veloped in Brassard etlal. (1992), the current model stars ha
The position of the theoretical instability domains is onlg . . . . .

: . Seemingly too thick helium layers to be compatible with abse
part of the game to understand the GW Vir pulsators. Pettinen X )

tions. As there is ample evidence for mass loss before and

: N : ; . Vi
information is obtained from period-spacing data. We us%%ring the PG1159 episodes of evolution (Werner 2001), we
are positive that the mass of the helium-rich model envedope

the results from¥ = 1 computations to compare them with
the observed period separations for three stars. In theo:fas%an be sticiently reduced via a hot stellar wind to improve the
RXJ2117+ 3412, only tracks of ®4 and 069M, models pass . .
o . agreement with observations.

on the logTer — logg plane within the observational error box.
Inspecting the period separations revealed that the 0.6# mo

els have too small a mean period separation. Even @M, 5. Conclusions
objects with the arithmetic-mean period separatidfy_; ~
20.0 s were below the mean observed separation 32%
(Vauclair et al. 2002). Hence, only a mass belo880/; can fit

The excitation physics as scraped out from simplified model
stars by _Salol (1996) and Gautschy (1997) is corroborated us-

. . . ing now complex stellar-evolution models that went through
the observation. However, the corresponding current ¢iooi . .
a very late thermal flash. In particular, we found again that

ary tracks pass outside the error box. PG14835's observed . . : .

. . - : modes can be excited with considerable He abundance in the
All;= = 2162 s period spacing (Winget et al. 1991) is best MGiriving region, supporting the view that abundance grasien
produced with our B5M, models. As mentioned before, th g region, supp 9 9

problem with the ®5M, model stars is that none of the in- e_t\{veen the spectroscopically accessible sj[ellar sugiatéhe .

. . i . .. driving region ofg modes do not have to be invoked to explain
volved dipole modes is pulsationally overstable in thenitgi PG1159-type oscillations (elg. Bradley & DziemboWski 1996
of the position of PG1159 035 on the loJ ¢ — logg plane. yp < y :

Again, evolutionary models that arrive at the lower sidehef t A blue edge was encountered for dipole and quadrupole

knee with higher luminosity than what we get currently mighrpOdeS; its slope is a manifestation of a mass dependence
resolve the dilemma. Finally in PG213066 ATl,_; = 2165 of the pulsational instability of PG1159 stars. On the high-

is observed (Kawaler et Al 1995). From our current modeli luminosity branch of the evolutionary track, the hottestiva

ngo . o
e . les are the most massive ones. The situation reverseg on th
we conclude that the best fitting stellar mass lies betwegh Olow—luminosity branch (below the evolutionary knee), wéer

and 059M,,; the observed pulsation modes fall then well withirt’lhe bluest variables are the least massive ones
the computed range of overstable dipgleodes (cf. FigL3). Model-star sequences includindfdision led t6 ared edge

Figure[? has inscribed lines of constant period separationfthe PG1159 instability domain. Much in agreement with the
The loci of 21 s and 22 s, interpolated from the nonadiabaficedictions of Dreizler & Hebher (1998), the oscillationstioé
computations, are shown. Note that the observed period sBE1159 stars starve once the He abundance in the driving re-
arations for RXJ2117, PG1159035, PG2131, and (accord-gion exceeds a critical magnitude. It is therefore likelgttthe
ing tolO’Brien|2000) PG0122 all lie between 21 and 22 s. tBd edge is close to the transition from PG1159 to hot DO-
PG1707+ 427’s period separation of 18 s [Fontaine et al. or possibly DA-type white dwarfs. It is furthermore conceiv
1991) holds then the apparent confinement to-22 s of the able that the red edge of the GW Vir stars is not sharply de-
other four GW Vir variables is an observational bias. Howgevdined but rather frayed. The counteractinteets of rotation,
in case the period separations of GW Vir stars are indeed nstellar wind, radiative levitation and gravitational $ag de-
rowly confined, then they populate only a fraction of theansttermine for each star individually when tigemode pulsations
bility region as computed by linear theory. It appears wortllie out. A significant step ahead would be parameter studies o
while to point out that the loci of constant period separatidche competition of mass-loss anddiffusion on the iiciency
depend also on the trapping amplitude of the modes. Our medupulsational driving. Currently, diusion is still switched on
period separations were computed as simple arithmetic snead-hoc.
over many successive radial orders. The larger the trapping In contrast to the models of Saio (1996) and Gaulschy
amplitudes are, i.e. the sharper the composition gradientg(1997), the stability analyses of the current stellar masiel
the stellar interior, the bigger theffirence betweenIl and quences did not reveal any overstalskenechanism driven
the asymptotic value. If mass-dependerffudiion dficiencies g modes at short periods.
are capable to increase the distance between the, say 21 andVe gathered some evidence, when comparing the theoret-
22 s, period-separation lines in Figl. 4 remains to be seéral with the observed period-separation data, that theeatir
On the observational side, the number of asteroseismicayolutionary tracks evolve at too low luminosity on the HR-di
studied PG1159 is so low, that every additional well-resdlv gram and hence on the I13gz—logg plane. Furthermore, based
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on the magnitudes of the trapping-cycle lengths, the helium
rich envelopes of the current PG1159 models seem to be too
massive to agree with observations. It appears thereforwo
while to look again into the microphysics and the numerics of
evolutionary computations to try to resolve the persistiigy
crepancies.
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