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Abstract. We present new and improved evolutionary calculations for carbon-oxygen white dwarf (WD) stars appropriate for
the study of massive ZZ Ceti stars. To this end, we follow the complete evolution of massive WD progenitors from the zero-age
main sequence through the thermally pulsing and mass loss phases to the WD regime. Abundance changes are accounted for by
means of a full coupling between nuclear evolution and time-dependent mixing dufusivéi overshoot, semiconvection and

salt fingers. In addition, time-dependent elemeffudion for multicomponent gases has been considered during the WD stage.
Emphasis is placed on the chemistry variations along the whole evolution. In particular, we find that before the ZZ Ceti stage is
reached, elementfilision has strongly smoothed out the chemical profile to such a degree that the resulting internal abundance
distribution does not depend on the occurrence of overshoot episodes during the thermally pulsing phase. The mass of the
hydrogen envelope left at the ZZ Ceti domain amountisltp~ 2.3 x10% M,,. This is about half as large as for the case when
element dfifusion is neglected. The implications of our new models for the pulsational properties of massive ZZ Ceti stars are
discussed. In this regard, we find that the occurrence of core overshooting during central helium burning leaves strong imprints
on the theoretical period spectrum of massive ZZ Ceti stars. Finally, we present a simple new prescription for calculating the
He/H profile which goes beyond the trace element approximation.
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1. Introduction studies have been devoted to exploring the pulsational prop-
erties of ZZ Ceti stars, amongst them Tassoul et al. (1990),

Variable DA white dwarf (WD) stars or ZZ Ceti stars belon% assard et al. (1991, 1992ab), Gautschy et al. (1996) and
currently to one of the best established and most eXtenSiVEﬁédley (1996 .1998 2’001) B '

studied class of non-radial pulsating stars (see Gautschy & Saio
1995, 1996 for a review). These hydrogen-rich, pulsating WDs Over the last past decade, the study of the pulsational pat-
exhibit multiperiodic luminosity variations caused by gravitytern of variable WDs through asteroseismological techniques
modes of low harmonic degreé (< 2) and periods in the has become a very powerful tool for probing the internal struc-
range of 100-1200 s. Such modes were first thought to be #x€ and evolution of these stars. Indeed, asteroseismological
cited by thex-mechanism (Winget et al. 1981). However, th#ferences have provided independent valuable constraints to
dominance of convective energy transport in the driving regid#ndamental properties such as core composition, outer layer
led Brickhill (1991) and Goldreich & Wu (1999) to proposechemical stratification and stellar mass (Htsi et al. 1996;
convective driving as the main driving mechanism for g-modid Bradley 1998, 2001 amongst others). In particular, aster-
oscillations in the DA WDs. ZZ Ceti stars are well known t@seismology of massive ZZ Ceti stars has recently drawn the
pulsate in a narrowfeective temperatureTt;) interval rang- attention of researchers in view of the possibility ffess to

ing from 10700 K< Ter < 12500 K. Numerous importantplace constraints on the crystallization process in the interior
of WDs (Montgomery & Winget 1999). This has been moti-
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prior to the WD formation are required for an adequate intgprescription for calculating the HAd profile, which constitutes
pretation of the pulsational patterns. In this regard, the outan improvement over the trace element approximation. Finally,
chemical stratification, the relics of the nucleosynthesis afgct. 5 is devoted to making some concluding remarks.
mixing processes which occurred along the asymptotic giant
branch (AGB) evolution (see D’Antona & Mazzitelli 1990), is

a matter of the utmost importance as far as asteroseismolog o[
ZZ Ceti stars is concerned. The construction of ZZ Ceti models

dertaken. Indeed, Althaus et al. (2002) have presented detajeyyr evolutionary code. We restrict ourselves to the main

models for 2 0.563v; ZZ Ceti remnant based on the completgpdates in the macrophysics, particularly the treatment of the
evolution of aninitially 3, star, using models which take intochemical abundance changes.

account the chemical evolution during the WD regime caused
by time-dependent elementfidision. The exploration of the
pulsational properties of such models has been performed

nput of the models and evolutionary sequences

eneral description of the codefhe results presented in
tR% work have been obtained with the stellar evolution code

Corsico etal, (2(.)01’ 2002), who have found that mode trappiEﬁ’CODE we employed in our previous works. The code has

e‘;ffﬁts da_ge qon&de(;a?l)(/jwcﬁake_neld as fz_’} resEIJ_Ir: of this?oothrﬂ)%%sr] developed at La Plata Observatory and it is described in
ot't te usion-mode et chemica prdo '?tﬁ' etsefstI:J 1es Ct(_)thhaus etal. (2002) and references therein. For the purposes of
stitute aﬁ_lmprlov?meBAa\sNg)mpﬁri W K n;fods_ orthe ?’ES : present paper, the code has been substantially modified par-
research in pulsating S WHICh INVOKESIABIVE equilib- tic%larly with regard to the treatment of the abundance changes,

rium in the trace element approximation to assess the shapg 0l yisications which will be described later in this section.
hydrogen-helium chemical interface.

In this paper we extend the calculations presented in Briefly, the code is based on the method of Kippenhahn

Althaus et al. (2002) to the case of massive intermediate-mﬁéé‘" (1967) for calculating stellar evolution. Envelope integra-

stars. As compared with Althaus et al. (2002) major improvHQnS from photospheric starting values inward to a fitting outer
ments in the treatment of the abundance changes have s fraction (close to the photosphere) are performed to spec-

made. In particular, we developed a time-dependent scheilféfethe outer boundary conditions. The in(_:lependent var!able is
=In (1- M;/M.) and the dependent variables are: radiis (

that fully couples abundance changes due to nuclear burniﬁ?, luminosi he followi
mixing processes and elementidsion. Time-dependent mix- Pressurer), luminosity () and temperaturdl(. The following
t((‘)hange of variables is considered in LPCODE:

ing due to semiconvection and salt finger is fully taken in
account as well as exponentially decayinfjulive overshoot-
ing above and belownyformally convective region. In partic- 6™ = 6 +1n (1 + up)
ular, the presence of some overshooting below the convectper) = p | |n (1 + up)
envelope during the thermal pulses has been shown by Herw&'gm
etal. (1997) to yield third dredge-up and carbon-rich AGB staf$
for relatively low initial mass progenitors (see also Venturd™™ = 1 +u (1)

et al. 1999; Mazzitelli et al. 1999). In addition, the occurrence

of extra mixing below the helium-flash convection zone dutvith u, Up, Ux andu; being the quantities to be iterated that
ing the thermally pulsing AGB phase is supported by recen AT AP Ar

evolutionary calculations (Herwig et al. 1999; Herwig 2000 - = @ andu = Al

X +1In (1 + uy)

}e given byu, = M Up = ok Ux =0
These studies show that the resulting intershell abundan@éere superscriptsandn+ 1 denote the beginning and end of
are in agreement with abundance determinations in hydrogéRte interval (see Kippenhahn et al. 1967 for definitions). Here,
deficient post-AGB remnants such as PG 1159 stars. ¢ =InT,x =Inrandp = In P. Thus, the Henyey iteration
The main aim of this work is to present the first resultgcheme is applied to theftérences in the luminosity, pressure,
of detailed andtomplete evolutionary calculatiormgppropriate temperature and radius between the previous and the computec
for the study of massive ZZ Ceti stars. To this end, we follofodel.
the evolution of initially 7.5- and 84, stars from the zero-  As for the constitutive physics, LPCODE employs OPAL
age main sequence through the thermally pulsing phase onthdiative opacities (including carbon- and oxygen-rich com-
AGB to the WD regime. Attention is concentrated on the chemesitions) for arbitrary metallicity from Iglesias & Rogers
istry variations along the whole evolution. We emphasize {1996) and from Alexander & Ferguson (1994) for the low-
particular the role of time-dependent elemertfidiion on the temperature regime. In particular, opacities for various metal-
chemical abundance distribution at the ZZ Ceti stage. The dixities are required during the WD cooling regime in view of
ploration of the pulsational properties of massive ZZ Ceti statise metallicity gradient that develops in the envelope of the
in the light of our new models is likewise within the scope afhodels as a result of gravitational settling. The equation of state
this investigation. Next, in Sect. 2, we briefly describe the mafar the low-density regime comprises partial ionization for hy-
physical inputs of the models, particularly our treatment farogen and helium compositions, radiation pressure and ionic
the chemical evolution and overshooting. In Sect. 3 we presenntributions. For the high-density regime, partially degenerate
the main evolutionary results. Pulsational results are discusséettrons and Coulomb interactions are also considered. For the
in Sect. 4. In that section we also present a simple n&WD regime, we include an updated version of the equation of
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state of Magni & Mazzitelli (1979). In LPCODE crystalliza-and cross sections following the implicit scheme by Arnett &
tion sets in when the ion coupling constdht Z2€?/(r)kgT  Truran (1969). After linearization, it can be written as

reaches the value 180. Neutrino emission rates and conductive.

- 1 _yn
opacities are taken from the works of Itoh and collaboratdrs i j — T Y™ 4 A 3)
(see Althaus et al. 2002). A nuclear network of 34 thermony- At ) ' a

clear reaction rates and 16 isotopes has been considered to de-

scribe the hydrogen (proton-proton chain and CNO bi-cycléferet is the time intervalit = t™* — t" and superscripts
and helium burning, and carbon ignition. Nuclear reaction ratd8dn + 1 again denotes the beginning and end of time interval.
are taken from Caughlan & Fowler (1988), except for the r&ubscriptj denotes thgth mesh pointl’j is aN x N matrix
actionstSN(p, y)1%0, 15N(p, a)12C, 180 (p, @) 15N, 80(p, y)19F, (N being the number of nuclear species considered)/and
12C(a, y)180, %0(a,y)®Ne, 3C(a,n)'%0, 80(a,y)??Ne, @ vector ofN dimension, bot_h with elemen_ts involving a_bun—
22Ne(e, n)?Mg and 22Ne(a, y)2Mg, which are taken from dancesY?) and nuclear reaction ratestatUsing a three-point,

Angulo et al. (1999). In particular, th#C(a, y)1°0 reaction finite-difference scheme, the second term of Eq. (2) can be ap-
rate given by Angulo et al. (1999) is about twice as large R§0ximated by
that of Caughlan & Fowler (1988). ay

0 2
To get a reasonable numerical accuracy, AGB mod%gwr [(47”2/0) DaM
typically contained 1400 mesh points, except for the peak
of the thermal pulses where about 2000 mesh points wéiereA, B andC are diagonal matrices with dimensibihx N.
required. Evolutionary time steps during the thermally pulsingpecifically, the non-vanishing elements of such matrices are
phase ranged from a few days during the helium flashes agiden by
the subsequent phases where the third dredge-up may occur to

n+1
: } = AYPT+ BYM 4 CYT. (4)
J

some years during the stationary hydrogen-burning interpulse (4r)? (P2r4D)j_l/2
phase. Finally, mesh distribution is performed every three tirfle = (Mi_1/2 — Miz1/2)(My_1 — M) (5)
steps.

(4m?(*rD) .,
Chemical evolutionAn important aspect of the present study i§l = (Mj—1/2 = Mr172) (M) — Mj11) (6)
the modeling of the chemical abundance distribution throu%l?w- B
out all of the diferent evolutionary phases. To this end, we cort ~ (@i + Gi), 7

sider a time-dependent scheme for the simultaneous treatmgRtre the subscripts+ 1/2 (j — 1/2) indicate an average for
of chemical changes caused by nuclear burning and convectiyg, mass shell between the mesh-pojrasd| + 1 (j — 1). At

semiconvective, salt finger and overshoot mixing. Needleg® poundaries of the mass interval of integration, we have no
to say, such a coupling between nuclear evolution and tim@zss flux 6Y/0M, = 0), thus

dependent mixing is much more physically sound than the in-
stantaneous mixing approximation usually assumed in stella? (4 r2 )2 D oY _ (47”2 )2 D(?ZY. (8)
modeling. In particular, this kind of treatment has been used b, IM [pary P IM?

Mazzitelli et al. (1999) to study the lithium production by hot o
bottom burning in AGB stars (see also Ventura et al. 1999). A second-order Taylor expansion in the abundances leads us to

In what follows, we present some details about the numer-  (4r)2 (p2r4D)l/2

ical method for the abundance changes included in LPCODf = 2———— —; bj = —Ci; ai=0 (9)
Specifically, the abundance changes for all chemical elements (M —my)
are described by the set of equations at the top boundary, and to
@n(p0),
-1/2
aj = ; bi=-a; Gi=0 (10)
) (), 0 [ 0¥ ] @ (s
dt ot )oe M M,

at the bottom boundary (characterized by dti@ mesh-point).
Equations (2)—(4) lead to the following system of linear

with Y being the vector containing the number fraction of agquations to be solved simultaneously for the new chemical

considered nuclear species. Here, mixing due to convectighundance¥"! at timet™*:

semiconvection, salt finger and overshoot is treated aff@ di __. .1 yn+l wntl _ ag

sion process which is described by the second term of Eq. @)YJ AN = CY g = M, (11)

in terms of_thg mas_z c(;)grdinal&er. Th?ﬁjé;i_ciencgf_mixirlljg whereF; = 7-14+T;-8; andM = Aj+YI/AL 7-lisaNxN

brocesses Is described by approprialtusion co C'enFS diagonal matrix with elementd/At. Fortunately, Eq. (11) has

(see later in this section). The first term of Eq. (2) gives the . L . L

. a sepemal structure (tridiagonal) which enables us to minimize
abundance changes due to thermonuclear reactions, changes

which, in the present work, are fully coupled to mixing pro- ! Note that Eq. (11) couples nuclear evolution to the current
cesses. Thisterm is expanded as a function of local abundaroesgposition change due to mixing processes.
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storage of matrix cd@icients. Schematically, we havél(, ¥; where wigt stands for the velocity component due to gravi-

andCj are matrices anM?*l and M, are vectors) tational settling and thermal ftlision. Details are given in
Althaus & Benvenuto (2000); see also Gautschy & Althaus
1 C (2002) for an application to DB WDs. Unlike our previous
A F2 Cs works, the abundance changes resulting from eleméitsitin
Az F3 Ca are fully coupled to nuclear reactions. To this end, matrix

codficients in Eq. (12) have been appropriately modified.

Overshooting:In the present study we have included time-
Lo . dependent overshoot mixing during all pre-WD evolution-
Az Fiz Cia ary stages. The scheme for the abundance changes describe
Asr Fy1 C; above enables us a self-consistent treatmentfiisive over-
A Fy shooting in the presence of nuclear burning. In particular, we
have considered exponentially decayindfuiive overshoot-
Y+t M ing above and belownyformally convective region, including
Y2+1 Mo the convective core (main sequence and central helium burn-
Yot Mz ing phases), the external convective envelope and the short-
lived helium-flash convection zone which develops during the
thermal pulses. Specifically, we have followed the formalism
ol o=l | (12)  of Herwig (2000) based on the hydrodynamical simulations of
Freytag et al. (1996), which show that turbulent velocities de-
cay exponentially outside the convective boundaries. The ex-

2 pression for the diusion codficient in overshoot regions is
+1 M

Yoty -1

i M;

To solve this set of equations, we followed the method coR—Os
sidered by Iben & MacDonald (1985). Equation (2) is applied
to radiative D = 0) zones and to convective, semiconvectivevhere Dy is the difusion codficient at the boundary of the
overshoot and salt finger regions provided théudion codfi- convection zone (see below}, is the radial distance from
cient D is appropriately specified for each process accordittge edge of the convection zond, = fHp, where the free
to the adopted treatment of convection. We consider a topalrameterf is a measure of the extent of the overshoot
of 16 isotopesN = 16):1H, ?H, *He,*He, "Li, 'Be,*?C, 13C, region, andHp is the pressure scale height at the convective
14N, 15N, 160,170, 180, 19F, 2°Ne anP?Ne. In LPCODE, abun- boundary. In this study we have assumied= 0.015, which
dance changes are performed after convergence of each steltmounts for the observed width of the main sequence as well
model (and not during iterations). For a better integration pras the intershell abundances of hydrogen-deficient post-AGB
cision in the nuclear evolution computation, each evolutionargmnants (see Herwig et al. 1997, 1999; Herwig 2000 for
time step is divided into 5 chemical time steps. details; see also Mazzitelli et al. 1999).

The evolution of the chemical abundance distribution
caused by element fliiision during the whole WD evolution Treatment of convectionFor this work, we included in

constitutes an important point of the present work. In our tregpcODE the extended mixing length theory of convection
ment of time-dependent fliision we have considered gravyor fluids with composition gradients developed by Grossman
itational settling and chemical and thermatfdsion for the gt g. (1993) in its local approximation as given by Grossman
following nuclear speciestH, *He, *He, **C, **N and*°O. g Taam (1996). These authors have developed the non-linear
The chemical evolution resulting from elemenffdsion is de- mixing length theory of double ffusive convection that ap-
scribed, for a given isotopie by the continuity equationas  plies in convective, semiconvective and salt finger instabil-

= Do exp( _: Z), (15)

\

Y, 5 ity regimes. According to this treatment, thefdsion coef-
(E) = oM. (47Tf PYiwi)’ (13) ficient D in Eq. (2) characterizing such mixing regimes is
diff :
given by

wherew; is the difusion velocity. We have adopted the treat-
ment of Burgers (1969) for multicomponent gases. In thE_
work, our focus is on the chemical evolution occurring quite
deep in the star, thus radiative levitation (which is expecte
to modify the surface composition of hot WDs) has been n
glected. In terms of the gradient of ion densitiesfudiion ve-
locities can be written in the form

(16)

C_Leref = oHp is the mixing length and- the turbulent ve-
ocity. The value otr is determined by simultaneously solving
the equations for the turbulent velocity and flux conservation
(Egs. (9) and (17) of Grossman & Taam 1996). In this work,
- Z oij dinn, (14) the free parameter is taken to be 1.5.



L. G. Althaus et al.: New evolutionary models for massive ZZ Ceti stars 597

Mass lossOur treatment of mass loss is that obBker (1995). the mass of thé2C/*®0 core towards the end of thermal
In particular, during the AGB evolution, the mass loss rate is pulses amounts to 0.94.
given by
) ) For both sequences, a solar-like initial compositiohz) =
M = 4.83x 10 °Mz2L L% Mg [Mo/yr] (17) (0.2750.02) corresponding to Anders & Grevesse (1989) has
_ _ been adopted. Interestingly, the mass of the resulf@g°0
where Mg is the usual Reimer rate given bMr = coreis quite similar in both sequences despite the vetgrdli

4 x 1037gLR/M with L, R and M the luminosity, ra- ent initial mass values of the progenitors (see also Mazzitelli
dius and mass of the star in solar units. This formulation, basgdal. 1999). In fact, overshooting leads to larger convective
on dynamical computations for atmospheres of Mira-likeores during the core burning stages. We want to mention that
stars, accounts for the strong increase of the mass loss tRéEbreathing pulse instability occurring towards the end of
and modulations by thermal pulses expected in the coursecgfe helium burning has been suppressed (see Straniero et al.
the AGB evolution. We set the value of the free paramgter 2003 for a recent discussion about this point). Finally, for both
somewhat arbitrarily at 1 in order to get a reasonable numk@iuences, time-dependent elemefiudion was considered
of thermal pulses on the AGB. A more careful choice for th@uring the whole WD evolution.
value ofr is not relevant for the purposes of the present paper. To the best of our knowledge, this is the first time that WD
In our computation, mass loss episodes taking place during figdels appropriate for the study of pulsational properties of
stages of core helium burning and red giant branch are c@fassive ZZ Ceti stars are derived from detailed evolutionary
sidered according to the usual Reimer’s formulation witR1.  calculations which include a self-consistent treatment of time-

dependent element filision and nuclear burning. We report
Global properties of the evolutionary computations:pri- below the predictions of our calculations, particularly for the
mary target of this work is the construction of detailed massi¥@emical stratification and comment on their implications for
DA WD models with?C/*°O cores appropriate for the pulsathe relevant pulsation properties.
tional studies. Because the self-consistent solution of nuclear
evolution and time-dependent mixing demands a considerable
increase of computing time, particularly during the AGB phase Evolutionary results
of the WD progenltor, we restrlct. ou.rselves to examining twg)_ 1. Evolution of the white dwarf progenitor
cases of evolution for the progenitor:

In this section, we describe the main results for the evolu-

— As for the first case, which will be hereinafter referred tbonary stages prior to the WD formation. Attention will be
as sequence NOV, we computed tlmmpletesvolution of restricted to analysing the relevant aspects for the WD for-
an initially 7.5-M,, stellar modeivithoutovershooting. The mation, in particular the chemistry variations along the evo-
sequence was followed from the zero-age main sequefig#n. Although the full coupling between nuclear evolution
all the way from the stages of hydrogen and helium burand mixing implemented in LPCODE is appropriate for ad-
ing in the core up to the thermally pulsing phase at thiressing problems such as hot bottom burning and lithium pro-
tip of the AGB. After experiencing several thermal pulseduction in AGB stars, we will not explore them in this paper.
and as a result of mass loss episodes, the progenitor 8ech specific issues would carry us too far afield, and we re-
parts from the AGB and evolves towards its WD configuer the reader to the works of D’Antona & Mazzitelli (1996)
ration. Specifically, during the 7th pulse, an enhanced masel Mazzitelli et al. (1999) for details. Other recent relevant
loss rate is invoked to terminate the AGB phase. Evolutigtudies of AGB evolution are those of Sackmann & Boothroyd
was pursued to the domain of the ZZ Ceti stars on the W992), Vassiliadis & Wood (1993), Btker (1995), Straniero
cooling branch. The final mass of the WD remnant is aboet al. (1997), Wagenhuber & Groenewegen (1998) and Herwig
0.936Mg. (2000) amongst others.

— As for the second case (sequence OV), we followed the We begin by examining Fig. 1 which illustrates the
evolution of a 6M,, progenitor from the main sequence unHertzsprung-Russell (HR) diagram for the WD progenitor
til the star underwent four thermal pulses. Herdfudive from the main sequence to an advanced AGB phase. Solid and
overshooting was applied during all evolutionary stages addshed lines correspond to sequences OV and NOV, respec-
to all convective boundaries. This sequence was done wiirely. A feature worthy of comment predicted by sequence OV
the aim of assessing the influence of overshooting on tlgethat central helium burning occurs mostly during a loop to
WD internal chemical stratification and to explore its imthe blue in the HR diagram. Indeed, the blue excursion begins
plications for the pulsational properties of massive ZZ Catihen the central helium abundance by mass falls below5
stars as well. For this sequence, we have not computed continues until the abundance has decreased below 0.1. For
the post-AGB evolution. Rather, we obtained an initial WEhis sequence, the total time spent during hydrogen and helium
configuration by simply scaling the chemical profile builtburning in the core amounts tas& 107 yr, while for sequence
up during the pre-WD evolution to the structure of a hdOV this time is 42 x 10’ yr. Following the exhaustion of cen-
WD model resulting from sequence NOV. Because we atr@al helium and before the re-ignition of the hydrogen burning
interested in the final chemical stratification of ZZ Cetshell both of our sequences experience the second dredge-up
models, this procedure is enough for our purposes. HeAs a result, the surface composition is appreciably modified,
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Fig. 2. Internal *He, 2)C and €O profiles for the 7.9, sequence
particularly for sequence OV. In fact, for this sequence, tliROV) at three evolutionary stages after the end of core helium burn-
envelope helium abundance rises from about 0.30 (resulting. A salt finger instability develops &, ~ 0.45 M., (middle panel)
from the first dredge-up) to 0.364. For sequence NOV, the s@thich leads to a chemical redistribution there (bottom panel). See text
ond dredge-up brings the helium abundance to 0.328. It is afgbdetails.
worth mentioning that during the second dredge-up phase, the
mass of the hydrogen-exhausted core is strongly reduced
particular, for sequence NOV, the core mass is reduced fri
~1.50 M, at the end of central helium burning #0.93M, _~06 77777
after the dredge-up episode. For sequence OV, the hydro¢” ™ 0.4
exhausted core is reduced from 1.38 to 0.9&8 during the 0.2
dredge-up. L

The inner chemistry variations that take place along tl
red giant branch and early AGB evolution is well documents
in Figs. 2 and 3 for sequence NOV and OV, respectivel_.- 0.6
Specifically, we show the evolution of the internal helium, ca”™ 0.4
bon and oxygen distribution as a function of mass fortheev 4,
lutionary stages following the end of helium burning in th
core. We begin by examining the results for sequence N(
depicted in Fig. 2. The upper panel shows the chemical pi
file when the helium convective core vanishes leaving a cent ._ 0.6
oxygen abundance of 0.55 by mass. As evolution proceeds,>< 0.4
helium-rich layers overlying the former convective corearer
diatively burnt, giving rise to anfé-centred peak in the carbon ‘ ‘ :
and oxygen abundances. This is shown by the middle pane 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Fig. 2, which corresponds to the moment when the star s M, /Mg,
face luminosity exceeds log(Ly) = 3.72 for the first time af-
ter 425x 107 yr of evolution. Because the oxygen abundanc
and therefore the mean molecular weight, decreases inwar
M; ~ 0.45 My, a salt finger instability characterized by a large
diffusion codicient develops at this point. The resulting salt
finger mixing is responsible for the redistribution of the innehydrogen shell before the occurrence of the first helium ther-
most2C/1%0 profile, redistribution that takes place during thenal pulse. The behaviour for sequence OV is detailed in Fig. 3.
following 3 x 10° yr and which is documented by the bottonHere, the size of th&*C/*%0 core emerging from the convec-
panel of Fig. 2. Note also that during this time interval the matige helium core burning (upper panel) becomes substantially
of the'2C/*%0 core has increased considerably by virtue of hé&arger (we remind the reader that sequence OV has a lower ini-
lium shell burning, reaching 0.928, by the re-ignition of the tial stellar mass than sequence NOV). Thus, a smaller fraction

Il ‘ Il ‘
1 T ‘ T ‘
0.8

=

5ig.3. Same as Fig. 2 but for the I8, sequence (OV). Core over-
’8Pting leads to a largéfC/*%0 core by the end of central helium
urning.
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Fig. 4. Upper panel: the time-dependence of surface luminosity (kig.5. Same as Fig. 4 but for the 8k, sequence (OV). Here, the first
solar units) for the 7.9, sequence (NOV) during the first thermalthree thermal pulses are shown.
pulses at the AGB. Bottom panel: the time-dependence of surface lu-
minosity, hydrogen- (as given by CNO cycle reactions) and helium-
burning luminosities (dashed and dotted lines respectively) for the@quence is roughly.2x 10° yr. Note that the helium burning
same sequence as above. The time-scale is given in yr from the nraite rises very steeply at each pulse. After experiencing 7 ther-
sequence. A total of 7 thermal pulses have been computed beforal pulses and considerable mass loss, the WD progenitor de-
the WD progenitor departs from the AGB as a result of mass logarts from the AGB and evolves towards the planetary nebula
episodes. region and eventually to the WD state. In our simulation, when
departure from the AGB occurs, stationary helium-shell burn-
ing mostly contributes to the star luminosity, but shortly after,
of helium remains unburned and so a shorter pre-AGB phdsgirogen burning takes over. During the thermal pulses, mass
is expected. In fact, about2ix 10° yr are needed to evolveloss episodes reduce the stellar mass from 6.15 to QvB36
from the end of core helium burning to the onset of the thelt-is worth noting that during the interpulses the temperature at
mally pulsing AGB phase (bottom panel), as compared with tkige base of the convective envelope becomes high enough for
9.3x10° yr for sequence NOV. The carbon and oxygen distribirydrogen-burning reactions to occur. The nuclear processing at
tion in the core is clearly dierent from the case without over-the base of the convective envelope is commonly referred to as
shooting, a feature which is expected to bear its signature in thet bottom burning”, a process whose occurrence is strongly
theoretical period spectrum of ZZ Ceti stars (see Sect. 4). Ndgpendent on the treatment of convection. As we mentioned,
also that sequence OV is characterized by a somewhat largrerwill not discuss this aspect here (see D’Antona & Mazzitelli
central oxygen abundance (0.63 by mass) than expected forisg96; Mazzitelli et al. 1999, for recent studies)ffize it to say
guence NOV. We want to stress again that breathing pulses hihet for sequence NOV, temperatures at the bottom of the con-
been suppressed in our calculations. The suppression of breadfttive envelope after the first five pulses reach absui® K,
ing pulses inhibits the formation d#C/*°0O cores with large which is high enough for an early, albeit moderate, onset of hot
central oxygen abundances (see Straniero et al. 2003 and bettom burning to occur. In fact, the surface carbon abundance
erences therein). However, when central helium has been stidereases from 0.0021 to 0.0019 during this phase.
stantially depleted, sequence OV experiences a small growth of The presence of overshooting from below the convective
the convective helium core, which increases the central heliwsgions &ects the evolution during the thermally pulsing AGB
abundance from 0.07 to 0.10. This fact is, in part, responsilprase. The run of luminosities for sequence OV is detailed in
for the higher central oxygen abundance that characterizdg. 5. Note that the trend of the luminosity evolution is dif-
sequence OV. ferent from sequence NOV. In particular, the rise in the helium
Towards the end of the early AGB phase, hydrogen is rehell burning luminosity at the peak of the pulse is much more
ignited in a thin shell and the star begins to thermally pulseoticeable than in sequence NOV. This can be understood on
Here, helium shell burning becomes unstable (see Ibentlg basis that overshoot from the bottom of the helium-flash
Renzini 1983 for a detailed description of this phase). Tlwnvection zone carries some helium from the intershell region
time dependence of surface luminosity, hydrogen- and heliuto deeper layers, where it is burnt at higher temperatures.
burning luminosities for sequence NOV during the first fiv&his picture can be visualized by examining Fig. 6, in which
thermal pulses is given in Fig. 4. The interpulse period for thige show the internal abundance distribution versus mass
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ir \ T ] the case of lower stellar masses than considered here. Note alsc
08 1 D 3, | thatenvelope convection (and overshoot from below) has pen-
06 T’/\ O = etrated into deeper layers down k& = 0.9399 M, reach-
X 04 1wy T R - ing *2C-rich regions (third dredge-8p During this process,
0ol Tt -~ ! ‘4e 1 the helium bifer, which was built-up by hydrogen shell burn-
- PN N em oo : 1 ing during the preceding pulse, is completely wiped out. These
O e e e —————T—T— _ episodes take place while hydrogen shell burning is almost ex-
0.8~ tinct. Sequence OV experiences important dredge-up of carbon
06 M—— e -| evenatthefirst pulse; however, hot bottom burning taking place
X o4 1 ] during the following quiescent interpulse phase is ficient
ool T ORISR 1 (with temperatures at the base of the convective envelope ex-
“L e RnEEE ] ceeding 7 10’ K) in converting carbon into nitrogen that the
0 R e e formation of a carbon star is avoided (at least during the first
08k Do _| thermal pulses). Interestingly, about 25% of the luminosity of
o6 V—ou__ . ............................. _1 the star during this phase is produced within the convective en-
X 0.4l i 1 Vvelope.
Cpmme--- e T Bottom panel of Fig. 6 shows that the heliuntiau is built-
021 Pt j "] up again during the interpulse phase and a next pulse is thus
0 foomerogre cortpmmpo s o e ; ! initiated. Finally, another feature predicted by our calculations
0.937 0938 0939 094 0941 0.942

is the presence of a small radiati¥#N-pocket at the base of
the helium bifer (see also Herwig 2000 for a similar finding).
Fig. 6. Chemical profiles for the 84, sequence (OV) at three evo-In fact, during the third dredge-upftlisive overshoot has led
lutionary stages during the 2nd thermal pulse. At pulse peak (upperthe formation of a small region in which hydrogen from the
panel), the model is characterized b§tte-rich bufer and an under- envelope and carbon from the intershell region coexist in ap-
lying region rich in*He, **C and*°O (intershell). Th¢He-flash con- preciable abundances. When this region heats up enough to re-
vection zone and overshooting extending dowivio~ 0.938Ms are  gnite hydrogen burning, one of the main results is the forma-
responsible for the redistribution of the intershell abundances (m 5n of N with abundances reaching about 0.5. However, the
h%ss range over which tHéN-rich region extends amounts
only to~4x 10~° M. Eventually, thé*N-pocket is swept into
the helium-flash convection zone during the next pulse.

Mr / Msun

+ = 0.9399M,, sweeping away thtHe bufer and reaching?C-rich
regions (third dredge-up). During the interpulse, the heliurffidous
built-up again (bottom panel). Note also the formation of a siibl

pocket at the base of the heliumfter. i .
3.2. White dwarf evolution

After considerable mass loss, the mass of the hydrogen en-
coordinate during the second thermal pulse of sequence @&tope is reduced so much that the WD progenitor aban-
The region illustrated comprises the base of the hydrdons the thermally pulsing AGB phase and evolves towards
genfhelium envelope, the almost pure heliumfiien, the inter- large Ter values to becomes a WD. By the end of mass loss
shell region and the top of tH&C/1®0 core. The upper panelat Teg ~ 8000 K, the mass of the hydrogen envelope of the
corresponds to the moment at which the model is at the pgaR36M, remnant (sequence NOV) amountshty ~ 5.5 x
of its second thermal pulse. Here, the model is characteriZe®® Mo. 200 yr later, the post-AGB remnant reaches the point
by a short-lived (few years) convection zone, the product 6f maximumTe; and My is reduced to 1% M, as a result
the huge flux of energy caused by unstable helium burnirf. nuclear burning. We mention that a similar value ¥
This convection zone extends froM, ~ 0.9414M, down has also been derived by diker (1995) for his most mas-
to the base of the helium-burning region at 0.93@8. At sive WD remnant. The time-dependenceéwf is displayed in
the bottom of this helium-flash convection zone there exidtig- 7. Notably, by the time the ZZ Ceti domain is reached,
an overshoot region stretching down to the underlying carbsitbsequent nuclear burning has further reduced the hydro-
rich layers (thé*>C/260 core) at about 0.9388l,. As a result gen mass tdMy ~ 2.3 x 10°® M. This occurs as the WD
of this overshoot region, larger amounts of carbon and ox§volves through th&e (logL/Ls) range of 140000-25000 K
gen are mixed up, as compared with the situation in whifh.65-1.55). Most of this reduction is the result of nuclear burn-
overshooting is neglected. This mixing episode is particularyg via CNO of hydrogen chemically fusing inwards. For
important regarding the outer layer chemical stratification 6oPmparison, when ffusion is neglected, the final hydrogen
the emerging WD remnant (see Herwig et al. 1997). As c&@ntent remains about®x 10°° M, once nuclear burning
be seen from the middle panel of Fig. 6, the resulting abuvia CNO becomes virtually extinct ater ~ 50000 K after
dances of the intershell zone afelg/*°C/*%0) = (28/56/12) as 1.6 X 10° yr of evolution. We want to mention that because we
compared with (7£23/0.4) for sequence NOV These results have notinvoked additional mass loss episodes during the plan-
quantitatively agree with the predictions of Herwig (2000) fo¢tary nebula stage or early during the WD cooling branch, the

2 The quoted'He/*?C values for the intershell abundances change® A process which is also favoured by the occurrence of overshoot
somewhat with subsequent pulses, see Herwig (2000). at the bottom of the helium-flash convection zone.



L. G. Althaus et al.: New evolutionary models for massive ZZ Ceti stars 601

5 : : : : : : : : : 1 e

0.8+ .
B lH |
0.6 , _
E X ! 1
g"’ 0.4 |I “He |
T L
2 i i
e 0.2 i —
- i B

E- A B N

_I‘” 1 I B USTED) = B T \/ T
J- i ; 1
g 0.8 ! T
- | 3 I n
0.6 g |

— Bl
X e i l
0.4 : _
i T
-6 0 2 4 8 0.2 If’ ]
Log Age (yr) N e ‘._‘ R
0 |~~~ 1l [

Fig. 7. Time-dependence of fierent luminosity contributions and 0 -1 -2 -3 -4 -5 -6 -7

mass of hydrogen envelop®() (in solar units) for the 0.9364, Log(1-M,./M,)

WD remnant of 7.5M, evolution (sequence NOV): surface lumi-
nosity, Ls,, luminosity due to proton-proton reactiorls,,, CNO bi-
cycle, Leno, helium burning,Lye, neutrino lossesl.ney, and rate for
gravothermal (compressional plus thermal) energy relégsd hin

Fig. 8. Abundance by mass dH, “He, >C and*®0 as a function of

the outer mass fraction for the 0.936; WD remnant of 7.5M,, evo-
lution (sequence NOV) at the start of the cooling branch (upper panel)
7 . "~ 7. and near the ZZ Ceti instability strip (bottom panel). Models are char-
lines depictlcno, Lpp and My for the case when elementfiiision is acterized by values (Iog(L,), log Te) Of (2.25, 5.27) and+2.92,

neglected. The approximate location of the ZZ Ceti instability strip EOG) (upper and bottom panel, respectively). Clearly, elemeh-di

indica_te(_j with vertical dashed Iines._ No_te that by the t'ime.the zz Cestl"lOn strongly &ects the chemical profile.
domain is reached, hydrogen burning is virtually extinguished. As a
result of hydrogen chemically filusing inwards, nuclear burning via
CNO remains non-negligible at late times and the final hydrogen en-
velope mass becomes a factor two smaller than whasiton is not is because chemicalftlision carries some hydrogen inwards
considered. Time is in years counted from the end of mass loss. into the helium bffer and carbon upwards from the carbon-
rich zone through the liter layer (see later in this section),
thus favouring the occurrence of nuclear reactions. However,
value of My should be considered as an upper limit. Becauby the time the ZZ Ceti domain is reached, hydrogen burning
of the larger surface gravity characterizing massive WDs, thecomes virtually extinct
resulting hydrogen envelope is less massive than in a typically From the preceding section, we saw that the chemical strat-
0.6 MoWD. For instance, for a 0.5681,WD model, Althaus ification for both the core and outer layers of the WD remnant
etal. (2002) find a hydrogen envelope mass &fI0 > Mo. is quite diferent according to whether overshooting is consid-
In Fig. 7 we also show as a function of time the luminositgred or not during the pre-WD evolution. We show the chemi-
contributions due to hydrogen burning via proton-proton reacal abundance distribution at the start of the WD cooling branch
tions Lpp and CNO bi-cycleLcno, helium burningLye, neu- in the upper panel of Figs. 8 and 9 for the 0.936- and VR4-
trino lossed e, Surface luminosity g, and gravothermal en- WD remnants (sequence NOV and QV), respectively. The ex-
ergy releaség for the 0.936M, WD remnant (sequence NOV)ternal chemical profile emerging from the thermally pulsing
from the end of mass loss episodes near the AGB to the ddsB phase (Sect. 3.1) is characterized by a region rich both in
main of the ZZ Ceti stars. In Fig. 7 we also include the preditelium and carbon (and oxygen if overshooting is considered),
tions for hydrogen burning luminosities and hydrogen envelogiee relics of the short-lived mixing episode during the peak of
mass for the situation when elemenffdsion is neglected (thin the last helium pulse on the AGB, and an overlying helium-rich
lines). Some features of this figure deserve comment. In partizi#fer. The mass of the helium fiar amounts to % 10* and
ular, except for first 200 yr when the remnant evolves to %4 x 104 M, for sequences NOV and OV, respectively. The
WD configuration, nuclear burning never constitutes the mabuffer in sequence NOV is substantially less massive than in
source of surface luminosity of the star. Note that hdflidion sequence OV simply because the WD progenitor in sequence
not been considered, nuclear burning via CNO cycle reactioi®V departs from the AGB at an early stage during the in-
would have ceased after only®lyr of evolution, a result which terpulse phase, whilst the initial chemical stratification for the
is in agreement with that of the &tker (1995) calculations. By WD in sequence OV corresponds to a pre-WD structure at an
contrast, CNO reactions at the base of the hydrogen envelepelutionary stage well advanced in the interpulse phase. Note
remain non-negligible for a longer period of timex2L0% yr)  also the signatures left by the third and last dredge-up episode
in the WD evolution if difusion is allowed to operate. Thisduring the last helium thermal pulse in sequence QV, in which
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1 et T pre-WD evolution leave recognizable features in the chemical
' profile of massive ZZ Ceti stars solely at the inner region of the
1 core, features that are expected to leave their imprints on the
- theoretical period spectrum of these variable WDs (see Sect. 4).
As mentioned, our model is characterized by a chemical in-
4 _| terface in which helium, carbon and oxygen in non-negligible
abundances coexist, an interface which, at the ZZ Ceti stage,
; | has extended appreciably as a result of chemichaigion.

, The evolution of the chemical abundance distribution
—t—feeteedeemteed caused by diusion processes can best be seen in Fig. 10, which
' L 1 illustrates the abundances by mass'df *He, “He, *2C, 1N

y - and?*®O for the 0.936M, WD remnant (sequence NOV) as a
Vi 1 function of the outer mass fraction at various epochs charac-
terized by values of lof/Ls, and logTes (numbers given in
: parentheses). Panel a shows the chemical stratification at the
start of the cooling branch at high luminosities. In the out-
ermost layers, chemical composition corresponds basically to
FA that fixed by the second dredge-up episode during the early
0 \ L | e ] I AGB phase. In the helium ifier, CNO abundances arefiigir-
0 -1 -2 L -3 -4 -5 -6 -7 ent from those in the outer layers, because hydrogen burning in
og(1-M,/M,) . . .
earlier evolutionary phases processed almost all the iRf@l
Fig. 9. Same as figure 8 but for the 0.94; WD remnant of 6M, and*®O into **N. Rapidly, gravitational settling and chemical
evolution (sequence OV). Note that, except for the inner region of tBkiffusion begin to play an increasing role. Indeed, gravitational
core, element diusion acting during the WD evolution is séiieient settling causes hydrogen to float to the surface and heavier el-
that the resulting abundance distribution at the ZZ Ceti stage does gptents to sink down to such an extent th& 4 10° yr later
depend on whether overshooting during the thermally pulsing AGEhd in the absence of any competing process, there are no met-
phase is considered or not. als in the outermost 18 M,, of the star (see panel b). With
subsequent cooling, thedfect of chemical diusion is clearly

convection penetrated into the carbon-rich region (see FigSgEn at the chemicallin'.cerfzceﬁ Vlvhef%ﬂiff%e ab_undanﬁe ?radi—

for details). It is also clear from these figures the markedly d nts exist. As ‘;‘, resz L, In tl € helium t,ler? Is a tal 0

ferent chemical profile resulting from the consideration of cof drogen reaching hotter ayers and a tail of carbdfush ,

overshooting during central helium burning. ing outwards from the carbon-rich zone (panel ¢), thus causing
On the cooling track, the abundance distribution of the WB/drogen burning via CNO cycle to befieient for a longer

remnant will be strongly modified by gravitational settling anferiod of time _than when dusion i_s n_eglt_ected (see Fig. 7)'.
chemical dffusion. This is illustrated in the bottom panel o otably, the tail of the hydrogen distribution reaches a maxi-

Figs. 8 and 9 which show the chemical profiles at the ZZ C um depth by this epoch. Note also that by thi.s timﬁuc_iion
stage for sequence NOV and OV. These figures emphasize Ag co_mpletely altered the shape of the chemical profile beI(_)w
role of element dfusion in the external chemical stratificatior} "¢ he_llum bfer. 7.3x 108 yr _Iat(_ar, the star_reaches the 22 C_:et!
of massive ZZ Ceti stars. Indeed, the shape of the chemical pq8_ma|n (panel d). During this ““?e' the t_a|| of the carhon distri-
file that was built-up during the AGB phase is virtually wipe§|tion has dfused outwards until reaching the outer boundary
out by diffusion processes acting during WD evolution. In paf;)-f the helium biger. Also, thg ta'.l of hydrogen beglns to retreat
ticular, near- discontinuities left by past mixing episodes in t twards as a result of gravnatlonal_ settll_ng. This is so because
shape of the external chemical interfaces (of primary impoel"—eCtron degeneracy causes chemicéilidion to become less

tance in pulsation properties of WDs) are strongly smooth portant and the inward flusion of hydrogen is stopped. It

out by the time the WD has approached the hot edge of ﬁeinteresting to see t“?t' despite t_he fact that tiiRision of
ZZ Ceti domain. It is worth noting that, except for the inne ydrqgen and carbon into the heliumfar zone has led to.
part of the core, element filision is so @icient that the re- suficiently large abundances of these two elements by the time

sulting abundance distribution at the ZZ Ceti stage does r]ila? ZZ Ceti stage is regched, the temperature at the base of
?)ge hydrogen envelope is too low x 10° K) for hydrogen

depend on whether overshooting during the thermally pulsi . ) 4
AGB phase is considered or not. In fact, the external chemi ming to be of any importance. A last remark regarding the

. . : 14
profile at the ZZ Ceti stage is quite similar for both sequencé%lue(';ce of d_'ifutsr,:onﬁlz r:alated Ito dthe de\.lo.ltg tll(l)n tfglNandb N
By contrast, towards the innermost regiorffusion time scale abun gncr?sr:nll € bfer ayer. rr: Iee ’hm' :3?2():/ a uln-
becomes much longer than the evolutionary time scale, and %gce In the helium tter overwhelms that (see panel a),

chemical profile remains therefore fixed during the whole W t blezfore the ZZ Ceii stage is re?"héﬂ*‘ Is less at?””da”t_
evolutiorf. Thus, overshoot episodes occurring during tHgan C throughout the star despite nuclear burning having
processed consideraBfC into **N along WD evolution. The
4 Except for the minor mixing episode at the innermid6y1%0 core  same finding, though to a lesser extent, has been reported by
induced by an inward-decreasing molecular weight. Iben & MacDonald (1986) for the case of a WgWD.
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Fig. 10. Abundance by mass dH, 3He, *He, 1C, 14N and %0 in terms of the outer mass fraction for the 0.9@6-WD remnant of 7.5V,
evolution (sequence NQOV) at four evolutionary stages characterized by valueslofLlpgnd logTer (numbers given between brackets).
Panela) corresponds to the start of the cooling branch, and pdnil the ZZ Ceti domain. At this stage, note the inward (outward) extent of
the tail of the hydrogen (carbon) distribution resulting from chemicgusion.

In what follows we explore the implications for the global.1. The Ledoux term and the Brunt-Vé&iséla frequency

pulsational properties of our models. The Brunt-\&isdla frequency ), a fundamental quantity in
WD pulsations, is computed by employing the “modified
Ledoux” prescription. Specificallyy is given by (see Brassard
et al. 1991 for details)
4. Pulsational results )
2 g p X
For the pulsational analysis we have chosen two templall\{e_ P x, (Vag =V +B). (18)
ZZ Ceti models withTeg ~ 12000 K, corresponding to se- ,
quences NOV and OV. In addition, we compare our resulf&® Ledoux termB, for the case of a multicomponent plasma
with the pulsational predictions for a 0.9, Tez = 12000 K (M-component plasma), is given by
WD model, as given by the stellar modeling considered in 1Y dInx
Montgomery & Winget (1999) (hereafter MW model). WeB = - — ZXX L.
want to mention that despite the fact that the models are par- Xt = dinP
:'r?élyr;;yzza;lgi? t(r?st\iﬁzte;)ﬁ?t/; astt:irg)a bvlvuee r?;\?ee’ct:nzqi(:ﬁ:; trI1-|eere, x: (x,) denotes the partial logarithmic pressure deriva-
' tive with respect tol' (p), V andV,q are the actual and adia-

theoretical period spectrum assuming that the model interjor,. . . .
o ; : . batic temperature gradients, respectivelyjs the abundance
is in a completely uncrystallized, fluid state. A complete dis- .

. . : : L y mass of specidsand
cussion of the pulsational properties taking crystallization seli-
consistently into account would be quite lengthy, so we have olnP
decided to postpone this to an upcoming communication, for = onX )+
which we will compute more massive WD models (and thus P T el
more suitable for the study of crystallized WDs) than attempt&dhereP is the pressure. It is worth mentioning that the Ledoux
here. term accounts explicitly for the contribution t8 from any

(19)

(20)

k)
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Fig. 11.The Ledoux ternB in terms of the outer mass fraction as preBIr%nt_V;;ﬁgir:Sue:]% but for the logarithm of the squared
dicted by the NOV, OV and MW models (upper, middle and bottom q 4

panel). In order to make easier the identification of the various fea-

tures exhibitec_i b, t.he mass fraCti.on O]'GO. (dashed '.ines.) a.nﬂ"e zone, which again is a result of the broadness and smoothness
(dotted lines) is depicted, with their magnitudes arbitrarily increase U .
by a factor of 4 for clarity. of the difusion-modeled profiles.
In Fig. 12 we depict the logarithm of the squared Brunt-

Vaisila frequency for the same cases shown in Fig. 11. Each
feature exhibited by the Ledoux term is clearly translated
. L _info N2. Except for the feature induced by the internal oxygen-
frg?]gﬁﬁ)r:r)] E?;,Psgfglg?alln (ihgegg(;(ifrleggfh(zaorgfes\/;r:ccehgfrgco}rr-bon distribution, the Brunt-Ai&la frequency as predicted

' i . . %y the OV and NOV models is very smooth. In particular, note
rect treatment oN at the interfaces of chemical composmor%
transition zones in stratified WDs, particularly in connecti

with the phenomenon of mode trapping.

o hat the chemical transition regions lead to smooth bumps at
I%gq ~ —2.5and-5.5. In contrast, the Brunt-&&ila frequency
corresponding to the MW model shows enhanced peaks at the

In Fig. 11, the Ledoux term is plotted as a function Qfcation of all the chemical interfaces (see bottom panel of
the outer mass fraction for NOV, OV and MW models (uppetig. 12).

middle and bottom panel, respectively). In addition, we have
plotted the abundance by mass'8® (dashed lines) antHe _ _
(dotted lines) scaled by a factor 4 for a clear and easy visgag- Pulsational properties of the template models

interpretation of the dierent features exhibited iB/(see from For the pulsation analysis of the NOV and OV models we
Eq. (19) the strong dependenceén the slopes of the chem-y, 56 employed the same pulsational code asdrsico et al.

ical abundances). To begin with, note that the_ Ledoux term(%OL 2002). We refer the reader to those papers and refer-
models NOV and OV shows smoother peaks in the outer 18y o therein for details. The boundary conditions at the stellar
ers, as compared with the case of MW model. ThiSedent o6 and surface are those given by Osaki & Hansen (1973)
behaviour can be in part understood on the basis that MW {se nng et al. 1989 for details). Pulsation computations for
voke the dffusive equilibrium in the trace element approximgye MW model were carried out by employing the same pul-
tion (see Tassoul et al. 1990) to calculate the chemical pro@&tional code as in Montgomery & Winget (1989For each

at the outer chemical interfaces, an approximation that Iead%g?nputed mode we obtain the eigenperfid(beingk the ra-
pronounced peaks in tfigterm. Note that th@ term for OV iz gyertone of mode) and the dimensionless eigenfunctions

model is characterized by a high-amplitude peak towards the ' see Unno et al. 1989 for their definition). Following

innermost regions where thelgreseng:e of overshooting has Ieq. i s studies of WD pulsations, the normalization condition
to a sharp variation of th&C/*°O profile (see Figs. 3 and 9)-adoptedig; = 1 at the stellar surface. We also compute the os-
This behaviour is in sharp contrast with the situation expectefl ,+ion kinetic energyExn: see Eq. (1) of Gfsico et al. 2002)

from the case in which core overshooting is neglected (uppaq{d the weight functionyf, given by Kawaler et al. (1985).
panel of Fig. 11). Note that the MW model also shows a peak

in the core. However, at variance with MW, models NOV ands This code employes the outer boundary conditions as in Saio &
OV show an extended bump at the bottom of the helium-rictox (1980).
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Fig. 13. Period spacing values fdr= 1 (upper panel) and 2 (bottom Fig. 14. Same as Fig. 13, but for OV and MW models. Filled dots and
panel) in terms of the computed period’,for the NOV model and solid lines (empty dots and dotted lines) correspond to the OV (MW)
MW predictions. Filled triangles and solid lines (empty dots and datodel.
ted lines) correspond to the NOV (MW) model.

riods as in Tassoul et al. (1990).

MW model shows clear signals of mode trapping witfietient

The weight function gives the relative contribution of the difamplitudes caused by the mode trapping due to the presence of
ferent regions in the star to the period formation (see for detadli chemical interfaces in this model.

Kawaler et al. 1985 and Brassard et al. 1992a,b). Finally, for Finally, in Fig. 15 we compare th&Py distribution corre-
each model computed we derive the asymptotic spacing of gpending to the NOV and OV models. We can clearly observe

that the non-uniformity in the period spacing is much more

For our template models we have computed adiabatic @pparent in the OV model, as expected from the shapg¢?of
modes with? = 1,2 and 3, with periods in the range expectedorresponding to these cases (Fig. 12). As stated before, the
for ZZ Ceti stars (50 s Py < 1300 s). We begin by examiningminima in theAPy distribution for the OV model are associ-
Fig. 13 which shows the values for the forward period spaciated with modes partially confined to the high-density core re-
gion placed between the centre of the model andjleg-0.7.
panel) in terms of the periods computed. An inspection of ti@nsequently, these modes are energy-enhanced, so they must
figure reveals that the amplitude APy corresponding to the exhibit maxima in theEy, distribution. To demonstrate this,
NOV model are typically lower as compared with the results @fe show in Fig. 16 the oscillation kinetic energy distribution
the MW model. This dference is understood on the basis thabrresponding to the OV WD model, where we have labeled in
the Brunt-\Aisdla frequency of the NOV model is smootheparticular thef = 2 modes with overtonds = 17,19 and 21.
than that of the MW model (compare upper and bottom parébte from Fig. 15 that thé¢ = 2, k = 19 eigenmode corre-
of Fig. 12). The marked smoothness of thEy distribution sponds to a minimum okPy, but it has actually &, value
in the NOV model implies that mode trapping is appreciablyear a local maximum (Fig. 16).

APy (= Pyy1 — Py) for € = 1 (upper panel) and = 2 (lower

diminished in this model.

To convince the reader that minima &Py correspond to

In Fig. 14 we show the sameP-Py diagram as in Fig. 13, energy-enhanced modes, we depict in Fig. 17 the amplitude of
but this time we compare the results of the OV model with thegenfunctiong; andy, (corresponding to radial and tangen-
MW one. At first glance, thé\Py values for both set of com- tial displacements of matter, respectively) for 2,k = 17,19
putations exhibit similar amplitudes. However, a closer inspe@ad 21 modes at the central region of the OV model. In addi-

tion of the plot reveals an interesting feature. In fact, Al

tion, we show in the bottom panel the weight function corre-

distribution corresponding to the OV model clearly shows pesponding to these modes. An inspection of this figure reveals
odic minima with values between minima almost constant atttat the amplitude of the eigenfunctions as well as the weight
tending to the asymptotic value (not plotted). As we shall séenction for thek = 19 mode are noticeably larger as compared
towards the end of this section, the minimaAR, correspond with the neighboring onek(= 17,21). Note also the evident

to modespartially confinedto the deepest regions of the O\Wdistortion of the shape ip, andwf for the modes at the loca-
model as a result of the pronounciiépeak showed by mid- tion of the acute peak in the Ledoux term (bpg —0.7; middle

dle panel of Fig. 12. By contrast, thePy distribution for the panel of Fig. 10). This feature, which is a direct consequence



606 L. G. Althaus et al.: New evolutionary models for massive ZZ Ceti stars

100 T N T N T N T N T 46 ‘ ‘
- —ovmodel | | [ ’
. % g +-+ NOV model — or n
g I 1 27 1
L 60 — 2, 44— —
o L . T L i
' ur
3 40 1 5 43 .
ol - . o | i
-
20 — - i
or ] Al
50 — ’ i
— - 1 451 .
8 40 4 B | ]
— L N [
o* 301 — ~ | |
T ol ] Y
X — — — —
o< 20 I ] g) I ]
-
10 = b i
0o 250 500 750 1000 1250 41 ‘ ‘ ‘ ‘
0 250 500 750 1000 1250
P, [sec] P, [sec]
Fig. 15. Same as Fig. 12, but for OV and NOV models. Filled dotgig. 16.Kinetic energy values fof = 1 and 2 in terms of the computed
(triangles) correspond to the OV (NOV) model. periods,Py for the OV model.
of the abrupt fall ofXisp, acts to enlarge the magnitudeaf 0y T T T T T k=17
y» andwf of thek = 19 mode, but diminishes the amplitude o 0.005- k=21
these functions in the case of modes wkth 17 and 21. o ol e e -
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4.3. Beyond the trace element approximation S T T T
0.0l——T—"t+——T—"+—T7T—+—T—+—1—+—T—+—T1—1 1x10
The trace element approximation has been a workhorse ' ] 5x107
chemical profile calculations for many years. Sadly, as the ]
and other calculations have shown, it provides an inaccurate > 1°
scription of the transition zone and its associated Ledoux ter —-5x10"
it is too narrow, too peaked, and its first derivative is not col _ Y Y Y B | 1010

tinuous. In this section, we present a new prescription whi.2 0.012
retains the simplicity of the trace element approximation b§
which addresses its problems. = 0.008
From timescale arguments (e.g., Michaud & Fontair2 o.004
1979) and numerical experiments, we expectiHe/H tran- = A\ L NN g =
sition zone to be near filisive equilibrium, so we are justified O 025 -05 -075 1 125 -15 175 -2
in using Eq. (A.5) of Arcoragi & Fontaine (1980) for the equi Log(1-M/M.)
librium profiles. Traditionally, the trace approximation resultgig_ 17.Eigenfunctiongy,, 5, and the weight functio f (upper, mid-
from solving this equation in the limit in which one of the tWQyje and bottom panel, respectively) for modes with 2 andk = 17

species is considered to be a trace. However, assuming C@#Btted lines)k = 19 (solid lines) and = 21 (dashed lines). See text
plete ionization of both species, we find that Eq. (A.5) may stibr details.

be integrated in closed form. For thide/H zone, we obtain

Bte
.4

P 1 1 1 1 wheregs = 1- M, /M., g4 = 1— My/M.,, andC ~ 1.764. Since
C—=y5(1 1+2 1 21 s e A Ry
Po ye(L+y)E(L+2y) 1+ 6y) 7, (1) the mass fraction of He is relatedtdoy
wherey = nye/Ny is the ratio of number densities of the two Apte Nie 4y
i i i Xhe = = , (23)
speciesP is the pressurd is some reference pressure, &d A+ Aneie 1+ 4y

is a constant. Additionally, if we assume a geometrically thin _ _ _
hydrogen layer (which is certainly valid), then the pressure c&fl- (22) gives us a smooth relation for the mass fraction of He

be directly related to the mass depth, so that this equation balid from large abundanceXge ~ 1,y > 1) to low abun-
comes dancesXpe < 1,y < 1).

Since the treatment given abov@ars an easy implementa-

= Os 1 18 _1 _i
C e Y31+ 7)=(1+2y) (1 +6y)"%, (22)  tion of diftusion profiles, we would like to see how it compares
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with self-consistently computed profiles. In Fig. 18 we com- 1 [ ‘ Lo

pare the profile calculated using Eq. (22) with that obtained , ¢ [ diffusive equilibrium /
from an evolutionary calculation assuming self-consistent,
time-dependent diusion. We see that our parameterized pro-, 0.6
file provides a good representation of the overall profile shage
and that it reproduces the maximum height of the Ledoux term
to within ~20%. Since the numerical implementation of this 02
prescription is only slightly more expensive computationally
than that based on the trace element approximation, we recom-
mend Eq. (22) as a reasonable replacement in codes which use
a pre-specified functional form for the profile shapes. 15— \
The main discrepancy between the two profiles shown in
Fig. 18 is most likely due to the neglect of electron degeneracy 1
pressure which is implicit in the use of Eq. (A.5) of Arcoragi &,
Fontaine (1980). Since the deeper H®@ transition zone is in
a more degenerate environment, as well as being much farther
away from difusive equilibrium, a derivation along the lines -~
which led to Eq. (22) is more flicult to justify; we therefore 0
defer a discussion of a simple functional form for its shape un-
til a future paper. Finally, we note that the above prescription
for the*He/H profile is aimed mainly at calculating the BruntFig. 18. A comparison of the hydrogen mass fraction (upper panel)
Vaisdla frequency. As such, it may need to be truncated at largfed the LedouxB term (lower panel) for the profile computed using

depths in order to prevent unphysical situations such as a et (22) (solid line), which assumesfiidisive equilibrium, complete
monuclear runaway due to H burning. ionization, and an ideal gas equation of state, with that assuming full

time-dependent fliusion (dotted line).

— — —— time—dependent diffusion /’

04

Lo b b s byw i By

0

!
v b b

—log(1-M,/M.)

5. Conclusions

In this work we have computed new and improved evolution-
ary models for carbon-oxygen DA WD stars appropriate for
the study of massive ZZ Ceti stars. In addition, the implicanass but being the result of the evolution of progenitor stars
tions of our new models for the pulsational properties of masith markedly dfferent initial masses.
sive ZZ Ceti stars have be_en explored._ To this end, we have As for the main evolutionary results for the WD progenitor,
followed the completeevolution of massive WD progemtorsWe mention:
from the zero-age main sequence through the thermally puls- '
ing and mass loss phases on the AGB to the WD regime.
Attention has been focused on the modeling of the chemical
abundance distribution. In this regard, we developed a time-= Both of the sequences experience the second dredge-up
dependent scheme for the simultaneous treatment of chemi-episode during which the surface composition is apprecia-
cal changes caused by nuclear burning and mixing processesply modified from the assumed interstellar abundances.
Salt finger mixing, semiconvection andftisive overshooting — A salt finger instability develops after the end of central he-
above and below any formally convective zone have been fully lium burning, which is particularly noticeable in the case
accounted for during the pre-WD regime. In this work, we have without core overshooting. This instability is responsible
taken into account an extended mixing length theory for fluids for the redistribution of the innermo&tC/*¢0 profile oc-
with composition gradients. Also, time-dependent element dif- curring before the end of the early AGB phase.
fusion for multicomponent gases has been considered during Sequence OV exhibits a sharp variation of¥@*°0 com-
the WD evolution. position aroundVl, ~ 0.72 M, variation which leaves its

An important aspect of the study has been to explore the signature on the theoretical period spectrum (see below).
implications of the occurrence of overshooting during the pre— During the thermally pulsing phase, the temperature at the
WD evolution for the pulsational properties of massive ZZ Ceti base of the convective envelope becomes high enough for
stars. To this end, we restrict ourselves to examining two caseshot bottom burning to occur. This is particularly noticeable
of evolution for the progenitor: sequence NOV based on the for sequence OV.
evolution of a 7.5M,, initial mass star in which overshooting — The presence of overshooting below the bottom of the
was not considered and sequence OV based on the evolution ofhelium-flash convection zone gives rise to an enhancement
a 6-M,, star with overshooting. For both sequences, the mass of of oxygen and carbon in the intershell region below the he-
the resulting®C/*®0 core is quite similar¥0.94M,). This has lium buffer, as compared with models without overshoot.
allowed us in principle to compare the pulsational properties of This is in agreement with Herwig (2000) for the case of
carbon-oxygen massive ZZ Ceti stdraving the same stellar  low- and intermediate-mass stars.
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— Sequence OV experiences the third dredge-up. At the eseserve an exploration also in the frame of less massive ZZ
of this episode, &*N-pocket is built-up at the base of theCeti models than considered here.

helium buter. In closing, we judge that the evolutionary modeling pre-
sented in this work constitutes a physically sound and solid
For the WD evolution, our main conclusions are: enough frame for exploring the pulsational properties of crys-

tallized ZZ Ceti stars. We will address this aspect in a future
— The mass of the hydrogen envelope left at the ZZ Ceti doemmunication.
main amounts tdy ~ 2.3x10°® M. This is about half as )
large as for the case when elemerfutiion is neglected. Acknowledgementd_GA warmly a(_:knowledges T. Bicker for send-
— As a result of chemical fiusion, CNO reactions remaining us some reprints central to this work. We also thank the_ sugges-
. . . . tions and comments of our referee, D. Koester, that strongly improved
non-negligible for a considerable period of time®20? yr) - . : .
duri he WD luti H by the fi he 77 C the original version of this work. This research was supported by the
“”“9 t _e evolution. However, : y the time the elilnstituto de AstrofSica de La Plata and by the UK Particle Physics and
domain is reached, hydrogen burning becomes completglyronomy Research Council.
unimportant.
— Element dffusion strongly modifies the shape of the chem-
ical profile during WD evolution. In particular, before theXeferences
ZZ Ceti stage is reached,ftision has already smoothedslexander, D. R., & Ferguson, J. W. 1994, ApJ, 437, 879
out the chemical profile to such a degree that the resultinghaus, L. G., & Benvenuto, O. G. 2000, MNRAS, 317, 952
external abundance distribution does not depend on théhaus, L. G., Serenelli, A. M., @Ssico, A. H., & Benvenuto, O. G.

occurrence of overshoot episodes during the thermally 2002, MNRAS, 330, 685
pulsing phase on the AGB. Anders, E., & Grevesse, N. 1986, Geochim. Cosmochim. Acta, 53,
197

Finally, the implications for the pulsational properties are‘.A‘“gé"O' C., Arnould, M., Rayet, M., et al. 1999, Nucl. Phys. A, 656,

— Models with core overshooting (OV models) exhibit Q;ﬁgﬁ %_be'écgfrﬁgtnalgi’,\f i;zgo’AggJ’léiz’ségos
much more pronounced non-uniformity in the spacing @fiscker, T. 1995, AGA, 297, 727
consecutive periods, at variance with the situation withogtadiey, P. A. 1996, ApJ, 468, 350
core overshooting. Bradley, P. A. 1998, ApJS, 116, 307
— OV models are characterized by the presence of mod&adley, P. A. 2001, ApJ, 552, 326
which are “core trapped”, i.e., modes with enhanced kinefigassard, P., Fontaine, G., Wesemael, F., & Hansen, C. J. 1992a, ApJS,
energy having eigenfunctions with relatively large ampli- 80, 369 _
tudes at the innermost, high-density regions of the mode%r.azsiar?j;-* Fontaine, G., Wesemael, F., & Tassoul, M. 1992b, ApJS,
— Pulsational propertles are insensitive to the occurren ?assa,lrd, P., Fontaine, G., Wesemael, F., Kawaler, S. D., & Tassoul,
of overshoot episodes during the thermally pulsing AG

L. . . M. 1991, ApJ, 367, 601
phase. This is due to the powerful action of elemefiudi Brickhill, A. J. 1991, MNRAS, 251, 673

sion during WD evolution. Burgers, J. M. 1969, Flow Equations for Composite Gases (New York:
— The period spectrum for our models is markedIffetient Academic)

from that of existing computations based on the use of tiiaughlan, G. R., & Fowler, W. A. 1988, Atomic Data Nucl. Data

trace element approximation for assessing the shape of theTables, 40, 290

chemical interfaces. Coérsico, A. H., Althaus, L. G., Benvenuto, O. G., & Serenelli, A. M.
— The trace element approximation need not be made in the 2001, A&A, 380, L17

solution of the equation of fusive equilibrium given in Corsico, A. H., Althaus, L. G., Benvenuto, O. G., & Serenelli, A. M.

Arcoragi & Fontaine (1980), which results in smooth pro- 2002, A&A, 387, 531

files which are closer to the results of time-dependent d ‘Antona, £, & Mazzitelli, 1. 1990, ARA&A, 28, 139
'Antona, F., & Mazzitelli, I. 1996, ApJ, 470, 1093

fusion. Fontaine, G., & Michaud, G. 1979, ApJ, 231, 826

Freytag, B., Ludwig, H.-G., & Stéen, M. 1996, A&A, 313, 497
Gautschy, A., & Althaus, L. G. 2002, A&A, 382, 141

We conclude that the pulsational spectrum of massive ZZ Cetiutschy, A., & Saio, H. 1995, ARA&A, 33, 75

stars as predicted by our new and improved evolutionary mdgautschy, A., & Saio, H. 1996, ARA&A, 34, 551

els turns out to be substantiallyfiirent from that of previ- Gautschy, A., Ludwig, H., & Freytag, B. 1996, A&A, 311, 493

ous research. In particular, because elemdfitsion strongly Goldreich, P., & Wu, Y. 1999, ApJ, 511, 904

smoothes out the chemical profiles, the mode trapping cau§Egssman. S. A., & Taam, R. E. 1996, MNRAS, 283, 1165

. . . Lo Grossman, S. A., Narayan, R., & Arnett, D. 1993, ApJ, 407, 284
by the outer chemical interfaces is notably diminished. As{ﬁerwig, F. 2000, AGA. 360, 952

result, the pulsational properties become very sensitive to Ewig, ., Bicker, T., Langer, N., & Driebe, T. 1999, A&A, 349, L5

shape of thénnermostchemical profile, i.e., the occurrence oleryig, F., Bicker, T., Schitberner, D., & EI Eid, M. 1997, A&A
core overshoot during the evolutionary stages prior to the WD 324, |81

formation. This could in principle be tested from observationsen, I. Jr., & MacDonald, J. 1985, ApJ, 296, 540
of massive ZZ Ceti stars. We believe that this aspect woulgkn, I. Jr., & MacDonald, J. 1986, ApJ, 301, 164



L. G. Althaus et al.: New evolutionary models for massive ZZ Ceti stars 609

Iben, I. Jr., & Renzini, A. 1983, ARA&A, 21, 271 Straniero, O., Donmguez, I., Imbriani, G., & Piersanti, L. 2003, ApJ,
Iglesias, C. A., & Rogers, F. J. 1996, ApJ, 464, 943 583, 878
Kanaan, A., Kepler, S. O., Giovannini, O., & Diaz, M. 1992, ApJ, 390Tassoul, M., Fontaine, G., & Winget, D. E. 1990, ApJS, 72, 335

L89 Unno, W., Osaki, Y., Ando, H., Saio, H., & Shibahashi, H. 1989,

Kawaler, S. D., Winget, D. E., & Hansen, C. J. 1985, ApJ, 295, 547 Nonradial Oscillations of Stars (University of Tokyo Press,
Kippenhahn, R., Weigert, A., & Hofmeister, E. 1967, Methods in 2nd ed.

Computational Physics 7 (New York: Academic), 129 Vassiliadis, E., & Wood, P. R. 1993, ApJ, 413, 641
Magni, G., & Mazzitelli, I. 1979, A&A, 72, 134 Ventura, P., D’Antona, F., & Mazzitelli, I. 1999, ApJ, 524, L111
Mazzitelli, I., D’Antona, F., & Ventura, P. 1999, A&A, 348, 846 Ventura, P., Zeppieri, A., Mazzitelli, |., & D’Antona, F. 1998, A&A,
Montgomery, M. H., & Winget, D. E. 1999, ApJ, 526, 976 334, 953
Osaki, Y., & Hansen, C. J. 1973, ApJ, 185, 277 Wagenhuber, J., & Groenewegen, M. A. T. 1998, A&A, 340, 183
Pfeiffer, B., Vauclair, G., Dolez, N., et al. 1996, A&A, 314, 182 Winget, D. E., Van Horn, H. M., & Hansen, C. J. 1981, ApJ, 245, L33
Sackmann, I. J., & Boothroyd, A. I. 1992, ApJ, 392, L71 Winget, D. E., Kepler, S. O., Kanaan, A., Montgomery, M. H., &
Saio, H., & Cox, J. P. 1980, ApJ, 236, 549 Giovannini, O. 1997, ApJ, 487, L191

Straniero, O., Chi@, A., & Limongi, M. 1997, ApJ, 478, 332



