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Abstract. We explore the adiabatic pulsational properties of massive white dwarf stars with hydrogen-rich envelopes and
oxygen/neon and carbon/oxygen cores. To this end, we compute the cooling of massive white dwarf models for both core
compositions taking into account the evolutionary history of the progenitor stars and the chemical evolution caused by time-
dependent element diffusion. In particular, for the oxygen/neon models we adopt the chemical profile resulting from repeated
carbon-burning shell flashes expected in very massive white dwarf progenitors. For carbon/oxygen white dwarfs we consider
the chemical profiles resulting from phase separation upon crystallization. For both compositions we also take into account the
effects of crystallization on the oscillation eigenmodes. We find that the pulsational properties of oxygen/neon white dwarfs
are noticeably different from those made of carbon/oxygen, thus making asteroseismological techniques a promising way to
distinguish between the two types of stars and, hence, to obtain valuable information about their progenitors.
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1. Introduction

White dwarfs are the most common end-product of stellar evo-
lution. Most of the presently observed white dwarfs are post-
Asymptotic Giant Branch (AGB) remnants, the core of which
consists of the main ashes of helium burning, basically a mix-
ture of carbon and oxygen. However, there is growing theoret-
ical evidence suggesting that white dwarfs with masses larger
than ∼1.05 M� could have cores composed primarily of oxy-
gen and neon (García-Berro & Iben 1994; Ritossa et al. 1996;
D’Antona & Mazzitelli 1996; García-Berro et al. 1997; Iben
et al. 1997). In particular, García-Berro et al. (1997) found
that when the core mass of the 9 M� white dwarf progeni-
tor exceeds ∼1.05 M�, and before the star reaches the ther-
mally pulsing phase at the AGB tip, carbon is ignited off-
center in semidegenerate conditions. As a result of repeated
carbon-burning shell flashes that eventually give rise to car-
bon exhaustion in the degenerate core, it is found that at the
end of the carbon burning phase the star would be left with
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an oxygen/neon core with trace amounts of carbon and other
heavier chemical species. After mass-loss episodes, the pro-
genitor remnant is expected to evolve into the central star
of a planetary nebula and ultimately into a white dwarf with
an oxygen/neon core of mass ∼1.05 M�. A possible obser-
vational counterpart of these massive white dwarfs could be
the single massive white dwarf LHS 4033, which has a mass
of ∼1.32 M� (Dahn et al. 2004). Other possible massive white
dwarfs hosting oxygen/neon cores could be the magnetic white
dwarf PG 1658+441 (Schmidt et al. 1992; Dupuis et al. 2003)
– with a mass of �1.31 M� – and the highly magnetic white
dwarf RE J0317–853 (Barstow et al. 1995; Ferrario et al. 1997),
which has a mass of ∼1.35 M�. It should be noted, however,
that there are alternative evolutionary channels that could even-
tually lead to massive white dwarfs with carbon/oxygen cores.
These scenarios involve the merging of two otherwise light-
weight ordinary white dwarfs. It has been shown (Segretain
et al. 1997; Guerrero et al. 2004) that in this case nuclear re-
actions are not able to modify greatly the composition of the
core of the remnant.

Many white dwarfs exhibit multiperiodic luminosity varia-
tions caused by gravity-modes of low harmonic degree (� ≤ 2)
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and with periods ranging from roughly 100 s to approximately
1200 s. Over the years, the study of the pulsational patterns of
variable white dwarfs through asteroseismological techniques
has become a very powerful tool for probing the inner regions
that would be otherwise unaccessible to direct observations. In
particular, for hydrogen-rich variable DA white dwarfs – also
known as ZZ Ceti stars – such a technique has proved to be
very successful in providing independent valuable constraints
to their fundamental properties, such as their core composition,
the outer layer chemical stratification or the stellar mass – see,
for instance, Pfeiffer et al. (1996), and Bradley (1998, 2001).
Very recently, increasing attention has been paid to the study
of the asteroseismological properties of massive ZZ Ceti stars,
since it opens the interesting possibility of probing the phys-
ical mechanisms operating in their very dense interiors and,
particularly, to obtain useful information about the crystalliza-
tion process that occurs in their cores (Montgomery & Winget
1999). This has been motivated by the discovery of pulsations
in the star BPM 37093 (Kanaan et al. 1992), a massive ZZ Ceti
star which has a stellar mass of ∼1.05 M� and an effective tem-
perature Teff � 11 800 K, and that, therefore, should have a
sizeable crystallized core (Winget et al. 1997). It is interest-
ing to note at this point that this mass is very close to the
theoretical lower limit (∼1.05 M�) for an oxygen/neon white
dwarf to be formed (Salaris et al. 1997; Gil-Pons et al. 2003).
Indeed, Gil-Pons et al. (2003) find that for carbon burning to
take place in the corresponding progenitor, its mass on the main
sequence should be ∼8.1 M�, leaving a massive oxygen/neon
white dwarf of ∼1.05 M�. Hence, BPM 37093 could be either
a carbon/oxygen or an oxygen/neon white dwarf, depending on
the precise value of its mass.

We do not intend to perform a detailed modelling of the
pulsational characteristics of BPM 37093, since we consider it
to be beyond the scope of the paper. Instead, the aim of the
present paper is to assess the adiabatic pulsational properties
of massive white dwarfs with carbon/oxygen (CO) and oxy-
gen/neon (ONe) cores. More specifically, our main goal is to
explore the possibility of using white dwarf asteroseismology
to distinguish between the two types of star. To this end, we
compute the cooling of massive white dwarf models for both
core compositions taking into account the evolutionary history
of their progenitors and the chemical evolution caused by time-
dependent element diffusion during the evolution. The paper is
organized as follows. In Sect. 2 we describe the main character-
istics of our CO and ONe model white dwarfs. Special empha-
sis is given to the formation of the core chemical profile dur-
ing the pre-white dwarf evolutionary stages. The pulsational
predictions for t both types of white dwarf sequences are de-
scribed in Sect. 3. Finally, in Sect. 4 we briefly summarize our
main findings and draw our conclusions.

2. Input physics and evolutionary models

In this work we compute the evolution and the pulsational
properties of massive white dwarfs with ONe cores. In pur-
suing this goal we adopt the chemical profiles obtained by
García-Berro et al. (1997) – see Sect. 2.2 for a detailed dis-
cussion. Additionally, since a major aim of our work is to

compare the theoretical pulsational spectra of our ONe white
dwarf models with those of their CO analogs, we also compute
the evolution of a white dwarf with a CO core of similar mass.
The most relevant results of this calculation are presented in
Sect. 2.1 below. An important aspect of the present study com-
mon to both sequences concerns the evolution of the chemi-
cal abundance distribution caused by diffusion once the white
dwarfs are formed. This is particularly relevant for the study
of the pulsational properties of white dwarfs. Indeed, element
diffusion turns out to be a key ingredient as far as mode trap-
ping in pulsating stratified white dwarfs is concerned (Córsico
et al. 2001, 2002). We have used a time-dependent treatment for
multicomponent gases (Burgers 1969) which considers grav-
itational settling and chemical and thermal diffusion for 1H,
3He, 4He, 12C, and 16O species, the dominant constituents out-
side the core of our white dwarf models – see Althaus et al.
(2001a,b) for additional details. In this way, the trace ele-
ment approximation usually invoked in most ZZ Ceti studies
is avoided.

2.1. Carbon/oxygen white dwarf models

Our massive white dwarf models with a CO core have been
computed with the evolutionary code described at length in
Althaus et al. (2003). The code is based on an up-to-date
and detailed physical description. Briefly, the code uses OPAL
radiative opacities for arbitrary metallicity from Iglesias &
Rogers (1996) and from Alexander & Ferguson (1994) for the
low-temperature regime. The equation of state for the low-
density regime comprises partial ionization for hydrogen and
helium compositions, radiation pressure and ionic contribu-
tions. For the high-density regime, partially degenerate elec-
trons and Coulomb interactions are also considered. Under de-
generate conditions we use an updated version of the equation
of state of Magni & Mazzitelli (1979). Neutrino emission rates
and high-density conductive opacities are taken from the work
of Itoh and collaborators – see Althaus et al. (2002). A nu-
clear network of 34 thermonuclear reaction rates and 16 iso-
topes has been considered to describe hydrogen (proton-proton
chains and CNO bi-cycle) and helium burning. Nuclear reac-
tion rates were taken from Caughlan & Fowler (1988) except
for the 12C(α, γ)16O reaction rate, for which we adopted that of
Angulo et al. (1999).

The treatment of the change of the abundances during the
pre-white dwarf evolution is an important aspect. In particu-
lar, our code uses a time-dependent scheme for the simulta-
neous treatment of chemical changes caused by nuclear burn-
ing and convective, salt finger and overshoot mixing, which
are described as diffusion processes (Althaus et al. 2003). We
have used the Schwarzschild criterion for convective stability.
However, the occurrence of additional mixing beyond what is
predicted by this criterion is suggested by both theoretical and
observational evidence. In particular, extra mixing episodes
(particularly mechanical overshooting and/or semiconvection)
taking place beyond the formally convective boundary to-
wards the end of central helium burning have a large influ-
ence on the carbon and oxygen distribution in the core of white

















932 A. H. Córsico et al.: Pulsations of massive ZZ Ceti stars with CO and ONe cores

feature in the shape of the innermost chemical profile built up
during the evolutionary stages prior to the white dwarf forma-
tion. In addition, we found that the average period spacing char-
acterizing our oxygen/neon models is appreciably larger than
that of the carbon/oxygen counterparts having the same stellar
mass and effective temperature. This is true even in the pres-
ence of extra mixing episodes that could eventually remove the
sharp abundance discontinuity left in the oxygen/neon models.
Finally, we also find quite different kinetic energy spectra for
the two types of models.

Hence, it turns out that the asteroseismological techniques
usually employed in variable white dwarf studies constitute,
in principle, a powerful tool for distinguishing massive car-
bon/oxygen white dwarfs from those having oxygen/neon
cores. In this regard, the most massive ZZ Ceti star presently
known, BPM 37093, is of particular interest since the value
of its stellar mass of ∼1.05 M� places it close to the theoreti-
cal lower limit for an oxygen/neon white dwarf to be formed.
Nonetheless, the scarcity of detected periods (eight periods) in
the light curve of BPM 37093 renders conclusive asteroseis-
mological inferences in this case very difficult. However, since
the average period spacing is larger for the oxygen/neon ones,
a comparison with the observed value would help to get a clear
insight into the actual core composition of this massive white
dwarf. We feel that this aspect would deserve to be explored in
the frame of a set of white dwarf models with various stellar
masses. Ongoing attempts to constrain the fundamental prop-
erties of BPM 37093 using asteroseismological data should al-
low us to shed new light on the scenarios leading to the forma-
tion of single massive white dwarfs and on the nature of their
progenitors.
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