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Abstract

After the Sun, the stars with the most detected pulsation modes are the white dwarfs. From
the hot PG 1159 stars, through the pulsating DBs near 25000 K, to the more numerous DAVs
around 12000 K, we now know of around 150 pulsating white dwarf stars, but they are still all
in the nearby thin disk of our Galaxy. As the white dwarf models are simple and the details of
the initial conditions are washed out when the stars reach the DBV and the DAV instability
strips, seismology does give structural information with detail and precision, and even allows
us to measure evolutionary timescales. Taking into account that around 97% of all stars
evolve to white dwarfs, we measure the records of Galactic history, which is a powerful tool
to study physics at high energies.

Introduction

Asteroseismology of white dwarf stars is a strong tool for probing high energy and high density
physics, such as the study of neutrinos (weak interaction - Kawaler 1997; O’Brien et al. 1998;
Winget et al. 2004), axions (the best candidate for cold dark matter, Córsico et al. 2001),
crystallization (cool white dwarf stars are quantum crystals, Winget et al. 1997; Córsico et
al. 2004, 2005; Kanaan et al. 2005) and even the determination of the C(α, γ) cross section
(Metcalfe, Salaris & Winget 2002; Metcalfe 2003; Metcalfe, Montgomery & Kawaler 2003)
essential in the study of type Ia supernovae.

In terms of stellar structure and evolution, the observed pulsations can be used to evaluate
the total mass, the layers and even core masses, rotation periods, magnetic fields, differential
rotation (Kawaler, Sekii & Gough 1999), and also a real measurement of the evolutionary
time scales, dR/dt (Costa et al. 2003) and dT/dt (Stover et al. 1980; Kepler et al. 1982,
2005b; Mukadam et al. 2003), which in turn can be used to measure the age of the Galaxy
(Winget et al. 1987; Hansen et al. 2002). The changes in pulsation periods of white dwarf
stars can also be used for the detection of extra-solar planets, complementing the search
space not easily available for radial velocity measurements (Winget et al. 2003).

The pre-white dwarf PG 1159 stars around 75 000 K to 170 000 K have the largest number
of modes detected. With the first class of pulsating stars to be predicted theoretically before
discovery, the DBVs around 22 000 K to 29 000 K, and the first pulsating white dwarf stars to
be discovered, serendipitously, back in 1968, the DAVs around 10 850 K to 12 270 K, the 150
pulsating white dwarf stars known are all in the thin disk of our Galaxy, just because they are
intrinsically faint. They form the most numerous class of variable stars. As their structure
is simple, seismology does give structural information with detail and precision. Because of
their high densities and internal temperatures, they are tools to study physics at high energies,
where quantum effects are dominant, but post-Newtonian corrections are still not dominant.

All the pulsating white dwarf stars are non-radial g-mode pulsators, and the eigenmodes
are described by three indices: the number of radial nodes (k), the total number of nodes
across the surface (
), and the number of azimuthal nodes (m). With the mode identification
via multiplets for pulsating PG 1159 stars and DBVs, or via chromatic amplitudes changes
from ultraviolet to optical (Kepler et al. 2000; Castanheira et al. 2004, 2005), or line profile
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variations (Clemens, van Kerkwijk, & Wu, 2000; Kotak et al. 2002, 2003; Kotak, van Kerkwijk
& Clemens 2002, 2004; Thompson et al. 2003), for DBVs and DAVs, we have been successful
in applying seismology to estimate the mass, and total luminosity via the mass-radius relation,
and consequently the distance, but also the thickness of the composition layers, including the
core composition, and rotation periods. Nearly all the modes identified up to today have

 = 1 or 2. Yeates et al. (2005) propose to use the amplitudes of the combination peaks to
identify 
 = 1, using the amplitude equations of Wu (2001).

Hydrogen-atmosphere white dwarf stars (DAs) comprise ∼ 90% of all white dwarf stars;
helium dominated DOs and DBs total close to the remaining 10% (Eisenstein et al. 2006).

Pulsating PG 1159 stars

The instability strip of the pulsating PG 1159 stars, or GW Vir stars (McGraw et al. 1979),
around Teff � 170 000 K to 75 000 K and log g = 5.7 to 7.5, include both the DOVs (McGraw
et al. 1979, Bond et al. 1984), without evidence of surrounding planetary nebulae, and the
PNNVs (Grauer & Bond 1984), both with detectable evidence of ongoing mass loss. Their
atmospheres are mainly composed of He, C and O, and the pulsators also have strong lines
of N (Dreizler 1998). These hydrogen deficient stars are probably the evolutionary remnants
of a born again episode, triggered by a late helium thermal pulse after the star has left the
AGB (Fujimoto 1977; Schönberner 1979; Iben 1982; and Althaus et al. 2005). There are
11 pulsators known, and their periods change slowly with time due to variations in both
temperature, probably dominant, and radius

dP

dt
= a

dT

dr
+ b

dR

dt

(Winget, Hansen & van Horn 1983; Winget et al. 1985; Kawaler et al. 1986; Costa et al.
1999). The pulsation periods range from 7 to 50 minutes, being longer for the PNNVs
(Vauclair, Solheim & Østensen 2005) and, for the prototype, have been detected even in
X-ray (Barstow et al. 1986). The period spacings for this class of variables are mainly given
by asymptotic theory, as they are high-k pulsators. Presently, the largest uncertainty in the
mass determination from the period spacings is coming from uncertainty in the theoretical
models (Kawaler et al. 1995, 2004), not due to observational precision. So an effort in
accurate modelling is necessary and hopefully in progress. Note that the accuracy in the
mass determination from the period spacings, even with the uncertainty in the models, of the
order of ΔM � 0.02 M� (Costa et al. 2003), is at least an order of magnitude more accurate
than the determinations from spectral fitting. As convection is negligible in these stars, the
κ − γ mechanism at the C and O partial ionization zones are the main drivers, as originally
proposed by Starrfield et al. (1983) and confirmed by Bradley & Dziembowski (1996), and
more accurately with the evolutionary models of Quirion et al. (2004, 2005, 2006, 2007),
Córsico & Althaus (2005, 2006) and Córsico, Althaus & Miller Bertolami (2006).

DBVs

The class of pulsating DB stars, also called V777 Her after their progenitor GD 358, discovered
by Winget et al. (1982a), with an atmosphere of helium, has 13 pulsators known (+4 strong
candidates - Nitta et al. 2005). The instability strip is located around Teff � 29 000K
to 22 000 K, with an uncertainty around 2 000 K due to uncertainties in the temperature
determination from spectral fitting (Beauchamp et al. 1999; Castanheira et al. 2006a). The
excitation is due to the κ − γ mechanism in the He partial ionization zone, as proposed
by Winget et al. (1982b), and is the first class of variable stars predicted theoretically. The
pulsation spectra, in general, show a large number of harmonics and combination periodicities,
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consistent with a thick convection zone distorting the eigenmodes that enter the base of the
convection zone (Ising & Koester 2001; Montgomery 2005, 2006).

The prototype and brightest known member, GD 358, shows hundreds of combination
peaks in the Fourier transform of the light curve, and shows strong amplitude changes on
timescales of weeks and months (Winget et al. 1994; Vuille et al. 2000; Kepler et al. 2003).
The periods range from 140 to around 1000 s and the uncertainties in temperatures, coupled
with the contamination of a small amount of hydrogen, if any, in the spectra of a few DBs,
makes the analysis of the purity of the DB instability strip difficult.

DAVs

The DAVs or ZZ Ceti class of pulsating white dwarf stars, with 126 known members in
November 2006 (Mukadam et al. 2004; Mullally et al. 2005; Kepler et al. 2005a; Gianninas
et al. 2005; Voss et al. 2006; Castanheira et al. 2006bc), was the first observed, when Arlo
Landolt (1968) was studying the photometric standard star HL Tau 76 and found variations of
up to 0.3 mag on time scales around 12 minutes. Soon afterwards, Lasker & Hesser (1969)
found G44-32, with periods around 10 and 13.7 minutes, followed by R 548 = ZZ Ceti,
with periods of 213s and 271s (Lasker & Hesser 1971). Warner & Robinson (1972) and
Chanmugam (1972) proposed the pulsations were non radial g-modes, as both the radial
pulsations and p-modes should have much shorter periods in white dwarf stars. The class
was first studied by McGraw & Robinson (1976). Robinson, Nather & McGraw (1976) first
detected rotational splittings, in R 548, and McGraw (1979) and Robinson, Kepler & Nather
(1982) showed the light variations were dominated by changes in temperatures caused by
g-mode pulsations. The filter mechanism that selects which modes get excited to observable
amplitudes, mode trapping, was studied by Winget et al. (1981) and Córsico et al. (2002).
Some pulsators have small amplitudes and sinusoidal light curves (Stover et al. 1980; Kepler et
al. 1982, 1983; Kepler 1984), while others are high amplitude pulsators, with many harmonics
and combination peaks detected (McGraw & Robinson 1975; Robinson et al. 1978; Kleinman
et al. 1998; Vuille 2000; Dolez et al. 2006).

The nonadiabatic models of Dziembowski (1977), Keeley (1979), Dziembowski & Koester
(1981), Dolez & Vauclair (1981) and Winget et al. (1982b) concluded the excitation was due
to the κ−γ mechanism in the hydrogen partial ionization zone, but in recent calculations with
OP and OPAL opacities, the models indicate that the convection zone is carrying about 90%
of the flux even at the blue edge, and totally dominates the driving, i.e. convective driving
in the convection zone caused the partial ionization zone, as proposed by Brickhill (1991)
and Goldreich & Wu (1999). The question of the purity of the ZZ Ceti instability strip also
depends on the accuracy of the determination of the effective temperatures and gravities, as
the instability strip ranges only around 1200 K in Teff and depends on gravity. With high
SNR spectra for the bright sample, Bergeron et al. (1995, 2004) and Gianninas, Bergeron &
Fontaine (2005, 2006) find a pure instability strip, while there are ∼ 20 stars inside the same
instability strip if one uses the less accurate determinations of surface parameters for the
fainter SDSS variables, and the relatively high detection limits of Mukadam et al. (2004) and
Mullally et al. (2005). Castanheira et al. (2006c) find variability for two stars reported as non-
variables in the aforementioned searches, and Kepler et al. (2006) find the uncertainties in the
SDSS parameters are a substantial fraction of the instability strip. Mukadam et al. (2006)
suggest we can use the observed pulsation periods to determine Teff , as there is a strong
correlation between period and Teff . Even with the small number of pulsations detected in
the DAVs, seismology indicates hydrogen layer masses MH � 10−4 to 10−8 M∗, an important
limit in the study of chemical evolution of the surface composition of white dwarf stars due
to diffusion, radiative levitation, and convection. The rotation periods derived from pulsation
splittings are around 1 d, consistent with those observed by line broadening. Velocity fields in
line profiles start to be detected with time resolved spectra taken at the Keck 10 m telescopes.
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Pulsations in DAs in Cataclysmic Variables

Ten pulsators were discovered recently in low mass accretion systems (van Zyl et al. 2004;
Nilsson et al. 2006), indicating the mass transfer does not strongly disturb the subsurface
partial ionization zone that causes convection and/or pulsation. Accretion raises the external
temperature distribution and changes external layers composition, but the underlying structure
should be similar to single stars. The models have been calculated by Arras, Townsley &
Bildsten (2006).
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DISCUSSION

Hatzes: I was really amazed how dramatic the power spectrum of GD 358 changed. Do you
worry that you are missing detail because of poor temporal sampling?

Kepler: Since the modes came back at the same frequencies after the dramatic power
change, we believe that there are no time scales shorter than a month involved. Since we
need about 20 telescopes looking at the same star we can only do such a project every three
or four years.

Bedding: You need very large telescopes to measure mmag changes in a 22nd magnitude
star. How much time do you need to do useful science? You can get, say, two or three nights
on such telescopes, but not weeks.

Kepler: It depends on what you want to do. If you really want to do seismology, you
need lots of nights, but we can detect the pulsations in a couple of hours. You would need a
couple of nights over two or three seasons to do seismology.




