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Abstract.

In this review I describe the basic properties of white dwarfs and their pulsations. I then discuss some of the areas in which
the pulsations can provide meaningful results, such as internal chemical profiles, possible emission of “exotic” particles, planet
detection, crystallization, convection, accretion, and cosmochronology.
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1. ASTROPHYSICAL CONTEXT

There are two main reasons for studying white dwarf
stars. First, white dwarfs represent the final state for
about 97% of all stars, so they are by far the most
common evolutionary endpoint of stars. Second, their
physics is “simpler” than that of main sequence and post-
main sequence stars. This makes them useful probes both
of their environment (e.g., “How old is the Galaxy?”’) and
of physics (e.g., “How does crystallization occur in a hot,
dense plasma?”).

Below I list some of the most important aspects of
white dwarf physics:

« They are supported by electron degeneracy pressure
(due to the Pauli Exclusion Principle)

« Their evolution is simple cooling and is controlled
by the heat capacity of their ions and their surface
temperature

« When hot (> 25,000 K) they emit more energy in
neutrinos than in photons

+ As they become very cool (< 7000 K), the ions
in the core settle into a crystalline lattice, i.e., they
"freeze" or crystallize

« Their gravities are high (g ~ 103 cm/s?), so heavy
elements sink, producing nearly pure H and He
layers (see Figure 1)

The fact that a subset of these stars pulsates allows us to
constrain their parameters and internal structure, which
in turn allows us to probe physics in an exotic astrophys-
ical environment.

In the following sections I present (an admittedly in-
complete) review of the field, with an emphasis on recent
work. But first I briefly review the history of the discov-
ery of the various classes.

2. A BRIEF HISTORY

The very first white dwarf pulsator was discovered in
1968 by Arlo Landolt as part of a survey of standard
stars [1]. Since this discovery, the observed pulsations
in white dwarf stars have been shown to be g-modes
[2, 3], with periods typically in the range of 100 to 1000
sec. In the mid-1970’s John McGraw, Rob Robinson, and
Ed Nather helped show that the known pulsating white
dwarfs are single stars with partially ionized H at their
surface [4, 5, 6]. This fit with the idea that the pulsations
were driven in the partial ionization zone of H. These
stars are now known as the DAVs.

Building on this idea, in the early 1980’s Don Winget
both predicted [7] and discovered [8] that white dwarfs
with partially ionized He at their surface pulsated. These
stars are the DBVs.

Slightly earlier, in 1979, McGraw et al. [9] discovered
the pre-white dwarf variable PG1159-035. This was the
inaugural member of the class of hot pre-white dwarf
pulsators, the DOVs.

Recently, Montgomery et al. [10] discovered a fourth
class of pulsating white dwarf: the DQVs. These stars
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have large amounts of C in their atmospheres [11] and,
like the DAVs and DBVs, their pulsations seem to be
tied to the partial ionization of their dominant surface
element, C and/or He.

3. ASYMPTOTIC THEORY OF
ADIABATIC PULSATION

The theory of linear, stellar pulsation of spherical stars
has been well developed by many authors [e.g., 12,
13, 14]. In addition to assuming that the pulsations are
adiabatic (no driving and/or damping), these authors ig-
nore the perturbation of the gravitational potential by the
pulsations, the so-called “Cowling approximation” [15].
This has only a small quantitative effect on the pulsations
and has the advantage of reducing the pulsation equa-
tions to a second-order system in space. A particularly
convenient form of the equations mimics that of a vibrat-
ing string [13, 14]:
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and N is the Brunt-Viisild frequency, L? = (£ + 1), ¢ is
the sound speed, and @, is the acoustic cutoff frequency,
which is usually negligible except near the stellar sur-
face.

As we see from equations 1-3, the spectrum of pul-
sations of a star depends principally on two structural
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FIGURE 2. Propagation diagram of a DA white dwarf. The
Brunt-Viisiléd frequency is shown both with (solid curve) and
without (dotted curve) the Ledoux term.

quantities: the Brunt-Viisild frequency and the Lamb
frequency. Since the squares of these quantities relate
most directly to the dynamics of the fluid displacements,
the symbols N2 and L% are often referred to as the Brunt-
Viisild frequency and Lamb frequency, respectively, al-
though they are actually the squares of the respective
quantities.

A useful tool for investigating the radial extent of a
mode is the propagation diagram, an example of which
is shown in Figure 2. The N* and L% curves are labeled,
and the region of propagation of a 200 second g-mode is
shown. In the region between the turning points, denoted
by the horizontal dotted line, K*>(r) > 0 and the mode
has a sinusoidal character; it is said to be “propagating.”
Beyond these turning points K?(r) < 0, and the mode
has an exponential character; in this case it is said to be
“evanescent.” The top axis displays the traditional radial
coordinate log(1 — M,/M,) whereas the lower x-axis is
the normalized “buoyancy radius” ®(r), where

_ Jo ar'iny/r’

d(r) = .
O e

“4)

The coordinate ®(r), which was originally introduced
by Montgomery et al. [16], is useful for showing how
a mode samples the star. In the asymptotic limit, it mea-
sures the radius of the star in terms of local wavelengths
of the mode.

For the high overtone, low frequency g-modes, K ~
LN/wr, and the JWKB approximation yields [14]
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ri and rp are the inner and outer turning points of the
mode, respectively, and k denotes the radial overtone
number. We note that when r; ~ 0 and r, ~ R, as is
commonly the case, we have

() = (k-3 ) 720, ®)

From equation 6 we see that the period spectrum of
the modes in the asymptotic limit is
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FIGURE 3. Perturbations to the oscillations of a string. The top panels show A, (right panel) for a uniform string (left panel),
and the lower panels show how A, changes as a bead is placed at the point on the string as indicated in the corresponding left

panel.

Thus, in the asymptotic limit the periods are evenly
spaced with a separation of
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This general form of the period spectrum has been con-
clusively observed in the DOVs [17] and DBVs [18], and
and there is evidence that it is present in the DAVs as
well.

4. HOW SEISMOLOGY WORKS

4.1. Analogy with a Vibrating String

Seismology is possible because the eigenfunctions of
different modes sample the star differently. To illustrate
this most simply we can imagine doing seismology of a
vibrating string.

A uniform density vibrating string has a spectrum of
eigenfrequencies given by

a),,:(%) n, n=123... (12)

where ¢ is the velocity of transverse waves and L is
the length of the string. Thus the frequency spacing of
consecutive overtones, A®, is

A® = Opy1—@p (13)
cm/L. (14)

This situation is illustrated in the top panels of Fig-
ure 3. If we now imagine placing a (small) bead on the
string located 0.15L from the left end we find that Aw is
no longer constant. Rather, it has the form shown in the
second panel from the top in Figure 3. In the other pan-
els we see that as the bead is moved slightly the shape of
Aw is changed considerably: at 0.17L the structure of the
frequency spacings is very different than it is at 0.15L.
This demonstrates the potential sensitivity of seismology
to probe the internal structure of an object.
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FIGURE 4. “Bumps” in the Brunt-Viisild frequency (lower
panel) as produced by gradients in the chemical profiles for a
DB white dwarf model with 0.6 M, and Tig = 25,000 K.

The vibrating string is of course not an exact analogy
for a pulsating white dwarf, but it does highlight an es-
sential aspect of seismology: the pulsations are sensitive
to the “bead,” or, rather, they are sensitive to sudden gra-
dients in the structure of the star and our models of it.
Since white dwarfs are g-mode pulsators, their periods
are sensitive mainly to the Brunt-Viiséld frequency, so
“bumps” in N will produce measurable seismological
signatures in the observed period spectrum.

The vibrating string analogy also proved its usefulness
by leading to the discovery of an approximate symmetry
between the core and envelope of models as sampled by
g-mode pulsations [16]. This is described more fully in
section 4.3.7.

4.2. Application to White Dwarf Models

Figure 4 shows these bumps and their origin for a
DB model. The upper panel shows the chemical profiles
of oxygen and helium, and the lower panel shows the
fractional bumps in the Brunt-Viisdld frequency which
the radial gradients in these profiles produce. While the
height of these perturbations is important their thinness
is actually the most important characteristic for produc-
ing oscillatory features in the period spacings (e.g., the
“period difference version” of Figure 3). Thus, the nar-
row bump at @ ~ 0.25 due to the C/O profile in the core
may have as large an effect on the period spacings as the
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FIGURE 5. “Bumps” in the Brunt-Viisild frequency (lower
panel) as produced by gradients in the chemical profiles for a
DA white dwarf model with 0.6 Mg, and T = 12,000 K.

higher and wider bump at @ ~ 0.47 due to the C/He pro-
file in the envelope.

For contrast, Figure 5 shows the bumps in N2 for a
DA model. Besides the addition of a feature due to the
He/H layer, we notice that the other bumps have be-
come narrower and much higher. This is because the
chemical gradients in composition transition zones pro-
duce an additional term in the Brunt-Viisild frequency
which is largely temperature independent, the “Ledoux
term” [e.g., see equation 34 of 19]. The Brunt-Viisald
frequency itself decreases with decreasing temperature,
so that N /N for a given bump increases in height and
narrows as the star cools. In the limit that the tempera-
ture goes to zero, N — 0 but N due to the composition
transition zones remains finite, so 0N /N — oo. This is an-
other way of showing that the bumps in N become more
pronounced as the star cools.

The bumps in N due to the composition transition
zones cause two related things to occur: the periods are
no longer equally spaced and the different modes no
longer sample the model in the same way. To illustrate
what is meant by the latter we show the normalized
weight functions for the 17" and 18" ¢ = 1 harmonics
of a DAV model in Figures 6 and 7, respectively. The
k = 17 mode has a much larger amplitude in the region
& < 0.2 than it does in the region @ > 0.2, whereas the
reverse is true for the k = 18 mode. It is in this sense that
the two modes sample the model differently.

It is common practice to say that such modes are
“trapped” on one side or other of the transition zones,
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FIGURE 6. The chemical profiles of a DA white dwarf
model (top panel) together with the normalized weight function
(lower panel) of the 17™ ¢ = 1 overtone mode for a 0.6 M, and
Tets = 12,000 K model.

although this is an unfortunate terminology since
the modes can be seen to be propagating, i.e., non-
evanescent, on both sides of a given transition zone.
What is actually happening is that the suddenness of the
transition zones causes waves to be reflected and trans-
mitted, which results in a standing wave pattern with
different amplitudes on each side of a given transition
zone.

4.3. “Recent” Pulsation Results

In this section I give a review of some of the results to
come from white dwarf seismology in the last ten years
or so. Given the space and time limitations this list is
necessarily incomplete and reflects many of my personal
viewpoints and interests.

4.3.1. Driving

Through a combination of new opacities and improved
numerics, DOV driving can now be attributed to the
partial ionization of carbon and oxygen, acting through
the traditional kK mechanism. This was first shown to be
a viable explanation for the pulsations in the DOVs by
Saio [21] and Gautschy [22]. Since then more refined
calculations have been made which strengthen this result
[23, 24, 22, 21]. Figure 8 shows the distribution of known
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FIGURE 7. The chemical profiles of a DA white dwarf
model (top panel) together with the normalized weight function
(lower panel) of the 18t ¢ = 1 overtone mode for a 0.6 M and
Toe = 12,000 K model.
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FIGURE 8. The distribution of the spectroscopically cali-
brated variable and non-variable PG1159 stars in the log Tog—
logg plane. PG1159 stars with no variability data (N.V.D.)
are depicted with hollow circles. Solid curves show the evo-
lutionary tracks for different stellar masses: 0.530, 0.542,
0.565, 0.589, 0.609, 0.664 and 0.741 M. Parameterizations of
the theoretical dipole (dashed curves) and quadrupole (dotted
curves) red and blue edges of the instability domain are also
displayed. Taken from Cérsico et al. [20].
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FIGURE 9. O-C diagram for the DAV GD66. The sinusoidal
variation in arrival time of the pulses may indicate the presence
of an orbiting planet. Taken from Mullally et al. [32].

variable and non-variable PG1159 stars in the T.g—logg
plane, with the theoretical boundaries of the instability
strip as calculated by Cérsico et al. [20].

While the partial ionization of an element (either H or
He for the DAVs and DB Vs, respectively) is required for
the pulsations to be driven, models show that the driving
regions of these stars are convective, with the convective
flux being much greater than the radiative flux. Thus, the
K mechanism is not relevant for these models. Instead,
the most plausible excitation mechanism is “convective
driving,” or the “Brickhill effect.” It was Brickhill [25]
who originally showed that the convection zone in these
objects would naturally lead to the driving of pulsations
with periods greater than ~ 257, where Ty, is the ther-
mal timescale at the base of the convection zone. Later,
Wu [26], Wu and Goldreich [27], and Goldreich and Wu
[28] gave an analytical description for convective driv-
ing, while Ising and Koester [29] expanded on the numer-
ical work of Brickhill and considered synthesized time-
dependent spectra in their calculations. It is now gener-
ally accepted that this is the dominant excitation mecha-
nism in the DAVs and DBVs [30, 31].

4.3.2. Planet Detection

Several DAVs are known to have pulsations which
are stable over long time scales. The champion in this
respect is the star G117-B15A, which has a rate of period
change P = dP/dt = (3.57 4+ 0.82) x 10715 s/s [33].
Over the 35 year time span it has been observed its
period has changed by only about 0.1us. If such stars
harbored planetary systems such as our own, the Jupiter-
like planets would induce a wobble in the position of the
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FIGURE 10. Evolutionary calculations of P for G117-B15A
as a function of the mass of the axion, for both the thick and
thin H layer fits. The solid horizontal line shows the observed
value and the dashed horizontal lines show the one sigma error
bars. Taken from Bischoff-Kim et al. [35].

white dwarf. Due to light-travel-time effects this would
produce a periodic variation with an amplitude of a few
seconds in the arrival times of individual pulses.

A planet-search survey of such stable pulsators is be-
ing conducted at the University of Texas and McDonald
Observatory. This survey formed the bulk of F. Mullally’s
Ph.D. thesis, although it is an ongoing program. One of
the early results of this survey is that the DAV GD66
shows indications of a planetary companion [32, 34].
Figure 9 shows the O-C diagram for this star, which
exhibits a distinct sinusoidal variation. More data are
needed for a full orbit to be seen, so the next year or
two will go a long way toward testing the planetary hy-
pothesis.

4.3.3. Exotic Particle “Detection”

This small rate of period change in the DAV G117-
B15A is attributed to its natural evolutionary cooling,
i.e., P is directly related to its energy loss rate. If unseen
particles exist which would lead to an accelerated loss of
energy, this would increase the measure P for this star.

This consequence was pointed out by Winget et al.
[36] in the context of the DBVs. Given the relatively high
neutrino emission rate in these stars, it should be possible
to measure P for the stable pulsators and deduce whether
the neutrino emission rates are consistent with the Stan-
dard Model of particle physics, or whether these rates are
in error by factors of order 2. This effect was examined
in more detail by Bischoff-Kim [37] and Kim [38], al-
though as yet there are no published measurements of P
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FIGURE 11. The core composition and inferred reaction
rates for the 12C(a,7)1°0 reaction rate. Taken from Metcalfe
[40].

in a DBV with which to compare.

The DAVs, while emitting insignificant numbers of
neutrinos, could be sources of axions if they exist. Us-
ing the measured P of G117-B15A, Kim made detailed
seismological fits of this star [39] and calculated P for a
range of masses of the hypothetical axion [35]. As shown
in Figure 10, she found two solutions, one of which al-
lowed axions with a mass up to ~ 26 meV. Future seis-
mological investigations may allow us to decide between
the two solutions and thus place tighter constraints on the
axion mass.

4.3.4. Nuclear Reaction Rates

As shown previously asteroseismology offers us the
opportunity to constrain the interior chemical profiles of
the pulsating white dwarfs. Since these profiles are the
product of nuclear reactions while on the RGB and AGB,
they contain information on these reaction rates.

Metcalfe [40] used the set of published periods for
two DBVs, GD 358 and CBS 114, in order to perform
just such a calculation. As shown in Figure 11, the best-
fit C/O profile is consistent with that from evolutionary
models with reaction rates in the theoretically predicted
range. This is an important confirmation of the ability of
seismology to constrain fundamental physical processes.
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FIGURE 12. Pulsation periods as a continuous function of
crystallized mass fraction. Taken from Montgomery [41].

4.3.5. Crystallization

The discovery of pulsations in the DA BPM 37093
[42], together with its high spectroscopic mass of
~1.1 M, [43], opened the possibility of using seismol-
ogy to probe the physics of crystallization [44]. This is
possible because stars of higher mass begin crystallizing
at higher temperatures, so the most massive white dwarfs
will already be crystallizing at the temperatures found in
the DAV instability strip.

Figure 12 shows how the ¢ = 1 periods (y-axis) of a
DAV model change as the crystallized mass fraction (x-
axis) is varied. Clearly, crystallization can have a large
effect on the spectrum of oscillation periods. Building on
this, Metcalfe et al. [45] used seismological fits to con-
strain the degree of crystallization of this object, citing
a value of order ~90% crystallized by mass. In an inde-
pendent analysis, Brassard and Fontaine [46] found satis-
factory fits for a broad range of crystallized mass fraction
from 32% to 82%. While both investigations indicate that
BPM 37093 should be substantially crystallized, future
work will help us resolve this discrepancy and lead to a
tighter constraint on crystallization in this object.
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FIGURE 13. Upper panel: Nonlinear light curve fit to the
nearly mono-periodic DBV PG1351+489. The data was ob-
tained in a WET run in 1995; the light curve has been folded at
the period of the main mode, 489 sec. Lower panel: Nonlinear
light curve fit to the DAV G29-38 in a nearly mono-periodic
state in 1988. The data have been folded at the 615 sec domi-
nant periodicity. Taken from Montgomery [47].

4.3.6. Nonlinear Light Curve Fits

Brickhill [48] was the first to demonstrate how the re-
sponse of the convection zone of a DAV to the pulsations
could produce a highly nonlinear light curve, even in the
presence of just one pulsation mode. Wu [49] provided
an analytical description of this in the weakly nonlinear
limit and Ising and Koester [29] enhanced the numerical
approach to synthesize time-dependent model spectra.

Montgomery [47] combined the analytical and numer-
ical approaches into a simple numerical model for the
nonlinear response of the convection zone to the pul-
sations. The resulting relatively fast algorithm allowed
for direct fits to the light curves of pulsators with highly
nonlinear pulse shapes. Such fits are shown in Figure 13.
Clearly, the fits (solid lines) are quite accurate at repro-
ducing the data (crosses). The main piece of data re-
trieved from such fits is the thermal response time of
the convection zone, T¢, which is directly related to the
depth of the convection zone. Recently, this technique
has been extended to multi-periodic pulsators [50, 51].
By applying this to stars across the DAV and DBV in-
stability strips it should be possible to map out the tem-
perature dependence of the their convection zones inde-
pendent of the assumed mixing length of convection. In
addition to the impact on white dwarfs, these results will
provide an important test bed for the next generation of
3D hydrodynamic convection simulations.
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4.3.7. The Core/Envelope Symmetry

In section 4.1 we saw that a vibrating string can be
a useful analog for asymptotic g-mode oscillations of a
star. Montgomery et al. [16] exploited this close analogy
to show that there is an approximate symmetry in the
way high overtone oscillations sample the structure in a
model, so that features in the core can mimic features
in the envelope, and vice versa. Figure 14 shows this
effect: to first order the high overtone pulsations would
be affected in the same way by the “reflected bumps”
as by the original ones. This illustrates how structure in
the C/O profile in the core at @ ~ 0.22 could become
entangled with structure in the C/He profile at ® ~ 0.78.
This degeneracy is lifted if modes with different ¢ values
are present or if the modes are not yet in the asymptotic
limit.
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4.3.8. The DQVs: a New Class of WD Pulsator

One result of the Sloan Digital Sky Survey (SDSS)
was the discovery of rare objects. One such class is the
hot DQ stars, discovered by Dufour et al. [11], which
have spectra that are C-dominated. Recently, Mont-
gomery et al. [10] discovered what are apparently g-
mode pulsations in one of these objects. Subsequently,
two more such DQV stars have been found [53], estab-
lishing this as a class of pulsating stars, the first such new
class of white dwarf pulsators in 25 years.

Figure 15 shows the blue edge for the DQVs assum-
ing a pure carbon atmosphere; simple time scale argu-
ments were used to derive this so it provides a necessary
but not sufficient condition for mode instability to oc-
cur. The only star found by [10] to pulsate was SDSS
J1426+5752, which encouragingly is the only one of
their sample near the predicted blue edge. Since these
early results there have been many investigations of the
driving mechanism in these stars [e.g., 31, 54].

As a final aside, the prototype of this class has a large
magnetic field, of order ~ 1.2 MG [55]. Thus, it is not
only the first pulsating hot DQ star, it is also the first
pulsating magnetic white dwarf known. This offers us
the chance of using the pulsations to better understand
the magnetic field, making this star a potential analog of
the roAp stars.

4.3.9. Pulsating White Dwarfs in CV Systems

After the discovery of the first known pulsating white
dwarf in a cataclysmic variable (CV) system by Warner
and van Zyl [56], it was realized that since accretion at
a particular rate implied a given amount of heating, for
accretion rates in a certain range the surface temperature
of the white dwarf could lie in the DAV instability strip
[57, 58, 59]. Such systems have been observed in recent
years [60, 61] and offer the promise of using the pulsa-
tions to provide additional constraints.

4.3.10. Increased Numbers of Known Pulsators

The SDSS was designed to find quasars by looking
for faint blue objects. Fortunately for white dwarf re-
searchers, white dwarfs are also blue and faint. As a re-
sult, thousands of new white dwarfs have been discov-
ered by the SDSS [62, 63]. After analysis of the DR7
release, Kleinman expects the number of white dwarfs
identified to be ~ 15,000.

Numerous studies have exploited this data set to iden-
tify candidate white dwarf pulsators. For the DAVS, the
number known has grown from a pre-SDSS number of
about 35 to approximately 150 stars [64, 65, 66, 67, 68].
In addition, the number of known DBVs has increased
from a pre-SDSS number of 9 to a current value of 18,
doubling the sample of DBVs [69]. While most of these
new objects are faint, their pulsations are observable with
standard 2m-class telescopes equipped with CCDs. At
the very least, these stars will prove useful for delineat-
ing the precise boundaries of the instability strips, and
they may contain the “rare” pulsators (e.g., DQVs, high-
mass pulsators, stable DBVs) which allow us to explore
new territory and probe fundamental physics.

S. SUMMARY OF SCIENCE WITH
WHITE DWARFS

White dwarf pulsators typically have the richest pulsa-
tion spectra aside from that of the Sun. This richness
allows asteroseismology to be used, with the result that
white dwarf pulsations enable us to:

+ Constrain their core chemical profiles
« Look for orbiting extra-solar planets

+ Test the properties of “exotic” particles such as
plasmon neutrinos and axions

« Constrain the physics of crystallization
« Probe the physics of convection
« Constrain accretion in CV systems



+ Improve our white dwarf models for more accurate

ages using “white dwarf cosmochronology”

Although the seismology of white dwarfs is well de-

veloped, I am certain that there are still many more un-
explored avenues which will yield exciting results in the
coming years.
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