Seismology of White Dwarfs: The ZZ Ceti Stars
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Abstract. We calculate an extensive adiabatic model grid for pulsating white dwarfs with H dominated atmospheres, the
77 Ceti stars. We developed a new approach for asteroseismology, using the relative observed amplitudes as weights, and
compared the computed modes with the observed ones for the class of ZZ Ceti stars. We measure the H layer mass for 83 stars
and found an average of My /M, = 10~%3, which is thinner than the predicted value of My /M, = 10~%. Our results indicate
that the stars lose more mass during their evolution than previously expected.
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INTRODUCTION

White dwarfs, the final evolutionary stage of ~95% of
all stars (e.g., [12]), have their evolution dominated by
cooling. As they cool, because of the x-y mechanism
and/or convection driving, they pulsate in different in-
stability strips, depending on the chemical element that
drives pulsation. The DAVs or ZZ Ceti stars have hy-
drogen atmospheres and are confined in an observational
instability strip between 10 800 and 12 300 K. Recent ob-
servations [8, 21] indicate that pulsation is an evolution-
ary phase for white dwarfs. Therefore, properties mea-
sured for pulsators can potentially be applied to all white
dwarfs.

Asteroseismology is a powerful tool to probe the inter-
nal structure of the stars, as every pulsation mode is an
independent measurement. Even from just a few modes,
we can estimate fundamental stellar properties [9]. When
a large number of modes is observed, it is possible to
study the internal stellar structure in detail (e.g., [31]).

The ZZ Ceti stars can be separated in three groups:
hot, intermediate, and cool. The hot ZZ Ceti stars have
only a few excited modes, with short periods (P < 300s),
small amplitudes (1.5 < 4 < 20mma), and the power
spectrum does not change substantially from season to
season, and they define the blue edge of this instability
strip. The cool ZZ Ceti stars, located in the red edge,
show a very rich pulsational spectra of high amplitude
modes (up to 30%) and longer periods (up to 1500s).
The modes interfere with each other, causing dramatic
changes in the pulsational spectra. A few red edge pul-
sators have long periods of low amplitude, representing
the stage when stars stop to pulsate. The intermediate ZZ
Ceti stars have characteristics between the hot and the
cool groups.

THE SEISMOLOGICAL MODELS

As the internal structure of white dwarfs with Tog ~
12000K has been sufficiently modified due to cooling,
stellar contraction, and chemical diffusion, a hot poly-
trope static model is equivalent to self-consistent models
(e.g. [38]).

We used the White Dwarf Evolutionary Code [28, 38]
to evolve the starting model until the desired tempera-
ture, with distinct equation of states for the core [27]
and for the envelopes [11]. We used the updated opacity
OPAL tables [15], neutrino rates [16], and ML2/0=0.6
MLT [4]. The core evolution calculations are self-
consistent, but the envelope was treated separately. The
core and the envelope are stitched together, fulfilling the
boundary conditions in the interface. The transitions be-
tween the layers are consistent with time-dependent dif-
fusion [1].

We calculated an extensive adiabatic model grid for
pulsation modes, varying Tis, M, My, and M. The grid
was generated from a starting polytrope of M = 0.6 M,
using homology transformations to obtain models with
masses from 0.5 to 1.0 M, in steps of 0.005 M. The ef-
fective temperature ( Z¢sr) varies from 10 600 to 12 600K,
in steps of S0K. The upper H and He layer masses
are 1074 M, and 10~2 M, respectively; above these lim-
its, nuclear reactions would excite g-mode pulsations
in the PNNVs by the € mechanism, which are not ob-
served [14]. The lower H and He layer mass values are
10~%° M, (the minimum H amount to be detected in a
DA white dwarf spectra) and 103 M,, respectively.

Varying the core composition introduces three param-
eters in the fit: the abundance itself from the uncertain
C(a,y)O reaction rate [31] and the two extreme points
of the function that better describes the transition zone.
We chose a homogeneous core of 50:50 C/O, for sim-
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plicity. For a model with T.4=11600K, M = 0.6M,
My = 107*M,, and My, = 107%M,, the change for the
three first £ = 1 overtones is only a few seconds when
we vary the O core abundance from 0% to 90% (C is the
remainder quantity).

The transition zone between the core and the He outer
envelope for a Salaris-like profile [36] is in a different
position than the models we used, causing the trapped
modes in these cavities to be different. Because the ZZ
Ceti stars pulsate with only a few modes, we decided to
use a fixed homogeneous C/O 50:50 core to decrease the
number of free parameters, but still be consistent with the
reaction rate uncertainty. The price paid for our choice is
that the He layer mass determinations are uncertain, as
the differences in the shape of the transition zone can be
compensated by changes in the thickness of the He layer.
The Salaris profile introduces a more complicated than a
linear decrease of the O profile in the outer layers (see
Fig. 2. of [31]).

G117-B15A: OUR TEST PARTICLE

Since the discovery of its variability [30], G117-B15A
was considered the most regular ZZ Ceti. Nowadays,
G117-B15A is the most precise optical clock known,
with measured rate of change of the main mode with a
precision better than 1071 /s [19].

G117-B15A pulsates with three independent low am-
plitude modes, showing the harmonic of the main mode
and linear combinations between modes [17]. In Table 1,
we list the average values for all periodicities detected in
observations with the 2.1 m telescope at McDonald Ob-
servatory.

TABLE 1. All detected periodicities (modes, lin-
ear combinations, and harmonics) for G117-B15A.
Period (s) Amplitude (mma) identification

215.20 17.36 fl

270.46 6.14 2

304.05 7.48 3
107.7 1.65 2xf1
126.2 1.40 f1+1£3
119.8 1.30 f1+1£2

We used G117-B15A as a test of our seismological
analysis because it shows a simple pulsation spectrum,
but more than one mode is excited, and there are inde-
pendent seismological studies, which we used to test our
approach.

Our seismological study starts with a literature search
for all available information about a star. Besides more
than 30 years of time series photometry [19], there are in-
dependent measurements of atmospheric properties ( Zegr
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and logg) for G117-B15A, from different techniques
[3, 24, 37].

As our models do not account for the excitation of lin-
ear combinations nor harmonics, it is very important to
be sure that only normal modes are being used in the fit.
For G117-B15A, the modes are identified in Table 1 as
f1, f2, and f3. We then compared the observed modes
(Pops) With the computed ones (Pnoger) by adding the
square of the differences. We choose to weight the pe-
riods by pulsation energy, which is proportional to the
observed amplitude squared (wp o< 4%), minimizing S

S—= i \/[Pobs(i)
i=1

where 7 is the number of observed modes and wp is the
weight given to each mode.

Even though our model grid uses the adiabatic ap-
proximation and does not provide amplitudes, our choice
to weight our fits is to guarantee that the fit will be
dominated by high amplitude modes. For G117-B15A,
the periods and their respective normalized weights are
215.208,270.46s, and 304.05s, and 0.13, 1.00, and 0.67.

At first, we try ¢ = 1 for all modes, supported by
previous observations [35, 26]. We would have tried
higher ¢ values if no solution was found, despite that all
chromatic amplitude changes to date indicate the modes
are more likely ¢ = 1 for all studied ZZ Ceti stars (e.g.,
[18]).

By comparing the observations and the models, we
found several families of solution below the cut S < 1.8s
(the quadratic sum of the relative uncertainties). Figure 1
shows the possible combinations of Ty, M, M1, and M
below the § cut off, and the minimum of each family is
listed in Table 2.

The mean uncertainties for the quantities we fit are
o1y ~ SOK, oy ~ 0.005Mg, ougy ~ 1072 M,, and
Oy ™ 10793 M,, of the order of the spacings in the
model grid. These values are the typical uncertainties in
our seismological studies.

The final step is to identify which of the possible
solutions are consistent with independent atmospheric
determinations. From previous determinations, 0.46 <
M/Mg < 0.66 and 11430K< Ty <12 040K, which
leaves only the first solution in Table 2 as a possibility.
Our seismological solution indicates that 7.y is hotter
than derived from the optical spectra [3], but consistent
UV spectroscopy [24].

Alternatively to our procedure, Bradley [5] selects
seismological models consistent with spectroscopic mass
and temperature. He uses a standard model with M,
10~2 M, and C/O nominal profile. Afterwards, he adjusts
My toobtainamode with/ =1, k=1 or2 closeto 215s.
Then, he refines Ty and Myr to bring the 270 s mode
into agreement and uses the 304 s mode to adjust the

_Pmodel]2 X WP(i)
i1 wp(i)

(1




TABLE 2. Seismological solutions for G117-B15A: absolute minima for each possible family of

solution in figure 1.

Symbolinfig. 1 I.g K) MMz) —logMg —logMye S(s) Modes (¢, k)
Circles 12000 0.615 7 2 0.67  215.3(1,1),275.0(1,2)
302.1(1,3)
Triangles 11500 075 5 2.5 097 215.1(1,2), 265.1(1,3)
308.0(1,4)
Squares 12600  0.71 7.5 3 073 215.4(1,1), 266.0(1,2)
301.6(1,3)
Asterisks 11500 0.85 8.5 35 0.19  215.2(1,1),271.5(1,2)
303.3(1,4)
10738 M,, for G117-B15A. Their Toy and M are con-
] sistent with UV spectrum fitting [24].
RS Our seismological study of G117-B15A is in agree-
0%0 |- cxtEEEF ment with cher approaches, engouraging us to apply the
Ly T same technique to other ZZ Ceti stars.
080 - * PR s B
3 CoaattttS ] SEISMOLOGY OF ZZ CETI STARS BY
= A A A 4
oro aaattd? “””” : GROUPS
32:2‘ ‘ THLL 1
£t Ll The motivation of grouping the stars is to use the simi-
000 [ aa5apyll I”fm . larities to lower the uncertainties. For stars with similar
] temperature, mass, and excited modes, it is reasonable
f ] to expect that their internal structure would be similar as
050 ——— e T T P~ 0o well. Our approach is akin to having several independent
T (90 measurements for one particular star.
Our first task was the identification of all observed
FIGURE 1. Results from comparison between the pulsation  periodicities for ZZ Ceti stars. We re-analyzed the light

modes of the star G117-B15A and the models. The circles
are the solutions for My, = 1072M,, the triangles for My,
1072331, the squares for My, = 1073M,, and the asterisks
for My, = 1073°M,. The dotted line box limits the region of
the independent temperature and mass determinations (£10)
and the open circle shows the location of the minimum for this
family of solutions.

C/O profile. Finally, he refines the adjustment even more
and/or applies small changes to My, M1, and in the core
structure. He found that the mass of the H layer is either
My = 107*M, or 1077 M,, depending if the 2155 £ =1
mode is £ = 2 or 1, respectively. His models were calcu-
lated basically from the same code as we use, although
his version used the trace element approximation, while
our updated version uses a parametrization that mimics
the results of time-dependent diffusion calculations [1]
to describe the transition zones.

The advantage of our approach is that we explore
all possibilities, avoiding local minima and error prop-
agation if the spectroscopic determinations are uncer-
tain. Benvenuto et al. [2] used He, C, and O profiles
calculated from previous stellar evolutionary phases,
obtaining 7oy = 11800K, M = 0.525M¢, and My =
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curves of the stars observed at the 2.1 m telescope at
McDonald Observatory for other projects [32, 33, 7, 34|
and the new ZZ Ceti stars discovered with the 4.1m
telescope SOAR and the 1.6 m telescope at Observatdrio
Pico dos Dias [20, 7]. The other periods were obtained
from the literature.

We divided the blue edge ZZ Ceti stars according to
the excited mode with highest amplitude. We compared
the observed modes with our model grid in the same way
as for G117-B15A. We searched for common properties
to characterize a particular group, as each group is a
specific evolutionary stage in the white dwarf cooling.

83 ZZ Ceti stars have been selected from the SDSS
sample. SDSS spectra for g < 18 stars have S/N~ 30,
and therefore, temperature and mass are reasonably well
determined [21]. However, this is not the case for stars
fainter than g = 18. Bergeron et al. [3] showed that
only with S/N>70 one can obtain precise temperature
(ATur ~ 300K) and gravity (Alogg =~ 0.1). Their uncer-
tainties are the external estimates, by fitting the H line
profiles of duplicate spectra. The published uncertainties
from SDSS spectra are the internal values, obtained by
fitting the whole spectrum, combined with colors (see
[10] for detailed explanation). The external uncertainties



by comparing duplicated SDSS spectra are of order of
300K [23, 10, 22]. Kepler et al. [21], comparing SDSS
and Gemini (S/N> 70) spectra, found A7y ~ 320K, sys-
tematically lower in SDSS and Alogg ~ 0.24 dex, sys-
tematically larger in SDSS.

Koester & Allard [24] used UV spectra, which gives
higher mass uncertainty, but much better temperature
determination. An additional external uncertainty comes
from the differences in the model grids from Kiel (e.g.
[25]) and Montreal (e.g. [3]), which is around 200 K.

We used the external temperature and mass determi-
nations as a guide for the search of the best among all the
possible families of seismological solutions.

RESULTS AND DISCUSSIONS

We have built an extensive model grid, calculating all
modes that can be excited for a given internal structure
at certain temperatures. We have also developed an in-
dependent technique of model fitting to compare the ob-
served to the calculated periods, using the external tem-
perature and mass determinations to guide the seismo-
logical solutions, never limiting the search to the uncer-
tainty range of the spectroscopic determinations.

In our seismological study of ZZ Ceti stars, seismol-
ogy proved to be a powerful tool in the study of stellar
evolution. Even for stars with few excited modes, it is
possible to determine some characteristic of their inte-
rior. For G226-29, with only one detected mode, it was
possible to restrict the mass to be above 0.7 M. Com-
bined with reliable temperature and mass, three internal
parameters could be determined.

The study of G185-32 was the motivation to include
the relative amplitudes to give weights to the observed
periods in the fits. The idea is that the high amplitude
modes should be present in the best models. Our con-
clusion is that the observed amplitudes should be taken
into account, even when one calculates the modes from
an adiabatic model.

In the red edge, we studied HL. Tau76 and G29-38.
For the first one, we used the period spacing, because of
the asymptotic behavior of the modes. Our analysis was
consistent with the relative amplitudes between the ¢ =1
and 2 modes. For G29-38, we suspected that the spectro-
scopic solutions were wrong, but seismology gives the
same temperature and mass. It was a nice surprise that
spectroscopy was right, agreeing with seismology, and
that our prejudice that G29-38 should be in the red edge,
was wrong.

We also studied BPM37093, a high mass white dwarf
with 1.1+0.05 M, (e.g., [3]), that has a significant crys-
tallized portion. Even though it was not possible to de-
termine the He layer mass, we could constrain the total
stellar masses (M > 1 M), temperatures between 11 600
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FIGURE 2. Hmassvs. T.g, showing that there is no evidence
of accretion nor loss of the external layers, as the ZZ Ceti stars
evolve in the instability strip.

and 11 800K, and H layer mass between 10-°Af, and
10~7 M,, consistent with previous seismological deter-
minations [1]. Our study of the high mass red edge is in
agreement with theoretical predictions of temperatures
higher than for low mass stars.

There are still many stars in the red edge that need to
be re-observed with time-resolved photometry to detect
more modes. This will allow us to study their interiors.
We have demonstrated that it is possible to do seismol-
ogy, even when a few modes are detected and/or reliable
temperature and mass is available, with a minimum of
four parameters.

Another important conclusion is that the H layer mass
is not dependent on temperature (see Figure 2), accord-
ing to Kolmogorov—Smirnov and correlation of coeffi-
cients tests. Therefore, there is no evidence for accretion
or loss of the external layers, as it happens for Miras, as
the H layer mass does not vary directly with temperature
(or age). The mass loss of the external layer could come
from the lack of reflectivity of the wave in the external
layers [13].

The mean value for the H layer mass is 10~ %316 a7, |
which is different than 10~ M,, from evolutionary cal-
culations. This indicates that some white dwarfs, even if
their masses are near the most probable value, might have
formed with H mass several orders of magnitude smaller
than the value predicted by theory, i.e., it is probable that
the mass loss during their evolution was more efficient
than assumed by the models.

Using the seismological results, we derived an auto—
consistent instability strip (see Figure 3), which includes
the stars from the bright sample and the SDSS stars. This
is the first time that the ZZ Ceti stars are studied seismo-
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FIGURE 3. ZZ Ceti instability strip derived from seismol-
ogy of these stars. We have included just the best solution for
each studied star.

logically as a class. After 40 years since the discovery of
the first ZZ Ceti star [29], we finally extracted informa-
tion about this class as a whole.
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