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ABSTRACT

We have measured the amplitude of the 215 s pulsation of the pulsating DA white dwarf, or ZZ Ceti star,
G117-B15A in six passbands with effective wavelengths from 1570 to 6730 A. We find that the index of the
pulsation is £ = 1 with a high degree of confidence, the first unambiguous determination of ¢ for a pulsation
of a ZZ Ceti star. We also find that log g and T are tightly correlated for model atmospheres that fit the
data, such that at log g = 7.5 the temperature is 11,750 K and at log g = 8.0 the temperature is 12,375 K.
Adopting log g = 7.97 + 0.06 from published observations of the optical spectrum of G117-B15A, the corre-
lation yields T, = 12,375 + 125 K. This temperature is free of flux calibration errors and should be substan-
tially more reliable than temperatures derived fro IUE spectra. Since G117-B15A is thought to lie close to the
blue edge of the ZZ Ceti instability strip, -this low temperature also implies a low temperature for the blue
edge. Yy .

Using pulsation models calculated by Fontaine et al. (1992) and Bradley (1994), we find that the mass of the
hydrogen layer in G117-B15A lies between 1.0 x 107¢ M (for k= 1) and 8 x 1073 M (for k = 2). This
range of masses is (barely) consistent with the masses predicted by recent models for the ejection of planetary
nebulae, (8-13) X 10~ % M. The mass is too large to be consistent with models invoking thin hydrogen layers

to explain the spectral evolution of white dwarfs.

Subject headings: stars: individual (G117-B15A) — stars: oscillations — white dwarfs

1. INTRODUCTION

There are three groups of pulsating degenerate stars: the ZZ
Ceti stars, which are DA white dwarfs with temperatures near
12,000 K; the pulsating DB white dwarfs, which have tem-
peratures near 23,000 K; and the pulsating PG 1159—035
stars, also known as the GW Vir stars, which are pre-white
dwarfs and have temperatures greater than 100,000 K. All
three types are pulsating in the nonradial g-modes, all have
periods between ~ 100 and ~ 1000 s, and all are multiperiodic
(for a review see Winget 1988).

Observations of the pulsating white dwarfs can yield a
detailed picture of their sturcture and evolution. If enough
pulsation modes are excited and if the pulsation modes can be
identified, the pulsation periods yield a star’s mechanical
properties, such as its total mass and the masses of its
chemical-composition layers (see Kawaler & Hansen 1989).
These mechanical properties can be compared directly to theo-
ries of the formation of white dwarfs through the ejection of
planetary nebulae (Iben & MacDonald 1986), and to theories
for the spectral evolution of white dwarfs (Fontaine & Wese-
mael 1991; D’Antona & Mazzitelli 1991). Furthermore, the
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periods of g-mode pulsations are sensitive to the thermal
properties of the white dwarfs. The periods depend on the
temperature of the white dwarf, and the rates of change of the
periods yield the rate at which the white dwarf cools, which
places limits on the composition of its core. The conversion of
the white dwarf luminosity function into a constraint on the
age and evolution of stars in the Galactic disk also requires the
cooling rate (Wood 1992).

The pulsation modes must be individually identified to fully
realize this potential. The modes are identified by the integer
indices (¢, m, k), where £ and m are the indices of the spherical
harmonics and give the number and distribution of pulsation
nodes across the surface of the star, and k is the number of
nodes in the radial direction.

Mode identification is a difficult problem. The general
method has been to match observed pulsation periods to theo-
retical periods calculated using stellar structure and pulsation
codes. Since there are many free parameters in these codes, the
fits are ambiguous unless many pulsations are simultaneously
excited in the star. The two stars with the most convincing
mode identifications, PG 1159 —035 and the DB white dwarf
GD 358, have rich pulsation spectra, but, even so, the pulsa-
tions were only partially identified (Kawaler & Bradley 1994;
Winget et al. 1994). Furthermore, when dealing with codes as
sophisticated as those for calculating stellar structure and pul-
sation, questions concerning accuracy and uniqueness cannot
be ignored. It is, therefore, important to determine pulsation
indices in ways that do not depend on the details of the struc-
ture and pulsation calculations.

Mode identification for the ZZ Ceti stars presents special
problems because none of the ZZ Ceti stars whose light curves
have been decomposed into their constituent pulsations have
enough large-amplitude pulsations to allow an unambiguous
fit to the models. Clemens (1993) attempted to solve this
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problem by assuming that all DA white dwarfs are similar in
structure and that one can construct a mean pulsation spec-
trum by adding the spectra of individual white dwarfs. There
was, however, a 10%—-20% probability that the pattern he
found in the mean spectrum occurred by chance. Brassard et
al. (1993) and Fontaine & Brassard (1994) have attempted to
solve the problem by obtaining higher quality data in order to
find more pulsation modes in individual stars. This method is
promising, but more data are nceessary to confirm the reality
of the weak mode splitting on which their results so far have
relied. It is notable, however, that Clemens (1993), Brassard et
al. (1993), and Fontaine & Brassard (1994) do assign the same
pulsation index as we do to the main pulsation of G117-B15A,
the subject of this paper.

In this paper we report multicolor, high-speed photometry
of the ZZ Ceti star G117-B15A (= WD 0921 + 354 = RY LMi),
including ultraviolet photometry with the Hubble Space Tele-
scope. First found to be a variable by McGraw & Robinson
(1976), its light curve was decomposed into its constituent pul-
sations by Kepler et al. (1982). The light curve is dominated by
a single pulsation with a period of 215 s and an amplitude in
white light near 2.2%. In addition, there is a pair of pulsations
with periods of 271 and 304 s and amplitudes near 0.7%, and
many weak pulsations with periods between 72 and 302 s
(Brassard et al. 1993). The pulsation at 215 s is extraordinarily
stable, the most recent measurement yielding P = (3.2 + 2.8)

x 10715 s 57! for the rate of change of its period (Kepler
1993). We show here that the amplitude of the 215 s pulsation
at ultraviolet wavelengths constrains it to have an index £ = 1.
Our method does not depend on the details of pulsation theory
or on the white dwarf structure, and in this sense it is model
independent. This is the first unambiguous and model-
independent determination of £ for a ZZ Ceti star.

2. THE OBSERVATIONS

We observed G117-B15A with the high-speed photometer
on the Hubble Space Telescope (HST) six times in 1993
November, twice with the F145M filter, and four times with
the F184W filter (Bless et al. 1994). The normalized response
functions of the filters are shown in Figure 1, and their full
widths at half-maximum and effective wavelengths are given in
Table 1. For each observation the integration time was 0.05 s
and the total time observed-was 2688 s. The only data
reduction necessary for the present experiment was to subtract
a small contribution from background (~0.17 counts s ). All
times have been converted to Terrestrial Dynamical Time,
expressed as a Julian Date, and then converted to times of
arrival at the barycenter of the solar system to give Barycentric
Julian Dynamical Date (BJDD). The run names, filters, and
Julian Dates of the observations are given in Table 2.

TABLE 1

PROPERTIES OF FILTERS USED TO
OBserVE G117-B15A

ie FWHM
Filter &) @A)
FI45M...... 1570 215
FI84W...... 1920 360
Uroeenn, 3480 520
B 4410 700
Voo, 5450 760
R, 6730 1260

909

T T T T T T T T T T T Rl

T = 12,000
logg=8.0

Fy (erg/cm2/cm/sec)

2000 3000 4000 5000 6000 7000
Wavelength (&)

F1G. 1.—Shown in the lower panel are the response functions of the six
filters normalized to 1.0 at the peaks of their responses. For comparison the
upper panel shows the theoretical spectrum of a DA white dwarf with T, =
12,000K and log g = 8.0.

The F184W light curve of G117-B15A is shown in Figure 2,
and the F145M light curve is shown in Figure 3. The typical
photon detection rates from G117-B15A were 2.2 counts s~ !
through the F145M filter and 35.0 counts s~ ! through the
F184W filter. The 215 s pulsation has a mean amplitude of
4.8% + 0.3% in the F184W light curve and is clearly visible,
but it is not clearly visible in the F145M light curve even
though its amplitude is much larger there, 10.4% + 0.9%,
because of the lower photon count rate and consequently
highér photon count noise in that filter. Figures 4 and 5 show
the power spectra of the light curves in Figures 2 and 3. Both
power spectra have a strong feature near 0.00465 Hz produced
by the 215 s pulsation; the power spectrum of the F184W light
curve also shows a weaker feature near 0.0035 Hz produced by
the pair of pulsations at 271 and 304 s. The amplitude of the
feature near 0.0035 Hz is variable from observation to observa-
tion, presumably because of beating between the two unre-

- solved pulsations. None of the other features in the power

spectra are significant. The upper limit to the amplitude of any
other pulsation in the F184W light curve is 2%.

We extracted amplitudes and times of pulse maximum for
the 215 s pulsation by fitting a sine curve to each of the six light
curves. The semiamplitudes and times of maxima are given in
Table 2. The semiamplitude in each filter is given as a percent-
age of the mean flux from G117-B15A in that filter, thus allow-

TABLE 2

OBSERVED AMPLITUDES AND PHASES OF THE 215 s PULSATION
THROUGH THE F145M AND F184W FILTERS

BJDD Pulse Maximum Semiamplitude
Run Name Filter (2,449,290.0+) (%)
vim00403t...... F184W 421426 (£5) 51405
vim00404t...... F184W 4.29390 (£5) 50+05
vim00103t...... F145M 5.43958 (+7) 104 + 1.3
vim00104t...... F145M 5.49439 (+8) 103+ 1.3
vim00303t...... F184W 8.23929 (+5) 47405
vim00304t...... F184W 8.30404 (+5) 43405
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Fi16. 2—Ultraviolet light curve of G117-B15A through the F184W filter
during run vim00304t. The light curve has been rebinned to 20 s per point.
The 215 s pulsatlon which had an amplitude of 4.3% + 0.5% durmg lhlS run,
is clearly present in the light curve. :

ing us to bypass the difficult issues of calibration, centering of
the star in the aperture of the high-speed photometer, inter-
stellar reddening, and so on.

The ground-based photometry of G117-B15A was obtained
with the Stiening high-speed photometer on the 2.1 m tele-
scope at McDonald Observatory on five nights in 1993 Feb-
ruary (see Zhang et al. 1991). The run names and Julian Dates
of the observations are given in Table 3. The Stiening photom-
eter measures fluxes in four passbands simultaneously. The
response functions of the passbands are also shown in Figure 1,
and their effective wavelengths and full widths at half-
maximum are listed in Table 1. We call the four passbands U,
B, V, and R, but they are different from and should not be
confused with the Johnson UBVR filters. The data were
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FiG. 3—Ultraviolet light curve of G117-B15A through the F145M filter
during run vim00103t. The light curve has been rebinned to 20 s per point.
Because of the low photon count rate, the 215 s pulsation is not obvious in the
light curve, but a power spectrum of the light curve (see Fig. 5) shows that the
pulsation is present and has an amplitude of 10.4% + 1.3%.

FiG. 4—Low-frequency portion of the power spectrum of light curve
vim00304t, shown in Fig. 2. The only significant features are at frequencies of
0.00465 Hz, corresponding to the 215 s pulsation, and at 0.0035 Hz, corre-
sponding to an unresolved pair of pulsations at 271.0 and 304.4 s.

reduced by subtracting the sky background and then roughly
correcting for atmospheric extinction. Examples of the optical
light curve of G117-B15A have already been published by
McGraw & Robinson (1976), Kepler et al. (1982), and Fontaine
& Brassard (1994).

The amplitudes and times of pulse maxima were extracted
from the UBVR light curves in the same way as from the HST
light curves. The semiamplitudes and times of maxima are
given in Table 3, where the semiamplitudes are again given as a
percentage of the mean flux. A clock error during run 466
prevented us from finding the absolute time of arrival of the
pulses during the run, but the measued amplitues of the pulses
are unaffected. Also, the sensitivity of the V' detector drifted by
a few percent during the observations, but the timescale of the
drift was several hours, so the measurement of the fractional
amplitude of the 215 s pulsation was not affected.
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FiG. 5—Low-frequency portion of the power spectrum of light curve
vim00103t, shown in Fig. 3. The only significant feature is at a frequency of
0.00465 Hz, corresponding to the 215 s pulsation.
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TABLE

911
3

OBSERVED AMPLITUDES AND PHASES OF THE 215 s PULSATION
THROUGH THE U, B, V, AND R FILTERS

BIJDD PULSE MAXIMUM

SEMIAMPLITUDE (%)

RuN (2,449,000.0+) U B vV R
460...... 36.80926 (+1) 226 £ 0.07 2.09 + 0.07 1.74 + 0.06 1.27 £ 0.10
465...... 38.67730 (+1) 222 +0.11 207 +£0.11 1.84 + 0.08 135+ 021
466...... 246 + 0.11 2.08 +0.11 1.86 + 0.08 1.53 £ 0.21
467...... 40.68731 (+2) 2.16 £ 0.15 220 +0.15 1.28 + 0.21
468...... 41.61636 (+2) 263 +£0.15 246 +0.15 1.98 + 0.12 1.68 +0.21

The weighted mean amplitudes of the 215 s pulsation in all
the filters are given in column (2) of Table 4. Since the theory of
nonradial pulsations in DA white dwarfs is not yet able to
predict the amplitudes of the pulsations, we have normalized
the amplitudes to the amplitude in the ¥ band. The normalized
amplitudes are given in column (3) of the table.

Because the HST and ground-based observations of G117-
B15A were separated by more than 250 days, we must use the
pulsation emphemeris to compare the times of arrival in the
two data sets. S. O. Kepler (1994, private communication) has
kindly supplied us with a recent update (see the footnote to our
Table 4). Column (4) of Table 4 gives the mean values of the
observed minus calculated (O — C) times of pulse maximum for
the F145M, F184W, and B filters according to the recent
ephemeris for G117-B15A given by Kepler (1993). The 0—-C
values are systematically early compared to the most recent
ephemeris, but the observed times of arrival in the three filters
are the same to within the observational uncertainty. The
O — C times for the remaining optical filters are nearly the same
as that of the B filter, but because of the way the Stiening
photometer takes data, timing errors in the four optical light
curves are highly correlated and the remaining light curves
give no extra timing information.

3. THE PHOTOMETRIC VARIATIONS OF g-MODE PULSATIONS

The theoretical spectral variations of low-amplitude g-mode
pulsations in DA white dwarfs have been discussed by Robin-
son, Kepler, & Nather (1982, hereafter RKN). The effects of
nonlinearities in temperature, which become important at
higher amplitudes, have been discussed by Brassard, Wese-
mael, & Fontaine (1987) and Fontaine & Brassard (1994). The
distance between the center of the white dwarf and any point
on its surface varies by only a few parts in 10~ % for the typical
observed luminosity variations. The geomtric distortions of the

TABLE 4
MEAN AMPLITUDES AND PHASES OF THE 215 s PULSATION

Mean
Semiamplitude =~ Normalized Mean o-¢c*
Filter (%) Semiamplitude (s)

(0] () (3) @
F145M...... 104 + 0.9 57+ 0.5 —-108 + 43
F184W...... 48+03 2,63 +0.17 —-21+21
U.ooveneenn 232 £ 0.05 1.27 £ 0.04
B.......... 2.13 £ 0.05 1.17 + 0.04 —43 1+ 0.6
| ZF O 1.82 + 0.04 1.00
R...oo.... 1.37 + 0.08 0.75 + 0.05

® 0 —C calculated with respect to the quadratic ephemeris E, = BIDD
2,442,397.917525, P = 215.19738926's, P = 3.2 x 10~ %55~ 1 (S. O. Kepler
1994, private communication).

white dwarfs and the changes in their surface gravity due to
changes in geometry are, therefore, too small to measure. The
dominant effect of a pulsation is to create patches of higher and
lower effective temperature on the surface of the white dwarf.
For low-amplitude pulsations, the distribution of light across
the surface is described by the spherical harmonics, where the
distribution for any specific pulsation mode is described by a
single spherical harmonic. A distant observer sees an average
over these bright and dark patches. The pulsation periods are
highly degenerate for spherical white dwarfs, but in real white
dwarfs the degeneracy is removed by rotation or magnetic
fields. Thus, the amplitude of the light variation at a particular
period is the amplitude of the spherical harmonic correspond-
ing to that pulsation averaged over the visible surface of the
white dwarf.

With two important exceptions, we can use the framework
developed by RKN to discuss our new observations. The
exceptions are the following: (1) RKN calculated monochro-
matic flux variations. Since our observations were obtained
through broadband filters, we must calculate the weighted
average of the variations over the response function of our
system. (2) RKN assumed that the limb darkening varied
slowly with wavelength and could be approximated by a linear
limb-darkening law. Neither of thse assumptions is correct at
ultravioiet wavelengths, so we must allow for a more compli-
cated limb-darkening law.

The weighted average over the filter bandpasses is easily
incorporated in the calculation. If the observed time-averaged
spectrum of the white dwarf is F, in érgs cm =2 s™! A~! and
the amplitude of the change in the spectrum due to pulsations
is AF,, the fractional amplitude of the variations at wavelength
A is AF,/F,. If the light curve of the white dwarf is measured
through a broadband filter i, so that the response function for
the entire system is R/(4), the observed fractional amplitude of
the variation, 4;, will be the weighted average

(AF,/F)AF;R;dA [ AF;AR,dA W
§AF,R,dA  [F,AR,di’

where the weighting function AF, R, is proportional to the
number of detected photons per unit wavelength in the unper-
turbed spectrum.

Allowance for a more complicated limb-darkening law pro-
duces a slight simplification in the formalism of RKN. The
stellar spectra are given as sub-observer intensities at each
wavelength plus a table of limb darkenings for several values of
u = cos 0 at each wavelength. Equations (15) in RKN become

Joa=1Ioshi(1), (2a)

_ 1 os\(p 9T
Af, = €l hl(ﬂ)<101 T )(Ro or >§r ,

4=l

(2b)
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where F_c, in that paper has been replaced by I,,, the sub-
observer intensity, and the linear limb-darkening law (1 — u,
+ u, cos 6) has been replaced by the arbitrary limb-darkening
law h,(u). R, is the unperturbed radius of the white dwarf, &, is
a spherical harmonic, and € is the perturbation in the radius r.
Equations (17) in RKN can no longer be integrated analyti-
cally over u, and we leave them in the form

F;_ = 27tR(2, 101 J‘h;_(ﬂ)ﬂ dﬂ s (3a)
1 oI oT
AF, =2nR31,,¢k ,,,(—— —"—‘)(R —)
A 0404 1 101 6T 0 51‘
x j hi(WPAWpdy ~ (3b)

where k,,, is a constant that depends on the orientation of the
‘pulsation axis and the phase of the pulsation (see eq. [16b] in
RKN), P,(u) is the Legendre polynomial of degree #, and the
integrals are evaluated between 4 = Oand u = 1.
All factors in equation (3) that are independent- of wave-
length are irrelevant to the present observation, and so we have

FyocIo; Jha(ﬂ)# dy T (@)
1 al,,
AF; oc Iy 1. T hy(WPAp)pdp . (4b)
0A .

For time-resolved spectrophotometry, equation (4) is the final
result and the integration over the bandpass need not be per-
formed.

It should be noted that equation (4) is true whenever the
geometry at the surface is given by a spherical harmonic and
the luminosity variations are due only to temperature varia-
tions. Thus the equation does not depend on the details of the
pulsation theory or on the white dwarf structure, and in this
sense it is model independent. Also, since equation (4) is inde-
pendent of m, it is valid for unresolved blends of pulsations
with the same ¢ but different m.

The theoretical spectra for DA white dwarfs are improved
versions of the spectra described in Koester, Schulz, & Weide-
mann (1979) and Jordan & Koester (1986). The spectrum for
T = 12,000 K, log g = 8.0, and a pure hydrogen composition is
shown in the upper panel of Figure 1. Lya satellite absorption
from the HS quasi-molecule and resonance broadening of Lya
by the H, quasi-molecule have been included in the opacities
and produce the broad absorption features at 1400 and 1600 A,
respectively. The features fall within the passbands of the two
ultraviolet filters. We calculated a grid of atmospheres with log
g=15,8.0, and 8.5, and T running from 10,000 to 13,750 K
in steps of 250 K, and we tabulated the limb darkening at six
values of u for each wavelength in each spectrum.

Figure 6 shows the intermediate result AF,/F, calculated for
T =12,000 K and log g =8.0, and for pulsation indices
¢ = 1-4. The observed amplitudes of the pulsations in G117-
B15A have also been placed on the graph, although only for
comparison; the models cannot be fitted to the data quantita-
tively until the theoretical fluxes have been averaged over the
filter responses.

The theoretical amplitudes are all much higher at ultraviolet
wavelengths than at visual wavelengths because the ultraviolet
wavelengths are near the peak or on the exponential tail of the
spectral distributions (see Fig. 1), where variations in tem-
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FiG. 6.—Intermediate result AF,/F, calculated for T = 12,000 K and log
g = 8.0, and for pulsation indices ¢/ = 1-4. The observed amplitudes of the
pulsations in G117-B15A have also been placed on the graph, although only
for comparison; the models cannot be fitted to the data quantitatively until the
theoretical fluxes have been averaged over the filter responses.

perature produce a large change in flux. In addition, the ampli-
tudes of the pulsations at ultraviolet wavelengths depend on
the pulsation index. The source of the dependence is
wavelength-dependent limb darkening. The observed ampli-
tude of a nonradial pulsation is an average over all the bright
and dark patches in view; for pulsations with high values of Z,
there can be many bright and dark patches in view and con-
siderable cancellation, reducing the observed amplitude
greatly. The effect of limb darkening is to block off the limb of
the white dwarf, so that less of the surface of the white dwarf is
visible, fewer bright and dark patches are visible, and, conse-
quently, there is less cancellation. At visual wavelengths the
limb darkening is relatively small, so the amplitudes of pulsa-
tions with high ¢/ are greatly reduced. At ultraviolet wavelength
the limb darkening is large, so the amplitudes of pulsations
with high £ suffer less cancellation and remain larger.

Figure 7 shows the theoretical amplitudes of £ = 1-4, non-
radial g-mode pulsations in DA white dwarfs averaged over
the response functions of the F145M, F184W, U, B, V, and R
filters. The amplitudes have been calculated for a model with
T = 12,500 K and log g = 8.0, and have been normalized so
that the amplitude through the V filter is 1.0. The observed
amplitudes, also normalized have been superposed on the
theoretical amplitudes. The £ = 1 model is close to the best-fit
model found in the next section.

4. A BAYESIAN DETERMINATION OF THE
PULSATION INDEX [

We are given a set of observed amplitudes and standard
deviations (a, o) for the 215 s pulsation of G117-B15A, and a
grid of theoretical amplitudes as a function of the temperature
T, gravity g, and pulsation index /. We ask which model best
fits the data.

Figure 7 compares the theoretical and observed amplitudes
of the pulsations for £ = 1-4. The relatively low amplitudes of
the pulsations observed through the two HST filters conclu-
sively eliminate all values of ¢ greater than 2. We can also
eliminate ¢ = 0 because radial pulsation modes cannot have
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F1G. 7—Theoretical amplitudes of £ = 1 to £ = 4 nonradial g-mode pulsa-
tions in DA white dwarfs averaged over the response functions of the F145M,
F184W, U, B, V, and R filters. The amplitudes have been calculated for a
model with T = 12,500 K and log g = 8.0, and have been normalized so that

the amplitude through the V filter is 1.0. The observed amplitudes, also nor-
malized, have been superposed on the theoretical amplitudes.

periods as long as 215.2 s. The choice between /£ = 1 and £ = 2
must, however, be determined by the goodness of the fits of the
models to the data. We will use a Bayesian analysis to quantify
the goodness of fit.”

For our application Bayes’s theorem becomes (see, for
example, Schmitt 1969)

P(Ty g’ [) oC PO(T9 g, f)L(a’ O'I Ta g’ l) H (5)

where Py(T, g, £) and P(T, g, ¢) are the prior and posterior
probability densities for the models with T, g, and ¢; and L(a,
¢|T, g, ¢) is the likelihood that a model with T, g, and ¢ will
give the observed amplitudes and standard deviations. The
proportionality constant is determined from the requirement
that the sum of all the posterior probabilities equals 1. The
likelihood is the product of the likelihoods for the individual
filters:

L(a’ alT,g,/)=HL(ai,a,-lT,g,/). (6)

where a; and o; are the amplitude and standard deviation in
filter i, and where we assume that the individual likelihoods are
given by Gaussian distributions:

1 1
L(ai’ Gil T: g, {) = (_2;)—172; €xXp {_ T‘_z [ai - Ai(T> 9, /)]2} .
()

The A(T, g, /) are the theoretical amplitudes in filter i for a
model with T, g, and 7.

The choice of a prior probability distribution can be an
interesting and subtle problem, but in the present application
the results are so conclusive that the details of the prior are
irrelevant. We will, therefore, simply adopt a flat prior, Py(T, g,
I) = constant, for £ = 1 or 2, and Py(T, g, £) = O for all other
values of /. This choice for the prior is equivalent to assuming

7 For those unfamiliar with Bayesian techniques, a traditional x> analysis
also yields a strong preference for ¢ = 1 models.
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that we have no information about T, g, or ¢ except that /£
must be 1 or 2.

Our first calculation of the posterior probabilities showed
that there is a strong correlation between T and log g. Models
with log g = 7.5 and log g = 8.0 fit the data almost equally
well, but for log g = 7.5 the best model has a temperature near
11,750 K, whereas for log g = 8.0 the best model has a tem-
perature near 12,375 K. Fortunately, we find the same value of
¢, and with the same high confidence, for all values of log g in
our grid. We will, therefore, present the calculations only for
log g = 8.0. As we will show in the next section, this value of
log g is close to the correct value.

The posterior probabilities for log g fixed at 8.0 and a flat
prior are given in Table 5, in which probabilities less than
10719 are listed as 0.00. The marginal probability P(£), which is
the sum of the probabilities over temperature and is the total
probability for each 7, is also given in the table. Models with
¢ = 1 are preferred with an extremely high confidence:

Pi=1)
P(=2) "

Figure 8 compares the observed amplitudes with the theoreti-
cal amplitudes for £ = 1 and for three temperatures near the
best-fit temperature at T = 12,375 K, where the amplitudes at
T =12,375 K were calculated by linearly interpolating
between the nearest grid points. The fit is extremely good.
Figure 9 compares the observed amplitudes to the theoretical
amplitudes for £ = 2 and for three temperatures near the best-
fit temperature at T = 12,000 K. No one temperature fits all
the data. The U, B, V, and R filters require a temperature near
12,000 K, whereas the F145M and F184W filters require a
temperature near 13,000 K.

These results are insensitive to errors in the observed ampli-
tudes and standard deviations. To investigate the effect of
grossly wrong standard deviations, we multiplied the measured
values of ¢ by a factor of 2 and recalculated the posterior
probability. The results are given in columns (4) and (5) of
Table 5. Models with £ =1 are still preferred by a factor
P(¢ = 1)/P(¢ = 2) = 104. To investigate the effect of grossly
wrong amplitudes, we excluded each filter individually and
recalculated the posterior probability. The £ = 1 models were
always strongly preferred, with P(¢ = 1)/P(¢ = 2) > 107 for all

5% 107.

TABLE 5

PROBABILITIES THAT MODELS WITH T AND ¢ ARE CORRECT FITS TO DATA
(Flat Prior, log g = 8.0)

MEASURED ¢ MEASURED o X 2
TEMPERATURE
(K) =1 =2 =1 =2
(1) () (3) @ ()
0.00 0.00 235E—-6 0.00
0.00 0.00 1.90E-9 0.00
0.00 0.00 0.00 0.00
0.00 0.00 1.22E—-8 0.00
0.00 0.00 1.54E—-3 0.00
461E—1 0.00 469E—1 1.09E—4
539E—1 191E—8 4.88E—1 6.69E—3
920E—6 0.38E—9 3.13E—2 2.51E-3
0.00 0.00 939E—-4 1.75E—4
0.00 0.00 3.04E—5 6.85E—6
0.00 0.00 848E—7 149E-7
1.00 1.95E—8 0.9905 0.0095
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F1G. 8—Theoretical amplitudes of £ = 1 nonradial g-mode pulsations in
DA white dwarfs for the F145M, F184W, U, B, V, and R filters. The ampli-
tudes have been calculated for models with log g = 8.0 and for three different
temperatures. The amplitudes-have been normalized so that the amplitude
through the V filter is 1.0. The observed amplitudes, also normalized, have
been superposed on the theoretical amplitudes. The theoretical amplitudes for
T = 12,375 K are the best fits to the observed amplitudes.

filters. Thus, the strong preference for the /.= 1 models is
highly robust and, moreover, is not dominated by any one
filter. .

The amplitudes in the HST filters were, however, crucial to
these results. If we exclude both of the HST filters from the fit,
the preference for the /=1 models drops drastically to
P(¢ = 1)/P({ = 2) ~ 2, much too small to allow a reliable
determination of /.

Lo !

Normalized Amplitude

T

2000 3000 4000 5000 6000 7000
Wavelength (A)

F1G. 9.—Theoretical amplitudes of # = 2 nonradial g-mode pulsations in
DA white dwarfs for the F145M, F184W, U, B, V, and R filters. The ampli-
tudes have been calculated for models with log g = 8.0 and for three different
temperatures. The amplitudes have been normalized so that the amplitude
through the V filter is 1.0. The observed amplitudes, also normalized, have
been superposed on the theoretical amplitudes. No one temperature fits all the
data for £ = 2: the amplitudes in U, B, V, and R require a temperature near
12,000 K, whereas the amplitudes in the F145M and F184W filters require a
temperature near 13,000 K.

Vol. 438
5. DISCUSSION

5.1. The Temperature of G117-BI5A

Although we cannot determine log g and T, individually
from the pulsation data alone, we have found that they are
strongly correlated for models that fit the data, such that at log
g = 7.5 the temperature is 11.750 K and at log g = 8.0 the
temperature is 12,375 K.

G117-B15A was observed by Daou et al. (1990) as part of an
extensive analysis of the optical spectra of the ZZ Ceti stars.
They found two possible but disjoint fits of theoretical spectra
to the data, one at log g = 7.81 and T = 13,200 K, and the
other at log g = 7.97 and T = 12,170 K. They adopted the fit
with higher temperature because G117-B15A is among the
bluest of the ZZ Ceti stars and should be near the blue edge of
the instability strip, and because most of the theoretical com-
putations then available suggested that the blue edge should be
near a temperature of 13,000 K. The correlation between log g
and T from the pulsation data is inconsistent with and elimi-
nates their high-temperature, low-gravity fit, however. The pre-
ferred fit is log g = 7.97 and T = 12,170 K. The standard
deviation quoted by Daou et al. (1990) for log g is quite small,
+0.06, whereas the standard deviation for the temperature is
rather large, +460 K. We will, therefore, adopt their value for
log g, 7.97, but not their value for T, using instead the corre-
lation found from the pulsation data to determine the tem-
perature. Since log g = 7.97 is close to log g = 8.0, which was
used for the fits shown in Table 5 and Figure 8, we simply
adopt the best-fit temperature for that gravity: T, = 12,375 K.

There are two sources of uncertainty in this temperature:
errors in the observational data, and uncertainties in the model
atmospheres. Although the preferred value of # did not change
when we excluded various filters from the fits described in the
last section, the temperature did. The best-fit temperature at
log g = 8.0 ranged from 12,250 K when the F184W filter was
excluded to 12,500 K when the U filter was excluded. We
assume that this variation in temperature is a measure of the
observational error and adopt half the range of the variation
for the uncertainty in the temperature. Thus, the best-fit tem-
perature is 12,375 + 125 K. The uncertainty in log g is not a
significant contributor to the uncertainty in the temperature.

The temperatures of the ZZ Ceti stars have been measured
from IUE spectra by Wesemael, Lamontagne, & Fontaine
(1986), Lamontagne, Wesemael, & Fontaine (1987), Lamon-
tagne et al. (1989), and most recently by Kepler & Nelan (1993).
Kepler & Nelan reanalyzed archival IUE spectra of many
white dwarfs in and around the ZZ Ceti instability strip. They
showed that although the temperatures derived from IUE
spectra had small formal standard deviations, the external
errors due to uncertainties in flux calibrations were large and
dominated the error analysis. They found a temperature of
11,840 + 91 K for G117-B15A if all the IUE and optical data
were used, but 13,150 + 56 K if only the IUE short-wavelength
prime (SWP) data were used. Koester & Allard (1993) deter-
mined the temperature of G117-B15A from the shape of the
IUE spectrum near Lya and its satellite lines, finding 11,860 K,
but the quality of the IUE spectrum was poor, limiting the
reliability of the temperature. The temperature we have
derived for G117-B15A is free of calibration errors because we
fitted fractional amplitudes, not absolute amplitudes. Thus, we
believe that our temperature is much more reliable than those
derived from IUE spectra.

Bergeron, Wesemael, & Fontaine (1992) have shown that
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theoretical spectra of DA white dwarfs with temperatures
between ~ 11,000 and ~ 13,000 K depend on the convective
efficiency adopted for the calculations. The effect is strongest at
ultraviolet wavelengths and can change the continuum flux by
25% just below the Balmer jump, but is much less strong at
longer wavelengths. The slope of the continuum at longer
wavelengths is almost unchanged. Although the temperature
determined from direct fits to the continuum flux will certainly
depend on the convective efficiency used in the model atmo-
spheres, it is not obvious that fits to the fractional pulsation
amplitudes will be similarly affected. We have attempted to
estimate the sensitivity of our results to convective efficiency by
recalculating the best-fit temperature using only the B, V, and
R filters, which cover wavelengths where the convective effi-
ciency is least important. Although using just the B, V, and R
filters destroys the sensitivity of the fit to Z, it does retain its
sensitivity to temperature. The best-fit temperature using these
filters is 12,300 K, only slightly different from the temperature
using all the filters. We conclude that either the convective
efficiency used in our model atmospheres is correct or our
method is insensitive to convective efficiency. In either case, the
derived temperature, 12,375 + 125 K, appears to be reliable.

Since G117-B15A is thought to lie close to the blue edge of
the ZZ Ceti instability strip, the lower temperature we have
derived for it implies a lower temperature for the blue edge.
Recent theoretical calculations by Kawaler (1993) and Bradley
& Winget (1994) also find a cooler temperature for the blue
edge than most previous calculations, although the position of
the theoretical blue edge can be moved almost at will by alter-
ing the efficiency of convection.

5.2. The Thickness of the Hydrogen Layer

The mass of the hydrogen layer is a function of the pulsation
period and pulsation indices £ and k, and of the mass and
effective temperature of the white dwarf. We have deduced
{=1and T = 12,375 K for G117-B15A. From the evolution-
ary models of Wood (1990), the total mass corresponding to
log g = 7.97 is about 0.56 M, for carbon-oxygen white dwarfs,
and according to Bradley (1993, 1994) the 215 s pulsation of
G117-B15A can only be a k = 1 or k = 2 mode. Of the models
calculated by Bradley (1993, 1994), the one in which the 215 s
pulsation is the £ = 1, k = 2 mode has a mass and temperature
close to those of G117-B15A, 0.55 M and 12,530 K. The mass
of the hydrogen layer in this model is 8 x 107 M. Bradley’s
model in which the 215 s pulsation is a k = 1 mode has a mass
too low to match G117-B15A. Instead we use the models cal-
culated by Fontaine et al. (1992). Interpolating in their Figure 1,
we find a hydrogen layer mass near 1.0 x 107¢ M.

While we can expect further fine tuning of the hydrogen
layer masses derived from pulsation theory, they probably lie
between 1.0 x 107¢ and 8 x 10™° M. Although the range of
permitted masses is large, covering nearly two orders of magni-
tude, it is encouraging to note that it does overlap (barely) the
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range of hydrogen layer masses predicted by Iben & McDon-
ald (1986) from models for the ejection of planetary nebulae,
(8-13) x 107 ° M. The agreement would be improved if there
is additional mass loss after ejection of the planetary nebula.
However, as noted by Fontaine et al. (1994), the mass is too
large to be consistent with models that explain the spectral
evolution of white dwarfs by invoking a thin layer of hydrogen.

5.3. The Rate of Change of the 215 s Period

Measurements by Kepler et al. (1991) suggested that the rate
of change of the 215 s pulsation period is P = (12.0 + 3.5)
x 10713 s 571 and this surprisingly large rate engendered a
rash of interpretive papers (e.g., Bradley, Winget, & Wood
1992; Fontaine et al. 1991; Isern, Hernanz, & Garcia-Berro
1992). For a given rate of cooling, the rate of change of a
pulsation period depends on ¢ and k. All these papers dealt
with the problem of unknown pulsation indices by taking an
average of the rates of period change for a large number of
pulsation modes with periods near 215 s, typically averaging
over £ =1, 2, and 3. This is an unsatisfactory procedure
because the rates of period change for different values of £ can
differ by a factor of 2 or more, vitiating any strong conclusions
that might be derived from a measurement of P. The imme-
diacy of these efforts has subsided now that additional obser-
vations of G117-B15A have shown that P is much smaller,
(32+28) x 1075 s s™! (Kepler 1993). We note, however,
that the rates of change of period are larger for smaller values
of ¢ (Bradley et al. 1992), and since ¢ = 1 for the 215 s pulsa-
tion, a true measurement of P may still be within reach.

5.4. Summary

We have measured the photometric amplitude of the 215 s
pulsation of G117-B15A in six passbands with effective wave-
lengths from 1570 to 6730 A, and we have shown that the index
of the pulsation is £ = 1 with a high degree of confidence.
Combining our results with earlier results by Daou et al.
(1990), we find that the temperature and gravity of G117-B15A
are T = 12,375 + 125K and log g = 7.97. Since G117-B15A is
thought to lie close to the blue edge of the instability strip, this
low temperature implies a low temperature for the blue edge.
The mass of the hydrogen layer in G117-B15A lies between
1.0 x~10~%"and 8 x 10™3 M. This range of masses is consis-
tent with.the masses predicted by models for the ejection of
planetary nebulae, (8-13) x 10~3 M. The mass is too large to
be consistent with the existing models invoking thin hydrogen
layers to explain the spectral evolution of white dwarfs.

We thank P. A. Bradley and G. Fontaine for discussions on
the theory of pulsating and nonpulsating white dwarfs, T. F.
Ramseyer for calculating the response functions of the two
high-speed photometers, and W. H. Jefferys for discussions on
Bayesian statistics. This work was supported in part by HSP
GTO grant NASGS-1613.
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