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ABSTRACT

We observed G226 —29 for 121 hr in 1992 February and confirm the presence of the three previously iden-
tified frequencies close to 109 s. We find no evidence of other pulsation periods down to our noise level of
about 0.35 millimodulation amplitudes. The presence of only one triplet pulsation mode in G226 —29 and its
effective temperature near the blue edge of the instability strip identify the observed triplet of modes near 109
s as rotationally split components of the k = 1, | = 1 mode. With the mode identification, we derived a rota-
tion period of 8.9 hr and an inclination of the pulsation axis of 70°~75° to our line of sight.

Subject headings: stars: individual (G226 —29) — stars: oscillations — stars: rotation — white dwarfs

1. INTRODUCTION

G226—29 (DN Dra, LP 101 —148, WD 1647+ 591) is the
brightest known pulsating DA white dwarf (DAV or ZZ Ceti
star), with m, = 12.22. In addition, G226 —29 has a large paral-
lax of 070827 + 070046 (Harrington & Dahn 1980); at just over
12 pc, it is the closest ZZ Ceti star. McGraw & Fontaine (1980)
discovered the variability of G226 —29 in 1980 April using the
MMT telescope. Kepler, Robinson, & Nather (1983, hereafter
KRN) used 65 hr of temporal spectroscopy (time-series photo-
metry measurements) to untangle the light curve and interpret
the variations as an equally spaced triplet with periods near
109 s. The outer peaks have amplitudes near 3 mmaZ2?® and are
separated by 6f = 16.14 yHz from the central peak, which has
an amplitude of 1.7 mma. G226 —29 has the simplest mode
structure, the second smallest overall pulsation amplitude, and
the shortest dominant period of any pulsating white dwarf,
making it a unique object.
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Several recent spectroscopic studies also show G226 —29 to
be one of the hottest of the ZZ Ceti stars, suggesting that we
may be observing it as it enters the instability strip. The effec-
tive temperature of this star is not settled, because one can
derive two different effective temperatures for a given gravity
using optical spectra (see Daou et al. 1990 for a discussion) and
also because of uncertainties over the best convective efficiency
to use in model atmospheres (Bergeron, Wesemael, & Fontaine
1992). Fontaine et al. (1992) derive T, = 13,630 + 200 K and
log g =8.18 £ 0.05, corresponding to a stellar mass of
0.70 + 0.03 M, based on high signal-to-noise optical spectra
and ML 2 model atmospheres. This effective temperature
places G226 — 29 near the blue edge of their ZZ Ceti instability
strip. Kepler & Nelan (1993) use published IUE spectra and
optical photometry to derive T, = 12,120 + 11 K (assuming
log g = 8.0); their ZZ Ceti instability strip is much cooler,
12,640 K > T, > 11,740 K. Finally, Koester & Allard (1993)
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use the Lya line to derive a parallax consistent solution of
T = 12,040 K and log g = 8.12. The general agreement of log
g suggests the mass is around 0.70 M 5. In relation to the other
ZZ Cetis, we have two choices for the effective temperature; it
is close to either 13,600 K or 12,100 K. In absolute terms, the
effective temperature is 12,900 + 750 K.

The very short (109 s) period triplet poses problems for seis-
mological interpretations of the structure of G226 — 29, espe-
cially given the belief during the 1980s that ZZ Ceti stars have
hydrogen layer masses of 10°® M, or smaller (Winget et al.
1982; Bradley, Winget, & Wood 1989). As KRN point out, we
could be seeing an I =3, k =1 mode on a ~0.6 My white
dwarf or an I=1, k=1 mode on a ~1 My white dwarf,
depending on whether the stellar mass is near the average or if
we see all three members of a rotationally split / = 1 mode.
They did not consider the possibility of G226 —29 having a
hydrogen layer mass greater than 10~7 to 10~ ® M, given the
then-prevailing theoretical evidence that white dwarfs with
“thick ” hydrogen layers are pulsationally stable. The recent
log g determinations rule out a massive 1 M white dwarf, and
recent theory shows there is no sensitivity of the blue edge to
the hydrogen layer mass (Cox et al. 1987; Bradley & Winget
1994 ; Fontaine, Brassard, & Wesemael 1994).

Given the unique nature of G226 —29, we observed it with
the Whole Earth Telescope (WET; Nather et al. 1990) during
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the 1992 spring observing run. We searched for extra com-
ponents of the 109 s triplet and also sought to reduce the noise
level so we could look for other periodicities, which would
provide additional constraints on the structure of G226 — 29.

2. OBSERVATIONS

G226—29 [o = 16"48™25%, § = +59°0324” (2000)] was a
secondary target for northern hemisphere observers during the
1992 February WET observing run. We collected 121 hr of
data in 14 days from four observatories well distributed in
longitude (see Table 1 for our observing journal). Because
G226—29 was a second priority object, our duty cycle was
only 39%. Our distribution of observing resources during the
run was such that observers in Poland garnered over 60% of
the data, including five runs of 9 hr or more.

Our data were taken with two-star photometers (Nather
1973) under photometric conditions verified by simultaneous
observations of a comparison star. The observers sampled the
sky brightness at irregular intervals as sky conditions war-
ranted. A typical sky brightness measurement takes 30-40 s to
perform. This is a significant fraction of a pulsation cycle, so we
treat each part of the light curve not interrupted by a sky
measurement as a separate run in our analysis. The observers
also took special care to obtain sky measurements near pulsa-
tion minima, to preserve as many light curve maxima as pos-

TABLE 1

JOURNAL OF OBSERVATIONS

Telescope Date Run Start Run Length
Observatory (m) Run Name T T (s)
Suhora ........... 0.6 G-0224 1992 Feb 25 1:40:30 9695
Suhora ........... 0.6 G-0225 1992 Feb 25 20:04:40 6275
Suhora ........... 0.6 G-0225a 1992 Feb 25 22:26:50 20080
Suhora ........... 0.6 G-0226 1992 Feb 26 18:03:30 5125
Suhora ........... 0.6 G-02262 1992 Feb 26 20:03:30 28145
Kavalur .......... 2.3 K92-0162 1992 Feb 26 22:00:40 7325
Suhora ........... 0.6 G-0227 1992 Feb 27 20:55:20 4005
Kavalur .......... 2.3 K92-0164 1992 Feb 27 21:32:30 8005
Suhora ........... 0.6 G-02272 1992 Feb 28 1:14:50 10405
McDonald ....... 09 RA254 1992 Feb 28 7:44:00 17240
Mauna Kea...... 0.5 CFC-0075 1992 Feb 28 13:19:20 8585
Suhora ........... 0.6 G-0228 1992 Feb 28 19:00:20 32175
Kavalur .......... 23 K92-0166 1992 Feb 28 21:26:50 4730
Kavalur .......... 23 K92-0167 1992 Feb 28 22:58:30 3425
McDonald ....... 09 RA259 1992 Feb 29 7:19:40 18580
Kavalur .......... 09 K42-0169 1992 Feb 29 21:50:20 7670
Suhora ........... 0.6 G-0229 1992 Mar 1 2:12:30 6730
McDonald ....... 09 RA263 1992 Mar 1 7:09:50 5490
Suhora ........... 0.6 G-0230 1992 Mar 1 17:54:30 36715
Kavalur .......... 09 K42-0171 1992 Mar 1 21:10:30 5605
McDonald ....... 09 RA267 1992 Mar 2 8:19:30 4680
McDonald ....... 09 RA268 1992 Mar 2 9:37:40 6995
Kavalur .......... 09 K42-0174 1992 Mar 2 21:12:20 785
Kavalur .......... 09 K42-0175 1992 Mar 2 21:48:30 3665
Kavalur .......... 0.9 K42-0176 1992 Mar 2 22:58:10 3365
Kavalur .......... 09 K42-0179 1992 Mar 3 20:42:00 10820
McDonald ....... 09 RA270 1992 Mar 4 8:42:40 13595
McDonald ....... 0.9 RA272 1992 Mar 5 6:52:30 9895
Suhora ........... 0.6 G-0231 1992 Mar 5 18:05:00 35440
Mauna Kea...... 0.5 CFC-0089 1992 Mar 5 10:54:10 17820
McDonald ....... 09 RA274 1992 Mar 6 9:00:40 11375
Mauna Kea...... 0.5 CFC-0093 1992 Mar 6 10:52:10 17605
Suhora ........... 0.6 G-0232 1992 Mar 6 23:28:30 16315
McDonald ....... 09 RA276 1992 Mar 7 8:40:00 11735
Suhora ........... 0.6 G-0233 1992 Mar 7 18:11:20 34655
McDonald ....... 09 RA280 1992 Mar 9 8:17:10 12815
Suhora ........... 0.6 G-0234 1992 Mar 9 18:18:00 34015
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sible for eventual rate of period change measurements. We use
blue-sensitive bi-alkalai phototubes in all of our photometers
without intervening filters to maximize the signal-to-noise
ratio, as we are searching for low-amplitude pulsations. We
collect our data in contiguous 5 s integrations.

We reduce the data in the manner described by Nather et al.
(1990), and place all of our data on a common time and frac-
tional amplitude scale. We do not, however, attempt to correct
for differing signal-to-noise ratios that result from the different
instrument/telescope combination used; most telescopes were
between 0.6 and 1.0 m in diameter, so these effects are not
severe. After removing the effects of sky background and
extinction, we then subtract the mean light level of the star
from each run, and derive light curves in terms of the fractional
amplitude. This method allows us to use the star as its own
magnitude calibration for each telescope. Places where the
light curve from two different sites overlap show good agree-
ment.

We use the intensity, amplitude, and power units described
in Winget et al. (1994). We use millimodulation intensity (mmi)
for units of our light curves and millimodulation amplitude
(mma) and micromodulation power (ump) as amplitude and
power units in our Fourier transform (FT) spectra.

Because our coverage is not continuous, we use the spectral
window to determine the amount of spectral leakage (aliasing)
created by data gaps. We create a spectral window by sampling
a single, noise-free sine curve in the same way as the data and
compute its power spectrum. This “forest ” of peaks is what we
can expect to find in the power spectrum of our data when only
a single frequency is present in the light curve. We calculated a
FT of the data set for the region around 109 s and display it in
Figure 1, along with the spectral window. Our coverage was
quite good during the central part of the run, as evidenced by
the small size of the side lobes. The largest side lobes are due to
0.5, 1, and 2 day data gaps.

3. ANALYSIS

The FT of our data set shows two peaks dominating the
power spectrum, along with a cluster of three nearly equal size
peaks in between. The complex spectral window hides the fact
that only the outer two peaks and the central peak (at 109.47 s,
109.28 s, and 109.09 s) are real. If we subtract three sinusoids
with periods, amplitudes, and phases given by the FT from the
original data set, there are no peaks remaining with amplitudes
greater than 0.26 mma (see Fig. 2). We find no evidence for
significant peaks other than the 109 s triplet in the FT. This is
consistent with the findings of KRN.

The complete FT is presented in Figure 2. We check the
reality of the remaining peaks below 0.26 mma around 109 s
and the peaks below 0.35 mma above 350 s by reordering the
data points at random (shuffling the data set). This removes
any time series correlation present; by taking the FT of many
shuffled data sets, we determine the likelihood that a given
peak in our original FT arises by chance. For our shuffled data
sets, we find no peaks above 10{P), where {P) is the local
average power in the FT (Horne & Baliunas 1986). This result
agrees with the “false alarm probability” of Scargle (1982),
using the number of independent frequencies (number of fre-
quencies separated by Af, Press & Rybicki 1989) calculated
from the true sampling of the data set, i.e., Af = (AT)"! = 0.77
uHz, where AT is the total time span of the data set. In Figure
3, we present the histogram of peaks above n x (P}, for the
real and shuffled data sets for different values of n. The average
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Fi1G. 1—The amplitude spectra of the total light curve of G226 —29, for the
region of the 109 s triplet (peak above the dashed line in Fig. 2). The upper
panel is the Fourier spectra of the data. The second panel (WINDOW) is the
spectra window, i.e., the transform of a noiseless sine curve. PW1 is the Fourier
spectra after removing (prewhitening) one sine-curve with P = 109.4724 s, and
amplitude of 2.8 mma. PW2 is the Fourier spectra after removing
(prewhitening) a second sine curve with P = 109.0867 s, and amplitude of 2.5
mma. PW3 is the Fourier spectra after removing (prewhitening) a third sine
curve with P = 109.2784 s, and amplitude of 1.1 mma.

power around 350 s is 0.012 ymp and around 109 s is 0.008
ump. By definition of the false alarm probability, the average
power includes the real peaks, but the average is taken in a
large region to preclude the domination of the average power
by the real peaks and their aliases.

4. RESULTS AND DISCUSSION

Our analysis shows the triplet of peaks near 109 s are the
only significant pulsation modes in G226 —29. A simultaneous
nonlinear least-squares fit of three sinusoids to our data set
yields the following periods, amplitudes, and time of maxima:

P,, = 109.08672 + 0.00022s, A,,=2.49 +0.10mma,
BIDD;! = 2448678%789954 + 1.3 5
P, = 109.27838 + 0.00051 s, A, =1.08 + 0.10 mma,
BIDD?, = 2448678%789361 + 3.0's,

P_, =109.47239 + 0.00019s, A_,=282+0.10mma,

BIDD,. ! = 2448678789540 + 1.1s.

max

All the periods are within 1 ¢ of the values given by KRN.
The amplitudes of the P_, and P, modes are within 2 ¢ of the
values given by KRN, but the amplitude of the P, mode is
smaller by 5 ¢ now. The amplitudes are our least precise deter-
minations, because we do not have three channel data that
would allow us to more accurately subtract out sky brightness
variations. Our experience suggests the amplitude uncertainty
is about 10%. Based on this, we do not consider the amplitude
changes with time of the P, or P_, modes to be significant, but
it is marginally significant for the P, ; mode.
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F1G. 2—The amplitude spectrum (Fourier transform) of the total light curve of G226 —29. The dashed line represents the false alarm probability of 1/1000, i.e.,
any peak above the line has a probability less than one chance in 1000 of being due to noise.
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Fi1G. 3.—Histogram of the number of peaks in the Fourier transform of the
light curve of G226—29 above n x {P). All peaks above 10{P) are in the
region of the 9135 uHz peak (109 s). The number of peaks above 10¢(P) is
larger than 3 because of the aliases (spectral window). The dashed line is the
histogram for the FT of the shuffled data set. No peaks above 10{P) are seen
on the shuffled data set.

The frequency splittings between the members of the triplet
are 16.1 yHz for (P, — P,) and 16.2 uHz for (P, — P_,). The
time span of the run was too short to consider this frequency
difference significant. Even if it were significant, it goes in the
wrong direction to be explained by the presence of a magnetic
field (see Winget et al. 1994, for example). Our null result does
not agree with that of Angel, Borra, & Landstreet (1981), who
reported a magnetic field of B = (1.7 + 0.8) x 10° G, but Jones
et al. (1989) state this 2 ¢ detection could easily be a null result
with a slightly different interpretation of the errors.

The most obvious explanation for an evenly split g-mode
triplet is that of a single /, k nonradial pulsation mode split into
the three possible components by slow rotation. We consider
the I = 1 mode identification as the most probable for three
reasons. First, we have secure ! identifications for the DBV star
GD 358 and the DOV star PG 1159 —035, and find that the
I = 1 modes (triplets) dominate the power. Second, Robinson
et al. (1995) demonstrated that | = 1 for G117-B15A, the only
DAYV to have a secure mode identification—G117-B15A is also
located at the blue edge of the instability strip. Finally,
Clemens (1994) presents convincing evidence that essentially
all power observed in the best-studied DAVs is the result of

= 1 pulsations, suggesting that an a priori assumption of
I = 1 pulsations is plausible. Assuming we havean /= 1,k =1
mode, we can then relate the observed splitting to the rotation
period of the white dwarf with the relation (Unno et al. 1989)

00y, = OmQ, (1 — Cy) ,

where Cy, is the first-order splitting coefficient and is most
dependent on I. We use C, values for modes near 109 s from
models of Bradley (1995); even though the asymptotic value is
valid only for large k, the values from the models are close to
the asymptotic value of [I(! + 1)]~! for C;. Using an average
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splitting of 16.15 yHz and the appropriate C;, value of 0.48
(I = 1, k = 1), we derive a rotation period of 8.9 hr.

The differing amplitudes of the modes within the 109 s triplet
could be the result of either differences in the amount of pulsa-
tion driving for each mode, the inclination of the pulsation axis
to our line of sight, or both. Here, we assume the pulsation
driving differences are small, and use the relative amplitudes of
the pulsation modes to derive the inclination of the pulsation
axis. The ratio of the central peak to the two outlying peaks lies
between 0.43 and 0.38. Using the results of Pesnell (1985) for
I = 1, we find the pulsation axis is tilted between 70°-75° to our
line of sight, i.e., nearly equator-on. This result is consistent
with what we derive using the amplitudes of KRN. The simi-
larity of the amplitudes from 1980 to 1982 and 1992 and the
similarity of the amplitudes of the P_, and P,, modes sug-
gests that most of the amplitude differences within the triplet
are due to the inclination of the pulsation axis.

The richness of the theoretical g-mode spectrum demands
we make assumptions about the effective temperature and
mass of G226 —29 if we wish to constrain the hydrogen layer
mass. In our analysis, we use ~0.70 M, (log g =~ 8.2) models,
with effective temperatures near either 13,600 K or 12,100 K.
Fontaine et al. (1992) compared the triplet found by KRN to
the grid of adiabatic pulsation periods computed by Brassard
et al. (1992) for white dwarf models. They show the star must
have a thick hydrogen layer (log q =log My/M, = —44
+ 0.2) if the observed triplet is the I = 1, k = 1 mode. Bradley
(1993, 1995) obtains similar results using theoretical periods
from a different grid of pure carbon core evolutionary white
dwarf models. More recently, Bradley & Clemens (1995) com-
puted a grid of evolutionary white dwarf models with oxygen-
rich cores and My = 1.5 x 107* M,, (log ¢ = —3.8) to explain
the pulsation spectra of the hotter ZZ Ceti stars with resolved
pulsation spectra. With these models, a 0.75 M, model
matches the 109 s period at 13,300 K, and they require a 0.78
M 5 model for a match at 12,300 K. If we use the parallax as an
additional constraint, the 0.75 Mg models of Bradley &
Clemens (1995) near 13,300 K have luminosities consistent
with the parallax; the 0.78 M 5 model has a parallax that is 2 ¢
too low.

The two most likely spectroscopic effective temperature
determinations do not place G226 —29 near the theoretical
blue edge of Bradley & Winget (1994) for 0.70 M, models,
which is ~12,900 K. The blue edges of Bradley & Winget are
for models with very efficient convection; the location of the
blue edge can easily be 1000 K cooler with less efficient convec-
tion. We believe we are seeing an inefficiently driven [ =1,
k =1 pulsation mode, because linear growth rates for this
mode are small (Bradley 1993). Here any ! = 2 or 3 modes
would not be excited to observable amplitudes by a com-
bination of inefficient pulsation driving and geometric cancel-
lation effects. This interpretation suggests the effective
temperature is near 13,000 K, assuming efficient convection.
We cannot rule out a cooler temperature for G226 —29 and for
the blue edge; we would require a less efficient version of con-
vection if this is the case. This may well be the case, because
Koester, Allard, & Vauclair (1994) shows G226 —29 must have
nearly the same temperature of L19-2 and G117-B15A, at
about 12,400 K, in agreement with Kepler & Nelan (1993) and
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Koester & Allard (1993). Fortunately, there are observational
tests to confirm the I = 1 identity of the 109 s triplet. Fontaine
et al. (1992) suggest using two-color photometry observations
during a pulsation cycle, because different [ values have differ-
ent patterns. Robinson et al. (1995) used the differences in the
time-resolved HST ultravoiolet photometry to derive the pul-
sation index / for G117-B15A.

Were it available, we could use the rate of period change to
determine the combination of the stellar mass and core com-
position. The models of Bradley (1993, 1995) suggest that dP/dt
for the 109 s modes due to secular evolution is about
1 x 107*% s s~ 1. For this dP/dt, a detection will require about
20 yr of phase-resolved data. Although a dauntingly long-term
project, the simplicity of the pulsation spectrum makes it much
easier to detect dP/dt here than in a complex pulsator. Contin-
ued monitoring of this star is clearly worthwhile.

5. SUMMARY AND CONCLUSIONS

First, we summarize the pulsation properties of G226 —29
revealed by our observations. We see no evidence of other
periodicities other than the known 109 s triplet, down to a limit
of about 0.3 mma. The periods of the 109 s triplet members are
within 1 ¢ of the values of KRN the amplitudes of the P, and
P_, modes are within 2 ¢ of KRN’s values, while the P,
mode has an amplitude about 5 ¢ lower.

Different reported spectroscopic observations suggest the
mass of G226 —29 is near 0.70 M, but disagree on the tem-
perature. It is either near 13,600 K or near 12,100 K. We must
constrain the / and k value of the observed mode to determine
the likely structure of G226 —29. If we assume we are seeing an
I =1, k = 1 mode, then the hydrogen layer mass is about 10™#
M., in general agreement with the results of Fontaine et al.
(1992), and the effective temperature is near 13,000 K, near the
blue edge of the instability strip for models with efficient con-
vection.

If we assume the unequal amplitudes of the triplet are due
solely to the inclination of the pulsation axis to our line of
sight, we find the inclination is between 70 and 75° foran | = 1
mode. Theoretical rates of period change for modes near 109 s
are near 1 x 10715 s s~ !, implying that we need another 20 yr
of phase-resolved data to detect it. The uncomplicated pulsa-
tion spectrum makes this a relatively simple, though time con-
suming, task.

Once observations that confirm the | = 1 identity of the 109
s triplet and the effective temperature are in hand, we will have
good constraints on the stellar mass, hydrogen layer mass,
rotation rate, and possibly the convective efficiency of
G226 —29. In spite of the simple pulsation spectrum, we can
constrain the structure of G226-29 surprisingly well.
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