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Abstract. This paper presents the results of high speed photo-
metric observations of the cool variable DA white dwarf (DAV)
GD 154 obtained with the Whole Earth Telescope. GD 154 is
one of the coolest pulsating DA white dwarfs and its study is
important for understanding the red edge of the ZZ Ceti insta-
bility strip. Its power spectrum is dominated by three indepen-
dent modes (P; = 1186.5s, P, = 1088.6s and P; = 402.6s),
and their harmonics and linear combinations. None of the
half-integer harmonics reported in previous observations were
present during the WET campaign. We propose that the ob-
served modes are trapped in the thin outer hydrogen layers.
From the resulting identification of the pulsation modes, one
derives an estimate of the rotation period (2.3 days) and of the
mass of the outer hydrogen layer (2 x 1071°M,).

Key words: white dwarfs — stars: oscillations — stars: interiors
— stars: individual (GD 154)

1. Introduction

Since the discovery of the first variable white dwarf (HLTau76,
Landolt 1968), the field of white dwarf seismology has known
crucial improvements, both on the observational and theoretical

points of view. Only a few of the known white dwarfs are lu-
minosity variables - those with surface temperatures that yield
maximum opacity for their atmospheric composition - but they
are otherwise normal white dwarfs (Mc Graw, 1979; Winget,
1988). The result of the seismological investigation of their
structure can be applied to white dwarfs in general, constraining
the prior evolution of their progenitors.

The luminosity variations of white dwarfs result from non-
radial g-mode pulsations driven by the x — mechanism located
in the outer layers. The oscillations provide a view beneath the
photosphere, and contain information about basic parameters
such as the mass, chemical composition profile, rotation period
and magnetic field strength.

Before we can use the tools of pulsation theory to probe
the white dwarf’s interior structure, we must disentangle the
observed frequency structure from the observed light curve. It
requires continuous high speed photometry with a network of
telescopes located at various longitudes to minimize gaps in
the time series data. The network is known as the Whole Earth
Telescope (WET; Nather et al. 1990).

GD 154 (BG Canum Venaticorum) is a member of the class
of pulsating white dwarfs known as the ZZ Ceti (or DAV) stars,
which display intrinsic luminosity variations of a few percent
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and periods ranging between 100 and 1200s. Only 24 ZZ Ceti
stars are now known. The DAYV instability strip is delineated by
a narrow range in effective temperature along the white dwarf
cooling sequence: 12,460K > T.fy > 11,160K according
to the ML2/a = 0.6 models of Bergeron et al., 1995 (ML2
describes the convection efficiency in the frame work of the
mixing length theory and a = £/H, ). The properties of the
Z7Z Ceti stars have been summarized by Winget and Fontaine
(1982) and Winget (1988).

The variability of GD 154 was discovered by Robinson et
al. (1978) who found that the light curve was dominated during
nine consecutive nights by a single mode of moderate ampli-
tude (hereafter f;) with a period P, = 1186s. They suggested
that such a long period belonged to a high overtone g-mode
(10 <€ k < 30). The power spectrum exhibited harmonics of
this dominant mode (2 f, 3 f1,4 f1 and 5 f). It also showed a se-
ries of peaks at frequencies close to half-integer subharmonics
of the dominant mode (1.52 f1, 2.53 f; and 3.53 f;). In addition,
during the last night of their ten days campaign, the light curve
of GD 154 was dominated by the 1.52 f; subharmonic. This be-
haviour is reminiscent of some non linear dynamical systems.
The occurence of half integer subharmonics of the dominant
frequency is similar to what is observed in systems evolving
toward a chaotic dynamical regime via a cascade of period dou-
bling bifurcations. Such a behaviour has already been suspected
in two cases from the analysis of the power spectrum of pulsat-
ing white dwarfs : for the DBV PG1351+489 (Winget et al.
1987; Goupil et al. 1988) and the DAV G191-16 (Vauclair et al.
1989). The drastic change of the dominant frequency from f
to 1.52 f; observed by Robinson et al. (1978) also points to the
potential efficiency in GD 154 of a mechanism responsible for
exchanging energy between these two modes, possibly through
non-linear effects. Those peculiarities were a strong motivation
to devote a Whole Earth Telescope campaign to GD 154.

Furthermore, GD 154 presents some other interesting pecu-
liarities as a member of the DAV class. It is one of the coolest
ZZ Ceti stars. Based on fits to the Balmer line profiles, Daou
et al. (1990) determined an effective temperature of 11 320 K.
However the UV flux (IUE) gives a temperature some 400 K
hotter (Kepler and Nelan 1993). More recently, Bergeron et
al. (1995) demonstrated how an internally consistent determi-
nation of both the effective temperature and the surface grav-
ity requires the simultaneous fitting of optical and UV spectra.
They showed how a unique version of the mixing length theory
successfully achieved this requirement with ML2/a=0.6. Ac-
cording to their analysis, GD 154, with an effective temperature
of 11 180 K, belongs to a group of three ZZ Ceti stars, which de-
fines the red edge of the instability strip (with R808 and G38-29
at T,y = 11 160 K and 11 180 K respectively). Their derived
mass of 0.70 Mg, for GD 154, is significantly higher than the
average mass of DA white dwarfs. It is also the most massive
of the three ZZ Ceti defining the red edge.

The period of the dominant mode of GD 154 (1186 s) is
the longest period up to now observed in a DAV. It is signifi-
cantly longer than the periods of the dominant modes in G38-29
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(1024 s) and R808 (833 s). Note that the location of the red edge
as defined by these three stars does not depend on the total mass
of the stars (Bergeron et al. 1995). If it is assumed that the ob-
served modes are trapped modes in the hydrogen outer layers,
the longer period in GD 154 compared to the other stars of
the same effective temperature may have three different origins
(Brassard et al. 1992b):

1- the outer hydrogen layer of GD 154 could be thinner:
modes of higher k index are trapped,

2- the convection in the outermost layers of GD 154 could
be more efficient (equivalent to a lower effective temperature)

3- GD 154 could be a low mass DA.

The third hypothesis cannot be the correct one since Berg-
eron et al., 1995 derive a mass of 0.70M, for GD 154 against
0.55M, for G38-29 and 0.63 M, for R808; the fact that GD 154
is the most massive of the three stars reinforces the first two
propositions. As the best fit for the optical and UV spectra was
obtained for a unique version of the MLT (ML2/a=0.6) there
is no special reason to believe that GD 154 should behave dif-
ferently than other ZZ Ceti stars. Therefore, the most likely
explanation of the long period is that GD 154 has a thinner
hydrogen envelope.

The physical origin of the instability strip red edge is still
unknown. Three assumptions have been made to explain the
abrupt red edge. The first one is that convective mixing of the
outer hydrogen with the deeper helium envelope, when the con-
vection zone reaches the H/He transition layer, should stop the
pulsation as the driving mechanism (the k-mechanism due to
partial ionization of hydrogen) would not be efficient anymore.
However, this would require an extremely thin and well tuned
hydrogen outer layer mass (Mg ~ 10~ to 10™!! M, accord-
ing to Fontaine and Wesemael 1991) to account for the same
boundary in the above three DAVs defining the red edge. Fur-
thermore, estimates of the hydrogen layer mass in a few hotter
ZZ Ceti points to larger hydrogen mass than the one required
to produce convective mixing at ~ 11 200 K. The inferred hy-
drogen layer masses are My = 10~%* M, in G226-29, if the
observed modes are £ = 1 (Fontaine et al. 1992), = 10~37 M,
or 2 10~ M, in GD165, depending on whether the observed

‘modes are £ = 1 or £ = 2 respectively (Bergeron et al. 1993), and

~ 108 M, in PG2303+243 (Vauclair et al. 1992). The second
assumption to explain the red edge invokes the increasing inter-
action between the pulsations and the convection which could
ultimately damp the instability. Recent stability analyses includ-
ing more realistic description of the convection than the stan-
dard mixing length theory and exploring various efficiency of
the convection/pulsation coupling do conclude that such damp-
ing is possible for the lower frequency g-modes (Gautschy et al.
1996). However, this problem still requires considerable efforts
on the theoretical side. A third assumption is that below a criti-
cal frequency, the leakage of the gravity waves upwards though
the stellar atmosphere would damp the instability (Hansen et
al. 1985). But the damping would be efficient for periods much
longer than observed in the three DAVs defining the red edge,
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Table 1. Journal of observations of the WET campaign

Observatory

Date
(May 91) (UT) ®

started at length

Observatory

Date
(May 91) (UT) ®

sarted at length

Mc Donald 82-in 13 06:09:30 12100 Mauna Kea 24-in
Mc Donald 36-in 14 03:41:00 10980 OHP 1.93m

Mc Donald 82-in 15 03:19:00 9880 Itajuba 1.60m
Mauna Kea 24-in 15 06:10:20 2290 Mc Donald 36-in
Mc Donald 82-in 15 07:30:10 7640 Mauna Kea 24-in
Mauna Kea 24-in 15 08:11:50 17720 OHP 1.93m

18 05:59:20 29005
18 20:51:50 19020
19 01:23:10 14630
19 02:59:00 23300
19 06:53:20 26070
19 21:05:30 16440

La Palma INT 16  00:27:30 13015 Mc Donald 36-in

Mc Donald 36-in 16  02:55:00 23305 Mauna Kea 24-in
Mauna Kea 24-in 16  07:31:50 23400 Mauna Kea CFHT
Wise 40-in 16 18:35:11 1785 OHP 1.93m

Wise 40-in 16 19:48:01 3635 Mauna Kea 24-in
OHP 1.93m 16  21:48:37 16070 Wise 40-in

Mc Donald 36-in 17 03:00:00 10775 OHP 1.93m
Mauna Kea 24-in 17 06:10:20 26415 Mauna Kea CFHT
Mc Donald 36-in 17 06:15:00 2735 OHP 1.93m

Mc Donald 36-in 17  07:41:15 7260 Mc Donald 82-in
Wise 40-in 17 18:44:01 2005 Mauna Kea CFHT
Wise 40-in 17 19:30:31 5830 Mc Donald 82-in
OHP 1.93m 17 20:59:30 18900 Mauna Kea CFHT
Wise 40-in 17 21:50:21 2220 Mc Donald 36-in

Mc Donald 36-in 18  02:57:00 15745

20 03:04:20 22510
20 05:50:30 24150
20 06:33:23 9990
20 21:09:00 18005
21 09:51:00 13370
21 18:34:10 2025
21 21:01:00 18968
22 05:49:40 21600
22 21:26:40 17640
23 05:52:00 7720
23 06:04:37 14400
24 03:41:10 10275
24 05:51:43 20920
25  03:15:00 21215

namely P, 2 4200 for £ = 1 modes and P, 2, 2450 s for £ = 2
modes.

Consequently, GD 154 was considered to be an important
target for a WET campaign. This campaign was organized in
1991 and the observations are described in Sect. 2. The power
spectrum and the inferred rotational splitting are discussed in
Sect. 3 and Sect. 4 respectively. An interpretation is given in
Sect. 5. A short post WET observation of GD 154 is described
in Sect. 6. The main conclusions of the paper are summarized
in Sect. 7.

2. Observations

GD 154 (ageo = 13 09 58, 2000 = +35 09.5) was one of the
two first priority targets of the May 1991 WET observing run.
162.5hrs of data were collected over 12 days from 6 observato-
ries distributed in longitude (see Table 1 for the Journal of the
observations). The resulting resolution of the Fourier Transform
is 1uHz.

The method of data acquisition and reduction has been de-
scribed by Nather et al.(1990). In most of the sites, data were
obtained with 2-channel photometers: the observations of the
target and the comparison star were interrupted at irregular in-
tervals to sample the sky brightness as conditions warranted.
The sky background contribution is then interpolated and sub-
tracted. In the two sites where 3-channel photometers were used
(OHP, CFHT), the third channel was continuously observing the
sky background. For these data, the sky is subtracted on a point
by point basis. The effect of extinction and other low frequency

transparency variations were accounted for by fitting a third
order polynomial to each sky-subtracted data set and then by
dividing by this fit. The light curve is then obtained in terms of
fractional amplitude: this method allows the use of the star as
its own magnitude calibration for each telescope. The data ac-
quired for the nearby comparison star in channel 2 were used to
measure sky transparency. All light curves were sampled with
a 10s integration time.

The data have been placed on a common BJD time scale.
Barycentric correction was applied to each data point in order
to correct the time delay introduced by the heliocentric motion
of the Earth during the light curve acquisition. The final product
of this basic reduction procedure is shown in Fig. 1.

All data contaminated by clouds were discarded. As there
was no telescopes in Asia and because this WET campaign had
two primary targets, the duty cycle for the whole campaign was
only 48.8%.

3. The power spectrum

Fig. 2a, shows the Discrete Fourier Transform of the entire WET
campaign. In Fig. 2b, one can see the corresponding spectral
window which is the power spectrum of a sine function sampled
in the same way as the data. To make easier the comparison with
the observed power spectrum, the amplitude and the frequency
of the sine function were chosen to equal those of the main peak
in Fig. 2a.

The power spectrum does not exhibit any significant signal
for frequencies higher than 5 mHz. The noise level of the ob-
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Fig. 1. Light curve of GD 154 during the central part of the WET
campaign. The relative amplitude is plotted versus the time in sec.

served power spectrum begins to rise, roughly exponentially,
below 0.5 mHz, thus diluting any signal that might be present.

In order to examine the WET data more deeply, and to dis-
tinguish real peaks from false ones introduced by the sidelobes
of the spectral window, the FT has been deconvolved using two
different methods. One runs in the time domain (ISWF, Pon-
man, 1981) and the second in the frequency domain (based on
the CLEAN method, Hogbom, 1974). In each case, all the peaks
belonging to a given “forest” of peaks are deconvolved simulta-
neously in order to avoid propagating errors in the computation
of the amplitudes and phases of the injected sine waves. Both
methods gave comparable results. Table 2 lists the frequencies,
periods and amplitudes of the peaks extracted from the WET
power spectrum by these procedures.

The WET power spectrum contains only three independent
modes: f; = 842.8uHz , f, = 918.6pHz and f; = 2484.1uHz.
All the other peaks except two can be interpreted as harmonics
and linear combinations of these three main peaks. fi and f,
appear to be triplets which will be discussed below (Sect. 4).
The frequency f; is close to the second harmonic of f; (3f; =
f3+44.3uHz) so that linear combinations of f; and f3 can mimic
high order harmonics of f; in lower resolution data.
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Table 2. Frequencies, periods and amplitudes of WET power spectrum
peaks

Frequency Period Amplitude Interpretation

(uHz) (s) (%)
840.0 11905 0.63 i
842.8 11865 1.67 fi
8450 11835 0.46 it
(916 1092  0.30 )
918.6 1088.6 0.50 £
922.5 1084.0 0.56 At
16832 5941 0.39 Q)
16862 593.1 021 2f
17599 5682 0.11 fi+f
17652  566.5 0.13 A+t
18234 5484  0.11 -
18377 5442 0.8 26
2484.1 402.56 0.27 )
2518.6 397.05 0.08 347
25262 395.86 0.09 GfH)
2597.5 384.98 0.08 27+
26802 373.10 0.08 fi+2h
33233 300.90 0.07 £+ fim
3327.0 300.57 0.16 f+h
34064 293.57 0.06 -
34484 289.99 0.05 3f+ 5
4169.8 239.82 0.06 fA+2A

A comparison of the WET spectrum with the observations
performed 14 years earlier by Robinson et al. (1978), reveals
drastic changes. The power spectrum was then dominated by
a single mode and its integer and ’half-integer’ harmonics. It
could also be interpreted as two modes (f; and 1.52f;) and their
harmonics and linear combinations. In the WET data, two new
modes appear, one close to f; (f,) and the other one close to
3f1 (f3). The striking result of the WET campaign is that there
is no evidence for peaks around 1.52f;, not even in the power
spectra of individual nights. Comparing the individual power
spectra of every observing night, it appears that the amplitude
variations of f; and f> seem to be anticorrelated. This suggests
that in May 1991, the mode f; was exchanging energy with the
other dominant mode f,. In order to have a qualitative idea of
the life time of coherent structures in the signal, a matching
pursuit time frequency analysis (Mallat and Zhang, 1993) was
performed on the individual observing runs, paying particular
attention to the time-frequency diagrams of high signal-to-noise
ratio CFHT observations. This analysis reveals that the mode
f3 is not a stable mode: on the May 22 CFHT run, it lasts the
whole night but on May 24 , for example, the structure with a
frequency f3 appears only in the middle of the night, with a one
hour lifetime. The power spectrum of the 4 CFHT observations
alone reveals additional harmonics of f; and linear combinations
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Fig.2. a Fourier transform of the GD 154 WET data. The amplitude is plotted versus the frequency. The three independent frequencies are
marked; b the spectral window corresponding to the WET campaign is shown on a enlarged scale. It is the Fourier transform of a noise free

single sinusoid at frequency f; sampled at the same times as the data.

of frequencies undetected in the spectrum of the whole WET
campaign at 2f, —f1, 3f> —f1, 4f1, 2f1 +2f, and 5f;. On individual
good S/N observing runs even the components 2f," —f1, fs — fi,
3f, — fi are detected. All these features are the signature of the
non linear behaviour of this object.

4. The rotational splitting

As one can see in Table 2, the WET observations reveal that the
large amplitude region around f; (842.8 uHz) is actually a triplet,
whose components are hereafter referred to as f,”, f; and f;".
This triplet is almost symmetric in amplitude and the frequency
separations are fi — f;, = 2.8uHz and fiF = fi = 22uHz.
It is most naturally interpreted as a £ = 1 g-mode split by
rotation. For such a large period, one can resonably assume that
the asymptotic regime (large k) is reached. For §f; = 2.5uHz
(average of the above frequency separations), a straightforward
derivation of the rotation period of the star gives:

P =2.3d +£0.3d

1
rot — 2‘6ﬂ

The mode f;™ can be interpreted as the m= —1 component of the
triplet, f; as the m=0 component and f1+ as the m=+1 component.
The frequency asymmetry is only marginally significant; and
will not be discussed any further.

The WET data reveal that the peak f; is composed of two
components: f; (918.6 uHz) and f; (922.5 pHz) separated by
3.9 uHz. After subtraction of these 2 components, the power
spectrum exhibits a third component at about 916Hz. How-
ever, the deconvolution gives a low level of confidence to the
measurements of the frequency and amplitude of this third peak,
as the window function has high sidelobes and because one has
to deconvolve two peaks of higher amplitude (f, and f;") before
being able to detect it. This mode can be either the m=-1 com-
ponent of the multiplet associated to f, or an independent mode.
As the frequency of this mode is not accurately determined, it
will not be used in the further interpretation.

5. Interpretation

The small number of observed eigenmodes does not give enough
constraints to determine the basic physical parameters of this
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object by comparing its eigenperiod distribution with pulsat-
ing white dwarf models. In order to interpret the observed
power spectrum, it is necessary to impose other constraints.
Among the rich spectrum of eigenperiods of GD 154, only
three modes were accuratly detected in 1991, and two in 1977
(i and f,» = 1.52f1). An efficient mode selection mecha-
nism is therefore at work. The most likely hypothesis, and the
most developed in the literature, is that the observed modes are
trapped in the outer hydrogen layer of the star (Winget et al.,
1981; Dolez and Vauclair, 1981; Winget and Fontaine, 1982).
These modes are characterized by alower kinetic energy than the
other eigenmodes. Fig. 20 of Brassard et al. (1992b) shows the
kinetic energy of modes vs eigenperiod for different hydrogen
layer masses. From this figure, one can see that the number of
modes selected by mode trapping is very small and the trapping
is very efficient for low hydrogen layer masses. These features
match well the main characteristics of GD 154 power spectrum.
If, on the other hand, it is assumed that GD 154 has a thick outer
hydrogen layer, then the trapping would be much less efficient
(specially for high k modes). The density of trapped modes
would be much higher (up to 19 (12) £ = 1 trapped modes with
periods ranging from 100s to 1200s for a hydrogen mass layer of
10~*M, (10~3M.,,)) according to the models of Bradley (1996).
If the hydrogen layer mass of GD 154 is 10=% or 10~ then it
would have a structure similar to that of the hot DAV with thick
H layers. This still begs the question of a suitable mode selec-
tion mechanism, whether it be convection-pulsation interactions
or a more complicated mode trapping resonance that involves
the He/C or C/O transition regions. Bradley’s numerical models
are able to produce solutions that match the observed periods
in both cases, but as a thin hydrogen layer is more likely from
the point of view of kinetic energy arguments, this assumption
is preferred to interpret GD 154 power spectrum.
Nevertheless, one must keep in mind that if one could estab-
lish that other stellar phenomena (such as convection) do pro-
vide another efficient selection mechanism, the interpretation
should be re-examined. Gautschy et al. (1996) have recently
explored the role of the convection on the stability of g-modes
in ZZ Ceti white dwarfs. Their stellar models use a description
of convection zone deduced from realistic 2D hydrodynami-
cal simulations. The perturbation of the convective flux is taken
into account according to various assumptions. Because the con-
vection zones deduced from their 2D hydrodynamical simula-
tions are much shallower than the ones derived from MLT, the
“frozen-in” assumption for the convective flux is not able to
produce the instability in the appropriate effective temperature
range observed for the ZZ Ceti. It is only when the assump-
tion of instantaneous adaptation of convection to the pulsation
is made, with the additional constraint of the horizontal shear
cancellation within the convection zone, that unstable g-modes
are found. Even with this extreme assumption, the derived ZZ
Ceti instability blue edge is still significantly cooler than the ob-
served one. In spite of this difficulty, the fact that the convection
damps many of the g-modes, which would otherwise be unsta-
ble with the use of the MLT to describe the convection, is an
indication that both trapping and convection/pulsation coupling
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could be responsible for the small number of modes observed
in ZZ Ceti stars. Considering the rather preliminary state of the
art of this long debated question of the convection/pulsation
coupling, we conservatively consider that mode trapping is the
dominant mode selection mechanism.

Assuming that the mode f; (period P;)is £ = 1, one can try
to determine the value of the £ index of the mode f, (period P,).
First, let us assume that f, is a mode £ = 1. Then, the difference
of the reduced periods (P = /(I + 1))P;) between P; and P,
is:

AP = V2.(P; — P,) = 138.5s

Following Brassard et al.’s thin hydrogen layer models (1992a),
such a AP is too small for these two modes to belong to two
successive trapping valleys; it is also too large for P, to be
the £ = 1 mode adjacent to Py, partially trapped in the trapping
valley as P . As f, cannot be a trapped £ = 1 mode, it is assumed
that P, is amode £ = 2. f; and f;' are likely to belong to the
same multiplet (same ¢, consecutive m) with a separation of 3.9
©Hz between the visible components due to rotational splitting.
The other components, except the f,” discussed above (Sect.
4), are not detected. In such a case, the ratio of the frequency
separations in the multiplets f; and f, has to be close to the
theoretical ratio expected for a multiplet £ = 1 and a multiplet
£ = 2 in the asymptotic regime (8fi=1/6fi=2 = 0.6). Here, one
gets:

of1 2.5

o 309 = 0.64

which is consistent with the hypothesis that f, could be a mode
£ = 2. However, this is not a very strong argument as the f,”
frequency is not determined with sufficient accuracy to derive
a better average value of the f, multiplet frequency separation.
The small number of components detected in this multiplet does
not allow to assign uniquely their m index.

A frequency asymmetry within multiplets is frequently ob-
served in DAV power spectra. In the case of noisy data and high
sidelobe spectral window such an asymmetry should not be over
interpreted, as it can be due to deconvolution errors. It should
be emphasized that finding a family of frequencies, amplitudes
and phases that enable us to compute a synthetic power spec-
trum very “similar” to the observed one does not prove that the
solution obtained is the best one. This is important in the case
of noisy data where one can find many solutions leading to a
synthetic power spectrum “’similar” to the observed one.

An amplitude asymmetry within multiplets is also often ob-
served in DAVs power spectra. In GD 154, the triplets are too
strongly asymmetric to allow an estimate of the angle between
the axis of pulsations and the line of sight, which is possible if
one assumes that all components of a given multiplet have the
same intrinsic amplitudes (as proposed by Pesnell, 1985).

Having identified the modes f; andf, as £ = 1 and £ = 2
modes, the £ index of the modes f3 (period P3) and fr,, = 1.52 f;
(period P,,, = 781s) has to be determined.

Fig. 15 of Brassard et al. (1992a) gives the period spectrum
for trapped modes in terms of the hydrogen layer mass for ¢ = 1,
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£ = 2 and £ = 3 g-modes. Their plot was performed for their
reference model (12,500K, 0.6 M5,ML1) but using their semi-
analytic formula (28), one can draw an equivalent diagram for
any T, and M, not too far from their reference values, as well as
for a higher convection efficency. Doing so for T,y = 11, 180K
and M, = 0.70M, and a convection efficency ML2, and after
discarding the unlikely £ = 3 solutions, leads to the conclusion
that the solution the more likely to match our observations gives
for P3, Py, and P; three £ = 1 modes of successive trapping
indexes i=1, i=2 and i=3 respectively. On such a diagram, P, is
matched with a trapping index i=5.

According to Clemens (1993), considerations based on the
comparison of the power spectra of the 24 known ZZCeti stars
also suggest that the mode P3 is an independent £ = 1 mode.
Hence “half-integer” subharmonics observed by Robinson et
al.(1978) could simply be the linear combinations of the fre-
quencies of two /=1 trapped modes: the main mode (f;), corre-
sponding to the third trapping valley (i=3), and the mode 1.52f;,
corresponding to the second trapping valley (i=2).

With the suggested identification for £ and i indexes of the
independent modes, one can use the relation (28) of Brassard et
al. 1992a:

M* 1.079 MH 0.102 Teﬂ 0.262 B 1
Mg M, 11,500K 1434

together with the determination of Ty = 11, 180K and M, =
0.70 M derived by Bergeron et al. (1995), and for a ML2
convection efficiency, to obtain a hydrogen layer mass (My /M..)
between 1 x 10710 and 3 x 107!, This value of the hydrogen
outer layer would make GD 154 the ZZ Ceti with the thinnest
hydrogen envelope so far. This hydrogen layer mass is however
still too large to support the proposition that the red edge of the
instability strip could be due to convective mixing of the outer
hydrogen with the helium underneath.

6. Post WET observations

In order to examine the behaviour of GD 154 one month after the
WET observations, a bi-site observing campaign was organized
in June 1991. Table 3 gives the journal of these observations. All
the observations were performed with 3-channel photometers:
the Chevreton photometer in Izania and the Lepus photometer
on Mt Bigelow. The June data were analysed independently in
order to check the stability of GD 154’s power spectrum on a
time scale of one month. Due to poor meteorological conditions,
the temporal coverage of this campaign was only 11.8%:; the
frequency resolution is 1.8uHz. The power spectrum of this
campaign is given in figure 3-a and the spectral window in figure
3-b. The comparison of the June spectrum with the WET power
spectrum shows that:

1- the main features of the spectrum obtained during the
WET campaign (f1, f2, 2f1, fi + /2. 22 /3, f3 + f1, /5 + 2f1) are
still present

2- there is still no evidence for a mode around 1.52f;

B. Pfeiffer et al.: Whole Earth Telescope observations and seismological analysis of the cool ZZ Ceti star GD 154

Table 3. Post-WET campaign, journal of observations

Observatory Date started at length

(June 91) (UT) (s)

Mt Bigelow(1.5m) 06
Mt Bigelow(1.5m) 07

06:49:00 6900
04:04:00 15960

Izania(1.5m) 07  21:31:0514850
Mt Bigelow (1.5m) 08  03:38:0017080
Izania(1.5m) 12 21:27:0512310

Table 4. Identification of the independent eigenmodes in GD 154

mode I m i

1 -1 3
i 1 0 3
1 +1 3
s 2 - s
2 - s
152 1 - 2
sl - 1

If the eigenmodes excited in GD 154 are very different on
a timescale of fourteen years, there is no evidence of drastic
excitation or damping of modes on a timescale of one month.
Accordingly, the times scales involved in the power spectrum
variation of GD 154 need to be documented by more photomet-
ric observations. No one-day change of the kind observed in
the 1977 observations by Robinson et al. (1978) was observed
either during the 10 days WET campaign or during the post-
WET observations one month later.

The coverage of the whole set of data (May and June) is so
incomplete that it is not possible to put the two campaigns head
to tail to improve the frequency resolution of the WET campaign
as none of the known deconvolution methods can give reliable
results in such a case.

7. Conclusions

The Whole Earth Telescope has been used to perform a detailed
asteroseismological investigation of a variable DA white dwarf.
During the WET observations, the behaviour of GD 154 was
dominated by three independent eigenmodes. The data are in-
terpreted under the reasonable assumption that all the observed
modes are trapped in the outer hydrogen layer. An identifica-
tion of their asteroseismological indexes ¢ and i, as well as
those of the eigenmode observed 14 years earlier by Robinson
et al.(1978), are summarized in Table 4. With the help of two
more constraints derived from spectroscopic measurements by
Bergeronet al. (1995) (T4 and M.,,.), an estimate of the hydrogen
layer mass My = 2(+1) x 1071%M, is proposed. It should be
reminded that this interpretation may not be unique: it relies on
the assumption that the dominant selection mechanism at work
in GD 154 is mode trapping in the hydrogen outer layers.
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Fig.3a and b. Same as Fig. 2 but for the post-WET observations; a the Fourier transform shows the same structure as in Fig. 2a; b the spectral

window does reflect the poor coverage of the observations.

The behaviour of this object (using monosite campaigns)
needs to be followed carefully in order to detect new drastic
changes in its pulsation modes. New tools have also to be de-
veloped to understand its non linear behaviour: accurate time-
frequency analysis enabling to describe quantitatively the am-
plitude variations of the individual modes and theoretical tools
to describe the nonlinear terms observed in the power spectrum
of this object.
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