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ABSTRACT

This paper analyses the Whole Earth Telescope observations of HL Tau 76, the first discovered pulsating DA white dwarf. The star was observed
during two Whole Earth Telescope campaigns. It was a second priority target during the XCOV13 campaign in 1996 and the first priority one
during the XCOV 18 campaign in 1999. The 1999 campaign reached 66.5% duty cycle. With a total duration of 18 days, the frequency resolution
achieved is 0.68 uHz. With such a frequency resolution, we were able to find as many as 78 significant frequencies in the power spectrum,
of which 34 are independent frequencies after removal of all linear combinations. In taking into account other frequencies present during the
1996 WET campaign and those present in earlier data, which do not show up in the 1999 data set, we find a total of 43 independent frequencies.
This makes HL Tau 76 the richest ZZ Ceti star in terms of number of observed pulsation modes. We use those pulsation frequencies to determine
as much as possible of the internal structure of HL Tau 76. The pulsations in HL Tau 76 cover a wide range of periods between 380 s and 1390 s.
We propose an identification for 39 of those 43 frequencies in terms of ¢ = 1 and £ = 2 non-radial g-modes split by rotation. We derive an
average rotation period of 2.2 days. The period distribution of HL Tau 76 is best reproduced if the star has a moderately “thick” hydrogen mass
fraction log gy > —7.0. The results presented in this paper constitute a starting point for a detailed comparison of the observed periods with the
periods calculated for models as representative as possible of HL Tau 76.
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1. Introduction LP133-144 and HE1258+0123 (Bergeron et al. 2004). They lie
well inside the ZZ Ceti instability strip as defined by Bergeron
et al. (1995). On the other hand, 35 new ZZ Ceti stars have
been discovered from the first release catalog of the SDSS
(Mukadam et al. 2004a; Abazajian et al. 2003; Harris et al.
2003; Kleinman et al. 2004). The 36 previously published
ZZ Ceti stars define a narrow instability strip in the H-R dia-
gram (or in the logg — T diagram) of trapezoidal form due
to the mass dependence of its blue and red edges. Its loca-
* Based on data obtained at the Haute-Provence Observatory, tion in Teq depends on the adopted prescription for the con-
INSU/CNRS, France, the Teide Observatory, Tenerife, Spain, vection. Bergeron et al. (1995) have shown that within the
the Laboratorio Nacional de Astrofisica/CNPq, Brazil, the Cerro framework of the mixing lenght theory (MLT), the choice of
Tololo Interamericain Observatory, Chili, the McDonald Observatory, the ML2 version with a mixing length equals to 0.6 pressure
Texas, USA, the Kitt Peak National Observatory, Arizona, USA, height scale optimizes the Balmer lines profiles and the en-
the Mauna Kea Observatory, University of Hawaii, USA, the eroy distribution from the UV to the visible wavelength range.
Beijing O‘F)servatory, Cl.lina, the Naini Tal ObservaFory, India, The.: For the average DA mass, it ranges from 12460 + 200 K
South Africa A.stron.omlcal Observatory, South Africa, the Moletai for the hottest (G226-29) to 11070 + 200 K for the coolest
Observatory, Lituania, the W%se Observatory, Israel, the Suhora (G30-20 and BPM24754), accor ding to Bergeron et al. (1995)
Observatory, Poland and the Loiano Observatory, Italy. ; > ’ r
Fontaine et al. (2003) and Bergeron et al. (2004). According

** Table 2 is only available in electronic form at - . . >
http://www.edpsciences.org to Bergeron et al. (2004), the instability strip for these ZZ Ceti

There are 71 pulsating DA white dwarfs presently known (the
Z7Z Ceti or DAV stars). This number is composed on one
hand of the 36 ZZ Ceti stars published prior to the first re-
lease of the Sloan Digital Sky Survey (SDSS) and includes the
ZZ Ceti stars recently discovered on the basis of their loca-
tion in the logg — Teg diagram: G30-20 (Mukadam et al. 2002),
MCT 0145-2211 and HE 0532-5605 (Fontaine et al. 2003),

http://www.edpsciences.org/aa or http://dx.doi.org/10.1051/0004-6361:20053149
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white dwarfs is a “true” instability strip, which means that all
the DA white dwarfs falling inside this region of the H-R di-
agram do pulsate (no non-pulsating DA has yet been found
within the instability strip in this sample). This is in disagree-
ment with the instability strip derived from the SDSS newly
discovered ZZ Ceti stars. Mukadam et al. (2004b) suggest that
it is not pure. Whether this results from a genuine cohabita-
tion of pulsators and non-pulsators within the instability strip
or from larger uncertainties in the atmospheric parameters de-
rived from the SDSS needs to be examined. The DA white
dwarfs of the SDSS sample falling within the instability strip
are fainter than those analyzed by Bergeron et al. (2004). Their
atmospheric parameters are derived from lower S/N spectra: for
instance, the S/N of the spectrum for the brighest non variable
star (WD 1338-0023, g = 17.1) in the Mukadam et al. (2004b)
sample is 35 (Kleinman et al. 2004), while all the DA spec-
tra analyzed by Bergeron et al. (2004) have a S/N > 80. It
suggests that the location of the SDSS DA white dwarfs in the
logg — Teq diagram suffers larger uncertainties. This may ex-
plain the overlap between pulsators and non-pulsators within
the Mukadam et al. (2004b) instability strip.

Whether the instability strip is pure or not pure is an impor-
tant issue since, if the instability strip is a “pure” one, then it
is an indication that the internal structure of the ZZ Ceti white
dwarfs as derived from asteroseismology is representative of
the DA white dwarfs as a whole group. DA white dwarfs rep-
resent 80% of the total white dwarf population (Fleming et al.
1986). As the white dwarfs are the last evolutionary stage of
low and intermediate mass stars, which form the vast majority
of all stars, it is important to know their internal structure as
precisely as possible.

The white dwarf cooling sequence could potentially be
used as a powerful cosmochronological tool (Winget et al.
1987). One finds most of the known white dwarfs in the solar
neighbourhood, but they are also present in both open and glob-
ular clusters, and some have been identified as potential galac-
tic halo members. In each case, calibrating the corresponding
cooling sequence would provide an age determination, inde-
pendent from other methods, and hopefully more precise. This
goal is not yet achieved however, due to various uncertainties
in the models. Among those uncertainties, the unknown propor-
tion and distribution of C and O in the core and the incomplete
understanding of the way they crystallize at the low luminosity
end of the cooling sequence affect the estimate of the total ther-
mal energy reservoir, while the unknown helium and hydrogen
content and thickness of the envelope affects the estimate of the
rate at which this energy is released through radiation and/or
convection. They introduce an uncertainty on the derived age
of the coolest white dwarfs on the order of 2 Gyr (Winget &
Van Horn 1987; see Fontaine et al. 2001 for a recent review).

The asteroseismological study of the ZZ Ceti white dwarfs
can help in reducing part of these uncertainties by constrain-
ing the stars’ total mass and hydrogen mass fraction. The diffi-
culty in determining these values from asteroseismology comes
from two main sources: 1) they show generally few modes, in
contrast with the theoretical calculations which predict many
more unstable modes than observed; and 2) the pulsation am-
plitudes become increasingly variable as the ZZ Ceti stars
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become closer to the red edge of the instability strip so that
some of the modes may have amplitude below the detection
limit during a given observing season, which implies that more
than one observing season is necessary to recover a useful
power spectrum. Both effects make it difficult to find enough
modes to apply the standard method of asteroseismology which
needs a sufficient number of pulsation modes to be observed
and identified.

Most of the ZZ Ceti stars close to the instability strip blue
edge show constant pulsation amplitude. But in this case, very
few modes are unstable since the stars are just entering the in-
stability strip. In those stars, the k—y mechanism due to hy-
drogen partial ionization is responsible for the instability since
the fraction of the flux conveyed by convection is negligible
(Dolez & Vauclair 1981; Winget et al. 1982). However, as they
show too few modes for traditional pattern matching analysis,
one can only rely on a direct comparison of the frequencies
computed in white dwarf models with the observed frequen-
cies to constrain the model, or a set of plausible models, which
best reproduce the observations. There is generally no unique
solution. As the white dwarfs cool within the instability strip,
convection carries an increasing fraction of the flux as Teg de-
creases. Brickhill (1983, 1990, 1991a,b) found that since the
convection zone responds almost instantaneously to the pul-
sations, it can drive the pulsations. The convective driving in
77 Ceti stars was further analyzed by Goldreich & Wu (Wu
& Goldreich 1999, 2001; Goldreich & Wu 1999a,b; Wu 2001).
As the ZZ Ceti cool and the convection zone deepens, more and
more modes are driven and the convection give them increasing
energy (and so more power). Since the depth of the convection
zone varies in response to the variations of the physical condi-
tions induced by the pulsations (temperature and pressure) non
linearities occur in the surface flux perturbations which show
up through an increasing complexity of the power spectra, vari-
ability of the amplitudes, non-sinusoidal pulse shapes, linear
combinations of frequencies, etc. Closer to the red edge, al-
most all the flux is carried by convection. The strong feedback
of convection on the pulsations now results in the damping of
many of the modes, so that again fewer modes are available
for asteroseismological diagnosis. So, the determination of the
hydrogen mass fraction for individual ZZ Ceti stars has been
attempted in very few cases. This led Clemens (1993) to con-
sider the pulsation properties of the ZZ Ceti stars as a group.
From the similarities in the period distribution observed in the
hot ZZ Ceti stars, he concluded that they should also have a
somehow similar internal structure and estimated that their hy-
drogen mass fraction should be around My/M, = 1074, the
value predicted by stellar evolution theory.

Looking for the ZZ Ceti stars for which a hydrogen mass
determination has been proposed, one can check that in most
cases those determinations rely on a small number of detected
modes whose identification remains often ambiguous. Table 1
summarizes the results on the hydrogen mass fraction deter-
mined from asteroseismology. Except for G29-38, which is the
best studied ZZ Ceti star up to now and in which 19 multi-
plets have been identified as possible £ = 1 modes, the num-
ber of available modes is small. In 5 of the ZZ Ceti stars
listed, out of 8 total, the hydrogen mass fraction is estimated
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Table 1. Derived My /Mwp in ZZ Ceti stars.

Object Number of modes My X 107* Myp  Ref.
G 226-29 3 =~1.0 1
L 19-2 11 =~1.0 2
R 548 7 1.5 3
GD 165 =2.0 4
G 29-38 19 0.005 5
G 117-B15A 3 ~1.0 6
GD 154 3 2% 107° 7
BPM 37093 8 0.02-0.6 8

Notes: The number of modes is obtained after subtracting the linear
combinations and harmonics from the power spectra. Its does include
multiplet components induced by rotational splitting (except in the
case of G 29-38 where the indicated number is the total number of
multiplets). This number is the sum of all the modes observed dur-
ing various observing seasons. References: 1) Kepler et al. (1995);
2) Bradley (1993, 2001); 3) Bradley (1998); 4) Bergeron et al. (1993),
Bradley (2001); 5) Kleinman et al. (1998); 6) Robinson et al. (1995),
Bradley (1998); 7) Pfeiffer et al. (1996); 8) Kanaan et al. (2005),
Metcalfe et al. (2004), but see also Fontaine & Brassard (2004).

to be ~10™*Mwp, where Myp is the white dwarf mass. These
estimates rely mostly on the assumption that the shortest ob-
served periods are correctly identified as the periods of the
lowest order £ = 1 modes calculated in DA white dwarf mod-
els. In some of those models, the effects of varying the helium
mass fraction has been included in the analysis, while in oth-
ers models a standard value of 1072 has been adopted as in the
Wood’s (1995) evolutionary sequences. In the other three cases,
G29-38, GD154 and BPM37093, it is smaller. However, it must
be emphasized that in the case of G29-38, there is not yet a
convincing model so that the quoted value is only a prelimi-
nary estimate. In the case of GD 154, the estimate is based on
the assumption that the three independent modes seen during
the WET campaign were trapped modes, an assumption which
may not be generally true since in the pulsating white dwarfs
which show more modes, the largest amplitude ones are not
necessarily trapped. For BPM37093, the hydrogen mass frac-
tion is not strongly constrained since the possible models which
fit equally well the observed periods cover a rather large range.

Since the hydrogen mass fraction estimate largely relies on
a proper identification of the modes, which is often difficult
even from long time-series photometric data, two alternative
methods have been devised. In the first case, the wavelength
dependence of the pulsation amplitudes has been used to se-
lect the ¢ degree of the modes (Robinson et al. 1995; Kepler
et al. 2000b). The method requires data covering a large enough
wavelength range, including preferably the UV where the am-
plitudes vary most significantly. It also requires high S/N ratio
to distinguish between ¢ = 1 and £ = 2 modes whose pre-
dicted amplitude variations are quite close. The second method
uses time-dependent spectrophotometry (van Kerkwijk et al.
2000; Clemens et al. 2000; Kotak et al. 2002a; Thompson et al.
2003, 2004). The variations in the line profile during the pulsa-
tion cycle contain information on the ¢ degree of the modes.
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This method implies the use of large telescopes since it re-
lies on high resolution spectroscopy with good enough S/N on
time scale which should be a fraction of the typical periods.
However, both methods would also require long enough time-
series to resolve the close frequencies of rotationally split mul-
tiplets or of overlapping modes of different ¢ degrees, a condi-
tion which cannot be easily satisfied.

To summarize, the question of whether the DA white
dwarfs all have the same hydrogen mass fraction is presently
unsettled. A hydrogen mass fraction of 107 My is adopted as
a “standard” value in most models used in computing cooling
sequence (the so called “thick” hydrogen models). If a large
dispersion in the hydrogen mass fraction in DA white dwarfs
was found to be real, it would introduce an equivalent disper-
sion in the age of white dwarfs of a given luminosity and in-
crease the uncertainty in the age calibration of the white dwarf
luminosity function.

So, trying to determine the hydrogen mass fraction in
DA white dwarfs from the asteroseismology of the ZZ Ceti
stars is worthwhile. HL Tau 76 is a ZZ Ceti star of particu-
lar interest in this respect. It shows a large number of pulsation
frequencies whose hopefully a significant fraction should be in-
dependent pulsation modes. As a result, the model is expected
to be rather strongly constrained and its main parameters, in-
cluding its hydrogen mass fraction, well determined.

The star was the primary target of a Whole Earth Telescope
(WET, Nather et al. 1990) campaign whose results are de-
scribed in the present paper. In Sect. 2, the observations and
the data reduction are presented. Section 3 gives a global de-
scription of the power spectrum while Sect. 4 offers a detailed
analysis of the power spectrum and a discussion of its varia-
tions compared to previous observations. Section 5 is devoted
to the asteroseismological interpretation of our data. Section 6
summarizes our results.

2. Observations and data reduction
2.1. Summary of previous work

With a Teg = 11440+350K (Bergeron et al. 1995), HL Tau 76
is part of a group of ZZ Ceti stars located in the cool part
of the instability strip, the red edge being defined by G30-20
and BPM24754 at T.g = 11070 + 200 K. Its logg = 7.89 +
0.05 translates to a mass of M/M, = 0.55 + 0.03 assum-
ing it has a pure carbon core, a helium layer fractional mass
Mye/Mwp = 1072 and a “thick” hydrogen layer fractional mass
My /Myp = 1074, according to Bergeron et al. (1995) from the
models of Wood (1995). However, since the hydrogen and he-
lium mass fraction are not known, the derived total mass cannot
be tightly constrained by spectroscopy alone.

HL Tau 76 = V411 Tau is the very first discovered pulsating
white dwarf (Landolt 1968). In the original discovery data set,
Landolt identified a quasi-periodic variation of about 12.5 min
with a large amplitude of 0.14 mag. This discovery was con-
firmed by observations of Warner & Nather (1970, 1972) and
the main period was more precisely determined as 12.437 min.
The light curve of Warner & Nather (1972) was reanal-
ysed by Page (1972) who established for the first time the
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multiperiodicity of HL Tau 76 in finding three periods: 748.5 +
2 s, 665 + 2 s and 628 + 2 s. Later, Fitch (1973) ob-
tained new observations confirming the multiperiodicity of
HL Tau 76. However, while the largest amplitude was still
at a period of 748.5 s, another period of 494 s was present
in the light curve, while the periods previously detected at
665 s and 628 s were absent, thus revealing the amplitude
variations of HL Tau 76. Such amplitude variations were com-
monly found in many other ZZ Ceti stars discovered later on.
HL Tau 76 has been further observed, either from single-site
or from multi-site photometric campaigns, including a WET
campaign (XCOV13) in February 1996, where it was a sec-
ondary target. A preliminary analysis of the data available un-
til 1997 has been presented by Dolez & Kleinman (1997). The
available single-site data include those obtained at the 1.5 m
telescope of the Tenerife Observatory in November 1989, at
the 1.9 m telescope of the Haute Provence Observatory in
December 1989 and at the 36-in telescope of the McDonald
Observatory in October 1990. A short description of those ob-
servations is given in Dolez & Kleinman (1997). In this pa-
per, we will use those results when necessary. The frequency
resolution achieved by these observations are ~1.1 yHz in
November 1989, ~9 uHz in December 1989, ~5.4 uHz in
October 1990 and 2.6 uHz during XCOV 13. In addition, a short
run of time-resolved spectroscopy is described by Kotak et al.
(2002b).

2.2. The observations

The observations described in this paper result from the
Whole Earth Telescope multisite fast photometry campaign
(XCOV18) organized in November 1999. During that cam-
paign, HL Tau 76 was the first priority target.

The data have been obtained mostly with 3-channel pho-
tometers all equipped with blue sensitive photomultipliers
(Hamamatsu R647-04 or similar) and used without a filter
(white light). These instruments fulfill the specifications and
requirements as prescribed by Kleinman et al. (1996). The sam-
pling time was either 5 s or 10 s. The sky background is con-
tinuously monitored by the third channel, with the target and
comparison stars placed in the other two channels. Some data
have been obtained with CCD photometers. Table 2 gives the
Journal of the observations. The CCD data are identified in the
last column.

During that campaign, the non-overlapping data resulted in
a 66.5% duty cycle. The total duration of the campaign was
18 days. The data of 17 days were used for the computation of
the power spectrum which leads to a frequency resolution in the
Fourier Transform of the corresponding light curve ~0.68 yHz.

2.3. Data reduction

The photomultiplier (PMT) photometer data have been reduced
in a now standard way (Nather et al. 1990; Kepler 1993). In
3-channel photometers, the sky background is measured at the
beginning and at the end of each run in all channels. These
data are used to determine the sensitivity ratios of the channels.

N. Dolez et al.: Asteroseismology of HL. TAU 76

The sky background is subtracted point by point from the target
and comparison star channels, after application of the proper
sensitivity ratios. Each star channel is then corrected for extinc-
tion and normalized. When conditions show evidence for trans-
parency variations, the normalized target star channel counts
are divided by the smoothed comparison star channel counts.
Subtracting unity from the resulting time series gives the time
series on which the barycentric correction to the time base is
applied. The exposure times of the PMT data were 5 or 10 s
while in the case of the CCD data they were close to 30 s.
We performed some simulations to estimate the consequence
of adding data sampled at different rates, which is the case
for our data (PMT + CCD). We considered different combina-
tions of parts of a noise free single sinusoidal light curve, with
gaps, sampled at different rate (5 s, 10 s, 20 s) and calculated
the corresponding window functions. This always results in a
degraded window function showing higher amplitude aliases
compared to the window function computed from the same
light curve sampled at a uniform rate. As a result, we decided
to homogenize the sampling rate by summing the PMT data
to 30 s, after having checked that there was no signals with
periods shorter than 60 s.

A few runs have been rejected where the noise level was
too high, which was usually due to clouds or instrumental prob-
lems. In case of overlapping data, we tried to use the additional
data to improve the signal/noise ratio. If a signal S, whose
noise is by, overlaps with a signal §,, whose noise is b;, the
weighted sum S of these signals is given by:

S =8 xbibr+ b + S, x BB+ b))

The resulting noise b is theoretically lower than the individual
data noise by:

b= biba/ (% + 2.

This shows that by adding two signals of similar noise, the
resulting noise may be improved by V2. Similarly, doing the
weighted sum of signals whose noise differs by a factor of 3 im-
proves the resulting noise by only 5%. This is only true in the
ideal case where both signals are sampled at the same rate.
Practically, we performed such a weighted sum only for data
whose noise differs by no more than a factor of 3. Otherwise,
we kept only the best signal/noise ratio data. The resulting nor-
malized light curve is shown in Fig. 1.

3. The amplitude spectrum

The amplitude spectrum of the time series is obtained by
performing a Fourier Transform. As the amplitude spectrum
of HL Tau 76 is somewhat complex, it is shown on a large
scale in three parts in Figs. 2—4 for the frequency inter-
vals 0-2000 uHz, 2000-4000 xHz and 4000-6000 uHz re-
spectively. The amplitude spectrum above 6000 pHz is not
shown as it is mainly noise and shows only very low ampli-
tude insignificant signal. Each figure is formed of 5 panels,
each covering a 400 uHz frequency interval. The correspond-
ing window function is shown in Fig. 5 in full size and on a
larger scale for a better visibility of the remaining aliases.
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Fig. 1. Normalized light curve of HL Tau 76 during the 1999 WET
campaign (XCOV18). All the runs used in the power spectrum com-
putation are shown. We subtract unity to the normalized light curve so
that its average value is 0. The fractional modulation intensity (mi) is
plotted as a function of time (UT)(left side scale). Each panel corre-
sponds to one day (right side scale).

The peaks in the amplitude spectrum are extracted by suc-
cessive non-linear least squares fits followed by prewhitening
The significance of the peaks is determined in the following
way. For each peak, we estimate the average noise o on a fre-
quency interval of 100 uHz centered on the peak frequency.
The False Alarm Probability (FAP) (Scargle 1982) for that
peak to be due to noise on such a frequency interval is esti-
mated. As a first step, all peaks with a FAP < 1073 are consid-
ered as significant, which is equivalent to considering as signif-
icant all peaks with amplitude larger than 3.4 X 0. Each of these
frequencies was then subtracted from the light curve in succes-
sive steps of pre-whitening, the whole FT being recomputed at
each step.

An illustration of the frequency iterative extraction process
is shown in Fig. 6 for the first 6 frequencies. We can see in
the panel hl07 that after the extraction of the 6 largest ampli-
tude peaks, a large number of significant peaks are still present.
The last panel shows the residuals after pre-whitening by the
first 52 frequencies. The remaining peaks are all linear com-
binations of the previously extracted frequencies. This proce-
dure extracts a total number of 85 significant peaks which are
listed in Table 3. However, as a second step, one increases the
detection limit to 4.1 X o. This is equivalent to estimate as
significant all peaks with a FAP <1073 on the total frequency
range of the FT up to the Nyquist frequency. This more severe
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Fig.2. Fourier amplitude spectrum of HL Tau 76 in the range 0
to 2000 uHz. The amplitude expressed in milli-modulation amplitude
(mma) is plotted as a function of the frequency expressed in uHz. Note
that the vertical scale for the amplitude varies for each panel.

selection criterion eliminates 7 of the peaks previously selected
whose significance is consequently dubious. Those peaks are
noted by a colon (:) in Table 3. Five of them will be identified
as linear combinations below. Their elimination does not affect
the following discussion. This is not the case for the remain-
ing two (peaks 13 and 26 in Table 3) which were considered
as independent frequencies after the first step. To be conserva-
tive, we will not use them in the proposed asteroseismological
interpretation. We are then left with 78 significant peaks.
Table 3 gives the list of the frequencies in Col. 2. The
third column gives ¢ f, the formal error on the frequencies
derived from the least-squares analysis. The fourth and fifth
columns give the corresponding periods and their uncertain-
ties. The sixth column gives the amplitude in units of milli-
modulation amplitude (mma). The phases derived from the
least-squares fits are given in the seventh column (between 0
and 1 for the interval O to 2x). The formal errors estimated
in this way are lower limits to the true uncertainties. Another
way of estimating the uncertainty on the frequency determi-
nation consists in using the frequencies of the linear combi-
nation peaks. As discussed below, a number of peaks in the
Fourier spectrum are linear combinations of higher amplitude
peaks. The differences Af between the observed frequency of
these combination peaks and the frequency resulting from the
sum or the difference of their “parent” peaks frequency is a
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Fig. 3. Same as Fig. 2 for the frequency range 2000 to 4000 uHz.

measure of the “true” uncertainty on the frequency determina-
tion. The linear combinations are identified in the eighth col-
umn and Af is given in the last column of Table 3. The average
of is 0.028 uHz and the average Af is 0.038 uHz.

The amplitude spectrum is characterized by a small number
of large amplitude peaks, with amplitudes exceeding 10 mma,
plus a large number of smaller amplitude peaks. It is immedi-
ately clear that many of these small amplitude peaks are linear
combinations and/or harmonics of the large amplitude ones.
These frequency combinations reflect the nonlinear response
of the flux perturbations at the level of the photosphere to the
sinusoidal perturbations at the bottom of the convection zone.
This is a consequence of the variations of the depth of the con-
vection zone and of the correlated convective flux during the
pulsations. These nonlinearities induce the non-sinusoidal na-
ture of the pulse shapes, which in turn materialize in the Fourier
spectrum by the occurence of combination frequencies and har-
monics. This is a frequent property of the cool DAV Fourier
amplitude spectra. As always in such cases, one finds frequency
combinations such that:

fith=1f,

with no a priori knowledge of which are the “parent” frequen-
cies and which is the “combination”.

To select which are the most probable linear combinations,
we used the following arguments: i) the comparison with other
epochs of data to check that modes may show up without
their linear combinations while the contrary is excluded; ii) the
combination of two multiplets results in a much different fine
structure than each parent multiplet; iii) the amplitude of the
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Fig.5. Window function obtained during the 1999 WET campaign.
The window function is shown on the same frequency scale than the
Fourier amplitude spectrum. The upper panel shows the window func-
tion normalized to an amplitude of unity at maximum. The lower panel
shows the same window function truncated at an amplitude of 0.2 for
a better visibility of the remaining aliases

combinations is generally smaller than the amplitude of their
parent modes; iv) combinations of combinations are less likely
than “first order” combinations; and v) if one knows the period
spacings one can check whether a mode is at the expected fre-
quency, which is an indication that it may rather be a real mode.
We made use of these criteria to select the linear combinations
in the list of frequencies given in Table 3.

We started our search for linear combinations by looking
for peaks whose frequency corresponds to the sums or the
differences of frequencies of other peaks within ~two formal
errors of the frequency determination as obtained from the
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Fig. 6. Illustration of the frequency extraction process. The successive
steps of prewhitening are shown for the first six frequencies. Each
panel shows the Fourier amplitude spectrum, in unit of mma, in the
frequency interval 0-3000 uHz. The panels are labelled from hlO1
to hl07. The panel hl01 is the full Fourier spectrum. The next panel,
hl02, is the Fourier spectrum after prewhitening by the largest ampli-
tude peak at 1848 pHz. The next panel, hl03 is the Fourier spectrum
after prewhitening by the two largest amplitude peaks at 1848 uHz
and 2023 pHz, etc. The last panel shows the residuals after prewhiten-
ing by the first 52 largest amplitude frequencies. All the remaining
low amplitude but still significant peaks are linear combination of the
previously extracted largest amplitude peaks.

least-squares fit. By applying these rules, we find more than one
set of two “parent” frequencies for almost every linear combi-
nation. To select the most probable “parent” combination, we
used one or more of the following additional criteria: i) the
sum (difference) of the “parent” frequencies is the closest to
the frequency of the resulting combination; or ii) the selected
“parent” peaks have a larger amplitude than the other “parent”
candidates; or iii) a quadratic linear combination of two fre-
quencies is more probable than a higher degree combination
involving more than two parent frequencies (cubic and higher).
The first harmonics of the four largest amplitude peaks are also
found but, with one exception, they overlap with another linear
combination so that the resulting frequency does not match ex-
actly the expected harmonics frequency. That is case for the
peak 62 which is at 1.75 yHz of the first harmonics of the
peak 44 and is also the combination of peak 39 and 48.
The exception is the peak 67 which is exactly the first har-
monics of the peak 48. The peak 79 is at 1.95 uHz of the first
harmonics of the peak 53 but is also the (less probable) cu-
bic linear combination of the peaks 11, 39 and 53. Finally, the
peak 59 is at 2.7 uHz of the first harmonics of the peak 39, but
is also the quadratic linear combination of the peaks 29 and 44.
It must be noted that some linear combinations resulting from
large amplitude peaks do have themselves an amplitude large
enough to produce higher order linear combinations with their
former “parent” peaks or with other large amplitude peaks. It is
one of the reasons why the power spectrum has such a complex
structure. One example of such a hierarchical series of linear
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combinations is the combination of the two largest amplitude
modes at 1848.58 yHz (44) and at 2023.36 uHz (48) which
produces a quadratic linear combination at 3871.96 uHz (65)
of 8.0 mma amplitude. This resulting frequency combines with
the fourth largest amplitude peak (39) to produce the cubic lin-
ear combination at 5547.46 yHz (peak 79). Another interest-
ing case is the peak 83 resulting from a combination of the
first harmonics of the largest amplitude peak (44) with the sec-
ond largest amplitude peak (48). Table 3 lists the selected most
probable linear combination in Col. 7. As a summary, among
the listed 85 significant peaks (below 6000 uHz) we find 31
quadratic combinations, of which 4 are also first harmonics of
the largest amplitude peaks, and 19 cubic combinations.

Since the non-linear least squares fit used to derive the fre-
quencies and amplitudes from the light curve also gives the
phases, one could anticipate using the analytical relation be-
tween the phases of the parent modes and the phase of their
linear combination (Wu 2001) to check whether the combina-
tions have been correctly identified. The theory developed by
Wu (2001), after Brickhill, relies on the assumption that the
convective turn-over time-scale is much shorter than the pul-
sation periods. It describes how the flux perturbations at the
photosphere is related to the flux perturbations at the bottom
of the convection zone. In the case of a linear combination of
two modes, the phase delay between the two parent modes and
their linear combination implies a thermal time constant 7.
which is related to the thermal relaxation time scale of the
convection zone and to the characteristic time scales of the
response of the photosphere and of the superadiabatic region
towards gravity-mode pulsations. With the adopted ML2/a =
0.6 version of the mixing-length theory, after Bergeron et al.
(1995), the thermal relaxation time scale of the convection zone
in HL Tau 76 is of the same order, #300 s, than the pulsation
periods. The response of the photosphere to the flux perturba-
tions at the bottom of the convection zone is not straightfor-
ward in this case. The potentially useful informations given by
the phases of the linear combinations compared to the phases
of their parent modes is not easy to interpret in the case of
HL Tau 76. It is why, while those phases are given in Table 3,
they are not used in the present paper to check the validity of
our linear combination identification.

4. Analysis of the amplitude spectrum

Having eliminated the doubtful peaks and the linear combina-
tions, one is left with 33 frequencies which have to be con-
sidered as independent frequencies present in the star. This
makes HL Tau 76 the next richest pulsator after PG 1159-035
(Winget et al. 1991), GD 358 (Winget et al. 1994; Kepler et al.
2003) and RX J2117+3412 (Vauclair et al. 2002). These fre-
quencies appear in 10 separated groups between 718.99 uHz
and 2614.55 pyHz. All the higher frequency peaks in XCOV18
are identified as linear combinations (quadratic and higher) of
lower frequency peaks. In their analysis of the XCOV13 data
Dolez & Kleinman (1997) also conclude that all the peaks with
frequency above 2614 yHz are linear combination peaks.
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Table 3. List of the frequencies identified in HL Tau 76.

n  Frequency of Period oP A+0.26 Phase linear Af
[1Hz] [uHz] [s] [s] [mma] combination [uHz]
1 333.68 0.026  2996.88 0.234 3.83 0.7481 44-35 0.01
2 572.99 0.015 1745.23 0.045 7.02 0.7008 30-10 0.03
3 718.99 0.028  1390.84 0.054 3.62 0.1139
4 736.67: 0.033 1357.46 0.061 3.14 0.3150 37-10 0.09
5 765.96 0.036  1305.55 0.060 2.68 0.3277 53-44 0.01
6 819.34 0.029 122049 0.043 3.48 0.4134 41-17 0.06
7 901.44 0.030 1109.33 0.036 3.31 0.0941 41-14 0.23
8 906.72 0.017 1102.87 0.020 6.22 0.2139 44-14 0.05
9 932.40 0.019 1072.50 0.021 5.19 0.2807 15+29-36  0.08
10 933.87 0.010 1070.81 0.011 9.61 0.5495
11 936.73 0.010 1067.54 0.011 9.74 0.1600
12 938.99 0.009 1064.97 0.011 11.30 0.7761 53-39 0.05
13 941.09: 0.030 1062.60 0.033 3.23 0.2608
14 941.80 0.009 1061.80 0.010 11.44 0.3381
15 943.20 0.012 1060.22 0.013 7.67 0.5337
16 1021.26 0.024  979.18 0.022 4.34 0.3558
17 1024.19 0.016 97638 0.015 6.46 0.0317
18 1026.23 0.020 974.44  0.019 4.96 0.4627
19 1029.23 0.026 971.60 0.024 3.89 0.1976
20 1071.58 0.032  933.20 0.027 3.22 0.3445
21 1074.52 0.028  930.64 0.024 3.62 0.3974
22 1089.33:  0.034 917.99  0.028 3.09 0.6275 48-10 0.156
23 1251.40 0.020  799.10 0.012 5.19 0.4890
24 1252.64 0.025 79831 0.016 4.04 0.1624
25 1255.69 0.027 79637 0.017 3.74 0.3478
26 1256.69:  0.029 795.74  0.018 3.55 0.2307
27 1259.31 0.020 794.08 0.012 5.10 0.5619
28 1261.50 0.025 79270  0.016 4.08 0.1001
29 1505.54 0.007 66421  0.003 14.99 0.3064
30 1506.83 0.008 663.64 0.003 11.90 0.8742
31 1508.71 0.027 662.81 0.011 3.49 0.6391
32 1509.83 0.009 662.32  0.004 10.84 0.5580
33 1510.77 0.013 66191  0.005 7.61 0.1502
34 1511.96 0.011 66139  0.005 9.30 0.0849
35 1514.91 0.013  660.10  0.005 7.35 0.7732
36 1516.26 0.009  659.51 0.004 10.71 09114
37 1670.45 0.029 598.64 0.010 3.55 0.4324
38 1674.63 0.022  597.14  0.008 4.48 0.9758
39 1675.61 0.007  596.79  0.002 14.60 0.2749
40 1840.56 0.018  543.31  0.005 5.57 0.8478 10-14+44  0.04
41 1843.48 0.015 54245 0.004 6.95 0.9503
42 1844.61 0.025 542.12  0.007 3.99 0.7636 30 +44-33  0.03
43 1845.74 0.013 54178  0.004 8.05 0.5639
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n  Frequency of Period oP A+0.26 Phase linear Af
[uHz] [1Hz] [s] [s] [mma] combination  [uHz]
44 1848.58 0.003 540.95 0.001 28.45 0.1751
45 1849.87 0.022  540.57 0.006 4.40 0.7465 30 +44-29 0.00
46 1875.77 0.025 533.11 0.007 3.98 0.4290 10+ 14 0.10
47 1963.15 0.030 509.38 0.008 3.40 0.2265 14 + 16 0.08
48 2023.36 0.004 49422 0.001 4.42 0.8567
49 2027.53 0.014 493.21 0.003 7.12 0.7159
50  2198.32:  0.035 454.89 0.007 2.78 0.3055 11 + 28 0.07
51 2448.74 0.018 40837 0.003 5.62 0.7558 15+29 0.00
52 2612.58 0.022  382.76  0.003 4.50 0.7803 11+ 39 0.23
53 2614.55 0.006 382.47 0.001 16.47 0.5812
54 2782.47 0.018  359.39 0.002 5.69 0.7640 10 + 44 0.02
55 2965.17:  0.030 337.24 0.003 3.18 0.6527 14 + 48 0.01
56 3104.91 0.044 322.07 0.003 2.04 0.0194 28 + 41 0.08
57 3181.10 0.033  314.35 0.004 3.68 0.9605 29 + 39 0.05
58 3274.64 0.049  305.37 0.005 1.60 0.1444 23 +48 0.12
59  335396: 0.033 298.15 0.003 3.60 0.8302 29 + 44 0.15
60 3355.37 0.015 298.03 0.001 7.08 0.4778 30 + 44 0.04
61 3524.18 0.023 28375 0.001 4.06 0.8590 39 + 44 0.01
62 3698.91 0.033 27035 0.002 3.73 0.5215 39 + 48 0.06
63 3724.34 0.047 268.50 0.003 1.74 0.0055 11 +15+41 0.92
64 3811.80 0.054 26234 0.004 1.35 04416 13+16+44 0.86
65 3871.96 0.014 258.26 0.001 8.00 0.5168 44 + 48 0.02
66 3876.06 0.049 257.99 0.003 1.62 0.2944 44 + 49 0.05
67 4046.80 0.034 247.10 0.002 2.84 0.2555 2x48 0.08
68 4050.98 0.046  246.85 0.003 1.84 0.1111 48 + 49 0.09
69 4120.14 0.034 242.71 0.002 2.88 0.4000 29 + 53 0.05
70 4292.04 0.058 232.98 0.003 1.06 0.1166 14 +38+39 0.01
71 4297.37 0.040 232.70 0.003 1.82 0.3944 10+35+44 0.01
72 4455.00 0.048 22446 0.003 1.66 0.2486 13 +37+41 0.03
73 4458.02 0.050 22431 0.002 1.52 0.4555 41 +53 0.01
74 4461.19 0.038 224.15 0.002 242 0.4500 43 + 53 0.90
75 4637.91 0.025 215.61 0.001 3.96 0.8972 48 + 53 0.00
76 5029.76 0.044 198.81 0.002 2.06 0.1555 29+39+44 0.02
77 5199.63 0.052 19232 0.002 1.37 0.3944 30+41+44 0.73
78 5204.10 0.052 192.15 0.002 1.36 0.1236 32 +43+44 0.05
79 5227.15 0.056 191.30 0.002 1.24 0.3805 11+39+53 024
80 5364.76 0.048 186.40 0.001 1.70 0.1972 39+41+43 0.08
81 5378.73 0.052 18591 0.001 1.40 0.2750 30+44+48 0.05
82 5547.46 0.045 180.26  0.001 1.90 0.1069 39+44+48 0.09
83 5720.65 0.055 174.80 0.001 1.34 0.2166  2x44 +48 0.13
84 5795.72 0.060 172.54 0.002 1.06 04875 29+39+53 0.01
85 5895.42 0.049 169.62 0.001 1.60 0.4000 26+48+53 0.81

4.1. Time variations

The observations of the HL Tau 76 pulsations span a total
interval of 35 years between their discovery and the present
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WET campaign. They provide some information on the star’s
amplitude and/or frequency variations. Such information is of
interest to understand the physics underlying the excitation
mechanism. It is also important to check whether there are
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pulsations modes stable enough in amplitude and frequency to
be suitable for P measurements. Such P measurements can be
used to estimate the cooling time and constrain the core com-
position (see Kepler et al. 2000a).

The available observations consist in part of: the original
discovery of the HL Tau 76 variability by Landolt (1968),
the observations themselves having been carried out in 1964;
the confirmation data and additional data by Warner & Nather
(1970, 1972), the later ones reanalysed by Page (1972); the data
published by Fitch (1973). It seems that the star was forgotten
for some time until new observations, making use of 3-channel
photometers, were undertaken through single-site or multi-site
campaigns. These new observations, including a WET cam-
paign (XCOV13) during which HL Tau was a second priority
target, have been analysed by Dolez & Kleinman (1997).

Landolt’s discovery light curve was dominated by a 746 s
period (1340 uHz frequency) of 0.14 mag amplitude. Later
on, Page (1972) identified three frequencies in the Warner &
Nather (1972) light curve, at 1341 uHz (746 s), 1504 uHz
(665 s) and 1592 pHz (628 s). In his data, Fitch (1973) found
two frequencies at 1340 uHz (746 s) and 2023 uHz (494 s).
During these early days, HL Tau 76 was pulsating with a pre-
ferred frequency around 1340 uHz. This frequency, as well as
the 1592 uHz, have not been observed since, or at least had am-
plitudes below detection limits. From the frequencies observed
in those early data, only those at 1504 yHz and 2023 yHz are
still detected in the data analysed by Dolez & Kleinman (1997)
and in the present WET data.

Because the amplitude spectrum of HL Tau 76 is so rich,
one must be careful when comparing spectra of different fre-
quency resolutions to infer amplitude and/or frequency varia-
tions. As can be seen from Table 3, some frequency regions
contain a number of closely-spaced frequency peaks which
could not be resolved in short data sets. For instance, the time-
resolved spectroscopy observations presented by Kotak et al.
(2002b) are too short to resolve most of the complex structures
seen in the amplitude spectrum. While this method is supposed
to be insensitive to the azimuthal degree, yet it is necessary to
resolve the modes of different £ degrees which may overlap in
frequency. This case occurs in HL Tau 76 as discussed in the
next section. The only comparison one can attempt here is with
the data of the 1996 WET campaign (XCOV 13). The frequency
resolution of the amplitude spectrum achieved by XCOV13
is about 2.6 uHz. The formal error on the frequencies of the
largest amplitude peaks, derived from the least-squares fit, is of
the order of 0.01 uHz. By comparison, the frequency resolu-
tion achieved by the present XCOV18 data set is 0.65 uHz,
4 times better. Considering the frequency differences of the
peaks listed in Table 3, one concludes that most of them, if
present during XCOV 13, should have been resolved. So, it is
meaningful to compare both WET campaigns. This comparison
gives us some information on the variability of the power spec-
trum’s fine structure on a 3.7 year time scale. The amplitudes
and frequencies of the modes in common between XCOV13
and XCOV 18 are given in Table 4. Some cases require specific
comments.

The 741.9 yHz peak seen in XCOVI13 and not de-
tected in XCOV 18 and the 736.7 uHz marginally detected in
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Table 4. Amplitude variations in HL Tau 76 between XCOV13
and XCOV18.

Frequency Amplitude Frequency Amplitude
[1Hz] [mma] [1Hz] [mma]

XCOV13  XCOVI3  XCOV18  XCOV18
741.9 9.2 736.7 3.1
939.4 18.3 939.0 11.3
1072.4 232 1071.6 32
1255.5 8.9 1255.7 3.7
1280.3 9.1 abs abs
1521.0 10.3 1516.3 10.7
1675.0 14.4 1675.6 14.6
1848.3 37.3 1848.6 28.4
2023.4 27.8 2023.4 24.4
22233 6.7 abs abs
2614.6 20.1 2614.5 16.5

XCOV18 are probably two components of a same multiplet
(see discussion in 5.2.4 below).

Dolez & Kleinman (1997) considered the peak
at 939.4 uHz as a linear combination between their 2614 yHz
and 1675 uHz peaks. We also suggest that this peak may be
a linear combination of the same peaks but on a different
basis; namely, in XCOV18, both the 1675.61 uHz and the
2614.55 uHz peaks are present and have amplitudes larger than
the 938.99 uHz peak (14.6 mma, 16.47 mma and 11.30 mma
respectively). On this argument we suggest that 938.99 yHz
peak may be a linear combination of the two other peaks.
In contrast, during XCOV13, the 939.4 yHz peak amplitude
was intermediate between the amplitudes of the two other
peaks. Applying the selection rule used in the present paper
to the XCOV13 data, we would have concluded that it is
the 1675 pyHz peak which is a linear combination of the two
others. This illustrates the ambiguous identification of the
“true” stellar independent pulsation frequencies versus their
linear combinations. In this particular case, one sees that the
amplitude of the 1675 uHz peak did not change from XCOV13
to XCOV18 (14.4 mma and 14.60 mma respectively) while
the 2614 uHz peak decreased its amplitude from 20.1 mma
during XCOV13 to 16.47 mma during XCOV18. The 939 uHz
peak decreased in amplitude also from 18.3 mma during
XCOV13 to 11.30 during XCOV18. If the 1675 uHz was the
resultant linear combination, one would not expect its ampli-
tude to remain constant while its two presumable “parent”
peaks decreased in amplitude. To solve the puzzling nature of
this 939 pHz frequency, we looked back into the unpublished
earlier single-site data taken in November and December 1989
and in October 1990. We find that the three frequencies are
always detected except the 939 uHz peak in December 1989.
This suggests that the two other frequencies must be inde-
pendent modes. In the other runs, both the 939 uHz and the
2614 uHz peaks had the highest amplitude in turn. These data
suggest that the three frequencies may correspond to three
independent modes. In that case, they would not be simply
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linked through a linear combination but could form a true
resonance. We will check below whether there are modes
expected by the asymptotic theory at those frequencies.

The peak at 1072 uHz experienced a spectacular decrease
of its amplitude. In XCOV18, this peak is resolved into a
doublet, but both components have much lower amplitude:
3.22 and 3.62 mma respectively, than the peak seen during
XCOV13. One of the peaks, at least, must have changed sig-
nificantly in amplitude between the two runs. The 1255.5 uHz
peak seen in XCOV13 with a 8.9 mma amplitude, is seen
in XCOV18 at 1255.69 uHz, within a complex structure of low-
amplitude peaks. The fact that this complex structure was not
seen in the XCOV13 data may result from a combination of a
lower S/N ratio and lower frequency resolution.

The 1521 uHz peak seen in XCOV 13 and the 1516.26 Hz
peak seen during XCOV 18 are suggested to belong to the same
multiplet (see Sect. 5.2.5).

We note that the peaks at 741.86 uHz and 1280.30 uHz,
seen only in XCOV13, and 2023.4 uHz, seen in all the
data, are close to form a linear combination (741.86 uHz +
1280.30 pHz=2022.16 pHz). It is intriguing, and may
be meaningful, that this combination was “active” during
XCOV13 and “inactive” during XCOV18. While the
2023.4 puHz frequency must be an independent “parent”
mode, it is not possible to know from the WET data alone
which of the two other frequencies is the other “parent” mode
and which results from their linear combination, since they
had the same amplitude during XCOV13 and none was seen
during XCOV18. To solve this, we looked back again in
the 1989 and 1990 single-site data. We see that the 2023 uHz
peak is always present in the data. A peak at 738.72 uHz with
an amplitude of 7.2 mma is seen in the October 1990 data. It
cannot be the same peak as the one seen at 741.86 yHz during
XCOV13 but could be a component of a same multiplet.
This peak is not detected in the other runs, unless it could be
associated to the peak at 736.67 uHz suspected in the XCOV 18
data (see Table 3) and considered as an insignificant linear
combination. The 1280 yHz peak is never seen. We conclude
that the other parent mode should be the 741.86 uHz one and
that the 1280.30 uHz peak may be the linear combination seen
only during XCOV 13, unless it could be another example of a
true resonance. As far as the peaks at 741.86 uHz, 738.72 uHz
and 736.67 uHz are concerned, they could be components of a
same multiplet. We come back to theses points later.

We also looked for amplitude variations on shorter time
scales by dividing the XCOV18 time series in two halves
and comparing the amplitudes of the two corresponding FTs.
Restricting ourselves to the independent modes of larger am-
plitudes, we find some variations for all except one mode: the
1675.61 uHz peak kept a constant amplitude. One finds large
variations for the peaks at 1505.54 yHz and 1516.26 uHz which
increased by 25% and 45% respectively. It is noteworthy to
mention that the peak at 938.99 yHz, considered as forming
a resonance with the 2614 yHz mode and the 1675 uHz mode,
shows the largest amplitude change during the two halves of the
run (50%) while its “companion” modes changed their ampli-
tudes by only 12% for the 2614 yHz peak and by 0% for the
1675 uHz peak.
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It is finally worthwhile to emphasize once more that the
peak at 1675.61 uHz had the same amplitude in XCOV18
and XCOV13, and that its amplitude did not change on the
approximately one week time scale separating the two halves
of XCOV18. One may wonder whether this mode could be
a potentially interesting candidate for a measurement of P
in HL Tau 76. However, as this frequency might be involved
in a resonance with two other modes or a result of their lin-
ear combination, any P measurement would not be unambigu-
ously interpretable. The value of P in those cases could rather
be dominated by other mechanisms than the cooling of the de-
generate core. Furthermore, we checked that on the longer time
scale involved when one takes into account earlier data, the am-
plitude of this mode is no longer constant. For instance, while
it was at 14.8 mma in October 1989, it increased to 21.8 mma
in December 1989 and was back to 15.6 mma in October 1990,
to decrease during the two WET campaigns to the same value
as observed in October 1989. Furthermore, in the time-resolved
spectroscopy performed in October 1997, Kotak et al. (2002b)
find that the peak at 1675 yHz was insignificant in the velocity
power spectrum. So, our conclusion is that we do not find any
mode with a stable enough amplitude whose P measurement
could unambiguously measure the evolutionary time scale.

4.2. Fine structure, multiplets

In this section we look for closely spaced (in frequency) modes
with the hope that triplets (or quintuplets) of equal splittings
will reveal the ¢ values for a number of modes. However,
given our confident estimate of the mass and temperature
of HL Tau 76, another diagnostic — the period spacings —
can provide a reliable estimate of ¢ as we discuss in the next
section.

Recognizing rotationally split modes not only helps in iden-
tifying the degree ¢ but also leads to an estimate of the rotation
period of the star. In the case of HL Tau 76, this exercise is
made difficult by the complexity of the power spectrum which
does not show clear structures. We nevertheless attempted a
mode identification by adopting the following procedure.

We started by looking at closely spaced frequencies in the
low frequency part of the amplitude spectrum, in the asymp-
totic regime where the rotationally split modes should show a
uniform frequency separation. However, the only clearly iso-
lated triplet present in the FT which could safely be identi-
fied as an £ = 1 rotationally split mode is in the “high” fre-
quency part of the FT. It is formed by the peaks 41-43-44
around 1848 uHz. For this triplet, the average rotational split-
ting is 2.55 uHz.

Now, we can go back to the low frequency part of the FT
and check that any fine structure identified in this part is com-
patible with similar signatures found at higher frequency, keep-
ing in mind that the modes in the higher frequency part of the
FT may not be in the asymptotic regime. In performing this ex-
ercise, we start by examining the region between 933.87 uHz
and 943.20 4Hz. It contains 5 significant frequencies but the in-
terpretation depends on whether one considers the 938.99 uHz
as a real mode in resonance with the 1675.61 yHz and the
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2614.55 uHz ones or as a linear combination. In the previous
section, we gave arguments in favor of the first hypothesis.
In the following discussion, we will consequently consider
these three frequencies as corresponding to real modes. One
finds then in this group three doublets of comparable fre-
quency separation formed by the peaks 10—11 (933.87 uHz and
936.73 uHz), 11-12 (936.73 4Hz and 938.99 uHz) and 12—-14
(938.99 uHz and 941.80 uHz) separated by 2.86 uHz, 2.26 uHz
and 2.81 uHz, respectively, with the peak 15 (943.20 uHz)
1.4 uHz from peak 14. A possible interpretation is that a £ =
1 triplet formed by the peaks 11, 12 and 14 overlaps with three
components formed by the peaks 10, 12 and 15 of a £ = 2 quin-
tuplet. It is known that in the slow, solid body rotation limit, the
pulsation frequencies of a mode of degree £ and order k for a
rotating star, o, are related to the frequencies in the non
rotating case o by:

Trm = o + m(l = Crp)Q + 0(Q)?

where Cj; takes a simple form in the asymptotic regime: C;; =
1/€(€ + 1). We expect the rotational spitting for £ = 1 and for
¢ = 2 modes to be in the ratio:

Ofr=1/0fr=2 = 0.6.

This has been observationally verified in the PG 1159 pulsator
PG 1159-035 (Winget et al. 1991).

The average frequency shift in the triplet 11-12—-14
is 2.53 uHz. As it is almost similar to the value derived for the
triplet 41-43-44, we consider that it is due to rotational split-
ting. The frequency separation within the quintupletis 5.1 uHz
on one side and 4.2 Hz on the other side. The average value,
4.65 uHz, compares satisfactorily with the value (4.22 uHz)
expected in the asymptotic regime for the rotational splitting
of £ = 2 modes if the average rotational splitting for the
¢ = 1 modes is ~2.53 uHz in this frequency range. But the ratio
O fr=1/0fr=> = 0.544 instead of the expected 0.6. The peak 12
in this case results from the superposition of the m = 0 com-
ponent of the triplet and of one component of the quintuplet,
which could be either m = +1, 0 or —1.

In the following groups of peaks, one sees four doublets
formed by the peaks 16—17 (1021.26 ¢Hz and 1024.19 pHz),
17-18 (1024.19 puHz and 1026.23 yHz), 18—19 (1026.23 uHz
and 1029.23 uHz), separated by 2.93 uHz, 3.0 uHz and
2.04 puHz and 20-21 (1071.58 puHz and 1074.52 uHz), sep-
arated by 2.94 yHz. We consider that the 20—-21 doublet is
formed by two components of consecutive m values of a £ =
1 mode split by rotation. Since the doublets 16—17, 17-18
and 18-19 are too close to each other to be consecutive or-
der £ = 1 modes, we suggest that the group of frequencies 16
to 19 could be formed by a £ = 1 triplet overlapping with com-
ponents of a £ = 2 mode. The combination 16—19 could then
result from the overlap of an asymmetric triplet formed by the
peaks 16—17—-18, with a frequency separation of 2.93 yHz on
one side and of 2.04 uHz on the other side, with two compo-
nents of a quintuplet formed by the peaks 17 and 19, separated
by 5.04 uHz. An alternative combination would be a triplet
formed with peaks 17—-18—-19, also asymmetric with frequency
separation of 2.04 yHz on one side and 3.0 uHz on the other
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side, with two components of a quintuplet formed by peaks 16
and 18, with a frequency separation of 4.97 yHz. In both cases
one component of the triplet coincides exactly with one com-
ponent of the quintuplet. The m = 0 component of the triplet
could be either peak 17 or peak 18. However, in forming the
ratio 8 fp=1 /9 f¢=» in the two options, one finds 0.493 in the first
case and 0.507 in the second case, instead of the value 0.6 ex-
pected in the asymptotic regime. This weakly favors the second
case as a better interpretation. Another argument based on the
asymmetry of the triplets, which we will discuss in Sect. 5.4
below, could also favor this second case. However we will con-
servatively consider the two alternatives as possible solutions
in the following discussion. We derive an average rotational
splitting of 2.525 pHz for this triplet.

In the high frequency part of the FT, one finds the
triplet mentioned earlier composed by the peaks 41-43-44
(1843.48 pHz, 1845.74 uHz and 1848.58 pHz). One also
finds a doublet formed by the peaks 37-39 (1670.45 uHz
and 1675.61 uHz). The triplet is slightly asymmetric and the
total frequency difference between its two extreme components
is 5.10 uHz. As the frequency separation between the doublet is
5.16 uHz, we interpret this doublet as the two extreme compo-
nents of a triplet whose the central component is not detected.
The peak 38 seen in between the components of the doublet,
0.98 uHz away from peak 39, cannot be the central compo-
nent of the triplet. It is a small amplitude peak (4.5 mma) com-
pared to peak 39 (14.6 mma) which is the fifth largest ampli-
tude peak of the FT. The determination of its frequency may
have been affected by this large amplitude neighbour. As a con-
sequence, the m = 0 component of this triplet may not coincide
with peak 38 but should be at ~1673.0 uHz (597.7 s). From
this triplet and this doublet, we derive an average rotational
splitting of 2.56 uHz. Finally, one finds a doublet formed by
the peaks 48—49 (2023.36 4Hz and 2027.53 yHz), with a fre-
quency separation of 4.17 uHz, a value which is difficult to
reconcile with the one derived from the doublets and triplets
discussed above but in good agreement with the expected ro-
tational splitting for the £ = 2 modes. We will argue later
about the ¢ = 2 identification for this doublet. The rotational
splitting derived for the £ = 1 modes from the low and high
frequency parts of the FT are in satisfactory agreement. The
weak difference between the values derived from the low fre-
quency multiplets (2.525 yHz) and the higher frequency triplets
(2.56 uHz) is insignificant given the frequency resolution of our
data set. In the following discussion we will use the average
value, 2.54 uHz, for the rotational splitting of £ = 1 modes.

5. Asteroseismology of HL Tau 76
5.1. Period spacing

Having tentatively identified doublets and triplets as possible
¢ = 1 modes, one looks for a uniform period spacing in their pe-
riod distribution. For the same reason that the lower frequency
multiplets must be closer to the asymptotic regime than the
higher frequency ones, we look for periods difference between
the low frequency multiplets first. On the assumption that the
doublets are two successive components of triplets, we do not
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know which of the components is the m = 0 mode. Considering
first the period differences between the triplet 11-12—14 and
the central mode of the next triplet, 17 or 18, we can form
two different values for that difference, according to which
mode, 17 or 18, is considered as the m = 0 in the second
triplet: 88.59 s (corresponding to period of mode 12 — period
of mode 17 (P, — Py7), and 90.53 s (P, — P3). The average
period difference between these two multiplets is 89.56 s.

Doing the same between the components 17 and 18 of the
triplet and the doublet 20—21, one finds four values: 43.2 s
(P17 - on), 458 s (P17 - P21), 41.2 s (P18 - on) and 43.8 s
(P13—P51), with an average period difference of 43.5 s. We note
that the 89.56 s average difference between the first multiplets
is 2 x 44.78 s, a value very close to twice the average period
difference between the triplet and the doublet 20—-21. We con-
clude that the period spacing for the £ = 1 long period modes
should be ~44.1 s and that there should be a missing multi-
plet between the triplet 11-12—14 and the triplet 16—17-18
or 17-18-19, centered at a period of ~1020 s.

For the doublet and the triplet at higher frequencies, the pe-
riod difference between the middle of the peaks 37—-39 and the
period of the mode 43 is 55.92 s, a value in satisfactory agree-
ment with the value derived at lower frequency, considering
that those multiplets may correspond to modes which are not
in the asymptotic regime and/or that their period spacing may
be affected by mode trapping.

5.2. Mode identification
5.2.1. Search for £ = 1 modes

Adopting an average period spacing deduced from both the low
and high frequency multiplets, AP = 48.0 + 3.9 s, one can
roughly estimate the predicted periods of the £ = 1 successive
orders, under the assumption of the asymptotic regime.

In the following, we take the period of the mode 43 (the
presumably m = 0 component of this £ = 1 triplet) as the ref-
erence for the period estimate. The estimated values are shown
in Table 5-1. They are listed in the first column. The next three
columns give the periods observed during XCOV18, XCOV13
and earlier single-site observations. The last column indicates
the relative order difference, Ak, with the order of the reference
mode which is defined as Ak = 0. We should keep in mind that
the average period spacing is estimated with a large uncertainty
and may formally take any value between 44.2 s and 52.0 s.
The cumulative uncertainty on the predicted period becomes
comparable to the period spacing for Ak = 48.0 s/3.9 s~ 12.
It means that we cannot predict periods for Ak larger than 12.
We add a question mark in Table 5-1 for Ak > 12. However,
since with an average period spacing of 48.0 s one mode is
predicted at 1309.8 s which nicely fit the period of 1308.7 s
observed in archival data (see Sect. 5.2.4) it suggests that the
period distribution should not depart much from the one pre-
dicted in using this value of the average period spacing up to at
least Ak = 16. In cumulating these data, one finds 14 modes,
or groups of modes, whose periods may be compared to the
expected periods of the £ = 1 modes. We find a satisfactory
agreement, better or equal to 1%, between the observed and
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predicted periods for 11 modes. It does not mean that those
11 modes are all £ = 1 modes since we have to check whether
they could also be explained as well by £ = 2 modes, which is
discussed in the next section.

It is also possible that the modes whose periods do not fit
exactly the distribution predicted by the asymptotic regime for
¢ =1 are indeed £ = 1 modes since the period distribution may
not follow exactly the distribution expected in the asymptotic
regime. That may be the case for the low order modes. In ad-
dition, the periods may be altered by mode trapping, whatever
is the hydrogen mass fraction responsible for the trapping. We
check a posteriori that the £ = 1 mode predicted at 1069.8 s
is quite close to the observed 1064.97 s one (939 uHz) which
we suspected to be a mode in resonance with the 1675 yHz and
the 2614 yHz modes rather than a linear combination. This re-
inforces our identification of this frequency as a real mode and
increases the number of independent modes to 34. It must be
noticed that among the 22 expected ¢ = 1 modes in the period
range ~380—1400s, we detected only 11 potential £ = 1 modes
in the cumulative data.

5.2.2. Search for £ = 2 modes

The next step consists in using what has been derived about the
period spacing and the rotational splitting for the £ = 1 modes
to predict the period distribution of the possible £ = 2 modes.
The rotational splitting of £ = 1 and £ = 2 modes are in the
ratio 0.6 in the asymptotic regime. The period spacing for a
series of modes of degree ¢, given by (Tassoul 1980)

AP, =Tl /[£(C + 1)]'?

where Iy is related to the structure of the star, implies that the
ratio of the period spacings

APe—y /APy = 1/+/3.

Since the average period spacing is 48.0 +3.9 s and the average
rotational splitting is 2.54 yHz for the £ = 1 modes, the cor-
responding values for the £ = 2 modes should be 27.7 + 2.2 s
and 4.23 uHz. We also need to identify at least one ¢ = 2 mode
to be used as a reference value for the period distribution.

The average period spacing for the £ = 1 modes derived
in the previous section, AP = 48.0 s, is quite consistent with
the average spacing of 44.98 s in one of the models with a
thick hydrogen layer by Brassard et al. (1992) whose param-
eters are close enough to HL Tau 76 (see for instance their
model 60204). Very similar values are found by Corsico et al.
(2002). Furthermore, in considering the periods of the modes
in many of the models computed by Brassard et al. (1992) as
well as in those computed by Bradley (1993) and Corsico et al.,
one finds many examples of £ = 1 and { = 2 modes which
overlap in frequency. For instance, in the Brassard et al. (1992)
model 60204, there are 6 such coincidences of modes £ = 1
and ¢ = 2 differing in frequency by less than 11 yHz, within
the frequency range 1100-4300 yHz. In examining the fre-
quency list in Table 3 one finds regions with series of close
frequency peaks which cannot be explained as ¢ = 1 triplets
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Table 5. 1. Search for £ = 1 modes in HL Tau 76 with AP,_; = 48.0 s.
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Predicted Observed periods (s) Observed periods (s)  Observed periods (s) Ak

Period (s) (XCOV18) (XCOV13) Archival data
1405.8 1390.8 +18?
1357.8 1347.9 1353.7 +17?
1309.8 1308.7 +16?
1261.8 +15?
1213.8 +14?
1165.8 +13?
1117.8 +12?
1069.8 1070.8, 1067.5, 1065.0 1064.5 +11
1021.8 +10
973.8 979.2-971.6 +9
925.8 933.2, 930.6 932.5 +8
877.8 +7
829.8 +6
781.8 799.1-792.7 796.5, 781.0 +5
733.8 748.5 +4
685.8 689.3 +3
637.8 659.5 657.4 628 +2
589.8 598.6, 597.1, 596.8 597.0 +1
541.8 542.4, 541.8, 540.9 541.0 0
493.8 493.2,494.2 494 -1
445.8 449.8 -2
397.8 382.5 382.5 -3

nor by ¢ = 2 quintuplets alone. We suggest that they should re-
sult from such multiplets overlapping. If we exclude the pres-
ence of £ = 3 modes on visibility arguments, one is left with
this only explanation to interpret the 5 peaks seen between 933
and 943 uHz, the 5 close frequencies detected between 1251
and 1261 uHz, as well as the series of frequencies detected be-
tween 1505 and 1516 uHz.

As there is no complete quintuplet identified, we do not
have a solid reference ¢ = 2, m = 0 mode to start with to
predict the £ = 2 modes period distribution. Any suspected
¢ = 2 mode in our data is a component of an incomplete multi-
plet of unknown m value. In the search for fine structures in the
frequency spectrum, it was implicitely assumed that the rota-
tional splitting does not change within the range of the periods
observed in HL Tau 76. That is consistent with the hypothe-
sis that the rotation law in HL Tau 76 must be close to uni-
form rotation. In this case, since the frequency shift induced
by the rotational splitting is fixed for a given ¢, the uncertainty
on the period scale is smaller if we can identify a high fre-
quency peak as a £ = 2 mode. Fortunately, we have such
a possible ¢ = 2 candidate with the high amplitude doublet
at 2023.36 and 2027.53 pHz. This identification is based on
the frequency separation of these two peaks, 4.17 uHz, which
is in good agreement with the expected rotational splitting for
¢ = 2 modes. Considering this doublet as two components of
an £ = 2 mode and the adopted rotational splitting, there are

4 possible values for the period of the m = 0 component of
the quintuplet: 495.3 s, 494.2 s, 493.1 s and 492.1. So the cen-
tral mode period of this incomplete multiplet is known within a
3.2 s interval. The center of this interval is at 493.7 s while the
high amplitude component (peak 48 in Table 3) is at 494.2 s.
We consider the mode 48 as a good enough reference point for
the period distribution of the £ = 2 modes. In addition, it is the
second highest amplitude mode, so its period is quite precisely
determined.

Table 5-2 shows the corresponding period distribution for
¢ = 2 modes, assuming the asymptotic regime, a period spac-
ing of 27.7 s and the period of mode 48 as the reference value.
The first column shows the predicted periods. The following
three columns list the periods present in XCOV18, XCOV13
and earlier single-site observations, respectively. The last col-
umn indicates again the relative order difference with the ref-
erence mode, which is Ak = 0. Regions of the spectrum where
none of the observed periods fits close enough with any pre-
dicted values are not listed. Since the average period spacing
is known with a statistical error of 2.2 s for the £ = 2 modes,
we cannot formally predict the periods and the relative Ak for
Ak > 27.7 s/2.2 s =12-13, since the uncertainty on the period
becomes comparable to the period spacing. For this reason all
predicted periods larger than 800 s (Ak > 12) are followed with
a question mark. However, since we argued in the previous sec-
tion that the true period distribution for the £ = 1 modes should
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Table 5. 2. Search for £ = 2 modes in HL. Tau 76 with AP,_, = 27.7 s.
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Predicted  Observed periods (s)  Observed periods (s)  Observed periods (s) Ak

Period (s) (XCOV18) (XCOV13) Archival data
1380.6 1390.8 +32?
1352.9 1347.9 1353.7 +31?
1075.9 1060.2-1070.8 1064.5 +21?
965.1 979.2-971.6 +17?
937.4 930.6-933.2 932.5 +16?
798.9 792.7-799.1 796.5, 781.0 +11
743.5 748.5 +9
688.1 689.3 +7
660.4 659.5-664.2 665 +6
632.7 628 +5
605.0 596.8, 597.1, 598.0 597.0 +4
577.3 +3
549.6 540.9, 541.7, 542.4 541.0 +2
521.9 +1
494.2 493.2,494.2 494.2 494 +0
466.5 -1
438.8 449.8 -2
411.1 -3
383.4 382.4 382.5 -4

not depart much from the one predicted with the average pe-
riod spacing of 48.0 s, this should be true also for the period
distribution of the £ = 2 modes, if the reference period is a true
¢ = 2 mode. We also point out that the predicted £ = 2 mode
with period 1380.6 s is close to the observed one at 1390.8 s,
which should be Ak = 32. It suggests that the period distribu-
tion for the £ = 2 modes does not depart much from the one
predicted with the average period spacing of 27.7 s even up
to Ak = 32.

Again comparing the observed periods with the predicted
periods, one sees that among the 15 groups of observed periods,
12 fit satisfactorily with € = 2 modes, with less than 1% differ-
ence in period.

From Tables 5-1 and 5-2, one finds that at least 9 modes or
groups of modes have periods within 1% of the period of either
an ¢ = 1 or an £ = 2 mode. They very probably result from the
overlap between ¢ = 1 and ¢ = 2 modes.

Comparing the periods detected during the two WET
campaigns, one finds three modes which were seen during
XCOV13 and are not present during XCOV18. Since the ar-
guments used to estimate the periods of the modes are based

on the period spacing deduced from the XCOV 18 data alone,
it is worth checking whether and how precisely these addi-
tional modes fit the proposed identification. They are the pe-
riods 1347.9 s (741.86 uHz), 781.0 s (1280 pHz) and 449.8 s
(2223 uHz).

The first one at 1347.9 s (741.86 uHz) fits satisfactory,
within 5 s, the period of the predicted £ = 2 mode at 1352.9 s
(Ak = +31 in Table 5-2). But it is also at 10 s of the predicted
mode £ = 1 at 1357.8 s (Ak = +17 in Table 5-1).

We already argued that the second one at 781.0 s
(1280 uHz) probably results from the linear combination of the
741.86 uHz mode with the 2023 uHz one. We consequently
would not consider it as an independent mode unless there is
one predicted mode at this period. That is precisely the case
since there is a predicted mode at 781.8 s in the £ = 1 series
(Table 5-1). It suggests that this period could correspond to a
real mode and points to the possibility that it is another ex-
ample of a true resonance between the three modes. The third
one has a period of 449.8 s (2223 uHz). The closest predicted
period is a £ = 1 mode (Table 5-1) at 445.8 s. So, the three ad-
ditional modes present in XCOV 13 and not seen in XCOV 18 fit
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satisfactorily with the periods predicted by the period spacing
deduced from XCOV 18 data.

5.2.3. Back to the XCOV18 amplitude spectrum

We used the asymptotic period distribution to predict the peri-
ods of the expected £ = 1 and ¢ = 2 modes. It is worth reex-
amining the best amplitude spectrum obtained for HL Tau 76,
from the XCOV 18 WET campaign, to check whether we could
identify some additional modes not selected by our significance
criterion, but whose periods are close enough to the predicted
ones to suggest that they could be real modes. In that case, they
would not have been selected because their amplitudes were
below, or close to the adopted detection limit during XCOV18.
We also check whether those modes were detected in previous
observations.

Visual inspection of the XCOV18 amplitude spectrum
(Figs. 2 and 3) reveals 2 such peaks. The first one at 1353.7 uHz
(738.7 s) has a low amplitude of =2.6 mma. This peak is
quite close to the one found in the early observations of
Warner & Nather (1970, 1972) as reanalysed by Page (1972)
at 1336.0 uHz (748.5 s). We note that there is one £ = 2 mode
predicted at 743.5 s (Table 5-2). Taken at face value as the
m = 0 component of a £ = 2 quintuplet, and using the rota-
tional splitting of 4.23 uHz for £ = 2 modes, that would predict
the m = —2 component at 1336.5 uHz and the m = +2 compo-
nent at 1353.4 yuHz. We consider this excellent agreement with
the observed frequencies as strong evidence that the suspected
peak at 1353.7 uHz is real and corresponds to a component of
an £ = 2 mode whose other component at 1336.0 yHz hap-
pened to be the largest amplitude mode in the early observa-
tions of HL Tau 76.

The other one is at 2536.06 uHz (394.3 s) and has an ampli-
tude of 2.9 mma. It has not been observed before. The closest
observed frequency is the 2614 yHz (382 s) one of large am-
plitude seen in all the observing seasons. This small amplitude
peak is close to the predicted £ = 1 mode at 397.8 s (Table 5-1)
and may possibly be identified with that mode.

In the following, we will keep both the 738.7 s and the
394.3 s periods as real modes according to the above men-
tioned argument. However, we will keep in mind that they are
below the detection limit in XCOV 18 by marking them with a
colon (:) in the identification list proposed below (Table 6).

5.2.4. Back to archival data

The same checking operation can be performed with the earlier
data. Looking back in the early observations of HL Tau 76, we
already mentioned that among the dominant periods at 748.5 s,
665 s, 628 s and 494 s (Warner & Nather 1970, 1972; Page
1972; Fitch 1973) only two were seen at a significant level
in the XCOV13 and XCOV18 data, the ones at 665 s and
at 494 s. It is interesting to check whether the two missing
ones can be predicted by the asymptotic extrapolation at their
correct values. We have shown in the previous section that
the mode at 748.5 s, which had the largest amplitude in the
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original discovery data, may be associated with the 738.7 s
which is present in the XCOV18 data below detection limit.
They are both probable components of the £ = 2 mode pre-
dicted at 743.5 s (Ak = +9 in Table 5-2). For the mode at 628 s,
the closest £ = 1 mode would be at 637.8 s (Ak = +2 in Table 5-
1) while the closest £ = 2 mode would be at 632.7 s (Ak = +5
in Table 5-2). This suggests that this mode is also better fit as
an ¢ = 2 mode.

In the data obtained in 1989 and 1990, we also find a few
significant peaks in their respective amplitude spectra which
are not seen at significant levels in XCOV 13 or in XCOV18. In
the October 1990 data, we find a peak at 738.72 uHz (1353.7 s)
with an amplitude of 7.2 mma. This frequency is quite close
to the 736.67 uHz (1357.5 s) listed in Table 3 after the first
step of the selection process and rejected as insignificant after
the second step. It was anyway considered as a linear com-
bination. However, considering that there is an ¢ = 1 mode
predicted at 1357.8 s (736.5 yHz) and an { = 2 mode pre-
dicted at 1352.9 s it is quite possible that it corresponds to a
real mode rather than to a linear combination. A 764.1 uHz
(1308.7 s) was seen in the December 1989 data with a small
amplitude (3.6 mma). It could be a linear combination between
the 2614.5 uHz and the 1847.7 uHz modes seen in the same
data (they correspond to the 2614.55 uHz and 1848.58 uHz
seen in XCOV18). There is also in this case an { = 1 mode
predicted at 1309.8 s. This frequency could consequently be
a linear combination as well as a real mode. Finally, in the
November 1989 data, we find a peak at 1450.8 uHz (689.3 s)
with an amplitude of 8.2 mma. Examination of Tables 5-1
and 5-2 shows that there is an £ = 1 mode predicted at 685.8 s
and an ¢ = 2 mode predicted at 688.1 s. It suggests that
this frequency may be identified with the £ = 2 mode. These
three periods present in archival single-site data are included
in Tables 5-1 and 5-2. However, for the final identification we
conservatively exclude the two ambiguous cases which could
be either a real mode or a linear combination but keep the mode
at 689.3 s.

5.2.5. Conclusions

To summarize: from XCOV 18, we find 36 independent modes.
This includes the mode at 939 uHz, considered as a mode
in resonance with two other modes, and the two modes
at 1353.7 uHz and 2536.06 uHz because the first one coin-
cides with a period observed in the early data and the sec-
ond one coincides with a mode predicted by the asymptotic
period distribution. XCOV 13 provides 11 modes of which 4
are not present in XCOV18. Among these four, we discussed
the case of the two modes at 742 uHz and 1280 uHz which
form a linear combination with a third independent mode
at 2023 yHz. We showed that they probably form a resonance
and are real modes. For this reason we add these four modes
as independent modes from XCOV 13. Finally, the archival data
provide 5 modes, among which only 2 are present in XCOV 18
and/or XCOV13, which adds another 3 independent modes.
The total number of independent modes found in the cumu-
lative data sets is 43.
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In comparing the periods observed with the ones predicted  Table 6. Proposed Identification of the modes in HL Tau 76.

by the period spacing and taking into account the rotational
splitting, we make a preliminary identification of the modes.
From Tables 5-1 and 5-2, which list the predicted periods for
¢ = 1 and £ = 2 modes, one sees a number of cases were
the observed periods could be identified as either £ = 1 or as
¢ = 2 modes.

For some of those cases, we offered a tentative identifica-
tion above, which lifts the degeneracy between the £ = 1 and
¢ = 2 identification. On the basis of the period differences be-
tween the observed values and the expected values from the
asymptotic relation and from the rotational splitting, we can
choose one solution rather than another one. The preliminary
identification of the modes observed in HL Tau 76 is listed
in Table 6. We discuss some remaining difficult or ambiguous
cases below.

The five modes between 799.1 s and 792.7 s could cor-
respond to the £ = 2 mode predicted at 798.9 s. However,
their frequency separation does not fit the expected rotational
splitting. They all show a small amplitude (<5.2 mma) during
XCOV18 so that their frequencies may not be very precisely
determined. The closest predicted £ = 1 mode is at 781.8 s and
is seen in the XCOV13 data (at 781 s). Could this group of
periods results from the overlap of an £ = 1 and an ¢ = 2 mul-
tiplet? Considering the value of the rotational splitting associ-
ated to £ = 1 modes, ones does not expect a component of the
¢ = 1 triplet at a period longer than 784 s, which is the extreme
case if the observed 781.0 s is the prograde (m = +1) com-
ponent of the triplet. The multiplets should not overlap within
the period range covered by this group. Considering the pre-
dicted mode at 798.9 s at face value as an ¢ = 2, m = 0 mode
and applying the rotational splitting for £ = 2, one predicts the
periods of the other components of the quintuplet at 804.3 s,
801.6 s, 796.2 s and 793.5 s for m = -2, —1, +1 and +2 re-
spectively. We note that 793.5 s falls between the observed
periods at 792.7 s and 794.1 s and that 798.9 s falls between
the observed periods at 798.3 s and 799.1 s. It suggests that
both double-peaks at 792.7-794.1 s and 798.3-799.1 s could
in fact be single peaks incorrectly resolved by the extraction al-
gorithm because of their low amplitudes and correspond to the
two components m = +2 and 0 of the £ = 2 mode of which
the m = +1 component corresponds to the 796.4 s period. The
other two components of the quintuplet are missing. For these
cases, we conservatively list all the periods in Table 6 but iden-
tify the two double-peaks as single modes.

The group of modes 29 to 36, from 1505.5 pHz
to 1516 pHz, forms the next complex region in the FT as shown
in Table 3. As there are exactly 8 peaks in the FT of XCOV 18
in this frequency range, it suggests that they could correspond
to the superposition of a complete triplet and a complete quin-
tuplet. However, we remark that Dolez & Kleinman (1997)
found a peak at 1520.96 yHz during XCOV13 while a peak
at 1516.26 uHz (36 in Table 3) was present during XCOV18.
They cannot be the same peak because their frequency dif-
ference, 4.7 uHz, is 7 and 4 times the frequency resolution
of the WET run where they were detected and both are large
amplitude peaks (10.7 mma and 10.3 mma respectively), i.e.
their frequencies are determined with a much better accuracy

Periods (s)
(XCOV18)

Period (s)
(XCOV13)

Period (s)

Archives

¢
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1067.5
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than the formal frequency resolution. Such a difference sug-
gests that they could be two consecutive components of an
¢ = 2 quintuplet. In this case, we get 9 frequencies in this fre-
quency interval that cannot be fit by the overlap of a triplet and
a quintuplet. However, one may question the reality of mode 31
(at 1508.71 uHz) whose amplitude (3.49 mma) is small com-
pared to its close neighbours with 11.90 mma amplitude for
peak 30 at 1.88 uHz and with 10.84 mma amplitude for peak 32
at 1.12 yHz. It is not certain again that our extraction algorithm
can disantangle such a small amplitude peak from such a com-
plex and crowded frequency region. But, even if one rejects the
peak 31 as insignificant, one is left with a difficult identification
problem for the remaining 8 peaks. Four or five of them could
be the components of an £ = 2 mode. That could be either the
peaks 30 (1506.83 uHz), 34 (1511.96 uHz), 36 (1516.26 uHz)
and the 1520.96 uHz peak seen in XCOV 13, separated by 5.1,
4.3 and 4.7 uHz respectively or the peaks 29 (1505.54 uHz),
32 (1509.83 uHz), 34 (1511.96 uHz), 36 (1516.26 uHz) and
the 1520.96 uHz of XCOV13, separated by 4.3, 2.1, 4.3
and 4.7 uHz respectively. In the last case one would have
a complete quintuplet, rather asymmetrical, with the central
component at 1511.96 yHz which fits almost perfectly the pre-
dicted £ = 2 mode at 660.4 s. We give a preliminary identifica-
tion of £ = 2 for those five modes in Table 6. However, there
is no £ = 1 mode predicted in this period range able to overlap
with the quintuplet. The closest £ = 1 modes are at 1458.1 uHz
and 1567.9 pyHz far from the frequency range covered by
this group of modes, even if one takes into account the rota-
tional splitting. The assumption of an overlap between £ = 1
and ¢ = 2 modes does not work for this group, at least in the
limit of the assumptions made in this paper that the period dis-
tribution follows the asymptotic regime. This tentative identifi-
cation leaves at least 3 modes unexplained which are not small
amplitude peaks (12 mma, 7.6 mma and 7.3 mma). They are
left with a question mark in Table 6. It should be pointed out
that large amplitude variations were observed during XCOV 18
in this region (Sect. 4.1). The peaks at 1505.54 uHz (29) and
at 1516.26 uHz (36) showed the largest amplitude variations.
These variations may explain why we find one close com-
panion to each of these large amplitude peaks (30 and 35).
That may be the reason why this frequency domain cannot be
satisfactorily interpreted. The two modes below the detection
limit of XCOV 18 added according to the discussion presented
in 5.2.3 are marked with a colon (:).

Kotak et al. (2002b), in their analysis of time-resolved spec-
troscopy of HL Tau 76, suggest that most of the modes for
which they detect a significant peak in the velocity power spec-
trum are € = 1 modes (for the periods 657 s, 597 s, 541's,494 s
and 382 s) while the last one at 781 s would be better iden-
tified as an £ = 2 mode. Their proposed identification relies
on the value of the parameter R,, the relative velocity to flux
amplitude ratio, after van Kerkwijk et al. (2000). Their iden-
tifications are consistent with the values of R, that they find.
Our identifications for the 6 modes we have in common agree
for the two modes at 597 s and 541 s, which we also iden-
tify as ¢ = 1 modes, but disagree for the remaining modes.
The modes at 657.4 s, 494.2 s and 382.5 s, which we rather
identify as ¢ = 2 modes, should have been detected with a
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larger relative velocity to flux amplitude ratio than the values
they report. We do not offer presently any explanation for this
disagreement.

Finally, it is worth comparing the periods found in
HL Tau 76 with those of G 29-38 (Kleinman et al. 1998).
There are both some similarities and differences. The periods
observed in G 29-38 covers also a large range from 110 s
to 1240 s, comparable to the range observed in HL Tau 76,
from 380 s to 1390 s, but shifted towards shorter periods. Since
G 29-38 is both hotter and more massive than HL Tau 76
(11820 K and 0.69 M, according to Bergeron et al. 2004),
such a global shift to shorter periods is expected. The main dif-
ference is that while all the periods seen in G 29-38 may be
attributed to £ = 1 modes, HL Tau 76 exhibits a more complex
mixture of £ = 1 and £ = 2 modes, with some overlapping
between both as discussed above. Among the modes identi-
fied as ¢ = 1 in HL Tau 76, we find many similarities with
the periods found in G 29-38: for instance the period at 933 s,
781 s, 597 s, 542 s and 394 s in HL Tau 76 are close to the
periods at 915 s, 771 s, 610 s, 552 s and 400 s, respectively,
in G 29-38. But all the other similar periods do not correspond
to similar £ values in both stars.

5.3. Rotation rate

From the multiplets identified in HL Tau 76 we can derive
the average rotation period of the star. In averaging the fre-
quency separation of the doublets and the triplets, all consid-
ered as £ = 1 modes split by rotation, we have obtained an av-
erage rotational splitting 6 f = 2.54 uHz. The average rotation
period derived from the rotational splitting is 2.2 days. This
rotational period for HL Tau 76 is in the range of rotation pe-
riods derived from asteroseismology for other pulsating white
dwarfs. It confirms that low and intermediate mass stars lose
most of their angular momentum during their evolution from
the main sequence to the white dwarfs. There is no significant
signature of a dependence of the rotational splitting on the pe-
riod, which is compatible with a uniform rotation but does not
prove it (Kawaler et al. 1999). However, since there are quite
few rotationally split modes detected in the data analysed here,
we cannot exclude a more complex rotation law.

5.4. Search for weak magnetic field

The fine structure of the Fourier amplitude spectrum re-
veals only three probable complete triplets and no quintuplets.
The triplets are formed by the peaks 41-43-44, 16—17-18
or 17-18-19 and 11-12-14, in the order of increasing period.
These triplets are interpreted as £ = 1 modes split by rotation.
Rotation by itself would produce symmetric triplets in the limit
of slow rotation. However none of the observed triplets is sym-
metrical. The asymmetry could result from second order rota-
tion effects or from magnetic field. With an average rotation
period of 2.2 days, we do not expect the second order effects of
rotation to have any detectable consequence on rotational split-
ting. The influence of weak magnetic fields on the g-modes in
white dwarfs has been analysed by Jones et al. (1989). Their
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effect is to shift the frequencies to higher values proportion-
ally to m*>B? and the frequency shifts increase with the order
of the mode, i.e. with the period. This produces an asymme-
try in the triplets» Afm = [(fm=+1 - fm:O) - (fm:O - fm:—l)]/zy
the retrograde component m = —1 being closer to the central
component m = 0 than the prograde component m = +1.
The two triplets 41-43—44 and 11-12—14 are very similar
in their asymmetry with f,—0 — f=—1 = 2.26 uHz in both
cases and f=+1 — fu=o = 2.84 uHz and 2.81 uHz respec-
tively. In the case of the third triplet, we discussed the two
plausible solutions where the triplet could be formed by the
peaks 16—17—-18 or 17-18-19. If the triplet is formed by the
peak 16—17-18, the observed asymmetry cannot be due to
the effect of magnetic field since f,—0 — fi=—1 = 2.93 uHz
and f=+1 — fi=0 = 2.04 uHz, i.e. the m = =1 would be
shifted in the wrong direction. If the triplet is 17-18—19 we
find fiu=0 — fin=—1 = 2.04 yHz and f,,=+1 — fin=0 = 3.0 uHz.
If we assume that the asymmetry in the triplets is due to a
weak magnetic field, this rules out the solution 16—17—-18 for
the third triplet. The asymmetry (Af,, = 0.29 uHz) observed
in the best identified triplet (41—-43-44) centered at the pe-
riod of 541 s could be explained with a weak dipole field
of ~1-2 x 103 G, from the results of Jones et al. (their Fig. 1).
However, when we consider the other two triplets we do not
find the expected variation of the frequency shift with increas-
ing period: Af,, = 0.48 uHz at 974 s for the triplet 17-18—19
but Af,, = 0.28 uHz at 1065 s for the triplet 11—12—14. If there
is a hint for the presence of a weak magnetic field in HL Tau 76,
as inferred from the asymmetrical triplets, there is no conclu-
sive evidence. Since there is no complete £ = 2 quintuplets, it
is not possible to check the effect of the m? dependence on the
frequency shift.

5.5. Mass of the H outer layers

The average period spacing for £ = 1 modes derived from
the present study is AP = 48.0 s. This value translates to
Iy = 67.9 s. A detailed comparison of the periods of ob-
served £ = 1 and £ = 2 modes with the periods of modes cal-
culated in a grid of models will be presented in a forthcoming
paper. It should provide the model or series of models best fit-
ting the observed periods. With a total of ~40 observed modes,
the model should be rather well constrained if the pulsations of
HL Tau 76 are still well described by linear nonradial pulsa-
tion theory. As HL Tau 76 shows this large number of modes
on an extended range of periods, from 382 s to 1390 s, there
are very few modes of consecutive orders for a given degree.
Due to this unfortunate circumstance, one cannot build the
period spacing-Period (AP-vs.-P) diagram which would have
provided a useful tool to search for evidence of mode trapping.
Considering Table 5-1 for £ = 1 modes, one finds only few
modes of consecutive order separated by a number of miss-
ing modes. While the data are compatible with a distribution
of periods covering as much as 23 orders, one finds 14 possi-
bly consecutive order modes. The situation is similar for the
¢ = 2 modes (Table 5-2) where the entire period range cov-
ers 37 orders but where one finds only 9 possibly consecutive
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order modes. Hopefully, future observations may reveal addi-
tional modes which could fill the gaps so that a period spacing-
vs.-period diagram could eventually be built.

In comparing with the published models, those of Brassard
et al. (1992) for instance, one finds a series close enough to
HL Tau 76 with a total mass of 0.6 M, effective temperature
of ~12000 K, and a range in hydrogen mass fraction —14 <
loggy < —4 and helium mass fraction -8 < loggye < —2.
The sensitivity of the period spacing to the various stellar pa-
rameters may be estimated from those results. For HL Tau 76,
the total mass is .55 + 0.03 My and T = 11440 = 350 K
(Bergeron et al. 1995). Within this small range of total mass
and effective temperature, the dominant effect on the period
spacing is due to the hydrogen mass fraction. In comparing
with the various models of this sequence of Brassard’s models
(their Tables 2—-5), one finds that HL. Tau 76 period distribution
is compatible with their moderately “thick” hydrogen models
with log (gu) > —7.0. A precise constraint on the stellar param-
eters of HL Tau 76 must await a detailed comparison of the pe-
riods calculated for realistic models of HL Tau 76 with the ob-
servations described here. This is out of the scope of the present
paper and will be presented in a forthcoming publication.

6. Summary

We have analysed the light curve of HL Tau 76 obtained during
the WET XCOV 18 campaign. We found as many as 78 peaks
in the power spectrum. After eliminating the linear combina-
tions, we are left with 36 significant independent modes. That
is the richest spectrum found in any of the ZZ Ceti white dwarfs
studied so far. The range of periods present in HL Tau 76 is ex-
ceptionally large, from 380 s for the shortest period to 1390 s
for the longest. HL Tau 76 belongs to the group of ZZ Ceti
stars close to the red edge of the instability strip which show
both short and long periods. The presence of short periods in
HL Tau 76, which belong to modes which seem to be still in the
asymptotic regime, suggests that HL Tau 76 must have a mod-
eratly “thick” hydrogen layer. We identified a few multiplets,
doublets and triplets, which we interpret as £ = 1 modes split
by rotation. From these multiplets we have derived an average
period spacing of 48.0 s for the £ = 1 modes. By assuming
that the modes observed in HL Tau 76 are in the asymptotic
regime, we estimated the expected periods for consecutive or-
der ¢ = 1 modes. The comparison with the observed periods
leads to the identification of other £ = 1 modes. Some complex
regions of the power spectrum are interpreted as due to over-
lapping £ = 1 and £ = 2 modes of close periods. We found
some cases of doubtful identification since overlapping ¢ = 1
and £ = 2 modes are not rare. We also identify a number of
¢ = 2 modes which do not overlap with £ = 1 modes.

Having identified £ = 1 and ¢ = 2 modes in
the XCOV18 data, we looked back in earlier data, the
WET XCOV13 and earlier archival data, to check that the peri-
ods extracted from those data do fit satisfactorily the £ = 1 and
¢ = 2 identifications proposed here. In doing this, we found 7
more independent modes which fit nicely the expected period
distribution. We propose a preliminary identification for most
of the 43 modes detected in HL Tau 76.
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The rotation period derived from the rotational splitting is
2.2 days. There is no evidence for a dependence of the rota-
tional splitting on the periods, which is compatible with the
assumption that HL. Tau 76 is rotating as a solid body at least
in the outer layers.

Assuming the total mass and effective temperature well
determined from spectroscopy, the period spacing may be
used to estimate that the hydrogen mass fraction must be
log (qu) = —7.0. In spite of the large number of modes present
in HL Tau 76, their distribution within an extended range, be-
tween 380 s and 1390 s, does not allow to build a period
spacing-vs.-Period diagram (AP-vs.-P diagram) because of the
large number of missing modes and the small number of con-
secutive order modes. As a consequence, it is not possible from
the available data to derive information on potential mode trap-
ping which would give another way to estimate the hydrogen
mass fraction.

A detailed comparison between the observed periods deter-
mined in the present work and the periods of realistic models
representative of HL Tau 76 should constrain more precisely
the stellar parameters and the internal structure of HL Tau 76.
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Table 2. Journal of observations: 1999 WET (XCOV18).

Run name Telescope Date Start time  Run length (s)
um (UTO)
suh-79 Suhora 0.6 m 30 Oct. 99 20:52:00 15440
j%j-9935 BAO 0.85 m 1 Nov.99  13:36:40 28480
suh-80 Suhora 0.6 m 1 Nov. 99 18:24:20 32240
tsm-0050 McDonald 2.1 m 2Nov.99  04:39:30 21810
sara-016 KPNO SARA09m 2Nov.99  05:11:08 19010 CCD
jXj-9937 BAO 0.85 m 2Nov.99  13:53:00 28030
suh-81 Suhora 0.6 m 2 Nov. 99 17:48:30 32800
teideO1 IAC0.8 m 3 Nov.99  02:10:30 14920
sara-017 KPNO SARA09m 3 Nov.99  04:09:35 6210 CCD
tsm-0052 McDonald 2.1 m 3 Nov.99  04:40:00 26760
jxj-9938 BAO 0.85 m 3Nov.99  13:41:00 28780
teide02 IAC 0.8 m 3 Nov.99  23:45:50 23830
sara-018 KPNO SARA09m 4Nov.99  03:51:13 32700 CCD
jxj-9939 BAO 0.85 m 4 Nov.99  13:23:20 30010
suh-82 Suhora 0.6 m 4 Nov. 99 17:21:00 34900
HL11040I OHP 1.9m 4 Nov. 99  21:45:00 24240
tsm-0054 McDonald 2.1 m 5Nov.99  04:21:30 28110
sara-019 KPNO SARA09m 5Nov.99  05:16:28 28280 CCD
suh-83 Suhora 0.6 m 5 Nov. 99 17:57:00 31850
sara-020 KPNO SARA09m 6Nov.99  03:12:32 9910 CCD
tsm-0056 McDonald 2.1 m 6 Nov. 99  04:42:30 26250
N49-0423  Naini Tal 1.0 m 6 Nov. 99  19:51:30 14 060
HL11060J OHP 1.9m 6 Nov. 99  22:01:00 22 820
tsm-0058 McDonald 2.1 m 7Nov.99  04:17:30 28 650
jxj-9940 BAO 0.85 m 7Nov.99  13:30:30 30700
n49-0424 Naini Tal 1.0 m 7Nov.99  17:25:00 23010
hl11070i OHP 1.9m 7Nov.99  20:09:00 27040
teide04 IAC 0.8 m 8 Nov.99  01:30:10 17750
mdr073 CTIO 1.5m 8Nov.99  04:39:10 14570
no0899q1 Hawaii UH 0.6 m 8Nov. 99  08:48:40 24110
jXj-9941 BAO 0.85 m 8 Nov.99  13:15:30 30490
weed-001 Wise, I m 8 Nov. 99 18:30:00 27580 CCD
HL11080J OHP 1.93 m 8 Nov. 99 20:53:00 27160
teide05 IAC 0.8 m 9 Nov.99  00:06:30 22360
sara-021 KPNO SARA09m 9Nov.99  03:38:30 32200 CCD
mdr076 CTIO 1.5 m 9 Nov.99  04:37:50 6130
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Run name  Telescope Date Start time  Run length (s)
U7 (UTO)

no0999q1 Hawaii 0.6 m 9Nov.99  07:54:40 27440
tsm-0059 McDonald 2.1 m 9 Nov. 99 09:04:00 11160
weed-005 Wise 1.0 m 9 Nov. 99 18:57:00 16990 CCD
HL11090I OHP 1.93 m 9Nov.99  21:11:00 28230
teide06 IAC 0.8 m 9Nov.99  21:26:30 26500
lo09-1.dat  Loiano 1.5 m 9 Nov. 99 22:32:40 20660
sara-022 KPNO SARA09m 10Nov.99  03:05:29 14100 CCD
tsm-0061 McDonald 2.1 m 10 Nov. 99 03:25:30 30600
no1099q1 Hawaii 0.6 m 10 Nov. 99 07:54:00 27350
N49-0429  Naini Tal 1 m 10 Nov. 99 17:52:30 21470
wced-008 Wise 1.0 m 10 Nov. 99  18:49:10 27970 CCD
HL11100J OHP 1.9 m 10 Nov. 99  20:35:00 29470
teide07 IAC 0.8 m 10 Nov. 99  23:12:30 25260
tsm-0063 McDonald 2.1 m 11 Nov. 99  03:20:00 32400
no1199q3 Hawaii 0.6 m 11 Nov. 99 11:26:40 14 690
jXj-9942 BAO 0.85 m 11 Nov. 99  17:23:20 2140
weed-013 Wise 1.0 m 11 Nov. 99 18:54:20 28500 CCD
teide08 IAC 0.8 m 11 Nov. 99  21:12:30 29 850
tsm-0066 McDonald 2.1 m 12 Nov. 99 03:25:30 20200
no1299q1 Hawaii 0.6 m 12 Nov. 99 07:20:10 28 140
jXj-9943 BAO 0.85 m 12 Nov. 99 13:12:20 11920
suh-84 Suhora 0.6 m 12 Nov. 99  17:08:10 40000
mdr085 CTIO 1.5 m 13 Nov. 99  04:29:20 13850
no1399ql Hawaii 0.6 m 13 Nov. 99 07:09:30 24390
tsm-0067 McDonald 2.1 m 13 Nov. 99  07:29:30 16 830
suh-86 Suhora 0.6 m 13 Nov.99  17:04:10 19720
tsm-0069 McDonald 2.1 m 14 Nov. 99 03:13:30 31100
no1499q2 Hawaii 0.6 m 14 Nov. 99  11:31:10 14 450
edrim01 Moletai 1.65 m 14 Nov. 99  19:18:20 4450
edrim02 Moletai 1.65 m 15 Nov. 99 01:23:20 3510
tsm-0070 McDonald 2.1 m 15 Nov. 99 02:53:00 32820
no1599q3 Hawaii 0.6 m 15 Nov. 99 11:44:50 13340
suh-87 Suhora 0.6 m 15 Nov. 99 21:00:10 27230
tsm-0072 McDonald 2.1 m 16 Nov. 99 03:43:00 29910
nol699q2  Hawaii 0.6 m 16 Nov. 99 11:20:00 14700
suh-88 Suhora 0.6 m 16 Nov. 99  16:40:00 17620
nol1799ql Hawaii 0.6 m 17 Nov. 99 09:43:00 19810




