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ABSTRACT

Context. The PG 1159 pre-white dwarf stars experiment a rapidly cooling phase with a time scale of a few 10° years. Theoretical
models predict that the neutrinos produced in their core should play a dominant role in the cooling, mainly at the cool end of the
PG 1159 sequence. Measuring the evolutionary time scale of the coolest PG 1159 stars could offer a unique opportunity to empirically
constrain the neutrino emission rate.

Aims. A subgroup of the PG 1159 stars are nonradial pulsators, the GW Vir type of variable stars. They exhibit g-mode pulsations
with periods of a few hundred seconds. As the stars cool, the pulsation frequencies evolve according to the change in their internal
structure. It was anticipated that the measurement of their rate of change would directly determine the evolution time scale and so
constrain the neutrino emission rates. As PG 0122+200 (BB Psc) defines the red edge of the GW Vir instability strip, it is a good
candidate for such a measurement.

Methods. The pulsations of PG 0122+200 have been observed during 22 years from 1986 to 2008, through the fast photometry
technique. We used those data to measure the rate of change of its frequencies and amplitudes.

Results. Among the 24 identified ¢ = 1 modes, the frequency and amplitude variations have been obtained for the seven largest
amplitude ones. We find changes of their frequency of much larger amplitudes and shorter time scales than the one predicted by
theoretical models that assume that the cooling dominates the frequency variations. In the case of the largest amplitude mode at
2497 uHz (400 s), its variations are best fitted by a combination of two terms: one long term with a time scale of 5.4 x 10* years,
which is significantly shorter than the predicted evolutionary time scale of 8 x 10° years; and one additional periodic term with a
period of either 261 or 211 days. Some other mechanism(s) than the cooling must be responsible for such variations. We suggest that
the resonant coupling induced within triplets by the star rotation could be such a mechanism. As a consequence, no useful constraints
on the neutrino emission rate can presently be derived as long as the dominant mechanism is not properly understood.

Conclusions. The temporal variations in the pulsation frequencies observed in PG 0122+200 cannot be simply attributed to the
cooling of the star, regardless of the contribution of the neutrino losses. Our results suggest that the resonant coupling induced by the
rotation plays a dominant role which must be further investigated.

Key words. stars: evolution — neutrinos — white dwarfs — stars: oscillations — stars: individual: PG 0122+200

1. Intoduction

The PG 1159 stars form an evolutionary link between the cen-
tral stars of planetary nebulae and the white dwarf cooling se-
quence. A fraction of the PG 1159 stars do pulsate, accord-
ing to non-radial g-modes, and constitutes the subgroup of the
GW Vir variable stars. The asteroseismology of these vari-
able stars provides invaluable insight into their internal struc-
ture and evolutionary status. Among the 17 known GW Vir
stars (Quirion et al. 2007), five have been observed with the
Whole Earth Telescope network (WET; Nather et al. 1990).
PG 0122+200 (BB Psc) is the coolest one. Its atmospheric pa-
rameters T.¢ = 80000 K + 4000 K, log g=7.5 £ 0.5, and
abundances (C/He = 0.3, C/O = 3, N/He = 1072 by numbers) are

Article published by EDP Sciences

typical of the GW Vir stars (Dreizler & Heber 1998). At this ef-
fective temperature, PG 0122+200 presently defines the red edge
of the GW Vir instability strip (Quirion et al. 2007). O’Brien
et al. (1998) and O’Brien & Kawaler (2000) have shown that,
at this phase of the pre-white dwarf evolution, the neutrino
losses become important in the cooling process. For a 0.60 Mg
PG 11509 star at the effective temperature of PG 0122+200, they
estimate that the ratio of the neutrino luminosity over the photon
luminosity couldbe 1 <L, /L, <2.

Since the frequencies of the g-mode pulsations are deter-
mined by the internal structure of the star, mainly through the
Brunt-Viisild frequency, the changes in the structure induced
by the evolution translate into changes in the pulsation fre-
quencies. The evolution time scale is therefore printed in the
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changes of the pulsation frequencies. Measuring their rate of
change offers an opportunity to estimate the cooling time scale
and the importance of the role played by the neutrinos. This
makes PG 0122+200 particularly interesting for studying neu-
trino physics if one could measure its cooling rate from aster-
oseismology. This was one of the main goals of the follow-up
observations of the star.

The predicted neutrino luminosity depends on the stellar pa-
rameters, mainly the total mass and the effective temperature,
which can, in principle, be determined precisely from asteroseis-
mology. Determining the stellar parameters of a non-radial g-
mode pulsator relies on the ability to measure the period spacing
between a large enough number of pulsation modes and to cor-
rectly identify their degree ¢ (Kawaler & Bradley 1994; Cérsico
& Althaus 20006). In the best case, a detailed comparison of the
observed frequencies with those of realistic models provides an
even more precise estimate of the stellar parameters (Kawaler &
Bradley 1994; Cérsico & Althaus 2006; Cérsico et al. 2007).

Discovered as a GW Vir variable star by Bond & Grauer
(1987), PG 0122+200 was observed more intensively in 1986
(O’Brien et al. 1996) and then, through a number of multisite
campaigns in 1990 (Vauclair et al. 1995), in 1996 when it was
the priority target of a WET campaign (O’Brien et al. 1998), as
well as in 2001 and 2002 (Fu et al. 2007). From the cumulative
pulsation periods observed during these campaigns, it was pos-
sible to identify 23 periods as ¢ = 1 modes, composed of seven
triplets and two single modes, and to derive a precise value of
the average period spacing, AP = 22.9 s (Fu et al. 2007). These
results were used by Corsico et al. (2007) to derive precise con-
straints on the PG 0122+200 parameters, where the most im-
portant ones for estimating the neutrino luminosity are the to-
tal mass M, = 0.556f8:8(1)2 M, and the effective temperature
(Teg = 81540 (+800, —1400) K) or, alternatively, the luminos-
ity (log (L./Ly) = 1.14 (+0.02, -0.04)). Additional data obtained
more recently in 2005 and 2008 are discussed below. We used all
the available data to determine the rate of change of the pulsation
frequencies and of their amplitude.

This paper is organized as follows. The results of the two
new campaigns are described in Sect. 2. Section 3 gives the re-
sults on the rate of change of the pulsation frequencies and of
their amplitude for the seven largest amplitude modes, including
two complete triplets and one component of a third triplet. In
Sect. 4 we discuss these results and show that the observed rates
of change of the frequencies do not agree with the theoretical
prediction based on a neutrino-dominated cooling. We propose
another interpretation in terms of resonant coupling induced by
rotation. We discuss in more detail the case of the largest am-
plitude mode, which shows interesting periodic variation in its
frequency and amplitude. Section 5 gives a summary and the
main conclusions.

2. Results of the 2005 and 2008 multisite campaigns

We conducted two new campaigns on PG 0122+200 in 2005
and 2008. Table 1 gives the journal of the observations for
the 2005 campaign, which involved the 2.16-m telescope of
the National Astronomical Observatories of China (NAOC) in
Xinglong (XL), the 1.8-m telescope of the Bohyunsan Optical
Astronomy Observatory (BOAO), and the 0.9-m telescope of
SARA at Kitt Peak National Observatory, all for the period
from October 1 to October 7, 2005. Additional data were gath-
ered from the 2.56-m Nordic Optical Telescope (NOT) some-
what later from October 14 to 17. All data were acquired with a
CCD photometer except in Xinglong where we used a 3-channel
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Table 1. Journal of observations: 2005 October.

Run name Telescope Date Start time Run length
Un  UTC)  (s)

pgl001xo XL 2.16-m 01 Oct. 16:03:00 5592
pgl001xq XL 2.16-m 01 Oct. 17:52:00 11236
b0a0-051002 BOAO 1.8-m 02 Oct. 16:38:07 8320
1c051002ut-5 SARA 1-m 03 Oct. 03:14:10 34280
pgl003xm XL2.16-m 03 Oct. 12:37:00 33453
pg1004x1 XL 2.16-m 04 Oct. 12:14:00 27154
b0ao0-051004 BOAO 1.8-m 04 Oct. 13:09:15 21125
1c051004ub-8 SARA 1-m 05 Oct. 03:06:40 9203
1c051004ua-8 SARA 1-m 05 Oct. 06:53:03 21456
b0a0-051005 BOAO 1.8-m 05 Oct. 13:08:30 26460
1c051005ua-5 SARA 1-m 06 Oct. 02:59:23 20390
1c051005ub-5 SARA 1-m 06 Oct. 08:46:35 13246
1c051007ut-5 SARA 1-m 07 Oct. 02:50:26 35987
pg01220ctl3  NOT 2.56-m 14 Oct. 00:21:34 13260
pg0122o0ctl7a  NOT 2.56-m 17 Oct. 22:05:53 3210
pg01220ctl7b NOT 2.56-m 17 Oct. 23:54:27 13740

photometer. A short description of the 3-channel photometer is
given in Vauclair et al. (1989). The sampling rate was 30 s with
the CCDs and 1 s with the 3-channel photometer, whose data
were summed up to get a similar 30 s sampling rate. During
the central part of the campaign (October 1-7), we got 53.2 h
of nonoverlapping data during 5.85 days. This corresponds to a
duty cycle of 38% and a frequency resolution of ~2 y/Hz. The ad-
ditional data from the NOT contributed to significantly improv-
ing the length of the campaign to 16.33 days and the correspond-
ing frequency resolution to 0.7 uHz. The duty cycle of the global
campaign was 21%. Figure 1 shows the light curve of the 2005
campaign. When data overlapping occurs, for instance between
the BOAO and the XL data, we chose to keep the timeseries with
the best signal/noise ratio. One notes a variation in the pulsation
amplitude during the campaign. Figure 2 shows the power spec-
trum of the light curve between 500 and 4000 uHz. We did not
detect any significant signal below 500 yHz or above 4000 pHz.
We used the Period04 software (Lenz & Breger 2005) to de-
rive the frequencies, amplitudes, and phases. Figure 3 shows the
detailed pre-whitening process. Note the change in the ampli-
tude scale as the prewhitening proceeds. The process is stopped
when no additional significant frequency is selected, according
to the chosen detection limit. Here, on the basis of a 40 detec-
tion criterion, the process was stopped after the selection of the
10 frequencies listed in Table 3.

Interestingly, the 2005 data show two frequencies at
938.767 uHz and 1558.671 pHz not seen before. We checked
the data from the different observing sites separately to verify
that those frequencies did not come from an instrumental effect
on one site. Those frequencies are seen in the power spectrum
of all the timeseries. We interpret the 1558.671 yHz (641.6 s pe-
riod) as a component of one additional £ = 1 mode to the series
listed in Fu et al. (2007) in which the lowest frequency mode
was at 1636.25 uHz (611.15 s). This new mode corresponds to
the k = 25 order, ¢ = 1 mode of the best-fit model of Cdrsico
et al. (2007), which is found at 633.1 s; however, we detect only
one frequency, so we do not know its m value. With this ad-
ditional mode, the periods observed in PG 0122+200 cover a
total range of 336 s to 642 s. This is in good agreement with
the range of unstable £ = 1 modes found in the best-fit model of
Corsico et al. (2007). From this model, all the modes observed in
PG 0122+200 are predicted to be unstable. This is also in good
agreement with the periods of the unstable modes in the closest
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Fig. 1. Normalized light curve of PG 01224200 during the 2005 cam-
paign. The fractional modulated intensity, indicated on the left side, is
plotted as a function of time (UT). Each panel covers a 24 h period; the
date is indicated on the right side.
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Fig. 2. Amplitude spectrum of the 2005 light curve. The upper panel
shows the amplitude spectrum in units of milli-modulation amplitude
(mma) as a function of the frequency in uHz, in the frequency range
500-4000 pHz; no significant signal is detected outside this frequency
range. The corresponding window function is shown on the same scale
in the insert. The lower panel shows the residuals after subtraction of
the 10 significant frequencies detected.

model to PG 01224200 in the evolutionary sequence of Quirion
et al. (2007, their Table 5), which covers a range of 232 s to
587 s.

The peak at 938.767 uHz (1065.2 s period) appears when the
1558.671 uHz peak is also present. Its frequency is very close
to a linear combination of the dominant frequency at 2497 yHz
with the 1558 pHz one (2497 uHz-1558 pHz=939 uHz).
However, such linear combinations and/or harmonics of genuine
eigenfrequencies are seen when a significant outer convective
zone interacts with the pulsations as in the case of the DBVs
(for instance GD 358, Provencal et al. 2009) and the cool DAVs
(for instance HL Tau 76, Dolez et al. 2006). Because there is
no such significant outer convective region in the PG 1159 stars,
one does not expect to see any signature of convection-pulsation
interactions. In fact, no linear combinations of frequencies have
been detected so far in PG 0122+200 or in the PG 1159 pro-
totype star PG 1159-035 (Costa et al. 2008). In addition, we
also note that the 2005 data do not show any significant sig-
nal at 2497 uHz + 1558 pHz =4055 pHz. We conclude that the
peak at 938.767 uHz does not result from a linear combination.

Table 2. Journal of observations: 2008 October.

Run name Telescope Date  Start time Run length
T WTO ()

konkoly-1022 Piszkéstetd 1-m 22 Oct. 18:44:14 23652
pgl024xl1 XL 2.16-m 24 Oct. 13:26:00 21600
b0a0-081024 BOAO 1.8-m 24 Oct. 15:03:52 16553
pg1025x1 XL 2.16-m 25 Oct. 11:57:00 27600
konkoly-1025 Piszkéstet6 1-m 25 Oct. 21:59:40 5132
pg1026x1 XL 2.16-m 26 Oct. 11:00:00 31500
b020-081026 BOAO 1.8-m 26 Oct. 14:56:16 12435
b0ao-081027 BOAO 1.8-m 27 Oct. 09:37:07 9221
pgl027x1 XL 2.16-m 27 Oct. 10:54:00 31320
pg1028x1 XL 2.16-m 28 Oct. 14:03:00 14220
konkoly-1028 Piszkéstetd 1-m 28 Oct. 17:32:36 7864
b0ao-081029 BOAO 1.8-m 29 Oct. 17:13:53 7807
b0ao-081030 BOAO 1.8-m 30 Oct. 09:39:35 24 057
pg1030x1 XL 2.16-m 30 Oct. 14:53:00 16260

Inspection of the best-fit model of Cérsico et al. (2007) reveals
that the £ = 1, k = 43 mode has a period of 1063.8 s, very
close to the observed one. However, according to their nonadia-
batic computations, this mode is predicted to be stable. We con-
clude that this peak at 938.767 uHz could correspond to a gen-
uine mode excited by resonance with the two unstable modes at
2497 uHz and 1558 pHz. In contrast, the best-fit model does not
show any eigenfrequency close to 4055 pHz: the closest (unsta-
ble) £ = 1 modes are the k = 8 at 4210 yHz and the k = 9 at
3771.7 uHz.

The 2008 campaign involved the 2.16-m telescope of NAOC
in Xinglong (XL), the 1.8-m telescope of BOAO and the 1-m
telescope on the station of Konkoly Observatory at Piszkéstets.
Table 2 gives the journal of the observations for the 2008 cam-
paign. Again, data were obtained with CCD photometers except
at Xinglong where we used the 3-channel photometer. The set-
up was the same as in 2005. We got 56.4 h of nonoverlapping
data during a campaign of 8.02 days, which gives a duty cy-
cle of 29% and a frequency resolution of 1.4 uHz. Figures 4-6
show the light curve, the power spectrum, and the detailed pre-
whitening process, respectively. Using the same 40 detection
criterion, we detect 13 significant frequencies in the 2008 data
set. The additional frequencies detected in 2005 at 938.767 uHz
and 1558.671 pHz do not show up in the 2008 data.

As a summary, with the addition of the new data obtained in
2005 and 2008, PG 0122+200 shows 24 unstable modes. It also
occasionally shows a stable mode excited by resonance with two
unstable modes, as observed during the 2005 campaign.

The frequencies detected during the 2005 and 2008 cam-
paigns are listed in Table 3, where o are the uncertainties on
the derived frequencies and A their amplitude expressed in milli-
modulation amplitude (mma). The quoted frequency uncertain-
ties are the internal errors derived from Period04. They are
known to underestimate the true uncertainties. Section 3 de-
scribes how we derive more realistic frequency uncertainties to
estimate the rates of change of the frequencies and discuss their
significance.

3. The rate of change of the pulsation frequencies

In addition to the new data obtained in 2005 and 2008 described
above, we have reanalyzed the data obtained since 1986 and re-
determined the frequencies, the amplitudes, and the phases in
a homogenous way by using the Period04 software (Lenz &
Breger 2005). Since the uncertainties derived by Period04 only
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Fig. 3. Illustration of the prewhitening process on the 2005 amplitude
spectrum. The first panel (FTO1) is the full amplitude spectrum as
shown in Fig. 2. Panel FT02 shows the amplitude spectrum after sub-
traction of the largest amplitude peak at 2497 uHz. The next panel
(FT03) shows the amplitude spectrum after additional subtraction of the
next largest amplitude peak at 2221 uHz, and so on for the subsequent
panels.
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Fig. 4. Same as Fig. 1 for the 2008 campaign.

estimate the internal consistency of the solutions, they are un-
derestimated. We derived more realistic uncertainties through
Monte-Carlo simulations.

For each observed timeseries (;, x;)i=12...x, W€ extracted a
number of frequencies (f);=12,..,» and the corresponding am-
plitudes A; and phases ¢; with the software Period04, so the
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Fig. 6. Same as Fig. 3 for the 2008 amplitude spectrum. Here, 13 signif-
icant frequencies are selected according to the chosen detection limit,
as listed in Table 3.

residual time-series (%, y;)i=12...x Were obtained by subtracting
the sum of multiple sine functions from the observed timeseries
as

Z A;sinQ2IIft; + ¢)).

Yyi=Xxi —

Then |y;| is regarded as the observation error of x;. Hence,
we constructed 50 simulated time-series z; for each observed
time-series, by taking z; as a normally distributed random vari-
able with mean x; and standard variation |y;|. The 50 simu-
lated time-series were fitted with the sum of multiple sine func-
tions by taking (fj,Aj, ¢;)j=12,.,, as initial values according to
least-squares algorithm. Hence 50 sets of new (f, A, ¢)j=12,..n
were obtained. The standard deviations of each parameter of
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Table 3. Frequencies in PG 0122+200 during the 2005 and 2008 cam-
paigns.

Table 4. Frequency and amplitude variations of the 7 largest amplitude
modes in PG 0122+200 measured from 1986 to 2008.

Frequency(2005) o A +0.48 Frequency(2008) o A+032 HID Date Frequency o A 0A
(uHz) (uHz) (mma) (uHz) (uHz) (mma) (uHz) (uHz) (mma) (mma)
938.767 0.064 8.08 2446764.2 1986.11 2221.030 0.107 7.28 0.26
1558.671 0.149 3.49 2448209.2 1990.10/12 2221392 0.036 3.97  0.29
%g%gg? 8-%(1)3 % ;‘1‘ 24503408 1996.09  2221.161 0.022 544 034
) ’ ) 2451461.6 1999.10 2221.067 0.073 3.71 0.24
e 000 383 2l 0.067 3.78 24522297 2001.10/12 2221314 0012 720 020
2137.557 0.113 4.59 2137.611 0.104 2.43 24525579 2002.10 2221478 0.031 3.13 0.09
2221540 0.041 12.66 2221809 0.043 584 2453648.1 200510 2221540 0.054 12.64 0.50
2225237 0.115 4.53 2024.849 0.043 5.88 2454766.3 2008.10 2221.809 0.067 5.84  0.20
2228.376 0.043 5.80 2448209.2 1990.10/12 2224942 0.043 3.24 0.20
2490.543 0.107 4.86 %jgg?}é 882(2) j?g 2450340.8 1996.09 2224.850 0.025 5.02 0.21
2497 270 0032 1627 2497237 0018 13.81 2451461.6 1999.10 2224687 0.029 525 029
2626963 0.097 2.60 24522297 2001.10/12 2224.826 0.024 400  0.22
2970.225 0.102 2.46 24525579 2002.10 2224.807 0.012 4.61 0.09
2973.989 0.107 4.84 2973.857 0.043 5.93 2453648.1 2005.10 2225237 0.147 4.67 0.52
2454766.3 2008.10 2224.849  0.072 5.88 0.17
2448209.2 1990.10/12 2227.985 0.049 4.48 0.26
2450340.8 1996.09 2227.557 0.029 3.05 0.26
(fj»Ajs ) j=12....n Were then calculated. We define them as the 2451461.6 1999.10  2228.182  0.030 6.00  0.27
uncertainty estimates of the parameters. 24522297 2001.10/12 2228272 0.028 3.69 0.1
With all the observed light curves available, we were able 2452557.9 2002.10 2228156  0.013 4.75  0.09
to follow the frequency and amplitude variations by the direct 24547663 2008.10 2228376 0.151 5.80 0.17
measurements for the 7 largest amplitude modes. This includes
the three components of the triplets at 2221, 2224, 2228 uHz 24467642 1986.11 2490294 0.060 8.38 0.22
and at 2490, 2493, 2497 yHz and the prograde component of a 2448209.2 1990.10/12 2490.777 0.110 3.12  0.22
third triplet at 2973 pHz. The list of the measured frequencies 2450340.8 1996.09 2490249 0018 937 034
and amplitudes of these modes, together with their uncertainties 2451461.6 1999.10 2490.517 0.083 334 027
derived from the Monte-Carlo simulations, is given in Table 4. 24522297 2001.10/12 2490.160 0.018 6.11  0.23
The columns indicate the dates of the measurements in HID and 2452557.9 2002.10 2490.657 0.010 5.10  0.10
in year.months, the frequencies and their uncertainties, o, the 2453 648.1 2005.10 2490.543 0.197 486  0.50
amplitudes A and their uncertainties 6A. 24547663 2008.10  2490.515 0.060 485  0.19
The other modes either do not show up in a large enough
number of observations or have too low amplitudes for a signifi- 2448209.2 1990.10/12 2494.214  0.058 5.95 023
cant detection of frequency variations. The frequency variations 2450340.8  1996.09 2493.769  0.028 550 035
of the 3 components of the first triplet at 2221, 2224, 2228 uHz 2451461.6 1999.10  2493.841  0.029 930  0.22
are shown in Fig. 7. Figure 8 shows the corresponding ampli- 2452229.7 200110712 2493.850  0.019 4.81 025
tude variations of the three components. Figures 9 and 10 show 2452557.9 2002.10 2493.806  0.014 4.24  0.10
the frequency variations and the corresponding amplitude varia- 24547663 2008.10 2494.148  0.099 4.19  0.14
tions, respectively, for the three components of the second triplet 24467642 1986.11 2497.106  0.036 12.07 022
and amplitude variations for the prograde component of the third 2450340.8 1996.09 2497535 0016 898 032
triplet at 2973 uHz. In those figures the time is expressed in 2451461.6 1999.10 2497329 0018 929 031
heliocentric Julian days (HJD) rather than in barycentric Julian 24522297 2001.10/12 2497.468 0.011 9.75 0.22
days (BJD). This does not affect our analysis since the pulsation 2452557.9 2002.10 2497.176  0.005 11.68 0.08
frequencies are determined independently for each run. Among 2453648.1 2005.10 2497270 0048 1524 041
these seven mOdeS, Only the largest amplitude ones, at 2221 ,LlHZ, 2454766.3 2008.10 2497.237 0.022 13.81 0.18
2497 uHz, and 2973 puHz, are present in all the observing cam-
paigns. Since the variations are clearly nonlinear with time, the 24467642 1986.11 2973756 0.091 498 023
(0-C) method is difficult to use in this case. 24482092 1990.10/12 2973760 0035 475 024
As can be seen from the various figures, the behavior of the 2450340.8 1996.09 2973707  0.017 5.60 0.24
variations varies for different frequencies. The frequency varia- 2451461.6 1999.10 2073.804 0.031 533 026
tions are much larger than expected from the model predictions, 24522297 2001.10/12 2973753 0.022 478 022
which are based on the assumption that the cooling, possibly 2452557.9 2002.10 29073.870  0.014 4.03  0.10
dominated by neutrino luminosity, is the unique cause of the fre- 2453648.1 2005.10 2073.980 0209 496 048
quency changes. We observe frequency variations of a fraction 24547663 2008.10 2973857  0.055 593  0.20

of uHz instead of the predicted 10~ yHz, which would have
been impossible to observe with the present data. This implies
frequency variations on time scales of a few 10* years, consid-
erably shorter than the cooling time scale of a few 10° years

derived from the currently most elaborated theoretical model
(Cérsico et al. 2007).
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Fig.7. Temporal changing of the frequency for the three components
of the triplet centered at 2224 uHz. For each of the components, the
difference between the full frequency and its integer value, noted on
the ordinates as FREQ [- integer value], is plotted as function of time
in HID, referred to as 2446000.0. The dates of the observations are
marked for each data point as yyyy.mm. Error bar for each data set is
derived from Monte-Carlo simulations.

4. Interpretations

4.1. The rate of change of the pulsation frequencies
predicted by theoretical models

The evolutionary model by Corsico et al. (2007) relies on the
neutrino production rate by Itoh et al. (1989, 1992). The esti-
mated cooling time scale of the O’Brien & Kawaler’s evolu-
tionary models (2000) is based on the updated neutrino emis-
sion rate of Itoh et al. (1996). However, there is no significant
difference in the cooling time scale or in the rate of period
changes by using one or the other version of the neutrino emis-
sion rate. According to the predictions of the Cdrsico’s best-fit
model, the rate of change of the pulsation periods (P = dP/dr)
varies between 1.22x 10712 ss™! for the £ = 1, k = 12 mode
of period 336.68 s and 3.26 X 1072 ss7! forthe ¢ = 1, k =
24 mode of period 611.15 s. These values translate into evolu-
tionary time scales between 8.7 x 10° and 5.9 x 10° years. On
the twenty-two year time scale covered by the observations
reported here, one should not have detected frequency varia-
tions greater than —7.5x 1073 yuHz <§f <-6.1x 1073 uHz (i.e.
8.4x10™* s<dP<2.3x 1073 s in the period variations). Such
small variations are not reachable within 22 years given the
present uncertainties on the frequency determination. We esti-
mate that it would take more than 50 years to get a significant
3-0 signature of a frequency change induced by the cooling.
All of the seven largest amplitude modes of pulsation for
which we have estimated a rate of change of their frequency are
trapped modes according to the Cdrsico’s best-fit model. As a
consequence, the rate of change of their frequency should be
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Fig. 8. Temporal changing of the amplitude for the three components
of the triplet centered at 2224 uHz. For each of the components, the
amplitude in mma is plotted as function of time in HJD, referred to as
2446000.0. The dates of the observations are marked for each data point
as yyyy.mm. Error bar for each data set is derived from Monte-Carlo
simulations.

a combination of the star cooling and of the outer layers final
contraction. The rates of change of the theoretical £ = 1, m =
0 modes listed in Corsico et al. (2007) for the radial orders k
between 12 and 24 covering the range of observed periods, are
all positive (see their Table 1). It means that the rates of change
are dominated by cooling and that the contraction of the outer
layers has little effect. However, as can be inferred from their
Table 1, the rates of changes for the trapped modes are less than
for the untrapped modes, indicating a small effect from the outer
layers.

As can be seen from Figs. 7, 9, and 11, the frequency vari-
ations of these modes show irregular patterns. The only mode
showing a frequency variation consistent with a flat behavior
is the prograde component of the third triplet at 2973 pHz.
Figure 12 also shows that its amplitude remains almost constant
during the 22 years covered by our data. This suggests that this
mode is stable enough in frequency and in amplitude to be used
to measure the neutrino emission rate if one could get more data.
A second-order polynomial fit to the data shown in Fig. 11 indi-
cates, however, a time scale of 7.8 +6.0x 10° y. With a difference
of 130, this is one order of magnitude shorter than the cooling
time scale of 8.7 x 10° y derived by Cérsico et al. (2007) for this
mode. Furthermore, Fig. 11 shows a frequency increasing (pe-
riod decreasing) with time, while in the Cérsico’ best-fit model
the period derivative for this mode is positive, indicating a pe-
riod change dominated by cooling. At this stage we conclude
that either the role of the envelope contraction is underestimated
in the evolutionary models used to estimate the rate of period
change, or another physical mechanism is dominating the fre-
quency variation. This is discussed below.
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Fig.9. Same as Fig. 7 for the components of the triplet centered at
2493 pHz.

4.2. The rate of change of the pulsation frequencies
in PG 0122+200 and a comparison
with those in PG 1159-035

The results presented here show that the observed frequency
variations are one to two orders of magnitude larger than the
ones derived from the best-fit model of Cérsico et al. (2007) and
they do not follow a simple function of time. Their typical time
scales are much shorter than the expected cooling time, for any
reasonable assumption on the rate of neutrino production.

Similar results have been obtained for the prototype of the
GW Vir pulsators PG 1159-035 (Costa & Kepler 2008). In this
case, the period changes have been estimated for 27 modes.
However, only two modes were detected at five different seasons,
five at four different seasons and the remaining 20 were only de-
tected at three different seasons. About half of the modes show
increasing periods and half show decreasing ones. Two of the
modes that are identified as trapped modes in the best-fit model
of Cérsico et al. (2008) show decreasing periods, as expected.
The dominant mode at 516 s shows a regularly increasing pe-
riod. But the time scale inferred from its variation (1.3 x 10° y)
is one order of magnitude shorter than the one predicted by the
Cérsico’ model for this mode. Among the other modes, differ-
ent types of variation are observed; in particular two of them, at
451.5 s and 536.9 s, show large negative and positive frequency
variations on short time scales.

However, the case of PG 1159-035 is substantially different
from the case of PG 0122+200. The star PG 1159-035 appears
to still be in the “evolutionary knee”, a stage in which the He
shell burning is an important source of luminosity that controls
the evolutionary timescale and thus the rate of period change.
At variance, PG 0122+200 is located at a stage where (accord-
ing to theoretical models) the He shell burning has been virtu-
ally extinct. The disagreement between the cooling time scale
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Fig.10. Same as Fig. 8 for the components of the triplet centered at
2493 uHz.
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Fig. 11. Same as Fig.7 for the prograde component of the triplet cen-
tered at 2970 uHz.
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Fig. 12. Same as Fig. 8 for the prograde component of the triplet cen-
tered at 2970 uHz.

derived from evolutionary models of PG 1159-035 and the ob-
served time scales of the period changes has been recently solved
by Althaus et al. (2008). They show that the magnitude and sign
of the rates of period changes observed in that star by Costa &
Kepler (2008) could be reconciled with the theoretical models
if the star were characterized by a thinner He-rich envelope, so
as to be incapable of sustaining He shell burning. In this way,
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the rates of period changes should be higher (and the evolution-
ary time scale shorter) by one order of magnitude, in agreement
with the observational demand. But this solution is not valid for
PG 0122+200, because for the regime of this star, the He burning
is no longer the luminosity source, so the magnitude of the pe-
riod changes becomes much less sensitive to the thickness of the
He envelope. One has to find another explanation for the period-
change time scales in PG 0122+200 being much shorter than the
expected cooling time scale.

4.3. Which mechanism?

Our results on PG 01224200 indicate that the observed fre-
quency variations are not dominated by cooling. They are not
induced by an orbiting companion either, i.e. a planet or a brown
dwarf, in contrast to the case of the sdB pulsator V391 Peg
(Silvotti et al. 2007), since the variations in different frequencies
are not correlated in phase and do not have the same amplitudes
and time scales. We have to think about other mechanism(s). One
potential mechanism producing such frequency and amplitude
variations is the resonant coupling induced by rotation within
triplets, as discussed by Goupil et al. (1998). They showed that,
in order of magnitude, the effect of such resonant coupling de-
pends on the value of the parameter D = 270f/ky measur-
ing the ratio of the frequency mismatch induced in a triplet by
second-order effect of rotation (6f) and the mode growth rate
(ko). According to its value, one may encounter three differ-
ent regimes. If this ratio is low, the frequencies are forced to
be equally spaced within the triplet; this is the frequency lock
regime. If the ratio is high, the resonant coupling is inefficient
and the frequencies keep their nonresonant properties, i.e. keep
their linear values. In the intermediate case, both the amplitudes
and the frequencies undergo time modulation with typical time
scale Pyog ~ 1/6f. The variations observed in PG 01224200
suggest that many of the modes could be in this intermediate
regime. A detailed comparison of the frequency and amplitude
variations observed in PG 01224200 with the predictions of the
nonlinear pulsation theory would probably require more obser-
vational data and theoretical investigations of the resonant cou-
pling mechanism.

4.4. Rotational splitting revisited

Since we argue that the observed frequency variations are due
to the resonant coupling induced by second-order effect of rota-
tion, the frequency shifts observed within the triplets do not only
measure the rotation rate. They also include a contribution due
to this resonant coupling. By time averaging the frequency shifts
observed at different seasons, one should minimize that contri-
bution and get a better estimate of the part only due to the first
order of rotation. We performed this time average on the triplets
centered at 2493 uHz and at 2224 uHz corresponding to modes
k = 15 and 17 respectively in the best-fit model of Cérsico et al.
(2007). The resulting averaged rotational splitting of 3.405 uHz
translates into an average rotation period of 1.70 days. This is
a slightly longer rotation period than the 1.55 days found by
Fu et al. (2007). In addition, the nonlinear effect invoked by
Goupil et al. (1998) also implies a time modulation of the de-
parture to equal splitting within the triplets in the intermediate
regime. Considering the case of the two triplets illustrated in
Figs. 7 and 9 we find such a time modulation. This is shown
in Fig. 13 for the triplet centered at 2224 yHz and in Fig. 14 for
the triplet centered at 2493 uHz. The three components of the
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Fig. 14. Same as Fig. 13 for the triplet centered at 2493 uHz.

triplets are not always detected. In the case of these two triplets,
they are seen simutaneously during six observing seasons. Each
figure shows the variations in the frequency shift for the retro-
grade and the prograde components of the triplets. The departure
to equal splitting and its time modulation are clearly visible.

4.5. The case of the dominant mode at 2497 uHz

The mode at 2497 pHz has always been the one with the largest
amplitude in all of the eight observing seasons reported here. It
is the prograde component (m = +1) of the triplet centered at
2493 uHz. Its frequency variations, shown in the lower panel of
Fig. 9, suggests a periodic oscillation, particularly visible within
the period 1996-2008 during which we got six observational
points. As this behavior could shed some light on the physical
mechanism responsible for the frequency and amplitude varia-
tions, we explored this case further. A second-order polynomial
is subtracted from the frequency data points as shown in the up-
per panel of Fig. 15. The residuals, shown in the middle panel,
are then fitted by a one-component sine function by a y*> min-
imization. Since there are only eight observing seasons on the
22 years of observation, these fits cannot constrain the period of
the modulation with a unique value. We explored a rather wide
range of possible periodicity, between 120 and 360 days. Within
this range of periodicities, y> varies between 0.137 and 0.014.
We find 12 secondary minima with 0.014 < y? < 0.047. The
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Fig.15. Upper panel: the 2497 puHz frequency variations fit with a
second-order polynomial; middle panel: the residuals fit with a one-
component sine function with a period of 211 days; lower panel: the
final residuals.

best 2 values are obtained for periodicity of 261.0 days (0.018),
212.6 days (0.016), and 130.5 days (0.014), which is half of the
261.0 days period as expected. As the resonant coupling mecha-
nism should induce a time modulation with the same periodicity
for both the frequency and the amplitude, we did the same treat-
ment to the amplitude data points. A second-order polynomial
is fitted to the data as shown in the upper panel of Fig. 16. The
residuals are fitted with one-component sine functions with peri-
ods covering the same range as for the frequency fits. The y? val-
ues vary between 28.7 and 1.0 and show 15 secondary minima
with 1.0 < x> < 8.8. The best y? values are found for period-
icities of 260.9 days (1.8), 210.2 days (1.0), 151.5 days (1.8),
and half of the 260.9 days at 130.5 days (3.6). The two lower
x° minima in common in the frequency and amplitude fits are
not significantly different in terms of y2. The corresponding pe-
riodicities are 211 days and 261 days, respectively. In the middle
panels of Figs. 15 and 16, we show the fit of the residuals with
the sine function of period 211 days. Such modulation periods
have the right order of magnitude as predicted by Goupil et al.
(1998).

This analysis suggests that there are two different time scales
in the frequency and amplitude variations. For the frequency
variation, one long-term time scale is deduced from the poly-
nomial fit. Its value 7, = [(1/£)(df/df)]™" of 5.4 x 10* years has
to be compared with the theoretical prediction of 8.0 x 10° years
for the m = 0 mode of this triplet from the best-fit model of
Cérsico et al. (2007). We assume here that the frequency rate of
change of the rotationally split components do not significantly
differ from the one estimated for the central m = O component of
the triplet. The observed rate of change disagrees with the theo-
retical prediction by a factor 150. The second-order polynomial
fit of the amplitude variations shows an increase in the ampli-
tude with a time scale Tyyp = [(1/{A)(dA/dP)]"", where (A) is
the average amplitude, of 6.1 x 10° years.

As a result, the long-term time scale of the frequency vari-
ations for the dominant mode is much shorter, by two orders of
magnitude, than the evolutionary time scales evaluated with the
above-mentioned neutrino emission rates. It is quite improbable
that the neutrino emission rates of Itoh et al. (1989, 1992, 1996)
are underestimated by two orders of magnitude. We presently
have no explanation to this discrepancy.
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Fig.16. Upper panel: the 2497 pHz amplitude variations fit with a
second-order polynomial; middle panel: the residuals fit with a one-
component sine function with a period of 211 days; lower panel: the
final residuals.

We attribute the other, short-term component in the fre-
quency and amplitude variations to the effect of the resonant cou-
pling induced by rotation. The sine function that fits the residu-
als shown in the middle panels of Figs. 15 and 16 has a period
of 211 days and an amplitude of 0.11 yHz in frequency and of
1.9 mma in amplitude, respectively. The other equivalent y? so-
lution with a 261 days period has an amplitude of 0.12 ¢Hz in
frequency and of 1.7 mma in amplitude.

5. Summary and conclusions

The available asteroseismological observations of PG 0122+200
cover a period of 22 years from 1986 to 2008. The two most
recent observational campaigns in 2005 and 2008 are reported
here. These new data allowed us to discover one additional un-
stable mode with a period in excellent agreement with the £ = 1,
k = 25 mode of the best-fit model of Cdrsico et al. (2007). This
increases to 24 the number of modes available for an asteroseis-
mic analysis. In addition, we find evidence, for the first time, of
one stable mode showing up in the 2005 data, excited by reso-
nance with two unstable modes. All the data were reanalyzed in a
homogeneous way to derive the frequencies and the amplitudes
of the pulsation modes. Monte-Carlo simulations were used to
obtain realistic estimates of their uncertainties.

We measured the frequency and amplitude variations for the
seven largest amplitude modes. Our initial goal was to derive the
evolutionary time scale from the rate of change of the pulsation
frequencies. Since PG 0122+200 is predicted to cool predomi-
nantly by neutrino losses, the measure of the evolutionary time
scale was supposed to provide constraints on the efficiency of
the neutrino production.

We find that the frequencies vary on time scales that are one
to two orders of magnitude shorter than the ones derived from
the best-fit model of Coérsico et al. (2007) and that they do not
follow a simple function of time. They are much shorter than the
expected cooling time, for any reasonable assumption on the rate
of neutrino production.

A similar disagreement between the time scales derived from
the observed rates of change of the pulsation frequencies and the
theoretical cooling time in the prototype of the GW Vir pulsators
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PG 1159-035 (Costa & Kepler 2008) has been solved by model
of PG 1159-035 with an He envelope 2—3 times thinner than the
usual canonical value (Althaus et al. 2008). But the same argu-
ment does not help for understanding the case of PG 0122+200,
which is much cooler and in which the He envelope thickness
has much less influence on the evolutionary time scale.

These results indicate that the observed frequency variations
are not dominated by cooling. One potential mechanism produc-
ing such frequency and amplitude variations is the resonant cou-
pling induced by rotation within triplets, as discussed by Goupil
et al. (1998). The frequency and amplitude variations observed
in PG 01224200 suggest that most of the pulsation modes could
be in an intermediate regime where both the frequency and the
amplitude are time-modulated. We took the contribution of this
effect into account to revisit the rotational splitting and derive a
new rotation period of 1.70 days.

In PG 01224200, the frequency variations observed for the
largest amplitude mode at 2497 uHz show an interesting peri-
odic behavior that we have investigated further as it may provide
some hints on the mechanism behind the frequency and ampli-
tude variations. The frequency variations of this mode may be
decomposed into two components: a long-term one with a time
scale of 5.4 x 10* years and a periodic short-term with a period
of either 261 or 211 days.

This is the first estimate of the modulation time scale induced
by the resonant coupling mechanism. We note, however, that the
long-term time scale is 150 times shorter than the theoretical
predicted evolutionary time scale. Unless the neutrino emission
rates used in the evolutionary models are underestimated by one
to two orders of magnitude, which seems unlikely, this indicates
that the frequency variations are not dominated by the star cool-
ing.
Our results for PG 01224200 do not allow one to constrain
the neutrino emission rate and its efficiency on the cooling time
scale. It has been argued that at the luminosity of the DB variable
white dwarfs, the neutrino losses play also an important role in
the cooling. Measuring the rate of change of their pulsation pe-
riods could constrain the neutrino emission rate (Winget et al.
2004; Sullivan et al. 2008), unless those period changes are sub-
ject to the same resonant coupling mechanism as observed in
PG 0122+200.

These intriguing results suggest that we are missing some
dominant physical processes either in the pulsation theory or in
the cooling theory, or else in both. In this direction, some more
theoretical work is needed to investigate further the relevance of
the mechanism suggested by Goupil et al. (1998).
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