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ABSTRACT
PG 1351+489 is one of the 20 DBVs – pulsating helium-atmosphere white dwarf stars – known
and has the simplest power spectrum for this class of star, making it a good candidate to study
cooling rates. We report accurate period determinations for the main peak at 489.334 48 s and
two other normal modes using data from the Whole Earth Telescope (WET) observations of
1995 and 2009. In 2009, we detected a new pulsation mode and the main pulsation mode
exhibited substantial change in its amplitude compared to all previous observations. We were
able to estimate the star’s rotation period, of 8.9 h, and discuss a possible determination of the
rate of period change of (2.0 ± 0.9) × 10−13 s s −1, the first such estimate for a DBV.

Key words: stars: evolution – stars: individual: PG 1351+489 – stars: oscillations – white
dwarfs.

1 IN T RO D U C T I O N

White dwarf stars with spectra dominated by He I lines pulsate when
their effective temperatures are between about 30 000 and 22 000 K
(see e.g. Beauchamp et al. 1999). These stars, collectively known as
DBV, were the first variables to be correctly predicted before their
discovery (Winget et al. 1982). There are only 20 DBVs known
(Kilkenny et al. 2009; Nitta et al. 2009) and PG 1351+489 is one of
them. This star has two determinations for the effective temperature,
Teff = 22 600 K, log g = 7.9 using pure He atmosphere and Teff =
26 100 K, log g = 7.89 allowing for unseen H contamination
(Beauchamp et al. 1999). Castanheira et al. (2006) estimated from
IUE spectra the values Teff = 22 500 ± 190 K, log g = 7.60 ±
0.15 for pure He and Teff = 22 000 ± 150 K, log g = 7.00 ± 0.07
allowing for H contamination. The analysis of the time series pho-
tometric data shows one main mode and at least two other normal
modes (Winget, Nather & Hill 1987). This is one of the simplest
DBV periodogram known.

The study of white dwarfs can contribute to our knowledge about
the Galaxy disc and halo (e.g. Winget & Kepler 2008). White dwarf
pulsations provide important information about high-energy and
high-pressure systems, because the pulsations observed in white
dwarfs are their normal modes and depend on their global structure.
Also, cooling rates may be measured by the rate of change of
period (Winget et al. 1985), because the evolution of a white dwarf
is dominated by cooling. As the temperature of a pulsating white

dwarf decreases, the depth of the ionization zone increases and
longer periods can be excited. Up to now, such a rate of change has
been measured for the lukewarm DAVs (Kepler et al. 2005) and for
the hot DOVs (Costa & Kepler 2008), but not for DBVs.

PG 1351+489 is a candidate for the first measurement of a DBV
cooling rate because its power spectrum is dominated by one mode.
The largest amplitude mode, at 489 s, has a peak-to-peak amplitude
of 0.16 mag and several harmonics have also been detected (Winget
et al. 1987). In addition, two smaller amplitude normal modes have
been observed, along with several linear combination frequencies
(Alves et al. 2003). In this work we confirm these previous results
and provide more precise values for the periods; we also find a new
small amplitude mode in the 2009 data and estimate the rotation
period for this star. We report the observations of PG 1351+489
during two Whole Earth Telescope (WET) campaigns (Nather et al.
1990) from 1995 and 2009, and discuss a possible rate of change of
the main period for this star. A rate of pulsation period change is an
evolutionary time-scale, and offers a unique way to look inside a star
to measure its internal composition. These rate of period changes
constrain models used in cosmochronology, and can even be used
to probe for exotic particles like neutrinos and axions.

2 O BSERVATI ONS

We obtained ∼170 h of high-speed photometric data from seven
different observatories in the WET campaign of 1995 (xcov12),
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1222 M. Redaelli et al.

spanning 38 d. There was a 20 d gap between April 5 and April
25, and the coverage was about 40 per cent in the two weeks of
intense observation. From the WET campaign of 2009 (xcov27)
we obtained only ∼20 h of observations from four observatories,
since PG 1351+489 was a tertiary target. We also used four data sets
from McDonald Observatory, obtained during the years 1984, 1985,
1986 and 2004. The time base used in this work is the Barycentric
Dynamical Time (TDB), or Barycentric Julian Dynamical Date
(BJDD), obtained after a conversion from UTC to the barycenter of
the Solar system. Table 1 shows the Journal of Observations.

3 A NA LY SIS

We began the analysis of PG 1351+489 data looking for pulsation
modes in the individual light curves. The peaks in the Fourier trans-
form whose amplitude were above the detection limit of 1/1000
false alarm probability were considered real. For the individual light
curves, which consist of equally spaced data, the detection limit was
three times the average amplitude, computed by 〈A〉 =

√
�A2

i /N .
The main peak of 489 s was present in all the runs. The small am-
plitude modes were detected only in the longer runs.

Table 1. Journal of observations.

Run Telescope �t Date Begin Length
(s) (UT) (UT) (h)

r2957 McDonald 2.1 m 10 1984 May 06 04:04:30 04:25:20
r2961 McDonald 2.1 m 10 1984 May 07 03:20:00 02:36:40
r2962 McDonald 2.1 m 10 1984 May 07 06:28:20 03:54:30
r3006 McDonald 2.1 m 10 1985 February 16 07:20:55 04:15:00
r3007 McDonald 2.1 m 10 1985 February 17 08:28:00 03:44:40
r3015 McDonald 2.1 m 10 1985 March 22 08:15:39 01:28:50
r3019 McDonald 2.1 m 10 1985 March 23 05:29:11 06:06:00
r3025 McDonald 2.1 m 10 1985 March 24 06:24:10 04:47:10
r3072 McDonald 2.1 m 10 1985 June 15 03:44:50 02:19:50
r3077 McDonald 2.1 m 10 1985 June 22 03:40:10 02:26:20
r3080 McDonald 2.1 m 10 1985 June 24 07:37:00 01:47:30

r3142 McDonald 2.1 m 10 1986 April 03 04:04:30 05:07:20
r3144 McDonald 2.1 m 10 1986 April 04 03:54:20 07:25:40
r3149 McDonald 2.1 m 10 1986 April 10 05:37:56 04:21:50
r3150 McDonald 2.1 m 03 1986 April 13 05:23:40 02:50:57
r3151 McDonald 2.1 m 10 1986 April 13 09:21:40 01:46:20
r3168 McDonald 2.1 m 10 1986 June 10 03:36:00 05:10:30
r3170 McDonald 2.1 m 10 1986 June 11 03:38:30 05:12:30
r3172 McDonald 2.1 m 10 1986 June 12 03:36:40 05:31:40
r3173 McDonald 2.1 m 10 1986 June 13 03:36:30 05:07:40

gv0502 Pic du Midi 2.0 m 10 1995 April 02 22:53:07 03:10:10
gv0504 Pic du Midi 2.0 m 10 1995 April 03 22:24:37 01:51:40
gv0506 Pic du Midi 2.0 m 10 1995 April 04 22:09:10 02:44:10
gv0508 Pic du Midi 2.0 m 10 1995 April 05 23:38:50 05:10:40
eml-0002 Wise 1.0 m 10 1995 April 25 18:43:10 05:07:20
eml-0003 Wise 1.0 m 10 1995 April 26 17:55:40 07:24:10
eml-0005 Wise 1.0 m 10 1995 April 27 21:56:40 03:43:10
eml-0006 Wise 1.0 m 10 1995 April 28 18:43:00 01:07:00
eml-0008 Wise 1.0 m 10 1995 April 28 21:06:00 03:55:20
eml-0009 Wise 1.0 m 10 1995 April 29 18:03:00 07:01:00
jebp01 Isaac Newton 2.5 m 10 1995 April 26 00:17:40 05:10:40
jebp02 Isaac Newton 2.5 m 10 1995 April 26 22:58:30 02:07:10
jebp03 Isaac Newton 2.5 m 10 1995 April 27 21:45:00 07:03:50
jebp04 Isaac Newton 2.5 m 10 1995 April 28 23:31:20 05:47:20
jebp05 Isaac Newton 2.5 m 10 1995 April 29 20:54:40 08:26:10
ra360 McDonald 2.1 m 10 1995 April 26 02:40:50 07:59:50
ra361 McDonald 2.1 m 10 1995 April 27 02:29:40 07:25:40
ra362 McDonald 2.1 m 10 1995 April 28 02:39:20 08:03:00
ra363 McDonald 2.1 m 10 1995 April 29 02:35:10 08:35:50
ra364 McDonald 2.1 m 10 1995 April 30 02:31:40 07:58:10
ra367 McDonald 2.1 m 10 1995 May 03 07:29:40 03:37:00
emac-002 Maidanak 1.0 m 10 1995 May 01 20:31:30 01:49:00
emac-003 Maidanak 1.0 m 10 1995 May 01 18:30:00 01:44:10
emac-004 Maidanak 1.0 m 10 1995 May 02 15:54:00 02:49:50
emac-006 Maidanak 1.0 m 10 1995 May 05 16:32:30 05:40:30
emac-008 Maidanak 1.0 m 10 1995 May 06 19:16:00 03:41:50
cfc-202 Mauna Kea 0.6 m 10 1995 May 01 07:47:00 04:24:50
cfc-208 Mauna Kea 0.6 m 10 1995 May 07 08:48:50 04:18:40
rk368 McDonald 2.1 m 10 1995 May 04 02:48:00 06:46:40
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Table 1 – continued

Run Telescope �t Date Begin Length
(s) (UT) (UT) (h)

rk369 McDonald 2.1 m 10 1995 May 06 08:52:40 01:55:30
sjk-0384 BAO 2.16 m 10 1995 May 02 14:22:30 05:10:10
sjk-0385 BAO 2.16 m 10 1995 May 03 14:06:50 05:19:00
sjk-0386 BAO 2.16 m 10 1995 May 04 12:45:00 07:17:00
sjk-0387 BAO 2.16 m 10 1995 May 05 13:24:40 06:00:40
sjk-0388 BAO 2.16 m 10 1995 May 06 16:32:40 03:54:10
an-0015 McDonald 2.1 m 10 1995 May 11 08:03:20 03:03:20

A0876 McDonald 2.1 m 05 2004 May 12 05:54:35 02:34:55
A0900 McDonald 2.1 m 05 2004 June 14 03:06:06 04:01:50

mole090525 Moletai 1.6 m 17 2009 May 25 20:17:08 02:54:32
mole090530 Moletai 1.6 m 17 2009 May 30 20:27:08 02:14:52
naoc090529 China 2.16 m 20 2009 May 29 12:48:11 03:49:00
naoc090530 China 2.16 m 20 2009 May 30 12:38:48 02:04:30
naoc090531 China 2.16 m 20 2009 May 31 12:41:48 01:40:20
pjmo090531 Meyer 0.6 m 30 2009 May 31 04:49:35 03:32:30
teub090524 Tuebingen 0.8 m 30 2009 May 24 21:26:01 04:12:30

The longest data set, acquired in 1995, has the best resolution
and signal-to-noise ratio. The detection limit used for the whole
1995 data set was n 〈A〉, where n = Amax

rand/〈Arand〉, and Amax
rand are

the maximum and 〈Arand〉 are the average amplitudes of the Fourier
transform of the randomized light curve, which has no signal, only
noise, but the same spacings as the real data. We found n = 4.3 using
a Monte Carlo simulation method, and n = 4.12 using the analytical
method described by Scargle (1982). Because the noise increases
with decreasing frequency for f ≤ 6000 µHz, the detection limit is
a function of frequency.

Run ‘emac-002’, listed in Table 1 shows a very large phase de-
viation from the surrounding runs, inconsistent with the rest of the
light curve. We assumed a timing mistake occurred and excluded
that file from further analysis.

We computed a weighted Fourier transform for the whole 1995
data, shown in Fig. 1. The weights are the inverse of the dispersion
in each light curve, (e.g. Handler 2003b; Costa & Kepler 2008). A
list of frequencies from our analysis is shown in Table 2.

After pre-whitening the power spectrum of 1995 data by the
main peak and its first harmonic, some energy remained around
these frequencies (Handler 2003a). Some amount of this energy
must be just mathematical artefact: amplitude modulation, real in
the star or caused by different sensitivity in the detectors or pos-
sible problems in sky subtraction, causes side lobes in a Fourier
transform. To search for nearby periodicities to the main pulsation
mode in our combined data set, which includes data from different
size telescopes, located at different sites, with non-uniform effec-
tive wavelength sensitivity, we attempted to minimize the effects
of amplitude modulation. We re-normalized each run, from each
observatory, by the amplitude average of the main mode estimated
from the whole 1995 data set, assuming it remained intrinsically
constant over the 38 d of observation.

4 ROTAT I O N PE R I O D

We found a new peak in the Fourier transform at 2027 µHz.
Handler (2003a) analysed a subset of data of four consecutive
nights at the 2.5 m Isaac Newton Telescope and pointed out
this same interesting result. The original Fourier transform, pre-
whitened by the main peak, and the one after re-normalization

Figure 1. Weighted Fourier transform for 1995 data. The weights are the
inverse square of the dispersion in each light curve. The line is the detection
limit obtained from the Monte Carlo Simulation. Note the change in the
y-axis for the lower panels.

is shown in Fig. 2. Because this small amplitude mode beats
with the main period, it is not easy to resolve it. As the differ-
ence of f 1 and this new peak is 16 µHz, the beating period is
about 17 h. We need over 10 beating cycles (170 h) to separate
these two close frequencies. Fortunately, we obtained more than
260 h in the last two weeks of the 1995 campaign. The doublet at
f 3 = 2982 µHz has a splitting frequency of 15 µHz and is proba-
bly caused by rotation. The observed 16 µHz splitting of the main
mode agrees with the splitting of the doublet mode f3, suggesting

C© 2011 The Authors, MNRAS 415, 1220–1227
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1224 M. Redaelli et al.

Table 2. Frequencies detected in PG 1351+489 during 1995 data.

Frequency (µHz) Period (s) Amplitude (mma) Identification

2043.5919 ± 0.0020 489.334 48 ± 0.000 48 56.36 ± 0.20 f 1

4087.1727 ± 0.0066 244.667 90 ± 0.000 39 17.19 ± 0.20 2f 1

6130.744 ± 0.017 163.112 32 ± 0.000 47 6.31 ± 0.20 3f 1

8174.315 ± 0.048 122.334 40 ± 0.000 72 2.34 ± 0.20 4f 1

10215.05 ± 0.13 97.8947 ± 0.000 13 0.40 ± 0.24 5f 1

12298.59 ± 0.46 81.3101 ± 0.0030 0.27 ± 0.27 6f 1

1710.337 ± 0.030 584.679 ± 0.010 3.68 ± 0.20 f 2

2982.771 ± 0.041 335.2586 ± 0.0046 2.81 ± 0.20 f 3
1

3752.14 ± 0.35 266.514 ± 0.025 0.32 ± 0.21 f 1 + f 2

5040.885 ± 0.079 198.3778 ± 0.0031 1.44 ± 0.20 f 1 + f 3

5797.493 ± 0.050 172.4883 ± 0.0015 2.23 ± 0.20 2f 1 + f 2

2027.082 ± 0.023 493.3199 ± 0.0057 4.84 ± 0.20 f a
1

1563.390 ± 0.25 639.63 ± 0.10 11.5 ± 1.1 f 4
2

Figure 2. Fourier transforms of 1995 data. The top box shows the whole
data FT in a crop of the main peak vicinity. The middle box shows an FT
without f 1 and f 2. Some peaks remained nearby the main peak after the pre-
whitening of f 1 and f 2. Bottom box shows an FT without the main peak for
the re-normalized data. We used the main peak amplitude to re-normalize
each run, assuming it is constant over the 38 d of observation. A peak at
2027 µHz and A = 4.43 mma remained.

that both modes are being rotationally split. The relation between
the splitting frequency and the rotation period of the white dwarf
depends on the pulsation index � and k (see e.g. Kepler et al. 1995),
and is given in the first order by

δσ�km = δm	rot(1 − C�km),

where C�km is the first-order splitting coefficient, δσ �km is the fre-
quency splitting, δm is the m difference between the components
and has a modulus of unity for � = 1 modes. 	rot is the rotation fre-
quency. Using Hubble Space Telescope time-resolved spectroscopy,
Kepler et al. (2000) found � = 1 for the main mode. Montgomery
(2005) found the same result using a convection model to fit the
observed light curve. Even though the asymptotic value for C�km

is valid only for large k, its value from the models is close to the
asymptotic value of [�(� + 1)]−1. Using δσ �km = 15.5 ± 0.5 µHz

and C�km = 0.5, we find a rotation period of 8.9 ± 0.3 h for PG
1351+489. As we have approximately the same splitting at f 1 and
f 3, both modes should have the same � = 1.

The data of 1985 March show a slightly different value for the
main peak period, of 489.11 s. The best value found in 1995 data is
489.33 s, which leaves us to speculate that the star became unstable
in 1985. The total length of the 1995 March data is ∼50 h giving a
resolution of 0.6 µHz, much smaller than the difference in the main
mode for 1985 March and 1995, of 10 µHz. Before and after 1985
March the star seems stable, although it changed again in 2009.

The 2009 data surprised us with a different pulsation spectrum
(Fig. 3). The main mode shows a small change in period from
previous data and its amplitude is reduced by half. At this stage
we cannot identify the reason for these changes and need to keep
observing PG 1351+489 to determine whether the star reverts to
the original set of pulsation modes or maintains this new pulsation
spectrum. Another star has shown changes in its periodicities: GD
358, the first DBV detected, showed a remarkable change in its
pulsation spectrum in 1996 (Kepler et al. 2003; Castanheira et al.
2005). During that year, the amplitude of all modes changed, the

Figure 3. Power spectrum of 2009 data. We got only 20 h of data, but it
was enough to see the changes in the star. PG 1351+489 shows a new mode
and a decrease to the half of main mode amplitude.

C© 2011 The Authors, MNRAS 415, 1220–1227
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The pulsations of PG 1351+489 1225

Figure 4. PG 1351+489 yearly Fourier transform on the same scale. Note
the changes, especially in 2009.

dominant mode changed and even the shape of its light curve
went from non-sinusoidal to sinusoidal. After 1996 their ampli-
tudes returned basically to those of 1994, although the amplitude
of all modes still show small changes from year to year (Provencal
et al. 2009). Montgomery et al. (2010) show there was a signifi-
cant change in the convection zone; when the observed amplitude
of pulsation of GD 358 is high, the temperature in the heated area
increases sufficiently to practically extinguish the convection layer.
Robinson, Kepler & Nather (1982) show g-mode pulsations in white
dwarf stars are mainly due to temperature changes across the sur-
face of the star. Now we have knowledge of another DBV white
dwarf – PG 1351+489 – which changed its pulsation spectrum over
a time-scale of years. The fact that we detect at least six harmonics
of the main pulsation implies that the intrinsic pulsation amplitude
is high, as harmonics represent non-linear effects (Jevtić et al. 2005;
Montgomery 2008). The high intrinsic pulsation amplitude possi-
bly affects significantly the convection layers in PG 1351+489, as
it does in GD 358.

Detecting as many modes as possible is important to apply seis-
mology to the star, as each mode detected yields an independent
constraint on its structure (e.g. Kepler et al. 2003). PG 1351+489
has four pulsation modes known up to now, including the new one
detected in 2009. Fig. 4 shows the six amplitude spectra of the
yearly data sets.

5 A POSSIBLE ESTIMATE O F Ṗ

The rate of change of a period (Ṗ = dP/dt) can be measured di-
rectly or indirectly (Costa & Kepler 2008). To do it directly, we
must have high rates of change and small uncertainties. Supposing
dP/dt ∼ 10−6 s yr−1, then in 20 yr the period must change ∼2 ×
10−5 s. To measure this small change, the uncertainty in the mea-
sured periods must be smaller than ∼10−5 s. To measure dP/dt

Table 3. Times of maxima for the main mode of PG 1351+489. The 2009
time of maximum was not considered in our analysis of dP/dt.

Year Tmax(BJDD ± s) P (s)

1984 244 5826.677 079 ± 0.6 489.292 91 ± 0.000 65
1985 244 6112.813 247 ± 0.7 489.316 24 ± 0.000 58
1986 April 244 6523.678 718 ± 0.6 489.302 81 ± 0.000 60
1986 June 244 6591.653 173 ± 0.5 489.2837 ± 0.0026
1995 April 244 9810.461 595 ± 0.9 489.3260 ± 0.0049
1995 May 244 9833.625 895 ± 0.2 489.3345 50 ± 0.000 18
2004 245 3137.751 014 ± 1.4 489.3359 ± 0.000 19
2009 245 6982.358 127 ± 3.2 489.3122 ± 0.025

indirectly, we can use the O − C method, which is quadratic in the
time-span (e.g. Kepler et al. 1991). This method uses the difference
between the times of maxima measured in the light curves and the
computed values assuming no significant changes in period, over
the number of cycles.

As discussed, for example, in Kepler et al. (1991), a parabola
is fitted to the values of O − C and the quadratic parameter is
proportional to the rate of change of period. We assume the periods
are changing smoothly in time and short perturbations to the periods
do not affect significantly the phase of the pulsations.

Table 3 shows the values for the times of maxima and main period
for each chunk of data. To increase the number of independent
measurements, we separated the 1986 and 1995 light curves in two
chunks each. The phase of the main pulsation for the 2009 data was
not used because the star clearly changed in that year.

To apply this method, we assume we do not know the precise
value of the period. The cycle count changes significantly when the
period changes a little, but we are working with the hypothesis of
an unknown period to estimate the secular dP/dt for this star. Thus,
we must test many different O − C diagrams for many different
values of period, following O’Donoghue & Warner (1987). We
tested periods from 489.33 to 489.34 s, in steps of 0.000 01 s. For
each possible period we found a different O − C set. We chose the
smallest S2 (the normalized sum of the phase differences squared)
computed for the O − C values and the fitted parabola. The diagram
is shown in Fig. 5. The best values for S2 are shown in Table 4.
The smallest S2 gives P = (489.334 645 ± 0.000 023) s and Ṗ =
(2.0 ± 0.9) × 10−13 s s−1.

6 D ISCUSSION

The measurement of the cooling rate of a hot DBV star can be
used to estimate the plasmon-neutrino emission rates (Winget et al.
2004). Using the optical spectra determination of effective temper-
ature with pure helium atmospheres, PG 1351+489 is not on the
blue edge of the DBV instability strip, hence the plasmon-neutrino
emission should not dominate the cooling, except if the star has
low mass. Compared to the values calculated by Winget et al.
(2004) for such low temperature, but normal mass, the estimate
of dP/dt we obtain is higher than predicted by the cooling by pho-
ton and plasmon-neutrino emission. We call our dP/dt an estimate,
not a measurement, because the 1985 value is not included; we
will discuss these glitches in the next section. Córsico & Althaus
(2004) estimate for a 0.5 M� DB white dwarf model at Teff =
22 100 K a rate of period change of Ṗ = 8.6 × 10−14 s s−1, for their
P = 485 s mode, with cooling dominated by photon emission. The
theoretical value is a factor of 2.3 smaller than that estimated from
the observations in this paper.
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Figure 5. O − C diagram for PG 1351+489. The fitted parabola gives
Ṗ = (2.0 ± 0.9) × 10−13 s s−1 and P = 489.334 645 ± 0.000 023 s. The
2009 value was not included in this analysis because the pulsations changed
in that year; its value is shown only as a guide. Note we do not include the
489.11 s period and its time of maxima, obtained in 1985.

Table 4. Some values for P and Ṗ for different O − C diagrams.

S2 (s 2) Pi(s) P (s) Ṗ (10−13 s s−1)

43.383 7290 489.334 59 489.334 645 ± 0.000 023 2.0 ± 0.9
43.383 7292 489.334 87 489.334 645 ± 0.000 023 2.0 ± 0.9
190.750 3123 489.333 68 489.334 472 ± 0.000 048 −29.2 ± 1.9
190.750 3125 489.333 75 489.334 472 ± 0.000 048 −29.2 ± 1.9
321.933 2478 489.335 67 489.334 818 ± 0.000 063 33.2 ± 2.4

Some pulsation modes have higher amplitude in the core than
in the surface layers, while others have the opposite. The core of
white dwarf stars represents around 99 per cent of their mass. For
those modes with larger amplitudes in the core, the fractional rate
of change of their pulsation periods, Ṗ /P , decreases very approx-
imately at the same rate as the star cools, Ṫcore/Tcore, considering
the fractional radius change, Ṙ/R, is around one to two orders of
magnitude smaller. For those modes where the surface layer ampli-
tudes dominate, the pulsation periods can change on a much faster
time-scale, representative of avoided crossings or changes in the
transition layers causing mode trapping. As the masses involved
in the surface layers are small, these relatively rapid changes will
revert to evolutionary (cooling) time-scales, which are not affected
by the surface layer changes. In pulsars, for example, even in the
Hulse & Taylor PSR B1913+16, glitches occur, and their rotation
behaviour over long time-scales are significantly affected by small-
scale irregularities not explicitly accounted for in a deterministic
model. Nevertheless, the physically important astrometric, spin and
orbital parameters are well determined and well decoupled from the
timing noise (Weisberg, Nice & Taylor 2010).

If the estimated Ṗ value is representative of the stellar cooling
and the star has a relatively low temperature, but normal mass,
the rate of period change could be used to constrain the axion
emissivity. At the low effective temperature determined from pure

He models, the energy lost by axion emission is expected to be
larger than the energy lost by neutrinos (Kim 2007, fig. 1.2). For an
effective temperature of PG 1351+489 as high as Teff = 26 000 K,
estimated by Montgomery et al. (2010, fig. 6) non-linear curve
fitting, or Beauchamp et al. (1999) if some H contamination is
allowed, Córsico & Althaus (2004) estimate Ṗ = 1.7×10−14 s s−1;
thus the estimated rate of period change could be reflecting the
white dwarf cooling for such a high effective temperature.

Castanheira et al. (2006) determined from IUE spectra a surface
gravity of log g = 7.0 ± 0.07, allowing for the presence of un-
seen atmospheric H, but the external uncertainty in log g is much
larger, because of the weak dependency of DB models on surface
gravity. Such a low surface gravity would imply a stellar mass for
PG 1351+489 markedly lower than 0.5 M�. For such low mass,
the neutrino emission could be important even at Teff = 22 000 K
(Winget et al. 2004, fig. 1, 0.45 M� white dwarf model).

Unfortunately, we do not have yet a measurement of the cooling
rate, because the uncertainty in Ṗ is relatively high and because our
assumption of a stable period cannot be proven. We must continue
to observe the star to get a Ṗ measurement.

The study of the pulsating DB stars can provide new information
about their progenitors, possible very late thermal pulse (VLTP)
remnants (Althaus et al. 2009). New DB stars have been observed
and now we can make good advances to unveil the DB instability
strip. It is important to continue observing known DB stars in order
to check their pulsation profiles and understand their instabilities
while searching for new ones is potentially useful to test theories
and improve models.

PG 1351+489 is a very important star to study the cooling rate
for DBVs. However, its relatively cool temperature drops it to a
secondary choice to measure the plasmon-neutrino emission rate for
white dwarfs (e.g. Kim, Winget & Montgomery 2006). We estimate
the rotation period of 8.9 ± 0.3 h using the splitting frequency of
15.5 ± 0.5 µHz we found in the main peak; using this rotation
period we deduce the 1.46f 1 mode has � = 1 too. We estimate a
possible rate of change of period using the O − C method; we
found dP/dt = (2.0 ± 0.9) × 10−13 s s −1. The high uncertainty
in this result is due to the low number of points in the O − C
diagram (Fig. 5). Low numbers of points can lead to low confidence
statistics, e.g. a negative secular change of PG 1159−035, estimated
by Winget et al. (1985), had the best S2 at that time. Costa, Kepler
& Winget (1999) showed the second solution in 1985, a positive
dP/dt was in fact the correct one when more data were added. As
we have no proof of period stability for PG 1351+489, we cannot
conclude that the Ṗ we found represents the evolution of the star.
New observations of PG 1351+489 are required in order to improve
our chances of estimating the secular changes in the star.
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