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ABSTRACT

PG 1159-035 is the prototype of the DOV hot pre-white dwarf pulsators. It was observed during the

Kepler satellite K2 mission for 69 days in 59 s cadence mode and by the TESS satellite for 25 days

in 20 s cadence mode. We present a detailed asteroseismic analysis of those data. We identify a total
of 107 frequencies representing 32 ℓ = 1 modes, 27 frequencies representing 12 ℓ = 2 modes, and 8

combination frequencies. The combination frequencies and the modes with very high k values represent

new detections. The multiplet structure reveals an average splitting of 4.0 ± 0.4 µHz for ℓ=1 and

6.8±0.2 µHz for ℓ = 2, indicating a rotation period of 1.4±0.1 days in the region of period formation.

In the Fourier transform of the light curve, we find a significant peak at 8.904±0.003 µHz suggesting a

surface rotation period of 1.299±0.002 days. We also present evidence that the observed periods change
on timescales shorter than those predicted by current evolutionary models. Our asteroseismic analysis

finds an average period spacing for ℓ = 1 of 21.28 ± 0.02 s. The ℓ = 2 modes have a mean spacing of

12.97± 0.4 s. We performed a detailed asteroseismic fit by comparing the observed periods with those

of evolutionary models. The best fit model has Teff = 129 600± 11 100 K, M∗ = 0.565± 0.024M⊙, and

log g = 7.41+0.38
−0.54, within the uncertainties of the spectroscopic determinations. We argue for future

improvements in the current models, e.g., on the overshooting in the He-burning stage, as the best-fit

model does not predict excitation for all the pulsations detected in PG 1159-035.
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1. INTRODUCTION

White dwarf (WD) stars are the evolutionary end
point of all stars born with masses up to ≃ 10.5 M⊙,

which correspond to more than 98% of all stars (e.g.

Lauffer et al. 2018). The effective temperature of WDs

ranges from Teff ≃ 200 000 K to around 4500 K, and

masses from ≃ 0.15 to ≃ 1.36 M⊙.
PG 1159-035 is the prototype of the hot WD spectro-

scopic class called PG 1159, as well as the GW Vir class
of pulsating variable stars (PG 1159-035 = GW Vir =
DOV) (McGraw et al. 1979; Córsico et al. 2019). The

PG 1159 spectroscopic class is characterized by a strong

H deficiency and high-excitation He II, C IV, O VI and

N V lines (e.g. Werner et al. 1989; Sowicka et al. 2021;
Werner et al. 2022). These are among the hottest pul-

sating stars known.

The pulsation modes observed in WDs are nonradial

g (gravity) modes. Gravity acts as the restoring force

on the displaced portions of mass, moving it mainly hor-

izontally. These pulsations cause different temperature

zones that oscillate at eigenfrequencies, restricted by the

spherical symmetry of the star.

In asteroseismology, we describe a pulsation mode us-

ing a spherical harmonic basis with three integer quan-

tum numbers: k, ℓ and m. The number k is called the

radial index and is the number of radial nodes, related to

how “deep” a mode is located in the star. The larger the

radial index of a mode, the more superficial is its main

region of period formation. The number ℓ is called the
spherical harmonic index and is related to the number

of latitudinal hot and cold zones. Finally, the number m

is called the azimuthal index, and its absolute value is

related to the arrangement of those zones on the stellar

surface. The number m assumes integer values from −ℓ
to +ℓ. Rotation of the star breaks the degeneracy of

the pulsation modes with same k and ℓ but different m,
causing the modes to split into 2ℓ+1 components in the

Fourier Transform (FT) of its light curve.

Due to geometrical cancellation, we expect to observe

predominantly modes with ℓ = 1 and ℓ = 2 in WDs

(Robinson et al. 1982). These modes should produce
triplets and quintuplets in Fourier Transforms (FT) of

light curves of rotating WDs. This expectation is sup-
ported by the work of Stahn et al. (2005). The authors

make use of the wavelength dependent flux variations, or

chromatic amplitudes, for modes with different ℓ. They

extracted the chromatic amplitudes from 20 orbits of

HST − STIS time resolved spectra of PG 1159-035 be-
tween 1100 Å and 1750 Å. Comparing the results to

models, they concluded that the most prominent pul-

sation mode at 516 s matches ℓ = 1 or ℓ = 2 modes

only.

2. PREVIOUS DATASETS

PG 1159-035 has been observed by different ground-

based telescopes since 1979 (Table 1). The ground-

based data consist primarily of photometric observa-

tions obtained with CCDs and photomultiplier tubes.

The Whole Earth Telescope (WET) runs in 1989, 1993,
and 2002 were multi-site international campaigns dedi-
cated to achieving 24 h coverage (Winget et al. 1991).

In 2016 and 2021, this important star was continuously

observed by space-based telescopes, enabling unprece-

dented quality data. Table 1 is a journal of the main
observational campaigns since 1983. This table shows

that, although the previous campaigns have comparable
— or even longer — total lengths, the K2 data (2016)

is by far the one with the most dense observations, fol-

lowed by the TESS data (2021).

Year Telescopes Length On star Spectral

(days) (days) resolution (µHz)

1983 McDonald, SAAOa 96.0 2.7 0.12

1985 McDonald, SAAOa 64.6 2.0 0.18

1989 WETb 12.1 9.5 0.96

1993 WETc 16.9 14.4 0.68

2002 WETd 14.8 4.8 0.78

2016 Kepler 69.1 54.5 0.17

2021 TESS 24.9 22.0 0.46
a Winget et al. (1985); b Winget et al. (1991); c Bruvold (1993);

d Costa et al. (2003)

Table 1. Main observational campaigns of PG 1159-035
between 1983 and 2021.

Figure 1 shows the Fourier transform (FT) for each

annual observation of PG 1159-035, in the range of

the higher amplitude peaks (1700-2300 µHz, or roughly
435−590 s), and their respective spectral window on the

right side.

As shown in this figure, the K2 data spectral win-

dow has the sharpest structure, allowing the triplets to

appear more clearly in the FT. The TESS data spectral

window also has very little structure, but the TESS data

signal-to-noise ratio is limited by the small size of the

telescope and the redder bandpass. PG 1159-035 is very

blue (Teff ≈ 140, 000K) and faint (mv = 15.04). The

higher noise found in the TESS data hinders the detec-
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k ± 2 m Period Frequency Amplitude k ± 2 m Period Frequency Amplitude

[s] [µHz] [mma] [s] [µHz] [mma]

14 +1 386.8818± 0.0013 2584.769± 0.008 0.26± 0.02 35* +1 835.75± 0.38 1196.53± 0.55 0.15

14 0 387.5045± 0.0013 2580.615± 0.009 0.25± 0.02 35* 0 838.50± 0.29 1192.61 ± 0.41 0.13

14 -1 35* -1 841.05± 0.36 1188.99± 0.52 0.10

17 +1 451.6086± 0.0002 2214.307± 0.001 2.70± 0.02 42 +1 981.7223± 0.0100 1018.618± 0.010 0.21± 0.02

17 0 452.4465± 0.0002 2210.206± 0.001 1.87± 0.02 42 0 985.6528± 0.0093 1014.556± 0.010 0.23± 0.02

17 -1 453.2911± 0.0001 2206.088± 0.001 3.14± 0.02 42 -1 988.4763± 0.0011 1011.658± 0.001 1.88± 0.02

18 +1 48 +1

18 0 473.0622± 0.0009 2113.887± 0.004 0.52± 0.02 48 0 1116.0179± 0.0096 896.043± 0.008 0.29± 0.02

18 -1 48 -1

20* +1 516.10± 0.06 1937.59 ± 0.23 1.28 50 +1 1159.3618± 0.0085 862.543± 0.006 0.35± 0.02

20 0 517.2150± 0.0001 1933.432± 0.001 5.34± 0.02 50 0 1164.8798± 0.0107 858.458± 0.008 0.28± 0.02

20* -1 518.34± 0.05 1929.24 ± 0.20 1.46 50 -1 1168.7091± 0.0088 855.645± 0.006 0.34± 0.02

21 +1 536.9727± 0.0001 1862.292± 0.001 5.92± 0.02 54 +1 1242.0046± 0.0150 805.150± 0.010 0.23± 0.02

21 0 538.1587± 0.0002 1858.188± 0.001 4.08± 0.02 54 0 1246.2601± 0.0216 802.401± 0.014 0.16± 0.02

21 -1 539.3473± 0.0001 1854.093± 0.001 4.74± 0.02 54 -1 1252.6274± 0.0178 798.322± 0.011 0.19± 0.02

22 +1 557.1217± 0.0006 1794.940± 0.002 1.14± 0.02 56 +1

22 0 558.4483± 0.0004 1790.676± 0.001 1.53± 0.02 56 0 1284.5235± 0.0254 778.499± 0.015 0.14± 0.02

22* -1 559.78± 0.06 1786.42± 0.19 0.27 56 -1

23* +1 579.07± 0.06 1726.90± 0.18 0.11 61 +1 1379.2645± 0.0309 725.024± 0.016 0.14± 0.02

23* 0 580.38± 0.06 1723.00± 0.19 0.18 61 0 1387.0651± 0.0210 720.947± 0.011 0.20± 0.02

23* -1 581.78± 0.06 1718.85± 0.17 0.20 61 -1 1392.6642± 0.0299 718.048± 0.015 0.14± 0.02

24 +1 600.6547± 0.0023 1664.850± 0.006 0.34± 0.02 62* +1 1398.74± 0.58 714.93± 0.30 0.16

24 0 62 0 1406.5058± 0.0122 710.982± 0.006 0.36± 0.02

24 -1 604.0409± 0.0041 1655.517± 0.011 0.20± 0.02 62 -1 1412.1701± 0.0000 708.130 0.72± 0.02

26 +1 641.5557± 0.0006 1558.711± 0.001 1.49± 0.02 68 +1

26 0 643.2361± 0.0004 1554.639± 0.001 2.54± 0.02 68 0 1539.0279± 0.0342 649.761± 0.014 0.15± 0.02

26 -1 644.9279± 0.0002 1550.561± 0.001 3.68± 0.02 68 -1

27 +1 69 +1

27 0 664.1985± 0.0068 1505.574± 0.015 0.14± 0.02 69 0 1555.7422± 0.0335 642.780± 0.014 0.16± 0.02

27 -1 69 -1

28 +1 685.7765± 0.0067 1458.201± 0.014 0.15± 0.02 70 +1

28 0 70* 0 1572.9948± 0.0000 635.730 0.37± 0.02

28 -1 689.6951± 0.0056 1449.916± 0.012 0.19± 0.02 70 -1 1589.91± 0.49 632.95± 0.20 0.29

29* +1 706.08± 0.12 1416.27± 0.24 0.27 80 +1 1788.9168± 0.0392 558.998± 0.012 0.18± 0.02

29 0 708.1235± 0.0021 1412.183± 0.004 0.51± 0.02 80 0 1802.1048± 0.0437 554.907± 0.013 0.16± 0.02

29 -1 710.3398± 0.0018 1407.777± 0.004 0.61± 0.02 80 -1 1811.2402± 0.0400 552.108± 0.012 0.18± 0.02

30 +1 89 +1

30* 0 729.60± 0.18 1370.61± 0.35 0.11 89 0 1982.7768± 0.0504 504.343± 0.013 0.17± 0.02

30 -1 731.6054± 0.0037 1366.857± 0.007 0.32± 0.02 89 -1 1993.56± 0.07 501.615± 0.017 0.13± 0.02

32 +1 90 +1

32 0 773.7070± 0.0066 1292.479± 0.011 0.20± 0.02 90 0 2010.0490± 0.0569 497.500± 0.014 0.16± 0.02

32 -1 776.0878± 0.0078 1288.514± 0.013 0.17± 0.02 90 -1 2021.2441± 0.0613 494.745± 0.015 0.15± 0.02

33* +1 791.56± 0.30 1263.33 ± 0.48 0.16 94 +1

33* 0 793.89± 0.21 1259.62± 0.34 0.20 94 0 2084.6910± 0.0501 479.687± 0.012 0.19± 0.02

33* -1 795.5298± 0.0092 1257.024± 0.015 0.15± 0.02 94 -1

34* +1 813.77± 0.28 1228.85± 0.43 0.08 128 +1

34* 0 816.68± 0.14 1224.46± 0.21 0.13 128 0 2807.9405± 0.0463 356.133± 0.006 0.37± 0.02

34* -1 819.02± 0.33 1220.98± 0.49 0.15 128 -1

Table 2. Identified ℓ = 1 pulsation modes in K2 data. The frequencies with an ‘*’ after the k number are not coherent during
observations, and their parameters are the values referring to Lorentzian fits.
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k ± 2 m Period Frequency Amplitude k ± 2 m Period Frequency Amplitude

[s] [µHz] [mma] [s] [µHz] [mma]

25 +2 32 +2

25 +1 32 +1

25 0 362.5385± 0.0014 2758.328± 0.011 0.21± 0.02 32 0 449.3623± 0.0032 2225.376± 0.016 0.14± 0.02

25 -1 32 -1

25 -2 32 -2

27 +2 36 +2

27 +1 387.1166± 0.0005 2583.201± 0.003 0.65± 0.02 36 +1 497.0416± 0.0028 2011.904± 0.011 0.19± 0.02

27 0 36 0 498.7392± 0.0011 2005.056± 0.004 0.50± 0.02

27 -1 389.2308± 0.0002 2569.170± 0.002 1.45± 0.02 36 -1

27 -2 390.2865± 0.0002 2562.220± 0.001 2.12± 0.02 36 -2

28 +2 38 +2

28 +1 398.9886± 0.0013 2506.337± 0.008 0.28± 0.02 38 +1

28 0 400.0776± 0.0010 2499.515± 0.006 0.34± 0.02 38* 0 528.21± 0.05 1893.20 ± 0.18 0.11

28 -1 38 -1

28 -2 38 -2

29 +2 410.8695± 0.0025 2433.863± 0.015 0.15± 0.02 61 +2

29* +1 412.04± 0.04 2426.97± 0.23 0.24 61 +1

29 0 61 0

29 -1 414.4032± 0.0004 2413.109± 0.002 1.05± 0.02 61* -1 833.58± 0.12 1199.65± 0.18 0.17

29 -2 415.5943± 0.0008 2406.193± 0.005 0.48± 0.02 61 -2

30 +2 422.5439± 0.0006 2366.618± 0.003 0.65± 0.02 63 +2

30 +1 423.7669± 0.0004 2359.788± 0.002 0.94± 0.02 63 +1

30 0 63* 0 856.55± 0.21 1167.47± 0.29 0.28

30* -1 426.26± 0.04 2346.01± 0.22 0.19 63* -1 861.00± 0.25 1161.44± 0.33 0.11

30 -2 427.4673± 0.0017 2339.360± 0.009 0.23± 0.02 63 -2 866.2231± 0.0081 1154.437± 0.011 0.20± 0.02

31 +2 64* +2 859.36± 0.27 1163.66± 0.36 0.14

31 +1 64* +1 864.21± 0.16 1157.13± 0.21 0.20

31 0 64 0

31 -1 439.3573± 0.0007 2276.052± 0.004 0.57± 0.02 64 -1

31 -2 440.7055± 0.0021 2269.089± 0.011 0.20± 0.02 64 -2

Table 3. Identified ℓ = 2 pulsation modes in K2 data. The frequencies with an ‘*’ after the k number are not coherent during
observations, and their parameters are the values referring to Lorentzian fits.

These values are very similar to the ones found by

Costa et al. (2008): ∆Π1 = 21.43 ± 0.03 s and ∆Π2 =

12.38 ± 0.01 s. The ratio between the period spacings

we obtained is:

∆Π1
∆Π2

= 1.634± 0.005 (3)

that is, 94% of
√
3, the value expected by asymptotic

pulsation theory.

6.2. TESS data

In Fig. 1 we observe that TESS data is much noisier
than K2 data. The higher noise levels make it impossible

to detect low amplitude frequencies. We are unable to

complete a deep analysis. Since we do not gain any new

insights from the TESS data compared to the K2 data,

we only consider the K2 data for the remainder of this

manuscript.

7. MODE STRUCTURE AND ASYMMETRIES

7.1. ℓ = 1 modes

The 32 ℓ = 1 modes identified in the K2 light curve are

distributed in 8 singlets, 8 doublets, and 16 triplets. For
the 24 modes with multiplet structure, we find 15 with

approximately symmetric splitting of 〈δνrot,1〉 = (4.0 ±
0.4) µHz. The remaining nine ℓ = 1 multiplets have a

very similar asymmetric frequency structure, as shown

in Figures 9 and 14. The asymmetric modes present a

larger spacing average 〈δν+rot,1〉 = (4.06± 0.05) µHz and

a smaller spacing average 〈δν−rot,1〉 = (2.81± 0.06) µHz.
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ΠO
i ℓO Πk ℓ k δΠk Π̇k Unstable

(s) (s) (s) (10−11 s/s)

(387.19) 1 388.29 1 16 −1.10 1.11 no

452.45 1 452.46 1 19 −0.01 1.15 no

473.06 1 474.24 1 20 −1.18 0.81 no

517.22 1 515.69 1 22 1.53 1.22 no

538.16 1 537.78 1 23 0.38 1.07 no

558.45 1 557.60 1 24 0.85 0.60 no

580.40 1 579.02 1 25 1.38 1.29 no

(602.35) 1 601.90 1 26 0.45 1.22 no

643.24 1 642.93 1 28 0.31 1.51 no

664.20 1 665.31 1 29 −1.11 1.07 no

687.74 1 685.85 1 30 1.89 1.01 no

708.12 1 707.25 1 31 0.87 1.60 no

729.58 1 728.55 1 32 1.03 1.30 no

773.71 1 771.82 1 34 1.89 1.49 no

793.95 1 793.26 1 35 0.69 1.85 no

816.74 1 814.77 1 36 1.97 1.31 no

838.36 1 836.14 1 37 2.22 1.66 no

985.65 1 987.59 1 44 −1.94 1.87 no

1116.01 1 1120.53 1 50 −4.52 2.62 no

1164.88 1 1163.72 1 52 1.16 2.95 no

1246.27 1 1251.47 1 56 −5.20 1.95 no

1284.52 1 1273.97 1 57 10.55 3.32 no

1387.06 1 1383.81 1 62 3.25 3.62 no

1406.51 1 1405.39 1 63 1.12 2.37 no

1539.03 1 1538.67 1 69 0.36 3.45 no

1555.74 1 1560.10 1 70 −4.36 3.27 no

1580.08 1 1581.27 1 71 −1.19 3.58 no

1802.11 1 1802.75 1 81 −0.64 4.03 no

1982.78 1 1981.36 1 89 1.42 5.18 no

2010.07 1 2002.26 1 90 7.81 3.15 no

2084.71 1 2091.45 1 94 −6.74 6.57 no

2807.93 1 2804.11 1 126 3.82 9.17 no

365.54 2 364.02 2 27 1.52 0.70 no

(388.18) 2 388.36 2 29 −0.18 0.51 no

400.08 2 400.67 2 30 −0.59 0.88 no

(413.22) 2 413.73 2 31 −0.51 0.93 no

(425.00) 2 425.42 2 32 −0.42 0.72 no

449.36 2 450.18 2 34 −0.82 1.18 no

498.74 2 500.55 2 38 −1.81 1.28 no

528.21 2 524.37 2 40 3.84 1.10 no

856.56 2 852.23 2 66 4.33 1.62 no

Table 7. Observed m = 0 and theoretical periods of the asteroseismic model for PG 1159−035 [M⋆ = 0.565M⊙, Teff = 129 600
K, log(L⋆/L⊙) = 2.189]. Periods are in seconds and rates of period change (theoretical) are in units of 10−11 s/s. δΠi = ΠO

i −Πk

represents the period differences, the model ℓ the harmonic degree, k the radial order, m the azimuthal index. The last column
provides information about the pulsational stability/instability nature of the modes. Parenthesis indicate m = 0 periods which
are actually absent from the power spectrum, their values being estimated by averaging the components m = ±1.
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Quantity Spectroscopy Asteroseismology

Astrometry (This work)

Teff [K] 140 000± 5 000(a) 129 600± 2 000

M⋆ [M⊙] 0.54± 0.07 0.565± 0.008

log g [cm/s2] 7.0± 0.5(a) 7.41± 0.11

log(L⋆/L⊙) 2.58± 0.29(a) 2.19± 0.04

log(R⋆/R⊙) · · · −1.61± 0.05

Menv [M⊙] · · · 0.017

(XHe, XC, XO)s 0.33, 0.48, 0.17(a) 0.386, 0.321, 0.217

d [pc] 592± 21(b) 444+69
−59

π [mas] 1.69± 0.06(b) 2.25+0.35
−0.30

AV · · · 0.064+0.002
−0.001

Table 8. The main characteristics of the GW Vir star
PG 1159−035. The second column corresponds to spec-
troscopic and astrometric results, whereas the third column
present results from the asteroseismic model of this work.

References: (a) Werner et al. (2011); (b) Gaia

(https://gea.esac.esa.int/archive/).

of PG 1159−035 according to the asteroseismic model.

Note that all of them are positive (Π̇ > 0), imply-

ing that the periods in the model are lengthening over

time. The rate of change of periods in WDs and pre-

WDs is related to the rate of change of temperature

with time Ṫ (T being the temperature at the region

of the period formation) and Ṙ⋆ (R⋆ being the stel-

lar radius) through the order-of-magnitude expression

(Π̇/Π) ≈ −a (Ṫ /T ) + b (Ṙ⋆/R⋆) (Winget et al. 1983),

a, b being positive constants close to 1. According to

our asteroseismic model, the star is entering its cool-
ing stage after reaching its maximum temperature (Fig.

19). As a consequence, Ṫ < 0 and Ṙ⋆ < 0 with
| − a (Ṫ /T )| > |b (Ṙ⋆/R⋆)|, and then, Π̇ > 0. Our

best fit model has all the modes with Π̇ > 0, and thus

it does not reproduce the measurements of Costa & Ke-

pler (2008) neither the values shown in Fig. 17 of the

present paper, which indicate that the pulsation modes
of PG 1159−035 have positive and negative values of

Π̇ (see Fig. 19). Also, the magnitude of the observed

rates of period change in PG 1159−035 are larger than

the values derived from the asteroseismic model. This

may be because the star could have a very thin He enve-

lope, which would inhibit nuclear burning and shorten

the evolutionary timescale (Althaus et al. 2008). This

would result in larger rates of period change. We also

note that our models do not include radiative levita-

tion, which might influence the change in position of

the nodes of the eigenfunctions of the pulsation modes,

and the photospheric abundances in hot WDs depend

on the balance between the flow of matter sinking under

gravity and the resistance due to radiative levitation, as

well as on the weak residual wind, driven by the metal

opacities. It is also possible that the observed period

changes are not attributable to stellar evolution, but

to another (unknown) mechanism. For instance, in the

case of the DOV star PG 0122+200, the detected rates

of period changes are much larger than the theoretical

models predict as due simply to evolutionary cooling,

and it is suggested that the resonant coupling induced

within rotational triplets could be the mechanism oper-

ating there (Vauclair et al. 2011).

In Table 8, we list the main characteristics of the as-

teroseismic model for PG 1159−035. The quoted uncer-

tainties in the stellar mass and the effective temperature

of the best fit model (σM∗
and σTeff

) are internal errors
resulting from the period fit procedure alone, and are

assessed according to the following expression, derived

by Zhang et al. (1986):

σ2
i =

d2i
S − S0

(13)

where S0 = χ2(M0
∗ , T

0
eff) is the absolute minimum of χ2

which is reached at (M0
∗ , T

0
eff) corresponding to the best-

fit model, and S the value of χ2 when we change the pa-

rameter i (in our case, M∗ or Teff) by an amount di keep-

ing fixed the other parameter. The quantity di can be

evaluated as the minimum step in the grid of the param-

eter i. We have dTeff
≡ ∆Teff ∼ 1000 K and dM∗

≡ ∆M∗

in the range 0.009−0.024M⊙. The rest of the uncertain-

ties are calculated based on those in mass and effective

temperature. The effective temperature of the astero-

seismic model is lower than the spectroscopic effective
temperature Teff of PG 1159−035. The seismic stellar

mass (0.565± 0.008M⊙) is consistent with the range of

masses indicated by the period spacings of PG 1159−035

(0.54 . M⋆/M⊙ . 0.58), and compatible with the spec-

troscopic mass (M⋆ = 0.54 ± 0.07M⊙). The luminosity
of the asteroseismic model, log(L⋆/L⊙) = 2.19 ± 0.04

is ∼ 20% lower than the luminosity inferred by Werner
et al. (2011), log(L⋆/L⊙) = 2.58, based on the spectro-

scopic Teff and the evolutionary tracks of Miller Berto-

lami & Althaus (2006), the same that we use in the

present paper.
In Fig. 23 we display the fractional abundances

(Xi) of the main chemical species, 4He, 12C, 13C, and
16O, corresponding to our best asteroseismic model of

PG 1159−035, with M⋆ = 0.565M⊙ and Teff = 129 600

K. The chemical transition regions of O/C and O/C/He

are emphasized with gray bands. The precise location,

thickness, and steepness of these chemical transition re-

gions fix the mode-trapping properties of the model (see,

e.g., Córsico & Althaus 2005, 2006, for details). Note

that the chemical composition in the models are not free
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APPENDIX

A. REMAINING FREQUENCIES

We have subtracted 121 independent frequencies from K2 FT, among these we identified 8 as linear combination, 2

as atmosphere rotation frequency and its harmonic, and we classified 99 as ℓ = 1 or ℓ = 2 modes. The 12 remaining
frequencies that we could not classify are listed in the Table 9.

Period [s] Frequency [µHz] Amplitude [mma]

24659.36 40.55 0.12

21168.43 47.24 0.14

2345.44 426.36 0.12

1770.91 564.68 0.12

1141.07 876.37 0.12

582.71 1716.12 0.13

252.19 3965.32 0.16

226.01 4424.51 0.26

220.66 4531.77 0.41

209.36 4776.54 0.15

202.89 4928.85 0.16

200.15 4996.25 0.12

Table 9. Remaining frequencies. The frequencies’ uncertainty are on the order of 0.01µHz.
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