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ABSTRACT

We report the discovery of pulsations in the N-rich PG 1159-type central star of the planetary nebula10

Kn 61 based on one month of Kepler Short Cadence observations. We detect four significant peaks in11

the frequency range consistent with g-modes excited in GW Vir stars. From the detected modes, we12

identify a mean period spacing of ∆Π = 21.526(6) s for a sequence of three ℓ = 1 modes. This allows13

us to derive the asteroseismic mass of the star, which we estimate to be 0.551(6) M⊙, consistent with14

the one derived from the evolutionary tracks. We also characterize sporadic brightening events in the15

Long Cadence Kepler light curve of Kn 61. If we assume these are caused by increases in effective16

temperature, we estimate their energies to be ∼ 1040 erg, though this may not be accurate as the17

mechanism for releasing so much energy is still unknown.18

Keywords: PG 1159 stars (1216) — Pulsating variable stars (1307) — Stellar pulsations (1625) —19

Non-radial pulsations (1117) — Planetary nebulae nuclei (1250) — Post-asymptotic giant20

branch (1287)21

1. INTRODUCTION22

PG 1159 stars represent a transitional phase in stel-23

lar evolution between the post-asymptotic giant branch24

(post-AGB) phase and the white dwarf (WD) cooling25

stage. The post-AGB phase is arguably one of the26

least understood phases of the evolution of low- and27

intermediate-mass stars, making those stars important28

to study from an evolutionary point of view. These29

hydrogen-deficient pre-WDs are characterized by very30

high effective temperatures (75,000–200,000 K) and sur-31

face compositions rich in helium, carbon, and oxygen (K.32

Werner & F. Herwig 2006). Many PG 1159 stars are33

observed as central stars of planetary nebulae (CSPNe),34

making them important probes for both stellar evolution35

and the late stages of nebular dynamics.36

Email: paulina.sowicka@iac.es

Notably, a subset of PG 1159 stars, known as GW Vir37

stars6, display non-radial g-mode pulsations, character-38

ized by low amplitudes (1 mmag–0.15 mag) and short39

periods (300–6000 s, see, e.g., A. H. Córsico et al. 2019),40

driven by the κ − γ-mechanism operating in the par-41

tial ionization zones of carbon and oxygen (S. G. Star-42

rfield et al. 1983; S. Starrfield et al. 1984). As with43

other groups of pulsating stars, asteroseismic studies44

of these pulsations provide invaluable insights into the45

internal structures and evolutionary processes of these46

stars, with the group prototype, PG 1159-035, being47

one of the best studied stars of this type (G. Oliveira da48

Rosa et al. 2022, and references therein). The effective-49

ness of asteroseismic methods relies critically on both50

the number of detected pulsation modes and the depth51

within the stellar interior that these modes can probe —52

6 The GW Vir family of pulsating pre-WD stars not only consists
of PG 1159 stars, but also of hybrid-PG 1159 stars, [WC] stars,
and [WC]-PG 1159 transition objects.
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the broader the range, the more information on the stel-53

lar interior that can be retrieved. Consequently, stars54

exhibiting rich pulsation spectra are the most favorable55

targets for detailed asteroseismic studies.56

Recent observational campaigns have expanded our57

understanding of the GW Vir instability strip, which is58

unique among WD instability strips as it is not pure,59

meaning that not all stars within its borders show pul-60

sations (see, e.g., G. Fontaine & P. Brassard 2008). A61

current hypothesis, based on combined photometric and62

spectroscopic observations, states that there is a sep-63

aration within PG 1159 stars: all N-rich (about 1%64

atmospheric N/He abundance) PG 1159 stars are pul-65

sators, while N-poor ones (below about 0.01% N/He)66

were identified as non-pulsators - the so-called nitrogen67

dichotomy. This apparent dichotomy seems to hint at a68

potential link between a very late thermal pulse (some-69

times referred to as a born-again event) and pulsations70

(S. Dreizler & U. Heber 1998; P. Sowicka et al. 2021). P.71

Sowicka et al. (2023) conducted time-series photometry72

of 29 PG 1159 stars, leading to the discovery of pulsa-73

tions in the central star of planetary nebula Abell 72,74

and derived the most robust pulsator fraction to-date75

for PG 1159 stars within the GW Vir instability strip:76

36% (24 out of 67 stars). Interestingly, they also found a77

few objects that appear to be pulsators but show no ev-78

idence of being N-rich, further challenging the current79

hypothesis. These findings underscore the significance80

of continued searches for pulsating PG 1159 stars to re-81

fine the boundaries of the instability strip and enhance82

asteroseismic models, together with high-quality spec-83

troscopy to determine Teff and log g, which are needed84

to establish the stars’ positions within the instability85

strip.86

We present the discovery and frequency analysis of the87

detected peaks of multi-periodic pulsations in the cen-88

tral star of the planetary nebula Kn 61, spectroscopically89

classified as a PG 1159-type star, based on Kepler Short90

Cadence observations from Quarter 12.3. This discovery91

contributes to the growing catalog of GW Vir pulsators92

and offers a new target for detailed asteroseismic anal-93

ysis. We also characterize sporadic brightening events94

that have been previously noted (O. De Marco et al.95

2015) in the Long Cadence Kepler data from Quarters96

10-13.97

2. THE CENTRAL STAR OF PLANETARY98

NEBULA KN 6199

The planetary nebula Kn 61 (also known as the Soc-100

cer Ball Nebula) was discovered in a deep sky survey101

to identify new planetary nebulae (M. Kronberger et al.102

2012). The first spectra of the central star (Kepler tar-103

Figure 1. Position of Kn 61 and other PG 1159 stars in
the theoretical H-R diagram. Star symbols: pulsating PG
1159 stars; circles: nonvariable; squares: with no reported
photometric observations. N-rich PG 1159 stars are shown
with green symbols, while N-poor ones are shown with black
symbols, and stars without N abundance reported in the lit-
erature are shown with gray symbols. Lines represent evolu-
tionary tracks from M. M. Miller Bertolami & L. G. Althaus
(2006): solid lines—VLTP (from left to right, final masses:
0.870, 0.741, 0.664, 0.609, 0.584, 0.565, 0.542, 0.530, 0.515
M⊙); single dashed line—LTP (0.512 M⊙).

get KIC 3231337, hereafter referred to as Kn 61 for sim-104

plicity) suggested it is of hydrogen-deficient PG 1159-105

type with Teff = 120,000 K and log g = 7.0 cm s−2
106

(M. T. Garćıa-Dı́az et al. 2014). New spectra obtained107

by H. E. Bond et al. (2023) confirmed the spectral clas-108

sification and allowed a preliminary re-determination of109

atmospheric parameters: Teff possibly close to 170,000 K110

and log g ≃ 6.5 cm s−2, based on the wings of the He II111

absorption lines. The presence of N V lines indicated112

the “N-rich” variety of PG 1159-type stars, which are113

usually pulsators of the GW Vir type (e.g., P. Sowicka114

et al. 2021). In Figure 1 we show the location of Kn 61115

in the Hertzsprung-Russell (H-R) diagram with other116

known PG 1159 stars, placing it among the confirmed117

N-rich pulsating PG 1159 stars.118

Ground-based photometric observations of the cen-119

tral star were first reported by M. T. Garćıa-Dı́az et al.120

(2014). On the basis of observations over 16 consecutive121

nights, each 2 − 3 hr long, the authors did not detect122

variability on such a short time scale (with a scatter123

of the order of 0.028 mag), or on timescales typical for124
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pulsations. However, the nightly averaged data revealed125

a statistically significant variation with a frequency of126

0.176 d−1 (a period of 5.7 ± 0.4 d) and semi-amplitude127

A ≈ 0.02 mag.128

Kn 61 lies in the Field of View (FOV) of the Kepler129

mission (D. G. Koch et al. 2010), and was observed in130

Quarters (Q) 10−13 in Long Cadence (LC, 30 min), and131

in Q12.3 in Short Cadence (SC, 1 min) modes. The Ke-132

pler data in LC and SC span three months and a month,133

respectively. O. De Marco et al. (2015) analyzed four134

quarters of Kepler LC data, showing that the light curve135

is characterized by stochastically reoccurring brighten-136

ings that recur roughly every 2-12 d, each with a dura-137

tion of several hours up to 2 d. These brightening events138

cause an increase in brightness of ≈ 80−140 mmag, and139

have oddly triangular pulse shapes (see Figure 9 from140

O. De Marco et al. 2015). The authors were not able to141

unambiguously determine the origin of this variability,142

ruling out irradiation, ellipsoidal variability, or eclipses,143

with alternative scenarios involving binarity, wind, and144

accretion. The light curves resemble the outbursts in145

pulsating DA white dwarfs (e.g., K. J. Bell et al. 2015;146

J. J. Hermes et al. 2015; K. J. Bell et al. 2016), as dis-147

cussed in more detail by H. E. Bond et al. (2023).148

3. OBSERVATIONS AND FREQUENCY ANALYSIS149

We downloaded and analyzed the Kepler SC data pro-150

cessed by the KASOC7. We converted PDCSAP fluxes151

from e−/s to Kepler magnitudes using the reference flux152

for a 12th magnitude star, f128. After removing outliers,153

the final light curve consisted of 32,939 points.154

We performed frequency analysis using Period04 (P.155

Lenz & M. Breger 2005). In the Fourier amplitude spec-156

trum, calculated up to the Nyquist frequency of 731.9157

d−1 , we detected four peaks satisfying the criterion of158

S/N≥5 with a mean noise level of 0.35 mmag (following159

the results from A. S. Baran et al. 2015). We report the160

detection of two additional, formally insignificant peaks161

(S/N=4.1). All those peaks satisfy the Rayleigh reso-162

lution criterion of ∆f ≥ 1.5/∆T = 0.055 d−1 (G. L.163

Loumos & T. J. Deeming 1978). Frequencies, ampli-164

tudes, and phases were determined by simultaneously165

fitting a nonlinear least-squares solution to the data us-166

ing Period04. The formal solution is presented in Ta-167

ble 1. Figure 2 shows the Fourier amplitude spectrum168

up to the Nyquist frequency (upper panel), and a zoom-169

in into the 82 − 113 d−1 region (middle panel), where170

the peaks were detected. The peaks are labeled accord-171

7 Kepler Asteroseismic Science Operations Center
8 https://nexsci.caltech.edu/workshop/2012/keplergo/
CalibrationSN.shtml

Table 1. Formal frequency solution for Kn 61

ID Freq. Period Amp. S/N ℓ

(d−1) (s) (mmag)

f1 111.4087(13) 775.5228(93)∗ 4.60(28) 13.1 1

f2 95.4933(24) 904.7760(48)∗ 2.40(28) 6.9 1

f3 87.2077(30) 990.7388(39)∗ 1.95(28) 5.6 1

f4 106.3792(31) 812.1891(37) 1.86(28) 5.3

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

f5 83.3167(40) 1037.0067(29) 1.43(28) 4.1

f6 83.5423(40) 1034.2070(29) 1.43(28) 4.1

Note—Frequencies below 2 d−1 are omitted, due to long-
term instrumental systematics. f5 and f6 are formally in-
significant. Asterisks mark the periods we used for the fit
shown in Figure 4.

ing to decreasing amplitude. We did not detect any172

frequency/amplitude/phase variations in the data set,173

as prewhitening all six peaks did not leave significant174

residuals.175

3.1. Rotational splitting?176

To assess the asteroseismic potential of Kn 61, we first177

searched for rotationally split multiplets. For a spher-178

ically symmetric star, the frequencies of all nonradial179

modes with a given spherical degree ℓ and radial order180

k are indistinguishable. Departures from the spherical181

symmetry, caused by various effects like, e.g., rotation or182

magnetic fields, can lift this degeneracy. In most stars, it183

is the (slow) rotation that is responsible for that lifting,184

splitting the modes into 2ℓ+ 1 components. It is there-185

fore expected to see three (m = +1,m = 0,m = −1)186

components for ℓ = 1 modes, five for ℓ = 2 modes, and187

so on, if all components are observed. Modes with ℓ = 1188

or 2 are most likely to be observed due to geometric189

cancellation of higher degree modes (W. Dziembowski190

1977). Identifying rotational multiplets allows the iden-191

tification of the ℓ and m numbers of a mode, and deter-192

mination of the mean frequency splitting, from which193

the rotation period of the star can be inferred.194

The Fourier spectrum of Kn 61 is sparse, and we were195

only able to identify one potential doublet with a fre-196

quency separation of f6 − f5 = 83.5423− 83.3167 d−1 =197

0.2256 d−1 . If we assume that these are adjacent com-198

ponents of an ℓ = 1 triplet (i.e., m = +1 and 0 or 0199

and −1), the observed separation corresponds directly200

to the rotational splitting. If instead they represent the201

outer components (m = +1 and −1), the true splitting202

would be half of the observed separation. The frequency203

https://nexsci.caltech.edu/workshop/2012/keplergo/CalibrationSN.shtml
https://nexsci.caltech.edu/workshop/2012/keplergo/CalibrationSN.shtml
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Figure 2. Top: Fourier amplitude spectrum of Kepler SC data up to the Nyquist frequency (black). Residuals after prewhiten-
ing 6 peaks are shown in gray. Orange lines show the mean noise level (solid) and the detection threshold of S/N = 5 (dashed).
The shaded region is shown in the middle panel. Middle: A zoom-in view into the low frequency (shaded) region. Each accepted
frequency is labeled according to the decreasing amplitude and indicated by a vertical gray line. Horizontal lines are the same
as in the top panel. Bottom: Fourier spectrum for the low-frequency region shown in the period domain. Blue vertical lines
show the theoretical constant period spacing pattern of 21.526 s starting from f1. Horizontal lines are the same as in the top
panel.
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splitting can be obtained from δνlkm = mΩrot,l(1−Ckl)204

under the assumption of slow and solid rotation, where205

Ckl are Ledoux coefficients (P. Ledoux & T. Walraven206

1958). In the asymptotic limit of high radial order g207

modes (k ≫ l), the Ledoux coefficients adopt a simple208

form: Cl,k ∼ [ℓ(ℓ + 1)]−1, which for a dipole (ℓ = 1)209

mode are simply C1,k ∼ 0.5. Depending on whether210

the observed doublet corresponds to adjacent or outer211

components of an ℓ = 1 triplet, the inferred rotation212

period of Kn 61 is ≈ 2.22 d or ≈ 4.43 d, respectively.213

In comparison with rotation periods of some other GW214

Vir stars obtained via asteroseismology (see, e.g., Table215

10 in A. H. Córsico et al. 2019), the rotation period of216

over 53 hours for Kn 61 seems rather long. This might217

mean that either Kn 61 is a relatively slow rotator, or218

our identification of rotational splitting is not correct.219

3.2. Mean period spacing220

Next, we searched for a mean period spacing. The221

asymptotic theory of nonradial oscillations gives a pre-222

scription for determination of a mean period spacing for223

a chemically homogeneous star: in the asymptotic limit224

(k ≫ ℓ), consecutive (high) radial order (k) modes of225

the same spherical degree (ℓ) are predicted to be ap-226

proximately equally spaced in period (e.g., M. Tassoul227

1980), and the period spacing ∆Πℓ is given by228

∆Πℓ =
Π0√

ℓ(ℓ+ 1)
, (1)229

where Π0 is a constant: Π0 = 2π2
(∫

N
r dr

)−1
, where230

N is the Brunt-Väisälä frequency. In the case of PG231

1159 stars, which are chemically stratified, the observed232

period spacings show regular departures from a uniform233

pattern, as a result of resonant mode trapping by the234

composition gradient at the base of the He-rich surface235

layer (S. D. Kawaler & P. A. Bradley 1994; A. H. Córsico236

& L. G. Althaus 2006).237

A closer inspection of the period differences calculated238

between the detected modes revealed a tentative spacing239

near 43 s. We employed standard techniques to search240

for period spacing values typical for GW Vir pulsators:241

the Fourier transform method (G. Handler et al. 1997),242

the Inverse Variance method (D. O’Donoghue 1994),243

and the Kolmogorov-Smirnov (S. D. Kawaler 1988) sta-244

tistical test. In the Fourier transform method we per-245

form a Fourier analysis of the detected periods with ar-246

bitrarily assigned amplitudes of unity and look for sta-247

tistically significant maxima. In this case we did not find248

any significant value indicating a mean period spacing,249

likely because of the sparse set of detected modes. In the250

Inverse Variance technique the spacing is chosen based251

on fitting equally spaced periods to the observed set of252

periods, and finding such a spacing that maximizes the253

inverse variance of the residuals of the model fit. In the254

Kolmogorov-Smirnov test, as used in a backwards fash-255

ion by S. D. Kawaler (1988), the uniform period spacings256

will appear as minima in Q (probability of a random dis-257

tribution). Both those methods gave consistent results258

and pointed at the constant period spacing of about 43 s259

and its harmonics (approx. 21.5 s, 14 s, and 11 s), in260

the range of period spacings of 10–50 s.261

A 43 s period spacing would be unusually large for a262

GW Vir star, pointing towards very small masses not263

supported by evolutionary models (M. M. Miller Berto-264

lami & L. G. Althaus 2006). Therefore, we proceed as-265

suming ≈ 21.5 s as our trial period spacing value. In266

Figure 3 we show the results of the K-S and I-V tests267

in two cases – using all modes from Table 1 or a sub-268

set of three modes marked with an asterisk. It appears269

that f1, f2, and f3 are part of a sequence of equally270

spaced modes, with several components of the sequence271

in between missing.272

Possible explanations for the remaining three periods,273

f4, f5, and f6, not aligning with the trend in Figure 4274

include: they could be ℓ = 1 modes affected by mode275

trapping, or ℓ = 2 modes (or higher), or some compo-276

nents of rotationally split modes, or they are caused by277

noise (especially f5 and f6, which formally are below the278

detection threshold). Moreover, the spacings between f5279

or f6 and the remaining modes may indicate that f6 is280

the more likely m = 0 component of the two.281

To refine the period spacing, we used a weighted lin-282

ear least-squares fit to the subset of three periods that283

we identify as m = 0 modes, marked with an asterisk284

in Table 1, and shown in the upper panel of Figure 4.285

We obtained the period spacing of ∆Πfit = 21.526(6) s.286

In Figure 2 (bottom panel) we show the Fourier am-287

plitude spectrum in the period domain, and we indi-288

cate a theoretical sequence of constant period spacing289

of 21.526(6) s obtained from the fit, propagated starting290

from f1. In the bottom panel of Figure 4, we show the291

residuals from subtracting the fit from the observed pe-292

riods. The scatter of the periods around the best-fitting293

spacing is 0.07 s, far exceeding the formal period uncer-294

tainties, and could be attributed to departures from the295

asymptotic regime. The modes do not form a sequence296

of consecutive modes – the missing modes in between297

might suggest that either mode trapping is strongly af-298

fecting some of those modes, they may not be excited in299

the star, or other cancellation/observational effects play300

a role.301

For high-order g modes, the asymptotic relation gives302

the periods as (see, e.g., S. D. Kawaler & P. A. Bradley303
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Figure 3. Results of the Kolmogorov-Smirnov statistical test (left) and Inverse-Variance method (right) for all detected periods
from Table 1 (upper panels) and the subset of three modes marked with an asterisk in that Table (lower panels).

1994)304

Pℓ,k ≃ Π0√
ℓ(ℓ+ 1)

(k + ϵ), (2)305

where ϵ is a small number and represents a phase shift.306

To determine the absolute radial orders (k), we com-307

pared the observed periods to the asymptotic relation308

Pℓ,k ≈ ∆Πℓ(k + ϵ). Using our determined period spac-309

ing of 21.526(6) s for ℓ = 1 modes, we tested a range of310

integer offsets to find the most physically consistent so-311

lution. By examining starting values in the range 30 to312

45, we identified that an offset corresponding to radial313

orders k ≈ 36, 42, and 46 for the three detected modes314

(f1, f2, and f3) minimizes the residual phase shift, with315

a mean value of ϵ ≈ 0.03. Given the small number of316

detected modes, this assignment is approximate and pri-317

marily intended to indicate the high-order nature of the318

pulsations. We added the estimated radial order axis in319

Figure 4.320

To place our radial order assignments in context,321

we compared the detected periods with those from as-322

teroseismic modeling of the well-studied GW Vir star323

RX J2117.1+3412, which has a similar effective temper-324

ature (∼170000 K) and a comparable location in the325

H-R diagram. In RX J2117.1+3412, the shortest-period326

unstable ℓ = 1 mode occurs at ∼ 757 s with radial or-327

der k = 34 (A. H. Córsico et al. 2021, Table 14), up to328

∼ 1190 s and k = 53. In Kn 61, our shortest-period329

detected mode at ∼ 775 s corresponds to k ≈ 36, with330

the next modes at k ≈ 42 and 46. The ranges of de-331

tected periods and corresponding radial orders are in332

very good agreement, demonstrating that our tentative333
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Figure 4. Top: A linear least-squares fit to f1, f2, and f3
modes, marked in Table 1. Bottom: Residuals after sub-
tracting the fit from the observed periods. Note: Measured
period uncertainties are plotted, but are smaller than the
size of the points.

k assignments for Kn 61 are fully consistent with the-334

oretical predictions for ℓ = 1 g-modes in a similar GW335

Vir star.336
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3.3. Estimation of the asteroseismic mass337

Finding a constant period spacing in the Fourier spec-338

trum of Kn 61 has important consequences: it allows the339

mode identification of the spherical degree (ℓ), and based340

on that the determination of the asteroseismic mass.341

Based on asteroseismic calculations for GW Vir stars,342

a period spacing of 21.526(6) s is indicative of dipole343

(ℓ = 1) modes (A. H. Córsico & L. G. Althaus 2006),344

therefore we assigned that to the three identified modes345

in Table 1. With the period spacing value assigned346

to the ℓ = 1 modes, we used Equation 1 to calculate347

Π0 = 30.442(8) s, which we can directly compare with348

Figure 2 from S. D. Kawaler & P. A. Bradley (1994).349

We also calculated Π0 for alternative scenarios, that the350

true period spacing is about 43 s and either of those351

spacings is for ℓ = 2 modes, but neither alternative sce-352

nario matches the asymptotic period spacing sequences353

shown in the aforementioned Figure, strengthening our354

initial identification. We then used the approximate re-355

lation for Π0 from S. D. Kawaler & P. A. Bradley (1994)356

to derive the asteroseismic mass:357

Π0
∼= 15.5

(
M

M⊙

)−1.3 (
L

100 L⊙

)−0.035 ( qy
10−3

)−0.00012

.

(3)358

The dependence on the He fraction on the surface (qy) is359

negligible for the approximate determination of the as-360

teroseismic mass in our case and we omit this term. P.361

Sowicka et al. (2023) derived luminosities for the whole362

sample of PG 1159 stars, including Kn 61. Derivation363

of luminosities was based on the data from Gaia DR3 (364

Gaia Collaboration et al. 2016, 2023), including the geo-365

metric distance from C. A. L. Bailer-Jones et al. (2021)366

based on parallax but with a large error of 80%. We367

therefore recomputed the luminosity of Kn 61 follow-368

ing the procedure described in P. Sowicka et al. (2023),369

adopting the distance of 4.17±0.75 kpc from D. J. Frew370

et al. (2016) and got logL⋆ = 3.24 ± 0.17 L⊙, a lower371

value than the one from P. Sowicka et al. (2023). We372

used that value to obtain the asteroseismic mass of Kn373

61 from Equation 3: mastero = 0.551(6) M⊙. Using374

the luminosity and log Teff = 5.23 ± 0.03 K, we esti-375

mated the evolutionary mass of Kn 61 by interpolation376

among the M. M. Miller Bertolami & L. G. Althaus377

(2006) post-AGB evolutionary tracks. The statistical378

uncertainty was estimated via Monte-Carlo propagation379

of the effective temperature and luminosity errors, yield-380

ing mevol = 0.575+0.017
−0.015 M⊙. The corresponding 1 − σ381

statistical uncertainty was taken as the mean of the up-382

per and lower errors (0.016 M⊙). A systematic uncer-383

tainty of 0.01 M⊙ was adopted to account for finite grid384

resolution and interpolation method dependence. The385

total uncertainty was obtained by adding both contribu-386

tions in quadrature, resulting in mevol = 0.575(19) M⊙.387

The asteroseismic and evolutionary masses are consis-388

tent within the uncertainties (1.2σ).389

4. REOCCURRING BRIGHTENING EVENTS390

Besides the pulsational variability, the Kepler light391

curves of Kn 61 reveal occasional increases in bright-392

ness that were noted by O. De Marco et al. (2015). We393

inspect the Kepler pixel data to confirm that this sig-394

nal is only present in the pixels surrounding the tar-395

get, which is not crowded by any brighter contaminant396

stars. These events appear similar in their amplitudes397

and timescales to the pulsational outbursts observed398

from cool hydrogen-atmosphere pulsating white dwarfs399

(DAVs; K. J. Bell et al. 2015, 2016). We modify the400

analysis pipeline for characterizing DAV outbursts in the401

Kepler and K2 data (Bell et al. in prep) to analyze the402

brightening events of Kn 61.403

With durations upwards of a day, the long-cadence404

(30-minute) Kepler light curves are sufficient for de-405

tecting the brightenings and have less scatter than the406

short-cadence data. To remove long timescale trends, we407

flatten the light curve with a 5-day sliding window us-408

ing the Tukey biweight algorithm implemented in WOTAN409

(M. Hippke et al. 2019). We use the same approach with410

an 8-hour window to obtain a smoothed version of the411

light curve. The detrended light curve is displayed in412

Figure 5, with the smoothed version shown in red. We413

flag any instance where five consecutive points in the414

smoothed data exceed three times the standard devia-415

tion of the smoothed light curve as a significant bright-416

ening event. Because the brightening events inflate the417

standard deviation of the smoothed curve, we repeat the418

process with the detected events masked until the num-419

ber of detected outbursts converges, resulting in the 49420

occurrences highlighted in Figure 5.421

We record the start and end times of each event when422

the smoothed curve crosses its median level, the peak423

relative flux value of the smoothed curve, the time since424

the previous detected event (if there are no intervening425

gaps in the data). Due to limitations from the signal-to-426

noise of the data, our detections are likely incomplete for427

small events. We also numerically integrate the excess428

relative flux during each event as the equivalent dura-429

tion (ED; R. E. Gershberg 1972). ED has units of time430

representing how long the star would have to shine in431

quiescence to emit the same energy in the Kepler band-432

pass as the excess energy from the brightening event.433

Figure 6 shows histograms displaying the distributions434

of event durations, peak flux enhancements, delay times,435

and EDs. Events significant enough to be detected in436

the data set tend to last 1-3 days, increasing the flux437
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Figure 5. Long-cadence Kepler light curves from Quarters 10-13 with 49 significant brightness increases highlighted. The
detrended long-cadence data are shown in black, the smoothed version used to detect brightening events is red.
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are shown for event duration (in days), peak relative flux enhancement from the smoothed light curve (in percent), delay time
since the previous event (days), and the equivalent duration (ED, in minutes; see text for description).



9

in the Kepler bandpass by 2-5%. The distribution of438

delay times between events is strongly peaked at 5 days439

and the median ED is 26 minutes. Overall, these ob-440

served characteristics are similar to those of pulsational441

outbursts of DAVs (K. J. Bell et al. 2015, 2016).442

We can estimate the energy powering each of these443

events if we assume that the increase in brightness is444

due to an increase in the effective temperature of the445

target, by considering how the brightness increase in the446

Kepler bandpass relates to the overall increase in bolo-447

metric luminosity. To compute how a fractional increase448

in Kepler flux relates the overall luminosity increase,449

we compute model spectra for PG 1159 stars with the450

surface abundances of Kn 61 (H. E. Bond et al. 2023)451

and effective temperatures surrounding that of Kn 61452

(150-200 kK in 10 kK step) with TMAW tool (T. Rauch453

et al. 2018). We then multiply the model spectra by the454

Kepler instrument response function9 and integrate to455

estimate the Kepler flux relative to the bolometric lu-456

minosity. Using a linear approximation, we find that a457

small fractional increase in flux in the Kepler band cor-458

responds to a 4.2 times larger fractional increase in lumi-459

nosity overall. This is greater than one because the spec-460

trum of Kn 61 peaks in the far UV and Kepler observes461

at optical wavelengths. The energy of each event can be462

estimated as 4.2L⋆×ED. Using logL⋆ = 3.24±0.17 L⊙,463

we estimate the median energy of a brightening event to464

be ≈ 4 × 1040 erg. Since the mechanism behind these465

events is not established to relate to an increase in ef-466

fective temperature of the target, this approach to esti-467

mating their energies may not be accurate.468

5. DISCUSSION AND CONCLUSIONS469

The discovery of multiperiodic g-mode pulsations in470

Kn 61 categorizes it as a GW Vir pulsator. This finding471

is particularly significant as Kn 61 is a N-rich PG 1159472

star, adding to the growing evidence supporting the ni-473

trogen dichotomy hypothesis, in which all N-rich PG474

1159 stars are pulsators. Previous ground-based obser-475

vations by M. T. Garćıa-Dı́az et al. (2014) failed to de-476

tect these pulsations, likely because of insufficient pho-477

tometric precision and short duration of observations,478

for which the Kepler mission is superior in providing479

data for asteroseismic studies.480

Our frequency analysis reveals a sparse spectrum with481

four significant peaks detected down to 1.86 mmag am-482

plitudes, which is rather typical for GW Vir stars. The483

identification of a possible rotational splitting indicates484

a potential rotation period of about 2.22 days. Such a485

9 https://keplergo.github.io/KeplerScienceWebsite/the-kepler-
space-telescope.html#instrument-response

rotation period would be rather long for a star of its486

type, however not impossible nor is it completely out of487

line with measurements of more evolved white dwarfs488

from asteroseismology (J. J. Hermes et al. 2017). How-489

ever, with such a small number of modes detected, the490

possibility of misidentification is relatively high and it491

cannot be ruled out with the present dataset.492

The most critical finding from an asteroseismic per-493

spective is the detection of a constant period spacing of494

∆Π = 21.526(6) s for what we identify as a sequence495

of ℓ = 1 modes. This regular spacing, as predicted496

by the asymptotic theory for chemically homogeneous497

stars, allows us to probe the interior structure of the498

star. Because PG 1159 stars are chemically stratified499

we can expect departures from the uniform pattern due500

to mode trapping. In the case of Kn 61 we identified501

a sequence of three modes that fit a linear progression.502

The apparent absence of many of the expected modes503

in the sequence could be attributed to, among others,504

strong mode trapping for those missing modes, those505

modes not being excited in the star, or not being ob-506

served due to observational biases.507

The detected asymptotic period spacing is crucial for508

estimating the asteroseismic mass of the star. Using the509

relation between Π0 and stellar mass for GW Vir stars510

provided by S. D. Kawaler & P. A. Bradley (1994), we511

derived an asteroseismic mass of mastero = 0.551(6) M⊙.512

This value shows a reasonable agreement with the evo-513

lutionary mass of mevol = 0.575(19) M⊙ derived from514

the evolutionary tracks, which was calculated by inter-515

polating the star’s position on the H-R diagram against516

the evolutionary tracks of M. M. Miller Bertolami &517

L. G. Althaus (2006). The consistency between these518

two mass determinations reinforces the validity of our519

asteroseismic analysis and the underlying stellar evolu-520

tion models.521

Recently, L. M. Calcaferro et al. (2024) conducted a522

comprehensive comparison of WD and pre-WD mass523

determination methods, highlighting the strengths and524

limitations of both spectroscopic and asteroseismic tech-525

niques. Their study shows that while spectroscopic526

masses can be affected by model atmosphere uncertain-527

ties, asteroseismic ones can be more robust when multi-528

ple consecutive modes are detected. In our case, despite529

the limited number of identified periods, the consistency530

of the derived spacing with theoretical expectations sup-531

ports the asteroseismic estimate of the mass of Kn 61.532

Our result agrees well with the trends shown in L. M.533

Calcaferro et al. (2024), highlighting that even relatively534

sparse pulsation spectra are useful for constraining fun-535

damental stellar parameters in GW Vir stars.536

https://keplergo.github.io/KeplerScienceWebsite/the-kepler-space-telescope.html#instrument-response
https://keplergo.github.io/KeplerScienceWebsite/the-kepler-space-telescope.html#instrument-response
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In addition to the pulsations, the Kepler light curve537

exhibits sporadic brightening events that typically last538

1-3 days, increasing the relative flux in the light curve539

upwards of 5%, with an average recurrence time of 5540

days. Our estimate of the typical energy of these events541

is 1040 erg, far exceeding the energies of pulsational out-542

bursts in DAVs of ∼ 1034 erg (K. J. Bell et al. 2016),543

due mostly to the greater luminosity of PG 1159 stars.544

Outbursts in DAVs are thought to get their energy from545

pulsations (J. Luan & P. Goldreich 2018), the pulsation546

in these stars are observed to be affected by the out-547

bursts (J. J. Hermes et al. 2015). It is not clear that548

the brightening events in Kn 61 are related to DAV out-549

bursts, as interpreting them this way implies that they550

are a million times more energetic yet they do not ap-551

pear to affect the stability of the observed pulsations.552

Still, it is intriguing that the only PG 1159 star ob-553

served to show this behavior is a pulsator. Our energy554

estimates rely on the assumption that the brightness in-555

crease can be fully attributed to an increase in effective556

temperature of the star, which may not be valid. More557

theoretical work is needed to determine the nature of558

these events.559

The discovery adds a new, multiperiodic pulsator to560

the group of GW Vir stars, making Kn 61 the 12th pul-561

sating PG 1159 star with an asteroseismic mass deter-562

mination, and the 15th such GW Vir star (including563

pulsating [WC] stars). As a confirmed N-rich pulsator,564

Kn 61 strengthens the proposed connection between ni-565

trogen abundance and pulsations in PG 1159 stars. The566

detection of a clear period spacing establishes Kn 61 as567

a valuable target for detailed future asteroseismic mod-568

eling.569
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