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ABSTRACT

The Kepler spacecraft observed ~150000 stars over the course of its four-year mission, of
which 18 were discovered to be pulsating subdwarf B stars, including KIC 2697388. We
analyse three years of Kepler spacecraft short-cadence data as well as 21 low-resolution
spectra of the pulsating subdwarf B star KIC 2697388. Our spectra have a radial-velocity
scatter of 9.5 kms ™!, and while insufficient to completely rule out binarity, we rule out short-
period, low-inclination orbits for KIC 2697388. From the short-cadence Kepler data, we detect
253 periodicities, most with periods from 1 to 2.5 h, which we associate with gravity-mode
pulsations. Twenty-three periods were also detected in the short-period pressure-mode region.
We applied standard seismic tools for mode identification, including asymptotic overtone
period spacings and rotationally induced frequency multiplets. We classify 89 per cent of the
periodicities with mode identifications; most of low degree (£ <2), but 42 are identified as
£ > 3. Frequency multiplets provide a rotation period for the star of ~42 d. A unique feature
is seen in KIC 2697388’s data; in all £ > 2 multiplets, the splittings decrease over the course
of the observations. If the trend continues, £ > 2 multiplets would become singlets within a
decade.

Key words: stars: oscillations.

1 INTRODUCTION

Subdwarf B (sdB) stars are extreme horizontal branch stars and
have, on average, core masses of ~0.5 solar masses, radii of 0.2 so-
lar radii, and effective temperatures of ~30 000 K (Heber et al. 1984;
Saffer et al. 1994). Two classes of sdB variables are known: short-
period pulsators, with periods under ~15 min associated with pres-
sure (p-) modes, and long-period pulsators, with periods from 0.75
to 8 h associated with gravity (g-) modes. Reviews of sdB stars and
their pulsation properties include @stensen (2010, ground-based)
and Reed & Foster (2014, including Kepler discoveries).

The Kepler spacecraft was launched in 2009 and has accumu-
lated a unique data set. Never before, and with no current plans
for future missions, have stars been observed at a rapid cadence
(1 min) continuously for multiple years. Such a data set has greatly
advanced our knowledge of stellar structure and evolution via the
application of asteroseismology. For sdB stars, these data have al-
lowed, for the first time, bulk observational constraints of pulsation
modes, which are a requirement for the application of asteroseis-
mology. A total of 18 pulsating sdB stars were discovered during
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the four-year Kepler mission, most of which were observed in short-
cadence mode (SC; 58.86 s integrations) for over three years with
a duty cycle above 90 per cent. Of these stars, 2 are predominantly
p-mode pulsators, 15 are predominantly g-mode pulsators, and 1 has
many of each type (@stensen et al. 2010, 2011; Baran et al. 2012;
Dstensen et al. 2014). To date, only six of these stars have had their
full Kepler data sets analysed and published (@stensen et al. 2014;
Reed et al. 2014; Telting et al. 2014; Baran et al. 2015, 2016;
Foster et al. 2015). Seismic milestones include the discovery of
evenly spaced asymptotic overtones in period (Reed et al. 2011),
some with a few trapped modes (@stensen et al. 2014), and fre-
quency multiplets with splittings which vary as predicted by the
Ledoux formula (Baran et al. 2012). Asymptotic overtone sequences
can be used to identify pulsation modes and discern structural
boundaries (Reed et al. 2011); frequency multiplets also provide
mode identifications, bulk and internal rotation rates, and con-
straints on the pulsation axis. These tools have been used to discern
stochastic, time-dependent amplitudes (@stensen et al. 2014), sub-
synchronously rotating binaries (Pablo et al. 2012), and a pulsator
where the core rotates nearly three times slower than the surface
(Foster et al. 2015).

KIC 2697388 was discovered to be a pulsator from one month
of SC observations (Q2.3; the third month of the second quarter)
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during Kepler’s first year of operation, which was largely a survey
year (Dstensen et al. 2010). Pstensen et al. (2010) also did a spectral
analysis which resulted in 7o =23900 £ 300 K, log(g) =5.32 £
0.03 dex, and log (Nye/Ny) = —2.9 £ 0.1 dex. From the Q2.3 data,
Reed et al. (2010) found KIC 2697388 to be a hybrid pulsator. They
detected 1 p-mode pulsation and 36 g-mode periodicities. Charpinet
etal. (2011) also analysed the Q2.3 data set, listing 59 frequencies,
and performed a seismic model fitting using their third-generation
models. The best-fitting model had T.y=25395 £+ 227 K,
log(g) =5.500 + 0.031dex, and log (Np./Nu) = —2.767 +
0.122 dex, in good agreement with measurements of @stensen et al.
(2010). Using the first nine months of continuous Kepler SC ob-
servations for KIC 2697388 (quarters 5, 6, and 7), Baran (2012)
detected 148 periodicities, including asymptotic period spacings of
240.06 £ 0.46 and 138.80 £ 0.19 s for £=1 and 2 modes, re-
spectively. They also detected frequency multiplets and calculated
a rotation period of 45.55 £ 4.75 d. In total, they associated 8§89
(60 per cent) of their periodicities as £ =1 (2) modes.

In this paper, we examine the entire Kepler SC data set for
KIC 2697388, as well as spectroscopic observations taken using
the Nordic Optical Telescope (NOT) and William Herschel Tele-
scope (WHT).

2 SPECTROSCOPY

As part of our programme obtaining follow-up spectroscopy of
Kepler-observed pulsators, low-resolution spectra (R &~ 2000-2500)
have been collected using the 2.56-m NOT with ALFOSC, grism
#16 and a 0.5 arcsec slit, and the 4.2-m WHT with ISIS, the R600B
grating and 1.0 arcsec slit. The resulting resolutions based on the
width of arc lines are 1.7 and 2.2 A for the setups at the WHT and
NOT, respectively. Exposure times were between 500 and 900 s. The
3 WHT spectra were obtained on the nights of 2010 July 27 and
28, and the 18 NOT spectra on 10 nights throughout 2011 May—
July. The signal-to-noise ratio (S/N) of the WHT spectra ranges
from 87 to 114; the S/N of the NOT spectra ranges between 33
and 63.

After applying standard reduction steps, including correction to
the heliocentric frame, we used a cross-correlation technique to look
for possible orbital radial-velocity (RV) variability. While the RV
measurements show considerable scatter with rms = 9.5 km s™',
we could not find any significant periodic RV signal. The RV data
are consistent with KIC 2697388 being a single star but are not of
sufficient accuracy to rule out binarity.

We used the average spectrum for each telescope, both with
S/N ~ 190, to get a first estimate of the basic atmospheric parameters
based on high-S/N spectral data. For this purpose, we used the
fitting procedure of Edelmann et al. (2003), with the metal-line
blanketed local thermodynamic equilibrium (LTE) models of solar
composition described in Heber, Reid & Werner (2000). For the
WHT spectrum, we get T = 24262 £ 86 K, log(g) = 5.34 £+
0.011 dex, and log (Npge/Nu) = —2.9128 £ 0.0224 dex. For the
NOT spectrum, we find Ty = 23390 + 118 K, log(g) = 5.29 £+
0.015 dex, and log (Nye/Np) = —2.9111 +£ 0.02090 dex. A fit to
the lines is shown in Fig. 1.

3 DATA PROCESSING AND ANALYSES

We processed and analysed the SC Kepler data in a similar fashion
to our previous papers (e.g. Reed et al. 2014) and summarized as
follows: We downloaded optimally extracted light curves from the
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Figure 1. Spectra of KIC 2697388 obtained by the WHT.

Mikulski Archive for Space Telescopes,' used low-order spline fit-
ting to remove long-term trends (>1.5 d), and normalized the data
with the mean brightness. We sigma-clipped the data at 5o and
multiplied the modulation intensities so amplitudes would appear
in a Fourier transform (FT) as parts per thousand (ppt). The full
SC data set spans 1147.5 d and includes 1.54 million individual ob-
servations (a 91.4 per cent duty cycle), which is a 1.5/T temporal
resolution of 0.0159 puHz. There are about 0.8 million resolved fre-
quencies up to the Nyquist, requiring a detection threshold of 4.8
to ensure that any random peak is unlikely due to noise. We calcu-
late this amplitude detection threshold to be 0.431 ppt using regions
of the frequency spectrum free from pulsations. Periodicities with
amplitudes close to this level are considered provisional, unless sec-
ondary evidence (such as asymptotic period spacing or frequency
splittings) is found. Previous analyses of full Kepler data sets have
often revealed variability in pulsation amplitudes and/or frequen-
cies. Therefore, we examined data over several different time-scales,
to best determine which pulsations are likely intrinsic to the star.
We produced FTs of the entire data set (sample region shown in
Fig. 2), the data set in halves, and three-quarter (nine month) sets
stepped by a quarter. We also created sliding FT's (sFTs) to see how
these frequencies evolve with time. Sliding FTs were made using
data spanning 200 d and stepping them by 5 d over the entire data
set. The FTs are then stacked into one resultant graph which plots
frequency versus time, where the amplitude of each pulsation is
indicated by the colour scale, given in sigma (example shown in
Fig. 3). Where peaks in the full-length FT were higher than the
detection limit, we visually inspected the sFT and the other FTs

Uhttp://archive.stsci.edu/kepler/
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Figure 2. FT of the g-mode region.
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Figure 3. sFT showing varying periodicities at 105 pHz. Each line of the
sFT is a separate FT which spans 200 d, and the ordinate indicates the
mid-point of the data. Thick lines on the ordinate indicate where quarters
change. Colour indicates amplitude in standard deviations with a scale bar
to the right.

for indications that the periodicities are artefacts (e.g. frequency
variations which match those of known spacecraft artefacts).

We then fitted the full-length FT with a Lorentzian profile to
extract pulsation frequencies and amplitudes for peaks which ex-
ceeded detection limits in several FTs. The Lorentzian widths are
used as an estimate of the error in frequency, which is often caused
by amplitude and/or frequency variations over the span of the data.
As shown by the sFT in Fig. 3, the amplitudes and frequencies of
many multiplets vary over the course of three years, which, in turn,
increases uncertainties in periodicities determined from the full data
set. In total, we fitted 253 significant frequencies in which all but
23 were in the g-mode pulsation region below 1000 pHz. The high-
est amplitude periodicities and most complete period sequences are
from 65 to 400 pHz, where 190 frequencies are located. Table 1
provides a sample list of KIC 2697388 ’s seismic properties, with
the full list provided as on-line material.

3.1 The p-mode region

There are two groups of periodicities in the p-mode region near
2880 and 3800 nHz, each consisting of several, complex, amplitude-

and/or frequency-varying periodicities. For these regions, the com-
plete Kepler data set is crucial as the pulsations appear to be short-
lived, with some similarity to KIC 2991276 (@stensen et al. 2014)
but with increased complexity. The two more complex regions are
shown in Fig. 4. Using the individual FT members of the sFTs,
we fitted 23 p-mode frequencies. As these regions are extremely
complex, we have chosen to be cautiously liberal in extracting fre-
quencies — if the amplitude exceeded 4o in any of the 200 d FTs
which constitute the sFTs, we likely fitted it. We attempted to avoid
regions where pulsations appear to merge or interact with one an-
other, fitting as many frequencies from an individual FT as was
possible. For this reason, some of the S/N values listed in Table 1
are <4, even though at some point the frequency exceeded that
value. Examples are shown in the bottom panels of Fig. 4. The two
major groupings near 2880 and 3800 nwHz are separated by about
900 pHz, which is consistent with consecutive p-mode overtones
listed in models (Charpinet et al. 2011). These frequencies will be
discussed further in Section 3.5.

3.2 Period spacing

While Baran (2012) already found the asymptotic period spacing
sequence for KIC 2697388, we repeated the exercise, without bias
from their results, and using our expanded period list, to confirm
those results and identify more periodicities. We used five £ = 1
candidate multiplets (triplets or doublets) as the foundation for the
£ = 1 period spacing sequence. Similarly, we found five quintuplets
and used them as the starting point for the ¢ = 2 period spacing
sequence. As in previous papers (e.g. Reed et al. 2011), we also
produced a Kolmogorov—Smirnov (KS) test for reference. The KS
test for KIC 2697388 (shown in Fig. 5) revealed the most significant
period spacing near 140 s, its overtone near 70 s, and then a spacing
near 240 s. Next, we iteratively found the period-spacing sequences
by computing a linear regression fit, calculating a model sequence
based on the fit, searching for additional periods near to the model
ones, and updating the fit. Using this process, we determined that 56
periodicities fit the £ = 1 period spacing sequence, 76 periodicities
fit the £ = 2 sequence, and 28 fit both. Our final linear regression
fit produced an £ = 1 sequence of 240.06 £ 0.19 s and an ¢ = 2
sequence of 138.83 £ 0.35 s, essentially in exact agreement with
Baran (2012).

Another tool for visualizing period sequences are echelle dia-
grams. These plot periods versus modulo of the period spacings
so periods which fall on sequences line up vertically on the dia-
gram. The portions of the echelle diagrams where there are nearly
consecutive overtones are shown in Fig. 6. The £ = 2 sequence
(left-hand panel) stays very close to the asymptote, while the £ = 1
sequence (right-hand panel) meanders about the asymptotic value.
This behaviour has been previously noticed (Baran & Winans 2012)
and will be discussed in Section 4. Each sequence also has some
points away from the sequence, which is indicative of mode

trapping.

3.3 Mode trapping

Mode trapping, where abrupt composition changes within the star
disrupt asymptotic period spacings, has been detected in two other
sdBV stars (@stensen et al. 2014; Foster et al. 2015) and so we
search for them too. KIC 2697388 has a multiplet with £ = 2
like splittings, which does not fit the asymptotic period spacing
sequence (see Fig. 6). This could be a trapped mode, and so we
produced a reduced period diagram, which plots reduced periods,
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Table 1. KIC 2687388’s periodicities and associated mode identifications. Errors are provided in parentheses. Column 5 provides the data set in which the
frequency was fitted. Data sets starting with Q span three quarters from the stated quarter, those starting with D span 200 d from the stated start day, and All
represents the entire data set. Column 6 provides our mode identifications and Column 7 those from Reed et al. (2011)T with both using 1 as the radial index
from asymptotic relations. Column 8 provides mode identifications from two models (tables 3 and 4 of Charpinet et al. 2011)*, where the radial index & is from
those models. Column 9 lists mode identifications from Baran (2012)°, for which no radial indices were published. A ‘- in columns 6-9 indicates that the
periodicity was detected, but the index was not assigned. Column 10 provides deviations from our asymptotic period spacings, and column 11 lists frequency
multiplet splittings.

D Frequency Period (s) S/N Set Mode (us) Mode' Mode* Mode® % Av
(1Hz) L,m,n l,n k l,m ( per cent) (1Hz)
Model 1/Model 2
f084 275.105 (0.022) 3634.976 (0.291) 5.2 Ql4
f085 270.851 (0.026) 3692.067 (0.354) 98.6 Q06 2,2,27 - 2,2 —6.6 0.233
f086 270.618 (0.050) 3695.246 (0.683) 65.3 Q06 2,1,27 2,1 —4.7 0.200
f087 270.418 (0.058) 3697.979 (0.793) 27.1 Q06 2,0,27 2,24 2,-27/2,-27 —238 0.228
f088 270.190 (0.026) 3701.099 (0.356) 84.3 Q06 2,—1,27 - 2,—1 —0.6 0.204
f089 269.986 (0.029) 3703.896 (0.398) 67.9 Q06 2,-2,27 2,-2 1.3
f090 266.164 (0.028) 3757.082 (0.395) 51.5 Q07 1,-, 16 1,14 1, —15/1,—15 1,— —25
f091 261.267 (0.041) 3827.502 (0.601) 5.1 Q05 2,2,28 2,2 —8.7 0.242
f092 261.025 (0.053) 3831.051 (0.778) 5.2 Q05 2,1,28 2,1 —6.5 0.249
f093 260.776 (0.030) 3834.709 (0.441) 4.5 Q05 2,0, 28 —4.2 0.178
094 260.598 (0.044) 3837.328 (0.648) 6.3 Q05 2,—1,28 2,-1 —23 0.198
f095 260.400 (0.071) 3840.246 (1.047) 6.7 Q05 2,-2,28 —04
f096 251.397 (0.026) 3977.772 (0.411) 25.4 Q08 2,2,29 2,2 —1.3 0.180
f097 251.217 (0.043) 3980.622 (0.681) 314 Q06 2,1,29 1,15/2,26 2,—29/1,—16 0.8 0.225
f098 250.992 (0.028) 3984.191 (0.444) 30.7 Q06 2,0,29 34 0.246
f099 250.746 (0.025) 3988.100 (0.398) 65.4 Ql4 2,—1,29 - 2,—1 6.2 0.124
f100 250.622 (0.022) 3990.073 (0.350) 23.1 Q06 2,-2,29 2, -2 7.6
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Figure 4. sFTs (top panels) shown with select individual FTs (bottom panels). White patches within the sFTs indicate amplitudes >5¢. Bottom panels:
individual FTs which make up the sFTs, with the corresponding day indicated in each panel. Horizontal (blue) lines indicate a 40 detection limit with
Lorentzian fits shown as solid (blue) lines. These FTs are examples and do not necessarily indicate the FT used for the values provided in Table 1.

IT = P/¢(€ + 1), against reduced period spacings. This makes the
periods degree-independent and, since all modes of the same radial

order should be trapped, they should line up in the diagram.

Fig. 7 shows the reduced period plot for n = 21-45. Both £ =1
and 2 pulsations have complete sequences between n = 21 and 32
except for one missing mode at n, £ =22, 1. As expected, the £ =
2 multiplet described above appears as a trapped mode at I1, = 10,

MNRAS 465, 1057-1065 (2017)

217 s between n = 30 and 31. There should be a corresponding £ =
1 mode, and we find a periodicity at IT; = 10293 s, which also fits
the £ =2 asymptotic sequence (P = 7278.762 s). Based on multiplet
structure, we interpret this periodicity as the corresponding trapped
¢ = 1 mode. It appears that KIC 2697388 is the third sdB variable
to show a trapped mode. Like the other two, it is an outlier in an

otherwise complete sequence.

0202 udy 6Z U0 1senB Aq €20/ 142//504/1/S9F/10BISAE-0]0NIE/SEIUL/W0D dNO"olWapeo.)/:Sdjy WoJj POPEOJUMOQ



Kepler observations of the sdB star KIC 2697388 1061

Q
=
-
0
-
e}
o -
-
n
n
N4
o b
0 100 200 300 400
AT (s)
Figure 5. KS test of KIC 2697388.
— T r T T T T 8000
1
6000 [ ! ‘4
1 I
I 1
1 I . L]
oIt
I I Ll
HER ° < 8000
LR T
I
alagua
- I
o~ 4000 AL .
~ inHp
adia
9
o U - 4000
S~ i
)
o, o
o <
2000 - I hd
f -
" - 2000
L
i
1| s
I
I
1]
i
0

0

L L L L L L
- 50 100 50 100 160 200 250
Period modulo 139 s

Period modulo 240 s

Figure 6. Echelle diagrams by mode. Blue triangles indicate ¢ =2 pulsa-
tions, while black circles indicate £ = 1.

25 30 35 40 45

ATl (s)

I I I I
8000 10000 12000 14000
Reduced Period II (s)

Figure 7. Reduced period diagram. Solid points represent pulsations
identified originally by period spacing and/or frequency splittings. Blue
lines/points indicate £ =1 and red lines/points indicate ¢ =2 with lighter
versions for the model from Charpinet et al. (2011). The cross-point indi-
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indicate missing overtones.
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Figure 8. Example of a convergent £ = 4 multiplet at ~510 nHz. Lines are
for guidance only, to indicate temporal evolution of each m value.

3.4 High-degree modes

Using our £ = 1 asymptotic sequence, we generated model period
sequences for ¢ = 3 and 4. Since the spacing between overtones de-
creases with increasing degree, we cautiously searched for periods
to fit these sequences, requiring them to have multiplets with too
many members to be £ = 2. Four multiplets show characteristics as-
sociated with £ > 3 and occur at ~181, ~185, ~510, and 891puHz.
Most prominent are the seven periodicities centred at ~510 uHz
having multiplet structure associated with £ = 4, the sFT of which
is shown in Fig. 8. Two sets of multiplets at ~181 and ~185 uHz
are within 10 per cent of the £ = 4 sequence and were identified as
such. Therefore, using period spacings and frequency splittings, we
found 24 ¢ = 4 modes.

3.5 Frequency splittings

Frequency multiplets occur when azimuthal degeneracy is lifted,
usually by rotation. As noted in Baran (2012), KIC 2697388 has
many sets of clear frequency multiplets, and we found two common
g-mode splittings near 0.14 and 0.22 uHz, many which also fell on
the asymptotic sequences. We searched the rest of our frequencies
for possible multiplets, and we were able to identify 48 frequencies
as £ = 1 with an average frequency splitting of 0.138 £ 0.013 uHz
and 94 frequencies as £ = 2 with an average splitting of 0.215 &
0.017 uHz (during Q05-QO08, described below).

Interestingly, all full £ = 2 quintuplets show convergence in their
frequency splittings over the three years of observations. A similar
feature was seen in the sdB p-mode pulsator Balloon 090100001
(Baran, Pigulski & O’Toole 2008, hereafter BA09), with two ma-
jor differences: In BAQ9, the change in splitting was increasing,
whereas it is decreasing in KIC 2697388, and whereas BAO9 was
observed during two runs obtained three years apart, ours is a con-
tinuous set. We fitted the frequencies early (quarters 5, 6, and 7, if
possible) and late (quarters 14, 15, and 16, if possible) within the
data for all multiplet members. As Table 2 shows, all £ = 2 mul-
tiplets have convergences larger than their errors and at consistent
rates. The individual £ = 1 multiplets have rates near zero but with
large errors which easily encompass the observed ¢ = 2 rate. The
degree-dependent value of the Ledoux constant means that £ = 1
multiplets are 36 per cent closer together than ¢ = 2 multiplets,
and ¢ = 2 multiplets have many more members (and we have more
of them), making their splittings easier to determine. Fig. 9 shows

MNRAS 465, 1057-1065 (2017)
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Table 2. Table of multiplets used to calculate convergence rates. Column 1 provides the mode, Columns 2 and 3 list the
weighted average splittings early (typically quarters 5, 6, and 7, but always Q < 11) and late (typically quarters 14, 15, and
16, but always Q > 12) during the observations, and the last column provides the convergence rate. Averages for all of the

¢ =1 and 2 multiplets are provided on separate lines.

lon Frequency (splitting early) Frequency (splitting late) Av/At (uHz yr~1)
1,30 0.129 (0.029) 0.138 (0.030) 0.005 (0.041)
1,28 0.133 (0.013) 0.108 (0.038) —0.014 (0.040)
1,25 0.102 (0.037) 0.118 (0.036) 0.008 (0.056)
1,21 0.129 (0.035) 0.134 (0.035) 0.005 (0.049)
Total convergence rate of £ = 1 —0.0006 (0.0226)
2,31 0.231 (0.006) 0.182 (0.006) —0.024 (0.008)
2,30 0.218 (0.007) 0.159 (0.006) —0.029 (0.009)
2,28 0.219 (0.010) 0.165 (0.007) —0.036 (0.012)
2,27 0.216 (0.006) 0.180 (0.007) —0.021 (0.010)
2,26 0.215 (0.003) 0.180 (0.007) —0.020 (0.008)
Total convergence rate of £ =2 —0.0249 (0.0041)
4,15 0.275 (0.036) 0.226 (0.029) —0.025 (0.046)
4,26 0.237 (0.003) 0.203 (0.003) —0.019 (0.004)
4,72 0.227 (0.021) 0.191 (0.008) —0.021 (0.022)
4,74 0.251 (0.007) 0.178 (0.028) —0.042 (0.029)

Total convergence rate of £ =4

—0.0195 (0.0039)

BJID2455348.5+

150.5 151
Frequency (pHz)

Figure 9. Same as Fig. 8, for an example of an £ = 1 triplet at ~150pHz
with black lines showing the ¢ = 2 convergence rate and green lines the
constant frequency.

the only converging £ = 1 multiplet, with lines for both the £ =
2 convergence rate and constant frequency. It can be seen that the
frequencies do narrow slightly but remain closer to constant. For
comparison, Fig. 10 shows an £ = 2 converging multiplet. The result
is that we can readily determine that £ = 2 splittings are converging
at a uniform rate, but the four £ = 1 multiplets individually have
errors both consistent with zero and the rate observed for £ > 2
multiplets. Ensemble analysis of both sets results in our reported
value for £ = 2 of —0.0249 4 0.0041 uHz yr~! and a slightly neg-
ative value for £ = 1, which is consistent with zero and within
1o of our £ = 2 rate. We cannot rule out that all modes are converg-
ing at the same rate, though it is most likely that the £ = 1 modes
are not converging.

This convergence is also observed in £ = 4 multiplets. The best
example is the n =26 multiplet centred at ~510 uHz with a conver-
gence rate of —0.019 £ 0.004 uHz yr—!. The multiplet has missing
components between 510.160 and 510.900 pHz, but using the re-
maining multiplet members, it is reasonable to allow for these two
missing components. Including these, the multiplet has nine com-

MNRAS 465, 1057-1065 (2017)

900
70

750
60

600 50

450 4

BID2455348.5+

30
300

. 20

150
10

0 LS e : 0

234 2345 235 2355 236
Frequency (uHz)

Figure 10. Same as Fig. 8, for an example of a convergent ¢ = 2 quintuplet
at ~235 uHz.

ponents and an average frequency splitting of 0.243 4 0.050 pHz
in Q06— QO8. Values for £ and m are assigned with respect to this
evidence. Three other £ = 4 multiplets have at least two members
which appear both near the beginning and near the ending of the
data set, which could be used to determine a convergence rate. The
errors are much larger than for the n =26 multiplet, but the rate is
similar. The weighted average of the ¢ = 4 multiplets is dominated
by the n =26 multiplet and is —0.0195 + 0.0039. Table 2 lists
all the multiplets used in the convergence rate calculations. If this
convergence continues, multiplets would become singlets in only
~9 yr.

In the p-mode region, there are two frequencies near 2868 pHz
and two near 2908 pnHz, which are sufficiently constant to be eas-
ily separable. Around 3793 and 3807uHz, the multiplets are both
richer and more variable. A total of 7 frequencies were fitted near
the former and 12 near the latter. The average frequency splitting
(divided by Am for splittings of Am > 1) near 3793 is 0.219 £
0.047, which is similar to the average of the splittings between
fO01 and fO12 of the 3806 group, which is 0.218 £ 0.044. The
two splittings of the 2880-pHz groups are dissimilar, and so cannot
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be used for mode identification. They could be low-degree modes,
but the ones near 3800 uHz must have ¢ > 3. If all the frequen-
cies near 3808 pHz belong to the same multiplet, then it would
require £ > 12, which seems unlikely. f001-f003 forms a triplet and
f007-f012 is an £ = 3 multiplet with no missing members, so these
are the most likely identifications. However, there are other split-
tings in this group which are near-integer multiples of 0.21pHz,
so we cannot rule out that this complex is a single high-degree
mode. Since the groups near 3793 and 3806 pwHz are too close to-
gether to be consecutive overtones, f007—f012 and f013—-f019 can-
not both be ¢ = 3. For this reason, in Table 1, we list them both
as { > 3.

3.6 Rotation period

As is standard practice, we assume that rotation is lifting the az-
imuthal degeneracy of the multiplets, allowing us to calculate the
rotation period of KIC 2697388, as in our previous papers (e.g.
Baran et al. 2012; Telting et al. 2012; Reed et al. 2014). From the
£ = 1 multiplets, with a Ledoux constant of 0.5, we derive the ro-
tational period to be 41.94 &+ 3.61 d. Due to the convergence in all
£ > 2 multiplets, the derived rotation period is time-dependent. We
note that the £ > 2 splittings are consistent in relation to the £ = 1
splittings early during the campaign and so again use data from the
first year of Kepler observations. Using a Ledoux constant of 0.166
for £ = 2 modes and frequency splittings of 0.215 4+ 0.017 pHz
in Q05-QO8, the rotational period is 44.86 + 6 d. Likewise, using
a Ledoux constant of 0.05 for £ = 4 and frequency splittings of
0.243 £ 0.050 uHz in Q06-QO08, the rotational period is 45.21 £+
7 d. These calculations are self-consistent, and we suggest a rotation
period for KIC 2697388 of nearly 42 d. This period is consistent
with, but slightly smaller than, that determined by Baran (2012) of
45 d. We suspect that the wider £ = 2 and 4 multiplets at the begin-
ning of Kepler’s observations influenced the Baran (2012) value.
Note that even though the £ = 2 and 4 frequency splittings decrease
with time, their ratio remains at 0.885 =+ 0.031, which is consistent
with the theoretical value of 0.877.

While not as clearly defined, the p-mode multiplets also are con-
sistent with the g-mode results, consistent with solid-body rotation
for KIC 2697388. The separations of the two extensive multiplets
(f001-£019), using C,, , =0, is 53+ 9 d. A small Ledoux constant
would make this value even closer to the g-mode one. As such, it
would seem that KIC 2697388 rotates uniformly like KIC 10139564
and not differentially like KIC 3527751.

4 SUMMARY AND DISCUSSION

From our 21 low-resolution spectra obtained using the NOT and
WHT, and after applying standard reduction steps, we could not
find any significant periodic RV signal. Although RV measurements
show noticeable scatter with rms = 9.5 kms~', the RV data are
consistent with KIC 2697388 being a single star. However, further
accuracy is needed to sufficiently rule out binarity.

From the complete Kepler SC data set covering Q05-Q17, we
detected 253 periodicities. The vast majority of these have periods
between 1 and 2.5 h, which we associated with g-mode pulsations.
KIC 2697388 also has 23 periodicities located in the p-mode region
(1000-8494 nHz), with multiplets detected among them.

Asymptotic period spacings were found in the low-frequency
region. In agreement with previous results (Baran 2012), period
spacings for £ = 1 and 2 pulsation modes are 240.06 £ 0.19 and
138.83 4 0.35 s. We measure the ratio between £ = 1 and 2 period

spacings to be 1.73 £ 0.16, which agrees with the slow rotation
asymptotic theory value of +/3 (Ledoux 1951). The p-mode pulsa-
tions are separated by roughly 900 uHz, which is consistent with
models (Charpinet et al. 2002), but inconsistent with the previous
Kepler observed p-mode pulsator KIC 10139564, which has over-
tone values near 200 s (Baran et al. 2012). However, since we cannot
identify the p- modes, and there are so few of them, our results are
far less robust than for KIC 10139564.

A model was calculated for KIC 2697388 by Charpinet et al.
(2011) using their third-generation (3G) model grid and fitted to
the survey -phase data which consisted of only one month of ob-
servations. They used their forward method of matching model to
observed frequencies without observational constraints on mode
degrees, as none were available at that time. Under those condi-
tions, they found two model solutions which matched the observed
frequencies and spectroscopic limits and provided very reasonable
physical properties for the star. With observational mode identifica-
tions, we find their identification accuracy to be 55 per cent for both
models 1 and 2. In the reduced period diagram (Fig. 7), we have
included their model 1 solution (model 2 does not differ signifi-
cantly) plotted with the observed reduced periods. The model 1 (2)
reduced period spacing is 315 &34 (318 4= 32), while our observed
one is 339 £ 18 s. The spacing itself is a reasonable match, but the
scatter between individual periods is double, averaging to 46.5s in
the model and 21.4 s from the observations. There is no direct way
to interpret these differences. First, we do not know how their model
would match when observational-mode constraints are used. And
perhaps most importantly, their models have undergone updates
since their publication (e.g. Charpinet et al. 2014). The useful take-
away from our reduced period comparison is the period-to-period
deviation of the period spacings. It has been shown that diffusion
can smooth the core—envelope transition (Hu et al. 2009; Miller
Bertolami, Cérsico & Althaus 2012), which reduces the theoretical
period spacing spread and more closely matches the observations.
We eagerly await comparisons with updated models.

While models originally predicted large amounts of mode trap-
ping (e.g. Charpinet et al. 2002), one or two trapped modes in an
otherwise smooth asymptotic sequence have now been detected in
three stars (this work; @stensen et al. 2014; Foster et al. 2015).
Miller Bertolami et al. (2012) produced a similar feature (bot-
tom right-hand panel of their fig. 2) by including overshoot at the
He-burning core. However, this overshoot increases the chemical
complexity of the boundary layer, with the result that even period
spacings are disrupted much more than is observed. Overshoot may
point to the cause of mode trapping, but a thorough comparison
with the precision asteroseismology revealed by Kepler has yet to
be accomplished for any sdBV star.

Regular frequency splittings were found for multiplets of the
same ¢ degree, including some multiplets with too many mem-
bers to be ¢ <2, which we identified as ¢ =4. The average fre-
quency splittings for £ = 1 multiplets are 0.138 £ 0.013, for £ =
2 multiplets, 0.215 £ 0.017 pHz in Q05-QO08, and for ¢ = 4 mul-
tiplets, 0.243 & 0.050 pHz in Q06—QO08. The frequency splittings
for ¢ > 2 converge throughout the observations, and the splittings
of £ = 2 and 4 converge consistently with each other. From the
¢ = 1 frequency splittings, we derive a rotational period of ~42 d,
which is slightly smaller than that found by Baran (2012).

Whenever possible, we used both asymptotic period spacing
and frequency splittings to identify 224 periodicities (89 per cent)
with modes varying from ¢ = 1 to 4. Fig. 11 is an amplitude-
weighted echelle diagram showing our mode identifications for all
of KIC 2697388’s pulsations (which also appear in Table 1).

MNRAS 465, 1057-1065 (2017)

0202 14dy 6Z U0 1saNB Aq €20/ 1+2/2501/1/S9¥/10BSqe-9]01LE/SEIUW/WOd"dNO"DlWapED.//:SA)Y WOy PaPEOjuMOd



1064  J. W. Kern et al.

15000

10000

Period (s)

5000

——
- 15000
- 10000
A%
- 5000
* 4
AA
*
ey N
. i
[ I A B RS R 0
0 50 100 150 200 250

50 100
Period modulo 139 s

Period modulo 240 s

Figure 11. Echelle diagram like Fig. 5 but including all pulsations for KIC 2697388. The points are amplitude weighted so largest points represent the highest
amplitude pulsations. Modes are indicated by black circles for £ = 1, blue triangles for £ = 2, green circles for £ =4, and red asterisks for unidentified modes.
Modes which could be either £ = 1 or 2 appear as blue triangles surrounded by black circles. The diverging vertical lines indicate multiplet frequency splittings.

Certainly our most interesting result is the converging frequency
splittings seen in £ > 2 modes. Those multiplets are converging at a
rate of —0.024 86 £ 0.000 02 pHz yr~! (a change in rotation period
of —4.7dyr™"), which would convert multiplets to singlets in the
course of only about nine years. The £ > 4 convergence is consistent
with the £ > 2 rate, while the £ > 1 multiplets are the most consistent
with no change but overlap the rate seen in the £ > 2 multiplets at the
1o level. It would seem unphysical to associate this phenomenon
with the rotation of the star as a whole when one considers the
following: (i) We do not know of any mechanism which could
apply sufficient torque to completely stop stellar rotation within a
decade. (ii) It would be implausibly fortuitous that we observe this
star during the decade when its spin goes from observable to zero.

An explanation for changes in multiplets of the sdBV star BA09
was posited by Pérez, Oreiro & Hu (2011), who modelled an ex-
change of angular momentum between rotation and pulsations. This
effect would locally change rotation, establishing differential rota-
tion (see equation 2 of Pérez et al. 2011) with g-mode pulsations
driving changes in p-mode multiplets (via changes in near-surface
rotation). A consequence of this coupling is that g-mode amplitudes
should change in correspondence with energy exchanged between
pulsations and rotation, and we do not observe any such correlation
for KIC 2697388. Of course, those amplitude variations could be
masked by amplitude variations from other intrinsic causes, as we
see them in nearly every sdBV star. Likewise, we do not observe
any indications of differential rotation, though again our evidence is
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not substantial as the p-mode multiplets have amplitudes which are
not long-lived during these observations. And finally, this mecha-
nism should preferentially be changing p-mode multiplets, whereas
we observe changes in the g-mode splittings. KIC 2697388 should
be a good test case for this mechanism, though we conclude that
it is unlikely the cause of the observed multiplet changes for this
star.

Another possibility is resonant mode coupling, as described by
Zong et al. (2016) and Zong, Charpinet & Vauclair (2016) for a
DB white dwarf and the sdBV star KIC 10139564. They describe
three regimes of mode coupling, with only one effecting frequency.
In that regime, they list the period of modulation as Ppoq &~ 1/6v,
where §v comes from Goupil, Dziembowski & Fontaine (1998) and
8v = 4CQ?/v, (equation 1 of Zong et al. 2016). Using appropriate
numbers for KIC 2697388 would imply the shortest Ppoq to be
nearly 160 yr, which is far longer than what we observe. Zong
et al. (2016) do include that the oscillations could have ‘irregular,
even chaostic [sic]’ frequency modulations. Yet since all the £ = 2
multiplets and the only £ = 4 multiplet undergo the same change, it
seems not to be chaotic. We are certainly interested to see if Zong
et al. (2016) can fit the changes into their formalisms to explain the
frequency convergence.

Another effect which could generate multiplets are magnetic
fields. However, the field strength would need to be strong, and
to date, only weak magnetic fields (or upper limits) have been mea-
sured for sdB stars (O’Toole et al. 2005).
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While two ideas are known for evolving pulsation frequencies
over short time-scales, neither truly satisfies the conditions of the
converging multiplets observed in KIC 2697388. As such, we feel
compelled to mention the disturbing prospect that multiplets in sdB
stars might not be due to rotation at all but rather due to some
as-yet-unknown mechanism. Since we have presumed the cause
of multiplets to be rotation, and have used that to describe radially
differential rotation (Foster et al. 2015) and subsynchronous rotation
in close binaries (Pablo et al. 2012), those assertions would have to
be re-evaluated, should another cause of multiplets be discovered.

The converging multiplets observed in KIC 3527751 are a very
intriguing and challenging result, which heretofore had not been
observed in sdBV stars. We still regard rotation as the most likely
contributor for breaking azimuthal degeneracy which produces mul-
tiplets, though we hope our findings spark investigations for an
explanation.
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