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ABSTRACT

We present our analysis of Kepler data of a pulsating subdwarf B star, KIC 8302197. We used Q5-17 data and applied a Fourier
technique to extract 30 significant pulsation modes. We searched for multiplets and period-spacing sequences to perform a mode
identification and to derive a rotation period. To our surprise, KIC 8302197 does not show any multiplets. We explain the lack of
multiplets by either a very slow rotation (longer than ∼1000 days) or a unique (pole-on) orientation of the pulsation axis. Our mode
identification relied solely on period spacing. We were successful in identifying modal degrees of most of the detected modes. An
analysis of the period stability did not show any evidence of a companion to the host star. In addition to photometric data, several
spectroscopic observations were collected. Our twelve radial-velocity measurements constrain a possible orbital radial-velocity am-
plitude to be smaller than about 10 km s−1. Furthermore, based on color indices we constrained a possible companion to be an M or
later type main sequence, a compact or a substellar object. We found that the atmospheric parameters (Teff = 27 450 ± 200 K, log g =
5.438 ± 0.033 dex, and log(nHe/nH) = −2.56 ± 0.07 dex) of KIC 8302197 are consistent with other slow pulsating subdwarf B stars.
From the optical spectra we derived C, N, O, Si and Fe abundances, and set an upper limit for the S abundance.
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1. Introduction

Subdwarf B (sdB) stars are core-helium burning stars with rem-
nant hydrogen envelopes located on the extended horizontal
branch. Their masses are close to 0.5 solar mass, while their radii
range from 0.15 to 0.35 solar radius. The effective temperatures
range between 20 000 and 40 000 K.

Kilkenny et al. (1997, and their subsequent papers) presented
discoveries of pulsating sdB stars (hereafter: sdBV). At first,
most of sdBV stars were observed from the ground and more
than 50 such objects have been found (see Table 9 of Østensen
et al. 2010a). Another 19 new sdBV stars were observed with the
Kepler spacecraft. Apart from ground-based observations, most
of these objects were monitored for a few years. The entire sam-
ple of sdBV stars found in the Kepler field of view was pre-
sented in Østensen et al. (2010b, 2011). Preliminary analyses of
those objects have been already published in a series of papers,
while the analyses based on most of the collected data were pub-
lished only for a few stars (Baran et al. 2012; Telting et al. 2012;
Baran 2012; Reed et al. 2014; Østensen et al. 2014a,b; Telting
et al. 2014b). Each sdBV star observed with the Kepler space-
craft shows features that are not detectable in ground-based data,
e.g., lots of multiplets and their evolution with time, a beaming
effect, and trapped modes.

The discovery of stellar oscillations in sdB stars has opened
a way to study their interiors via asteroseismology. The peri-
ods detected in the data can be matched with those derived from
the models to obtain the physical properties of the stars, such
as mass, size, effective temperature, chemical abundance, the

carbon core properties, and the mass of the hydrogen envelope.
The more periods that are detected, the better the model con-
straint. Moreover, the mode identification, an assignment of ra-
dial order n and modal degree l, helps to decrease the number of
free parameters in the modeling, making the application of as-
teroseismology more reliable. Therefore, mode identification is
crucial in research on pulsating sdB stars.

In this paper we present our in-depth analysis of the Kepler
light curve of KIC 8302197. Mode identification is the primary
goal of this paper. We present this analysis in Sect. 6. In addition,
we used other information pulled from the data to discuss bina-
rity status, the star’s rotation, and the spatial orientation of its
spin axis. This paper is another in the series presenting the com-
prehensive analysis based on all Kepler data available to us. This
dataset is the best source of information about KIC 8302197 to
date. Additionally, we obtained new low-resolution spectroscopy
aiming to constrain the binary status and atmospheric parameters
of KIC 8302197.

2. Data

KIC 8302197 was monitored by the Kepler spacecraft during
Q3 (long cadence – LC) and Q3.3 (short cadence – SC). After it
turned out that the star is a pulsator it was assigned an SC slot
and data were continuously collected starting with Q5 (BJD =
2 455 276.48) until the moment of Kepler’s breakdown in Q17
(BJD = 2 456 424.01), with an unexpected gap during Q12. The
results of the analysis of Q3.3 SC data were published by Baran
et al. (2011). We did not include them in the current analysis of
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Q5 – 17 SC data since they cause the window function in the pe-
riodogram to be more complicated, while not lowering the mean
noise level substantially. We used the result of Baran et al. (2011)
mainly for comparison purposes to judge the stability of the pul-
sation modes.

We downloaded all data directly from the Barbara A.
Mikulski Archive for Space Telescopes database. These data
are given in FITS tables, and a few different fluxes are avail-
able: a flux from a customized aperture (FLUX), a flux from
the optimal aperture (SAP), a detrended and de-contaminated
flux (PDC) and a flux of the profile fitting (PSF). The FLUX re-
quires an extensive and time-consuming analysis to choose the
best apertures to preserve the signal from the target and to avoid
unnecessary noise from either the contaminating stars or back-
ground. The SAP and PDC are easier to extract, however they are
still suffering from onboard systematics. Unexpectedly, the PSF
gives useful results considering that the square pixels are fairly
big (4 arcsec). It uses a model of the pixel response function
determined from a combination of Kepler optical point spread
function (PSF) and various systematics of the spacecraft. If cor-
rectly applied, it helps to avoid contamination from the neigh-
boring stars. In addition, for stars fainter than 14mag, it gives
more precise photometry as compared to the aperture method.
The drawback of PSF fluxes is that their extraction takes at least
a few days to complete.

The data are in monthly chunks with strong systematics pre-
venting easy and quick stitching, therefore the data have to be
detrended. This is an important part of data processing since a
detrending can easily remove a science signal from the data. The
correct stitching of data between monthly downlinks requires
elaborate methods along with human quality control and expe-
rience in Kepler data analysis. This step can be taken using co-
trending vectors (FLUX, SAP, and PDC) and, if necessary, a cu-
bic spline curve fitted to mean values calculated from 0.5-day
bins (all cases). Finally, the fluxes were 4.5 – sigma clipped and
converted to parts per thousand (ppt) units. For further analysis
we adopted PSF fluxes since our data processing revealed that
they are characterized by the lowest average noise level in the
amplitude spectrum (details in Sect. 4).

In addition to photometry, spectroscopic observations were
also done. The ultimate goal of these observations is to deter-
mine the binary status of sdBV stars observed with the Kepler
spacecraft (Telting et al. 2014a). We obtained low-resolution
spectra (R ∼ 2000−2500) using the 2.56-m Nordic Optical
Telescope with ALFOSC, grism #16, and a 0.5 arcsec slit,
as well as the 4.2-m William Herschel Telescope with ISIS, the
R600B grating, and 1.0 arcsec slit. The exposure times were
900 s with the exception of one observation of 600 s at the NOT
(BJD = 2 455 713.72439). The resulting resolutions based on the
width of arc lines were 0.22 nm and 0.17 nm for the NOT and
WHT setups, respectively. The ALFOSC at NOT spectra that
were presented in recent papers as part of our campaign to un-
ravel the binary status of the Kepler sdBV stars (Telting et al.
2014a) suffered from instrumental structure in the continuum
level of a few percent or less. The origins of this are stray light
in the blue part of the spectroscopic halogen flat fields and the
subsequent inability to flat-field out the blue CCD etching pat-
tern. For KIC 8302197 we used a novel flat-fielding procedure
where the spectroscopic flat field is replaced by one constructed
from ALFOSC imaging sky-flats in the UBV bands. For each
CCD pixel along the dispersion that corresponds to a certain
wavelength, the spectral flat-field is constructed from interpolat-
ing the normalized UBV imaging flats at that wavelength. The re-
sulting average spectrum overlaps better with the WHT spectrum

Fig. 1. Radial-velocity measurements for KIC 8302197. The red dots
and green triangles represent NOT and WHT telescopes, respectively.

and has better signal-to-noise ratio (S/N), while the RV errors
provided by IRAFs FXCOR are significantly decreased.

Thus far, only 12 spectra of KIC 8302197 were taken to mea-
sure radial velocities, and no signatures of binarity have been
found. The average radial velocity is −37.8 ± 2.1 km s−1, with
a standard deviation of 7.3 km s−1 (Fig. 1). Our RV data are not
sufficient to rule out the presence of a possible companion but
constrain the orbital RV amplitude to about 10 km s−1 or less.

3. Model atmosphere analysis

KIC 8302197 was discovered by the Kepler compact-pulsator
survey (Østensen et al. 2011), and its first classification spectrum
was obtained with WHT/ISIS in the range λ = 3100−5300 Å at
R ≈ 1600. Østensen et al. (2011) derived Teff = 26 400 ± 300 K,
surface gravity log g = 5.32 ± 0.04 dex, and He abundance
log(nHe/nH) = −2.7 ± 0.1 dex using the metal-line-blanketed
local thermodynamic equilibrium (LTE) models of Heber et al.
(2000).

To further constrain the atmospheric parameters of
KIC 8302197 and estimate its metal abundance, we analyzed
all the new low-resolution WHT/ISIS and NOT/ALFOSC spec-
tra with the Tlusty/Synspec non-LTE model atmosphere and
spectral synthesis codes (Hubeny & Lanz 1995; Lanz & Hubeny
2003, 2007). Tlusty is perfectly suitable for working with
sdB stars. It calculates fully line-blanketed, plane-parallel model
atmospheres with opacity sampling and departures from LTE for
a set of elements. We treated 14 elements in full non-LTE in
both Tlusty and Synspec. Our models include the ions of H i,
He i-ii, C i-v, N i-v, O i-v, Ne i-iv, Mg ii-iii, Al ii-iii, Si i-iv,
P iv-v, S ii-vi, Ca i-iii, Fe ii-vi, and Ni iii-v, thereby providing
1294 energy levels in all. The remaining 16 elements were kept
in LTE and these elements were assumed to not contribute to the
opacity in the atmosphere structure calculation.

None of these elements were found to be significant in the
spectra. To consider the model atmosphere structure and the
lines visible in the observations simultaneously we included
the first 30 elements in our synthetic spectra. The spectral analy-
sis was performed with the steepest-descent, iterative spectral-
analysis program XTgrid (Németh et al. 2012). By starting
out from an approximate spectral model of an average sdB star
XTgrid makes successive updates of the atmospheric parame-
ters to fit the observations and minimize the global chi-squared.
The procedure does not require a model grid, while new mod-
els are calculated on the fly in the direction of decreasing chi-
squares. To accelerate the fitting procedure, the complexity of
our models increases with the goodness of fit. Usually 30 to
50 iterations and some 120 models are required to converge the
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Fig. 2. Radial-velocity-corrected, combined WHT/NOT spectrum of KIC 8302197 (black). The S/N peak of the combined spectrum is ∼150. The
continuum of the normalized spectrum was sampled in 100 Å sections. The model fit computed with Tlusty/XTgrid and the fit residual (gray)
are shifted vertically for clarity. Line identifications and equivalent widths in mÅ are only given for the strongest lines of the significant ions in the
model. The atmospheric parameters of the model are given in Table 1.

Table 1. Parameters of the model shown in Fig. 2, with respect to the
solar abundances from Asplund et al. (2009) provided for comparison.

Parameter Value +1σ −1σ Unit × Solar
Teff 27 450 200 200 K
log g 5.438 0.028 0.033 dex
log n(He)/n(H) –2.56 0.03 0.07 dex 0.032
log n(C)/n(H) –5.04 0.26 0.55 dex 0.034
log n(N)/n(H) –4.65 0.11 0.34 dex 0.331
log n(O)/n(H) –4.07 0.10 0.16 dex 0.172
log n(Si)/n(H) –5.25 0.20 0.21 dex 0.175
log n(S)/n(H) –5.36> dex 0.33>
log n(Fe)/n(H) –4.22 0.18 0.25 dex 1.920

final model with 50 depth points and 0.1% relative change in the
structural and atmospheric parameters. Statistical errors of the fi-
nal parameters are evaluated by calculating new models in one
dimension until the respective confidence limit is reached. The
best fit is shown in Fig. 2, and the final parameters are listed in
Table 1 with the error bars.

To investigate instrumental effects we started the spectral
analysis separately for the WHT and NOT datasets. In both cases
and in every iteration the individual spectra were compared with
the actual model and their chi-squared values were weighted by
the S/N of the observation. The sum of these individual chi-
squared values was minimized in the procedure. It turned out,
however, that no systematic differences beyond the statistical er-
rors are present between the WHT and NOT observations, so we
decided to combine all 12 observations to increase the S/N to
∼150 and fit as many weak lines as possible.

The pulsation properties of KIC 8302197 suggest that it must
be a slow rotator or it is seen nearly pole-on. Therefore we
assumed that rotational broadening is negligible in the spectra
of the star. The final spectral model also confirms that no ex-
tra broadening is required to fit the Balmer lines and vr sin i <
10 km s−1.

Metal absorption lines are weak in the optical spectra of hot
stars and one must be particularly careful when deriving metal
abundances from low S/N data, because some random noise
features may coincide with metal lines. Global fitting procedures

therefore need to relate the strongest lines that drive the fit to the
error statistics of the observation to decide which abundances
are significant. We applied a post-fit check and found that be-
yond the obviously strong lines of H and He, significant are also
the strongest lines of C, N, O, Si and Fe. We can set a reason-
able upper limit for S, while other elements cannot be seen in
the spectrum. We cut the Ca ii H&K lines from the data because
these lines also form in the interstellar medium so their strengths
do not necessarily reflect the photospheric abundances. Line-
blanketing means that Fe has a notable backwarming effect on
the temperature structure of the atmosphere and therefore on the
Balmer line profiles.

The fitting procedure provided slightly asymmetric error
bars as listed in Table 1. Making these symmetric we found
that KIC 8302197 has a non-LTE temperature of Teff = 27 450 ±
200 K, surface gravity log g = 5.438 ± 0.033 dex and He abun-
dance log(nHe/nH) = −2.56 ± 0.07 dex which places it clearly
among most of the slow pulsating sdB stars. The metallicity of
KIC 8302197 fits in the general abundance profiles of sdB stars
(Geier 2013): helium and light metals are depleted, while Fe
is near or somewhat above the solar abundance. The nuclear
history of sdB stars is not reflected by their surface parame-
ters, because diffusion processes change the surface abundances
(Michaud et al. 2011). Therefore abundance ratios show large
star-to-star scatter, and it is also not surprising that, while the
absolute C and N abundances of KIC 8302197 are comparable
to other slow pulsating sdB stars, its O abundance is relatively
high. We found a N/O ratio of 0.27 in KIC 8302197 and 2.8 in
the otherwise very similar slow pulsator KIC 7668647 (Telting
et al. 2014b). Selective radiative acceleration processes acting
on O ions are predicted by theory (Votruba et al. 2010).

Since our RV measurements are insufficient for conclu-
sively constraining binarity, we must rely on the quality of
the new combined spectrum of KIC 8302197. First, Deca et al.
(2012) provide a correlation among visible, infrared color in-
dices and the spectral contribution of main-sequence com-
panions to sdB stars. We collected optical photometry from
the Naval Observatory Merged Astrometric Dataset (NOMAD;
Zacharias et al. 2004) and infrared photometry from the 2MASS
All-Sky Catalog (Skrutskie et al. 2006), which gave B − V =
−0.29 and J − K = 0.49. Based in Fig. 6 in Deca et al. (2012)
these values suggest that any companion must have a spectral
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type later than M0. The predicted flux contribution is below 5%
at 5000 Å, and therefore such a companion would not be visible
in our spectrum.

The second method was a direct spectral decomposition.
Disregarding the noise level of the spectrum we tried to cross-
correlate all the weak ripples in the residuals with a cool star
template. This procedure did not reveal any companion down to
2% flux level, and it confirms the conclusion of the first method.
Németh et al. (2012) have successfully resolved sdB−G type bi-
naries with ∼35% flux contribution of the G type companion,
therefore a possible main-sequence companion with less then
5% flux contribution must be a star that is later than K type.

Summarizing, based on optical-infrared color indices and the
spectral quality, we conclude that any possible companion can
only be an M dwarf or later, a compact (probably a white dwarf),
or a substellar object. The lack of observed multiplets suggests
a very low inclination that does not allow the mass of the com-
panion to be estimated to further constrain its nature.

4. Amplitude spectrum

We used a Fourier technique to identify periods that exist in the
photometric data. We calculated an amplitude spectrum and se-
lected frequencies for a nonlinear least-squares fit. Each peri-
odic signal was presented in the form Ai sin(ωit + φi). This iter-
ative process followed the standard prewhitening procedure and
continued until all peaks with amplitudes above a threshold of
S/N = 4 (0.027 ppt) had been removed. This detection threshold
was adopted from Breger et al. (1993).

Baran et al. (2011) presented only eight periods detected in
one month of survey data of KIC 8302197. Seven of them were
found in the g-mode regime, while the eighth was associated
with a p-mode. The residual amplitude spectrum did not show
any significant leftovers suggestive of stable periods, phases and
amplitudes over the course of the monitoring.

We show the amplitude spectrum calculated from Q5 –
17 data in Fig. 3. The frequency resolution is 0.0151 μHz, de-
fined as 1.5/T , where T is the time baseline of the data. In our
analysis we detected 30 periods. We did not find any signifi-
cant signal at very low frequencies. Such a signal is very of-
ten associated with the binary nature of a star (Baran & Winans
2012; Telting et al. 2012). All but two frequencies ( f1 to f28) can
be associated with g-modes, while two ( f29, f30) are located in
the intermediate region between g and p-modes. The amplitude
spectrum is dominated by the frequency at ∼187 μHz which falls
close to the middle section of the bulk of the signal. Other peri-
ods have amplitudes smaller than 30% of the dominant one. We
present the entire list of detected periods in Table 2. It should
be noted that two frequencies, f9 and f10, were not fit, and their
values are given without error estimates. The peaks are relatively
high in amplitude, however we could not obtain a fit when they
were added to our solution. Their frequencies and/or amplitudes
are unstable so that the solution hardly fits.

We confirm seven periods in the g-mode region detected by
Baran et al. (2011) while we did not find any significant signal in
the p-mode region. The period of 6002.352 μHz could be tran-
sient or spurious in the survey data. Our set of periods was tested
against the spurious signal listed in both Data Release Notes and
Baran (2013) to avoid artifacts in our solution. Contrary to the
stability of periods studied by Baran et al. (2011), after removal
of the 28 signals from the data, the residual amplitude spec-
trum still contains significant power at most of the identified
frequencies. This is caused by instability of the pulsation fre-
quencies and/or amplitudes over three years.

Fig. 3. Time frequency diagram of KIC 8302197, calculated from
30-day time chunks, to show instabilities of the detected modes (top
panel) and a close-up of the amplitude spectrum of KIC 8302197
(bottom panel).

The substantially larger sample of periods detected in Q5 –
17 data, as compared to just seven described by Baran et al.
(2011), should significantly improve an application of astero-
seismology since stellar interiors are better described if pulsators
are multiperiodic.

5. Multiplets

Stellar rotation manifests itself in amplitude spectra by lifting
the 2l + 1 degeneracy that creates evenly spaced (to first order)
multiplets in the frequency domain. Recent results of analyses of
sdBV stars observed with the Kepler spacecraft explained why
the multiplets were not common in ground-based data. It is the
relatively long stellar spin period, which requires long moni-
toring to resolve multiplets. Such monitoring was problematic
from the ground, and only a handful of objects were given an
opportunity to show their behaviors on long time scales (e.g.,
Baran et al. 2009). Kepler monitored objects for years. In the
case of sdBV stars it allowed us to detect multiplets in several,
(e.g., Baran et al. 2012; Telting et al. 2012; Baran 2012; Baran
& Winans 2012; Reed et al. 2014). We have not detected any
multiplets in KIC 8302197, even though the coverage is longer
than three years. This null detection is bizarre since we expect
that all stars rotate and this should create multiplets detectable
in every amplitude spectrum (if data coverage is long enough).
KIC 8302197 was observed long enough to expect multiplets in
the amplitude spectrum, keeping in mind that the spin periods
of other sdBV stars are weeks or months (Baran et al. 2012;
Telting et al. 2012; Baran 2012; Baran & Winans 2012; Reed
et al. 2014).

From a careful analysis of the width of many of the pulsa-
tion peaks in the amplitude spectrum, while comparing them
to that of the window function, we find that the widths of the
peaks are consistent with the length of the data coverage, and
give no evidence of any unresolved multiplets. Some pulsation
peaks are wider, which can be explained by the variable nature of
these modes. We also calculated a time-frequency diagram based
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Table 2. Frequency list as a result of our prewhitening process for KIC 8302197.

ID Freq [μHz] Period [s] Ampl [ppt] S/N l

f1 79.23328(48) 12 620.96(8) 0.061(5) 9.1 –
f2 85.0229(6) 11 761.53(9) 0.047(5) 7.0 –
f3 108.6444(6) 9204.34(5) 0.045(5) 6.8 –
f4 126.27712(16) 7919.091(10) 0.178(5) 26.7 1
f5 131.2006(7) 7621.914(40) 0.042(5) 6.4 2
f6 135.15336(30) 7399.002(17) 0.096(5) 14.4 1
f7 136.2630(7) 7338.749(37) 0.043(5) 6.4 2
f8 140.21325(40) 7131.993(21) 0.072(5) 10.8 1
f9 145.5428 6870.83 0.304 45.0 1
f10 151.1736 6614.91 0.094 13.9 1
f11 157.4095(9) 6352.856(38) 0.031(5) 4.6 2
f12 163.52124(14) 6115.414(5) 0.214(5) 32.2 1
f13 178.0650(8) 5615.928(24) 0.038(5) 5.6 1
f14 186.985510(34) 5348.0080(10) 0.870(5) 130.6 1
f15 196.3702(7) 5092.422(17) 0.044(5) 6.5 1
f16 199.1883(7) 5020.374(18) 0.042(5) 6.2 2
f17 204.7176(6) 4884.779(13) 0.052(5) 7.8 2
f18 205.4783(6) 4866.694(15) 0.045(5) 6.8 –
f19 211.84854(32) 4720.354(7) 0.091(5) 13.7 2
f20 218.50485(27) 4576.557(6) 0.107(5) 16.0 2
f21 237.42204(30) 4211.909(5) 0.096(5) 14.5 2
f22 248.94301(28) 4016.9836(46) 0.103(5) 15.4 1
f23 261.5540(9) 3823.303(13) 0.033(5) 4.9 2
f24 265.06422(35) 3772.6707(49) 0.084(5) 12.6 1
f25 283.24210(18) 3530.5486(22) 0.163(5) 24.5 1
f26 305.80850(10) 3270.0203(10) 0.300(5) 45.0 1
f27 308.3901(5) 3242.646(6) 0.055(5) 8.3 2
f28 334.32288(21) 2991.1204(19) 0.137(5) 20.6 1
f29 622.6035(10) 1606.1588(26) 0.029(5) 4.3 –
f30 1075.0790(10) 930.1642(9) 0.029(5) 4.4 –

Notes. The detection threshold is 0.027 ppt. The numbers in parentheses are the 1σ fitting errors of the last digits.

on 200-day data chunks. High-frequency resolution was needed
to resolve any potential signal close to our identified frequen-
cies. This signal could be transient and not seen in the amplitude
spectrum calculated from the entire dataset. If the chunks used
to calculate the diagram were too short to resolve close modes,
i.e. components of multiplets, we would see beating of the am-
plitudes. However, no such beating was observed. The diagram
confirms that no off-side components of any possible multiplets
are detected in KIC 8302197.

There are a few explanations for the lack of multiplets in the
amplitude spectra. All of them are possible yet not all of them
are equally likely. First, the rotation period is longer than the data
coverage. This causes the components to remain unresolved in
the amplitude spectrum. In contrast, as stated above, this case is
unexpected since other sdBV stars rotate on timescales shorter
than years. We do not expect that KIC 8302197 could slow down
to longer than ∼1000-day rate, unless there was/is an external
force causing the star to lose its angular momentum; at present,
we are not in possession of any observations of such a force.

Second, the off-side components are not driven by the driv-
ing mechanism. Selective driving causing only the central com-
ponents to be driven is against our assumption that all m
(azimuthal order) components are equally privileged. These
scenarios both require special effects to explain our observations.

Third, the rotation axis, aligned with the pulsation axis,
is pointed exactly at us. In this case only the central compo-
nents of the multiplets are detectable, since the off-side com-
ponents are geometrically cancelled out. Obviously, they would
be detectable from other directions. A uniquely oriented rotation

axis contrasts a little to the other two explanations. The spatial
orientation is random and the probability that the axis points ex-
actly at us is extremely small; for example, the chance of hav-
ing an inclination angle below one degree is 0.015%. We know
that a deviation from pole-on orientation will make a detection
of the off-side components of the multiplets possible; however,
the observable amplitudes will be affected by the driving mech-
anism as well. Therefore, the influence of the inclination on the
amplitudes can only be modeled when assuming that the inter-
nal amplitudes of all components of the multiplets are equal.
To constrain the rotation-axis inclination we followed that ap-
proach, while assuming that the surface-brightness variation of
a pulsation mode can be modeled by a single spherical harmonic
(using the model of Schrijvers & Telting 1999). Not-detecting
the off-side components limits their amplitudes to 0.027 ppt.
Comparing this value with the modeled relative amplitudes of
the off-side components gives upper limits for an inclination of 2
and 7 degrees for l, |m| = 1, 1 and l, |m| = 2, 1, respectively. The
limits were achieved for l = 1 and 2 modes with the highest am-
plitudes. The v sin i for a rotation period at the upper limit of
inclination would still be close to 0 km s−1. The probability of
having an inclination smaller than 7 deg is 0.74%, so that such a
low inclination is expected in several for every 1000 sdBs.

Despite a small chance of having such a unique orientation,
this explanation, in contrast to the other two, does not require
any special effect to play a role. It is only a unique orientation
that has to be the case. We conclude that a very slow spin rate or
a unique orientation are the most likely reasons for not detecting
any off-side components of multiplets.
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Fig. 4. Close-up of the amplitude spectrum of KIC 8302197 expressed in period instead of frequency to show l = 1 and 2 sequences. The three-digit
numbers indicate period spacings between chosen periods.

6. Period spacing

As shown in the case of sdBV stars (e.g., Baran 2012), the mul-
tiplets and asymptotic period spacing are very efficient tools for
mode identification. Multiplets give the l and m values based on
a number of components, while period spacing checks the sepa-
ration between the same l overtones, which makes the identifica-
tion cross-checked. Obviously, we cannot use multiplets, since
we detected none, and the only tool for mode identification we
can rely on is period spacing. The situation would be easier if the
same modal degree sequences were complete. In case of missing
components, particularly a few in a row, we may have doubts in
the l assignment. These doubts are enhanced further by the cross-
ing of the sequences of different l or significant mode trapping
that is predicted by theoretical models.

To look for modes evenly spaced in period we used the pe-
riod spacing ΔP ≈ 250 s for the l = 1 sequence and ΔPl=1/

√
3

for l = 2 derived in previous analyses of other sdBV stars ob-
served with the Kepler spacecraft (Reed et al. 2010, 2011; Baran
2012; Baran & Winans 2012). This equal spacing is a conse-
quence of an asymptote of high-order gravity modes (Charpinet
et al. 2000).

The list of frequencies in KIC 8302197 is not long, yet we
still found a patchy sequence of overtones with an average period
spacing of 260 s, close to the expected value. Since we do not
have multiplets to support our identification, at first, we accept
that modal degree l = 1, if the period is close to its average spac-
ing. This choice is supported by the fact that modes with lower
degrees suffer less from a surface cancellation effect. Therefore,
assuming equal intrinsic amplitudes of l = 1 and 2, lower de-
grees will have higher observable amplitudes. We present the
result of our modal degree assignment in Fig. 4. Five periods
outside the period range shown were not identified with modal
degrees. They stand out from the bulk of periods and using them
to complete the period sequences is ambiguous.

As a confirmation of the argument in the last paragraph,
most of the l = 1 modes separated by ∼260 s have high ampli-
tudes. This is expected, and it was also noted for other Kepler

sdBV stars analyzed thus far. Fourteen modes have been as-
signed l = 1 with high confidence. The individual period spac-
ings of these modes deviate at most 20 s from the average value.
Two additional modes ( f5 and f11) may also be l = 1; however,
the deviations from the average period spacing are significantly
larger compared to the fourteen other modes. Their amplitudes
are small and they also match l = 2 sequence.

To estimate the exact average spacing we selected fourteen
certain l = 1 modes. We assigned an arbitrary radial order and fit
a linear regression. We derived ΔPl=1 = 258.61(62) s. This result
is close, yet a little outside the errors, to the value obtained by
Reed et al. (2011), who used one-month survey data with only
nine periods detected.

The few modes identified as l = 2 do not allow us to estimate
precisely the period spacing. The spacing between the consecu-
tive components in the range of 4500 and 5000 s is close to the
predicted value of 149.31 s. We assigned three more peaks with
l = 2 only because their periods are too close to the already iden-
tified l = 1 modes and their amplitudes are small. The spacing
between those three and the four certain l = 2 modes does not
eliminate them from the l = 2 sequence.

Overall, we assigned modal degrees to 24 out of 30 periods.
Paradoxically, the lack of multiplets comes to the aid of mode
identification. If the multiplets are unresolved or we only de-
tect the central components, we have no ambiguity in azimuthal
order and the detected modes can be directly compared with the
models. This result constitutes significant progress over the work
of Reed et al. (2011) who analyzed the first weeks of Kepler data
of KIC 8302197. Our mode identification will substantially de-
crease the number of free parameters making the modeling more
reliable.

In Fig. 5 we present an échelle diagram of dipole modes to
study trapping properties of stars. We prepared it the same way
as in Baran & Winans (2012), and for comparison, we overplot-
ted the diagrams of other stars. In the case of no trapping inside
a star, the diagram should show a vertical line that indicates that
the period spacing is even and no chemical transition zones are
present (see, e.g., Charpinet et al. 2000). On the other hand, if the
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Table 3. Basic parameters and period spacings of dipole modes of the
stars included in the échelle diagram.

KIC Teff [K] log g [dex] ΔP [s] Reference
2697388 23 900 5.32 240.1 1

11179657 26 000 5.14 259.6 2
8302197 27 450 5.438 258.6 3
2991403 27 300 5.43 262.1 2

10553698 27 423 5.436 264.8 4
11558725 27 910 5.41 248.9 5
7668647 28 220 5.54 247.8 6

References. (1) Baran (2012); (2) Baran & Winans (2012); (3) this
work; (4) Østensen et al. (2014b); (5) Telting et al. (2012); (6) Telting
et al. (2014b).

diagram shows horizontal displacements, that indicates mode
trapping. Based on seven stars in Fig. 5 we can see that all stars
show such a displacement between 3000 and 7000 s and another
one between 1000 and 3000 s, although the last only appears for
KIC 10553698 since it has many short-period modes that have
been identified. This indicates that mode trapping is present in
these objects. However, the same location of the former hump of
all stars in the diagram indicates no diversity of trapping proper-
ties as a function of effective temperatures and surface gravities
(Table 3). If the trapping properties depended on temperature
or gravity, we would expect that humps for the coolest/hottest or
smallest/biggest stars would be organized according to their tem-
peratures or sizes. All these stars, except KIC 2991403 in Fig. 5
are lined up and the period-sequence remainder (x-axis) coin-
cides with the average period spacing of quadrupole modes in
sdBV stars.

7. Period stability

Pulsation modes can be used to look for companions to the host
stars. If a star is orbiting a companion the periods of the pul-
sation modes are modulated thanks to the Römer delay. To mea-
sure such modulation we sliced the data into bins of 91 days with
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Fig. 6. O–C diagram to show period stability of f25 (3530.5486 s)

two adjacent bins overlapping by 20%. This bin size was chosen
to minimize uncertainties of the sinusoidal fit which was per-
formed to derive the phase of a sinusoid. The period of the pul-
sation mode was kept fixed in each fit and adopted from the so-
lution obtained from the analysis of all data. Then we calculated
an observed minus calculated (O−C) diagram from the times of
flux maxima to verify stability of the pulsation periods. A flat
or sloped, yet linear shape indicates no period change, while a
sinusoidal or parabolic one would be a sign of period change,
either by a companion or evolution, respectively.

To obtain a reliable result we selected the f25 mode which
does not show any significant residuals in the amplitude spec-
trum. All other modes with higher amplitudes left residuals af-
ter their removal, which means that the O−C is dominated by a
beating between a peak and its residual. We present the ampli-
tude and the O−C diagram of the f25 mode in Fig. 6. Since the
amplitude of f25 is rather low, the errors of O−C are still high.
This makes any small amplitude light-time effects (of seconds)
impossible to detect in our diagram. This does not reject possi-
ble companions. However, the photometry data do not allow us
to penetrate O−C on the scale of seconds, where small planets
may exist. The O−C does not show any coherent periodic varia-
tion, therefore we assume the variation in O−C is caused by an
instability in the mode itself.

8. Summary

KIC 8302197 is one of the 18 pulsating sdBV stars observed
with the Kepler spacecraft. It is a g-mode pulsator with one of
the sparsest amplitude spectra. We analyzed all post-survey pho-
tometric data and detected only 30 periods. Most of them are g-
modes, and their typical amplitudes are below 0.05%. Only one
mode’s amplitude reaches almost 0.1%. We found no multiplets,
which is very surprising considering that multiplets are detected
in all other Kepler sdBV stars analyzed thus far. This implies that
the rotation period of KIC 8302197 could not be measured pre-
cisely. We explained this lack of multiplets by either a very slow
rotation (longer than ∼1000 days) or a unique (pole-on) orienta-
tion of the pulsation axis. Based on quadrupole modes the upper
limit of the inclination reaches 7 degrees. Since we did not de-
tect any off-side multiplet components, we interpreted all modes
to be m = 0, which implies that they can be directly and unam-
biguously compared to the theoretical modes.
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The number of detected modes was sufficient to iden-
tify sequences of l = 1 and 2 overtones. The derived aver-
age period spacing is 258.61 s and 149.31 s, respectively. We
used those sequences to assign modal degrees to 24 out of
30 modes. The mode identification we performed will be invalu-
able for applying asteroseismology to infer physical parameters
of KIC 8302197, particularly those impossible to achieve from
other studies, such as carbon core properties, envelope helium
abundance and hydrogen envelope mass. The échelle diagram of
l = 1 modes shows a similar feature (a side hump) to a few previ-
ously studied sdBV stars. The hump is not exactly the same for
all stars, which can be a reflection of different properties of each
object and this could be a cue to look for a useful correlation
between period spacings and some stellar parameters, exclud-
ing Teff and log g.

To look for a possible companion to our sdBV star, we
used one carefully selected, relatively stable mode to calculate
an O−C diagram and to look for variation in the pulsation pe-
riod. To minimize the errors, we used data bins of 91 days.
Unfortunately, the errors are still large, which implies that any
definite conclusion on the binary status of KIC 8302197 is im-
possible to draw. In addition to the photometric data, twelve low-
resolution spectra have been taken to look for radial-velocity
variations. The measured radial velocities are consistent with a
single star, and any radial-velocity amplitude over 10 km s−1 can
be excluded. In case our conclusion of a unique pole-on orien-
tation of the rotation axis is correct, then radial velocities of our
sdB star caused by any companion in an orbit co-planar to the
stellar equator would not be observable. Based on a flux contri-
bution in the spectra, any possible companion can only be an M
or later type main-sequence star, a compact (possibly a white
dwarf) or a substellar object.

We found that the atmospheric parameters of KIC 8302197
are consistent with other slow pulsating sdB stars. The new pa-
rameters – Teff = 27 450 ± 200 K, log g = 5.438 ± 0.033 dex and
log(nHe/nH) = −2.56 ± 0.07 dex – are systematically higher
than reported by Østensen et al. (2011); however, the differences
are small if one considers that independent observations, models
and methods were used in these analyses. We found the metal
abundances are consistent with other sdB stars.
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