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ABSTRACT

‘We present our analysis of EPIC 211779126, a pulsating subdwarf B star discovered with the Kepler spacecraft during K2 Campaign 5.
We found 154 frequencies in the g-mode region as well as 29 frequencies in the p-mode region. This makes EPIC 211779126 a rare
hybrid pulsator with a rich pulsation spectrum in both regions. We successfully identified modal degrees and relative radial orders
of most of the g-modes using asymptotic period spacing, and modal degrees of some of the p-modes using rotational splitting. We
detected trapped modes, which are a very important feature for constraining theoretical models. Our ground-based spectroscopic
observations revealed no companion, therefore EPIC 211779126 is likely a single sdB star. Using p-mode multiplets, we derived a
rotation period of approximately 16 days, making EPIC 211779126 the fastest rotating non-binary subdwarf B pulsator observed with
Kepler. However, we do not find any resolved multiplets among the high-amplitude g-mode pulsations that correspond to the rotation
rate inferred from the p-mode splittings. This may indicate that the star’s core is rotating more slowly than its envelope.

Key words. subdwarfs — stars: oscillations

1. Introduction

Subdwarf B (sdB) stars are hot, low-mass and compact stars lo-
cated on the blue-ward extension of the horizontal branch. Their
temperatures are between 20 000 and 40 000 K, their masses are
sharply focused around 0.47 M., (Fontaine et al. 2012), and their
radii are between 0.1 and 0.3 R,. The formation and evolution of
sdB stars, especially single sdB stars, is not fully understood. A
star with initial mass less than 2 M, must lose all of its hydrogen
envelope shortly before reaching the tip of the red giant branch
in order to become a core helium burning star with a negligible
hydrogen envelope (Heber 2016). The mechanism of that loss is
still under investigation. The sdB star burns helium into carbon
in its core and when helium is exhausted, the star proceeds to the
white dwarf cooling track, skipping the asymptotic giant branch.

Subdwarf B stars were classified based on analyses of spec-
troscopic data and from photometry of sdB stars in binaries.
Such knowledge is limited to atmospheric properties, includ-
ing chemical abundances, and bulk parameters of entire stars,
such as Tes, radius, or mass. In the 1990s, an unexpected discov-
ery (Kilkenny et al. 1997) as well as independent work on mod-
els of sdB stars (Charpinet et al. 1997) revealed that these ob-
jects can, and do, drive stellar pulsations. Pulsating sdB (sdBV)
stars allow us to study their interiors by building evolutionary
models that can be tested observationally. As part of our ob-
servational constraints, we supply mode identifications, which
describe the pulsation geometry. This is equivalent to finding
values for the three parameters n, [, and m. Mode identification
is not an easy task. Since, we do not resolve stellar disks, we
have to rely on indirect methods, which use rotational multiplets
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or asymptotic relations; features in amplitude spectra that are
rarely seen from ground-based data. Data collected with the
Kepler spacecraft, on the other hand, are precise and of suffi-
cient duration that those features have become frequently de-
tected (Reed et al. 2011; Baran & @stensen 2013).

During the Kepler mission, almost 20 new sdBV stars
were observed and analyzed. Those analyses revealed impor-
tant, sometimes new, and unexpected features, such as Doppler
boosting (Telting et al. 2012), the lack of multiplets (Baran et al.
2015a), mode trapping (@stensen et al. 2014a), very unstable
modes (@stensen et al. 2014b), and internal differential rotation
(Foster et al. 2015). A failure of two reaction wheels termi-
nated the original mission, and further use of Kepler required
the spacecraft to be repointed at different fields along the eclip-
tic approximately every 80 days. This current mission is called
K2, during which, we can find more sdBV stars, paying the
price with data of shorter duration than during the original mis-
sion. Up to now, we have discovered a dozen or so new sdBV
stars from K2 data. Two of those have already been published
(Jeffery & Ramsay 2014; Reed et al. 2016).

The stars discovered by Kepler mostly drive gravity (g)
modes, with only KIC 10139564 having more p than g modes
(Baran et al. 2012). Many of the Kepler sdBV stars are hybrid,
showing both p- and g-modes. In this paper we present our anal-
ysis of another sdBV star discovered during the K2 mission. It
is a rare hybrid pulsator which is g-mode dominated, but also
contains a large amount of high-amplitude p-modes. The goal of
our analysis was to search for features in an amplitude spectrum
that could help identify modes. This identification will be used
to constrain structural models.
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Table 1. RV data.

BID RV Error  S/N  tep
2457413.4552516 -24.7 1.5 96.7 300
2457413.6168780 283 2.0 93.5 300
2457413.7218566 -23.6 3.6 72,5 300
2457436.3520875 -204 23 110.4 300
2457447.5174694 -28.6 3.3 83.1 300
2457447.5904743 284 3.6 759 300

Some of the sdBV stars were subject to successful theoretical
modeling, that is, an application of asteroseismology. Originally,
asteroseismic inferences were derived only for p-mode dom-
inated sdBV stars, see Brassard et al. (2001), Charpinet et al.
(2005a,b), Van Grootel et al. (2008a,b), Charpinet et al. (2008),
Randall et al. (2009), for example. These stars were observed
from the ground. With the advent of space-borne instruments
such as CoRoT and Kepler, the application of asteroseismology
to the long-period sdB pulsators has also become plausible, see
Van Grootel et al. (2010a,b), Charpinet et al. (2011), for exam-
ple. These analyses confirm the great potential of both p- and
g-mode asteroseismology.

EPIC 211779126 first appears in the 2MASS selected sam-
ple of Green et al. (2006) as 2M 0856+1701. That spectrum was
analyzed by Chris Winter in his 2006 Ph.D. Thesis, where it
was classified as sdB1VI:He5, with effective temperature Ty =
29527 + 276K, surface gravity log(g/(cms™2)) = 5.757 +
0.035 and log(n(He)/n(H)) = —2.111 + 0.056 (see also Winter
2006). The star was re-analyzed by Vennes et al. (2011) based
on GALEX photometry with FUV =11.761 and NUV = 12.687
who obtained T.g = 28360 + 700K, logg = 5.30 + 0.14 dex,
logy < —2.6dex, and by Luo et al. (2016) in their LAMOST
sample, from which they obtained T = 29360 +230K, logg =
5.477 £ 0.064 dex, logy = —3.0101 £ 0.199 dex. @stensen et al.
(2010) looked for pulsations, but found no significant flux varia-
tion in a short (<1 h) run.

2. Spectroscopy

We obtained six low resolution spectra of EPIC 211779126 using
the 2.56-m Nordic Optical Telescope with ALFOSC, grism #18
and a 0.5 arcsec slit, exposure time 300 s, resolution R =~ 2000,
resolution elements 2.2 A, and signal-to-noise ratio (S/N) rang-
ing from 70 to 110 (Table 1). The data were homogeneously re-
duced and analyzed using standard reduction steps within IRAF.
These include bias subtraction, removal of pixel-to-pixel sensi-
tivity variations, optimal spectral extraction, and wavelength cal-
ibration based on arc-lamp spectra. The target spectra and the
mid-exposure times were shifted to the barycentric frame of the
solar system.

Radial velocities were derived with the FXCOR package in
IRAF. We used the HB, Hy, Ho, HZ, and Hz lines to determine
the radial velocities (RVs), and used the fitted spectrum (see
Fig. 1) as a zero-velocity template. The final RVs were adjusted
for the position of the target in the slit, judged from slit images
taken immediately before and after the spectral exposure. See
Table 1 for the results, with errors in the radial velocities as re-
ported by FXCOR.

The spectra were obtained during three different nights only.
The measured RV values are comparable to the scatter of the
data and do not reveal an obvious binary. From these data we
can rule out a close-orbit binary, unless it is seen at an angle per-
pendicular to the orbital plane. Additionally, the 2MASS near-IR
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Fig. 1. Fit to LTE models.

photometry does not show evidence for any IR excess expected
from a low-mass main-sequence companion. From the available
data, EPIC 211779126 appears to be a single sdB star.

From a fit to local thermodynamical equilibrium (LTE) mod-
els (Heber et al. 2000; Edelmann et al. 2003), with S/N ~ 200,
we find the following values for the atmospheric parameters:
T =28557(82)K, logg= 5.396(12)dex and log(Nye/Nu)=
—3.065(24) dex, with the fit shown in Fig. 1. The parameters are
consistent, within the errors, with those determined by previous
investigators.

3. Photometry

EPIC 211779126 was observed during K2’s Campaign5. The
observations started on April 27 and finished on July 10, 2015.
Both short (SC) and long cadence processed data are available,
but for this analysis we used only SC data. During K2, the space-
craft is rolling, as a consequence of missing two reaction wheels.
To compensate for this roll, as necessary, thrusters are fired ev-
ery 5.9 h. This means that pointing is maintained by a combina-
tion of two reaction wheels and thrusters. This pointing method
causes slow drops or spikes in the light curve. The flux variations
caused by spacecraft motion are much larger than those from
pulsations and must be removed from the data before the final
analysis. Even though the raw light curves appear discouraging,
the removal of unstable pointing is relatively simple. First, we
used standard IRAF tasks (daofind and phot) to pull out fluxes
by means of aperture photometry with a 3.5 pixel aperture. Then,
we clipped the data at 40~ and de-correlated fluxes in both direc-
tions of a target mask. This latter step removed the flux’s posi-
tional dependance on the CCD. The resultant light curve was free
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Fig. 2. Amplitude spectrum calculated from the K2 data of EPIC 211779126. The dashed horizontal line represents a detection threshold at

0.0167 ppt.

of the signatures of thruster firings. Finally, we converted fluxes
to parts per thousand (ppt) and the data were ready for Fourier
analysis.

4. Fourier analysis

We present the amplitude spectrum of EPIC 211779126 in Fig. 2.
It is dominated by signal in the low frequency g-mode region,
with additional signal at higher p-mode frequencies. The am-
plitudes are relatively small, below 0.1%, which explains why
@stensen et al. (2010) did not detect any flux variations in their
observations. The peak profiles are complicated, which is a con-
sequence of variable amplitudes and/or periods. The profiles
(shown in Fig. 3) are discussed in subsequent subsections. Since
the amplitudes and/or frequencies vary, we prewhitened the data
simply in order to look for other small-amplitude peaks near the
prewhitened frequencies, and not to derive precise properties.
The frequencies listed in Table A.1 should be considered as an
approximate location, particularly where closely spaced frequen-
cies occur. Assuming that 2000 puHz distinguishes between p-
and g-modes, we found 183 frequencies in total, including 154
in the g-mode region and 29 in the p-mode region. The detec-
tion threshold was 0.0167 ppt and was defined as 5o (Baran et al.
2015b), where o is the average noise level in the residual ampli-
tude spectrum equaling 0.00334 ppt. We verified the pulsation
content against artifacts presented by Baran (2013).

4.1. p-modes

The spectrum in the p-mode region is relatively rich in peaks
and we were successful in identifying modal degrees of some
of the modes. The frequency distribution resembles that of
Balloon 090100001 (Baran et al. 2009). We also found frequen-
cies that are grouped and separated by almost 1000 uHz, with
decreasing widths of the gaps and amplitudes as frequency
increases. Such groupings are predicted by theoretical mod-
els (Charpinet et al. 2000) and indicate consecutive radial over-
tones.

In the p-mode region, the only tool we have for identifying
pulsation degree, ¢ is frequency multiplets. Stellar rotation re-
moves azimuthal degeneracy, creating 2¢ + 1 peaks for each de-
gree, each separated by the inverse of the orbital period (assum-
ing the Ledoux constant for low-degree p-modes is negligible).

Since the rotation period of EPIC 211779126 was unknown, we
had to determine it using commonly-spaced frequency multi-
plets.

In Fig. 3 we show all the interesting p-mode regions. The top
panel includes three groups of frequencies, which are likely sep-
arated as consecutive radial overtones. The middle panels show
close-ups of those three groups. The left plot centers at three fre-
quencies with the highest amplitudes. In fact, the two lower fre-
quencies look like singlets, while the highest frequencies have
some additional signal to the left. These are likely a quintuplet
and a triplet with an average splitting of 0.707 uHz which we
show in the bottom panels of Fig. 3 and discuss in Sect. 4.3. The
center and right middle panels show higher frequencies. The pro-
files of the peaks in these two regions are very complicated and
we did not expect a prewhitening process to work efficiently.
These regions resemble the high end of the amplitude spectrum
of KIC 10139564 presented by Baran et al. (2012). We checked
the superNyquist region and can confirm that these frequencies
do not originate from that region. Only the two multiplets near
2900 pHz allow unambiguous mode identifications using fre-
quency multiplets.

4.2. g-modes

The g-mode region has a rich content. The amplitudes are com-
parable to those of p-modes, with the highest being almost
0.8 ppt. We present the g-mode region up to 2000 yHz in Fig. 4.
From the p-mode multiplets, assuming a solid-body rotation,
we can estimate rotational splittings for g-mode multiplets to
be 0.35 yHz for /=1 and 0.59 pHz for /=2. Such splittings
should be resolved in our data, as the frequency resolution is
equal to 0.23 uHz. Consistent rotational splittings in p- and g-
modes are observed in KIC 10139564 (Baran et al. 2012) which
means that solid body rotation exists in sdB stars. On the other
hand, Foster et al. (2015) showed that KIC 3527751 experiences
internal differential rotation, with the core rotating three times
slower than the envelope. If the core of EPIC 211779126 rotates
more slowly, then g-mode splittings will not agree with our pre-
dictions and multiplets could remain unresolved. If the core ro-
tates faster than the envelope then multiplets should easily be
resolved. Our observations do not support the latter case.

To verify whether multiplets are present in the g-mode re-
gion we used an extra tool to examine the data. When amplitude,
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Fig. 4. Amplitude spectrum in the g-mode region.

phase, and/or frequency variations occur during observations,
they are not well accounted for in the integrated amplitude
spectrum. As such, we also examined sliding amplitude spectra
(time-frequency diagrams) of subsets of the data. We examined
amplitude spectra spanning 10, 15, and 20 days of data, stepped
in two-day increments. The 20-day subsets are shown as sliding
amplitude spectra in the top panels of Figs. 5 and 6 with exam-
ples of the individual amplitude spectra in the bottom panels.
We used the sliding amplitude spectra to guide which individ-
ual amplitude spectra to use for determining the frequency and
amplitude. As those data are shorter, the noise is higher, and so
rather than list amplitudes in Table A.1, we only list S/N.

Figures 4 and 5 show that we clearly do not detect g-modes
with splittings of 0.35 or 0.59 uHz. The implications of this are
discussed further in Sect. 4.3.
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To identify the radial order of pulsation modes, we used
an asymptotic relation, which separates consecutive radial over-
tones in period. The known spacing for sdBV stars is ap-
proximately 250 and 150s, for dipole and quadrupole modes,
respectively (Reed et al. 2011). Since the effect of surface can-
celation leaves higher detectable amplitudes for /= 1 modes, we
started our search with a sequence of dipole modes. The highest-
amplitude modes are separated by almost 250s and we used
them as a baseline for our / =1 sequence. At some frequencies,
there are too many modes to assign them all with only one se-
quence. Initially we tried to complete the /=1 sequence, but
modes which did not match that sequence were checked against
the /=2 sequence. />3 modes are not commonly detectable in
amplitude spectra and so a />3 sequence would not likely be
well-populated. As such, we did not seek to identify those modes
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Fig. 5. Temporal examination of pulsations. Sliding amplitude spectra (fop panels) show the time evolution of pulsations. Time is on the ordinate,
relative frequency on the abscissa and color indicates amplitude in 0. White (saturated) pixels indicate amplitudes above 41, 40, 55, 27, 15, and
400 for central frequencies of 102.55, 112.9, 124.1, 158.2, 166.0, and 179.9 uHz, respectively. Bottom panels: individual amplitude spectra which
make up the sliding amplitude spectra on top. Dashed horizontal lines indicate 5o-. Note that the ordinate scale changes between panels, indicated

by the position of the 5o lines.

using asymptotic period spacings. We arbitrarily chose the clos-
est highest-amplitude period to be /=1 and, where sequences
overlapped, the second highest as /=2. Some times there are
other periods with lower amplitudes which could fit one or both
sequences and it is possible one of these is the actual /=1 or
2 mode. However, changing that assignment would not signifi-
cantly change the period spacings. In Fig. 7 we show the result
of our period spacing search.

We found a complete sequence of dipole modes from 2900
to 11 000s. The sequence contains 31 radial overtones. We also
found quite a long, although incomplete, sequence of quadrupole
modes from 2400 to 5100s. We were successful in assigning
modal degree and radial order, n, to most of the frequencies
in the g-mode region. Pulsations above 500 yHz are not well-
separated in period, making our search for 250 or 150 s spacings
difficult. Also, asymptotic spacings would not be expected for
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! < 2 modes in this region as they would not have [ << n. On the
other hand, if they are high-degree modes, then their radial order
could be similar to the £ <2 modes.

4.3. Multiplets and period of rotation

Frequency multiplets in EPIC 21179126 are complex and unique
for sdBV stars. The two multiplets between 2880 and 2920 pHz
(bottom panels of Fig.3) are the most straightforward to

A95, page 6 of 12

interpret. The splittings in both multiplets are consistent, with
four frequencies in the left plot and three in the right. We an-
ticipate that the multiplet in the left plot has an additional fifth
component (marked with a dashed vertical line) that is not driven
to a detectable amplitude. We assume these multiplets represent
rotationally split modes. The splitting equals 0.707 uHz which
translates to a rotation period of 16 days. Such a period is shorter
than most other sdBV stars observed during the Kepler mission
and is comparable to the rotation period of Balloon 090100001
(Baran et al. 2009).
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Beyond these two multiplets, it becomes more difficult to in-
terpret. The higher frequencies, as mentioned in Sect.4.1, are
more variable, making their frequencies less secure. This same
feature was observed in the p modes of Balloon (090100001
(Baran et al. 2009) and KIC 3527751 (Foster et al. 2015). While
we cannot directly assign modes based on their multiplet struc-
ture, we find six splittings near those of fjs;—f}6g, Or an integer
multiple, therefore they are consistent.

We find interesting multiplets between 500 and 1202 uHz.
Most of the frequencies in this region are part of complex mul-
tiplets with spacings near those of the p-mode region. High-
degree g-mode frequencies have previously been detected in the
lower portion of this region using extended Kepler data sets
(Foster et al. 2015; Telting et al. 2014). Within the limits of K2,
it is more difficult to determine frequencies, and we rely on slid-
ing amplitude spectra to guide our frequency extraction. Still,
we typically only list two or three frequencies, while the re-
gion itself may contain more (see Fig. 6). If these are portions
of high-degree (¢ > 4) modes, then the Ledoux constant, C,,
is small, and the splittings should be roughly equal to those of
p-modes, which is what we find. However, we have not pre-
viously observed high-degree g-modes above 900 yHz, and so
EPIC 21179126’s near-continuous frequency spectrum between
the g- and p-mode regions is unique.

We also find a few frequency separations at low frequen-
cies which are clearly within the g-mode range, yet similar to
those in the p-mode region. These are much more difficult to
interpret. If EPIC21179126 were a solid-body rotator, as in-
dicated by the >500 pHz splittings, then low-degree (£ < 2)
modes should have splittings of 0.35 and 0.59 yHz. Such split-
tings would be resolved in our data set and be easy to detect
in the higher-amplitude pulsations, yet we clearly do not detect
them (see Figs. 4 and 5). We interpret the g-mode multiplets be-
low 500 uHz to be chance alignments caused by the frequency
density of the region or amplitude and/or phase variations (see
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Fig.5), which would indicate that the core does not co-rotate
with the envelope. There are some multiplet-like peaks (at ap-
proximately 8000 and 9600 s in Fig.4) but the splitting is very
small and more likely caused by amplitude and/or phase vari-
ations (see Fig.5). Even if these were caused by rotation, they
would indicate a slower rotation for the core.

When we examine the frequency multiplets present in
EPIC 21179126, we are presented with a unique situation. The
p-mode region shows two characteristic multiplets and several
others with consistent splittings, most easily interpretable as
stellar rotation with a period of approximately 16days. The
lower g-mode region (below 500 p¢Hz) does not show any ob-
vious multiplets, even though there are high-amplitude peaks
that would resolve into multiplets if EPIC 21179126 rotated as
a solid body. This region strongly indicates that the core ro-
tates more slowly, leaving rotational multiplets unresolved in
this data set. In the upper g-mode region (500-1200 uHz), there
are many complex multiplets with splittings commensurate to
those in the p-mode region. Frequencies in the lower portion
of this region have previously been found to be high-degree
g modes in other sdBV stars. These are low-amplitude, com-
plex, frequency/amplitude structures, which are less reliable than
the much higher-amplitude low-degree g modes in the lower re-
gions. As such, our best interpretation is that the envelope rotates
with a period of approximately 16 days and most likely the core
rotates more slowly.

4.4. The échelle diagram

After determining a characteristic period spacing AP of approx-
imately 256 s we can generate the échelle diagram by plotting
P modulo AP versus P. A distinctive £{=1 sequence is pro-
duced when plotting with AP =256 s, with the sequence showing
a characteristic meandering curve (Fig.8). The corresponding
{=2 sequence can be found by plotting the same data mod-
ulo using the predicted spacing for £=2, AP =256/V3 =148
(Fig.9). Note, that the £ =2 sequence shows the same meander-
ing pattern as the £=1 sequence, only shifted to shorter peri-
ods, which corresponds to the asymptotic order » (as indicated
on the right-side axes in the figures). These observed échelle di-
agrams are very similar to those presented by Charpinet et al.
(2013, 2014a,b), which confirm the theoretical expectations ob-
tained by using the newest models of sdB stars.

After assigning ¢ to the modes (see Table A.1), we can con-

vert all periods, P, to reduced period, I1, according to IT = ‘%

and subsequently compute the differences A1 between consec-
utive modes. When plotting A/7 as a function of IT we obtained
the reduced period diagram (Fig. 10).

We used the asymptotic relation to define n values for our
modes, and these values are listed in Table 2. We note that there
may be a zero-point offset n; between the listed n values and
the actual n values of the modes, an offset that we cannot deter-
mine without detailed modeling (see e.g., Charpinet et al. 2000).
Furthermore, any trapped mode is effectively inserted between
the asymptotic radial orders, implying smaller period spacings
between subsequent modes in the radial-order range around the
trapped mode.

The identification of a trapped mode (for more details see
Ostensen et al. 2014a) between radial orders n=20 and 21 is
very convincing as it is well-matched in both the £=1 and
¢ =2 sequences. The possible trapped mode indicated at approx-
imately n = 14 is much less convincing, because dips in both se-
quences do not overlap.
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Fig. 9. Same as in Fig. 8 for quadrupole modes.

5. Summary

We present our discovery and analysis of the sdBV star,
EPIC211779126. The amplitude spectrum shows a very rich
content in the low-frequency region with additional signal in
the high-frequency region. This makes EPIC 211779126 a rare,
richly pulsating hybrid. Its rich, hybrid nature should provide se-
cure constraints over a wider range of stellar properties, since p-
and g-modes have information from different parts of a star.

We searched the amplitude spectrum for rotational multiplets
and asymptotic period spacings. Both features help with identifi-
cation of modal degrees and radial orders that are relative to arbi-
trary zero-point, while the former also determines the rotational
period. We found some convincing multiplets among p-mode
pulsations whilst we did not find any obvious ones among the g-
modes. This observation presents us with an enigma. If a star ro-
tates, we expect to see multiplets in both p- and g-mode regions.
We suspect that EPIC 211779126 rotates differentially and that
its core rotates slower than its outer envelope. In such a case, we
would not see multiplets among low-degree g-modes, because
they are unresolved. We estimated the rotational period of the
envelope to be 16 days, while we can only suspect that the core
rotates slower, such as that of KIC 3527751 (Foster et al. 2015).

Among the g-modes, we found two sequences of dipole and
quadrupole overtones. The former is relatively complete, cover-
ing over 30 radial orders. We were successful in assigning modal
degrees of approximately 50% of the modes up to a frequency
of 500 yHz. The completeness of the g-mode sequences allows
us to calculate a reduced-period plot. The two overlapping se-
quences clearly indicate trapped modes, similar to some other
sdBYV stars (@stensen et al. 2014a; Foster et al. 2015). This fea-
ture points to a discontinuity in the stellar chemical profile and is
a significant factor in calculating theoretical evolutionary models
of sdB stars. We do not assign mode identifications in the inter-
mediate region of 500 to 2000 uHz. Between 500 and 1200 uHz
there are several complex multiplets indicative of high-degree
modes, but amplitude and/or frequency variations prevent us
from obtaining clear identifications.
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Fig. 10. Reduced period diagram.

The p-mode region is separated into approximately three
groups. These groups are spaced consistently with consecutive
radial overtones in models. In all of the groups we see frequency
multiplets with a common spacing which indicates a rotation pe-
riod of approximately 16 days. However, in only one of these
groups do we see a clear triplet and quintuplet, from which we
can derive modal degrees. The other groups have more complex
natures, which prohibit clear modal degree assignment. Such a
feature has been observed in other sdBV stars (Baran et al. 2009;
Foster et al. 2015)

Our spectroscopic effort does not show any signature of bi-
narity, therefore we assume that EPIC 211779126 is a single star.
The spectroscopic parameters obtained from our new spectra
place this star in the log g — T diagram in the so-called hybrid
region, hence, both types of pulsations in one star is not sur-
prising. However, EPIC 211779126 is a rare sdBV star, as both
regions have pulsations driven to similar amplitudes and both
regions contain many periodicities.

EPIC 211779126 is an sdBV star that provides important
constraints for the evolution of sdB stars. It increases our sample
of single sdB stars that likely have their own formation chan-
nel. Its pulsation content provides near-complete identification
of modal degree and relative radial order which will provide sub-
stantial constraints on full asteroseismological and stellar evolu-
tion models. The rotation period constraints also provide evi-
dence of possible differential rotation.
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Appendix A: Additional table

Table A.1. Frequency list obtained by visual inspection of the slid-
ing amplitude spectra as well as the overall amplitude spectrum of

A. S. Baran et al.: EPIC211779126: a rare hybrid pulsating subdwarf B star

Table A.1. continued.

EPIC211779126.

ID Freq. [uHz]  Period[s] S/IN n—-n | m
f 81.86 1221598 440 1

f, 83.78 11936.02  2.80 1

f3 8526 11728.83 3.80 1

£y 87.73 11398.61 7.20 44 1

fs 89.45 1117943 6.00 43 1

fe 91.03 1098539 6.60 42 1

f; 94.18 10617.97 15.30 41 1

fg 96.48 10364.84 19.70 40 1

fy 98.55 10147.13 21.80 39 1

fio 100.88 9912.77 11.10 38 1

i, 102.37 9768.49 16.20

1 103.75 9638.55 71.50 37 1

fi3 106.89 935541 11.10 36 1

fia 109.51 9131.59 22.60 35 1

fis 109.70 9115.77 21.10

fi6 112.35 8900.76  25.60 )
fi7 113.00 8849.56  95.20 34 1]
fig 115.13 8685.83 18.70

f19 116.23 8603.63 33.40 33 1

20 119.89 8340.98 21.50 32 1

o1 124.15 8054.77 85.90 31 1

o 127.53 7841.29 13.20 30 1

o3 131.29 7616.73 5.83 29 1 7
o4 132.09 7570.60 593 !
15 136.28 7337.83  60.80 28 1

fre 138.07 724270 10.78 48 2

127 141.34 7075.14  25.90 27 1

fog 142.64 7010.66  4.92 47 2

fr9 146.30 6835.27 52.99 26 1

f39 148.15 6749.92  9.58 45 2

f3; 152.30 6565.99 17.50 25 1 7
f3, 153.07 653296  5.50 l
f33 154.96 6453.28 14.80 43 2

f34 157.06 6366.99 26.10

f3s 158.05 6327.11 5.43 42 2

f36 158.93 6292.08 53.00 24 1

f37 162.18 616599  9.88 41 2

fag 165.49 6042.66 20.80 23 1

f39 167.01 5987.67 16.40 40 2

fa0 170.44 5867.17 9.88 39 2

4 172.35 5802.15 4.51 T
f4 173.08 5777.68 10.89 22 1 ]
fa3 174.55 5729.02 8.98 38 2

fa4 179.39 5574.45 8.30 37 2 7
f45 180.12 5551.85 74.60 21 1 7
fa6 180.95 5526.39  7.30 l
f47 184.53 5419.17 8.68 36 2

fag 187.00 5347.59  9.58 t 1

fa9 189.12 5287.65 36.50 20 1

fs0 189.54 527593 13.10 35 2 7
fsy 190.32 5254.31 4.11 !
fs, 195.89 510491 35.70 34 2

fs3 197.68 5058.68 22.40 19 1

Notes. The detection threshold equals 0.0167 ppt. Numbers were arbi-
trarily rounded up to two decimal places. The n values are relative to
an arbitrary zero-point n;. The last column provides an indication of
frequency multiplets. Double-lined arrows indicate missing members.

ID  Freq. [uHz] Period[s] S/IN n-n | m
fs4 201.28  4968.20 18.80 33 2
fss 207.37  4822.30  27.90 32 2
fse 208.31  4800.54 38.60 18 1
fs7 213.99  4673.12 18.20 31 2
fsg 220.58  4533.50 105.00 17 1
fso 221.38  4517.12 6.34 30 2
feo 227.73  4391.16  27.10 29 2
fe1 233.99  4273.69 7.78 16 1
fer 23594  4238.37 28.40 28 2
fe3 24442  4091.32 11.54 27 2

fos 249.12  4014.13 126.30 15 1
fes 253.81  3939.96 10.58 26 2
fee 263.58  3793.91 67.34 25 2
fe7 266.47  3752.77 237.80 14 1
feg 267.50 3738.32  50.00 t 1
feo 274.13  3647.90 5.70 T
f70 274.84  3638.48 9.52 24 2
71 286.49  3490.52 14.97 23 2
7, 287.05  3483.71 31.00 13 1

73 298.55  3349.52 4.02 22 2 1
f74 299.33  3340.79 5.36 !
175 31047  3220.92 4.40 21 2 1
f76 311.29 321244 8.28 12 1 7
f77 312.12  3203.90 4.24 !
f7g 32349  3091.29 27.30 t 2

fr9 326.72  3060.72 7.99 T
fgo 32746  3053.81 23.40 20 2
fg1 338.62  2953.16 160.40 11 1

fgr 341.63  2927.14 13.00 19 2
fg3 35194  2841.39 15.70

fga 381.13  2623.78 17.40 17 2
fgs 404.30 2473.41 7.40 16 2
fge 460.14  2173.25 0.00 14 2
fg7 487.43  2051.58 10.10 t 2
fgg 495.65  2017.55 41.40 13 2
fgg 499.99  2000.04 5.80

foo 520.07 1922.82 7.60

foq 541.62  1846.31 17.80 12 2 17
oo 544.41 1836.85 7.50 !
fo3 545.69 1832.54 7.90 10
o4 564.71 1770.82 5.25 U
fos 565.34  1768.85 10.78

foe 565.62 1767.97 5.14

fy7 597.37 1674.00 5.80

fog 598.29 1671.43 4.67

fo9 617.84 1618.54 7.67 T
f100 618.56  1616.66 9.60 )
fio1 619.33 1614.65 6.65 !
f1o2 640.16 1562.11 6.76 T
f103 64096  1560.16 6.09 !
104 690.33 1448.58 7.30

fio0s 706.67 1415.09 7.82 )
fio06 707.37 1413.69 6.25 !
fio7 729.30  1371.18 7.60 0
108 731.09 1367.82 8.30 U
f109 747.52  1337.76 11.10 T
fi10 748.38 1336.22 5.67 0
fi11 751.66 1330.39 7.60 U
fin 765.22  1306.81 9.90

fi13 77776  1285.74 7.85 0
114 779.26  1283.27 6.05 U
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ID  Freq. [uHz] Period[s] S/IN n-n, | m
fi1s 798.51 1252.33 7.10
fi16 811.04 1232.98 6.90
fi17 842.88 1186.41 6.60
fiig 844.68 1183.88 10.53 )
fi19 845.40  1182.87 8.17 )
f120 846.05 1181.96 8.62 )
121 846.75 1180.99 8.39 !
f120 847.44 1180.02 5.48 l
f123 923.86  1082.42 4.24
104 928.21 1077.34 5.48 T
125 929.56 1075.78 4.35 !
126 967.86  1033.21 7.05 T
127 968.68 1032.33 16.30 !
fiog 969.79 1031.15 6.15
129 1005.30 994.73 5.01 T
f130 1006.05 993.99 4.45 )
fi31 1006.75 993.30 4.74 !
13 1044.34 957.54 4.66 T
fi33 1045.11 956.84 5.11 !
f134 1056.94 946.13 6.10
fi35 1088.98 918.29 5.70
f136 1141.44 876.09 5.35 )
fi37 1142.14 875.55 5.57 )
fi3g 114291 874.96 9.39 !
f139 1143.74 874.32 5.24 !
f140 1199.11 833.95 5.59 n
f141 1199.81 833.47 14.97 U
fian 1200.67 832.87 8.14 )
fl43 1201.28 832.45 5.64 !
f144 1242.69 804.71 7.70
145 1259.11 794.21 7.40
fl46 1281.49 780.34 6.60
fi47 1651.02 605.69 6.70
fiag 1657.97 603.15 4.49 i
f149 1659.22 602.69 4.47 U
fis0 1682.94 594.20 7.10
fi51 1692.08 590.99 15.60 n
fi52 1693.42 590.52 7.10 U
fis3 1955.55 511.37 6.50
fis4 1988.51 502.89 11.00
fis5 2400.56 416.57 6.80
fis6 2544.30 393.04 116.00
f157 2739.15 365.08 93.50
fisg 2868.83 348.57 13.00
fis9 2882.86 346.88 30.10 i
160 2884.38 346.69 18.50 )
fi61 2885.10 346.61 8.50 !
fie2 2885.76 346.53 25.80 !
fi63 2915.44 343.00 7.90
164 2916.23 34291 73.50 )
fies 2916.89 342.83 15.50 0
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Table A.1. continued.

ID  Freq. [uHz] Period[s] S/IN n-n | m
fie6 2917.56 342.75 30.30 !
f167 3126.75 319.82 8.60
fies 3835.47 260.72  5.60 T
fi60 3836.21 260.67 0.00 l
170 3849.16 259.80  9.85 n
fi71 3850.90 259.68 15.04 )
f172 3852.26 259.59 7.47 U
f173 3865.24 25872 7.27
174 3866.46 258.63 3.98 T
fi75 3867.28 258.58  4.98 !
fi76 4090.00 24450  6.10
f177 4252.98 235.13 6.00
fi7g 4680.78 213.64 13.80 )
f179 4681.60 213.60 8.51 )
fig0 4683.96 213.49 6.00 U
fig1 4687.66 213.33 4.87
figo 4711.76 212.23 0.00
fig3 4721.22 211.81 0.00
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