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ABSTRACT

Aims. KIC 8975515 is a double-lined spectroscopic binary system with hybrid nature. Regular monitoring with the échelle spectro-
graph HERMES show that both components have matching atmospheric properties (T ~ 7400 K), and that one of them is a fast rotator
(vsini = 162 versus 32kms™"). Our aim is to study the Kepler light curve in order to determine the frequencies of the pulsations,
to search for regular spacing patterns in the Fourier spectrum, if any, and to discuss their origin in the context of binarity and fast
rotation.

Methods. In this paper, we study the properties of the stellar pulsations based on a careful analysis of the Fourier spectrum.This was
done by performing repeated frequency-search analyses with successive prewhitenings of all the significant frequencies detected in
the spectrum. Moreover, we searched for regular period spacing among the g modes as well as frequency splitting among the g and p
modes in frequency.

Results. In the low-frequency regime, one series of prograde g modes and four series of retrograde » modes, were detected. The
r modes are well-distributed with respect to the harmonics of the rotational frequency of the fast-rotating star f,, = 1.647d™'. The
dominant g mode is f, =2.37d"!. The strongest p mode is f; = 13.97 d”!. We identified two multiplets of regularly split p modes with
the mean values of 0.42d™! and 1.65d™". In addition, we also identified a few incidences of mode coupling (between f; and a g or r
mode).

Conclusions. We detected five series of retrograde r and prograde g modes as well as two multiplets of p modes with rotational
frequency splitttings related to both components of KIC 8975515. We identified the fast-rotating component as a hybrid pulsator with

r modes, and the slowly-rotating component as a § Sct pulsator.
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1. Introduction

Asteroseismology is a formidable tool in astrophysics, which
allows us to investigate the interior structure of stars based
on phenomena observed at their surface. This knowledge is
essential for a detailed understanding of both stellar structure
and stellar evolution. For y Dor and 6 Scuti variables, which
are two subgroups of classical A- and F-type pulsators, are
intriguing objects with regard to their stellar interior. They are
located at the cross section of the Cepheid instability strip and
the main sequence. The first subgroup comprises the y Dor
variables of spectral type A7-F5. They have masses, M, from
1.5 to 1.8 My and temperatures, T, from 6700 to 7400 K
(Catelan & Smith 2015). Their pulsations are mainly due to low-
degree ({ <« 4) high-radial order (20 < n < 120) gravity
(g) modes (Van Reeth et al. 2016; Saio et al. 2018), which occur
in the radiative zones close to the stellar core. The fact that
these modes are excited in the deep stellar interior provides us
with important information about the chemical gradient of the
different layers. As a result of the excited high-radial order g
modes (Shibahashi 1979; Tassoul 1980), the occurrence of devi-
ations from a uniform period spacing reveals the chemical inho-
mogeneities of the near-core convective structures (Miglio et al.
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2008). The typical period of their pulsation modes lies in the
range from 0.3 to 3 days. Studying the pulsations of y Dor stars
with intermediate to fast rotation provides information on their
differential rotation, the angular momentum transport between
the layers (e.g., Ouazzani et al. 2017; Lietal. 2019a,b), and
other physical processes from the different excitation layers.
Van Reeth et al. (2016) detected the first observational evi-
dence of r modes (global Rossby waves), alongside g modes, for
v Dor stars with significant rotation. Recently, Li et al. (2019b)
reported the detection of both r and g mode period spacing
patterns for 82 y Dor stars. In the absence of considerable
stellar rotation, toroidal motions associated with » modes can-
not provide any compression or expansion. Hence, the stellar
atmospheres neither undergo any restoring force nor any light
variations. However, in the rapidly rotating regime, the toroidal
motions get coupled with spheroidal motions and they present
themselves as temperature perturbations. Furthermore, the cou-
pling of spheroidal motions provides excitation to the r modes
by the x mechanism (e.g., DA white dwarfs in Saio 1982;
Berthomieu & Provost 1983). We note that » modes appear at
lower frequencies than the (prograde) g mode frequencies and
their period spacings form a retrograde pattern (Van Reeth et al.
2016; Saio et al. 2018; Li et al. 2019b). Saio et al. (2018) show
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that » modes of azimuthal order m appear at frequencies lower
than m times the rotational frequency.

The second subgroup, involving the § Sct variables include
intermediate-mass, pre-main sequence (Zwintz etal. 2014),
main sequence (Aertsetal. 2010), or post-main sequence
(Breger 2007) stars in the classical instability strip. They
are slightly hotter than y Dor stars with masses, M, from
1.5 to 2.5 My and temperatures, T.g, from 6900 to 8900 K.
Their pulsation periods range from 0.01d to 0.25d (15 min
to 6h) (Aerts et al. 2010; Catelan & Smith 2015). This group
pulsates in radial and nonradial, low-degree (£ = 1-3) and
low-overtone (n = 0,1,2,3,...) p modes (Aerts et al. 2010;
Séanchez Arias et al. 2017). The p modes are excited near the sur-
face and reflect the physical properties of the stellar envelope.

Based on theoretical computations, Xiong et al. (2016) show
that the ¢ Sct and the y Dor pulsators may describe a single,
larger instability strip. In the region where both theoretical
instability strips overlap, we expect to find hybrid behav-
ior (Balona & Dziembowski 2011; Xiong et al. 2016). This is
clearly seen in the observational color-magnitude diagrams, for
example, from Kepler (Bradley et al. 2015). Hybrid stars must
have both detectable g modes (in the low(er)-frequency range)
and detectable p modes (in the high(er)-frequency range) in their
Fourier spectrum.

The mode driving mechanism(s) for hybrid stars (y Dor/o
Sct or é Sct/y Dor) is not well-understood. For all the classi-
cal pulsators located in the Cepheid instability strip, for exam-
ple, the ¢ Sct stars, the x mechanism is believed to be the
major excitation mechanism (Handler 1999; Houdek et al. 1999;
Balona et al. 2015). Furthermore, turbulent pressure may also
contribute in driving p modes in ¢ Sct stars (Houdek 2000;
Antoci et al. 2014). Whereas, for y Dor stars, convective flux
blocking at the bottom of the convection zone is thought to drive
the pulsations (Guzik et al. 2000; Dupret et al. 2004, 2005). The
study by Xiong et al. (2016) shows that for the hot ¢ Sct and
v Dor stars, the (radiative) x mechanism is the main driving
force for both p and g modes, whereas, for the cool ¢ Sct and
v Dor stars, it is the coupling of convection and oscillations
that excites or damps the pulsations. The much larger instabil-
ity strip described by Xiong et al. (2016) extends well beyond
the borders of the classical instability strips of the y Dor and
the 6 Sct stars, respectively (e.g., Handler 1999; McNamara
2000; Dupret et al. 2004). Indeed, from an observational per-
spective, the width of the ¢ Sct instability strip was shown to
extend beyond the theoretical edges (Bowman & Kurtz 2018).
Murphy et al. (2019) derived a new empirical instability strip
that is much wider, and somewhat hotter, than the theoretical
ones (e.g., Handler 1999).

The detection of pulsations in binary systems not only
provides an additional tool to derive stellar parameters in
an independent way, but it is also the perfect laboratory to
check the influence of binarity (e.g., eccentricity, tidal effects
Samadi-Ghadim et al. 2018a; Guo et al. 2017, mass transfer
Mkrtichian et al. 2018, chemical peculiarities Kolbas et al. 2015,
the presence of a third body Samadi-Ghadim etal. 2010;
Gies et al. 2015, etc.) on stellar structure, stellar evolution, and
the excited oscillation modes. Based on various surveys, the
fraction of multiple systems in a population, MF, among the
intermediate-mass stars is MFllvllssf5 My 2 50% (Duchéne & Kraus
2013). Moreover, the observed frequency of spectroscopic bina-
ries among field intermediate-mass stars is in the range of
30-45% (Duchéne & Kraus 2013). Thus, we may expect that
a significant fraction of the y Dor and ¢ Sct stars resides in
binary or multiple systems. Recently more than 2200 Kepler
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main-sequence A- and F-type stars were studied using the pul-
sation timing method in search of binarity across a narrow inter-
val in (log) period allowed by the method (Murphy et al. 2018).
These authors detected a binary fraction of 13.9 +2.1% among
the studied sample. In comparison, Lampens et al. (2018) report
an extensive multiepoch spectroscopic survey of 50 Kepler
hybrid pulsators for which they derived a multiplicity fraction
of at least 27%.

Stellar pulsation studies exploiting the most precise pho-
tometric data from space missions to date, such as CoRoT
(Baglin et al. 2006), Kepler (K2; Koch et al. 2010), and TESS
(Ricker et al. 2015), have become very fruitful as these mis-
sions provide light curves of unprecedented accuracy with
errors on the order of a few umag (i.e., few parts per mil-
lion). These space missions allowed for the detection of sev-
eral hundreds of hybrid y Dor-d Sct pulsators exhibiting both
types of modes simultaneously, albeit with very low ampli-
tudes. For a detailed historical review of the discoveries, we
refer to Qianetal. (2019). We briefly review a few exten-
sive studies concerning systems with hybrid pulsations here.
Examples of such studies are: KIC4544587, an eccentric
eclipsing binary system with an orbital period Py =2.19 days
(Hambleton et al. 2013); KIC 10080943, a double-lined spec-
troscopic binary with Py =15.34days (Schmid et al. 2015;
Keen et al. 2015); KIC 9592855, a post-mass-transfer eclipsing
binary with Py, =1.2days (Guo et al. 2017); KIC4150611, a
quintuplet system where the primary is a triplet (Hetminiak et al.
2017); and KIC 6048106, an Algol-type eclipsing binary with
Pov, = 1.56days (Lee 2016; Samadi-Ghadim et al. 2018a,b). In
addition, Derekas et al. (2019) discovered the double-lined spec-
troscopic binary KIC 5709664, by using the phase modulation
(PM) method (Murphy et al. 2014) and the fitting of radial veloc-
ity data, with both r- and p-modes.

In this paper, we focus our attention on a Kepler (can-
didate) hybrid pulsating star recently discovered as a double-
lined, long-period, high mass-ratio, spectroscopic binary system
(SB2), KIC 8975515. Our goal is to detect the pulsation fre-
quencies and to characterize the pulsations using the photomet-
ric Kepler data. The properties of the Kepler light curves are
described in Sect. 2. We describe our methodology for the pul-
sation study in Sect. 3. The details and results of the frequency
analyses for both the high- and the low-frequency regions are
presented in Sect. 4. We discuss all the results brought together
in Sect. 5. Finally, in Sect. 6, we present a summary and our main
conclusions.

2. Photometric observations from the Kepler
mission

KIC 8975515, a bright Kepler object with K, =9.515 mag, was
observed during the quarters Q0—Q17 in long-cadence mode
(LC with a sampling of 29.42 min). There are four months of
observations in short-cadence (SC) mode that are available with
a sampling of 58.85s from the quarters Q2.3, Q5.1, Q5.2, and
Q5.3. Altogether, 1470.46 days (f,es = 0.00068 d~")! of LC and
121.79d of SC (fres = 0.00821d™") data are available. For the
light curves, we took the Kepler original flux and its error for
all quarters from the Kepler Asteroseismic Science Operations
Centre (KASOC). We first converted the flux to magnitude and
then applied a polynomial fit to each quarter. The fit was then
subtracted from the original data in order to smooth the trends
in each quarter. We finally concatenated the light curves of all

! The frequency resolution equals (time span of the observations)™.
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Fig. 1. Close-up view of the light variations of KIC 8975515. The verti-
cal axis displays the relative magnitude (mag), while the horizontal axis
displays the Barycentric Kepler Julian Date (BKJD = BJD —2454833.0)
in days. Panel a: an 11 day interval of the long-cadence (LC) light curve
from Q6. Panel b: same time interval of the short-cadence (SC) light
curve.

quarters and removed the outliers manually. The “detrended”
light curve in LC mode was used for this pulsation study.

A close-up view of the light variations of KIC 8975515 is
shown in Fig. 1 for both LC and SC sampling modes. The rel-
ative magnitude varies with a semi-amplitude of 1 mmag on
average.

KIC 8975515 was first studied and reported as an A- and F-
type hybrid star by Uytterhoeven et al. (2011). We list the infor-
mation available from the Kepler input catalog in Table 1, which
as derived with the assumption of single star. Moreover, Gaia
DR2 (Gaia Collaboration 2018a,b) measured a parallax of @ =
2.506+0.0387 mas for this target. The projected rotational veloc-
ities are those from Lampens et al. (2018). The orbital parame-
ters, such as Py, the eccentricity, e, and the mass ratio, g, (the
ratio of ap sini (Table 11) as well as a; sini (Table 8) reported
by Lampens et al. 2018) showing that g ~ 0.8 indicate that the
system consists of two stars of an almost similar mass in a long-
period, eccentric orbit. The updated values in Table 1 are from
Lampens et al. (priv. comm.).

3. Methodology of the pulsation study

Our approach is based on the Lomb-Scargle periodogram (Lomb
1976; Scargle 1982). We calculated the periodogram of the
observed light curves up to the Nyquist frequency (both LC and
SC samplings with fyy,. = 24.65d7! and fyy, = 734.07d7)).
The signal-to-noise ratio (S/N) of each frequency was calcu-
lated in a box-size of 2d~!. The prewhitening method is from
Vanicek (1971). We consider a frequency to be significant only
if S/N > 4, based on the criterion of Breger etal. (1993).
For detailed information on the frequency analysis and the
prewhitening methods, along with the error determination, see
Samadi-Ghadim et al. (2018a). We consider two frequencies to
be resolved if their difference is larger than the resolution fre-
quency, fies = 1/T, which is 0.00068 d~! for the LC light curve.
This procedure has provided us with a list of prewhitened fre-
quencies of an acceptable S/N and amplitude. We refer to them
as “significant” frequencies and we check the possible origin
(whether they can be due to pulsations or caused by some other
mechanism). During the frequency analysis, we also checked
whether any significant frequency is a linear combination of the
previous frequencies of the highest S/N and larger amplitudes

Table 1. Information on KIC 8975515 from surveys and databases.

Survey Target ID
Kepler KIC 8975515
2MASS J19534557+4513092
TYC 3558-2169-1
Gaia 2079403021883452288
KIC @

Parameter Value
RA +19M:53™m:45.5766°
Dec +45°:13":9.274"”
LC Q0-Q17
SC Q2.3,Q5.1,52,53
BID, (LC)(d) 2454953.5385
Kmag (mag) 9.515
Terr (K) 7176
log g (cgs) 3.896
R (Ro) 2.197

Gaia DR2 @
@ (mas) 2.506 +0.0387
mg @ (mag) 9.447
Ter (K) 7157

Spectroscopy @

Parameter Primary Secondary
vsini (kms™) 162 +£2 32+1
Ter (K) 7440 +250 © 7380 + 250
Parameter Value © Uncertainty
Porp (d) 1603 9
e 0.408 0.015
q 0.83 0.05

Notes. ("From Kepler input catalog (based on five-band photometry
plus the J, H, and K bands from the 2MASS survey) considering that
the object is a single star); ®Gaia Collaboration (2018a,b); ®mean
G-band magnitude; ®Lampens et al. (2018); ©the uncertainty was esti-
mated from a partial comparison of effective temperatures measured
with those from the literature (Lampens et al. 2018, Fig. 7); ®Lampens
et al. (in prep.).

(i.e., having a larger than mean S/N and a mean amplitude of the
previously prewhitened g modes).

According to asymptotic theory of stellar pulsations
(Shibahashi 1979; Tassoul 1980), regular period spacing may
occur for the high-radial order g modes, n > [, in which n and ¢
are the radial order and the degree of the mode, respectively. In
contrast, for the p modes, regular splitting may occur because of
the rotation. For genuine hybrid stars, we can expect to see these
regularities in the period and frequency domains for the g modes
and in the frequency domain for the p modes. The regular period
spacings, for the g and p modes, can be affected by rotation or
chemical inhomogeneties (Bouabid et al. 2013; Li et al. 2019b).

4. Frequency analysis

Figure 2 shows the Fourier spectrum both for the LC and SC
Kepler light curves. The full Fourier spectrum is shown in pink,
while the significant frequencies are presented in black. In the
case of SC observations, the illustration (panel b in Fig. 2)
shows a close-up view of the frequency range (0—25d~") where
some significant frequencies show up. Clearly, both LC and SC
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Fig. 2. Fourier spectrum of KIC 8975515 (pink). Panel a: frequency spectrum associated with LC observations (pink) and the significant frequen-
cies with S/N > 4.0 in a box size of 2d™! (black). Panel b: same as (a) but for the SC observations (referring to the quarters Q2.3 as well as Q5.1,
5.2, and 5.3). There is no significant frequency between 25 and 50 d~! and we clipped it off from the illustration.

frequency spectra present almost the same features. For the cur-
rent study, we used the LC light curve with the longest time
base. The list of detected significant frequencies is presented
in Table A.2. It is sorted according to decreasing amplitude. In
total, we resolved 331 frequencies.

Interestingly, we can see that the dominant modes pertain to
both the low- and the high-frequency regions. Indeed, the domi-
nant frequency in the high-frequency region, f; = 13.97236 +
0.00001d~!, has an amplitude of A; = 268 + 5umag, while
the most significant frequency in the g mode region, f, =
2.37418 + 0.00001d~!, occurs with a very similar amplitude,
Ay =265 + 5 umag.

Next, we searched for the frequencies that are combinations
of the most significant frequencies, that is, “parent” frequen-
cies. The parent frequencies were chosen among low-frequency
modes up to 3.3d”! and both have an amplitude and S/N that
are higher than the corresponding mean values (i.e., Apean =
13umag and S/Npean = 14.9) of the detected frequencies.
Accordingly, we selected 24 frequencies as parent frequencies.
Furthermore, we searched for the combination of 13.97 d~! with
any low-frequency mode to reveal the high frequencies which
might appear as the coupling of f; and g modes. This can help to
detect low- and high-frequency modes originating from the same
star. Generally, a combination frequency has a smaller amplitude
than that of both parent frequencies and the difference between
this linear combination (of the parent frequencies) and the can-
didate combination frequency should match within a tolerance
of the resolution frequency (e.g., Zhang et al. 2018). The results
are reported in Table A.2 and we indicate the parent frequen-
cies with a check mark under the column “P”. The subscript
“*” means that the detected frequency is not a unique combi-
nation of parent frequencies. Moreover, the frequencies that are
a possible harmonic of any parent frequency are also reported in
Table A.2.

4.1. The high-frequency region

A quick look at Fig. 2 and a close-up view of the high-frequency
section of Fig. 3b shows that the p modes are very sparsely dis-
tributed and extend to 22d~!, unlike the distribution of the g
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modes (Sect. 4.2). The significant frequencies have amplitudes
ranging from A = 1 to 268 umag.

Because of nonlinear effects, the combination of the g
modes, f,, and the dominant p mode (f,,, ) may generate some
coupled frequency peaks in the form of f, =+ f, (Kurtz et al.
2014). We found f303 (11.96 d™!) to be a combination of f; and
fis (2.79d7"), which is a prograde g mode. On the other hand
frgs (12.29d7") is a combination of f; and fig, which is a ret-
rograde mode. Similarly fo; (10.59d™") is a combination of f;
with another retrograde mode (f35). We refer to these frequen-
cies with “MC” in Table A.2. We ran a Monte Carlo simulation
and found that each combination has about 2% probability of
occurring by random chance.

We detected two different types of multiplets: doublets and
triplets with the (semi-)regular frequency spacing of Afiean, =
0.419 + 0.020d™! (magenta in Fig. 3) and A fiean, = 1.654 =
0.018d"! (blue in Fig. 3), located on either side of f;, though not
involving f;. The quoted error is the standard deviation. Table 2
lists the associated frequencies in d™! and the Af value between

each couple of them where exs equals ,/ej%] + ejzcz. Figure 3,

presents the associated frequencies (lower panel) and their Af
values (upper panel), which are distinguishable by two dif-
ferent colors and symbols, respectively. We detected one fre-
quency in the g mode region faoo (1.6467 +0.0001 d~'), which is
equal to the larger frequency splitting within the errors (1.654 +
0.018d™"). However, there are other groups of frequencies in the
interval (6.72 to 8.63d™") that are either a combination of pro-
grade g modes (fis¢, f262) Or a combination of prograde g and ret-
rograde r modes (fi4s, f23, and frg1). We suggest that the larger
frequency splitting is related to the fast rotating companion and
the smaller one is related to the slowly rotating one. We present
arguments in favor of this in Sect. 5.

We present the échelle diagram (Fig. 4) for all the significant
high frequencies, using the large mean frequency splitting from
Table 2. Panel a in Fig. 4 shows the frequency modulo of the
mean frequency splitting associated with the slowly rotating star
fior = 0.419d7". Similarly in panel b, we show the modes with
detected regular splittings versus modulo f,,; = 1.654d~", which
we associated to the fast-rotating star.
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Fig. 3. Regular frequency spacing for p modes. Panels al, a2: frequency splittings and their deviation from mean frequency splitting (Table 2).
Panels b1, b2: associated frequencies of the detected multiplets of significant frequencies (black) and the full frequency spectrum (pink).

Table 2. p modes with (quasi-)regular frequency splitting in the Fourier spectrum of KIC 8975515 (Fig. 3).

fi fte A I1 Af + eprr S/N Color Comment
d! {mag d d! Fig. 3b
fro1 7.24786 +0.00026 1.63 0.13797 6 ° SR
fro9  7.65563 +0.00026 1.75 0.13062 0.4078 +0.0004 7 ° SR
fr04  8.10046 +0.00027 1.56 0.12345 0.4448 + 0.0004 6 ° SR
fors 9.42582 +0.00029 2.23 0.10609 11 ° SR
fro8 9.81926 +0.00030 1.51 0.10184 0.3934 + 0.0004 7 ° SR
fite  10.16604 +0.00015 8.08 0.09837 31 ° SR
fos  10.59499 +0.00013 9.72 0.09438 0.4289 +0.0002 30 ° SR
fs1 11.04825 +0.00009  14.65 0.09051 0.4532 +0.0001 30 ° SR
fr2  15.05250+£0.00006 22.82 0.06643 30 ° SR
fo 15.51470 +£0.00003  68.71 0.06446 0.46219 +0.00006 77 ° SR
Jas 15.94343 + 0.00008 16.27 0.06272 0.42873 +£0.00009 30 ° SR
flos  16.32732 +0.00022 5.00 0.06125 0.3839 + 0.0002 27 ° SR
fro6 19.35654 +0.00036 1.16 0.05166 6 ° SR
fisa  19.80269 +0.00022 5.28 0.05050 0.4461 +0.0004 31 ° SR
fi27 20.23788 +£0.00017 7.31 0.04941 0.4352 +0.0003 30 ° SR
Afmean £ A 0.419 +0.020
fr3 11.95624 +0.00030 1.60 0.08364 7 ] FR
fr20  13.58882 +0.00036 1.27 0.07359 1.6326 +0.0005 7 [ FR
fo 16.07633 £ 0.00002 128.14 0.06220 76 [ | FR
fi 17.73452 +0.00002 84.42 0.05639 1.65819 +0.00003 77 ] FR
fros 19.38475 +£0.00039 1.55 0.05159 1.6502 + 0.0004 9 [ FR
f1 19.48475 £0.00037 1.42 0.05132 8 ] FR
fra9  21.16071 £0.00027 3.00 0.04726 1.6759 + 0.0005 19 ] FR
Afmean £ A 1.654 +0.018

Notes. SR and FR: detected p modes are most probably associated with a slowly-rotating and fast-rotating star. We note that e, is ,/efl + efz and

o 1s the standard deviation.

4.2. The low-frequency region

We carefully investigated the period spectrum in search of any
regular period spacing pattern. The upper panel in Fig. 5 shows
different patterns of period spacing Al that are either prograde
(blue squares) or retrograde (green triangles and cyan circles).

Their associated periods and frequencies with similar colors are
illustrated in the middle and lower panels, respectively. The
period spacings and their deviation from the mean value, €,
are reported in Tables 3 and A.l. For the prograde pattern in
the frequency interval (2.19 to 2.90)d™!, AIl decreases from
577 to 97 s with an increasing period. Its mean period spacing
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Fig. 4. Echelle diagram of p modes with (quasi-)regular frequency
spacing from the Fourier spectrum of KIC 8975515 (Table 2). Sym-
bol size refers to the amplitude of the p modes. Color coding and
symbols are similar to Fig. 3. The symbol size is associated with the
mode amplitudes. Panel a: frequency modulo of the mean rotational fre-
quency spacing value associated with the slowly-rotating star, 0.419 d™!
(magenta circles), was plotted twice. Panel b: frequency modulo of
the mean rotational frequency spacing value associated with the fast-
rotating star, 1.654 d~! (blue squares), was plotted twice.

equals Allypean, = 264 + 132s; the error is the standard devi-
ation. There are several frequencies that are a combination of
parent prograde g modes and they do indeed fit in the pattern
very well e.g., in the interval (2.40 to 2.47) d~!. In addition, in
the frequency interval (2.68 to 2.70)d~!, we detected a group of
frequencies of much lower Allyqn, = 73+ 13 s that are well sep-
arated from the precited prograde pattern. We show them with
magenta diamonds in Fig. 5 (for the frequencies see Table 3).
The retrograde modes in the frequency interval (3.24 to 4.79)d™!
have Allean, = 226 + 137 s (cyan circles in Fig. 5). However,
some of these modes (in Table A.1) are also combinations of pro-
grade g modes (Saio et al. 2018). These combinations are listed
in Table A.2. For these modes, AII increases from 20 to 491s
with an increasing period. The second group of retrograde modes
was detected in the range of (1.66 to 2.15) d-! (Fig. 5). Though
the lower periods show a decreasing period spacing, we consider
them to be part of the same group as discussed in Sect. 5. The
list of frequencies and their period spacing values are reported in
Table A.1. We note that AIl in this pattern first decreases from
268 to 123 s and then increases from 28 to 565 s and its overall
average 1S Allpean, = 162 + 130s. Similar to previous groups
of retrograde modes some of these modes are also a combina-
tion of prograde g modes (Table A.2). Furthermore, we detected
two more period spacing patterns (retrograde see Sect. 5) with
a smaller number of detected modes than other detected modes.
These modes are in the frequency intervals of (1.58 to 1.64)d™!
and (5.82 to 6.18)d™". They are illustrated with olive green
pluses and orange stars, respectively, in Fig. 5. Their AII values
and errors are reported in Table A.1. Their average period spac-
ing values are Allyean, = 272 +45s and Alljyean, = 148 £ 6555,
respectively. We suggest that all detected group of modes except
the prograde g modes are r modes that are excited because of
the fast rotation. We discuss this in detail in Sect. 5. However,
several frequencies occur at very low frequencies in the intervals
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(0.1 and 0.95)d" and (1.25 to 1.55)d"!. These modes are either
a linear combination of prograde g modes (nfy, — mf,,, n,m =
1,2, and (i, j) as index of the g modes) or prograde g modes and
retrograde r modes f3, fo4, and f35 (fy, — f,» i, and j represent the
g and r modes). Furthermore, a few frequencies are lower than
0.1d7". There are also a few significant frequencies in the fre-
quency interval (4.96 to 5.82)d~!. These frequencies are either
a combination of prograde g modes (nfy, + mf,,) or a combina-
tion of prograde g and » modes (af,, + bfr,. and a,b = 1,2). The
combinations are listed in Table A.2.

5. Discussion
5.1. The high-frequency modes

In the region (7 to 23.5) d™!, we detected two kinds of multiplets
that occur at both sides of the dominant frequency f; (13.97d™"),
with frequency spacings A fyean = 1.65 and 0.42d"!. Both regu-
lar patterns, which appear in the form of doublets and triplets, are
not perfectly symmetrical which could be indicative of second-
order rotational effects (Saio 1981). To the first-order approxi-
mation, we have (Saio et al. 2015):

1
(Prot) = m(l - Cn,{‘)

where C,, is the Ledoux constant (Ledoux 1951). For the p
modes, the Ledoux constant Cy ¢ is zero, and the rotation period
is not related to the mode degree ¢. Consequently, the rotation
period that corresponds to the 1.65d™! and 0.42d~! splitting
equals Py, = 0.604d and Py, = 2.385d, respectively. We note
that fogo (1.647 +£0.0001 d~') might be the rotation frequency of
the fast-rotating star. The R value in Table 1 was obtained from
blended photometry; however, we know that both components
have similar atmospheric properties, thus we may consider the
value as a reasonable estimate for each component of the sys-
tem. If we consider the radius R = 2.197 R, as an estimation
of the radius for one of the components, we obtain equatorial
velocities of Veq ~ 182kms™" and ~46kms™" and i, ~ 63° and
~44° for the fast- and slowly-rotating stars, based on 1.65d~!
and 0.42d~" splittings, respectively. The consistency between
the spectroscopic projected rotational velocity and the one esti-
mated from A fi,ean indicates that both components of the system
may have p modes that are excited.

The three identified combinations of f; with either one of
the prograde g modes or one of the retrograde r modes (mode
couplings) suggest that fj, the prograde g, and the retrograde r
modes are excited in the fast-rotating component. Furthermore,
fi is the most dominant frequency and a singlet in the p mode
region.

The échelle diagram of the detected p modes that belong to
regular patterns shows that the ridges including the modes with
different regular frequency splittings (0.42 and 1.65d7") cross
each other. This fact reveals that these modes originate from dif-
ferent companion stars (e.g., Li et al. 2018).

ey

5.2. Regular period spacings of the g modes

Figure 5 illustrates that the excited low-frequency modes include
both prograde and retrograde modes. According to Saio et al.
(2018) (Sect. 1), we may expect the r modes to appear as groups
of low-frequency modes at frequencies that are slightly lower
than m times the rotational frequency, m f;o, for intermediate to
fast-rotating stars. For KIC 8975515, we indeed found a close
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Fig. 5. Panel a: period spacing patterns for » and g modes on the period spectrum of KIC 8975515 (LC). Panel b: associated frequencies for the
detected g and r modes in panel a (Tables 3 and A.1) are shown with pointed-lines in the same color in panel a. The frequencies in black are the
significant modes and the full periodogram of KIC 8975515 is plotted in light pink.

connection between the identified retrograde modes and the reg-
ular frequency spacing Afiean, = 1.654 +0.018d~! detected in
the high-frequency region. The same conclusion holds for the
two small series of frequencies with few modes (the stars and
pluses in Fig. 5). The retrograde modes that appear are in distinct
period and frequency regions, which are separated by the har-
monics with respect to the harmonics of the (large) rotation fre-
quency (f00 = 1.647 +0.0001 d™!). Hence, we associated these
modes to » modes and assigned an azimuthal order m to them
according to their position with respect to the type ﬁ bound-
aries. For instance, the r modes that are excited at the frequen-
cies lower than 1.65d~! (from 1.54 to 1.64 d~') were assigned to
m = 1, and m = 3 r modes appear up to the period limit ﬁ from
(3.35 to 4.94)d~'. However, a few modes with a period spacing
(73 £ 13 s) that is much lower than all other detections are not
located in an expected region following such an interpretation.
Thus, we cannot determine their origin and we did not detect
any of them to be in regularly split patterns that could be asso-
ciated to the rotational frequency of either component (or one of
the components).

As expected from the models (e.g., Saio et al. 2018), the odd
and even r modes display different structures. For example, for
r modes m = 3, the period spacing first increases from 71 s to
2155 and then decreases steeply to 69 s (periods from 0.216 to
0.223 d). In the immediately following period interval, the ret-
rograde pattern starts with AP values increasing from 225 up
to 491 s. However, no modes were detected beyond this range
as evidence of the (expected) steep decrease of AP close to the
period limit ( ﬁ). Beyond this period limit, the series of pro-
grade g modes (m = —2) appear. In conclusion, we show that
an overwhelming majority of the detected low-frequency modes
are located in period intervals, which are largely delimited by

integer multiples of the rotation frequency of the fast-rotating
star. This observational fact supports the conclusion that these r
and g modes have the same origin as the series of p modes with
Afmean = 1.65 d-!, that is, they originate from the fast-rotating
companion star.

6. Summary

We analyzed a four-year long dataset observed in long-cadence
mode by the Kepler mission in order to study the pulsations
of KIC8975515. This target consists of a fast-rotating and a
slowly-rotating companion star (i.e., vsini of 162+2kms™!
and 32 + 1 kms™!) of otherwise similar masses and atmospheric
properties. They form a SB2 system in a long-period and eccen-
tric orbit. Binarity in combination with fast rotation of one of the
companions along with hybrid pulsations makes this object of
high asteroseismic interest.

The detailed pulsation analysis shows that the most domi-
nant modes in the low- and high-frequency regime have about
the same power. Concerning the low-frequency region of the fre-
quency spectrum, the significant pulsation frequencies occur in
the range of 1.58—6.18 d~'. We detected five regular period spac-
ing patterns in this regime including a series of prograde g modes
and four series of » modes (m=1, 2, 3, and 4), which are well
located in the frequency intervals delimited by the harmonics of
the rotational frequency for the fast-rotating star.

We detected two types of combination frequencies in the
lower-frequency region, which are either a combination of pro-
grade g modes or a combination of a g and an r mode. Both types
appear at frequencies that are lower than m =1 up to 0.1d~" and
in between the m=3 and m =4 r modes. Some combinations
also appear in the intermediate range from 6.72 to 8.63d™!. Con-
cerning the high-frequency regime, the most dominant p mode
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Table 3. Detected g modes in the Fourier spectrum of KIC 8975515 (long-cadence observations).

fi fre A 11 Allxexn  S/N Color Comment
d-! umag d S Fig. 5
f37 2.89346 +£0.00006 20.83 0.34561 31 [ FR; m = =27
fsz 2.83861 +0.00008 9.61 0.35229 577+312 15 ] FR; m = =2?
fos  2.78938 £0.00003  51.37 0.35850 537272 30 [ FR; m = =27
fsa  2.63465 +£0.00006 14.21 0.37956 19 [ | FR; m = =27
fiaz 2.60372 +0.00009 6.69 0.38407 390+124 10 ] FR; m = =27
Sfao  2.57491 £0.00005  16.79 0.38836 371 +106 22 [ FR; m = =27
fis7  2.54831+0.00010  6.18 0.39242 35085 9 [ | FR; m = =27
fa 2.52345 +0.00001 213.96 0.39628 334+ 69 70 [ | FR; m = =27
fn 2.47839+0.00007 11.37 0.40349 13 [ FR; m = =27
S 2.45825+0.00005 14.90 0.40679 286 +22 15 [ | FR; m = -2?
flae  2.43813 +0.00009 6.69 0.41015 290 + 26 9 ] FR; m = -2?
fis2 242171 £0.00009 6.43 0.41293 240 £ 24 9 [ FR; m = =27
fiaz 2.40690 + 0.00009 6.77 0.41547 220+ 44 9 [ | FR; m = =27
fisgz  2.38873+£0.00010  5.34 0.41863 8 [ ] FR; m = =27
A 2.37418 +£0.00001  264.99 0.42120 222 +44 77 [ FR; m = =27
fiao  2.32178 +£0.00008 6.93 0.43070 9 [ | FR; m = =27
S5 2.31022 +£0.00001  219.12 0.43286 186 +79 79 [ | FR; m = =27
fizo  2.29919 £ 0.00008 7.23 0.43494 179 £ 86 9 [ FR; m = =27
fiz 2.28902 +£0.00003 41.86 0.43687 167 =98 31 [ | FR; m = =27
f19 227908 £0.00010  4.30 0.43877 164 + 101 6 [ ] FR; m = =27
frs  2.26457+0.00004 28.55 0.44158 27 [ FR; m = =27
fs 2.25761 +£0.00001 194.15 0.44295 118+147 80 [ | FR; m = =27
S50 2.23396+£0.00005 14.84 0.44763 15 [ ] FR; m = =27
I3 2.22490 +0.00002  70.43 0.44946 157+108 30 [ FR; m = =27
fir 221884 +£0.00002  65.65 0.45069 30 [ | FR; m = =27
fioz  2.21165 +0.00007 8.82 0.45215 127137 11 [ ] FR; m = -2?
f31 2.19728 £0.00004  23.44 0.45511 22 [ FR; m = =27
Sfioo  2.19179 +0.00007 8.77 0.45625 97 + 167 10 [ | FR; m = =27
Alljean £ 07 264 +£132

f37 2.70471+£0.00012 3.63 0.36972 7 ¢ ?

foa  2.69696 +0.00012  4.72 0.37079 92+ 18 9 ¢ ?

frog  2.69193+£0.00012 391 0.37148 60+ 13 7 ¢ ?

2 2.68620+0.00004 34.90 0.37227 68«5 30 ¢ ?

Allean + A 73+13

Notes. FR suggests that the suggested origin of the modes is the fast-rotating star (vsini = 162kms™").

fi (i.e., 13.97d7") appears as a singlet between two groups of
regularly split modes (20 modes between 7.24 and 21.17d7")
with Af;o; equal to 0.419 +0.020d~! and 1.656 +0.018 d~!.

We interpreted both groups of p modes to be multiplets of
rotationally split p modes since their mean frequency spacings
are in agreement with the estimated rotation velocity of each

component. In addition, we detected the presence of the low fre-
quency frgo = 1.647 +0.001 d~! whose value clearly agrees with
the largest mean frequency spacing supporting the interpretation
that it represents the rotation frequency of the fast-rotating star.
Furthermore, we identified three combinations of f; with either
one of the prograde g modes or one of the retrograde r modes,
among the p modes. This indicates that f; has the same origin
as the prograde g and the retrograde r modes, that is, they all
originate from the fast-rotating component. Finally, the échelle
diagram of all the detected p mode frequencies versus each one
of the mean spacings reveals that the modes associated with the
different multiplets are located along crossing ridges, thus each
multiplet comes from a different companion star. Once all of
these conclusions are put together, along with the fact that the
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regions where the r and g modes appear as distinct groups with
respect to the harmonics of the detected (fast) rotation frequency
(f200), show that we can identify the origin of most of the modes
detected in KIC 8975515.

In summary, we propose, on the basis of the presented study,
that the fast-rotating component is a hybrid (y Dor — ¢ Sct) pul-
sator, which also shows r modes of azimuthal order m=1, 2, 3,
and 4, which are naturally excited because of the fast rotation.
Whereas the slow-rotating companion is a ¢ Sct pulsator with
regularly (rotationally) split p modes.
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Appendix A: Additional tables

Table A.1. Detected r modes in the Fourier spectrum of KIC 8975515, which are located at lower frequencies equal to two and three times
(m = 1,2, 3) the observational rotational frequency f, = 1.65d™! (Fig. 3 and Table 2) associated with the fast-rotating star (vsini = 162kms™").

fi fxe A 11 All+exn S/N  Color Comment
d! umag d s Fig. 5
fs7 1.63391 +0.00006  13.63 0.61203 15 FR,m=1
Joa 1.62692 +0.00004  29.96 0.61466 227 +45 31 FR,m=1
fizs  1.59456 +£0.00009 7.14 0.62713 11 FR,m=1
Sfiiz 1.58529+0.00008  8.57 0.63080 317 +45 12 FR,m=1
Allpean £ 04 272 £45
fize  2.14759+£0.00008  7.31 0.46564 9 A FR,m=2
fior  2.13337+0.00007  9.10 0.46874 268 + 88 10 A FR,m =2
fios  2.12180+0.00007  9.01 0.47130 221 +40 10 A FR,m=2
fizo  2.11381+0.00008  7.80 0.47308 154 + 26 9 A FR,m=2
foz  2.10223 +£0.00007  9.78 0.47569 11 A FR,m=2
fioz  2.09705 +0.00007  9.08 0.47686 101 +£79 11 A FR,m=2
fior 2.07472+0.00009 4.84 0.48199 6 A FR,m=2
fiso  2.08089 +£0.00009  5.09 0.48056 123 +£57 7 A FR,m=2
fia  2.01581+0.00002 55.08 0.49608 30 A FR,m =2
fi 2.01453 +£0.00003  36.98 0.49639 27+ 135 31 A FR,m=2
fieo  2.01162+£0.00009 5.74 0.49711 62+ 100 8 A FR,m=2
fies  2.00579 +=0.00009  5.87 0.49856 125 +37 8 A FR,m =2
fro 1.99527 +0.00006  11.55 0.50119 12 A FR,m=2
fs2 1.99395 +0.00005 14.63 0.50152 28 +152 13 A FR,m=2
Jo4 1.99256 + 0.00006  12.47 0.50187 30+150 13 A FR,m =2
Jeo 1.99033 +0.00006 11.77 0.50243 49 + 131 13 A FR,m=2
Jos 1.98707 +£0.00006 12.43 0.50325 12 A FR,m=2
finn - 1.97919+0.00007  8.68 0.50526 173 +7 11 A FR,m=2
Jor 1.97265 +0.00007  9.50 0.50693 145 + 36 11 A FR,m=2
fizz 1.96789 +£0.00008  7.15 0.50816 106 +74 9 A FR,m=2
fizo 193403 +0.00009  5.67 0.51705 8 A FR,m =2
fioo  1.92603 +£0.00009 4.82 0.51920 186+ 6 6 A FR,m=2
7 1.75720+0.00010 4.04 0.56909 6 A FR,m=2
fiss  1.75012+0.00010  5.15 0.57139 199 + 18 8 A FR,m=2
Sioo  1.69309 +0.00007  9.25 0.59064 355+75 12 A FR,m=2
fis 1.68141 +0.00003  40.58 0.59474 30 A FR,m=2
f35 1.66312 +0.00005 21.41 0.60128 565 +385 27 A FR,m=2

Alljyean = 0A 162 + 130

Notes. FR denotes that the mode originality is from the fast-rotating star. The determined azimuthal order m is based on f; node = #for- The color
coding and symbols are similar to Fig. 5. Furthermore, €,y is the propagation error of Alljean-
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Table A.1. continued.

fi fxe A I1 All+exn  S/N  Color Comment
d! pmag d S Fig. 5
Jos  3.24975+0.00009  9.60 0.30772 22 ° FR;m =3
fous  3.19086 £0.00016  3.15 0.31340 491 +265 8 ° FR;m=3
fre  3.34565+0.00005 26.76 0.29890 30 ° FR,m =3
fus 339771 +£0.00016  3.30 0.29432 396+ 170 8 ° FR,m =3
Jf230 3.53266+0.00016  3.41 0.28307 468 + 242 9 ° FR,m =3
frs7 3.60157+£0.00015  2.77 0.27766 6 . FR,m =3
fng 3.65986+0.00017 3.42 0.27323 382+ 156 9 ° FR,m =3
Jrea  3.89928 £0.00016  2.55 0.25646 6 ° FR,m =3
frer  3.94425+0.00017  2.49 0.25353 253 +27 6 ° FR,m =3
fna 397494 +0.00015 4.22 0.25158 169 + 57 11 ° FR,m =3
fr7 4.03130+0.00005 25.12 0.24806 304 +78 30 ° FR,m =3
fres  4.09437+0.00017  2.51 0.24424 330+ 104 6 ° FR,m =3
frsa  4.13855+0.00018  2.84 0.24163 225+ 14 8 ° FR,m =3
fioa 446643 £0.00012  9.03 0.22389 25 ° FR,m =3
fres  4.48252+0.00020 2.52 0.22309 69 + 156 7 ° FR,m =3
fzo  4.53511+£0.00017 3.86 0.22050 223+2 12 ° FR,m=3
3 456792 +£0.00019  2.26 0.21892 137+ 89 6 ° FR,m =3
foz2 4.62042+0.00017  3.78 0.21643 21511 11 ° FR,m =3
frso  4.66278 £0.00020 2.94 0.21446 170+ 56 9 o FR,m=3
frs3 4.72084 +£0.00019  2.85 0.21183 228 +2 8 ° FR,m =3
fizo  4.74841 £0.00012  6.94 0.21060 106 120 19 ° FR,m =3
frie 476692 +0.00019  2.23 0.20978 71+ 155 6 ° FR,m=3
fa36 477578 £0.00018  3.67 0.20939 34+192 12 ° FR,m =3
foo1 4.78114+0.00017  4.29 0.20916 20+205 13 ° FR,m =3
Alljpean £ 0a 226 £ 137
fro3  6.17774 £0.00014  6.14 0.16187 22 FR,m =4
fro3  6.27130+0.00023  1.83 0.15946 209 + 60 6 * FR,m =4
1 6.34149 £ 0.00025  2.31 0.15769 153 +4 9 * FR,m =4
fro3 642793 +0.00023  1.82 0.15557 183 +35 6 FR,m =4
fer  5.74977+0.00022  2.66 0.17392 9 * FR,m =4
frg7 5.75903 £0.00021  1.97 0.17364 24+ 124 6 * FR,m =4
foo  5.82624+£0.00022 1.92 0.17164 173 +£25 6 FR,m =4
Alljyean £ 0a 148 £65
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