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ABSTRACT

Detecting and understanding rotation in stellar interiors is nowadays one of the unsolved problems in stellar physics.
Asteroseismology has been able to provide insights on rotation for the Sun, solar-like stars, and compact objects like white
dwarfs. However, this is still very difficult for intermediate-mass stars. These stars are moderate-to-rapid rotators. Rotation splits
and shifts the oscillation modes, which makes the oscillation spectrum more complex and harder to interpret. Here we study the
oscillation patterns of a sample of benchmark § Sct stars belonging to eclipsing binary systems with the objective of finding the
frequency spacing related to the rotational splitting (§r). For this task, we combine three techniques: the Fourier transform, the
autocorrelation function, and the histogram of frequency differences. The last two showed a similar behaviour. For most of the
stars, it was necessary to determine the large separation (Av) prior to spot §r. This is the first time we may clearly state that
one of the periodicities present in the p modes oscillation spectra of § Sct stars corresponds to the rotational splitting. This is
true independent of the stellar rotation rate. These promising results pave the way to finding a robust methodology to determine
rotational splittings from the oscillation spectra of § Sct stars and, thus, understanding the rotational profile of intermediate-mass

pulsating stars.
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1 INTRODUCTION

The § Sct stars are intermediate-mass (~1.5 and 3 M) pulsators
located in the instability strip of classical pulsators (e.g. Cepheids)
but with spectral types ranging from A to F. They can be found
on the main sequence or burning hydrogen in the shell. They are
moderate-to-fast rotators (see Royer, Zorec & Gdémez 2007, and
references therein). Measurements of surface projected velocities,
v sin i, and statistical inferences on actual rotation rates show that
they can reach values close to the break-up limit. Thus, these stars
are very good laboratories to test theories of angular momentum and
chemical transport in stellar interiors. However, rotation severely
hampers an accurate determination of stellar global parameters, such
as effective temperature and surface gravities. To solve this problem
it is necessary to determine the actual rotational velocity of these
stars.

Up to date, only interferometric techniques for bright and de-
formed stars (van Belle etal. 2001) may be able to determine the angle
of inclination of the star, and therefore the actual rotation velocity.
High-resolution spectroscopy may provide us with an estimate of the
inclination of fast rotators with low-to-moderate v sin i by modelling
the gravitational darkening (Frémat et al. 2005) or analysing line-
profile variations (Aerts & Waelkens 1993).
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Thanks to space missions like MOST (Walker et al. 2003), CoRoT
(Baglin et al. 2006), Kepler (Koch et al. 2010), and TESS (Ricker et al.
2015), significant progress has been made in the determination of the
internal rotation profiles through the study of g modes (Van Reeth
etal. 2015; Van Reeth, Tkachenko & Aerts 2016). Unfortunately, this
has not been achieved for surface rotation potentially provided by
p-modes of intermediate-mass stars. Even so, it has been possible to
detect periodic patterns in the p-mode frequency spectra of § Sct stars
(see e.g. Garcia Herndndez et al. 2009, 2013; Mantegazza et al. 2012;
or, more recently, Bedding et al. 2020; Murphy et al. 2021). These
patterns were predicted to be a large separation, Av, in the low radial
order regime (Sudrez et al. 2014), in contrast to the well-known large
separation found in the asymptotic regime of solar-like stars. It was
then empirically corroborated by the scaling relation found between
the stellar mean density of a sample of benchmark eclipsing binaries
and the observed large separation (Garcia Herndndez et al. 2015,
2017). Complementary theoretical works supported the discovery
that such scaling relation was almost independent of the rotation
rate (Reese, Lignieres & Rieutord 2008; Ouazzani, Dupret & Reese
2012; Mirouh et al. 2019). Therefore, today the low-order Av is key
to any asteroseismic study of § Sct stars.

Although the aforementioned space missions have provided us
with ultra-high precision photometric data, most of their targets
are too faint to have their inclination determined by applying the
spectral or interferometric analysis. In this work, we focus on the
study of the rotation frequency of & Sct stars from its fingerprints
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on their oscillation spectrum. The frequency pattern is affected by
the rotation, breaking the degeneracy in the azimuthal order and
introducing an additional pattern in the frequency spectrum (see
e.g. Goupil et al. 2005) called rotational splitting (hereon 7). The
visibility of some modes is also affected by the angle of inclination
(Sudrez 2002; Casas et al. 2006) and, in fast rotators, the effect of
the rotation can even redistribute the modes (Lignieres, Rieutord &
Reese 2006), although both Av and ér might be still detectable
(Reese et al. 2017). It is also possible for §r to combine with Av in
the frequency spacings (Papar6 et al. 2016a, b; Barcel6 Forteza et al.
2017; Guo et al. 2017). Thus, finding 67 would make it a valuable
observable to determine the rotation of § Sct stars in an independent
way. We aim at developing a methodology to detect 67 of § Sct stars
just from their oscillation spectra.

The paper is organized as follows. We describe the observations
in Section 2, and the methodology in Section 3. Discussion of the
results is given in Section 4. We applied what we have learned from
the results to stars for which rotation is unknown in Section 5.
Conclusions and future perspectives are explained in Section 6.
Finally, for the sake of completeness, we provide the figures for
KIC 4544587 and KIC 9851944 in the Appendix A since we are not
citing them in the main text.

2 THE OBSERVATIONAL SAMPLE

In order to develop a methodology to find patterns in the oscillation
spectra linked to §r, we need a well characterized sample for which
the true rotational velocity has been determined. This is a really
hard task because of the difficulties in measuring stellar inclination
angles. An approximate estimate can be derived for binary systems.
That is why we used the benchmark § Sct stars in eclipsing binary
systems published by Garcia Hernandez et al. (2017). Assuming that
the rotation and system axes are parallel, we can get the surface
rotation of a star. This assumption is widely used in the literature and
is likely to be true in the majority of the cases of eclipsing binaries, as
shown in table 1 of Albrechtet al. (2011). However, some exceptions
are known to happen in some binary systems (see e.g. Albrecht et al.
2009, 2014) and, especially, in several hot-Jupiters hosts (see e.g.
Hébrard et al. 2008; Narita et al. 2009; Winn et al. 2009; Triaud
etal. 2010). These examples must be taken into account as a possible
explanation for the cases in which we obtain unexpected results,
especially HD 15082 (see Section 4.4).

This sample contains nine eclipsing binary systems, a § Sct
star harbouring a planet, and a triple system for which the radius
of the main pulsating component has been accurately determined
with optical interferometry. Precise stellar parameters and system
inclination angles are provided in the literature (see Table 1). With
all this information, we estimated the expected rotational velocities
and hence the corresponding rotational splittings. Note that the radii
shown in Table 1 correspond to the mean radius as explained in Garcia
Hernandez et al. (2015, 2017).! Therefore, given that the equatorial
radius is bigger than the mean radius, the calculated §r’s would
be a slight overestimate of the true splittings. Although the sample
covers a wide range of rotations, from ~25 kms~! (KIC 3858884)
to ~239 kms~' (HD 159561), the actual surface velocities remain in
an average of ~78 kms~! providing §r~[2, 19] uHz.

I'This radius is calculated using the real volume of the star, i.e. corrected for
the effect of rotational deformation taking a Roche model, but for a spherical
model. This is then the radius of a sphere with the same volume as the real
spheroidal star.
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In addition, Garcia Hernandez et al. (2017) identified the low-
order large separations (Av) for the § Sct stars of these systems.
This quantity is crucial to disentangle Av and 8r patterns (see next
section). This paper is focused on finding §r, hence we have directly
taken the values of Av from Garcia Hernandez et al. (2017).

3 METHODOLOGY

The first step is to only select modes in the regime where the surface
dr appears, i.e. pressure modes, as well as to clean the oscillation
spectra from combinations and harmonics (in particular those coming
from binarity). Additionally, other artefacts like tidal forces, mass
transfer, or the effects of the eclipses may remain. We assume these
later as negligible, although they might become important when
determining &r, especially when their temporal scale is similar to the
stellar rotation period.

When several periodic patterns are expected to be found, it is
important to understand their nature and domain. Low-order large
separations in § Sct stars may vary from 80—100 ©Hz at the ZAMS
to 10—20 pHz for stars at the end of the main sequence or during
the post-main sequence (Sudrez et al. 2014; Rodriguez-Martin et al.
2020). This is the range we focus here although, according to Evano,
Georgeot & Lignieres (2019a) and Evano, Lignieres & Georgeot
(2019b), chaotic modes may have non-negligible mode amplitudes
showing pseudo-regularities involving a frequency separation close
to Av. This would, indeed, strengthen Av signature. Note that for
evolved fast rotators Av is of the order of the rotation frequency.
In the hypothesis that both Av and §r are present in the oscillation
spectrum as independent periodicities, such an overlap may hamper
their detection. Other effect that may also hide the detection of §r is
the well-known rotation—pulsation interaction at high rotation rates
that modifies the rotational splittings by making them uneven (see
e.g. Soufi, Goupil & Dziembowski 1998; Sudrez, Goupil & Morel
2006; Reese et al. 2009) or, to a greater extent, causes a rearrangement
of the pulsation spectra (Lignieres et al. 2006). This, combined with
the visibility of the modes (see Section 1), may result in frequency
patterns that mimic the Av signature (see e.g. Garcia Herndndez et al.
2013) or become a linear combination of Av and ér (Paparé et al.
20164, b).

Up to date, we have no clue about which of the traditional methods
to search for patterns is better suited to study the different cases
mentioned above. We chose the most efficient ones to determine Av
and applied them simultaneously. These are:

(i) The discrete Fourier transform (DFT from now on) of the
normalized frequency spectrum, as proposed by Garcia Herndndez
et al. (2009) and subsequent papers. This method assumes that the
frequencies with the highest amplitudes are those that primarily
contribute to the large separation because they would mainly cor-
respond to low degree modes. Then, the frequencies amplitudes are
made equal to one before computing the DFT. The DFT method,
thus, restricts its application to the highest amplitude frequencies
(generally 30-40). Therefore, such a restriction may hamper the
search for the rotational splitting simultaneously. On the other way
around, if DFT is applied to all the observed frequencies, those that
do not contribute to Av may blur the DFT results. Note that we are
drawing the DFT using 1/¢ in the abscissa instead of the usual way
of using 7. We think that this may be beneficial to show the low
periodicities that would correspond to §r.

(i1) The autocorrelation function (AC from now on). This well-
know technique is generally useful to spot patterns that consist in a
succession of (shifted) copies of themselves. We find this technique
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Table 1. Main physical parameters of the stars analysed in this work. The error is enclosed between brackets and the unit refers to the last digit of the
corresponding value except when a decimal point is used. The data have been taken from their respective paper. The last column shows the number of frequencies

extracted for each star. The stars are grouped as in Section 4.

Star Tesr logg M R Av vsin i i Sr Vorb Av/Sr No. of
(K) Mo) Re)  (uHz) (kms™h ©) (nHz) (nHz) fregs
KIC 3858884 6606(70)  3.74(1) 1.86(4) 3.05(1) 29(1)  25.7(1.5) 88.176(2) 1.9(1) 0.445980(1) 15.3 400
KIC 10080943 7480(200) 4.1(1) 1.9(1)  2.1(2) 52(1) 14.4(1.4) 68(3) 1.7(2) 0.75468(1) 30.6 321
KIC 45445870 7750(180)  4.33(1) 1.61(6) 1.57(3) 74(1) 76(15) 88(3) 11(2) 5.28715(1) 6.7 16
KIC 9851944” 6902(100)  3.69(3) 1.79(7)  3.16(4) 26(1) 72.109) 74.52(2) 5.3(1) 5.348706(2) 4.9 52
KIC 82622230 9128(130) 4.28(2) 1.96(6) 1.67(4) 77(1) 50.7(9) 75.178(2) 7.2(2) 7.17542974(4) 10.7 60
HD 172189¢ 7750(-)  3.48(8) 1.8(2)  4.0(1) 19(1) 78(3) 73.2(6) 4.6(2) 2.02983(1) 4.1 50
CID 105906206¢ 6750(150)  3.53(1)  2.24(4) 4.22(2) 20(2) 47.8(5) 81.42(13) 2.61(3) 3.13272(1) 7.7 202
KIC 106617834 7764(54) 3.938(4)  2.10(3) 2.56(2) 39(1) 78(3) 82.4(2) 7.03) 9.399407(2) 5.6 12
HD 159561¢ 8047(154) 3.9(2) 244) 2.69(1) 38(1) 239(12) 87.5(6) 19(1) 0.0036762(1) 2.0 40
HD 15082¢ 7430(100) 4.3(2) 1.49(3) 1.43(4) 80(2) 90(10) 87.7(1.8) 14(2) 9.48798(1) 5.7 64
CID 100866999¢ 7300(250) 4.1(1) 1.8(2) 1.9(2) 56(1) — 80(2) — 4.12069(3) — 8
HD 174966°¢ 7555(50)  4.22(1) 1.515(15) 1.58(3) 65(1) 126.1(1.2) 62.5(+ 7.5-17.5) 18(-) — 3.6 172
HD 174936 8000(200) 4.1(2) 1.65(26) 1.97(32) 52(-) 169.7(-) — — — — 422
Notes. “Favourable cases (Section 4.1). POrbital synchronization (Section 4.2). “Evolved stars (Section 4.3). 9Peculiar cases (Section 4.4). *Unknown rotation
(Section 5).
KIC3858884 we estimated using the physical parameters derived from the orbital
Periodicities (d~1) solution. We investigated other possibilities, such as this peak could
0 2 3 4 6 8 be the double of §r (Reese et al. 2017) or a linear combination of §r
14 —— DFT 30 fregs. and Av (Paparé et al. 2016a).
— AC Finally, we have arbitrarily scaled the DFT an AC curves in order
121 A Av to fit them within the HFD figure in a reasonable size.
= HFD

=
o
!

Number of differencies (HFD)

Periodicities (uHz)

Figure 1. KIC 3858884. The peaks for Av and §r can be easily identified in
the DFT (blue line), as well as the combinations Av/246r. The HFD (green
bars) shows the expected grouping around Av, 2Av, and 3Av as well as the
peaks corresponding to ver, and §r. The AC function (red line) shows the
peaks corresponding to Av, 2Av, and 3Av (purple cross).

to be quite efficient in finding Av and 6r (see Fig. 1). This method
has already been used to extract Av in rapidly rotating models by
Reese et al. (2017), who found that in combination with DFT it is
possible to distinguish between Av and §r in some specific stellar
configurations and rotation rates.

(iii) The histogram of frequency differences (HFD from now on).
This method was previously used to find Av by Handler et al. (1997).
The frequency pattern due to rotational splitting is expected to be
replicated (to some extent) around some frequencies because m = [
— £, £]. This makes the HFD suitable to complement DFT because
the difference corresponding to §r should appear as a prominent peak
in such analysis.

We have performed the following procedure. First, we have
computed the DFT, AC, and HFD for all the stars of the sample. Once
Av signature had been identified, in each of the three transforms we
searched for a peak corresponding to the expected value of §r that

4 RESULTS

We identified several groups depending on the behaviour of their
HFD, DFT, and AC. They cannot form any real category, since we
have a small sample, but could be indicative of them.

(i) Favourable. This group is composed of stars for which Av
and &r can be easily identified in at least two of the diagnostics
diagrams. For this small sample, this occurs for DFT and HFD. The
AC 1is not able to detect the splitting due to its limited resolution
at periodicities near 0. This group gathers two stars with the lowest
rotational splittings in the sample.

(ii) Synchronized. This second group assembles the stars whose
rotation is synchronized with the orbital period, which makes their
disentanglement difficult.

(iii) Evolved. In a third group we have gathered together the stars
with high (R/Rg)/(M/Mg,) ratio, which are likely post-main sequence
stars and therefore the most evolved ones of the sample. At this
evolutionary stage, mixed modes come up, blurring any periodicity
present in the oscillation spectrum.

(iv) Peculiar. The remaining stars correspond to peculiar cases.
They either do not fit in any of the previous groups or have particular
characteristics.

4.1 Favourable cases

For KIC 3858884 and KIC 10080943, we clearly identified the
theoretical §r of 1.9 and 1.7 uHz, respectively. Both show a peak in
the HFD (Figs 1 and 2), independently of Av and v. The peak is
seemingly confirmed by their DFT diagnostic as well. For this latter,
it is worth noticing that the §r peak for KIC 3858884 is especially
significant when using the first 60 highest-amplitude frequencies.
Interestingly, for determining Av with this method, it has been
shown (e.g. Garcia Herndndez et al. 2009, 2013) that 30 frequencies
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KIC10080943
Periodicities (d~1)
0 2 4 > 6 8

—— DFT 30 fregs.
14 A — AC
A Av mult.
121 mm HFD

Number of differencies (HFD)

0 20 40 60 80 100
Periodicities (uHz)

Figure 2. KIC 10080943. In the DFT of the main frequencies the peaks
corresponding to Av/2, Av/3 and, especially, §r can be seen. The HFD
shows 8r and a grouping around Av. Also, the peak corresponding to Av/2
is highly noticeable above all. The AC function shows a peak for Av.

are generally sufficient to show the relevant peak with a significant
power. In that case the radial and a few £ = 1 mode frequencies are
assumed to be contributors to the Av peak. However, it is expected
that the main contributors for §r are rather non-radial modes and
their m components, and hence, the overall number of frequencies is
logically increased.

On the other hand, the autocorrelation function confirms the
detection of Av and ér. The autocorrelation function works this
well in the majority of the cases for the detection of Av but this is
not always true for 7.

Both stars are those with the highest number of frequencies and
the slowest rotation of the entire sample. The first fact leads us to
think that the highest number of frequencies statistically improves the
chances of having the best ones for identifying Av and ér although
this does not work so well in some cases (e.g. HD 174936 and
HD 174966 in Section 5). The slow rotation, making Av>>6r, might
favour the detection as well (even though there was a weak chance of
also detecting a combination of Av and ér). Another advantage here
is the inclination angle of KIC 3858884, nearly equator-on, which
increases the amplitude of the even modes, especially ¢ = 2 (see fig.
11 from Reese et al. 2017). This might explain the comb form of the
HFD in this particular case with multiples of ér (see Fig. 1).

4.2 Orbital synchronization

The stars with orbital synchronization are KIC 4544587,
KIC 9851944, and KIC 8262223. In the last two, the rotation is
synchronized with the orbital period in 1:1 resonance. This makes
the expected §r indistinguishable from the orbital frequency voy. In
KIC 4544587, §r is roughly the double of vy,.

In all three cases, the most prominent peak in the HFD corresponds
either to vy, (i.e. 87r) or to a multiple of it, which makes the
detection recognizable. In addition, some other coincidences occur:
for KIC 8262223, Av~116r; for KIC 4544587 Av~75r, and for
KIC9851944 Av=>546r (see Table 1). These coincidences might also
favour the detection of ér and blur the peak of Av in the DFT
diagram. Both the HFD of KIC 8262223 (Fig. 3) and the AC show a
unique behaviour, displaying several multiples of r, maybe caused

MNRAS 505, 6217-6224 (2021)

KIC8262223
Periodicities (d=1)
0 2 ) >z
_r=vyy —— DFT 30 fregs.
16 1 — AC
14 @® 6rmult.
*  Vorp Mult.
12 A A Av mult.
s HFD

101

Number of differencies (HFD)

0 20 40 60 80 100
Periodicities (uHz)

Figure 3. KIC 8262223. The orbital synchronization and the coincidence
that Av >~ 118r (within the error bars) could be the reason for so many
multiples of §r in the HFD.

CID105906206
Periodicities (d1)
2 4 6 8

8 —— DFT 30 fregs.
7 2Av-6r? — AC
® Or mult.
6 1 A Av mult.
s HFD

Number of differencies (HFD)
I

0 20 40 60 80 100
Periodicities (uHz)

Figure 4. CID 105906206. The peak Av + 6r suggested by Paparé et al.
(2016b) can be found in the DFT. The avoided crossing might be affecting
the position of the peaks and the appearance of the combination 2Av-§r. §r
can be found in both the AC and the HFD.

by all these coincidences. The DFT diagram does not reproduce this
in such a clear way.

4.3 Evolved stars

These stars are HD 172189 and CID 105906206. The ratio
(R/IRp)/(MIMg) =~ 2 for both stars is compatible with that of an
evolved star. This means that both of them might show effects of
avoided crossings (Aizenman, Smeyers & Weigert 1977), reflected
in the oscillation spectrum as a displacement in the frequencies. This
shift can break the periodicity, and therefore complicate the analysis.

For CID 105906206, ér can be eye-guessed combined with Av
in the DFT (Fig. 4) as Av + §r. The highest peak could also be
2Av-8r. Indeed, Paparo et al. (2016a, b) pointed to Av + ér as a
possible pattern combination, which would agree with one of the
peaks present in the DFT. However, there is no hint of the 2Av-
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Periodicities (d71)
4 8

—— DFT 30 fregs.
— AC

® 6r mult.

A Av mult.
mmm HFD

Av
F N

Number of differencies (HFD)
w

Periodicities (uHz)

Figure 5. HD 172189. The peak marked in the AC is the one corresponding
to 28r (and Av/2).

dr, probably because in those works evolved stars were explicitly
dropped from their sample. However, §r can be found in both the
HFD and the AC.

On the other hand, for the other star of this group, HD 172189, we
found no pattern combinations (Fig. 5). We could spot §r as a peak
in the DFT, and 28r (which also is Av/2) was identified in both the
HFD and the AC.

In any case, not only have we found §r but also it would seem
that the combination AAv+BS§r is more frequent in evolved stars.
In these cases it is difficult to ascertain if the peaks of the Fourier
transform and/or the autocorrelation are due to §r alone or to a linear
combination with Av.

4.4 Peculiar cases

We classified as peculiar case the remaining objects of our sample
that simply could not be classified in any of the previous groups
because their analysis is rather difficult or the results are simply
unreliable. These are KIC 10661783, HD 159561, and HD 15082.
One of the reasons for a star to be classified as a peculiar case might
be the low number of detected oscillation frequencies. This is the
case of KIC 10661783, with only 12 modes (in the p-mode regime).
This makes it nearly impossible to make any reliable analysis with
our methodology. Even so, we surprisingly found the predicted §r
with the DFT diagnostic (Fig. 6). This makes DFT the most robust
technique for such cases, at least to provide an educated guess on the
searched pattern. However, for objects with no previous knowledge,
it is difficult to confidently spot the §r peak. For now, we have no
explanation on this low number of frequencies; however, with a large
sample of stars, a similar study could give us more information about
the relation between 67 and a low number of frequencies, in particular
if such sample contains stars with a wide distributions of §r and i.
Interestingly, Av is clearly identifiable in the three transforms.
Another interesting factor that may contribute to modifying the
distribution of patterns in the oscillation spectrum is fast rotation.
With a rotation rate of /€y . ~ 0.6,2 HD 159561 can be considered

2where Qxc=+/GM /qu, with Req the stellar equatorial of the current

model, as described by Reese et al. (2017).
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KIC10661783
Periodicities (d™1)
0 2 5 ¢ ° 8
2.5 A —— DFT 12 fregs.
— AC
n ® 6r mult.
2.0 1 S * Vo Mult.
A Av mult.
s HFD

Number of differencies (HFD)

Periodicities (uHz)

Figure 6. KIC 10661783. Despite the low number of frequencies we were
able to identify 6r as the highest peak in the DFT but not in the HFD nor in
the AC. The first multiple of §r that we can find in this last curve is 76r. The
first peaks in the AC correspond to vor/2 and vog,, respectively.

HD159561
Periodicities (d~1)
0 2 > 4 6 8
. L < . . .
DFT 30 fregs.
6 AC
or mult.

Av mult.
HFD

I-ef]

Number of differencies (HFD)

0 20 40 60 80 100
Periodicities (uHz)

Figure 7. HD 159561, in which ér = Av/2. This causes the enhancement of
the peak corresponding to that value.

as a fast rotator. According to (Reese et al. 2017), when /Qy . ~
0.7, which is close enough to the rotation rate of HD 159561, there is
a strong frequency spacing occurrence at Av/2~§r, making both of
them indistinguishable. This agrees well with the DFT (Fig. 7). This
peak is quite prominent when using the 30 frequencies of highest
amplitude and, also, when using 40 frequencies (not shown in the
figure). On the other hand, it is interesting to note that the peak
corresponding to Av only shows when using 30 frequencies. There
is also a peak corresponding to the sum of Av and §r.

HD 15082 is the only § Sct star known to have an orbiting planet.
In this case the results are quite unexpected because we find a
combination of Av/2 and v,y plus another one of Av/2 and dr,
along with lots of unidentifiable peaks (see Fig. 8). In this case, the
uncertainty in Av, 8r, and vsin i is one of the highest of all the
sample. We think that perhaps the angle of inclination has not been
determined accurately enough, and that could be the cause of these
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Figure 8. The DFT for HD 15082 shows unexpected combinations of Av
with vop and 8r.
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Figure 9. CID 100866999. We have estimated §r~6 Hz based on what we
have learned from previous cases.

unexpected results. This might be due to a misalignment of the orbital
and spin axes, as discussed in Section 2.

5 GUESSING THE SURFACE ROTATION

At last, we have used the results of the previous stars to make
an educated guess of 6r for three targets of unknown rotation:
CID 100866999, HD 174966, and HD 174936.

The star CID 100866999 has only eight frequencies and this so low
number may hamper the analysis (see e.g. the case of KIC 10661783
in Section 4.4). Despite this, we have been able to spot two probable
values for §r: §r; ~2.5 pHz and §r, ~6.8 wHz. The highest peak of
the HFD (see Fig. 9) might correspond to the combination Av-§r, and
hence, §r, ~6.8 tHz would be consistent with the second maximum
of the AC. The other possibility, §r; ~2.5 uHz, corresponds with the
first maximum peak of the DFT in the lower frequency region and
coincides also with a significant peak in the HFD. This value would
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Figure 10. HD 174966. In the DFT, the peak corresponding to Av/2 might
be enhanced because 25r~Av/2. The two peaks surrounding Av might as
well be a combination of Av+§r/2 compatible with §r~18-19 pHz. In the
HEFD, the first peak around 8-9 pHz could well be §r/2. There is also another
peak that could correspond to Av-§r.

explain the symmetric sidelobes around Av, clearly shown by the
AC.

For HD 174966, Garcia Hernandez et al. (2013) have estimated
Av = 65 uHz and §r~18 puHz, guessing the stellar inclination from
line-profile variations. Also, from the data in Table 1, extracted from
that work, we can derive a range for 2/ 2 . between 0.31 and 0.42.
Reese et al. (2017) found that 26r~Av/2 when ©/Qy . ~ 0.3 (thus
enhancing these peaks), which could be the case here. In the DFT
(Fig. 10) there is a peak around 34 pHz that would well agree with
all these assumptions. This DFT also shows two peaks around Av
that could be some sort of combination of the type Av+47/2. This
would be compatible as well with a peak in the HFD guessed as
Av-ér. That would give an estimated value of §r~19 puHz, quite in
accordance with the aforementioned 18 pHz.

In HD 174936 we have no information at all about the inclination
angle. We can only establish that Q/Qy . > 0.42 and 6r > 17 uHz
(Table 1). From Garcia Herndndez et al. (2009) we have Av = 52
pHz. If this star were a fast rotator in which Q/Qy . ~ 0.7, like
HD 159561 discussed in Section 4.4, we would expect that Av/2
~§r and that peak would stand out in the DFT. As we can see in the
Fig. 11, there is a peak in the DFT, and another one in the HFD that
would well confirm this assumption.

6 CONCLUSIONS

We have used the discrete Fourier transform, the autocorrelation
function, and the histogram of frequency differences in order to
search for a pattern corresponding to the rotational splitting (§r). We
used a selected sample of § Sct stars in eclipsing binary systems
taken from Garcia Herndndez et al. (2017). The procedure consisted
of searching for multiples of §r and linear combinations with the
low-order Av in the calculated functions. Our main conclusion is
that the primary identification of Av is crucial to achieve a positive
result.

We have been able to find ér for the majority of the studied stars,
mainly from the combined analysis of the Fourier transform and the
autocorrelation function, as predicted by Reese et al. (2017). We
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Figure 11. HD 174936. The high peak at Av/2 in the DFT, as well as a peak
at about half this value, suggests this star might be a fast rotator of the type
Av/2~§r. In the HFD, the first peak at about 8 ;Hz is a bit low to concur
with the finding in the DFT. But there is another one, corresponding to Av/2,
which is equally prominent and would be coherent with our assumption.

have found that the histogram of frequency differences mimics the
behaviour of the autocorrelation, resulting in redundant information.
Hence, we can claim that the signature of §ris present and identifiable
using asteroseismological data only. In fact, we were able to predict
the splitting for three stars for which no clue on the rotational velocity
was given in the literature.

The results using the discrete Fourier Transform or the autocor-
relation function are not very different (although they complement
each other), as expected from the Wiener—Khinchin theorem, which
states that “The autocorrelation function of a wide-sense-stationary
random process has a spectral decomposition given by the power
spectrum of that process.”

For the sample of stars studied here, we have classified the stars in
different subsets regarding the behaviour of the diagnostic functions.
The characteristics of these subsets seem to have to do with the
evolutionary stage of the stars, their rotation, and/or the number of
extracted frequencies. For example, the group of evolved stars seems
to privilege a linear combination of Av and §r, whereas in the other
cases we can identify directly a multiple of ér.

In any case, this conclusion may be considered with caution since
the number of objects in the sample is small. A larger sample would
allow to develop an automated methodology to spot the rotational
splitting in the oscillation spectrum of any § Sct stars.

We tried analysing the 30 frequencies with the lowest amplitude
but the results were inconclusive. It is important to note that the
method used to obtain the frequencies is crucial to perform the anal-
ysis. The classical pre-whitening technique used in asteroseismology
to extract the frequencies from the light curve may introduce spurious
frequencies (Baran, Koen & Pokrzywka 2015) of low amplitude.
Recently, de Franciscis et al. (2019) proved that this issue can be
solved considering the hypothesis that the light curve consists of a
superposition of harmonic modes together with fractal background
noise. These authors developed a self-consistent technique to stop
the pre-whitening before these spurious frequencies are introduced.
In a future work, this method could be used to extract the frequencies
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of the sample of stars used in this study, thus allowing the analysis
of the lowest amplitude frequencies.

In the near future, we plan to study these results from a theoretical
point of view, using perturbative and non-perturbative oscillations.
This would allow us to analyse the influence of rotation and
evolutionary stage on the diagnostic diagrams studied here and
therefore to improve the methodology to find the rotational splittings.
In a more distant future, a good determination of Av and §r will be
key in identifying the oscillation modes and therefore to better study
their visibilities and physical amplitudes.
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APPENDIX: REMAINING FIGURES

For the sake of completeness, we include here the two remaining
figures that have not been cited in the main text: KIC 4544587
(Fig. A1) and KIC 9851944 (Fig. A2).
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Figure Al. KIC4544587. In the DFT, the peak corresponding to v might
be enhanced because 6r~2vq. There is also a peak corresponding to Av/4.
In the HFD, the peak around 22 ptHz (28 or 4vq,) also stands out.
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Figure A2. KIC9851944. In this star §r = voy,. Several combinations of Av
and §r (or vorp) stand out in the DFT. The AC and the HFD also show some
multiples of 67 and voyp.
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