Astronomy & Astrophysics manuscript no. output
February 1, 2023

©ESO 2023

Tidally perturbed gravity-mode pulsations
in a sample of close eclipsing binaries*

T. Van Reeth!-2, C. Johnston® !, J. Southworth*, J. Fuller>-2, D. M. Bowman-2, L. Poniatowski!, and J. Van Beeck!-2-3

! Institute of Astronomy, KU Leuven, Celestijnenlaan 200D, B-3001 Leuven, Belgium

e-mail: timothy.vanreeth@kuleuven.be

2 Kavli Institute for Theoretical Physics, University of California, Santa Barbara, CA 93106, USA

3 Department of Astrophysics, IMAPP, Radboud University Nijmegen, P. O. Box 9010, 6500 GL Nijmegen, the Netherlands
4 Astrophysics Group, Keele University, Staffordshire ST5 5SBG, UK

5 TAPIR, Mailcode 350-17, California Institute of Technology, Pasadena, CA 91125, USA

Received; accepted

ABSTRACT

Context. Thanks to the high-precision photometry from space missions such as Kepler and TESS, tidal perturbations and tilting of
pulsations have been detected in more than a dozen binary systems. However, only two of these were gravity-mode (g-mode) pulsators.
Aims. We aim to detect tidally perturbed g modes in additional binary systems and characterise them observationally.

Methods. We performed a custom data reduction of the available Kepler and TESS photometry of a well-studied, published sample of
35 binary systems with y Doradus (y Dor) pulsators. For each target, we modelled the binary signal using a sum of 100 sine waves with
frequencies at orbital harmonics and measured significant pulsation frequencies in an iterative pre-whitening analysis of the residual
light curve. Pulsations are labelled as tidally perturbed g modes if they are part of both period-spacing patterns and multiplets spaced
by integer multiples of the orbital frequency. After visual inspection and confirmation, the properties of these targets and g modes
were characterised.

Results. We detect tidally perturbed g-mode pulsations for five short-period binaries that are circularised and (almost) synchronously
rotating: KIC 3228863, KIC 3341457, KIC 4947528, KIC 9108579, and KIC 12785282. Tidally perturbed g modes that occur within
the same star and have the same mode identification (k,m), are found to have near-identical relative amplitude and phase modulations,
which are within their respective 1 — o uncertainties and also identical for the Kepler and TESS photometric passbands. By contrast,
pulsations with different mode identifications (k,m) are found to exhibit different modulations. Moreover, the observed amplitude and
phase modulations are correlated, indicating that the binary tides primarily distort the g-mode amplitudes on the stellar surface. The
phase modulations are then primarily a geometric effect of the integration of the stellar flux over the visible stellar surface. All selected
binaries also exhibit signal that resembles rotational modulation in the Fourier domain. In the case of KIC 3228863, this is caused by
the presence of the known tertiary component, and for the other systems we hypothesise that it is caused by temperature variations
on the stellar surface. Alternatively, the signal can be made up of overstable convective modes in the stellar core or may belong to the
non-pulsating companion.

Conclusions. While g-mode pulsation periods are known to be a direct probe of the deep interior stellar structure, the binary tides that
cause the pulsation modulations are dominant in the outer stellar layers. Hence, in the future, tidally perturbed g modes may allow us
to carry out core-to-surface asteroseismic modelling of tidally distorted stars.

Key words. asteroseismology — stars: binaries: eclipsing — stars: oscillations (including pulsations) — stars: starspots — stars: rotation

1. Introduction

Thanks to the near-continuous time series of high-precision pho-
tometry from space missions such as CoRoT (Auvergne et al.
2009), Kepler (Koch et al. 2010), and the Transiting Exoplanet
Survey Satellite (TESS; Ricker et al. 2015), there has been sub-
stantial progress in the field of observational asteroseismology,
the study of the interior stellar structure via the analysis of stellar
pulsations (e.g. Aerts et al. 2010). In particular, there has been
major progress in the study of gravity-mode (g-mode) pulsa-
tions, which have buoyancy as the dominant restoring force and
are most sensitive to the near-core stellar properties for main-
sequence stars. Here, g modes are present in y Doradus (y Dor;
1.4M, s M < 2.0M,) stars (Kaye et al. 1999) and slowly pul-
sating B-type (SPB; 3 M, < 8 M) stars (Waelkens 1991). Be-

* The reduced and analysed datasets are also available in electronic
form at https://doi.org/10.5281/zenodo.7555868.

cause of their low amplitudes (usually < 10 mmag) and dense
pulsation spectra with typical periods between 0.3 and 3 d, the
advent of space missions gave a large boost to the detection and
observational analysis of g-mode pulsators (e.g. Tkachenko et al.
2013; Van Reeth et al. 2015b; Li et al. 2020b; Garcia et al. 2022;
Skarka et al. 2022).

In the asymptotic regime, where the g-mode pulsation fre-
quency w = 2z is much lower than the Brunt-Viiséla frequency
N, the periods of g modes with consecutive radial order n and
identical mode geometry follow regular patterns, which facil-
itates the analysis and interpretation of the observations. In a
non-rotating, non-magnetic, chemically homogeneous star with
a convective core and radiative envelope, g¢ modes with con-
secutive, high radial orders n and mode identification (k,m) are
equidistantly spaced in periods (Shibahashi 1979; Tassoul 1980).
Here, in a non-rotating star, the meridional degree k = [ — |m],
where [ and m indicate the spherical degree and azimuthal order,
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respectively. When chemical gradients are present inside a star,
g modes can be trapped and are no longer equidistantly spaced
in period, but exhibit deviations which scale with the steepness
of the gradients (Miglio et al. 2008). In addition, stellar rota-
tion causes the pulsation frequencies to shift. As a result, the
observed period spacings decrease with increasing radial order n
for prograde (with m > 0) and zonal modes (with m = 0), while
for retrograde modes (m < 0) they mostly increase (e.g. Bouabid
et al. 2013). Using the framework of the traditional approxima-
tion of rotation (TAR; Eckart 1960; Lee & Saio 1987; Bildsten
et al. 1996; Mathis 2009), this characteristic has been exploited
in multiple studies (e.g. Van Reeth et al. 2016; Ouazzani et al.
2017; Christophe et al. 2018; Li et al. 2020b; Takata et al. 2020b;
Pedersen et al. 2021) to measure the near-core rotation rate Vyot nc
and the buoyancy travel time,

" -1
=22 [ M) M

of stars with g-mode pulsations, where r; and r, indicate the ra-
dial boundaries of the g-mode pulsation cavity. Furthermore, in
moderate-to-fast-rotating stars, g-mode pulsations can occur in
the sub-inertial regime, where the pulsation frequency in the co-
rotating frame is v¢, < 2vy. In this case, the Coriolis force con-
fines the g-mode pulsations to a band around the stellar equator,
which is narrower when the star is rotating faster, and the pulsa-
tions are called gravito-inertial modes. In addition, the Coriolis
force contributes to the restoring force of pulsations with k # 0
or m < 0. Pulsations that have the Coriolis force as the domi-
nant restoring force are indicated with k < 0 and are called in-
ertial modes. Among these, global retrograde inertial modes, or
r modes, are the most often observed and well-studied (e.g. Saio
et al. 2018; Takata et al. 2020a).

Based on these theoretical frameworks, a lot of effort has
been made to model such observed g-mode pulsators, improving
our understanding of the deep interior structure of these stars and
their evolution (e.g. Aerts 2021). Recent results of these studies
include the measurement of opacity and pulsation mode excita-
tion (e.g. Szewczuk & Daszynska-Daszkiewicz 2018; Szewczuk
et al. 2021, 2022), convective core masses and sizes (e.g. Mom-
barg et al. 2021), mixing efficiency in the radiative envelopes
(e.g. Pedersen et al. 2021), inference of interior magnetic field
strengths (Buysschaert et al. 2018; Lecoanet et al. 2022), and
constraints on the convective boundary stiffness (Aerts et al.
2021). In turn, these successes are fuelling further efforts to im-
prove upon the existing theoretical frameworks, such as refining
the near-core (Michielsen et al. 2019; Bowman & Michielsen
2021) and extra mixing processes in the radiative envelope (e.g.
Rogers 2015; Ratnasingam et al. 2020; Mombarg et al. 2022),
calculating the coupling between inertial- and gravity-mode pul-
sations (Ouazzani et al. 2020; Saio et al. 2021; Tokuno & Takata
2022), and expanding the TAR to include magnetic fields (Prat
etal. 2019, 2020; Van Beeck et al. 2020; Dhouib et al. 2022) and
the centrifugal acceleration (Henneco et al. 2021; Dhouib et al.
2021a,b).

The diagnostic power of asteroseismology increases when it
is combined with complementary constraints from other analy-
sis methods, such as the study of binary stars. In eclipsing bina-
ries with time series of spectroscopic observations (Southworth
2020) or light travel time variations (Hey et al. 2020), the or-
bital solutions allow us to precisely determine the stellar radii
and masses. Hence, in the case of binaries with sufficiently wide
orbits, where the effects of tides and mass transfer on the stel-
lar evolution can be ignored, this breaks the degeneracy between
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some of the model parameters that are considered in the astero-
seismic modelling (e.g. Johnston et al. 2019; Murphy et al. 2021;
Sekaran et al. 2021). Meanwhile, in pulsating close binaries that
have undergone mass transfer, asteroseismology can be used to
complement the information from the binarity and help constrain
the stellar properties (e.g. Guo & Li 2019). Stellar pulsations can
also be excited by tides (e.g. Fuller 2017; Hambleton et al. 2018;
Cheng et al. 2020) or coupled to them (e.g. Burkart et al. 2012,
2014; Weinberg et al. 2013; Li et al. 2020a; Guo et al. 2022),
which can then result in additional angular momentum transport
(e.g. Fuller 2021). However, such processes are not yet well un-
derstood (see Guo 2021, for a recent review).

Tidal perturbations of pulsations (e.g. Hambleton et al. 2013;
Balona 2018; Bowman et al. 2019; Southworth et al. 2020, 2021;
Steindl et al. 2021; Johnston et al. 2022), which occur in close
binaries that are circularised and (quasi-)synchronously rotating
(Guo 2021), are a prime example of such lesser understood in-
teractions. Here, strong tides modify the mode cavities inside the
pulsating star, which in turn results in perturbed pulsations. A
subset of these, called the tidally tilted pulsators, have received
much attention in the literature lately (e.g. Handler et al. 2020;
Kurtz et al. 2020; Rappaport et al. 2021; Lee 2021a; Kahraman
Alicavus et al. 2022; Jayaraman et al. 2022). For tidally tilted
pulsators, the tidal influence on the pulsations consists of three
main effects: (i) tidal trapping, whereby the pulsation is confined
to a specific part of the star; (ii) tidal alignment, whereby the
pulsation is tilted and has the tidal axis as its symmetry axis
rather than the stellar rotation axis; and (iii) tidal amplification,
whereby the pulsation mode amplitude is larger on part of the
stellar surface (Fuller et al. 2020).

Recently, tidal perturbations of g-mode pulsations were ob-
served by Jerzykiewicz et al. (2020) and Van Reeth et al. (2022b)
for the SPB star in 7° Ori and the y Dor star in V456 Cyg, respec-
tively. Since tides are dominant in the outer stellar layers and
g-modes are most sensitive to the near-core stellar properties,
these were unexpected observations. In this paper, we reanalyse
a sample of 35 ellipsoidal and eclipsing binaries with y Dor-type
pulsators observed by the Kepler mission, and g-mode patterns
detected and analysed by Li et al. (2020a), with the aim of de-
tecting and characterising new close binaries that exhibit tidally
perturbed g-mode pulsations. Since all of these targets have up to
4 yr of high-precision Kepler photometry, this allows us to study
the phenomenon in much more detail than for either ° Ori or
V456 Cyg. Below, we describe our data collection and reduc-
tion (Sect.2), as well as the methods used to analyse the bina-
rity, g modes, tidal perturbations, and rotational-modulation-like
variability (Sect. 3), before discussing the five most promising
targets (Sect.4). Finally, we characterise the tidal perturbations
of g-mode pulsations (Sect. 5) and the rotational-modulation-like
variability (Sect.6) in close binaries with a y Dor component,
and we give our conclusions in Sect. 7.

2. Observations
2.1. Kepler photometry

To ensure that the low-frequency instrumental variability in the
analysed light curves is minimal and the measured g-mode vari-
ability is most precise, we performed a custom data reduction of
the Kepler long-cadence target pixel files for the 35 y Dor bina-
ries studied by Li et al. (2020a), based on the data reduction pro-
cess previously described by Papics et al. (2013) and Tkachenko
et al. (2013). First, we collected the target pixel files from DR 25
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at the Mikulski Archive for Space Telescopes (MAST!). The
light curves were then extracted from these pixel data using
custom binary aperture masks, which were defined by evaluat-
ing the 85" percentile of the measured flux within each pixel
to avoid outliers. Pixels were included in the aperture mask if
the evaluated electron count exceeded a threshold of 100e™ s™!
and did not form secondary local maxima within the mask. The
light curves were then constructed by summing over the mea-
sured electron count rates within the aperture mask for each time
stamp. Next, the data were converted to millimagnitudes, and de-
trended by fitting and subtracting a second-order polynomial per
quarter. To minimise the risk of overfitting the data and intro-
ducing a bias in this detrending step, it was done for all quarters
simultaneously; that is to say, the different polynomial functions
were fitted and optimised simultaneously with a sum of ten sine
waves, which represented the dominant intrinsic variability of
the studied target. For most of our targets, these sine waves had
frequencies at integer multiples of the binary orbital frequency.
Outliers were excluded from the light curves using 5 — o clip-
ping, and finally the quality of the reduced light curves was eval-
uated using visual inspection. Similar custom light-curve extrac-
tion approaches have been shown to provide the most robust as-
teroseismic results (Bowman & Michielsen 2021).

2.2. TESS photometry

To complement the Kepler photometry of the most interesting
stars in the sample, we also extracted light curves from 20 x 20-
pixel cutouts from the TESS full frame images (FFI) for these
targets, obtained with TessCut (Brasseur et al. 2019). Because
the TESS photometric passband (600-1000 nm) is relatively red-
der than the Kepler passband (420-900nm), the TESS light
curves provide complementary information. However, they do
not reach the same quality level. The TESS data cover shorter
time spans and consist of separate 27-d sectors rather than years-
long near-continuous observations. In addition, TESS was devel-
oped to observe brighter stars; the size of the individual pixels
on the CCDs is much larger (21 arcseconds compared to 3.98
arcseconds for Kepler), making the observations more suscepti-
ble to contamination from nearby stars. Finally, there is a strong
background flux in the TESS data caused by sunlight scattered
by the Earth.

Additional steps were needed for the data reduction of the
TESS observations. First, the background flux was estimated by
calculating the fifth-percentile e~ s~!-count of the pixels in the
selected CCD cutout and subtracted from the measured e~ s™!-
count in each of the pixels. This allowed us to avoid signif-
icant stellar contamination and measurement outliers. Second,
the pixels of the aperture mask were selected using a 3 — o cut-
off above the median flux count as the threshold, and secondary
maxima within the mask were again excluded. Then, the remain-
der of the TESS data reduction was almost identical to that of
the Kepler data. The light curves were extracted by summing
over the flux counts of the pixels within the aperture mask, con-
verted to mmag units, and detrended by subtracting a first-order
polynomial fit per orbital cycle of the TESS satellite. To avoid
overfitting the detrending curve, the polynomial functions were
again fitted and optimised simultaneously with a sum of ten sine
waves, with frequencies equal to harmonics of the binary orbital
frequency.

Despite these additional data reduction steps, the TESS data
still do not reach the same quality level as the Kepler data, as

! https://archive.stsci.edu/

illustrated in Fig. 1, and as a result have limited usage. Hence,
throughout the rest of this work, the main analyses are based on
the Kepler observations. The TESS observations are only used
as a complementary source of information.

3. Data analysis

To identify targets with tidally perturbed g-mode pulsations,
each of the light curves is analysed in the same systematic way.
First, we model and subtract the binary signal from the light
curve. Then, we measure the frequencies of the independent
g modes from the residual light curve, and, finally, we identify
which of these g modes are tidally perturbed.

3.1. Binarity

First, we model the observed variability associated with the bi-
nary motion. However, for most of the binaries in our sample,
there are no published radial velocities or spectroscopic obser-
vations available. As a result, we do not have the required infor-
mation to build detailed physical binary models (e.g. Southworth
2020) for all stars in the sample. To ensure that all binaries are
analysed homogeneously, we constructed a numerical model for
the photometric binary variability using a sum of 100 sine waves:

100
B() = Z a;sin (27T (jvorbt + gpj)) ,

=1

@)

where vy, is the cyclic orbital frequency, and a; and ¢; are the
amplitude and phase of the j™ orbital harmonic, respectively.
While this model is limited by the highest order orbital har-
monic that is considered, it does not smear out the binary signal
(see, e.g. Bowman et al. 2019), which could in turn modulate the
observed pulsation signal. This risk does exist when the binary
model is calculated by phase-folding and binning the light curve
onto the orbit, as was done, for example, by Li et al. (2020a).
Because our aim was to study the relation between the binarity
and g modes, and we could benchmark our results against those
presented by Li et al. (2020a), the harmonic model in Eq. (2) was
best suited to our work.

3.2. Pulsation analysis

Following the harmonic modelling, we first used iterative pre-
whitening to determine the frequencies of the g-mode variability
in the residual light curve, hereafter referred to as the pulsation
light curve. To minimise a potential bias of the measured g-mode
pulsations caused by the partial occultation of the pulsation
mode geometry, also called eclipse mapping (Reed et al. 2001,
2005; Johnston et al. 2022) or spatial filtering (Gamarova et al.
2003; Rodriguez et al. 2004; Gamarova et al. 2005), we limited
this analysis to the out-of-eclipse parts of the light curves. In
each iterative step, we calculated the Lomb-Scargle periodogram
(Scargle 1982) from the residual light curve and fitted and sub-
tracted a sine wave with the dominant frequency v; from the pul-
sation light curve. This was done for all frequencies with an op-
timal signal-to-noise ratio S/N > 5.6 based on statistical false-
alarm simulations for Kepler data (Baran et al. 2015; Zong et al.
2016; Bowman & Michielsen 2021), where the S/N was calcu-
lated as the ratio between the amplitude a; of the j™ fitted sine
wave and the average amplitude of the residual Lomb-Scargle
periodogram in a 1d~! window around the frequency of that
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Fig. 1. Comparison of reduced Kepler (black) and TESS (red) light curves of KIC 3341457, one the stars in our sample. Top left: Part of the Kepler
light curve of KIC 3341457. Top right: Part of the TESS light curve of KIC 3341457. Bottom: Lomb-Scargle periodograms of the Kepler (black)

and TESS (red) light curves of KIC 3341457.

sine wave. Next, we filtered the derived frequency list, based on
both an automated selection, whereby only frequencies that were
dominant in a 2.5v,., window were accepted (with v, being the
frequency resolution; Loumos & Deeming 1978), and a subse-
quent manual inspection. From the resulting list of N pulsation
frequencies v, with corresponding amplitudes a; and phases ¢;,
we built a light curve model:

N

L.(t) = Zaj sin(Zn(vjt+ <pj)).

=

3

This model L.(f) was then optimised with a non-linear fit
to the pulsation light curve, using least-squares minimisation
with the trust region reflective method, as implemented in the
‘least_squares’ routine in 1mfit> (Newville et al. 2019). To en-
sure that the solution had properly converged, the parameter val-
ues were visually inspected and compared with those from the
input model. Finally, we redetermined the S /N values associated
with the different frequencies.

Next, we searched for g-mode patterns, using the method-
ology outlined by Van Reeth et al. (2015a). We subsequently
modelled these patterns with asymptotic g-mode series using the
TAR; we fitted the pulsation periods as a function of radial or-
der (as done in, e.g. Li et al. 2020b; Van Reeth et al. 2022a) with
the trust region reflective method, which allowed us to determine
the mode geometries (k, m) of the pulsations, the average near-
core rotation rate Vyotnc, and the buoyancy travel time Il of the
pulsating star. Confidence intervals for v;o nc and Iy were calcu-
lated using a conservative 3 — o~ limit (Takata et al. 2020b; Van
Reeth et al. 2022a). These results were subsequently validated
by comparing them with those from Li et al. (2020a).

Different steps of this pulsation analysis are illustrated in
Fig. 2 for KIC 3228863, one of the stars in our sample. As seen
in the second panel, there are strong residuals in the pulsation
light curve during the eclipse phases, caused by eclipse mapping
and light travel time variations (Lee et al. 2014, 2020). These can
lead to the detection of additional frequencies during the itera-
tive pre-whitening routine, as shown in the third panel of Fig. 2,
which are avoided by excluding the eclipse phases from the anal-
ysis, as illustrated in the bottom panel of Fig. 2.

2 https://Imfit.github.io/lmfit-py/
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3.3. Tidal perturbations

In the next step, we identified which g-mode pulsations, if any,
are tidally perturbed, by establishing if their frequencies v; are
part of multiplets spaced by integer multiples of vyy. In this
work, this criterion is fulfilled if there is at least one pre-whitened
frequency v; for which

Vi —v;—kvop| < 3 4 /o-ii + 0'3,_,‘ , (@]

where 0,; and o, ; are the error margins on v; and v;, and k € Z.
For each of these candidate perturbed g modes, we subsequently
calculated the orbital-phase dependence of the modulations in
two different ways. First, we reconstructed the tidal modulations
from the detected v, spaced multiplets using a semi-analytical
model similar to the one developed by Jayaraman et al. (2022),
as explained in Appendix A. Second, we phase-folded the pulsa-
tion light curve onto the binary orbit and divided the data points
into 40 bins according to the orbital phase. Within each bin, we
then refitted the light curve model L.() to the observations, opti-
mising the pulsation amplitudes and phases but keeping the fre-
quencies fixed. The solutions from both methods were visually
inspected and required to be consistent with each other.

We note that our detection criteria for tidal perturbation are
very strict. This allows us to present and discuss unambiguous
detections of this phenomenon in Section4; however, it is en-
tirely possible that other stars in our sample also exhibit tidally
perturbed pulsations, but did not fulfil our selection criteria.

3.4. Rotational-modulation-like variability

Many stars in our sample exhibit rotational modulation or
rotational-modulation-like signals, often at or around the orbital
harmonics of the binary signal. They meet the detection criteria
for rotational modulation that were defined by Van Reeth et al.
(2018), but they also have relatively high amplitudes and can
thus be identified by eye as well. There are multiple possible
physical origins, many of which are not related to rotation and
not fully understood, as explained later in Sect. 6. Physical mod-
elling or a detailed understanding of this observed signal lies out-
side the scope of our work, but we provide an observational char-
acterisation for the stars with detected tidally perturbed g modes.
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Fig. 2. Different steps in the pulsation analysis of KIC 3228863, which is one of the stars in our sample. Top: Part of the reduced Kepler light
curve. Second panel: Part of the pulsation light curve, calculated by subtracting the harmonic model from the light curve, with the eclipses and the
out-of-eclipse parts shown in grey and black, respectively. Third panel: Lomb-Scargle periodogram of the full pulsation light curve (black), with
the pre-whitened frequencies (red). Bottom: Lomb-Scargle periodogram of the out-of-eclipse parts of the pulsation light curve (black), with the

pre-whitened frequencies (red).

To characterise the rotational-modulation-like signal and its
time dependence, we have evaluated its amplitude as a func-
tion of time and the binary orbital phase. To this end, we se-
lected 100-d sections of the pulsation light curve using a sliding
box. For each section, we then removed the light curve model
L.(¢), which we present in Eq.(3), from the data, apart from
the frequencies that are part of the rotational-modulation-like
signal. For the stars in our sample, the rotational-modulation-
like variability typically coincides with the orbital harmonics
in the Lomb-Scargle periodogram, and measured frequencies
are considered part of the signal if they lie within a 0.05d"'-
window, centred on one of the orbital harmonics. This window
width is sufficiently broad to cover the unresolved rotational-
modulation-like peaks in the periodogram, but not overlap with
the g-mode frequency ranges. We then phase-folded the resid-
ual light curve section with the orbital period, divided the data
into 40 bins, and calculated the median flux within each bin. To
validate our results, we repeated this analysis for 200-d sections
of the pulsation light curve, using measured pulsation frequen-
cies with S/N > 4.0 and 0.1 d"!-windows around the rotational-
modulation-like peaks in the periodogram. We then compared
these results to ensure that they were not affected by any resid-

ual pulsation or harmonic signal; however, for clarity the detailed
discussion in Sect. 6 is limited to our first set of results.

4. Discussion of individual systems

Following the data analysis methodology described in the previ-
ous section, we detected tidally perturbed g-mode pulsations in
five of the 35 sample targets of Li et al. (2020a). An overview of
their derived parameter values is listed in Table 1, and each of
them is discussed in detail below. Additional figures that illus-
trate the detections and complement the discussions below, are
included in Appendix B.

4.1. KIC 3228863

The system KIC 3228863 is one of the two eclipsing binary sys-
tems in our sample, as can be seen from the phase-folded light
curve in the top panel of Fig. 3, where the grey areas indicate the
orbital phases of the eclipses. It is a semi-detached binary, part of
a quadruple system, and our only target with published radial ve-
locities and orbital parameters (Lee et al. 2014, 2020). After the
frequency analysis of the pulsation light curve from the Kepler
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Table 1. Overview of the measured parameter values for our binary stars with detected y Dor-type pulsations and tidal perturbations.

KIC3228863  KIC3341457 KIC4947528 KIC9108579 KIC 12785282 V456 Cyg)
TIC 394179296 137094904 169560376 273583841 406997952 15795549
eclipsing y n n n y y
Mg pler (Mag) 11.816 13.873 13.910 11.560 13.518 -
Vorb (d71) 1.36809332(4) 1.8932976(5) 2.0121190(1) 0.85497202(16) 1.26782902(13) 1.122091(8)
Vrotne (d71) 1.371(3) 1.865(1) 2.03(2) 0.847(7) 1.264(3) 1.113(5)
Iy (s) 4370(100) 3870(40) 4390(310) 4240(160) 4214(30) 4300(50)
pulsating component  primary unknown unknown unknown primary secondary
k 0 0 0 0 0 0
m 1 1 1 1 1 1
Fmin -61 =72 -42 -47 -56 -31
Pimax -28 -41 -21 -40 -19 -18
Pspan 34 32 22 8 38 14
tidal perturbations y y y n y y
k -2 -2 - 0 - -
m -1 -1 - 2 - -
Fimin -24 -53 - -61 - -
Fimax -18 -33 - -49 - -
Pspan 7 21 - 13 - -
tidal perturbations n y - y - -

Notes. The middle and bottom sections contain the relevant parameters for the first and (if detected) second g-mode period-spacing pattern of each
target, respectively. The vyo 5 parameter is the near-core rotation frequency, measured from asteroseismic modelling. The ngp,, parameter indicates
the total number of radial orders that the g-mode pulsations within the detected period-spacing patterns span. The ‘tidal perturbation’ parameter
indicates when tidal perturbations were detected for any pulsation in a g-mode period-spacing pattern.

References. (1) studied by Van Reeth et al. (2022b).

space mission, we detected and modelled two period-spacing
patterns for g-mode pulsations with mode identification (k, m) =
(0, 1) and (-2, 1), respectively, in agreement with the results
obtained by Li et al. (2020a). It shows that the near-core region
of the primary is synchronously rotating (Vioine = 1.371(3)d ")
with the binary orbit (vop, = 1.36809332(4)d™!) within the con-
fidence intervals of the measured frequencies.

Using our strict criteria, explained in the previous section, we
detected tidal perturbation of the seven most dominant (k, m) =
(0, 1) modes. There are indications that at least some of the re-
maining independent g-mode pulsations, including those with
(k,m) = (=2,—1), are also tidally perturbed, but these were not
formally detected. Because our aim is to provide a clean detec-
tion and characterisation of tidally perturbed g modes, these re-
maining oscillations are therefore not discussed here.

The observational signatures of the detected tidal perturbed
pulsations are illustrated in Fig. 3 and Figs B.1 to B.3. In these
figures, we see a decrease (increase) in the observed pulsation
amplitude during the primary (secondary) eclipse, as well as a
saw-tooth signature in the pulsation phase modulation during the
primary eclipse. These signatures are caused by eclipse mapping
(Reed et al. 2001, 2005; Johnston et al. 2022), the partial oc-
cultation of the pulsation mode geometry, and indicate that the
g-mode pulsations belong to the primary. This is in agreement
with the conclusions from Lee et al. (2020), which were based
on the locations of the binary components in the HR diagram.
Interestingly, the correlation between the amplitude and phase
modulations is qualitatively similar both during and out of the
eclipses; when the pulsation amplitude is maximal, the pulsation
phase decreases as a function of the orbital phase, and vice versa.
Moreover, the observed tidal modulations of the seven domi-
nant pulsations are similar. This is illustrated in Fig.3, where
we compare their relative amplitude and phase modulations, as
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calculated from the binned data analysis. Here, the modulations
of the dominant pulsation are indicated in black, while the mod-
ulations for the smallest pulsation are shown in yellow. With the
exception of the dominant pulsation, the relative modulations of
the different pulsations agree with each other within their uncer-
tainties.

4.2. KIC 3341457

Contrary to KIC 3228863, we cannot assign the pulsations of
KIC 3341457 to a specific component. This is a non-eclipsing,
low-amplitude ellipsoidal variable, as can be seen from the top
panel of Fig. 4. Because there are no eclipses, it is not possible to
determine from the light curve which binary component is pul-
sating. Moreover, as there are no time series of high-resolution
spectroscopy available for this target yet, we cannot place the
binary components on the Hertzsprung-Russell diagram or mea-
sure their masses. However, in agreement with Li et al. (2020a),
we detected two g-mode patterns among the pre-whitened pulsa-
tion frequencies, with mode identifications of (k, m) = (0, 1) and
(=2, 1), respectively. From the asteroseismic analysis of these
patterns, we found that the pulsating component is clearly rotat-
ing a bit slower (near-core rotation Vone = 1.865(1) d~") than
the binary orbit (Vor, = 1.8932976(5) dh, making this the only
target in our sample with clear asynchronous rotation.

Moreover, as shown in the middle and bottom panels of
Fig.4, we detected tidal perturbations of three r modes (with
(k,m) = (=2, —1)) as well as six prograde dipole modes ((k, m) =
(0, 1)). While the modulation morphology is again very similar
for g modes with identical mode identification (k,m), there are
clear differences for pulsations with different mode geometries.
While pulsations with (k, m) = (0, 1) are (mostly) spheroidal and
dominant near the equator, the r modes with (k,m) = (-2,—1)
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Fig. 3. Relative tidal perturbation of all selected (k, m) = (0, 1) g modes
of KIC 3228863. Top: Phase-folded Kepler light curve of KIC 3228863
(black). The eclipses are marked in grey, with the dashed lines indicat-
ing the centres of the eclipses. Middle: Pulsation amplitude modulations
as a function of the binary orbital phase, calculated numerically within
separate orbital phase bins and divided by the average intrinsic mode
amplitudes. Different line colours scale with the average intrinsic mode
amplitudes, from high (black) to low (yellow). The binary eclipses are
marked in grey. Bottom: Differential pulsation phase modulations as a
function of the binary orbital phase, calculated numerically from binned
data, with (¢) indicating the average intrinsic mode phase.

are toroidal oscillations with dominant temperature variations at
latitudes well above and below the equator (Saio et al. 2018), as
illustrated in Fig.5. As a result, both types of pulsations show
different levels of sensitivity to the tidal deformation of the star,
and as shown in Figs. B.6 and B.7, they have different morpholo-
gies as a function of the binary orbital phase. This proves that the
pulsations do not merely scale with the tidal deformation of the
pulsating star, but they are effectively distorted.

4.3. KIC 4947528

The system KIC 4947528 is the shortest-period binary in our
sample. Similarly to KIC3341457, we do not have spectro-
scopic data and cannot identify which component is pulsat-
ing. However, based on our asteroseismic results we can con-
firm that the pulsating star is rotating synchronously (near-core
rotation Viprne = 2.03(2) d~") with the binary orbit (Vo =
2.0121190(1)d™") within the confidence intervals of the mea-
sured frequencies. The ten most dominant g modes, with (k, m) =
(0, 1), are clearly tidally perturbed, as illustrated in Fig. 6 and
Figs B.8 to B.10. The relative pulsation amplitude and phase
modulations again agree with each other within their uncer-
tainties, and similar to our observations for KIC 3228863 and
KIC 3341457, the amplitudes and phases are correlated with
each other.

flux (mmag)

A/ <A>

¢— <d> (2mrad)

04 06 08 10 1.2

orbital phase

0.2

Fig. 4. Relative tidal perturbation of all selected g and r modes of
KIC 3341457. Top: Phase-folded Kepler light curve of KIC 3341457
(black). Middle: Relative pulsation amplitude modulations as a func-
tion of the binary orbital phase, similar to the middle panel of Fig. 3.
Modulations shown using the black-red-yellow colour scale correspond
to (k,m) = (0, 1) g modes. The blue-green colour scale is used for mod-
ulations of (k,m) = (=2,—1) r modes. Bottom: Differential pulsation
phase modulations as a function of the binary orbital phase, similar to
the bottom panel of Fig. 3.

o®

Fig. 5. Geometries of the dominant (k,m) = (0,1) g mode (left) and
(k,m) = (=2,—1) r mode of KIC 3341457 (right), ignoring the effects
of tidal deformation and perturbation. Regions on the stellar surface
where the pulsations cause the temperature to decrease (increase), are
indicated in red (blue).

4.4. KIC 9108579

The system KIC9108579 is the only binary system in
our selection with an orbital period of more than a day
(Vo = 0.85497202(16)d~"). Just as for KIC3341457 and
KIC 4947528, the pulsating component in the system could not
be identified. However, from our analysis of the detected pul-
sations, we again found that the pulsating star is rotating syn-
chronously (near-core rotation vyorne = 0.847(7) d~") within the
confidence interval of the measured rotation frequency.

The system KIC 9108579 is the only target in our selection
to clearly exhibit both prograde dipole ((k,m) = (0, 1)) and
quadrupole ((k,m) = (0,2)) g modes. Interestingly, while we
could not formally detect tidal perturbations for any of the dipole
modes, the five most dominant quadrupole modes exhibit tidal
perturbations that are qualitatively similar to the tidal perturba-
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Fig. 6. Relative tidal perturbation of all selected (k, m) = (0, 1) g modes
of KIC 4947528, similar to those shown in Fig. 3.
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Fig. 7. Relative tidal perturbation of all selected (k, m) = (0,2) g modes
of KIC 9108579, similar to those shown in Fig. 3.

tions observed for the previous selected stars, as illustrated in
Fig.7 and Figs B.11 to B.13. Within their confidence intervals,
the relative amplitude and phase modulations of the different
modes are again almost identical. We also note that, although
the morphology of the amplitude modulations is similar to the
ellipsoidal flux variations of the binary, which is comparable to
the other binaries and as shown in Fig. 7, there is a large offset
in orbital phase between them. While the ellipsoidal variability
reaches its minima at orbital phases of 0.0 and 0.5, the minima
of the amplitude modulations of the dominant pulsation are at
orbital phases of 0.057 and 0.557.
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Fig. 8. Relative tidal perturbation of all selected (k, m) = (0, 1) g modes
of KIC 12785282, similar to those shown in Fig. 3.

4.5. KIC 12785282

Our final target, KIC 12785282, is the second eclipsing binary
system among our selected targets. Contrary to Li et al. (2020a),
who detected a g-mode period-spacing pattern with mode iden-
tification (k, m) = (0, 1) spanning five radial orders, we found a
much longer pattern spanning 38 radial orders. This allowed us
to place much stronger constraints on the near-core rotation rate
(Vrotne = 1.264(3) d~!) of the pulsating star, and to confirm that
it is also rotating synchronously (ves, = 1.26782902(13)d™")
within the confidence intervals of the measured frequencies.
However, in spite of the large number of identified pulsation
modes in our period-spacing pattern, only the three dominant
modes fulfilled our formal criteria for the detection of tidal per-
turbation. As illustrated in Fig. 8 and Figs B.14 to B.16, their
behaviour is consistent with what we observed for our other se-
lected stars. Moreover, the pulsation amplitude and phase mod-
ulations during the eclipses demonstrate that the primary com-
ponent is the pulsating star, and that the g modes are amplified
in the hemisphere facing the companion. This is similar to what
was observed for V456 Cyg (Van Reeth et al. 2022b), although
in that case the pulsating star was the secondary.

5. Characterisation of the tidally perturbed g modes

Following the detailed individual analysis of all targets with
tidally perturbed g-mode pulsations, there are clear similari-
ties between these binary systems. They are very close, quasi-
synchronised, circularised (Li et al. 2020a; Van Reeth et al.
2022b), and have an orbital period of the order of or less than
a day. Moreover, the tidal g-mode perturbations themselves
also have clear common features. Unfortunately, the number of
tidally perturbed stars has proven to be too small for a successful
statistical sample analysis, but even a qualitative description pro-
vides very useful insights into the physics behind them. Firstly,
the relative tidal perturbations of pulsations with the same mode
identification are often almost identical. In other words, the per-
turbations are nearly independent of the intrinsic pulsation mode
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Fig. 9. Comparison of observed modulations of dominant (k, m) = (0, 1)
g mode of KIC 3228863 (with v = 1.974605(3)d™!) in the available
Kepler (black) and TESS photometry (red).

amplitudes, radial orders, and phases. However, tidal perturba-
tions of g-mode pulsations with different mode identification
(k,m) within the same star can be very dissimilar, and there are
clear observational differences between the stars as well. Sec-
ondly, the observed tidal perturbations reach maximal ampli-
tudes once or twice per orbital cycle and are often strongly corre-
lated with the light variations caused by the ellipsoidal variabil-
ity of the system. However, these correlations are not exact, in-
dicating that the tidal g-mode perturbations do not merely scale
with the deformation of the pulsating star. Thirdly, for all per-
turbed g modes, the phase modulations decrease (increase) as a
function of the binary orbital phase when the amplitude mod-
ulations are maximal (minimal), and the pulsation phase varia-
tions are relatively small and less than 0.5 rad. Fourthly, within
the limits of the available data, the relative tidal g-mode pertur-
bations are found to be independent of the chosen photometric
passband. This is illustrated in Figs. 9 and 10, where we compare
the TESS observations of the dominant tidally perturbed modes
of KIC 3228863 and KIC 12785282 with the Kepler data. How-
ever, because of the limited amount of available TESS data, the
tidal perturbations were not detectable for any of the other pulsa-
tions or stars, and the confidence intervals on these two observed
pulsations are large.

5.1. Pulsation amplitude and phase relations

Despite the different characteristics of our stars, there are obvi-
ous relations between the amplitude and phase modulations of
the tidally perturbed pulsations. However, as the measured pul-
sation phases depend on multiple aspects such as intrinsic pul-
sation phase variations, the light travel time from the pulsating
star to the telescope (e.g. Murphy et al. 2014), and geometric ef-
fects such as spatial filtering (Gamarova et al. 2003; Rodriguez
et al. 2004; Gamarova et al. 2005) or tidal tilting (e.g. Fuller
et al. 2020), investigating this relation can be difficult. Hence,
we built a toy model of a g mode with a distorted pulsation am-
plitude in a synchronised, circular binary system, as described in
detail in Appendix C, deliberately ignoring all other effects. In
short, we used the parameter values from V456 Cyg (obtained by
Van Reeth et al. 2022b) to construct the binary model, included
the dominant (k,m) = (0, 1) g-mode pulsation of the secondary

AKepIer (mmag)

Gkepler (217 rad)

orbital phase

Fig. 10. Comparison of observed modulations of dominant (k,m) =
(0,1) g mode of KIC 12785282 (with v = 1.8971606(7)d™") in the
available Kepler (black) and TESS photometry (red).

component, and scaled its local amplitude on the stellar surface
with the following function:

S.Or)=1+ %cos or, (®)]
where Oy is the angle with respect to the tidal axis, such that
the pulsation amplitude is up to five times larger in the hemi-
sphere facing the primary than on the other side. Here, the value
of the scaling parameter is not physically motivated, but merely
set to % for a conceptual illustration. The resulting amplitude
and phase modulations of the simulated pulsation were then cal-
culated using the methodology described in Section 3 and are il-
lustrated in Figs. 11 and C.1. In Fig. C.1, we see the theoretical,
high-resolution tidal perturbations, while in Fig. 11, the resolu-
tion has been downgraded to match the TESS data of V456 Cyg.
Given that this is just a toy model, the similarities between the
simulations and the observations are striking. The spatial filter-
ing signatures during the eclipses are well reproduced, and we
see a similar relation between the amplitude and phase modu-
lations as in our observations during the out-of-eclipse orbital
phases. This indicates that the dominant tidal distortion effect on
the g modes is to amplify them on part of the tidally deformed
stellar surface, while the observed pulsation phase modulations
are at least partially caused by geometric effects of the pulsation
mode visibility.

We note that despite this insight, our simulation does not
yet provide any information on the physical processes that cause
such distortion of the pulsation amplitude. The ellipsoidal vari-
ability of the pulsating star is likely a contributing factor, but,
as stated in Sect. 4, the observed ellipsoidal variability and the
amplitude modulations are not perfectly correlated, indicating
that other aspects also contribute to the amplifications of the
g modes. Furthermore, our stars show different modulations of
the mode amplitudes, which peak at or around orbital phases
of 0.25 and 0.75 in KIC 3228863, KIC 3341457, KIC 4947528,
and KIC9108579 (Figs. 3, 4, 6, 7), at an orbital phase of 0
in KIC 12785282 (Fig. 8), and at an orbital phase of 0.5 in
V456 Cyg (Fig. 11). The functional form of the amplitude mod-
ulation will thus be different from Equation 5 for each case.

Unfortunately, the theoretical frameworks that have been
presented in the literature do not suffice to describe these effects.
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Fig. 11. Comparison of dominant tidally perturbed pulsation of
V456 Cyg (light grey; Van Reeth et al. 2022b) with our toy model (red;
described in Appendix C). Top: Observed amplitude modulations as a
function of the orbital phase. Botfom: Observed pulsation phase modu-
lations as a function of the orbital phase, caused by the geometry of the
pulsation amplitude distortion across the stellar surface.

None of them, including the study by Fuller et al. (2020), have
fully accounted for the effects of the Coriolis force, which is
one of the two dominant forces known to affect g-mode pulsa-
tions (e.g. Mathis 2009; Bouabid et al. 2013). Fuller et al. (2020)
modelled tidally tilted p modes assuming they were aligned with
the tidal axis, under the justification that tidal distortion was
more important than the Coriolis and centrifugal forces. How-
ever, low-frequency gravity modes are more sensitive to Coriolis
forces and are likely to remain aligned with the rotation axis,
as observed in our sample because the mode period spacings
closely follow the predictions of the TAR.

One possible mechanism to explain the amplitude variations
is a ‘tidal amplification’ similar to that discussed in Fuller et al.
(2020). In a tidally distorted star, the internal sound speed and
Brunt-Viisila frequency profiles will not be spherically symmet-
ric. This may change the geometry of the g-mode cavity, allow-
ing modes to propagate closer to the surface and produce larger
flux perturbations on different sides of the star. In the future, it
will be necessary to develop a new tidal coupling framework to
model mode amplitude variations and determine the true physi-
cal causes of the observed tidal perturbations.

6. Rotational-modulation-like signals

In addition to the tidal g-mode perturbations, we also analysed
the rotational-modulation-like variability of our five selected tar-
gets. While there are clear differences between the different bi-
naries, it is often coherent over timescales of hundreds of days
and can provide us with additional information on the stellar
properties. A proper understanding of the observed rotational-
modulation-like signatures requires detailed modelling of our
targets and lies outside of the scope of our current project. How-
ever, to facilitate future follow-up studies, we provide both ob-
servational characterisations and a qualitative discussion of the
properties of these signals.

The rotational-modulation-like signatures have multiple pos-
sible physical origins, which are not always fully understood.
In low-mass stars (M < 1.3 M), rotational modulation is often
a signature of spots on the stellar surface, caused by dynamic
magnetic fields (e.g. Strassmeier 2009; Chowdhury et al. 2018),
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while in higher mass stars (M > 2 M, with spectral types O, B,
and A) fossil magnetic fields may lead to chemical abundance
spots, though this does not explain all observations (e.g. David-
Uraz et al. 2019, and references therein). By contrast, it has also
been proposed that in a sufficiently fast-rotating star with a con-
vective core, overstable convective modes in the core can reso-
nantly excite g-mode pulsations in the radiative envelope if it is
rotating slightly slower than the core. The signal of such g modes
is then expected to resemble rotational spot modulation (e.g. Lee
& Saio 2020; Lee 2021b). However, the rotational-modulation-
like signal observed for our targets is much larger than what
has been detected for (presumably) non-magnetic single stars
(e.g. Li et al. 2020b), indicating that it is related to the bina-
rity. Indeed, close binaries often have tertiary companions (e.g.
Tokovinin et al. 2006), which can induce long-term variations
in the observed orbit (e.g. Toonen et al. 2016). Additionally, the
tidal deformation of stars in close binaries causes temperature,
pressure, and density variations close to the stellar surface (e.g.
Hilditch 2001), which can in turn induce circulation and flow
processes that are visible on the stellar surface (e.g. Tassoul &
Tassoul 1982a,b). Over the last decade, these mechanisms have
been studied extensively for the atmospheres of tidally locked
exoplanets (e.g. Showman & Polvani 2011). Here, the atmo-
spheric temperature variations were found to trigger standing
equatorial Kelvin and Rossby waves, which can be tilted in the
direction of the rotation by the balance between the pressure gra-
dient, Coriolis, and drag forces in these targets (Showman &
Polvani 2011).

Our first target, KIC 3228863, is the only one for which
we could clearly determine the physical cause of the observed
rotational-modulation-like signal. As shown in Fig. 12, the de-
pendence of the signal as a function of time and orbital phase
revealed that this variability is predominantly caused by timing
variations in the eclipses. The measured periodicity of these vari-
ations are ~643 d, in agreement with the orbital period measured
by Lee et al. (2020) for the known tertiary component of this
system (Por, = 642 +3d).

By comparison, the physical origins of the rotational-
modulation-like variability of KIC 3341457, KIC 4947528, and
KIC9108579, as shown in Figs. 13 to 15, could not be defini-
tively determined, though they appear to be most consistent with
large-scale temperature spots and associated flow patterns on the
stellar surfaces. As shown by Showman & Polvani (2011) for
the case of tidally locked exoplanets, thermal forcing can induce
large-scale, standing Kelvin and Rossby waves. The toroidal
velocity fields of these waves can then be tilted by the com-
bined pressure gradient, Coriolis, and drag forces, which can
in turn lead to an equatorial superinertial flow. We hypothesise
that if a similar mechanism is present in our close binaries, this
could explain the time dependence of the observed rotational-
modulation-like signal of these three targets. For example, in
the case of KIC 3341457 it would correspond to an observed
equatorial flow frequency of ~1.89444d~!, which is slightly
higher than the measured orbital frequency (1.8932976(5)d™"),
even though the measured average near-core rotation rate is
lower (1.865(1)d™"). Moreover, such a mechanical excitation
of r modes has also been hypothesised to occur in the so-
called hump-and-spike stars (Saio et al. 2018; Saio & Kurtz
2022). However, we cannot be certain; the observed rotational-
modulation-like signal could also be caused by a different mech-
anism, such as overstable convective modes in the core (Lee &
Saio 2020; Lee 2021b). It is also possible that the rotational-
modulation-like variability originates from the non-pulsating
companion. Unfortunately, we currently do not have sufficient
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Fig. 12. Time and orbital-phase dependence of rotational-modulation-
like signal of KIC 3228863, calculated using 100-d sections of the light
curve. The signal is dominated by the light-travel-time effect on the
eclipses, caused by the presence of the tertiary component, as reported
by Lee et al. (2014, 2020).

information to provide a definite answer. Time series of spectro-
scopic observations and more detailed theoretical modelling of
these targets are required to evaluate this.

The rotational-modulation-like signal of our last target,
KIC 12785282, differs significantly from our observations for
the other stars, as shown in Fig. 16. It is less stable, and there
are no clear long-term trends present. Furthermore, there is no
clear regular time dependence during the eclipses, as observed
for KIC 3228863, which was caused by the presence of the ter-
tiary component. However, it is still possible that such signal is
present on timescales shorter than 100d. We used 100-d win-
dows in our analysis to ensure numerical stability, but the down-
side is that we could not detect any shorter-term variability. As
a result, we could not determine a (clear) physical cause for the
observed rotational-modulation-like signal of this star either.

Finally, we note that in addition to our five selected targets,
the rotational-modulation-like signal is also present in some,
but not all, of the other close binaries in the sample from Li
et al. (2020a). Examples of these targets include KIC 6048106,
KIC 6206751, KIC 7385472, KIC 8197406, and KIC 8330092.
So, while we cannot definitively identify the true physical cause
of the rotational-modulation-like signal, we can conclude that it
is not directly related to the tidal perturbation of g-mode pul-
sations. Given that it appears to only be present in some close
binaries, but not in wide binaries or single stars (e.g. Li et al.
2020Db), it seems likely that it is causally related to the properties
of close binaries. However, a detailed analysis of these targets is
required to resolve this issue.

7. Conclusions

We conducted a detailed asteroseismic analysis of the 35 y Dor
stars in binary systems with g-mode period-spacing patterns,
presented by Li et al. (2020a), and detected tidal perturbation
of the pulsations in the five shortest-period binaries of their sam-
ple, which are circularised and have orbital frequencies higher
than or of the order of 1d~'. Combined with the previously
discovered binary with tidally perturbed y Dor type pulsations
(V456 Cyg; Van Reeth et al. 2022b), this allowed us to conduct a
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Fig. 14. Time and orbital-phase dependence of rotational-modulation-
like signal of KIC 4947528, calculated using 100-d sections of the light
curve.

first ensemble characterisation of this phenomenon. The tidally
perturbed g-mode pulsations that were previously reported for
the SPB pulsator 7> Ori (Jerzykiewicz et al. 2020) were not in-
cluded in this study to avoid a potential bias. In addition to this
star belonging to a different pulsator class, its analysis was based
on data from the BRITE constellation (Weiss et al. 2014) rather
than Kepler or TESS.

First, we find that the relative amplitude and phase modu-
lations of tidally perturbed g modes within a given star depend
strongly on the mode geometry. For pulsations with the same
mode identification, they are almost identical. In other words,
they are observed to be independent of the intrinsic g-mode pul-
sation amplitudes, radial orders, and phases. Moreover, based
on a comparison of the available Kepler and TESS photometry
and within the limits of the available data, the relative modula-
tions are found to be independent of the photometric passband
in which they are observed. By contrast, the tidal modulations of
g-mode pulsations with different mode geometries (k, m) exhibit
clear differences. As these pulsations have different mode cav-
ities, velocity, and displacement fields, they have different sen-
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sitivities to the tidal distortion of the pulsating star and to the
Coriolis and centrifugal forces in the binary system.

Second, the dominant observed characteristic of tidally per-
turbed g-mode pulsations is a distortion of the pulsation ampli-
tude on the stellar surface, which is related to the tidal deforma-
tion of the pulsating star. This affects both the observed pulsation
amplitude and phase modulations, and results in similar orbital-
phase-dependent signatures, as we see in the data of our selected
sample. In most of our sample, the mode amplitudes are largest
at or around orbital phases of 0.25 and 0.75 (when we are look-
ing at the tidally distorted star side-on), but in a few cases the
amplitude peaks at an orbital phase of 0.5 (when we are look-
ing at the narrow side of the pulsating star that is facing the bi-
nary companion), and in other cases the amplitude modulation
is asymmetric with orbital phase. Hence, the physical origins of
these amplitude distortions are not yet clear. This requires a de-
tailed theoretical study, which, given that we are dealing with
sub-inertial g modes, should also account for the effects of the
Coriolis acceleration on the pulsations. Such work lies outside
the scope of the presented observational analysis.
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Interestingly, all five targets presented in this work also
exhibit rotational-modulation-like signal, which, except for
KIC 12785282, contains clear coherent variability as a function
of time. For KIC 3228863, this signal is a result of eclipse timing
variations caused by the known tertiary (Lee et al. 2014, 2020)
that orbits the observed close binary. By contrast, the true phys-
ical origins of the rotational-modulation-like variability are cur-
rently still unknown for the remaining three stars, and we hy-
pothesise that they are caused by temperature variations and as-
sociated flow patterns on the stellar surface. Alternatively, they
could be caused by overstable convective modes in the stellar
core, belong to the non-pulsating binary component, or be re-
lated to other variations in the binary motion. However, in each
of these cases, the observed rotational-modulation-like signal
provides information on the stellar properties, complementing
the information from the g-mode pulsations and the binarity.
Hence, when the physical origins of these rotational-modulation-
like signals are known, they might be used to help constrain the
angular momentum transport processes in our five targets.

In conclusion, our results indicate that with a suitable theo-
retical framework the g-mode perturbations can be used to probe
the deformation of the outer layers of the pulsating stars, where
the tidal effects are dominant. Since g-mode periods mostly pro-
vide information on the deep interior stellar structure, tidally per-
turbed g-mode pulsations provide us with a unique opportunity
to study the stellar structure from the near-core region to the sur-
face. The five binaries presented in this work are excellent targets
for such a study. Moreover, other sample targets may be as well.
Our strict detection criteria for tidal perturbations were specif-
ically chosen to ensure unambiguous detections. It is possible
that other stars in our sample exhibit tidally perturbed g modes
that did not meet our detection criteria.
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Appendix A: Semi-analytical tidal perturbation
model

Following the example by Jayaraman et al. (2022), we used the
pulsations that were pre-whitened and presented in Section 3.2
to build a semi-analytical model M(¥) of the photometric vari-
ability of each tidally perturbed pulsation with frequency v;:

M;() = Z ajy, sin (27r [(vj + nvorb) (t—1ty) + <pj,,,]) R

n

(A1)

with n € Z indicating the different components of the v,-spaced
multiplet around v;. This expression can be rewritten as

Mj (t) =day (¢orb) sin (271' [V (t - tO) + oy (¢orb)]) B

where the orbital phase ¢o, = Vorn (f — 1), and a,,; and ¢, ; are
the orbital-phase-dependent amplitude and phase of pulsation
frequency v;, respectively. These are then given by

2
Ay, j (¢orv) = [(Z Ajn sin (271' [”¢orb + QOj,n:I)) s

n

(A.2)

[Semertorfitn )] |
z (A3)

and

S sin (2 [1dery + 030

S @ 08 (27 [nport + 0 |)

When v; + nvep, > 0, the corresponding amplitude and phase
values a;, and ¢;, are simply those of the pulsations measured
in Section 3.2 that fulfil the frequency requirements. However,
when v; + nvey, < 0, or, in other words, v; < [nves| with n < 0,
the pulsation phase ¢;, used in Egs. (A.3) and (A.4) is given by

1
@y,j (Dorn) = > arctan[ } . (A4

1
Pjn = 5~ Di,

where ¢; is the phase value measured in the pre-whitening in
Sect. 3.2.
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Appendix B: Detections of tidally perturbed
g modes

In this appendix, we present figures that illustrate the data anal-
ysis for the stars with detected tidally perturbed g-mode pul-
sations. For each star, we show (i) the detected period-spacing
patterns in the Lomb-Scargle periodogram of the out-of-eclipse
parts of the pulsation light curve, that is, the residual Kepler light
curve after removing the best-fitting harmonic model; (ii) the de-
tected orbital-frequency-spaced multiplets for the independent
g-mode pulsations; and (iii) the observed tidal perturbations of
the dominant g mode(s), as a function of the binary orbital phase.
To illustrate these, we show both the semi-analytical model de-
scribed in Appendix A and the binned data analysis of the mod-
ulations of the dominant g mode. Because the sine waves that
were used to build the model were determined from the out-of-
eclipse data, there can be clear offsets between the model and the
binned data during the eclipses (if present). These signatures are
caused by the partial occultation of the pulsation mode geometry,
also called eclipse mapping (Reed et al. 2001, 2005; Johnston
et al. 2022) or spatial filtering (Gamarova et al. 2003; Rodriguez
et al. 2004; Gamarova et al. 2005), and indicate to which binary
component the observed pulsations belong.



T. Van Reeth et al.: Tidally perturbed g-mode pulsations

amplitude (mmag)

500_ .,...... o’

AP (s)
I

250{ 0 TUeel .

0.5 0.6 0.7 0.8 0.9
period (days)
Fig. B.1. Detected period-spacing patterns of KIC 3228863. Top: Lomb-Scargle periodogram (black) with the g modes (red dotted lines) that form

a (k,m) = (0, 1) pattern and a (-2,-1) pattern on the left and right hand side, respectively. The grey dotted line indicates an orbital harmonic.
Bottom: Period spacing as a function of pulsation period for the detected g-mode patterns. Dotted lines indicate gaps in the patterns.
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Fig. B.2. Orbital-frequency-spaced multiplets of KIC 3228863. Lomb-Scargle periodogram (black) with the independent g-mode pulsations (full
lines) and their multiplet components (dashed lines) shown in different matching colours. The grey dotted lines indicate orbital harmonics.

o)}

amplitude (mmag)
S

N

\ \
o o
N [

phase (2mr rad)

'
©
w
Id

1
I
I
I
1
]

02 00 02 04 06 08 10 1.2
orbital phase

Fig. B.3. Tidal perturbation of the dominant (k,m) = (0,1) g mode
of KIC 3228863, with v = 1.974605(3)d"!. Top: Pulsation amplitude
modulations as a function of the binary orbital phase, calculated numer-
ically within separate orbital phase bins (red) and reconstructed using
pre-whitened sine waves (black), with their 1 — o uncertainties (thin
dashed lines). The binary eclipses are marked in grey. Bottom: Pulsa-
tion phase modulations as a function of the binary orbital phase, calcu-
lated numerically from binned data (red) and reconstructed using pre-
whitened sine waves (black).
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Fig. B.4. Detected period-spacing patterns of KIC 3341457. Top: Lomb-Scargle periodogram (black) with the g modes (red dotted lines) that form
a (k,m) = (0, 1) pattern and a (-2,-1) pattern on the left and right hand side, respectively. The grey dotted line indicates an orbital harmonic.
Bottom: Period spacing as a function of pulsation period for the detected g-mode patterns. Dotted lines indicate gaps in the patterns.
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Fig. B.5. Orbital-frequency-spaced multiplets of KIC 3341457. Lomb-Scargle periodogram (black) with the independent g-mode pulsations (full
lines) and their multiplet components (dashed lines) shown in different matching colours. Pulsations with (k,m) = (0, 1) are marked in dark red to
yellow, while (-2,-1) modes are shown in shades of blue and green. The grey dotted lines indicate orbital harmonics.
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Fig. B.6. Tidal perturbation of dominant (k,m) = (0,1) g mode of
KIC 3341457, with v = 2.255988(2) d™!, similar to Fig. B.3.
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Fig. B.7. Tidal perturbation of dominant (k,m) = (-2,—-1) g mode of
KIC 3341457, with v = 1.6884191(7) d™!, similar to Fig. B.3.
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Fig. B.8. Detected period-spacing patterns of KIC 4947528. Top: Lomb-Scargle periodogram (black) with the g modes (red dotted lines) that form
a (k,m) = (0, 1) pattern. Bottom: Period spacing as a function of pulsation period for the detected g-mode pattern, with dotted lines indicating

gaps.
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Fig. B.9. Orbital-frequency-spaced multiplets of KIC 4947528. Lomb-Scargle periodogram (black) with the independent g-mode pulsations (full
lines) and their multiplet components (dashed lines) shown in different matching colours. The grey dotted lines indicate orbital harmonics.
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Fig. B.10. Tidal perturbation of the dominant (k, m) = (0, 1) g mode of
KIC 4947528, with v = 2.7168248(7) d~!, similar to Fig. B.3.
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Fig. B.11. Detected period-spacing patterns of KIC 9108579. Top: Lomb-Scargle periodogram (black) with the g modes (red dotted lines) that
form a (k, m) = (0,2) pattern and a (0,1) pattern on the left- and right-hand side, respectively. The grey dotted line indicates an orbital harmonic.
Bottom: Period spacing as a function of pulsation period for the detected g-mode patterns. Dotted lines indicate gaps in the patterns.
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Fig. B.12. Orbital-frequency-spaced multiplets of KIC 9108579. Lomb-Scargle periodogram (black) with the independent g-mode pulsations (full
lines) and their multiplet components (dashed lines) shown in different matching colours. The grey dotted lines indicate orbital harmonics.
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Fig. B.13. Tidal perturbation of the dominant (k, m) = (0,2) g mode of
KIC 9108579, with v = 2.450087(7) d™!, similar to Fig. B.3.

Article number, page 18 of 21



T. Van Reeth et al.: Tidally perturbed g-mode pulsations

10

amplitude (mmag)

AP (s)
18]
o
o

2501

0.400 0.425 0.450 0.475 0.500 0.525 0.550 0.575 0.600
period (days)

Fig. B.14. Detected period-spacing patterns of KIC 12785282. Top: Lomb-Scargle periodogram (black) with the g modes (red dotted lines) that
form a (k, m) = (0, 1) pattern. Bottom: Period spacing as a function of pulsation period for the detected g-mode pattern, with dotted lines indicating

gaps.
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Fig. B.15. Orbital-frequency-spaced multiplets of KIC 12785282. Lomb-Scargle periodogram (black) with the independent g-mode pulsations
(full lines) and their multiplet components (dashed lines) shown in different matching colours. The grey dotted lines indicate orbital harmonics.
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Fig. B.16. Tidal perturbation of dominant (k,m) = (0,1) g mode of
KIC 12785282, with v = 1.8971606(7)d"!, similar to Fig. B.3.
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Appendix C: Distorted g-mode amplitudes

To evaluate the properties of g-mode pulsations with tidally dis-
torted pulsation amplitudes, we built a toy model® of a g-mode
pulsator in a close binary and artificially scaled the pulsation am-
plitude on the stellar surface. To simplify the calculations, it is
assumed that the stars are spherically symmetric and rigidly ro-
tating, and that the binary system is circularised and synchro-
nised. Moreover, it is also assumed that the stellar rotation axis
is perpendicular to the orbital plane.

In the corotating frame of the pulsating star, we then define
our reference axes such that the z-axis coincides with the rotation
axis of the star, and the y-axis with the tidal axis of the binary.
The local brightness variations B (6, ¢, f) caused by the g-mode
pulsation are then described by
B(0,¢,t) = AS . (0, ¢) O, (6, 5) cos [2veot — mep], (C.1)
where A is the amplitude of the pulsation relative to the (local)
brightness of the star and S (6, ¢) is the distortion of the pul-
sation amplitude on the stellar surface. @y, (6, s) is the Hough
function for the g mode with identification (k,m), calculated
within the theoretical framework of the TAR, and the spin pa-
rameter s = 2Vyo/Veo, With vir and v, being the rotation fre-
quency and the pulsation frequency in the corotating frame, re-
spectively. (6, ¢) are the angular spherical coordinates with re-
spect to the rotation axis.

In our toy model, the local pulsation amplitudes on the stellar
surface are distorted by the following function:
S.(0,¢) =1+A"sinfsing = 1+ A’ cos 07, (C.2)
where A’ is the amplitude of the distortion and 67 is the angle
between the normal of the evaluated surface patch and the tidal
axis.

Subsequently, we convert from the corotating to the inertial
reference frame by defining a new set of spherical coordinates
(6, @) with respect to the observer’s line-of-sight at time stamp
t. This is done by replacing the azimuthal angle ¢ in the equa-
tions above by ¢ — 2mv,, and rotating the system around the
inclination angle i. The flux F;(¢) that the observer receives from
the j™ stellar component in the binary at time ¢, can then be cal-
culated as

1

Fnorm

2 g
f dor f dfy sin (26,) u (1 — cos 6y)
0 0
X (1 +B (9’ ¢s t)) Mecl (QL, ¢La t) 5

Fi()=
(C3)

where we have included linear limb darkening (with coefficient
). The mask M. (0., ¢, 1) indicates which parts of the stellar
surface are not eclipsed by the other binary component, that is,
which parts are visible to the observer at time ¢. Given the masses
and radii of the binary components, the inclination angle i of the
system, and our assumption of spherically symmetric stars in a
circular binary with synchronised rotation, these are straightfor-
ward to compute. Finally, the normalisation constant Fyq, en-
sures that F'; (#) = 1 when the star is non-pulsating (A = 0) and
not eclipsed.

The observed flux variability of the pulsating binary system
is then calculated as

F(I)ZL]'FI ([)+L2~F2([)+L3, (C4)

6 A python implementation of this algorithm is available at
https://github.com/TVanReeth/tidal-perturbation-simulations.
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where F (¢) and F; (¢) indicate the normalised flux of the indi-
vidual binary components, L; and L, are the relative light con-
tributions from both components, and L3 is the third light.

To illustrate our toy model, we built a simulation using stellar
parameter values that approximate those measured for V456 Cyg
(listed in Table C.1; obtained from Van Reeth et al. 2022b). A
(k,m) = (0,1) g-mode pulsation has been included for the sec-
ondary component, with the amplitude distorted as described by
Eq.(C.2) with A” = 0.667, so that the pulsation is up to five times
larger in the stellar hemisphere facing the primary than on the
opposite side. The simulated light curve was subsequently anal-
ysed using the same methodology as described in Section 3. The
result, shown in high resolution in Fig. C.1, is consistent with the
observed tidal g-mode perturbations of V456 Cyg, as presented
in Fig. 5 of Van Reeth et al. (2022b). Most notably, the amplitude
modulations during the out-of-eclipse phases are reflected in the
pulsation phase modulations, with the phase decreasing during
the orbital phases when the pulsation amplitude is maximal, as
observed. Similarly, the signatures of spatial filtering are clearly
reproduced during the eclipses.

A posteriori, we can also see that the assumption of spherical
symmetry in our toy model was justified. Real tidally distorted
stars in close binaries such as V456 Cyg exhibit ellipsoidal and
rotational-modulation-like variability, caused by tidal distortion
of stars in close binaries. The associated stellar flux variations
also modulate the apparent pulsation mode amplitude on the
stellar surface, similar to the local pulsation amplitude distor-
tion that we simulated in our toy model. However, as ellipsoidal
variability is usually small (of the order of 10 to 100 mmag for
the stars in this work), the associated pulsation amplitude modu-
lations will also be much smaller than what we see in our obser-
vations or what was simulated in our model.

Table C.1. Toy model parameter values used in the simulation shown in
Fig.C.1, based on the parameters values of V456 Cyg (Van Reeth et al.
2022b).

Parameter Value
orbital frequency v @d@™h 1.122091
inclination angle i (°) 83.198
stellar mass M| (M) 1.859
stellar mass M, (M) 1.576
stellar radius R; (Ry) 1.588
stellar radius R; (Rp) 1.507
linear LD coefficient 0.248
linear LD coefficient u; 0.285
light contribution L, 0.6
light contribution L, 0.4
third light Ls 0.0
pulsation frequency vpuisin (d™')  1.9491
pulsation amplitude A 0.005
amplitude distortion A’ 0.667
mode identification (k, m) 0,1

Notes. The binary parameters are listed in the top half of the table, the
asteroseismic ones in the bottom half.
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Fig. C.1. High-resolution toy model of a (k,m) = (0, 1) g-mode pulsa-
tion with a distorted amplitude in the secondary component of a close
binary system, based on the parameter values of V456 Cyg, as listed in
Table C.1. Top: Flux variability caused by the binary motion. Both stel-
lar components are assumed to be spherical, leading to the absence of
ellipsoidal variability in this model. Middle: Observed amplitude mod-
ulation as a function of the orbital phase. Botfom: Observed pulsation
phase modulation as a function of the orbital phase, caused by the ge-
ometry of the pulsation amplitude distortion across the stellar surface.
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