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ABSTRACT

We present the analysis of KIC 8164262, a heartbeat star with a high-amplitude (~1 mmag),
tidally resonant pulsation (a mode in resonance with the orbit) at 229 times the orbital frequency
and a plethora of tidally induced g-mode pulsations (modes excited by the orbit). The analysis
combines Kepler light curves with follow-up spectroscopic data from the Keck telescope,
KPNO (Kitt Peak National Observatory) 4-m Mayall telescope and the 2.7-m telescope at
the McDonald observatory. We apply the binary modelling software, PHOEBE, to the Kepler
light curve and radial velocity data to determine a detailed binary star model that includes
the prominent pulsation and Doppler boosting, alongside the usual attributes of a binary star
model (including tidal distortion and reflection). The results show that the system contains a
slightly evolved F star with an M secondary companion in a highly eccentric orbit (e = 0.886).
We use the results of the binary star model in a companion paper (Fuller) where we show
that the prominent pulsation can be explained by a tidally excited oscillation mode held near
resonance by a resonance locking mechanism.

Key words: asteroseismology —binaries: close —binaries: individual

(KIC 8164262) —stars: oscillations — stars: variables: general.

general — stars:

1 INTRODUCTION

Heartbeat stars are eccentric ellipsoidal variables (where the major-
ity have eccentricities 2 0.3) that undergo strong tidal interactions
at the time of periastron passage, relative to the rest of the orbit.
A consequence of these tidal interactions is that (for both compo-
nents) the stellar cross-section changes shape, and the temperature
across the stellar surface varies due to reflection and gravity dark-
ening. These variations appear in the light curve primarily during
periastron and the morphology of the variation depends on the
eccentricity (and, in some cases, reflection). Heartbeat stars were
initially identified as a separate class of binary star by Thomp-
son et al. (2012) based on their unusual light-curve morphology,
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specifically, their prominent periastron variations. Prior to this clas-
sification, there were two obvious cases in the literature: HD 174884
and KOI-54, which were reported by Maceroni et al. (2009) and
Welsh et al. (2011), respectively. Following this, many more were
identified, the majority of which were found with the Kepler satel-
lite: KIC 4544587 by Hambleton et al. (2013); 17 red giant heart-
beat stars by Beck et al. (2014); KIC 10080943 by Schmid et al.
(2015); 6 by Smullen & Kobulnicky (2015) and 19 by Shporer et al.
(2016)." The most up-to-date and extensive list of Kepler heartbeat
stars, containing 171 objects, has been published by Kirk et al.
(2016) and can be found at the Kepler eclipsing binary website.’
Heartbeat stars have also been identified using other missions

! http://web.gps.caltech.edu/~shporer/heartbeatstars/
2 http://keplerEBs.villanova.edu
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Figure 1. Left-hand panel: the observed Kepler light curve of KIC 8164262 for a single orbit of 87.45 d during Quarter 9. Right-hand panel: a magnified region
of the phase-binned Kepler light curve from Quarters O—17, containing the ellipsoidal variation at phase zero and showing the prominent pulsation variations.

including seven with the Optical Gravitational Lensing Experiment
(Nicholls & Wood 2012); one with CoRoT by Hareter et al. (2014);
and one discovered using mosT and followed up with the CHARA
array (Richardson et al. 2016).

Heartbeat stars are a diverse collection of objects, some of which
display additional interesting characteristics such as solar-like os-
cillations (Beck et al. 2014), rapid apsidal motion (Hambleton
etal. 2013,2016) and tidally induced pulsations (Welsh et al. 2011).
Tidally induced pulsations, initially theorized by Zahn (1975), Gol-
dreich & Nicholson (1989) and Witte & Savonije (2002), are pul-
sations driven by the varying tidal forces that occur as the stars
orbit each other. They were hypothesized to cause the circulariza-
tion of binary star orbits and the spin-up of the stellar components,
although, until Kepler their presence had only been identified in
HD 174884 (Maceroni et al. 2009). Thanks to Kepler, we now have
a plethora of objects with tidally induced pulsations; approximately
20 per cent of the current Kepler heartbeat star sample show tidally
induced pulsations, providing us with a range of pulsation frequen-
cies (<10d~!) and amplitudes (< 1 mmag) to investigate. Interest-
ingly, the phase of each tidally induced pulsation, relative to the
phase of periastron, is determined by the azimuthal order of the
mode (Burkart et al. 2012). To determine the azimuthal order, how-
ever, extremely high precision is required for both the argument of
periastron and the pulsation phases.

Tidally induced modes are forced to oscillate at integer multiples
of the orbital frequency, and their amplitude is determined by the
difference between the tidal forcing frequency and a mode’s natural
frequency (Kumar et al. 1995). Very large amplitude tidally induced
modes are unlikely because they require a near exact resonance
between tidal forcing and one of the star’s natural mode frequencies.
Interestingly, however, with Kepler we have observed 13 objects
that exhibit a dominant high-amplitude pulsation mode that appears
to be in resonance with the binary star orbit (these are classified
as resonant modes). KIC 8164262, the focus of this work, is an
extreme case with a dominant, high-amplitude (~1 mmag) mode.
Here, we propose the theory of resonance locking, hypothesized by
Witte & Savonije (1999), Witte & Savonije (2001), Fuller & Lai
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(2012), Burkart et al. (2012) and Burkart, Quataert & Arras (2014),
as the mechanism for KIC 8164262 maintaining its resonant mode
(Zahn 1975, 1977).

The proposed mechanism of resonance locking achieves this by
locking the evolution of the binary star orbital period with the
evolution of the eigenmodes as the stars evolve. Resonance locking
can occur because a star’s oscillation mode frequencies change
due to stellar evolution. The tidal forcing frequencies also change
due to orbital evolution caused by tidal dissipation, at a rate that
depends on how close mode frequencies are to resonance. Near
resonances, these rates of evolution can be equal to one another,
allowing for a stable equilibrium in which the star and orbit evolve
in tandem such that a tidally forced mode remains near resonance
(Witte & Savonije 1999). Consequently, rather than passing through
resonance, tidally induced pulsations can be locked in resonance and
are more likely to be observed at large amplitudes.

A more extensive theoretical discussion of resonance locking,
both generally and for the case of KIC 8164262, is described in
the companion paper by Fuller (2017, hereafter F17), who pro-
vide theoretical models showing that the prominent pulsation in
KIC 8164262 aligns with the predictions of the resonant locking
mechanism, given the fundamental stellar parameters (mass and
radius of the primary component) we have determined.

Here, we present the observations and characterization of
KIC 8164262. In Section 2, we describe the ground- and space-
based observations; in Section 3, we outline the detailed binary
model of KIC 8164262; in Section 4, we discuss the pulsations; and
in Section 6, we discuss and summarize our findings.

2 OBSERVATIONS

KIC 8164262 (see Fig.1) was initially identified as a heartbeat
star by the Planet Hunters® and forwarded to the Kepler Eclipsing
Binary Working Group where it was subsequently added to the

3 https://www.planethunters.org
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Kepler Eclipsing Binary Catalog (Kirk et al. 2016). It was also pre-
viously identified in the Slawson et al. (2011) catalogue, but with
an erroneous period based on the prominent pulsation rather than
the binary features. KIC 8164262 was selected for detailed study
primarily due to its high amplitude resonantly excited mode, which
makes it a strong candidate for resonant locking.

2.1 Kepler Data

The Kepler telescope (Batalha et al. 2010; Borucki et al. 2010;
Gilliland et al. 2010) observed KIC 8164262, which has a Kepler
magnitude of Kp=13.36, nearly continuously for 1470.5d or 17
Quarters. The observations of KIC 8164262 were obtained using
the long cadence (hereafter LC) data mode at a mean sampling rate
of 29.4244 min. All observations were obtained from the Mikulski
Archive for Space Telescopes and were a part of Data Releases
21-23 (Thompson et al. 2013a,b,c, 2016).

To create a time series of the relative flux variations of
KIC 8164262, we used barycentric times as reported in the TIME col-
umn and the fluxes reported in the ppcsap_FLux data column of the
Kepler data files. These data have been processed through the Kepler
pipeline (Fanelli et al. 2015), including the Presearch Data Condi-
tioning (PDC) module of the pipeline, which uses a Bayesian, mul-
tiscale principal component analysis to remove common features
from the time series (Smith et al. 2012; Stumpe et al. 2012, 2014).
We then fitted a low-order (<4) polynomial to the time series of each
Quarter individually. Our final light curve was created by dividing
by this fit to yield the fractional variation in the flux.

As each Kepler pixel is 4 x 4 arcsec, it is possible that some con-
tamination may occur within the photometric mask in the form of
light from an additional object. The maximum reported statistical
contamination value for KIC 8164262 is 0.002 for all observed
Quarters on a scale of 0 to 1, where 0 implies no contamina-
tion and 1 implies complete contamination of the CCD pixels by
other stars in the aperture. The low value of 0.002 suggests that
KIC 8164262 suffers minimally from third light, if at all. To assess
the flux incident on each individual pixel we used pyKE (Still &
Barclay 2012) to generate the per-pixel light-curve plots and exam-
ine the flux distribution over the newly defined masks. From this
we visually confirmed that no other source is contaminating our
observations.

2.2 Period determination

Period analysis was performed to identify the orbital period of the
binary system. The analysis was done on all data, Quarters, using
KEPHEM (Prsa et al. 2011), an interactive package with a graph-
ical user interface (GUI) that incorporates three period finding
methods: Lomb-Scargle (Lomb 1976; Scargle 1982), Analysis of
Variance (Schwarzenberg-Czerny 1989) and Box-fitting Least
Squares (Kovécs et al. 2002), as implemented in the vARTOOLS pack-
age (Hartman et al. 1998). Using KEPHEM, the period and time of the
deepest minimum of the ellipsoidal variation were found interac-
tively. The ephemeris was found to be

Minl = BJD 2455668.82920 + 87.4549(6) x E

where Minl refers to the deepest minimum of the ellipsoidal
variation (identified by eye) counted from the centre of the data set.
The values in the parenthesis gives the 1o uncertainty in the last
digit. The period uncertainty was obtained by applying an adaptation
of the Period Error Calculator algorithm of Mighell & Plavchan
(2013), as specified by Kirk et al. (2016).
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Table 1. Original, unshifted radial velocities
and their uncertainties for the primary com-
ponent of KIC 8164262. The spectral obser-
vations were taken using the Echelle spectro-
graph on the 4-m Mayall telescope, Kitt Peak
(KPNO), the HIRES spectrograph on Keck
and cross-dispersed Echelle spectrograph on
the 2.7-m telescope at the McDonald Obser-
vatory, Fort Davis.

Time (BJD) RVI (kms™1)
Keck

2457 151.059 455 249 + 57
2457 202.892 222 153 + 3.1
2457 228.978 804 176 + 1.8
2457 237.073 545 284 + 60
2457 239.988 444 335 + 07
2457 241.068 023 372 £+ 08
2457 243.031 959 152 + 95
2457 244.791 056 —98 £ 05
2457 247.027 160 05 + 25
2457 255.883 316 30 £ 09
2417 568.929 067 23+ 4
2417 592.053 308 36 + 7
2417 596.036 900 -8 + 4
2417 599.999 567 40 + 09
2417 621.935 110 6 + 2
KPNO

2456 4427814 164 + 2.1
2456 461.7050 23 £+ 20
McDonald

2457 242.6297 293 £+ 13
2457 250.8001 1.81 =+ 094

2.3 Ground-based spectroscopy

We obtained three sets of spectra: 15 spectra from the HIRES spec-
trograph on the Keck telescope, Mauna Kea; 2 spectra using the
Tull spectrograph on the 2.7-m telescope at McDonald Observatory
and 2 spectra using the Echelle spectrograph on the 4-m Mayall
telescope, Kitt Peak National Observatory (KPNO). The object was
determined to be a single-lined spectroscopic binary system, as de-
scribed in Section 2.3.1. The radial velocities derived from the three
sets of observations are reported in Table 1.

Keck observations were taken with the standard setup of the
California Planet Search (Howard et al. 2010) over the course of
3 months, beginning in 2015 May. Exposure times were between
120 and 180s and each spectrum has a signal to noise (SNR) of
52 per resolution element at 5500 A with a resolution of 60 000. In
order to calculate the systemic radial velocity, we utilize the telluric
A and B absorption features that fall on 7594-7621 and 6867—
6884 A, respectively. Using the method from Chubak et al. (2012),
the positions of the primary star’s spectral lines were measured
relative to the telluric features. The positions of the spectral lines
were converted into radial velocities and an offset was applied to
place the relative radial velocities on the standard scale used by
Nidever et al. (2002) and Latham et al. (2002).

We further observed KIC 8164262 with the Tull Coudé Spec-
trograph mounted on the Harlan J. Smith 2.7-m Telescope (Tull
et al. 1995) at McDonald Observatory. The Tull spectrograph cov-
ers the entire optical spectrum at a resolving power of R = 60 000.
We collected two spectra in 2015 August using exposure times of

MNRAS 473, 5165-5176 (2018)
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Table 2. Fundamental parameters
determined using ToDCOR combined
with Emcee. The method was applied
to the spectral range 4800-6750 A.

Parameters Values

Tett (K) 6890 + 80
logg (dex) 39 £ 0.1
vsini (kms™!) 23 £ 1

800 s. The resulting spectra have SNR ratios from 23 to 26 per res-
olution element at 5650 A. For each target visit we also obtained a
spectrum of HD 182488, the radial velocity standard star used for
the Kepler field, which we used to measure absolute radial veloci-
ties by cross-correlating the target star’s spectra with this standard
star spectrum.

The KPNO observations were taken in sets of back-to-back expo-
sures on 2013 May 29-30 (900 s each) and 2013 June 17-18 (750 s
each). Calibration exposures were taken using a ThAr lamp prior
to each exposure. Using the Echelle spectrograph, a wavelength
coverage of 4600-9050 A was obtained with a resolving power of
R ~ 20000. The SNR ratio obtained was ~40 per resolution ele-
ment. The data were reduced using the RAF (Image Reduction and
Analysis Facility) software package (Tody 1986, 1993).

2.3.1 Deriving fundamental parameters and radial velocities from
the KPNO spectra

The radial velocity data from the KPNO observations were gen-
erated using the two-dimensional cross-correlation technique as
implemented in Topcor (Zucker & Mazeh 1994) combined with
the PYTHON implementation of EMCEE, an affine invariant version of
Markov chain Monte Carlo (MCMC) method, proposed by Good-
man & Weare (2010) and implemented by Foreman-Mackey et al.
(2013). By combining these software packages, we were able to si-
multaneously obtain the posteriors of the fundamental parameters:
effective temperature, T, projected rotational velocity, v sini and
gravity, log g; and obtain radial velocity distributions (distributions
of possible radial velocities based on the range of possible spec-
tral models and Tobcor uncertainties; Hambleton 2016). Although
ToDCOR is designed for double-lined spectroscopic binaries, by ap-
plying it to KIC 8164262, we were able to marginalize over the
parameters relating to the unconstrained secondary component and
thus propagate them forward.

MCMC is used to explore the binary star parameter space using a
set of Markov chains, in this case 128. These chains begin with ran-
dom distributions based only on their prior probability distribution
functions. For both components, we provided uniform priors for 7eg,
vsini and log g: 5000-8500 K, 0-100km s~! and 2-5 dex, for the
primary component; and 3000-5000 K, 0-100 km s~' and 4-5 dex
for the invisible secondary component. We also fitted the fractional
light contribution, & = f>/(f1 + f>), where f; and f> are the light con-
tributions of the primary and secondary, respectively and provided
a prior of 0-0.1. While the results of the secondary component are
inconclusive due to the low light contribution (<0.5 per cent), we
marginalized (integrated) over all possible values of the secondary
star’s atmospheric parameters to avoid biasing our results by select-
ing a specific spectrum. Consequently, the uncertainty stemming
from the unconstrained secondary star parameters is propagated
forward.

1.0

o
©
T

o
o
T

Relative Flux

0.4

0

2 1 1 1 1 1
5190 5200 5210 5220 5230 5240
Wavelength (A)

Figure 2. A section of a KPNO spectrum from 5190 to 5245 A (blue line)
with the best-fitting model (red line) using Topcor combined with MCMC.
The entire fitted region extends from 4800 to 6750 A.

At each step, two spectra were generated (one for each compo-
nent), from a grid of templates that are synthesized with SPECTRUM
(Gray 1999) using Castelli & Kurucz (2004) model atmospheres.
The radial velocities of the primary component were then deter-
mined by applying ToDCOR to the observations using the templates
(adjusted to account for their light contributions). The x 2 value was
determined between the shifted, synthetic spectra and the observed
spectra. We specified a global per-point uncertainty for the two
spectra of o = 0.03, which we determined by considering the noise
level of the spectra. Each x2 value was then multiplied by —0.5 to
obtain the log likelihood for each observed spectrum and the results
were summed over all spectra.

At each iteration the radial velocities and associated errors pro-
duced by Topcor were also stored. The radial velocity distributions
were then determined by combining the Topcor radial velocity val-
ues and errors with the spread caused by the uncertainty in the model
spectra. The outcome is a distribution of radial velocities that is
marginalized over the model spectra and includes the uncertainties
from TODCOR. During the initial burn-in time, the Markov chains
converge towards their maximum likelihood value. The statistics of
a large number of iterations (~10 000, excluding the burn-in time),
provide posterior probability distributions for the model parameters.
We applied this scheme to the two high-resolution KPNO spectra
of KIC 8164262 using the spectral range of 4800-6750 A.

Due to its slow rotation [relative to stars above the Kraft (1967)
break], we anticipated that KIC 8164262 would be a metal rich star.
Consequently, we repeated the aforementioned spectral fitting for
a range of metallicities: [Fe/H] = —0.2 to +0.5 in steps of 0.1.
By comparing the log likelihoods in each case, we found that the
metallicity of [Fe/H] = 0.50 4= 0.05 provided the best fit (where the
Castelli & Kurucz (2004) model libraries have a maximum metal-
licity of [Fe/H] =0.5). As we fit the entire spectrum, rather than
specific lines, we cannot precisely infer the metallicity using this
method, although we conclude that the spectrum of KIC 8164262
is metal rich. Using this method we determined the KPNO radial
velocities provided in Table 1 and found that KIC 8164262 is a
single-lined spectroscopic binary with the fundamental parameters
listed in Table 2. The best-fitting model to the spectrum is depicted
in Fig. 2. The posterior distributions of the spectral parameters are
depicted in Fig.3 and are all Gaussian with the exception of the
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Figure 3. Posterior probability distribution functions produced by applying
ToDCOR combined with MCMC to the spectra obtained using the Mayall
telescope at KPNO. Lower left subplots: two-dimensional cross-sections of
the posterior probability distribution functions. The crosses show the lo
(red) and 20 (green) uncertainties, and are centred on the minima. Diagonal
subplots from top left to bottom right: histograms displaying the probability
distributions of the effective temperature, Tef (K); the surface gravity, log g
(dex) and the projected rotational velocity, vsini or vrot (km s~); for the
primary component, and «, the fractional light contribution, f2/(fi + f2),
where fi and f> are the light contributions of the primary and secondary,
respectively. Upper right subplots: the correlations for the two-dimensional
cross-sections mirrored in the diagonal line where 1 is a direct correlation
and —1 is a direct anticorrelation. The values above the plot give the mean
value and 1o uncertainty for each parameter, based on the fitted Gaussians.
For the o parameter, the peak of the distribution is at ~0 and thus the normal
distribution is not a good approximation. For this reason, the fitted value
above the plot is not representative.

light ratio, which is consistent with ~0, suggesting that the light
from the secondary component is negligible. This demonstrates that
our model is well constrained.

3 BINARY STAR MODEL

3.1 Creating a binary model

We used the binary modelling code pHOEBE (Pr$a & Zwitter 2005),
which is an extension of the Wilson—Devinney code (Wilson &
Devinney 1971; Wilson 1979; Wilson & Van Hamme 2004), to the
light curve of KIC 8164262. pHOEBE combines the complete treat-
ment of the Roche potential with the detailed treatment of surface
and horizon effects such as limb darkening, reflection and gravity
brightening to derive an accurate model of the binary star. The im-
plementation used here (version 1.0) relies on the Wilson—Devinney
method of summing over the discrete rectangular surface elements
that cover the distorted stellar surfaces. An accurate representation
of the total observed flux and consequently a complete set of stel-
lar and orbital parameters is then obtained by integrating over the
visible elements. PHOEBE incorporates all the functionality of the

Wilson-Devinney code, but also provides an intuitive GUI along-
side many other extensions, including updated filters and bindings
that enable interfacing between PHOEBE and PYTHON.

As modelling a large number of data points is computationally
expensive, we elected to phase-bin the data for the purpose of bi-
nary modelling. This is appropriate for KIC 8164262, as the binary
features and tidally induced pulsation both repeat precisely every
orbital cycle. Furthermore, KIC 8164262 has no significant tempo-
ral variations that would affect the binned light curve, i.e. apsidal
motion, which would cause a change in the shape of the ellip-
soidal variation as a function of time. We also note that this method
significantly weakens the rotational signal due to spots, which is
advantageous as we do not fit the rotation signal as part of our
model (rather, we assumed pseudo-synchronous rotation based on
this signal).

As the information content of the light-curve peaks at the time
of periastron passage, we did not bin the data between the phases
—0.01 and 0.01 where we kept all the data points. At all other
phases we binned the data into bins of 100 points, thus significantly
reducing the number of data points in these regions. Rather than
having discrete segments in the light curve with different cadences,
we used a sigmoid function to bridge the number of data points
between regions. By using this method, we avoided discrete jumps
in the number of data points. Finally, we removed any obvious
outliers (~100 data points) from the data by eye.

The final binary star model was converged using a combination of
PHOEBE and EMCEE. However, to understand our model parameters,
we initially created a binary star model using pHOEBE’s GUI. For
this initial stage we pre-whitened the primary pulsation from the
light curve. When using the pHOEBE GUI, we identified the parame-
ters that significantly impact the light-curve shape of KIC 8164262.
As this object is a single-lined non-eclipsing spectroscopic binary,
this excludes the majority of parameters that pertain solely to the
secondary component, with the exception of the upper limit on the
secondary star’s relative luminosity. To ensure that this was the case
for the secondary radius, we computed the results with a radius
of R, =0.3Ry and R, = 0.5Ry and found that the results were
identical within statistical uncertainties.

The parameters that were found to affect the binary star light and
radial velocity curves are the eccentricity, inclination, argument of
periastron, primary radius, primary gravity brightening exponent,
luminosity ratio, mass ratio, semimajor axis and systemic velocity,
where the phase shift is a convenience parameter that shifts the
model horizontally to keep the minimum of the ellipsoidal varia-
tion at phase 0.0. As the gravity darkening exponent is degenerate
with the primary star’s radius, we elected to fix the gravity darken-
ing exponent to 0.32, which is the theoretical value for stars with
convective outer envelopes (Lucy 1967), even when the envelope
is very thin. As the secondary is small and cool, the amount of
reflection in the light curve is negligible. As such, we elected to
fix the albedo to the theoretical value for stars with convective en-
velopes, 0.6 (Lucy 1967), for both components. A list of all the
fixed parameters in our binary model can be found in Table 3.

3.2 Parameter space sampling

To create the final model we combined pHOEBE with MCMC to
integrate the power of PHOEBE as a binary modelling code with
Bayesian inference. This was possible due to the recent update
of PHOEBE to include pYTHON interfacing. We again elected to use
EMCEE, which is discussed in detail in Section 2.3.1. In addition to
the standard functionality of pHOEBE, our models include the ability
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Table 3. Fixed parameters and coefficients for the PHOEBE
model to the light and radial velocity curves for all avail-
able quarters. As the secondary component contributes an in-
significant amount of light, the secondary parameters are also
insignificant; however, the parameter values that we selected
(based on estimates) are presented here for completeness.

Parameter Value
Orbital period (d) 87.4549
Time of primary minimum (BJD) 2455 668.829
Primary Tt (K), T} 6890
Primary synchronicity parameter, F' 29.2547
Primary bolometric albedo 0.6
Primary gravity brightening 0.32
Secondary Tt (K), T 3500
Secondary radius (Rp), R> 0.3
Secondary synchronicity parameter, F' 29.2547
Secondary bolometric albedo 0.6
Secondary gravity brightening 0.32
Third light 0.0

to fit Doppler boosting, as described by Bloemen et al. (2011), and
tidally induced pulsations.

For KIC 8164262 we elected to fit the high-amplitude prominent
pulsation simultaneously with the binary star features. The signature
of a tidally induced pulsation is a frequency that is a precise multiple
of the orbital frequency. The prominent pulsation in KIC 8164262 is
228.999(2) vor, Which is equal to 229 v, given the uncertainty on
the orbital period and pulsation frequency. In our model we fixed the
frequency of the pulsation to the multiple of the orbital frequency
and fitted the phase and amplitude to create a comprehensive binary
star model.

Doppler boosting is proportional to the radial velocity of the two
stars and is the combined effect of shifting the stars’ spectral en-
ergy distributions (relative to the Kepler passband), aberration and
an altered photon arrival rate. The net result of Doppler boosting
is an increase in the observed flux from a star when it moves to-
wards the observer, and a decrease when it moves away from the
observer. It was predicted to be seen in the Kepler data by Loeb &
Gaudi (2003) and Zucker, Mazeh & Alexander (2007), and has been
observed in several systems from ground-based data, as well as Ke-
pler and CoRoT light curves (see e.g. Mazeh & Faigler 2010; van
Kerkwijk et al. 2010; Shporer et al. 2010; Bloemen et al. 2011; Sh-
porer et al. 2016. To determine the Doppler boosting coefficients, we
used look-up tables, based on each component’s effective tempera-
ture and log g. These look-up tables take into account the spectrum
of the star and the wavelength of the observations, and were com-
puted from Kurucz 2004 model spectra (Castelli & Kurucz 2004),
using equation 3 of Bloemen et al. (2011). The Doppler boosting
contribution was estimated to be B ~ 400 ppm, which is significant
given the peak-to-peak amplitude of the light curve is ~4000 ppm.
The calculation for Doppler boosting was performed at each itera-
tion.

In our model we restricted the log g of the primary component
to that determined from spectral fitting, log g1 =3.9 £0.3 (where
o = 0.1). Consequently, at each iteration we calculated the pri-
mary star’s gravitational potential (an input for PHOEBE that is a
proxy for the stellar radius), which is a function of the mass ra-
tio, instantaneous separation, spin-to-orbital period ratio and log g.
We calculated stellar luminosity, thus reducing the number of fitted
parameters to 12. Of these fitted parameters, eight are binary star pa-
rameters: the inclination, eccentricity, argument of periastron, phase
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Figure 4. Upper panel: the best-fitting light-curve model (red line) to the
Kepler data of KIC 8164262 (black). The 1o uncertainties are denoted on the
plot. The residuals of the best-fitting model are provided below the model and
have been binned for visual purposes. The red dashed line denotes zero flux.
Lower panel: a magnified section of the periastron variation displaying the
best-fitting model. The blue dotted vertical line denotes the time of periastron
passage, which is slightly offset from the observed time of minimum.

shift, mass ratio, semimajor axis, systemic velocity and log g of the
primary component. Two pulsation parameters are the amplitude
and phase of the high-amplitude, tidally induced pulsation, and two
are vertical radial velocity shifts to account for having radial velocity
data from three different telescopes (these shifts were added to the
original radial velocity values that are presented in Table 1). These
parameters were selected based on their significant contribution to
the light curve. Other important parameters that were not fitted in-
clude: the primary effective temperature, which we fixed based on
the spectral information; the period and zero-point in time, which
were fixed based on our period determination; the stellar rotation
rate, which we fixed based on the stellar rotation signature in the
light curve due to spots and the aforementioned primary gravity
darkening exponent, which we fixed to the theoretically determined
value of 0.32.

For each parameter we used a flat, uniform prior where the ranges
were selected to be as large as possible without creating unphysical
models, with the exception of log g, which we constrained to be
within 30 of the value obtained through spectral fitting. The likeli-
hood was generated by multiplying the x > value from the light-curve
data by —0.5 and summing this with the x2 value from the radial
velocity data, again, multiplied by —0.5. Fig. 4 depicts the model fit
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Figure 5. Upper panel: the best-fitting radial velocity curve (red) to the KPNO radial velocity points (green), Keck radial velocity points (blue) and McDonald
radial velocity points (cyan). Vertical shifts, which were fitted simultaneously with the binary star model, have been applied to the McDonald and KPNO data
to align the radial velocity points on to a single scale. The vertical shifts are attributed to the use of different telescopes. Bottom panel: the residuals of the
best-fitting model (note the change of scale). The error bars denote the 1o uncertainty on the radial velocities.

to the light curve. The light-curve fit obtained is well constrained,
as shown by the residuals presented in the lower panels. It can be
seen that the amplitude of the pulsations surrounding the periastron
variation are slightly underestimated. We believe that the compre-
hensive treatment of pulsations within the binary model framework
would elevate this discrepancy. However, this is beyond the scope
of this work. Fig. 5 depicts the radial velocity curve (red line) and
data.

The posteriors for all parameters shown in Fig. 6, are well ap-
proximated by Gaussians. The list of adjustable parameters and
their final values from our MCMC model fit are presented in
Table 4. The parameters are indicative of a slightly evolved F star
primary component. The light ratio provides an upper estimate of
the secondary component’s light contribution, which is suggestive
of a main-sequence M star. From the parameters obtained, the stars
are 12.1(2) R, apart at periastron and 200(4) R, apart at apastron.
This significant variation in separation is the driving force of the
tidally induced pulsations observed in KIC 8164262.

3.3 Stellar rotation

After pre-whitening the light curve by our orbital model, we iden-
tified two peaks in the amplitude spectrum (v =0.3345d"! and
v =0.6690d"") that are not orbital harmonics. The second peak is
the harmonic of the first, which suggests that the peaks may be
formed by rotational variations in the light curve due to spots. Fur-
thermore, both the amplitude and phase of the peaks were found to
change over the duration of the data set, consistent with spot activity.
Zimmerman et al. (2017) identified 24 heartbeat stars with similar
harmonic features, all of which were attributed to rotation. We

thus obtain a rotational period of 2.98942(6) d. This is significantly
faster than the pseudo-synchronous period, 4.6(2) d (Hut 1981), in-
line with the findings of Zimmerman et al. (2017). In our binary
star model we fixed the rotational period of both components to the
value of 2.98942(6)d or F = 29.2548(6), where F is ratio of the
stellar rotation period to the orbital period.

Currently, we are unable to discern which star has the spots that
are providing the rotational signal. As M stars are known to have
significant spot coverage, even though the M star is extremely faint,
it could present variations of the order of 40 ppm. However, if we
assume that the spots are on the primary star, considering the spot
rotation period combined with the primary star radius determined in
Section 3.1 (R; =2.4(1) Rp) and vsin i determined through spectra
(vsini=23(1)kms~"), we infer that the inclination of the primary
star would be i = 35(3)°, compared to the orbital inclination of
incl =65(1)°. This suggests that if the spots originate on the primary
star, the sky-projected inclination angle difference is, A, is 30(3)°.
Similar angles have been observed in objects such as DI Her, which
is also a detached, eccentric (¢ = 0.489) binary system (Albrecht
et al. 2009) and CV Velorum, which is slightly more evolved, but
shows an obliquity of ~65°(Albrecht et al. 2014). However, we
cannot rule out that the spots originate from the secondary, for
which we are unable to calculate the sky-projected inclination angle
difference (1).

4 PULSATION CHARACTERISTICS

The light curve of KIC 8164262 contains one high-amplitude,
tidally excited mode (v =229 vy, cf. Fig. 4), which we fitted simul-
taneously with the binary star model. The amplitude and phase of
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Figure 6. Posterior distributions of the binary star parameters for KIC 8164262, where i is the inclination of the binary star orbit in degrees; w is the argument
of periastron in radians; ecc is the eccentricity; ¢ is the orbital phase shift; g is the mass ratio (my/m1); sma is the semimajor axis in Rg; vga is the gamma
velocity in kms™!; logg] is the surface gravity in dex and amp1 and phasel are the amplitude (in mmag) and phase of the high-amplitude pulsation. The
best-fitting values and uncertainties are given at the top of each column. The layout is analogous to that in Fig. 3.

the 229th orbital harmonic were found to be A = 1.01(2) mmag and
¢ = 5.19(6) rad relative to the zero-point specified in Section 2.2
or ¢ = 2.844(1) relative to periastron. In Fig. 7, amplitude spectra
with no peaks removed (top panel), with the binary model and 229th
orbital harmonic subtracted (middle panel) and with all the peaks to

variation in the original time series. In the amplitude spectra, these
gaps appear in the window pattern, separated from the main peak by
the orbital frequency. However, as the binary orbital period is long
compared to the duration of the ellipsoidal variation, the removal of
these points did not create a window pattern with significant addi-

an amplitude of 4 pmag removed can be seen. The stunning promi-
nence of the 229th orbital harmonic can be seen in the top panel
(note the change of scale for the different panels).

The binary star model, including the high-amplitude mode, was
then subtracted from the time series light-curve data and the resid-
uals were analysed. To remove any residual information from the
binary star features, the data points were removed from the re-
gion between phases —0.01 and 0.01, the phases of the ellipsoidal

tional amplitude in the sidelobes. We calculated amplitude spectra
to these data and found that the highest amplitude pulsation peak
that remained (after the significant high-amplitude peak had been
removed) had an amplitude of 35 ppm, which is 3.5 per cent of the
dominant pulsation.

We individually extracted each peak from the amplitude spec-
tra until we reached an amplitude of 5 pmag. Beyond this point we
were unable to distinguish between pulsation frequencies and noise.
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Table 4. Adjusted parameters and coefficients of the best-fitting
model to the light and radial velocity curves for the phased light-
curve data and all radial velocity measurements. The limb darkening
coefficients were calculated using pHOEBE. The passband luminosi-
ties were derived using the assumed temperature and radius of the
secondary. The RV shift is a vertical shift applied to KPNO and Mc-
Donald radial velocities to shift them on to the standard scale used
by Nidever et al. (2002) and F is the stellar to orbital rotation rate.

KIC 8164262: observations of resonant locking

Table 5. Frequencies extracted from the masked light curve
of KIC 8164262. The majority of the frequencies extracted
are multiples of the orbital frequency, with the exception of
the two rotation peaks and three frequencies under 1d~!. The
asterisks denote that the frequency extracted is not resolved
from the large amplitude 229th orbital harmonic. The phase
is relative to the time of periastron (2455 668.7898(2)). The
values in parentheses denote the uncertainty in the last digits

5173

The fit was performed using MCMC methods and the values in the
brackets denote the 1o uncertainties.

of the previous value.

Freq Notes Amp Phase

Parameter Value (cd™h (ppm) (rad)
Mass ratio, g 0.20(4) 2.618 4922(3) 229 vorp 1010(20) 2.844(1)
Primary mass (M), M 1.709) 0.334 512(7) Rotation 41.08) 2.40(2)
Secondary mass (M), M2 0.36(2) 2.755 699(9) 241 vorp 35.3(8) —1.74(2)
Primary radius (Ro), R| 2.4(1) 1.406 45(1) 123 vorp 22.9(9) —251(3)
Phase shift, ¢ 0.014(1) 2.619 12(2) 229 vorp * 15(2) —0.40(9)
Orbital eccentricity, e 0.886(3) 1.806 65(2) 158 vorp 15.2(8) 2.08(5)
Argument of periastron (rad), » 1.48(1) 1.417 86(2) 124 vorp 15.1(9) —0.93(6)
Orbital inclination (deg), incl 65(1) 1.509 33(2) 132 vorp 13.3(9) —1.00(6)
Primary passband luminosity ( per cent), L; 98.9(2) 0.669 07(2) Rotation 12.4(8) —2.70(7)
Secondary passband luminosity ( per cent), L 1.1(1) 2.218 31(2) 194 vorp 12.3(8) 1.23(7)
Semimajor axis (Rg), sma 106(2) 1.463 60(3) 128 vorp 11.8(9) 2.63(7)
Primary logg (cgs), log g1 3.90(3) 2.618 32(3) 229 vorp* 11(1) 2.7(1)
Primary linear limb darkening coeff. 0.647 3.624 72(3) 317 vory 9.5(8) 2.41(8)
Secondary linear limb darkening coeff. 0.714 1.475 01(4) 129 vorp 8.3(9) —0.7(1)
Primary logarithmic limb darkening coeff. 0.220 0.280 33(4) - 8.3(8) —2.0(1)
Secondary logarithmic limb darkening coeff. 0.148 0.283 83(4) - 7.6(8) 0.7(1)
KPNO RYV shift (kms™!), 2.7(1) 1.429 31(4) 125 vorp 6.9(9) —0.5(1)
McDonald RV shift (kms™") 0.01(2) 1.566 44(4) 137 vorp 6.3(8) 2.3(1)
0.285 04(5) - 6.6(8) —0.9(1)
1.303 55(5) 114 vor 6.4(8) —1.5(1)
Table 5 provides a list of the extracted frequencies, amplitudes and 2.619 01(5) 229 vory * 6() 29(2)
hases relative to periastron. We identified three peaks that are un- 3.018 70(6) 264 vory 368) —31()
phases penastron. P 0251 21(5) 22 Vst 5.6(8) —1.7(1)

resolved from the prominent 229th orbital harmonic. It is likely that

these are due to phase and/or amplitude variation, which is common
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Figure 7. Amplitude spectra showing the frequency spectrum at different stages. Starting from the top, depicted are the amplitude spectra with: no peaks
removed (note the single prominent peak at 2.6 d~, the 229th orbital harmonic); the binary model and primary pulsation subtracted (note the change of scale),
where the two rotation peaks at 0.3345 and 0.6690 d~! are highlighted in red; all peaks removed to an amplitude of 4 umag.
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Figure8. Main-sequence and post-main-sequence evolutionary tracks from
the mist series for the measured mass of the primary component of
KIC 8164262 in the Teg—radius plane. The lines represent evolutionary mod-
els in 1o increments about the central mass value of M} = 1.7 + 0.1 M@.
The boxes represent the 1o (white), 20 (blue) and 3o (grey) results from
the binary model fit. The legend provides the mass for each evolutionary
track in units of solar mass.

in 8 Sct stars (Bowman & Kurtz 2014; Bowman et al. 2016). We
also provide the orbital harmonic number for each pulsation fre-
quency — all peaks are orbital harmonics with the exception of three
at v = 0.28033(4)d~!, v = 0.28383(4)d'and v = 0.28504(5)d"!,
and the two rotational peaks at v =0.3345d~! and v =0.6690d~',
discussed in Section 3.3. We speculate that the former three pul-
sations are either the unresolved rotation signal of the secondary
component; or naturally occurring g-mode pulsations, as the pri-
mary star temperature is consistent with that of a y Dor pulsator,
which pulsates of the order of 1d~!(Grigahcéne et al. 2010).

We extended our frequency search beyond the Nyquist frequency
to ensure that we had identified all the peaks and that the selected
peaks were not Nyquist aliases. All peaks beyond the Nyquist fre-
quency showed a multiplet structure caused by the irregular time
sampling of Kepler data due to satellite motion (Murphy, Shiba-
hashi & Kurtz 2013). Thus, we conclude that the identified peaks
are the real peaks.

5 COMPARISON WITH STELLAR
EVOLUTIONARY MODELS

To assess the consistency of our models and to ascertain the age
of the primary, pulsating star, we generated evolutionary models
and isochrones and compared them with the results for the pri-
mary component. This was not possible for the secondary com-
ponent, as we were unable to determine its radius and effective
temperature due to its low luminosity (relative to the primary com-
ponent). We used the misT (MEsA Isochrones and Stellar Tracks)
software (Dotter 2016; Choi et al. 2016), which is based on the
MESA (Modules for Experiments in Stellar Astrophysics) pack-
age (Paxton et al. 2011, 2013, 2015). We generated evolutionary
models with [Fe/H] = 0.5, the metallicity determined when fitting
the KPNO spectra (see Section 2.3.1). The models incorporated
time-dependent, diffusive convective overshoot (Herwig 2000), As-
plund et al. (2009) solar abundances and the OPAL (Iglesias &
Rogers 1993, 1996) opacities.

Fig. 8 shows the evolutionary tracks for stars ranging from 1.63 to
1.73Mg in steps of 0.01M (), which bracket the results of the binary
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Figure 9. Stellar isochrones in the T.g—radius plane to determine the age of
the primary component of KIC 8164262. The lines represent log(Age[yr])
and the legend provides the ages in log(Age[yr]). The best matching age is
log(Agelyr]) =9.1 or 1.2 Gyr. The boxes represent the 1o (white), 20 (blue)
and 3o (grey) results from the binary model fit.

model fit (M; = 1.7 & 0.1) in steps of 1o. The boxes represent the
lo, 20 and 3o results from the model fit in the T.g—radius plane.

To determine the age of the primary component, we com-
pared the binary model results with stellar isochrones, again with
[Fe/H] =0.5. As seen in Fig. 9, the models suggest the primary com-
ponent is log(Age[yr]) =9.1 or Age=1.2 Gyr. The models also
show that the primary component is nearing the end of the main
sequence.

6 DISCUSSION AND CONCLUSIONS

KIC 8164262 is an extreme heartbeat star, in that its orbital period
and eccentricity are larger than most of the heartbeat stars discov-
ered so far. Its most striking feature is the high-amplitude (~1 ppt)
tidally excited pulsation at 229 vy, — the largest amplitude tidally
excited pulsation observed to date. The frequency of this pulsation
is not unusual (frequencies of 0.5d~! Svon S3 d~! are common
in heartbeat stars), it simply occurs at a large orbital harmonic be-
cause of the small orbital frequency. However, the amplitude of the
pulsation is exceptional, as it is over 20 times larger than any other
pulsation in KIC 8164262, and roughly four times larger than any
pulsations in KOI-54.

The LC Kepler data of Quarters 0—17 and radial velocities from
three different telescopes (Keck, the 4-m Mayall telescope at KPNO
and the 2.7-m telescope on the McDonald Observatory) were mod-
elled using pHOEBE combined with EMCEE. We further augmented the
software to add sine waves to the light curve to model the tidally
induced pulsations, which we used to model the prominent tidally
induced pulsation at 229 v, and to model Doppler boosting. The
results of the spectral analysis on the KPNO spectra, specifically
the effective temperature and log g of the primary component, were
also incorporated into the modelling effort to fully constrain the
fundamental parameters. Using these combined software packages,
we determined that KIC 8164262 contains a slightly evolved F star,
which is experiencing the tidally induced pulsations, and a tenta-
tively classified M dwarf star. Comparing the model results with
MisT stellar evolution tracks and isochrones confirms the primary is
approaching the end of the main sequence and suggests an age of
1.2 Gyr.

We performed pulsational analysis on the complete Kepler light
curve with the binary star model removed. We found that all the
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identified peaks, with the exception of five, were multiples of the
orbital frequency, thus we conclude that these are all tidally in-
duced pulsations. Of the remaining five we identified three peaks
at v = 0.28033(4)d"!, v = 0.28383(4)d"!and v = 0.28504(5)d"!,
which are likely g-mode pulsations. The remaining two peaks have
frequencies at v =0.3345d! and v =0.6690d~!, where the latter
is the harmonic of the former, suggestive of rotational variations
due to spots (Zimmerman et al. 2017).

The large amplitude mode requires explanation and may yield
clues to tidal dissipation processes in binary star systems. In a com-
panion paper, F17, Fuller calculate the expected frequencies and
amplitudes of tidally excited pulsations from theoretical consid-
erations. Fuller find that an extremely finely tuned resonance is
required to tidally excite a mode to the observed amplitude, and
such a resonance is unlikely to occur by chance. Instead, they find
that the pulsation is well explained (in both frequency and ampli-
tude) as a resonantly locked mode. In this scenario, the combined
effects of stellar evolution and spin-down are balanced by ongoing
tidal circularization and synchronization in a self-regulating pro-
cess such that the frequency of a single pulsation mode is held at
resonance with the tidal forcing. The result is an increased rate of
tidal dissipation compared to conventional expectations (see Zahn
(2008) for a review). For A—F stars, tidal interactions are expected
to be weak due to the absence of a thick convective envelope and the
presence of only a small convective core, entailing an effective tidal
quality factor (which measures the efficiency of tidal dissipation)
of Q > 10°. However, for KIC 8164262 F17 calculate the effective
tidal quality factor to be Q ~ 5 x 10* while the resonance lock
is active, corresponding to an orbital circularization time-scale of
~5 Gyr. Furthermore, in the absence of the prominent pulsation,
F17 finds that the circularization time-scale is ~500 times longer.
This is suggestive of the importance of resonance locking for the
acceleration of orbital circularization. Further details are presented
in F17.
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