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Chapter 2

Brightening of Kepler light curves: from binary star
systems to forward scattering dust clouds

“There is nothing like looking, if you want to
find something. You certainly usually find
something, if you look, but it is not always
quite the something you were after ”.

J.R.R. Tolkien, The Hobbit

Summary

Dedicated transiting surveys, such as the Kepler space telescope, have provided the
astronomy community with a rich data set resulting in many new discoveries. The
data from such surveys have captured many astrophysical processes that alter the flux
from an emitting body. In this paper we look at eight objects of interest identified
by Wheeler and Kipping (2019) with a periodic, broad increase in flux, that look dis-
tinctly different from intrinsic star variability. We consider two physical phenomena
as explanations for these observed Kepler light curves; the first being the classical
explanation while the second being an alternative scenario: 1. tidal interactions in
a binary star system, and 2. forward scattering from an optically thin cloud with an
exoplanet. We investigate the likelihood of each model by modelling and fitting to
the observed data. The heartbeat system qualitatively does a good job of reproducing
the shape of the observed light curves due to the tidal interaction of the two stars.
We do, however, see a mismatch in flux right before or after the peak brightness. We
find that six out of the eight systems require an F-type primary star with a K-type
companion with large eccentricities. At the same time, we find that optically thin
disks, modelled using a Henyey-Greenstein phase function are also able to generate
these broad brightening events. Five of the eight observed objects can be described
with this new hypothesis in the absence of RV observations. As the other three are
not well-described by the disk model, we conclude that they are indeed heartbeat
stars.

This chapter has been submitted to MNRAS
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2.1 Introduction

With dedicated surveys and space telescopes such as Kepler (Borucki et al., 2010)
and TESS (Ricker et al., 2015), thousands of exoplanet candidates have been found
due to the high precision photometry achieved by these missions—tens of parts per
million reported by Christiansen et al. (2012) for Kepler. The Kepler mission is a rich
data source with light curves from hundreds of thousands of objects. We know that
many physical processes can cause variations in a light curve and by closely study-
ing them we might be able to better understand what is happening around a star.
Motivated by finding signals in Kepler data not necessarily due to exoplanets, and
to probe other astrophysical processes, recent work by Wheeler and Kipping (2019)
has demonstrated a new automatic flagging algorithm that can extract periodic sig-
nals that were previously only detected through power-spectrum analysis and visual
inspection. Their newly identified objects show mainly brightening of the measured
light curves. In this work we focus on eight of these objects and look at two different
processes that could result in the increase in flux seen in the data over short periods
of order 20 days.

In the Kepler data set more than one hundred heartbeat systems have been iden-
tified and studied to date with both light curve and radial-velocity data (Welsh et al.,
2011; Thompson et al., 2012; Shporer et al., 2016; Beck, P. G. et al., 2014). Exciting
and dynamic systems, they show a photometric signal even when there is no eclipse.
The observed photometric signal is due to tidal distortion, heating, Doppler beaming,
and other effects. In this paper we first consider the increase in flux (De Cat et al.,
2000; Fuller, 2017) due to the tidal interaction of heartbeat systems; a well accepted
explanation for the observed brightening in the light curves.

From the NASA Exoplanet Archive we also know of multiple exoplanets with or-
bital periods on the order of 20 days – similar to the periods of the objects we consider
in this paper. In some cases, such as Brogi et al. (2012) and Lamers et al. (1997),
there is a slight increase in light before or after the transit event hidden among the
star’s own intrinsic variability– further complicating the light curve analysis, and in-
dicating certain phenomena are potentially being detected for the first time. We also
expect a high number of grazing events of exoplanets in the Kepler data as any system
orientation is equally likely compared to an observer. Observations of PDS70 have
revealed the presence of circumplanetary disks around both PDS70-b (Christiaens
et al., 2019) and PDS70-c (Isella et al., 2019). Andrews et al. (2018) shows there
are many proto-planetary disks with many geometries. Finally, Ansdell et al. (2016)
detects a protoplanetary disk around ten young late-K and M dwarf stars. We, there-
fore, consider an alternative model where forwards scattering from a cloud of dust
results in a brightening in the light curve. The cloud of dust could be an exoplanet
enshrouded by a disk of dust with a system geometry. Or alternatively, it could be a
protoplanetary disk with gaps and specific geometry such that the observed bright-
ening is produced due to the inclination of the system.

The rest of the paper is structured as follows; in Section 2.2, we describe the
eight objects seen in the Kepler data and explain the data reduction performed. We
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then consider brightening due to tidal interaction of a binary star system, in Sec-
tion 2.3. The results from fitting to this model are presented in Section 2.3.2. We
then investigate forward scattering from an optically thin disk in Section 2.4 and
show the results from fitting to such a model in Section 2.4.2. We discuss and com-
pare the results from both models in Section 2.5. Lastly, we summarize our results
and conclusions in Section 2.6.

2.2 Objects of Interest: Kepler data reduction & anal-
ysis

We look at the previously unknown periodic signals detected by the non-parametric
detection algorithm of Wheeler and Kipping (2019). Of these 18 previously un-
reported periodic objects, we look at the eight objects detected with high confi-
dence. Table 2.1 contains the Kepler identification numbers, the Kepler magnitudes,
and the periods determined in this work as well as the number of available Kepler
quarters for which data was taken for the given object. Using the python package
LightKurve (Lightkurve Collaboration et al., 2018), we process the Kepler data. We
make use of the pre-search data conditioning SAP flux (PDCSAP) generated by the Ke-
pler Data Processing Pipeline which has removed long term trends using co-trending
basis vectors (Smith et al., 2012). Note that we do not need to filter specifically for
the long-cadence exposure time since the orbital periods of our objects are sufficiently
long enough—on the order of tens of days. We combine the Kepler data for all quar-
ters available by stitching them together after normalizing them. Then we remove all
nan values and any outliers that are 5� above the mean. Finding the periodogram
of the data, we determine the period by finding the maximum power for a frequency
that is greater than 12 hours (in order to avoid any intrinsic stellar variations) and
fold the data on the identified periods, generating light curves as a function of orbital

Table 2.1: Summary of the Kepler systems used in this work, including their Kepler magni-
tudes (Kp), orbital periods (Porb) determined in this work, and the number of Kepler quarters
available for each target. The amplitude and errors are the relative flux as defined by Wheeler
and Kipping (2019) and provide an estimation of the confidence of the signal.

KIC ID Kp [mag] Por b [days] Amp [ppt] Amp error [ppt] # quarters

7837214 13.95 7.49 0.99 0.04 17
11397541 9.98 13.25 0.96 0.02 18
6862114 8.01 27.68 0.62 0.03 18
4371947 12.28 19.72 0.36 0.02 15
8694536 12.33 35.95 0.28 0.01 18
7870350 12.26 23.142 0.35 0.01 18
10737327 12.12 22.78 0.22 0.02 17
11498661 14.18 42.09 0.35 0.03 18
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Figure 2.1: Stacked line plot showing all the light curves—flux as a function of orbital phase—
for all available quarters for each of our OI. Each of the curves has been offset in flux by
0.00075. The brightening in flux can be seen in each quarter individually.

phase. The light curves are then binned by a factor of 5 in the orbital phase using
the mean value. To have confidence in folded light curves, we repeated the above
steps three additional times by randomly selecting three Kepler quarters each time.
Doing so, we retrieve the same light curve shape and period. The periods we identify
also agree with the periods found by Wheeler and Kipping (2019). For reference,
the individual light curves of our systems are shown in Figure 2.1 with the individual
behaviour of the periodic signal from all the Kepler quarters. The folded light curves
from combining all the available quarters are shown in Figure 2.2. In all the light
curves, we see a brightening over a large portion of the orbital phase. In the next
sections we consider two different explanations for the observed brightening.

2.3 Brightening due to tidal effects in binary star sys-
tem

As expressed by Wheeler and Kipping (2019), the increase in flux seen in the light
curves can be explained by a heartbeat star. Light curves for heartbeat stars in Kepler
data can be found in Thompson et al. (2012), Beck, P. G. et al. (2014), and Shporer
et al. (2016); they have very similar light curve features to the ones in this work. The
systems in this paper, however, are not yet identified in the Kepler binary star system
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Figure 2.2: Folded Kepler light curves for the 8 systems showing normalized flux as a function
of orbital phase. We stacked all the available Kepler quarters together and did not remove any
low-frequency light-curve variations that might be associated with intrinsic stellar variability.
This is done to indicate the signal-to-noise ratio of the observed brightening.

catalogue Kirk et al. (2016).
A heartbeat star is a binary star system with a large eccentricity (e æ 0.3) and

short orbital periods (typically less than 1 year; Fuller, 2017). The shape of the
light curves are dominated by tidal forces Kumar et al. (1995), produce pulsations,
Doppler beaming, and reflections. Their light curves show a strong “heartbeat-like”
profile, hence the name. In this section we explore binary star systems as an expla-
nation for our 8 systems.

2.3.1 Binary star system model

We model a binary stellar system with interacting tidal forces, making use of the
PHOEBE 2.0 python package from Jones et al. (2019). PHOEBE 2.0 is an eclipsing
binary modelling code that is a complete rewrite of the original PHOEBE legacy suite
written by A. Prša and Zwitter (2005). We use the code to generate our forward
model. Prša (2011) provides an overview of the geometry used within Phoebe 2.0.
In our model the longitude of the ascending node is arbitrarily fixed to zero. The
eccentricity of the two stars is taken to be the same. The computational load to
generate a light curve with PHOEBE 2.0 is very high due to the requirements to run
the model, including 1. non-circular orbits, 2. a Roche model to allow deformation
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of the star and therefore tidal effects, 3. limb darkening, 4. and the Kepler bandpass
information. We, however, do not allow the two bodies to come close enough to be
considered a contact binary system. Secondly, we do not include Doppler beaming
which is difficult to accurately estimate, please see Phoebe documentation for more
information. Therefore, we perform a brute-force curve fit (instead of a Bayesian
approach, as in Section 2.4.1, that is otherwise too computationally intensive and
expensive). Using Scipy’s ‘curve_fit’ function, we determine a fit to the data. The
effective temperature is taken from the Kepler catalogue Brown et al. (2011) which
is derived from the observations and then we assume this value to be the primary’s
effective temperature. In the cases where no temperature is provided by Kepler, or
when the Kepler value is right at the transition of stellar types, we take the value
from Gaia Gaia Collaboration, Prusti, et al. (2016) and Gaia Collaboration, Brown,
et al. (2018). From the effective temperature and therefore the stellar type assuming
the star is main sequence, we constrain the mass and radius of the primary star,
providing the fitting routine with standard start values for a given stellar type. We
then assume the secondary star is of the same stellar type, restricting the mass, radius,
and temperature. If no good fit is found, the secondary star is instead assumed to
be much smaller than the primary. We do this in order to minimize the effect of
binary contamination. Contamination of the effective temperature from the Kepler
catalogue results from the assumption that the object is a single star when it is instead
an unresolved binary. The effective temperature for Kepler is valid for binary systems
where the two stars are the same stellar type or the secondary is much smaller than
the primary (see Pinsonneault et al., 2012). This method of fitting does not guarantee
a global minimum. With tidal forces included, the main contributors to the shape of
the light curve are the eccentricity, the inclination of the system, and the argument of
periastron; e, i, and !, respectively. By varying these parameters we can reproduce
almost all the features seen in the various Kepler light curves. The best fit parameters
are shown in Table 2.2. We note that the ability to model of the light curves in Phoebe
is limited without due to the large parameter space and parameter degenercies that
is unaided by the lack of data in the form of spectroscopic values and radial velocity
data. A complete overview of the PHOEBE model is given in Jones et al. (2019).

2.3.2 Results

The best-fit curves are shown in Figure 2.3. The overall shapes of the light curves
are well reproduced with the binary model. Six out of the eight systems are best
modelled by an F-type primary star and a K-type secondary. One system contains a
G-type primary and a K-type secondary while another system requires both stars to be
K-type. In some cases, there is missing flux before or after the peak itself as the curve
is asymmetric such as KIC 7837214, KIC 11397514, KIC 4371947, KIC 10737327,
and KIC 11498661. The asymmetry of the curves also leads to a slight overestimation
of the width of the peak as seen in KIC 8694536, KIC 4371947, and KIC 10737327.
The e for all but one of the systems is larger than 0.3 indicating that these could be
heartbeat systems. The fitted i of all the systems are all less than 40�.
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Figure 2.3: The resulting fits, in red, determined from standard curve fitting routine of a binary
star system. Black in the top panel shows the Kepler data binned by a factor of 10 along with
error bars. Note that the top subplots for objects KIC 7837214 and KIC 11397541 have a
different y-scale than the other systems. The bottom panels of each subplot show the residual
and is determined simply by taking the difference between the data and the model.

2.3.3 Analysis

Qualitatively, the binary system forward model does a good job reproducing the fea-
tures (peak height, duration of brightening, and presence of an asymmetry) seen in
the Kepler data. However, there is still over- and under- estimation of flux. The main
reason arises from the fitting function itself—we are unable to easily perform a search
of the entire parameter space while at the same time there is a degeneracy between
the masses and the i of the system. Within a given stellar type, small changes in the
masses and radii have little effect on the light curve. The dominant changes to the
shape of the brightening come from varying i, e, and w. The asymmetric dip immedi-
ately before or after the peak brightness is where we see the greatest underestimation
of flux in our model. This is most-likely due to missing physics in the binary model
itself. We, however, have not removed any intrinsic stellar variations in the initial
data reduction. The data used here have been binned, removing some variations,
making the light curves appear relatively flat but at the same time remaining stellar
variations could contribute by a small amount to the observed asymmetries. Both KIC
6862114 and KIC 8694536, however, show signs of sinusoidal fluctuations on the or-
der of 10�4 in flux which become more obvious when looking at the unbinned data.
These signals are similar to the tidally excited oscillations previously observed in Ke-
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pler heartbeat systems. However, this has been primarily for A-type stars that are
much more massive (Guo et al., 2020) than the fitted masses in this work. The large
eccentricity (e > 0.5) of both these systems might increase the strength of any tidally
excited oscillations, resulting in the observed variations. Finally, as mentioned above
the physics happening within these systems is extreme and complex; light curves for
close eclipsing binary systems often appear to have an asymmetry that is not fully
understood. This is known as the O’Connell effect (O’Connell, 1951). We might be
seeing this in elliptical binary systems with the smallest periastron distances.

2.4 Forward scattering from optically thin cloud

The brightening of these light curves are also similar to what is observed in the Beta
Pictoris light curve. The brightening seen there was explained using the scattering
of a dust cloud and alternatively a comet tail by Lamers et al. (1997). In Section 2.1,
we point out the abundance of disks at all different stages of an exoplanet’s evolution
and many different configurations of disks at different distances from the host star
are possible. Since our objects have short orbital periods and are close-in, we expect
that any gas would be blown away by stellar winds. Estimates of the equilibrium
exoplanet temperature indicate that any exoplanets would be cool enough (less than
2000 K) to prevent sublimation of silicates, allowing for the existence of a dusty disk
(see Appendix 2.B). Finally, in Brogi et al., 2012, there is evidence of dust around the
close-in exoplanet KIC 12557548 b that the authors attribute to disintegration. We,
therefore, form a simple forward scattering model of a dust cloud and fit our model
to the data.

In Figure 2.4, we show a cartoon of possible system geometries resulting in the
observed light curves. We consider an inclined disk of dust that enshrouds a compact
object such as a planet or protoplanet. Depending on the inclination of the disk,
the forward scattering occurs either before or after the inferior conjunction of the
hidden body. We model the occulter as a grey dust cloud with a radial distribution
consistent with the two-dimensional Gaussian distribution which can represent many
physical distributions easily (e.g., grazing effects and large inclination, a gaseous
exoplanet transit versus a rocky planet, or even something not due to a planet at
all) and allow for a good fit of the forward scattering. By using a Gaussian in our
model, we can emphasize the forward scattering and not the potential occultation
(to explain the asymmetry seen in the light curves) that in itself is not sufficient to
cause the brightening (and which should be a minor effect).

2.4.1 Simplified Model

Assuming the increase in brightness is due to an optically thin disk passing in front
of the host star, we can write the flux of the light curve, normalized to the star’s flux,
as follows:

f (⇥)
f⇤
= 1+

fsca(⇥)
f⇤

+
focc(

⇥
2⇡ )

f⇤
(2.1)
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Figure 2.4: Diagram of the forward scattering and eclipse by a disk around a substellar com-
panion orbiting the primary star. A star is orbited by a non-transiting substellar companion
that is shrouded by a disk of dust. The long axis of the projected disk is tilted with respect to
the orbital path of the companion, such that the brightening due to forward scattering of dust
causes a peak in the observed flux that is offset in time with respect to the midpoint of the
eclipse caused by the transit of the star behind the chord (green line) of the disk.

where f⇤ is the flux from the star and f (⇥) is the brightness variation of the system
as a function of the scattering angle ⇥. Taking the forward scattering flux, fsca(⇥),
to be from an optically thin disk, we can then write it as a function of the scattering
phase function, P(⇥), and the effective scattering surface for an optically thin disk
⌃thin

sca .
fsca(⇥)

f⇤
=
⌃thin

sca P(⇥)
d2

(2.2)

with d being the distance from the star to the object. We take P(⇥) to be the Henyey-
Greenstein phase function.

P(⇥) =
1

4⇡
1� g2

(1+ g2 + 2gcos(⇥))3/2
(2.3)

Due to the geometry of the system, the scattering angle can be directly related to the
orbital phase, �, via⇥ = 2⇡�. The Henyey-Greenstein parameter, g, can range from
-1 to 1 with values between 0 and 1 resulting in forward scattering. For completeness,
we also include an occultation component in our model that might occur if there is
an optical thick/grey component of the disk in the system. We fit the occultation to
a Gaussian function shown in Equation 2.4 with an amplitude A, mean phase offset
(�0), and a standard deviation �.

focc(�)
f⇤

= A⇤ exp

✓
(� ��0)2

2�2

◆
(2.4)

Using Equation 2.1 as our forward model, we use a Bayesian approach to fit our
model to the data using a Markov Chain Monte Carlo (MCMC) method. We make
use of the python package emcee written by Foreman-Mackey et al. (2013), which is
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an implementation of an affine invariant MCMC ensemble sampler from Goodman
and Weare (2010). We first estimate the distance of the object by assuming a circular
orbit (see Table 2.3). We assume flat priors, and run 250 walkers with 1⇥ 105 steps
all starting from different initial values. To remove contamination from the burn-in
effect, we discard the first quarter. The best fit parameters are determined from the
posterior distributions.

2.4.2 Results

We report the best fit values and their uncertainties in Table 2.3 and show the results
of the best fit from the MCMC fitting method in Figure 2.5. From the residuals shown
in the figure, we see that the simplified model is in good agreement with the data.
The g values all lie between 0.4 and 0.9, as expected for forward scattering. For six
of the systems, the Gaussian component results in an A on the order of 10�4 and �
between 0.03 and 0.10. The mean phase offset is the difference in phase from the
zero-point of the orbital phase. For KIC 6862114 and KIC 8694536 the values of
A ⇠ 10�10, meaning that the Gaussian component is not needed to fit the data and
the values are reported as zeros.

Figure 2.5: The resulting fits, in red, determined from the posterior distribution of the MCMC
fit. Black in the top panel shows the Kepler data binned by a factor of 10 along with error
bars. Note that the top plots for objects KIC 7837214 and KIC 11397541 have a different
y-scale than the other systems. The bottom panels of each subplot show the residual, which is
determined by simply taking the difference between the data and the model.
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2.4.3 Analysis

In this section we discuss what the light curves and best fit parameters mean for a
physical system. Although we suggest the system as seen in Figure 2.4, our simple
model could indeed represent many other geometries, including the solid body being
indeed a third body to the star and dust cloud or disk. From the light curves in
Figure 2.2 we see that the brightening of the light curve due to the forward scattering
of the thin disk spans 20� 60% of the orbital phase. The brightening is due to the
scattering properties of the dust and the viewing angle of the observer. The scattering
properties are represented by the g value of the Henyey-Greenstein function. For our
g values, we find smaller values for smaller distances as expected from Lamers et al.
(1997) and Brogi et al. (2012), with the g values increasing for larger distances.
The g value can also be used as a tracer for the type of dust causing the forward
scattering. The effective scattering surface area required for the observed brightening
is not significantly large and the radius of the required optically thin disk for a given
surface area is smaller than the Hill Sphere radius of the system (see Appendix 2.A
for more details).

For the occultation due to our Gaussian term, we look at the � values reported in
Table 2.3. The duration of dip due to the grey dust should span no more than 1/6-th
the orbital phase. Using the � in Table 2.3, we find the full-width-half-maximum
(FWHM; an estimation of the dip duration) for KIC 787214, KIC 7870350, and KIC
10737327 all are much larger than 1/6-th the orbital phase. Assuming we have an
exoplanet at the center of the disk, the exoplanet’s mass necessary to have such a large
Hill sphere radius such that the dust can span such a large portion of the orbit would
result in an exoplanet of approximately 16 MJ . We estimate this value by taking the
Hill sphere radius to be 1/6-th the orbit; assuming the host star to be one solar mass,
we solve for the secondary mass, m (i.e., 0.17 = ( m

3⇤1MJ
)1/3). Such a large exoplanet

(or brown dwarf) would change the observed light curve at such short orbital periods.
Specifically, the transit depth would be approximately 1% and not the observed 0.1-
0.3%. Therefore objects with FWHM larger must either be modelled by a second
Henyey-Greenstein phase function with a g value less than 0, or be heartbeat binary
stars. KIC 4371947 and KIC 11498661 have FWHMs just under 1/6-th the orbital
phase while the FWHM of the other systems are much smaller.

2.5 Discussion and comparison of the two models

In Section 2.3, we apply an eccentric binary star-system model and present results of
fitting it to the data. All the systems require an e > 0.3. This, in combination with the
short orbital periods, indicates the observed light curves can be explained by current
heartbeat system models. However, Figure 2.3 shows that although the binary model
does a good job of reproducing the overall shape of the light curves, there is still a flux
mismatch in many cases— most notably, KIC 783714, KIC 4371947 KIC 8694536,
and KIC 11498661. Due to the degeneracy of the masses and the inclination, the
curve fitting algorithm does not find a solution that matches the observed curves.
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In combination with the difficulties in modelling close binaries and certain physical
processes (such as flow of material between the two objects at closest approach and
Doppler beaming) missing from the model itself, the flux discrepancy is in itself not
sufficient to rule out these being true binary systems.

While the simple heartbeat model is a good fit for eight of the systems, we con-
sider a model that includes forward scattering from an optically thin disk of dust
surrounding a non-transiting exoplanet that is orbiting the host star in Section 2.4.
A circumsecondary disk that is tilted with respect to the path of the planet’s orbit
will produce a forward scattering peak well approximated by a Gaussian profile, but
that is then offset in time with respect to the transit of the star behind a chord across
the dust disk (see Figure 2.4). Our scattering model provides a good fit to the data,
see Figure 2.5, and provides a qualitatively better explanation for some objects than
the binary system. From Table 2.3, we note that the uncertainties (the 18th and 84th

percentiles) reveal that athin is not well constrained by the data for KIC 4371947
and KIC 7870350. There is a degeneracy between the scattering surface area and
the amplitude of the Gaussian component. Despite these limitations, the simplified
model shows that with forward scattering, we can obtain the amplitude and duration
of the brightening seen in all of our light curves.

The Gaussian component � is too large, indicating that a 16 MJ exoplanet would
be needed to allow for the dust to span such a large portion of the orbit, for three of
the systems: KIC 787214, KIC 7870350, and KIC 10737327. Given the features of
the light curves, we see no evidence for the existence of such a massive exoplanet.
While it is possible to create more complex dust models that we could fit to the date,
we expect these objects to indeed be heartbeat stars. The remaining five could be
described by either model. For KIC 6862114 and KIC 8694536, the brightening is
symmetric and does not require any occultation, indicating that inclination of the
system would have to be large such that the exoplanet would not pass in front of the
star. For the other three systems, the model provides physically realistic values for
both a companion and the disk.

Radial velocity measurements would further enable the type of system to be iden-
tified, as well as provide mass constraints for the systems. For KIC 787214, KIC
7870350, and KIC 10737327, for which the disk model is not able to describe the
system, radial velocity measurements would confirm them as heartbeat systems. As-
suming an eccentric binary system, the binary mass function can be written as in
Equation 2.5.

f =
M3

2 sin3i
(M1 +M2)2

=
Por bK3

2⇡G
(1� e2)3/2 (2.5)

K is the semi-amplitude of radial velocity curve and is related to the velocity of the
largest object and the geometry of the system. Rearranging Equation 2.5 for K , we
estimate the peak of the radial velocity signal with the values in Table 2.2 to be
6 � 21km/s. In the case of the optically thin cloud, we would expect a very low
peak velocity. Therefore, radial velocity data would be sufficient to distinguish which
physical model is responsible for observed light curves. For the five objects that
could be optically thin disks we would also expect a polarization signal. Due to the
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closeness of the expected disk to the host star, any polarized light from the disk itself
would not be angularly resolved with an instrument such as VLT/SPHERE’s (Beuzit
et al., 2019) polarization subsystem ZIMPOL (Schmid et al., 2018). Since the star
itself is unpolarized, any polarized light could be attributed to the disk. With such
data of the system in combination with radiative transfer models, it is possible to put
constraints on the dust mass.

2.6 Conclusion

In this paper we investigate eight systems identified in the Kepler data. We find that
most of the light curves can be explained by a heartbeat binary star system with an
F-type primary and a K-type companion. We do, however, see a discrepancy of flux
for the asymmetric part of the light curves. While this could be due to physics not
included in the heartbeat models, we also investigate whether the light curves can
be explained by a simple forward scattering model composed of an optically thin
disk around an exoplanet. We determine that five out of the eight observed light
curves could be described in this manner. Further investigation of KIC 11397541,
KIC 6862114, KIC 4371947, KIC 8694536, and KIC 11498661 using radial velocity
and polarization measurements will therefore be needed to determine if they are
heartbeat systems or dust clouds around an exoplanet. Follow-up radial velocity
observations of KIC 787214, KIC 7870350, and KIC 10737327 could further be used
to confirm them as heartbeat systems.

2.A Effective scattering area and disk size estimation

In Section 2.4, the forward scattering of an optically thin disk is fit to the observed
Kepler data. One parameter estimated by the fit is the projected effective scattering
area, ⌃thin

sca . From this we can estimate the radius of a thin circular disk with the same
effective area using the following equation:

⌃thin
scat =
Z r

0
(1� e�⌧sca(p))(⇡p)dp (2.6)

where ⌧(p) is the optical depth along the line-of-sight through the cloud. Assuming
an average optical depth over the entire optically thin disk, the equation becomes

⌃thin
sca = (1� e�⌧sca)⇡r2 (2.7)

In Table 2.4, we report the radii for two different values of ⌧. We estimate the Hill
Sphere radius for a 1MJ exoplanet in a circular orbit around an 1M� star with the
periods reported in Table 2.1. For reference, the Hill Sphere radius of the hot Jupiter
HD 209458 b is 0.003 AU with an orbital period of 3.5 days and a mass of 0.71MJ . In
all cases of ⌧= 0.5, the radii are smaller than the estimated Hill Sphere radii, while
for ⌧ = 0.1 most are too large. However, these values do indicate that projected
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surface scattering areas found are realistic values.

2.B Equilibrium Temperature

In our optically thin model we assume the presence of a dusty disk with an exo-
planet. Close into the host star, gas has most-likely been blown away by stellar winds.
For dust to exist, however, the grains must be below their sublimation temperature.
Sublimation temperature of dust differs depending on the dust composition. For
example, carbon has a high sublimation temperature of 2000 K (Kobayashi et al.,
2011) while silicates sublimates at 1500K (Kama, M. et al., 2009). We expect our
dust disk to be formed from silicates. We therefore, estimate the temperature of the
dusty gains by determining the equilibrium temperature of an exoplanet orbiting at
that The equilibrium temperature, Teq of an exoplanet orbiting around its host star
is given by

Teq = T (1�↵)0.25(r/2a)0.5 (2.8)

with T being the stellar temperature, r being the stellar radii, and↵ as the exoplanet’s
albedo. We then take the stellar temperature from Table 2.2 and estimate r from the
stellar type. Therefore, assuming a black body (↵ = 0), the upper limits for thee
Teq for our systems ranges from 500 K to 1100 K. These values are well below the
sublimation temperature for silicate.
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