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Supplementary Materials

Here we provide additional description of our methods in moeling and constraining the
properties of KOI-3278.

0.1 Terminology

We use the term “self-lensing binary” to refer to a binary sgstem that is edge-on and in
which one star causes a brightening of its companion — dueatatgtional magnification, or
“microlensing” — as it passes in front of the companion’kdig, 31-33. Since a self-lensing
binary has not been detected to date, we need to define sommaéygy for periodic mi-
crolensing in a binary star system. In particular, the daging that occurs in KOI-3278 when
the white dwarf magnifies the G dwarf is neither an eclipseantransit, which are associated
with a decrease in the brightness of the system. Nor can éhdebcribed as a “microlensing
event” since it repeats; it is not a single event. Mae8guéed the term “gravitational flash” to
describe repeated microlensing in a binary; however, #na tould also connote gravitational
waves or explosive events. Others have used the term ‘famiit” (34), but this has also been
used to refer to a secondary eclipse that happens oppo#ite arbit to the transit3s). Instead
of these terms, we refer to the series of brightenings thatraas the white dwarf magnifies the
G dwarf as a “microlensing pulse train”, and to a single ewas “pulse.”

We refer to the G dwarf as the primary star and the white dwatha secondary, and we
label their physical properties withand2; thus the masses and radii avg and R, for the G
dwarf andM, and R, for the white dwarf. We refer to the secondary eclipse, winenvthite
dwarf passes behind the G dwarf, as the occultation.

1 Photometric time series model

1.1 Kepler photometry

We used the simple-aperture-photometry flux (SARPUX) from the Kepler pipeline for all
available quarters (Q1-Q17). The times are the mid-poiatch cadence, converted to barycen-
tric julian date (BJD). We rejected points that were flaggéith wosmic ray contamination or
single-point outliers (SARQUALITY flags 128 and 2048).

A plot of the pulses and occultations is shown in Figure S1.

1.2 Light curve model

We computed a light curve model for KOI-3278 (Kepler Input&@lag [KIC] number 3342467)
using transiting planet modeling software developed by @nes (36), but with the sign of
the flux changes switched for the microlensing pulses. Tisrted-transit approximation is
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Figure S1: Detrended light curves encompassing the ingi@atichicrolensing pulses (top) and
occultations (bottom). The red lines show our best-fit model
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Figure S2: Comparison of the exact calculation of the mamsing pulse®) with the inverted
transit approximation1(9) for the best-fit parameters of KOI-3278 (the pulse is symitieso
we only plot the second half). Top panel: exact calculatigi(grey, solid); inverted transit ap-
proximation (light blue, dashed); exact calculation cdmed with Kepler long cadence (black,
solid); inverted transit approximation convolved with K&plong cadence (dark blue, dashed).
Bottom panel: difference between the exact microlensingutaion and inverted transit ap-
proximation, without (black) and with (blue) convolutiontivthe Kepler long cadence.
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justified because a lensing light curve shape is well apprated by that of a transit light curve
(with small deviations at ingress and egress) when the &@msadius is much smaller than the
size of the lensed source, as is the case in this system; Wéliffierence is a transit’s loss of
light becomes a corresponding addition for a lensing evaitt thie pulse height governed by
two ratios: the Einstein radius and the lensing star’s mtliuthe radius of the lensed source
(19, 37. In this case the ingress and egress deviatighs ¢ 10~°, Figure S2) are undetectable
at the level of precision of the Kepler data due to the 29.3meiKepler cadence. Consequently,
we utilized this inverted transit approximation due to itsah faster computation using analytic
expression in terms of elliptic integral36).
To an excellent approximation then, the pulse model is de=tiby

OR. — R I, (t))
: +F
R? (1) ?

F(t) = Fi(t) (1 + (1)
where[F'(t) is the flux from the binary systent; is the uneclipsed G dwarf flux, is the flux
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from the white dwarf (assumed to be constamt), is the Einstein radius of the white dwarf,
I,(t) is the intensity of the G dwarf at the location behind the eeof the white dwarf, and/;)
is the disk-averaged intensity of the G dwarf (this formylalees between ingress and egress).
The specific intensity of the G dwarf in the Kepler bandpassmweeleled with a quadratic
limb-darkening law; initial fits confirmed that the signaltoise of the pulses was not sufficient
to fit for these coefficients independently, so we insteagbtatbthem from a tabulation for the
Kepler bandpass as a function of the effective temperametallicity, and surface gravity of
the stellar atmospher88). We fitted the tabulated limb-darkening coefficients asrecfion of
the atmospheric parameters, obtaining:

Teppn 9
w = 0.4466 — 0.196 < e 5.5) +0.00692 log, <W> + 0.0865[Fe/H],
w = 02278 —0.128 [ L5 55) — 0.00458log (i) — 0.0506[Fe/H],, (2)
103 10\ 1045 ’

whereu,, u, are the linear and quadratic limb-darkening coefficiefits,; is the effective
temperature of the G dwarf in Kelviny, is the surface gravity of the G dwarf in cm sé¢
and [Fe/H]; is the abundance ratio of iron to hydrogen, relative to the, $u units of dex
(log base 10). This fit is valid in the rang@00 < T.;r; < 6000 K, 4 < logio(g1) < 5, and
—0.5 < [Fe/H]; < 0.5, and is accurate to 0.005. These coefficients were used joredion
with equation 1 to compute the light curve of the microleggmulses, while the occultations
were computed assuming a uniform flux for the white dwaé) (

Since the G dwarf is spotted and undergoes quasi-perioditifitions as the spots rotate in
and out of view, we modeled thfg (¢) near each pulse and occultation as a quadratic function of
time and subsequently marginalized over these polynoro&dficients. To speed up the model-
ing, we carried out a linearized fit for the polynomial coefigs of F' (t;) = > _, a;(t; — t;)’
around each event, with = 2. We first computed the light curve modél(¢) assuming
Fi(t) = 1 and Fy/ F} is a constant; we then divided this model into the light cuamd solved
the linear least-squares problem for thethat minimizedy?, thus marginalizing over;. This
procedure ignored the slight variation in the rafig/ F; (¢), but sinceF,/F; ~ 10~ and the
variation inF, is a few percent at most, this error is of ordér?, which is substantially smaller
than the observational uncertainties. In computing theehade sub-sampled each data point
by a factor of ten to properly resolve the ingress and egrésiseomicrolensing pulses and
occultations.

We neglected photometric Doppler shidgj, ellipsoidal variability due to tidal distortions,
and reflected light from the companion star, which are oggisicant for binaries with short pe-
riods @0), and are swamped by the stronger stellar variability is $lystem. Ellipsoidal bright-
ening can be caused by transient tidal distortion near $teoia passage for highly-eccentric
binaries known informally as “heartbeat stard’1(42; however, these brightenings are typi-
cally asymmetric and/or show nearby dips, i.e. they do notstie inverted-U shape of the
pulse seen in KOI-3278. In addition, they typically occuaneclipse/occultation (if eclipsing)
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since the probability of eclipse is highest near periastvamle in KOI-3278 the brightening
occurs opposite in phase to the occultation.

1.3 Orbital model

We modeled the orbit of the stars as a Kepler ellipse. We uUsedky plane as the reference
plane, and we refer the orbital elements to the G dwarf, thedefining the longitude of pe-
riastronw as the angle from the point the G dwarf crosses the sky plaimg govay from the
observer to the G dwarf’s periastron. The separation betilee stars, projected onto the sky,
is given by:

(1—
m\/l sin?4sin® (w + f), (3)

wherea is the semi-major axis; is the orbital eccentricity; is the orbital inclinationd = 90°
for edge-on orbit; = 0° for a face-on orbit), and is the true anomaly. Note that since we
assume a Keplerian orbit with two bodies, the orbital elemei the two stars are the same,
with the exception of the longitude of periastra which dithy 180 degrees.

The microlensing pulse occurs when the white dwarf passism of the G dwarf; at this
point the G dwarf has a true anomaly which equals= 7/2 — w. Instead of the time of
periastron as a reference time, we use the midtime of thepfiise t,, as the reference time of
the orbit, which is related to the time of periastrenby:

Tsky =

T =1+ \/@ _esinfo 2v/1 — e arctan < L - cttan (fO/Q))} ;4

(14 ecos fy) (1+e)

whereP is the orbital period. To a good approximation, valid for draaecentricity, the time of
occultation is given byito.. = to.. — to — £ = Zecosw.

2 Photometric analysis

We carried out two independent analyses of the data: 1) asegpfiis to the microlensing pulse
train and to the occultations; 2) joint fits to the pulse tramd occultations using the orbital
model above. Each fit made slightly different assumptiorsiesed separate software; a com-
parison of these two analyses for consistencey increasezbatidence in each analysis and in
our inference of the parameters of the system.

2.1 Separate fits

The first set of fits used the Transit Analysis Package (TAB).(The pulse and occultation
light curves were each computed assuming a constant welacd straight trajectory during
each pulse/occulation event; this is a good approximatimtd the large orbital radius and



Table S1: Light curve parameters

Pulses:
Period (d) 88.18025 + 0.00049
Duration (d) 0.1955 + 0.0043
Pulse heighD 0.00102 4 0.00005

to + 7 x P (IJD-2,454,900) 702.68181 £ 0.00196
Occultations:

Period (d) 88.18091 + 0.00028
Duration (d) 0.1914 4+ 0.0027
Occultation depth 0.00112 4+ 0.00004

to+ 7.5 x P (ID - 2,454,900) 703.50886 £ 0.00124

nearly edge-on configuration. The pulses/occulations waoh fit with five physical parame-
ters: initial time of pulse/occultationy; period, P; impact parameteb; transit durationy’; and

the radius ratiop. The impact parametér, is the sky-projected separation of the centers of the
two stars at mid pulse/occultation, normalized to the raditthe G dwarf. The transit duration
is defined to beT" = 2R;v/1 — b2 /v, wherev is the sky-velocity at mid-pulse/occultation. The
radius ratio,p, is a parameter used in transit fitting, which is used to patarize the limb-

. . . 2R2, —R2 o
darkened microlensing pulse or occultation. In the casbeptlsep = — E—2, while in
1

the case of the occultatiopn,= \/F»/(F; + F,). Negative values gb are converted into a flux
brightening rather than dimming, as is appropriate for theratensing pulses.

In the TAP analysis, the limb-darkening of the G star was dieed by a quadratic limb-
darkening law with parameters = 0.4451 (linear) andu, = 0.2297 (quadratic) which were
taken from a stellar atmosphere model with; = 5500 K, log(g) = 4.5, and[Fe/H]| = 0.0
(38). The white dwarf was assumed to have no limb-darkeningjsta sufficient approximation
since only the ingress/egress of the occultation is seadii the white dwarf limb-darkening,
while this portion of the light curve has very low signal+toise due to the long Kepler cadence.
In addition to the quadratic variation of the G dwarf, a ctated-noise model assuming f
noise in addition to a white-noise component was solved lfmrgawith the model parameters
(44). The red and white noise amplitudes were allowed to vararsply for each pulse and
occultation.

Table S1 shows the results of the TAP fits; we fit the posterfidh@se parameters with a
Gaussian, and report the mean and standard deviation ofahestan fits (each set of parame-
ters was weakly correlated).

The ephemerides of the microlensing pulse train and thesefioccultations were fit sep-
arately; we found that their periods were nearly identiégl,s. = 88.18025 + 0.00049 d and
P,.. = 88.18091 +£ 0.00028 d, for a difference ofP,,;sc — P,.c = —0.9 £ 0.8 min. This in-
dicates that both the microlensing pulse train and océatiatcan be described by a single,




Keplerian orbital model, which justifies the joint fit in thext section. The occultation occurs
Atoee = t0.0cc — topuise — P/2 = 0.827 £ 0.002 days later than half of an orbital period after the
pulse. This translates intocos w = 0.01473 + 0.00004.

We also found that the impact parameters of the pulse tradnoanultations were poorly
constrained; only near-grazing configurations could beéuebed. This is due, once again, to
the long-cadence data which place no constraint on thesaefggress duration, approximately
6 — 9 min, which is shorter than the 29.3-minute Kepler cadence tte occultation, the TAP
model was incorrect at ingress/egress in that it fixed théhdepequal the square root of the
radius ratio; consequently we do not trust the impact parano®nstraint on the occultation.
For the pulse, the impact parameter likelihood showed ardeabove an impact parameter of
b = 0.65, which we fit with a linear decline down o= 1.06.

We found that the durations of the pulses and the occultatigere identical to within the
errors,Tse = 0.196 £ 0.004 d and7,,.. = 0.191 £ 0.003 d, for a difference of ,,isc — Toce =
6 = 7 min and a ratio off},,;5./7,.. = 1.02 £ 0.03. A ratio near unity also indicates that both
events can be described by a single Keplerian orbital modbkl(ikely) smallz = esinw. In
theory the ratio of the durations can be used to constrgiinw; to lowest order inc = e sin w:

T;L =1+ ax, witha = 2%, y = ecosw andby = acosi/R; (the impact parameter
if e = 0). Inthe limitby = 0, a = —2, which yieldse sinw = —0.0035 + —0.016. However,
at larger impact parameter the signao$witches, and: goes to zero fob, = 1/+/2; near this
value thez? term which we have dropped if,,;s./T,.. becomes important in constraining the
value ofe sinw. The best-fit impact parameter from the joint model gikes- 0.706 + 0.022;
this translates ta = —0.1+0.5, which spans zero, s®inw has a larger uncertainty than this
linear expansion estimate; it is properly constrained leyftii Markov chain solution.

To translate the separate constraints on the shape of titecligve into constraints on the
system parameters, we next carried out an MCMC analysig asialytic formulas to describe
the light curve parameters in terms of the masses, radiipanithl parameters of the G dwarf
and white dwarf 85). We found a strong correlation betwe&np andb for the microlensing
pulse fit, so we reparameterize@s D(b) = pQ% wherey = 1 — /1 — b2, This pa-
rameter approximates the maximum height of the microlenguise, at its center, and is nearly
uncorrelated witth and7'. Although the TAP light curve fits held; andu, fixed, we allowed
these to vary during this second step of the analysis comgpu?(b). We also transformed
the zero-points of the ephmerides to points near the middileeoseries of pulses/occulations
so that they were uncorrelated with the orbital periods. fEsellts of these fits were used for
rapid experimentation with various assumptions in ourysisland comparison with the joint
fits described next; however, the joint fits have the advantdgelf-consistently fitting all of
the data simultaneously, so we use the joint fits for our fia@ameter constraints.

2.2 Jointfits

The second model jointly simulated the pulses and occattatand compared to the observed
Kepler fluxes near the events. Using the masses of the twedadid their orbital elements as
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inputs (M,, Ms, P, tg, 1, e,w), we calculated the two stars’ projected sky separation@ign 3)
at all times of interest (i.e. Kepler cadences surroundiegulses and occultations, subsampled
by a factor of 10). We combined this sky separation with toi iaf the two stars, their flux
ratio, and the G-dwarf’s limb darkening coefficients, ( 1z,, %, u1, us) to predict the observed
flux at each cadence using the methodhR; we then calculated thg of the model with these
12 parameters.

To further constrain the system parameters and break degge® between them, we uti-
lized stellar evolution models and added photometric cairgs from other surveys to ow?
calculation, which required adding additional input paesens §2.2.1). The Kepler light curve
does not have high enough signal to noise to constrain ndriputs (e.g.u, us, R2), SO we
reparametrized them as a function of more accessible ifp2ita.2). We then used an MCMC
analysis on our final set of 14 system parameters to detertimngtellar and orbital properties
and their posterior distributions.

2.2.1 Photometric constraints on stellar parameters

Because we do not have spectroscopic data for this systene)iee on multi-wavelength pho-
tometry and stellar evolution models for computing thelatgroperties. A determination of
the stellar characteristics based on multi-color photoyneting the Dartmouth stellar evolution
models 45) has already been carried out by the Kepler tedf)47. However, these analyses
have several drawbacks: they assumed priors on the temgentetallicity, and mass based
upon the properties of stars in the Solar neighborhood; dlssymed a simplistic model for the
extinction/reddening correction; and the covarianceséeh the resulting parameters were not
reported. Instead, we carried out our own fits, using a samelus > minimization of the Ke-
pler photometric light curve and multi-band photometryg(ie S3) from SDSG, r, i, z (48),
2MASS J, H, K, (49), and WISEW 1, W2 (50) in order to provide joint constraints on the
properties of both stars and their orbital properties.

This method has the advantage of self-consistently acoaufr all of the stellar prop-
erties simultaneously, as well as taking into account theugances between stellar evolution
model parameters. For example, the pulse/occultationtidares a function of the density of
the G dwarf and the ratio of the total binary mass to the G dwaa$s; the G dwarf density
strongly correlates with the effective temperature of ttae m this temperature range. Also,
the height of the microlensing pulse primarily constramsitnass of the white dwarf star, given
the parameters for the G dwarf and orbit (Figure S4). By fittime multi-color photometry and
light curve simultaneously we obtained a self-consisténofall of these constraints on the G
dwarf, white dwarf, and orbital elements.

The photometric fitin multiple bands required correctionriddening. The total extinction,
A maz, We estimated from reddening maps of the galédd).(We assumed’(B — V),,q, has
a fractional uncertainty of 3.5% based on the scatter oftyepixel elements in the extinction
map, and fixed?y,, = 3.1. We then corrected for the finite extent of the dust layer hyirzgl
a free scale height parameter with a prioriQf,, = 119 + 15 pc (62). The correction for
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the extinction column becomest, = Ay 0. (1 — exp [—Dsin 10.29° /hgyst]), WhereD is the
distance to the binary in parsecs — another free paramededad the model. Finally, we added
a systematic uncertainty in the absolute calibration ofghetometry,s,,;, which we added
in quadrature to the reported photometric errors of the oreasmagnitudes. We let,,; vary
as a free parameter, and placed a prior on its valuf[0fo? + o2,,)~*/? where N=9 is the
number of photometric bands; this has the effect of givingducedy? of order unity for the
photometric fit. The median value of,; was 2.5% in our fits.

Fitting the observed broadband magnitudes in addition edidpler light curve therefore
required adding), oy, haust, aNAE(B — V)4, as free parameters

For modeling the SED of the G dwarf, we used the Padova PARS&hronesZ?2), with
scaled solar alpha abundanceg/fe] = 0). We used this publicly available grid of stellar mod
els computed for ages from004 < t; < 12.59 Gyr (spaced by 0.05 dex), metallicities from
—1.8 < [Fe/H]; < 0.7 (spaced by 0.1 dex), and masses frorm < M; < 11.75M, (with
spacings depending on age and metallicity, adaptivelyainbg the isochrone model). By uti-
lizing M, [Fe/H|,t, to parameterize our Markov chain fits, we place a uniformrmiothese
parameters. We carried out linear interpolations of thesameters in the grid of stellar models
to compute the radiush;), effective temperaturé. s+, log(g:), and absolute magnitudes of
the G dwarf for comparison to the multi-band photometri@agdahd for computation of the light
curve model (the age interpolation we carried out lineailipg,,(¢1), although we used, as
the Markov chain parameter in order to avoid favoring smgdls).

We checked the robustness of our results by redoing the fikstia@ Dartmouth isochrones
(45). Unfortunately the Dartmouth isochrones have coarse bagip metallicity below Solar
metallicity (0.5 dex), so our interpolation fared poorly &ub-solar metallicity. Instead we re-
ran our fits with only positive metallicity (using the separits described above), and we found
that we obtained statistically identical results for bdtle Padova and Dartmouth isochrones
with the constraint of super-solar metallicity. We condutiat our results are robust to the
choice of isochrone; this is not surprising as the G dwairfistaear solar mass, where stellar
evolution models are robustly constrained by comparisén air Sun. Note that the Dartmouth
and Padova isochrones assume slightly different metadscior the Sunf = 0.019 and”Z =
0.0147, respectively), which we accounted for in our comparison.

2.2.2 Reparametrization

Some inputs to the light curve modeling are highly correldeeg.e, w), while others are poorly
constrained by the data due to the long Kepler cadence oritpvalsto noise (e.guq, us). We
therefore reparametrized our model inputs into more ingigand independent parameters.

As discussed if§1.2, the limb darkening coefficients of the G-dwarf cannotbestrained
by the dataju;, u; are thus transformed into dependent functions of the Gfgwdrich are
in turn determined by the isochrones and input paramét&r§F'e/H|;,t;. The isochrones
similarly determineRz;, and it is no longer treated as a free parameter.

We reparameterized the inclination angle in terms of theachparameter of the white
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dwarf during the microlensing pulse if the orbit were ciaby = (a/R;) cosi.

We transformed the eccentricity and longitude of periastoe sin w ande cos w since these
are better characterized thaor w alone; this change requires placing a priod p¢ (53).

Since we could not constrain the white dwarf radius from ¢hdsta, we assumed a mass-
radius relation for the white dwarf given by

M, O\ "3 M, \ 23
Ry(Msy) = 0.0108R@\/(M2h> - <M1) , (5)

whereM,, = 1.454M, is the Chandrasekhar mass.

In our final fits, we constrained the age of the system to beuhed the main-sequence
lifetime of the white dwarf progenitor and white dwarf cowitime, which amounts to ex-
changingF,/ F; for the mass of the white dwarf progenitdt; ;,;; (see§3.2). Ultimately, the
final set of parameters we fit for were:

{P,ty, esinw, ecosw, by, Mo, M jnir, My, t1,[Fe/H|1, 0sys, D, haust, E(B = V)maz}  (6)

for a total of fourteen free parameters.

2.3 Results

Our initial joint fits gave a reduced chi-square slightlyglar than unity, so we increased the
Kepler photometric error bars by a factor of 1.13 in the jdit# to produce a reduced chi-
square of unity in our fit to the Kepler time-series photometr

We ran a Markov Chain Monte Carlo simulation to constrainftheteen model parameters
using an ensemble sampler with affine-invariarsg 65. We used a population of 50 chains
and ran for a total of 100,000 generations, with maximum @ekRubin statistic of 1.06.

Table 1 lists the resulting parameters derived from our ktrans. Some parameters have
extremely strong correlations; in particular, the measignat of the mass of the white dwarf is
limited by our uncertainty in the model of the G dwarf stargltie S5 shows the correlations
between various model parameters.

3 Age Constraints

During our initial fits, we found a correlation between the aj the G dwarf and the mass of
the white dwarf. This can be understood as follows: the radtid photometry constrains the
effective temperature of the G dwarf. As stars evolve, thgyaad in size, but a larger radius
for the G dwarf requires a larger mass of the white dwarf tacleghe same microlensing pulse
magpnification (which scales dd-,/R?). In addition, the larger radius of the G dwarf causes a
longer transit duration; to fit the observed duration reggi@ higher impact parameter where
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Figure S5: Contour plots showing the, 20, and3c constraints on pairs of parameters.

the star is dimmer, which also works to increase the whitertimass needed to reach the same
pulse height.

This leads to a problem with the age of the binary. To prodheedbserved flux ratio
between the stars (derived from the occultation depth)iregja recently formed white dwarf.
Yet older G dwarfs with larger radii require higher white dvenasses to match the pulse
heights; more massive white dwarfs are created by highes stass which have shorter main-
sequence lifetimes. Hence older G dwarfs require both & stain-sequence lifetime for the
white dwarf progenitor as well as a young white dwarf, pradga binary with contradictory
stellar total ages.

We thus eliminated the high-mass WD and old G-dwarf solstioy requiring our binary
system to be coeval. We constrained the minimum age with giregeriod of the G dwarf
(§3.1), and constrained the maximum age with an initial-finasarelation for the white dwarf,
which determines the nuclear-burning lifetime of the wiiwearf progenitor §3.2).

3.1 Period of rotation of G dwarf and spin-down age

The light curve of KOI-3278 looks like a typical spotted stath star spots repeating every
~12 days; a power spectrum peaks strongly at 12.5 days (F&fireUsing only Q3 data, the
period of rotation was measured by Reinhold et a),(in which they report a best-fit period
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of 12.36+0.05 days, consistent with our results from all 17 quarters.

The rotation period can be used to estimate the age of the @.diMa estimated the age of
the star based on the observed spin-down of stars as theg@galled “gyrochronology.” We
used the calibrations of this relation by7j to estimate the age of this star, which we found to
bets,in1 = 0.89 £ 0.15 Gyr. We used this constraint only as the minimum age of theesys
however, to allow for the possibility that the G-dwarf wasispp via mass transfer during the
white dwarf’s formation.

3.2 Breaking the M, Age Degeneracy

To eliminate the models with contradictory ages, we placedrsstraint on the age of the G
dwarf by adding together the cooling age of the white dwad #re nuclear-burning lifetime
of its progenitor. However, the progenitor mass has somerteiaty due to uncertainties in the
initial-final mass relation of white dwarfs, which is compaled by the fact that the common-
envelope evolution of this system would have modified the enass of the white dwarf pro-
genitor. After surveying the literature on the initial-fimaass relation of white dwarf$8—62,
and running a suite of binary stellar evolution models (dbsd below), we found that most
data and models lay within 10% of the final mass given by th&iriinal mass relation found
by Kalirai (59). Consequently, we allowed both the initial mass of the divarf, M, ;,,;;, and
the final massj/,, to vary, and placed a Gaussian priorf to lie within 10% of the Kalirai
relation, which amounts to adding to thé (M — 0.109My ;e — 0.394)%/(0.1M5)>.

We computed the nuclear-burning lifetime of the white dvpadgenitorg,, from the Padova
models, and then set the cooling time of the white dwarf etual,,, = t; — to. The cooling
time and mass of the white dwarf was then used to compute fiteKemagnitude (as described
below), which was then used to fit the depth of the occultafidns procedure has the effect of
requiring both stars to have the same age, but allowing f@resancertainty in the initial mass
of the white dwarf progenitor. In doing so, we exchandedr; for M ;.. as a free parameter
in the model. This procedure eliminated the unphysicalca$éarge white dwarf masses in
old systems.

3.2.1 WD Cooling

We can derive the absolute magnitude of the white dwarf sttre Kepler band from the flux
lost as the white dwarf completely disappears behind thev@dduring occultation; we can
then use this to constrain the age and luminosity of the vawiaf based on white dwarf cooling
models. We use the cooling models computed by Bergeron dladbocators 23,63—-69, made
available on their web siteWe performed a linear interpolation in the mass and logingalge
of the white dwarf to obtain the absolute magnitudes, luitypand effective temperature of
the white dwarf. The absolute magnitude of the white dwathsKepler band was computed

http://ww. astro. unont r eal . ca/ ~ber ger on/ Cool i ngMbdel s/
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by transforming the absolute magnitudes in the SPSSandi bands:K,, = 0.25¢ + 0.75r for
(9—r)<0.3andK, = 0.3g + 0.7 for (g — r) > 0.3 (66).

We found a white dwarf age a@f,,, = 663 £+ 60 Myr; equivalent ages were found for both
Helium and Hydrogen atmosphere models. The effective teatyee of the white dwarf is
T.rr2 = 9960 + 730 K and its luminosity isLyp = (1.2 & 0.23) x 107*L; hence the small
depth of the occultation in the Kepler band.

4 Blends

It is possible that the flux from another star (or stars) cahleeded with the flux of the binary
star, thus affecting our fit to the photometry and light curvi® test this, we added to our
separate-fit model two components: 1) a bound blend starthétisame metallicity and age as
the G dwarf; 2) a blend star along the line of sight to the hinaontained within the Kepler
photometry aperture.

For the first component, we added the flux of a second star toth&-color photometry,
drawing from the Padova isochrones as for the G dwarf, andiseeigcluded its effect on the
pulse height and occultation depth.

For the second component, the contamination within the éteggberture can be estimated
by combining the location of other stars in other photonoesdtirveys with the Kepler point
spread function to compute the flux contamination with tingebaperture. The Kepler pipeline
carries out this analysis, and finds that the contaminatidretween 4-8%, depending on the
guarter of data that is used. We added the contaminationdlbgth our models to account for
the slight reduction in the pulse height/occultation degiik to contamination that varies with
quarter.

We re-ran the Markov chain fit including the mass of the thioditd star,\/5, as an addi-
tional free parameter. We found that a bound star must be awdifd\/; = 0.44-0.2M ., to be
consistent with the data, and would contribute ahly/"*7% to the Kepler band flux. However,
the M dwarf would contribute more significantly to the 2MASBSE bands and thus skew the
effective temperature of the G dwarf to be somewhat hottet,thus somewhat more massive,
M, = 1.071)93 M. This would imply a slightly higher white dwarf masgl, = 0.6815 02 M,
aboutlo different from the fit without a third star. The slightly highmass for the white dwarf
would produce a slightly higher mass for its progenitor, af s a slightly smaller cooling age,
and thus a slightly smaller overall age for the system. Higloatrast imaging and/or high res-
olution spectroscopy may be able to place stronger consiran the presence of a third bound
star in the system; however, the current constraints anag&nough that the mass derived for
the white dwarf is not strongly affected by the third star.
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Figure S6: Frequency-power spectrum of KOI-3278, showisg@ng peak at 12.5 days which
we infer to be the rotational period of the G dwarf.
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5 Binary stellar evolution models and dynamical constraing
on the presence a bound third star

We carried out an initial exploration of the possible orgfrttas system using the BSE code
(67-69 to model the evolution of this system as a function of timet tihe current orbital
period, the G dwarf should have orbited within the surfacéhefred giant progenitor of the
white dwarf, ejecting the outer envelope of the star; thigfsrred to as the “common envelope
phase” 70, 71. We used the calibration of the common-envelope evolyiemameters derived
empirically 60), and carried out simulations with a range of initial masaed separations.
As an example of these simulations, we found that the finatlitimms of this system could
be achieved if the initial masses weké, ;,,;; ~ 2.5M, M, ~ 1M, and the initial period
was Py ~ 1295 days, corresponding to an initial semi-major axisugf~ 3.5 AU (we used
acg = 0.3 and X = 0.2 in this simulation). The mass transferred during the Rdobe-
overflow and common envelope phase wouldd¥; = 0.008)/, sufficient to spin up the G
dwarf. The common envelope phase would start on the secgmapastic giant branch of the
white dwarf progenitor, at an age of 0.8 Gyr, and result in a final mass of the white dwarf of
M, =~ 0.65M, consistent with the model constraints, and slightly lesssive than the final
mass 0f0.69M/ ., had the star evolved as a single star. As the common envelogse rauses
rapid merging of the two stars before ejection of the evobktad's envelope, the final period is
very sensitive to the initial period; the outer period thas ko be fine-tuned, and hence this sort
of binary is expected to be raréd—79.

The possibility of a third body in the system is potentialynstrained by the dynamical
interactions of the 3 bodies due to the eccentric-Kozai raeidm 80-82. The observed
eccentricity of the binary is smalk; =~ 0.032, which indicates that it was probably circu-
larized during the common-envelope phase, and avoidednaigahgrowth of its eccentric-
ity with a third body, post-circularization. Since the tisoale for growth of the eccentric-
ity depends upon the quadrupole timescale, we estimatethbathird body should satisfy
(ay/AU)3/(M3/My) > 1.7 x 10® so that the Newtonian quadrupole timescale is less than
the white dwarf cooling timescale. Thus, if the third body lramass of\/; ~ 0.4M, the
semi-major axis should be larger than> 748 AU, with an orbital period longer than 14,000
yr. This is at about a separation of {at quadrature), and thus the presence of a third body
could be constrained with future high-contrast imaging dyxamical simulations.

The value of this system can be seen when comparing with ther ethite dwarf-main
sequence eclipsing binaries found to date (Figure S7). 3B has the most massive com-
panion star, as well as the longest period of all such systeis longer period binaries
are more difficult to find with ground-based surveys, and dlawe a lower probability of
eclipse/occultation/microlensing. The cooler comparstars are easier to find due to their
larger color difference to their companion white dwarf staKOI-3278 could only be found
with continuous coverage and with high photometric senstti
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Figure S7: Mass-period distribution of known white dwardimsequence post common enve-
lope eclipsing binaries.
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6 Predictions for future observations

Based on our Markov chain analysis, we found that the veleeimi-amplitude of the G dwarf
should bek; = 21.5+ 1 km/s. The parallax of the system shouldrbe- 1.24750; milliarcsec-
onds (mas) with a reflex motion of = 0.22 + 0.08 mas. The expected parallax measurement
uncertainty for a&& = 15 (Gaia magnitude) star is 0.02-0.03 m88)( so the parallax precision
from Gaia should improve upon our analysis significantlyl anable another constraint on the
mass of the white dwarf star.

We simulated the flux ratio of the white dwarf to the G dwarf dsirection of wavelenth,
which we find reaches: 5% at 0.25 micron, increasing to 60% at 0.15 micron (althoumgh t
absolute flux drops significantly towards shorter wavelepgiVe found that single occulta-
tion measurements in the ultraviolet could have similanaigo-noise as the combined Kepler
occultations, and allow a measurement of the temperatubeeafhite dwarf, breaking the size-
temperature degeneracy that required us to use a mass-ratition for the white dwarf. For
instance, we found that observations using the Hubble Spelescope at 0.2-0.4 micron (with
the G280 grating on the Wide Field Camera Ill) could achie@&N of ~ 25 with observation
of a single occultation (if it were photon-noise limited).
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