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The Kepler Mission is monitoring the brightness of~150,000 stars searching
for evidence of planetary transits. As part of the “Hunt for Exomoons with Ke-
pler” (HEK) project, we report a planetary system with two confirmed plan-
ets and one candidate planet discovered using the publiclyailable data for
KOI-872. Planet b transits the host star with a period P, = 33.6 d and exhibits
large transit timing variations indicative of a perturber. Dynamical model-
ing uniquely detects an outer nontransiting planet ¢ near tle 5:3 resonance
(P. = 57.0d) of mass 0.37 times that of Jupiter. Transits of a third plaretary
candidate are also found: a 1.7-Earth radius super-Earth wih a 6.8 d period.
Our analysis indicates a system with nearly coplanar and cicular orbits, rem-

iniscent of the orderly arrangement within the solar system
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If a planet’s orbit is viewed nearly edge-on, the planet mawgit over the disk of its host star
and periodically block a small fraction of the starlight. eTplanet’'s presence is then revealed
by a small and repetitive decrease of the host star’s brggstduring transits. The transit light
curve is characterized by the time of transit minimupthe transit deptla, the total duration
T4, and the partial duratiof,s (1). A precise measurement of these terms allows an observer to
infer the physical properties of the system, such as theisaditio,p = Rp/R., transit impact
parameterpp, and scaled semi-major axisp/R., whereR, is the star’s physical radius and
the subscripf’ denotes “planet”.

For a planet following a strictly Keplerian orbit, the spagi timing and other properties of
the transit light curve should be unchanging in time. Seadfacts, however, can produce de-
viations from the Keplerian case so that the spacingistot strictly periodic and/ar’, varies
from transit to transit. Such changes are known as tramsihgj variations (TTVs) and transit
duration variations (TDVs), respectively. TTVs are parlagly sensitive to gravitational per-
turbations from additional planets orbiting the host sta4f and distant large moons orbiting
the transiting planets7).

As part of the “Hunt for Exomoons with Kepler” (HEK) proje®)( we analyzed the pub-
licly available Kepler data up to Quarter 6 (Q6; releasedamuary 7, 2012). At the time of
writing, the 33.6-day-period planetary candidate Kepleject-of-interest 872.01 (KOI-872.01)
is the only known candidate in the systef).( The candidate was identified through HEK’s
target selection procedure as a high priority object bexaifigshe presence of visual transit
anomalies and the dynamical capacity to host a moon.

We detrended the raw Kepler photometry of KOI-872, covetiigransits, using a harmonic
filter and an exponential decay ramp correcti®f)( We tested several models to explain the
photometry using the multimodal nested sampling algoriMmLTINEST (11, 19, designed
to compute the Bayesian evidence for each model. The favooetel was found to be that of

a planet undergoing TTVs (each transit has a uniguoeit common parameters for all other



terms; modelM 7). This model is preferred over that of a planet on a lineaeepdris M p, at
a confidence o43.7 o (Fig.[1).

We computed TTVs relative to the linear ephemeris derivethiM p (P, = 33.60134 +
0.00021d andry, = 2455053.2826 + 0.0014 BJDytc, where BIRrc is understood to be
barycentric Julian date in coordinated universal time)e Tésults (Figl12) indicate that KOI-
872.01 exhibits large (2 hours) and complex TTVs with a dantrperiod of about-5.6 transit
cycles €:190d). These are among the largest TTVs ever detected. Alnmotleding TDVs is
disfavored relative to the TTV-only model at a confidencé @b o.

Because a moon should induce TDVs and TTVs, the lack of TD\és et favor a moon
hypothesis. Further, Q4-Q6 photometry show complex staltévity, which may be respon-
sible for the initially identified visual anomalies. In sugpof these arguments, we found a
planet-with-moon model¥1,,) inadequate to explain the measured TTVs (Eig. 2c).

A distant stellar companion or secular/resonant pertighatfrom a planetary compan-
ion also cannot explain KOI-872.01's TTVs, because thefeesf would produce sinusoidal
patterns with a very long period8). Moreover, other known TTV effects, such as parallax
effects (4), the Applegate effectlf), and stellar proper motiori6), can be ruled out because
they are unable to produce such a large TTV amplitude.

We applied the TTV inversion method describedi)(to test whether the observed TTVs
are consistent with short-period perturbations from agtiary companion and whether a unique
set of parameters can be derived to describe the physicalraitel properties of that compan-
ion. The short-period perturbations are small variatiomaiad the mean Keplerian orbit of
a planet with characteristic periods comparable to thegblamrbital period. The inversion
method is based on perturbation theory, which greatly spapdhe computation of the timing
and duration of individual transit4.8).

We tested orbits with periods between 1day and 10years)dimg the cases of highly

eccentric and/or retrograde planet8); The identified solutions were fine tuned using a precise



N-body integrator. We used the downhill simplex method tocefor the minimum ofy? =

> _1(0to; — Otc;)?/oF, wheren = 15 is the number of transitsito ; and dtc ; are the
observed and calculated TTVs, andis the uncertainty ofi¢o ;. Local minima inx? were
tested for physical plausibility, including a stabilitystewhere the orbits were tracked over
10° yr with a symplectic integratoi2Q).

All except two solutions can be ruled out because they aheedynamically unstable or
havey?,;, > 60. The best-fit solution (hereafter s1) fits the data extremaly. X7, = 3.4
forn —m = 15— 7 = 8 degrees of freedom (DOF), where= 7 parameters of the perturbing
planet are the mass ratid../)M,, period ., eccentricitye., inclination /., nodal longitude?,.,
pericenter longitudeo., and mean longitude.. The inclination/ is defined relative to the
reference plane that is 9@lted to the sky plane, and rotated so thgt= 270° (all longitudes
measured relative to the line of sight; hereafter, trae$gtrence system). The orbital inclination
of KOI-872.01 relative to the transit planefis= 0.96°, as determined from the transit fit.

The second best-fit solution (s2) hg;, ., = 20.3. It corresponds to a planet with/, ~
1.8 x 1073M,, P. ~ 81.7days (i.e.P./ P, = 2.43, just inside the 5:2 resonance),~ 0.03 and
I, ~ 10°. s2 can be ruled out because the goodness-of-fit for the T3 ggnificantly worse
at Ax? = 16.9; also, agl, is relatively large, s2 implies strong TDVs that are incetesit with
the observations (Figl 2c20).

Therefore the transit variations of KOI-872.01 can only béyis1. This was by no means
expected or guaranteed because the short-periodic TT\(aped by the interacting planets
represent only a very specific subset of astrophysical Egnghis can be demonstrated by
scrambling the TTV datapoints and applying the TTV invemsitethod to the scrambled data.
We were unable to find a plausible planet solution for any efdttempted (thousand) trials
with the scrambled data. This is a strong indication that48@2 is a real system of at least two
planets 22) (Table[1).

The scaled mass of KOI-872.02 inferred from TTVs of KOI-&Ris M./M, = 3.97 x



10—, With M, ~ 0.9 M, obtained from spectroscopy, this givés ~ 0.37 M, or ~ 1.3
Saturn masses. The mass of KOI-872.04,, cannot be constrained from TTVs because the
short-periodic TTVs are practically independeniiéf (3,18. The stability requirements imply
that M, < 6 M, because the orbits are dynamically unstable with a moreiregansiting
body. This mass limit along with our vetting analysi€) confirm KOI-872.01 and the perturber
as being genuine planets, henceforth referred to KOI-8Z@trésponding to KOI-872.01) and
KOI-872c.

The period ratioP./ P, = 1.697 indicates that the two planets are just outside the 5:3 reso-
nance. This may be a relatively common configuration probeddéted to the radial migration
of planets in the protoplanetary nebuf8). The resonant anglé). — 3\, — 2w,, circulates in
the retrograde sense with the periodo® yr. The dominant TTV period+£ 5.6 transit cycles;
Fig.[2) comes from the relatively distant 2:1 and 3:2 terngsimls~ 190 yr).

The orbital eccentricities arg < 0.02 ande. ~ 0.015. The nearly circular orbits probably
indicate that the two planets formed at, or migrated to,rthegsent orbits without suffering
any strong dynamical instability. The two planets also bithearly but not exactly coplanar
orbits. The orbital inclination of KOI-872c with respectttee transit plane ig. < 4.5° (99%
confidence interval) with the best TTV fit indicatidg = 2.6°. The best-fit inclination value
and(). ~ 298° obtained from the TTVs suggest the planet just avoids ttiagsiA search for
the transits of KOI-872c indeed yielded no events, implytimag /. > 1°.

Although no transits of KOI-872c were detected, we do dedeéxt transit signal on a short
period of 6.8d. The transit corresponds to a R/ Super-Earth, which we refer to as KOI-
872.03. Because of the probable low-mass nature of this, lbeyexpected TTVs induced on
KOI-872b would be around 1s in amplitude, too small to deteitlh our data. Further, the
TTVs of KOI-872.03 itself are estimated to bel0 s, also undetectable. Without TTVs, we are
unable to confirm that KOI-872.03 orbits the same star as &b and KOI-872c, as opposed

to a blended background star. However, our analysis find«tba872.03’s light curve derived



stellar density is consistent with that of KOI-872b for bptanets on near-circular orbits.

We predict that the radial velocity (RV) measurements of ¥8@2 should reveal at least
two basic periods. The RV term with a 57.0d period, corredpanto KOI-872c, should have
K, ~ 20 m s'! half-amplitude. The amplitude of the 33.6d period term responding to
KOI-872b, is uncertain because we do not have a good conswailM,. The 6.8d term,
corresponding to KOI-872.03, will be difficult to detect beseks; ~ 1-2 m s! (assuming
Earth-like density).

To gain insights into the system’s dynamical behavior we etically integrated the plane-
tary orbits starting from the best-fit solution (Fig. 3). Téami-major axis of KOI-872b expe-
riences short-period variations, related to the TTVs, wittamplitude of~ 5 x 10-* AU. The
eccentricities undergo anti-correlated oscillationsgiasated by the angular momentum con-
servation, around meaag = 0.013 ande. = 0.012, with a period oi~200 yr (corresponding to
wy'S precession periody, precesses much slower). The anti-correlated oscillatbilina-
tions relative to the transit plane are a geometrical efiesullting from the shared precession of
2, and(). (~ 200 yr period). The inclinations relative to the invariant peare nearly constant
with the mutual inclination~ 1°. If I, relative to the transit plane increases in the next decades
(Fig. 3d), KOI-872b’s transits will gradually disappear.

TTVs were originally proposed as a nontransiting plane¢ct&in methodZ—4), but have
recently found more use in validating the transiting placemtdidates from Kepler2d, 25.
Kepler has previously inferred the presence of a nontriaggitianet via TTVs, but showed that
the measurements were unable to support a unique sol@ipnKere we have demonstrated
the full potential of TTVs as a method to detect nontrangiptanets and precisely characterize

their properties.
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KOI-872b

KOI-872c

KOI-872.03

70[BIDyrc]  2455053.2826 00017 - 2455255.2603 150057
Ppldays]  33.6013479:99021 57.01179%1 6.7667179:99013
Rp/R. 0.08870-0015 - 0.016565-90079
bp 0.75719052 2.9711 0.391015
ap/R, 45.17%] 64.1%5 15.581931
ip[°] 89.03875:97 87.411¢ 88.55% 060
ap [AU] 0.19687 99029 0.27997 59048 0.067975 05
ep 0.011501 0.014610 003 0 (assumed)
Qr[°] 270 29813 -
wp[°] - 330.075%° -
A [°] 0 338.211% -
Mp/M, <64x1073 3.97010 1071 -
Mp[M;] <6 0.376700% -
Rp[R/] 0.808%5:042 - 0.151070 009
pplkgm™] < 14000 - -
Toq [K] 543416 455113 924+2
Muoon/Mp < 0.021 - -

KOI-872
p. [kgm=] 1530775
M.[Mg]  0.90255058
R.[Re] 0.938" 0 030
log g. 4.447H0:030
Toe [K] 5155 & 105
L. [Lo] 0.556 0070
My 5.607017
Age[Gyr]  9.773T
Distance [pc] 85575
[M/H] 0.41 4 0.10

Table 1: KOI-872 system parameters. KOI-872b parameters e@mputed from the weighted
posteriors of a model accounting for TTVs, usinggM I NEST. Parameters fitted in the transit
model are quoted as the median of the marginalized postevithi +34.13% credible intervals.
Instrumental terms and times of transit minimum may be foanthble S3. KOI-872¢ param-
eters were computed from the fit to the KOI-872b’s TTVs. Paatams fitted in the TTV model
are quoted as maximum likelihood with34.13% uncertainties computed using thg? = 1
method described ir2{), where the TTV errors have been rescaled suchfat.., = 1.
The 99% confidence areas from the TTV fit alone are shown inF4Q. The measured TDVs
do not offer a meaningful constraint, since the parameter rsear s1 that fit the TTVs also
fit the TDVs. Orbital longitudes of KOI-872c are relative teettransit reference system on
2455053.2839 BJDrc. KOI-872.03 parameters were computed from an MCMC run. Moon
mass constraint (3 limit) was derived from modeM ;12 ro (10).
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Figure 1: Maximum likelihood transit model (red line) o\ad with the long-cadence Kepler
offsetted data for KOI-872b. The large TTVs are evident aiufrom the light curve. The
ramp-affected transit is excluded here (see Fig. S2).
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Figure 2: Transit timings variations. The measured TTVanfmodel M) and TDVs (from
model M) and their uncertainties are indicated in panels (a) and fgnel (a) shows the
calculated values for s1 (red line). The TDVs of s1 are coestsvith the measured, flat TDV
profile. Panel (c) shows s2 (blue line) and our best moon mgtekn line). While s2 also
fits the measured TTVs relatively well, the strong TDV trend(¢) is inconsistent with the
measurements. Panels (b) and (d) show our predictions fang$2.
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Figure 3: Orbit evolution. Figure shows the semi-major gganels a and c), eccentricity (b)
and inclination (d) for the best fit solution. The orbitalralents of KOI-872b and KOI-872c are
shown in red and blue, respectively. The inclination in geéfined relative to the transit plane
(I = 0° would correspond to a transit across the middle of the hassstisk). An approximate
transit zone fof) = 270° is shaded(2, and(2. are locked nea70°, because the invariant plane
of planets is tilted to the transit plane. KOI-872.03 is dedthere because it has a negligible
effect on the dynamical evolution of KOI-872b and KOI-872c.
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Supporting Online Material

System Identification We here discuss why KOI-872 was selected for analysis by tk H
project. The HEK project filters the list of all knoweplertransiting planet candidates down
to a subset of the most promising for detecting exomoonss ptocess is described as “Tar-
get Selection” (TS) and features three distinct pathwagget selection visual (TSV), target
selection automatic (TSA) and target selection opporiem{fT SO). We direct the reader t8) (
for details on each procedure.

KOI-872b, internally labeled as HCV/HCA-439.01, was idéat independently by TSV
and TSA as being an excellent candidate for exomoon follpvesud thus was prioritized for
more detailed analysis. These determinations were ilyibalsed upon the Q1-Q3 long-cadence

data only. Subsequent Q4-Q6 data is included in the anglysgented here.

Data Handling We will here describe the sequential steps we took in praogske Kepler
photometry for the target KOI-872.

Data acquisition. We make use of the publicly available archival data from Kegpler
Missionon the MAST website, which consists of quarters 1 through &(®). All data is
in long-cadence mode with nearly continuous coverage. dettils on the data processing
pipeline can be found in the data release handbooks and iepexdted here.

Long-term detrending with a cosine filt&e make use of the “raw” (labeled as “SAR.UX”
in the header) data processed by Kepler DAWG (Data Analysis Working Group) pipeline.
All of the publicly available photometry was acquired in ¢gpoadence (LC) mode spanning
quarters 1 through 6 (Q1-Q6) and data releases 4 through 9-(@#®). A detailed descrip-
tion of the pipeline can be found in the accompanying releases. The “raw” data has been
processed using PA (Photometric Analysis), which inclucleaning of cosmic ray hits, Ar-

gabrightenings, removal of background flux, aperture pietoy and computation of flux-
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weighted centroid positions.

The data releases also include corrected fluxes (labeldRIASSAPFLUX” in the header),
which are outputted from the PDC (Pre-search Data Condlitipralgorithm developed by the
DAWG . As discussed in DR5, this data is not recommended fensific use, owing to, in part,
the potential for under/over-fitting of the systematic efée For the sake of brevity, we do not
reproduce the details of the PA and PDC steps here, but direse interested t®8) and the
DR handbooks.

The Q1 to Q6 PA photometry are shown in Fig. Ili(a), [1(b), L{@).M(e) &1(f] respectively.

One challenge in attempting a correction is assessing wdoatponents are astrophysical in

nature and which are instrumental. The astrophysical s@friaterest is the transit signal and
thus we aim to detrend all other effects and preserve thpseliThe spurious trends may be
removed by applying a high-pass filter to the photometry, simalar way as was used b29)

for CoRoT photometry an®(, 3] for Keplerphotometry. To remove the long-term trends, we
thus applied a discrete cosine transfo8)(@dopted to the unevenly spaced data.

We first removed the transit events with a margindef days either side of the times of
transit minimum, as predicted from the linear ephemerigogeand epoch reported i®). The
choice of the timeg is provided later. We also remove outliers, identified aséhooints lying
3-0 away from a spline-interpolated running median of windeze 600 minutes. Treating
each quarter separately, we fitted the remaining data withearl combination of the first N

low-frequency cosine functions using

fi(tj) = cos <22—;>tji + ¢ |, (1)

wheret; is the timing of thej*™™ measurement, = 0, N in integer steps and/ is equal to
the rounded integer value ¢2B/4%") whereB is the timespan of the observations afids

the timescale we are protecting. Since we are trying to ptdbhe timescal&, we set¥’ =
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3% to ensure the timescale of interest in minimally distcﬂteldsing a Levenberg-Marquardt
algorithm, we then fit for the linear coefficienf, for each of the cosine functions, so that the

fitted model is given by

N
M(t;) = Z a:fi(t;)- (2)
i=0

We then subtracted mod&lt from the light curve (including the transits). The model is

shown over the data for the Q1-Q6 photometry in Fig.|1(a)), ftc),[1(d)[ 1(€) & 1(f). The

final time series is clipped to be2% surrounding the time of transit minimum, as based upon

the linear ephemeris 09).

Protected timescaleThe harmonic filter protects a chosen timescale. When siegr&br
ellipsoidal variations or reflected light, this timescalaye set to be equal to the period of the
transiting planet, as was done BB and 33). However, if we are solely interested in the transit
event, then the timescale of interest is much shorter thian 8pecifically, it is the duration of
the transit which is the timescale of interest. If we are lagkor moons, then auxiliary eclipse
signals may appear either side of the transit event. Thusyigleto protect a timescale which
includes both the transit duration and the surrounding taloverage corresponding to the
region where a moon could reside. Spatially, this is the tdiflius and thus we need to define
“a Hill timescale”.

The first-to-fourth transit duration is already known frof) (0 be77, = 4.3863 hours. If
this time is roughly equal to the time is takes for the planetraverse two stellar radi2R,,

then the velocity of the planet is given by ~ 2R, /T},. The Hill timescale}, is given by:

1For Q6, we were not able to get a good fit to the raw data USing: 3T and so this factor was relaxed to
unity.
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R
TH = —H7
vp

1/3
-~ apTiy [ Mp 3)
2R, \ 3M, '

whereRy is the Hill radiusap is the planet’s semi-major axi8/p is the mass of the planet

and M, is the mass of the star. In the abowg, 714, R, and M, have reasonable estimates
from (9). Mp, however, is wholely unknown. Since the planet is the Sasiza regime, we

simply adopt a Saturn-like density and estim&fg accordingly:

1/3
T o 0P (4/3)mR%pp 4)
"= 9R, 3, ‘

where Rp andpp are the planet’s radius and mean density respectively. Ef/HCA-
439.01, we estimated,; ~ 0.24days. The protected timescalg, was then set to be equal

to:

T = 1.2(Tw + 2T, (5)

where the 1.2 factor is added as a 20% buffer. In total, thisgft = 0.80 days as the
protected timescale.

Dilution factors.In each aperture, a small amount of third light is typicallggent from the
overlapping point-spread-functions iepler’s relatively crowded field. To account for this, it
Is necessary to include the third light in the transit ligintve fits. We follow the method oB4)
to make this correction. Although not available in the MAS&atbers directly, the dilution
factors are accounted for in the PDC photometry but not irPhg@hotometry. Therefore, we
simply take the median of both sets to compute the dilutiotofa This is done for each quarter

independently and ranged from 3% to 9%.
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Light Curve Analysis Star spotsThe raw transit light curve shows clear evidence for rotat-
ing star spots on the surface of KOI-872. In particular, shows three deep minima due to
a large dark, rotating spot of roughly 10% the radius of tlae. $iowever, throughout the time
series complex spot patterns emerge and evolve indicdtmbehavior is more complex than
a simple, single spot model. For this reason, a simple pegiain is unable to reliably infer
a rotation period. A more complex spot-model, accountirrgraltiple spots and differential
rotation, is required to interpret the behavior of the thegents, which is outside of the scope
of this work.

For the purposes of this work, the most important consequehthe spots is that signals
which appear like exomoon mutual-events may in fact be §tar &rossings. Equipped with
this prior information, a star spot crossing seems an adpmore likely explanation for the
TSV signals initially identified. These signals also corogte the derivation of upper limits
on a putative exomoon, as discussed later. Upon downloabden@4 data in early January,
we immediately suspected the putative signal was a falsdipm However, we continued our
analysis because our early model fits revealed that thet@ahiited large and complex transit
timing variations, as also reported iB5, 39.

Model fits. In fitting the transit light curve, we consider a variety of dets to explain
the data. In all cases, the fitted parameter set is the santeiddscribed ing) with two
exceptions. Firstly, rather than fitting for the satelliteplanet mass ratia\(s /M p) in planet-
with-moon fits, we usedps)?/? i.e. mean density of the satellite to the power of two-thirds
This was done since a physical density has a better knowntpaa mass ratios. The two-thirds
power ensures uniform priors in any derived mass-ratiosesihe other density terms feature
this index for reasons described i8).( Secondly, we fit for a photometric noise termy,
which is the standard deviation of the noise assuming it tavliée. This is done to propagate
the uncertainty of the photometric uncertainties theneseinto our calculation of the Bayesian

evidences.oyy is fitted with a modified Jeffrey’s prior with the inflection ipb at the median
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photometric uncertainty from the DAWG pipeline and the maxin limit being 10 times larger.

We note the best value for this term (from thé fits) is oy = 2.60370 03 mmag per minute.
In what follows, we assume that the system is a genuine @ansystem rather than a

false-positive, such as a blended eclipsing binary. Deetail our vetting procedure and blend

analysis are provided later. The following principal me&dekre considered:

s Mp - Planet-only
s M - Planet-only with variable times of transit minimum (TTV)

s My - Planet-only with variable times of transit minimum (TT\)ansit depths (dV),

impact parameters arjgti*]?/3 value (thus permitting TDV)
s M, - Planet-with-moon
m M ro - Planet-with-moon, defining the moon as a point-mass i.€ixwgs = 0.

. M 71,0 - Planet-with-moon, removing the maximum a-posteriomsiatiming varia-

tions deduced fronM 1. Since all TTVs are removed, we must enfofde = 0.

n Mo ro - Planet-with-moon, removing the maximum likelihood tri@risning varia-

tions from a second planet fit and searching for residual TTR¥'s only.

The fits were executed using theuuriNEsT algorithm (L1, 12, which is a multimodal
nested sampling routin@7) designed to compute the Bayesian evidence in complex [geam
space in an efficient manner. For brevity, we direct thossr@sted to the aforementioned works
for further details. MULTINEST is coupled with the forward-modeling code nbNa (38),
which is designed to model the transit light curves of a pfavieh-moon accounting for mutual
events, auxiliary transits, dynamical perturbations amakimear limb darkening in an analytic

mannetr.

2pcire is the light curve derived stellar density assuming a cacafbit.
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Quadratic limb darkening coefficients were estimated im@lar manner to that described
in (30). For this calculation, we assumed the effective tempegadnd surface gravity of the
star to be that reported i) (1. = 5127K andlogg. = 4.59), which in turn come from
the Kepler Input Catalogue (KIC). Our later spectroscopialgsis shows these to be excellent
estimates. For thEeplerbandpass, we used the high resoluti@plertransmission function
found at http://keplergo.arc.nasa.gov/CalibrationResp.shtml. We employed the atmosphere
model database fron89) providing intensities at 17 emergent angles, which werpukated
linearly at the adopted,s andlog g, values. The passband-convolved intensities at each of
the emergent angles were calculated following the proeeduf40). This whole process is
performed by a Fortran code written by I. Ribas. To computectiefficients we used the limb

darkening law given in Equatidn 6:

I

£ =1 -w(l - p) —ua(l ) (6)
1

where the various terms are defined 40)( The final coefficients resulted from a least
squares singular value decomposition fit to 11 of the 17 abkilemergent angles. The reason
to eliminate 6 of the angles is avoiding excessive weighherstellar limb by using a uniform
sampling (10u values from 0.1 to 1, plug = 0.05), as suggested by {). This leaves us with
u; = 0.3542 anduy, = 0.3607.

Ramp correction.During theKeplertime series, there are a few safe mode events where
the telescope stopped observing. These result in a pause cohtinuous photometry followed
by an exponential ramp as the telescope starts observing ddas ramp, likely similar to the
charge trapping effect seen wilpitzer(42), lasts for around one week and we usually simply
clip the affected data. Unfortunately, the second traristoved occurs during one these ramps.
In order to maximize the available data, we decided to cofeeadhe ramp effect and recover

this transit. We apply a simple exponential decay model @féinm
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F'/F = ag — ay exp(—t/as), (7)

whereF’ is the flux affected by the ramg; is the flux corrected for the ramp ands the
time since the start of the ramp. We also tried a double exp@alesimilar that advocated
by (42), but found the two timescales converged to a single valuétting the data, we fit the
parameters;, (absorbed by th€©OT vector in practice)a; anda, simultaneously to fitting
the transit model. We find that this simple model providesyarekent description of the ramp
effect, as visible in Fig_ S2. We note that the ramp timescals found to be best modeled by
ay = 1102473006 days (fromM fits), which may be useful to other observers.

Model selectionln searching for an exomoon, one must conduct model setebgtwveen
the various hypotheses which could explain the data. We elefin null model to be that of a
transiting planet without a moon and with static parametaadel M p. This simply assumes
a constant linear ephemeris with a constant duration anth dsery transit.

We also consider models of a planet without a moon, but wittupeations. The simplest
type of perturbation model we consider is that of a plane watrying times of transit minimum
(i.e. a planet experiencing TTV) which we dullr. Model M, extends this to allow for
variable depth and duration as well. Mod@s,, and M, ro are the planet-with-moon model,
as simulated fronLUNA, except the latter assumes a fixed zero-radius mégn= 0); i.e.
considers TTVs and TDVs only.

Due to the presence of a second planet inducing the TTVsgagsBed in the main text), we
also tried models\t y71 a0 andM 72 ro. The first model removes all transit timing variations
by subtracting the maximum a-posteriori transit times @edwsingM from the original data
and then refitting for a zero-mass exomoon (we cannot fit fooarmmass if we have forcibly
removed all TTVs). The second subtracts the maximum likelcthmodel for a second planet

(discussed later) causing the TTVs and then fits the adjuk&lfor a planet-with-moon. In
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this case, we also fix the moon radius to be zero since we lgpathesize that stellar activity
may be inducing false-positive moon-like eclipses. Thameefthis model looks for residual
TTVs and TDVs only. Because these fits use modified data fartéphey cannot be directly
compared to the other models and require a custom null-nfodebmparison in each case.

Model selection is performed by comparing the Bayesianeswd of each model. The
higher the Bayesian evidence the more likely the model isctireect one. Computing the
Bayesian evidence is computationally expensive and peettiy challenging in the high-dimensional
space we are faced with. For exampld involves 38 free parameters.

In some cases, we found it was not necessary or possiblertmligrcompute the absolute
value of the Bayesian evidencg&, For example, as MLTINEST iteratively searches through
higherlog Z values, the code can be stopped ifihye Z value greatly exceeds the evidence of a
competing hypotheses. This allows us to place a lower limih@ confidence of such a model,
as was done foM . Here, we foundlog Zr — log Zy/) > (166.1 £ 0.7) (where modelM
has the next-best Bayesian evidence), indicatintg.1-o preference for the TTV model over
the TTV+TDV+TsV model. To highlight the computational demands, we poiritthat even
this lower limit required over 3years of equivalent procegdime, including over 4 billion
likelihood evaluations, with a 2.1 GHz AMD Interlagos CPUe\lso note that the TTV model
is preferred over the static modél/ p, at a confidence of 43.9-0, which to our knowledge
represents the highest formal significance for a TTV detectver reported. For cases where
only a lower limit onZ is provided, the posteriors were computed by re-running MNEST
in constant efficiency mode.

Models M, and M, o are found to be relatively poor fits to the data withg Z,, —
log Z7) < —(635.3 £ 0.4) and (log Zy g0 — log Z7) < —(545.8 £ 0.4). This is visually
evident by comparing the TTV model for a second planet veifsatsof a moon in Fig. 1. Since
Zr > Zp, there is a very high probability that transit timing vaiaais are present. But since

a moon model provides a much lower evidence than the TTV m@éelZ,; < Zr), then we
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deduce that i) TTVs are present ii) a moon is not responsible.

Although this conclusion tells us the large TTVs are not gaiaused by a moon, they do
not exclude the presence of a moon either. The possibilisyrabon as an independent source
of TTVs is investigated using models! y;71 310 and M 2 ro. We did not directly compare
the Bayesian evidence for these models with the others. i$Hiecause the input data was
manipulated in each case by subtracting times of transitnnuim from each epoch. In order to
perform a reliable model comparison, we generated a custshmwdel for each:M ;71 nun
and M 2 nan- These were accomplished by re-running the fit with the simkraass of the
moon set to zero, allowing us to remove the moon terms as &eaneters. The results of these
fits will be discussed later in a dedicated section.

The priors and Bayesian evidence values for each model emptéd are provided in Ta-
bles[S1&SP respectively. Table 1 provides the final physsyatem parameters. Talle]S3

provides the final system parameters for instrumental tamdgimes of transit minimum.

A Search for an Occultation Searching for an occultation is challenging due to the large
transit timing variations present. In order to accommodatehis, we allow the occultations
to have their own timing variations. To minimize the numbéfree parameters, the, bp,
[pE¢]2/3 Py and 7, parameters were sampled from a Gaussian prior derived fremit
model fit. Since any eccentricity induced timing offsetsidddoe absorbed by the occultation
timing variations, fitting for eccentricity terms would besentially fitting redundant parameters
and thus we fixep = 0. This left us with 15 OOT parameters, 15 occultation timespike
parameterdy, ) and 1 term for Fp/F,), the flux-per-unit-area ratio of the planet and star. We
ran two fits; one wher¢Fp/F.) = 0 (in such a case the occultation times are not required
as free parameters) and one where: (Fp/F.) < 1 and was a uniform prior, allowing us
to perform a model comparison later. Note that under thenagBan that the system is a real

planetary system, the TTVs suggest~ 0 anyway, as described in the main text.
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A comparison of the Bayesian evidence from the null fit verbgsoccultation fit yields
(log Zoce —log Znan) = (—2.43 £0.44). Thus, the null hypothesis of there being no occultation
present is the preferred model.

Although no occultation is detected, we may use our resulipgetce upper limits on the oc-
cultation depth. The marginalized posterior of of the otation depth yields,.. = 9.971%" ppm,
and places a 3- upper limit of §,.. < 71.0ppm. Assuming a geometric albedo of unity
(A, = 1), the reflected light component of the occultation is expedb be 3.9ppm. As-
suming the occultation is due to reflected light only, ourwiation depth limit corresponds to
A, < 18.01.e. we are unable to constrain the albedo of KOI-872.01 yopdnysically plausible
range.

Given our insensitivity to reflected light, our upper lim# more robust and meaningful
when interpreted as an upper limit on thermal emissiaplers visible bandpass is not well-
suited to detecting thermal emission but a meaningful camgtcan still be derived. Treating

the star and planet as black bodies and integrating overusimKepler bandpass, we find

Tp < 2442 K to 3-0 confidence (assuminf, = 5155 K).

Vetting the Planetary System So far, we have assumed the observations are due to an un-
blended planet transiting a star. Here, we consider aliemmodels which do not require the
system to include a planet. To avoid confusion with the earnodel fits which assume the
eclipsing object is an unblended planet, we will dub thesdeit®as hypothese®;. There at

least three such hypotheses which could potentially exples data:

» Hp: No blend is present and thus we have a planet transiting a sta

» Hppsse: A blended eclipsing binary (EB) with the eclipsing bodiesam orbital period
of 33.6d

» Hepero: A blended eclipsing binary (EB) with the eclipsing bodigsam orbital period
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of 67.2d

In the last two cases, the eclipsing binary could be a larigergb (e.g. Jupiter-sized) eclips-
ing a star and thus could still be considered a genuine @ansystem. Further, the blend
source could be foreground, background, associated or wraigf multiple sources. The last
two cases can also be considered in two flavors i) EB on a eircubit ii) EB on an eccentric
orbit. The possibility of an unblended grazing eclipsingaby is included in the modé¥ s,
and a blended grazing eclipsing binary withi 5 336 andH g 67.2.

In general, one expects the false-positive rate for KeplgeQs of Interest to be quite low,
with recent estimates arriving & 10% (43). Nevertheless, we will here investigate the possi-
bility of the blended EB scenarios mimicking a planetarytegs We will approach this problem
using several tools 1) a centroid analysis 2) constraiot® fthe spectroscopy 3) model selec-
tion with Bayesian evidence determinations of the traigticurve shape (a blend analysis) 4)

dynamical constraints from the timing variations and digtarguments.

A Centroid Analysis Overview.The DAWG pipeline output provides flux-weighted centroid
positions for all observed targetd4) have demonstrated that the very small shifts in centroid,
expected for blended occulting sources, can be measurathéely from theKeplerdata. Con-
sider two physically separated sources with overlappingsP$he computed centroid position
is flux-weighted with respect to these two sources. When drieeosources is eclipsed, its
flux temporally decreases and thus the flux-weighted cehsioifts towards the other source.
Therefore, the detection of a shift in flux-weighted certsailuring the eclipses would indicate
the presence of a blend source. An example of this technigtexiihg such a source is for
KOI-13 (45).

Excluded Centroid ShifiVe extracted the andy centroid positions for KOI-872 surround-
ing +0.4d of the predicted transit events according to the lineaeppis model derived in

M p. We then removed the maximum a-posteriori times of trangitmum, 7, for each transit
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epoch, as computed by thlel model. This step essentially phases all of the data. Finady
then divided epoch by the mediamandy centroid position to remove the effect of long-term
trends in the centroid positions. No cleaning or detrendindpe centroids was attempted.

The phased centroid positions, shown in [Figl S3, displaymaonis up or down pattern
during the transit events (marked by the vertical gridljnd$e scatter can be seen to be com-
parable, but somewhat larger than, that derived for KOIFLBIig. 2 of @5). Taking the mean

and standard deviation of the in- versus out-of-transitroésh positions we find:

Az = 2o — Tin = (0.09 £ 0.57) x 107*, (8)

AY = Yous — Yin = —(0.07 £0.58) x 107*. (9)

Defining Ar = /Ax22 + Ay?, we determinedr = (0.12 + 0.57) x 10~%, where all units
thus far have been given in units of pixel position. This gseil clearly indicates that the
data are consistent with no separated blend source preséet.3+ upper limit, converted
to arcseconds, correspondsAe < 0.68 mas, demonstrating the impressive performance of
Kepleronce again.

Excluded BlendsWe here describe a toy model to interpret this upper limit. dtdesider
two sources of fluxt, and Fiz (star and blend source), where the star is transited. The flux

weighted positions;, of the centroid in- and out-of-transit are given by:

roF +rpFp
out — s 10
Tout F. + Fp ( )
T’*F*(l—(S)—FT’BFB
in — 5 11
" F.(1—0)+ Fp (1)

where) is the unblended eclipse depth. Since we only detect thelbteaclipse depth,,,,

we must convert between the two using the expression 8 (
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8 = Gons (1 + B), (12)

wheres = F/F,. If we also make the replacement = r, + Ar, one can write:

Arr’obs = Tin — Tout, (13)
550bsAr

= . 14

T+ B)(1— ) 4

Here, Ar.,s represents the observed change in centroid position dthimgclipse, in arc-

seconds, and\r represents the physical separation of the two sources @kyhan arcseconds.
Defining the blend factor a8 = (1 + /), one may solve inverse the above expression to solve

for B, as a function of\r:

5obsAT
50bsAT - A'robs + 5obsATobs

B(Ar) = (15)

Using this simple model, we plot the excluded value€3dadis a function ofAr in Fig.[S4.
Note that this result is purely based on the centroid shifts.quote several values from the
figure, B < 1.239 for Ar < 0.5”, B < 1.051 for Ar < 2" andB < 1.016 for Ar < 6"”. A
blend factor of~10% does not impact significantly on our results and thus bldgds within
Ar < 0.5” could possibly cause a planet false-positive. We noteitmnggneral, such a closely-
space companion is quite rare, with a recent adaptive ogditgaign on suitable KOIs finding
only 6.7% of KOIs have a companion within 0.5”.

Fig.[S4 also provides the same constraints as computedganriier transiting planet candi-
date KOI-872.03 (dashed line). Details on the detectiohisfdandidate are provided later. Due
to the much smaller depth, the upper limits are less comstigabut nevertheless still consistent

with the absence of a blend source.
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A Spectroscopic Analysis. ObservationsSpectroscopic observations of the star HCV/HCA-
439 were carried out with the Astrophysical Research CansoiEchelle Spectrograph (ARCES)
on the Apache Point Observatory 3.5 m telescope located athfgpPoint Observatory (APO)
in New Mexico. We used #'6 x 3”2 slit which delivers a spectral resolutionf\ /A ~ 31,000
over a spectral range of 32003;000 A. We obtained a total of two thirty minutes exposures on
the star HCV/HCA-439 on the night of 2012 Jan 31 which, whanloimed, yielded a total S/N
of 11 at5100 A. After performing a standard overscan correction, we resdazosmic rays,
extracted the spectra, applied a flat-field correction, atdrchined the dispersion correction
from a ThAr lamp spectrum using standard techniques in tAFIRIMRED, CRUTIL, and
ECHELLE packages.

Stellar ParametersWe used the Yonsei-Yale (YY) isochronets) to determine the phys-
ical properties of the host star. The first input into thislgsia were the stellar atmosphere
parameters determined from the APO 3.5m spectra. We use8télar Parameter Classi-
fication (SPC) method to derive the stellar atmosphere peters i SPC cross-correlates the
observed spectrum against a grid of synthetic spectra dii@ama library calculated by John
Laird using Kurucz models4{?). The synthetic spectra cover a window of 308entered near
the gravity-sensitive Mgb features and has a spacing of 2i0dffective temperature, 0.5 dex
in gravity, 0.5 dex in metallicity andlkm s~! in rotational velocity. To derive the precise stellar
parameters between the grid points, the normalized crasstation peaks were fitted with a
three dimensional polynomial as a function of effective pemature, surface gravity and metal-
licity. This procedure was carried out for different rotetal velocities and the final stellar
parameters were determined by a weighted mean of the vatweslie spectral orders covered
by the library.

The isochrone analysis made used of the stellar effectimpéeaturel . = (5155+105) K,
and the metallicityFe/H| = (0.4140.10) from the SPC analysis. The second inputinto the YY

analysis came from the light curve analysis of Keplerdata. The transit duration is closely
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related to theip/ R, parameter, which in turn determines the mean stellar depsi(48). In
general, this trick is only possible for systems where thotakeccentricity is precisely known
(49). It will be shown in the dynamical analysis discussioniddkeat planet b’s eccentricity is
indeed strongly constrained from the TTVs to be near-canclNVe proceed by using the light
curve derived stellar density posterior from our model {itsing p. = 1520732 kg m2.

The mean stellar density acts as a luminosity indicatortferstar; smaller density typically
means more evolved stars. Another possible luminositycatdr would be the surface gravity
of the star, as determined from the spectroscopic analifsiBe eccentricity of the system is
well determined and the light curve is of high quality (boftwiich are true here), thery/ R,
and the corresponding is typically a better luminosity indicator thdog g., in the sense that
the derived physical parameters have a smaller error. We ¢paverated over 10,000 values of
T, [Fe/H] andap /R, using their a posteriori distribution (assuming Gaussiatridution for
the first two), and searched the YY isochrones for each naditeation. About 95% of the input
values had a matching isochrone. Stellar parameters wenedigtermined as the median of the
resulting distribution. The final parameters wétde = 0.90 + 0.04 M, R, = 0.94 + 0.04 R,
andlog g, = 4.44 + 0.04 (cgs). The isochrones and the final solution are shown inl&4g.
where the backdrop of isochrones is for ages 0.2, 0.5, 100, 2.13.0 Gyr (from bottom to top)
and[Fe/H] = 0.41. The solution indicates an old star with + 3 Gyr age.

In regard to vetting of the system, we find no evidence for ¢®libes indicating a blend.
We also find the spectral classification of the star very wedlaibed as a dwarf main-sequence
star, and exclude the possibilities such as a giant star e wtvarf. We note that our classifi-

cation is in close agreement with the KIC determination regzbin ©).

A Blend Analysis Overview.The third vetting tool we use is model selection with Bayesia
evidence determinations of the transit light curve shape a blend analysis. Blend anal-

yses have become a powerful instrument in the toolbox ofkiygler team too, using their
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custom BLENDER software5Q, 5J). Here, the team simulate a grid of billions of possible
false-positive scenarios and compute the odds ratio o yddinet solutions versus valid false-
positive solutions. Systems strongly favoring the plamétiteon are considered to be “vali-
dated”. BLENDER makes use of additional information suckexsroid positioning, priors of
the frequency of eclipsing binaries and multi-color lighiees (often fromSpitzer(51)). In
this work, we limit our analysis to purely an inspection o shape of the light curve. This is
done to reduce the computational demands of simulatinighdlof false-positives, and yet take
advantage of the fact we have other more powerful consgr&iomn the dynamics (as discussed
later). Further, a centroid analysis has already indictitatia blend must be within 0.5” to have
a significant impact on our results and thus can be treatedegaaate line of evidence.

Although our blend analysis is more simplified than BLENDHRJoes take advantage of
the Bayesian evidence for model selection, which is culrerdt implemented in BLENDER
or other blend analyses in the current literature. Our agugras to consider a null hypothesis
and then more elaborate models involving blend scenaridsampute the Bayesian evidence
of each model. Since the more elaborate models include nevesmeters (i.e. a greater prior
volume), they are penalized in the computation of the Bayesvidence. If a blend model
provides a Bayesian evidence significantly greater thanahéne null model A log Z 2 5),
it passes the first test to becoming the preferred model. @bensl test we impose is that the
parameter posteriors of the model must correspond to a gddlysplausible scenario. If both
of these criteria are satisfied, then the null model can h@atisd.

Another possibility is that two or more hypotheses yieldragpnately equal Bayesian evi-
dences, such that there is no statistically significanigpesfce between them. In such a case, we
continue to consider these hypotheses as plausible desospf the system and test whether
they are consistent with our subsequent dynamical anatysis

The null hypothesis is the simplest model which can explaendata and so involves the

fewest parameters to describe the system. In our caseefirissents just two eclipsing objects
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without a blend. Whilst an unblended grazing eclipsing bir@uld fall into this category, it
will be shown shortly that such a hypothesis is highly im@iolle. Therefore, the null hypothe-
sis essentially represents a planet-sized object tragsitstar.

Implementation.In our blend analysis, we are only investigating the shaptheflight
curve. The dynamical constraints from the timing variasiavill be discussed later, and so
here we eliminate them by subtracting any TTVs away from edirephemeris. This is ac-
complished using the maximum a-posteriori transit timesnfithe model fitM+ performed
earlier. This reduces the number of free parameters by 15nakes the fits far easier to handle
computationally. However, we still fit each eclipse epocthvai unique baseline to remove any
residual DC power from the detrending procedure.

For the null hypothesig{p, we have 15 OOT baseline paramet@rsp, [p5™|%/3, Pp, 1, 2
instrumental terms to describe the ramp effect for the ofeet&d event and two limb darkening
parametersuy; and(u; + us9)), giving 24 parameters in total. Limb darkening was fittedtfo
provide a fair comparison to the blend models where limb elairkg cannot be assumed to be
the same as the theoretical models used in the planetarylfiespriors on the limb darkening
terms were selected such that the brightness profile isipogiterywhere and monotonically
decreasing from limb to center, specifically u; < 2 and0 < (u; + us) < 1 (52).

We also extended the prior gnto the rangel < p < 1 and similarly for the impact
parametef) < bp < 2. The other fitted terms had the same priors as used beforédb&S1).

For the 33.6d period EB scenarios, we simply add a singletiaddi term, a blending
factor B. Our model for the diluted light curve follows the prescigpt of (34), whereB = 1
indicates no blend an® > 1 indicates a blend. The model is general in that the source of
the blend could be foreground, background, associated axtanm®. The prior on the blending
factor was chosen to be < B < 100, and all other priors were left unchanged frGfp. In
general, one expects the 33.6 d blended EB scenario to giggually good fit to the data as a

planet, since thés term is degenerate with the other fitting parametd#. (For the eccentric
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cases, we fitted forp andwp directly usingd < wp < 27 and0 < ep < 0.9 uniform priors.
The eccentricity was cut-off from extremely eccentric tslib save CPU time, since solving
Kepler's equation takes dramatically longer in the extremeentricity regime.

The final scenario of a 67.2d period blended EB was treatedr&tynfiodifying the prior
on the period to be uniform arountll day of 67.2d. Then, we instructed the code to treat the
occultations has having zero-limb darkening. Whilst thgréss/egress of the occultation may
in fact have limb darkening, the 2nd-to-3rd contact of tleasit, which dominates the signal-
to-noise, cannot have a limb darkened profile. Therefoseapproximation contains the most
important physics of the problem. The primary transit iateel as a limb darkened event as
before. The occultation depth is equalfft{ Fp/F.), where F is the flux-per-unit-area of a
body. This flux ratio is the only new parameter required, fbich we use) < (Fp/F,) < 2
as our prior. In general, one expects this scenario to berdasilistinguish against a planet due
to the lack of curvature in alternate eclipses.

Results: An Unblended Grazing EBhe easiest scenario to disregard is that of an unblended
grazing eclipsing binary. Such a scenario would be perohittanodel* » and may be tested
for by evaluating the number of posterior samples whicls8ati- > (1 — p); the definition of
a grazing event. We find thé&p + p) < 1to > 99.99% confidence and not a single posterior
sample landed in this regime. Therefore, the hypothesis efrdlended grazing EB is highly
improbable.

Results: A Blended Grazing EB. blended grazing eclipsing binary could feature in all
four of the alternative hypothese®l; 336, Hipazer Hipera & Hipero- The first thing
to note is that Bayesian evidence of all of these models isigoificantly improved over the
null hypothesisH . In each of the four models, we checked the posterior sanspliesfying
a non-grazing configuration and foui> + p) < 1to > 99.99% in all four. Therefore, the
hypothesis of a blended grazing EB is highly improbable.

Results: A Blended 67.2d EBs discussed earlier, the 67.2d period blended EB causes
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a limb darkened transit but a flat-bottomed occultation.sThiference in transit profile is ex-
pected to make the scenario easier to distinguish than tbel28ended EB. Indeed, this is what
we found. HypotheseR ¢ ; 4, , andH s ¢, Yield Alog Z = (—22.740.5) and(—133.140.5)
respectively, relative to the null hypothe&is.. This constitutes é.4-c and16.1-0 preference
for the null hypothesis, for the two alternative hypothesspectively. Therefore, the hypothe-
sis of a blended 67.2d EB is highly improbable.

Results: A Blended 33.6d Circular Orbit EB/ith all previous scenarios now rejected, we
are left with the blended 33.6 d EB only, which comes into tvewdrs: Hyp 35 5 & HEp 336-
Let us here consider the circular case first. Strictly coersindy the Bayesian evidence results of
our light curve profile analysis, there is no significant prehce between the hypothesis of an
unblended planetary transit and a blended 33.6 d EB. Notétbse remaining blend scenarios
include a Jupiter-sized planet transiting a blended magusnce star.

Scenarios involving a giant star or white dwarf can be exatlishsed upon the spectroscopic
analysis discussed earlier. The ratio-of-radii in b#thy ;3 5 is constrained to bp < 0.30 to
> 99.99%. This means we must be dealing with a main-sequence stag ransmitted by a
smaller object, albeit with the possible presence of a blend

We discussed earlier how there is no detectable occultatitime data between the 33.6d
transits. Under the hypothesis #f};; 55, the other object must haveFp/F.) < 0.0089 to
3-0 confidence. This indicates a small £ 0.3), cool (I' < 3000K) object consistent with a
planet or brown dwarf.

Results: A Blended 33.6d Eccentric Orbit EBie final case of the eccentric 33.6d EB
yields a slightly improved Bayesian evidence over the pglaméy model, with a significance
of (2.4 + 0.2)-0. We do not consider this significant enough to overturn tlzael hypoth-
esis but nevertheless the scenario is considered plawsiltes stage. A possible reason for
the slight improvement is the ability of an eccentric orbitgenerate a more diverse range of

limb darkening profiles than the circular orbit case, whethbuodels utilize quadratic limb
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darkening.

Results: ConclusionsWe conclude that the only models which can adequately explai
the spectroscopic analysis and the blend analysis are tlaplanet transiting a staf{»), a
blended 33.6 d EB on a circular orb#;; 55 ) and a blended 33.6 d EB on an eccentric orbit

(H%p336)- In all cases a grazing transit configuration is excluded.

A Dynamical Analysis The spectroscopic and blend analyses thus far leave us hvize t
hypotheses. Here we will evaluate these hypotheses indigthie dynamical constraints from
both the transit timing variations (TTV) and stability amgents.

It has been established that the observed large transitdigariations cannot be caused by
a moon. It is shown in the main text that the only plausiblersedor such large TTVs is a
third body in the system orbiting close to the 5:3 orbitabreence. These fits do not allow us to
directly measure the mass for the transiting body but davali® to constrain the eccentricity to
a high degree of confidence. Thus, the first hypothesis we rsider is the eccentric 33.6d
blended EB scenarié{gp 35 ¢-

Eccentricity Constraints.The spectroscopic analysis can be used to provide a mass and
radius for the star using stellar evolution models, as wad@rlier. However, if a substantial
amount of blended light is present then the inferred progeemvould be unreliable. This is
particularly salient in light of the faintness of the targed the subsequent lower-than-normal
SNR spectra obtained. However, even in the case of a sulast@mmount of blended light, we
are confident that the star is a dwarf on or near the main-seguéNe consider a wide range
of corresponding plausible stellar masses to heVl., < M, < 10.0 M.

Using this mass range, we re-fit the TTVs each time varyingfalhe system parameters.
After finding the maximum likelihood solution, we perturketharameters in order to derive an
upper limit on the orbital eccentricity of the transitingpkt. Across the full stellar range, we

find ep < 0.02 to 99.9% confidence. Note that the derived TTVs are inserditi any blended
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light and thus this limit is robust foB > 1.

We conclude that the hypothesis of an eccentric 33.6 d bte&dBeis highly improbable.
This now leaves only two remaining hypotheses to explairdtta: Hp andH§p 35 6

Mass ConstraintsThe two surviving hypotheses are identical in that they Iatye a body
on a 33.6d circular orbit eclipsing a main-sequence dwarf@h a non-grazing transit. The
only difference is the amount of blended ligh® (= 1 versusB > 1). In both cases, the
eclipsing object is smally < 0.3 to 99.99% confidence) and cooFf/F. < 0.0089 to 3o
confidence, which is robust for ardy value). The only plausible blend scenarios which could
reproduce all of these constraints is a very cool M-dwarfy@mvn dwarf or a larger planet.
Clearly the planetary nature of the transiting body is ndtwatidated as these objects span a
wide range of possible masses.

The final and most powerful tool at our disposal is that the $@llow us to measur&/../ M.
for the third body. For a given/, then, two of the three masses in the system are known, along
with their periods, semi-major axes, eccentricities andualunclination. The only unknown
is the mass of the transiting object. We may place an uppeét dimthis value by iteratively
increasing the mass until the system becomes dynamicahabie.

Dynamical stability was investigated using the symplelkibody code known as SyMBA
(20), simulating the system for 1 Gyr using an integration titep®f 1.5 d. One can account for
the possibility that the stellar mass derived from the spscbpy is unreliable (due to blending)
by investigating a wider, but plausible, range of stellass&s. To this end, we scanned the range
0.8 M, < M, < 1.2 M. Inorder to be stable for 1 Gyr, we estimatg. /M, < 5 M;, < 7 M,
and < 9 M; for 0.8M,, 1.0M, and 1.2/ respectively, all of which exhibit a very sharp
stability boundary. For our best-fit stellar mas$)df M., (see earlier spectroscopy discussion),
the mass of KOI-872.01 is constrained tole < 6 M.

We therefore conclude that the transiting object KOI-8I2nfust be planetary in nature

(sinceMp < 11 My; (53)) and thus refer to the object as KOI-872b from here-on-iDIK
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872c is validated as a planet based upon the precise meatrefrits mass from the TTVs,

specificallyM, /M, = 3.97+317 x 10~*, corresponding td/, = 0.376+3:923 M.

A Search for Additional Transits Our analysis of the transit timing variations (TTVSs) leads
us to conclude that a second planet exists in the system witirkital period of 57 d. Given
that the inner planet transits, and conclusion of nearlyfarar orbits from the TTV fits, there
seems a reasonable hope for detecting transits of a secamet pHowever, given the fact KOI-
872c is Saturn-mass, it should be a gas giant with a size@isit, roughly of the same size as
KOI-872b. Such a transit would be easily spotted even by eyéhere is no evidence for such
events. Fig._S6 shows the phased data, accounting for the dTKOI-872c upon the time of
expected transit. Since the TTVs of KOI-872c¢ depend uponutikown mass of KOI-872b,
we present 11 different realizations for various massedanfgt b. In all cases no transit-like
event is detectable.

Despite the fact KOI-872c does not seem to transit, we teitiaa search for additional
transits in the system. The light curve was searched fosifsaasing the Box Least-Squares
method 64). After removing the transits of KOI-872b, we detected andigant signal (SNR-

14) in the light curve with an apparent depth-of0.3 mmag, and a period a? = 6.7668293 d.
The drop in brightness had a first-to-last-contact duratielative to the total period, of =
0.0219, corresponding to a total duration®b hr. The transit candidate is hereby referred to as

KOI-872.03.

Transit Fit of KOI-872.03 Initial inspection of depth, duration and period for the K&12.03
transits suggested a physically plausible signal. Giverhilgh significance of the signal, we
investigated further by performing a full transit light gerfit accounting for the limb darkening
of the star, the variable diluted light factors and the fimitegration time of the long-cadence
data, all of which are ignored in the BLS search.

We trim the data set to be withit0.5 d of the expected transit times, as computed from
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the BLS peak, in order to reduce the computation time. Theafsit epochs require 74 OOT
parameters to fit in conjunction with the transit parametieesnselves. This large number of
parameters makes alMTINEST fit unfeasible. Instead, we use a Markov Chain Monte Carlo
(MCMC) routine with the Metropolis-Hastings rule. We ext&s two independent fits, one
using a prior orp, from the M fit and one with a uniform prior op, between the boundaries
for a main-sequence star.

With the freep, fit, we detect a transit corresponding to a planet of gi2g/R,)*> =
278725 ppm (8.87). With the priorp, this becomesRp/R.)? = 274135 ppm (9.%), corre-
sponding to a planet of sizRp = 1.70701] R=. The maximum likelihood realization of this
latter fit is shown in Fid. §7 and the corresponding pararaesiimates are provided in Table 1.

As expected, the priop; fit retrieves virtually the samg, as derived from planet b, specif-
ically p, = 15607120 kg m™3. The impact parameter convergeshte- 0.39015 corresponding
toi = (88.5570%9)°. Curiously though, releasing this prior yielgs = 18207550 kg m=3,

b = 0.027041 andi = (88.92797%)°. In other words, without any prior information, the light
curve yields a consistent stellar density (within 8)6highly indicative that KOI-872.03 orbits
the same star as KOI-872b with negligible eccentricity.

Due to the low signal-to-noise, we were not able to deternmdesidual transit times or
durations for this object. We note that the expected TTVs©f-B72b due to KOI-872.03 is less
than 1second in amplitude and thus undetectable with themudata. Further, the expected
TTVs of KOI-872.03 are around 10 s, which are again too snoatleétect. Without TTVs, we
cannot causally link the object to be transiting the same $t@s as KOI-872.03 (it could be
transiting a background star). Even assuming it was in theessystem stability limits allow
the object to be as massive as 1@ and still be stable. Although formally unconfirmable, the

derivedp, suggests itis likely associated with the same star.
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A Search for an Exomoon As discussed earlier, the observed TTVs cannot be adeguatel
explained by an exomoon and only a second planet in the SoBaese offers a valid solution.
The presence of this second planet complicates our searah &xomoon. Further, the presence
of stellar activity makes spot crossings and transit digtos probable, further exacerbating our
search for a moon. Despite this, we here describe our effmdgsarch for an extrasolar moon.

Fitting for a Moon Eclipse After Removing the TTVA,,,71 a0. The first attempt we made
was to forcibly remove the best-fit TTVs from the time seried then fit for a zero-mass moon.
This fit allows for a finite radius moon and thus is merely a cledor the moon eclipse. We
perform two versions of the model fit; one setting the exonraalius to zero and one allowing
the parameter®s/Rp, (pp)?/3, Ps, ¢s, is and Qg to be freely varied (see3g) for various
definitions of these terms). The two models are performecabwe have a null model to
compare against.

The results yieldog Z = (12001.34 £ 0.37) for the null fit andlog Z = (12025.89 £ 0.24)
for the moon-transit fit, or a 6.#-preference for the moon-transit model. Whilst certainly
above our statistical significance threshold, one shouddlr¢hat the star is active and these
fitted events could merely be star spot crossings or actreigted events. Such events would
be poorly sampled with the 30 minute cadence of the curresgmiations though.

The mass-ratio of the planet and the star may be determined te light curve alone, as
described in§5). For our estimate of the stellar mass, this allows us to egmp/» directly.
The results find that/p > 20 M for all modes, which exceeds the\$; stability limitimposed
on the system. We therefore conclude that none of these naoelgenuine and most likely due
to the presence of stellar activity. The likely presencehekt spots also prevent us placing an
upper excluded limit on a putative exomoon radius.

Fitting for a Moon After Removing Planet TTVA&/ 72 ro. We also tried removing the
maximum likelihood TTVs from the planet-fit of KOI-872c. TEhis therefore a fit on the

residual TTVs for a moon signal. Since the eclipse signahefmoon is likely unreliable
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due to stellar activity, we limit this search to a model, whére moon is a point-mass (i.e.
Rg = 0); model M o, ro. We found this model unable to locate a significantly impubfie
with Alog Z = —(1.55 +0.44), relative to the null hypothesis. To illustrate this, Fig $hows
the TTV residuals after removing the TTVs of KOI-872c¢ alonghvthe maximum likelihood
model TTVs fromM ;12 ro. Although no exomoon is detected, we can use the resultsite pl
upper limits on a putative exomoon mass. This is particyhzaluable given that radius limits
are not possible due to the likely presence of spots. [Fig.r8@qes the corresponding mass

limits, excludingMs/Mp < 0.021 to 3 confidence.

TTV Constraints on Additional Planets When the computed TTVs corresponding to sl
are subtracted from the measured TTVSs, this leaves a snsadlua signal with a~1 minute
amplitude. This is comparable to the measurement errors.

The small amplitude of the TTV residuals can be used to placisl on the presence of
additional planets in the system. Given that KOI-872b and-BZ2c have nearly coplanar
orbits, we tested a case in which the additional planet wasepl in the invariant plane of the
two confirmed planets. The orbits were followed by /srbody integrator to see whether the
computed TTVs are consistent with the residuals.

The results are illustrated in Figs._$11 and1S12. The smatliarde of residual TTVs
provides an useful constraint on the third planet’s massoaitl They rule out, for example, a
Jupiter-mass planet on lowerbit with 0.05 < a < 0.5 AU.

Additional constraints can be obtained from the stabiktyuirements. For example, a low-
mass planet withh ~ 0 andi ~ 0 should havéa — a.|/a. > C(M./M,)*", whereM, anda,
are the mass and semimajor axis of KOI-872c, for the systdme &iable %6), whereC' ~ 1.5
(e.g., 67,58). For M, /M, = 4 x 1074, this givesla — a.|/a. > 0.160.

A more accurate stability criterion was derived §9). For M./M, = 4 x 10~* ande,. =

0.015, this criterion givesa — ac|/a. > 1.8e/”(M,/M,)'/> = 0.162. The difference between
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the two criteria is therefore negligible in our case. As theam motion resonances become
wider with planet’s eccentricity, the eccentricity-degdent criterion of $9) should be used for

largere.
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Figure S1: “Raw” (PA output) flux observed W¢epler from DR5 for Q1-6 of the source
KOI-872 aka HCV/HCA-439. Overlaid is our model for the lotegm trend, computed using a
discrete cosine transform for each data set. Outliers aswbdiinuous systematic effects have
been excluded. Transits (removed) marked with verticallipes.
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Figure S2: Maximum likelihood model (black line) overlaidtinthe long-cadencKeplerdata
for KOI-872, surrounding the ramp affected transit. Them@erexponential ramp model is
shown to provide an excellent description of the instruraksifect.
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Figure S3:z andy centroid positions of KOI-872 relative to the median valweroa 0.8 day
range, surrounding the transits of KOI-872b. Data temppadfset and phased to account for
the transit timing variations. The vertical grid lines méhnke first and fourth contact points. We
find no deviation of the centroids between in- versus outarisit, which would have indicated
a separated blend source.
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Figure S4: By comparing the in-transit to out-of-transitzeid position for KOI-872b (solid)
and KOI-872.03 (dashed), we find no evidence for a shift spoading to a separated blend
source. Our upper limits allow us exclude the blend fadiyras a function of the separation of
a companion. The top panel shows the results when plotted,ftre lower panel when plotted

for magnitude difference.
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Figure S5: YY-isochrone analysis of KOI-872. Using our spesopic observations and the
constraint onp, from the transit light curve of KOI-872b, we are able to detere precise
parameters for the host star. The backdrop of isochronesages 0.2, 0.5, 1.0, 2.0, ...13.0 Gyr
(from bottom to top) andlFe/H| = 0.41. The solution indicates an old star with + 3 Gyr age.
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Figure S6: Using the TTVs of KOI-872b, we are able to prediet times of transit for KOI-
872c. Assuming masses for planet b ranging from 0 (top)t6,§bottom) for the primary in
equal steps, we show theepler photometry phased upon these 11 candidate TTV ephemeres.
Gray indicates the original data and black indicates 2@vgainned data. We find no evidence
for even a grazing geometry of KOI-872c.
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Figure S7: Maximum likelihood realization of a Markov Chéfonte Carlo fit for the transits
of KOI-872.03. Gray points show original data and black isp2int phase binned data. The
maximum likelihood model is in red and the residuals are shbelow offset at +0.998.
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Figure S8: Maximum a-posteriori moon fit to the TTVs of KOIZ7(using modeM ;72 ro),
after removing the maximum likelihood TTVs due to the secplashet, KOI-872c. We find no

significant improvement by including a moon.
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Figure S9: Posterior distribution for the mass of an exonretative to the mass of KOI-872b
as computed using modaH y,2 ro, Marginalized over the entire prior volume. We estimate a
3-0 upper limit of Mg /Mp < 0.021 for this planet.
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Figure S10: Confidence intervals. The dots denote the 99%dewmrce area around sl (red
triangles). We sampled the general neighborhood of s1yrditedy? for each parameter set
(3 million parameter sets in total) and plotted a dotif < X2, + Ax?*(99%) = 23.5. All
parameters shown here are well constrained, includingrbigabinclination of KOI-872c (the
gray area in (d) is ruled out by the lack of KOI-872c’s tragifThis result was obtained while
fixing e, = 0. A nearly identical result was obtained by lettiag(andw,) vary. In that case,
X2 < X, + Ax?(99%) with Ax?(99%) = 16.9 for 15 — 9 = 6 DOF givese, < 0.02, leaving
wp, unconstrained. The scaled semimajor axis in panel (b) iseléfy e — a.)/a., wherea, is
the best-fit semimajor axis value for solution s1.
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Figure S11: Constraints on the presence of an additiondtiefupass planet. The dashed area
shows where the Jupiter-mass planet would induce the TTMiamde of KOI-872b in excess

of 1 minute. If the residual TTVs are caused by a Jupiter-m&seet, this planet should have
ande near the boundary of the shaded area.
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Figure S12: Constraints on the presence of an additiona&ptan circular orbit. The line shows
where the planet induces the TTV amplitude of 1 minute. Nbé&t the low-mass planet on a
circular orbit exterior to KOI-872b cannot explain the TT¥siduals, because such a planet
would be perturbed by KOI-872c and would be dynamically ablst.
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Parameter Mp My & My M

pt U[0,0.25] U[0,0.25] U[0,0.25]

[p5e)2/3 [kg?/3 m2]t  U[7.6499, 6097.85] U[7.6499, 6097.85] U[7.6499, 6097.85]
bp ujo, 1. 25] Uu[o,1.25] ulo, 1. 25]

Pp [days] U[P —1, P+ 1] NP}, 0.0002] U[Py — 1, P+ 1]
o Ulrsy — 1,75 + 1] N/A Ulrgy — 1,75 + 1]
a U150, 250] U[150, 250] U[150, 250]

as U[0.8,1.3] U[0.8,1.3] U[0.8,1.3]

00T, U[0.95, 1.05] U[0.95, 1.05] U[0.95,1.05]
00T, L{[8589.6487, 9493.8223]  1([8589.6487, 9493.8223] L{[8589.6487, 9493.8223]
Tn N/A Ulr: — 1,75 + 1] N/A

ep 5[0] 510] 510]

wp [rads] N/A N/A N/A

uy 6[0.3542] 6[0.3542] 6[0.3542]

(uy + uy) 6[0.7140] 6[0.7140] 6[0.7140]

ow J’ [Uph0t07 100photo] J’ [Uph0t07 100photo] J’ [Uphotoa 100photo]
(Rs/Rp) N/A N/A U, 1]

Ps [days] N/A N/A U[0.083, 19.3944]
¢g[rads] N/A N/A U0, 2]

[pp]?? [kg?>m=2]  NIA N/A U[18.4982, 920.9760]
is [rads] N/A N/A U0, 2xj

(g [rads] N/A N/A U[-m/2,7/2]
[ps]?/3 [kg?> m=2]t<  N/A N/A U[0,920.9760]

es 5[0] 5[0] 5[0]

wg [rads] N/A N/A N/A

Table S1: Priors used for various free parameters in teNEST fits. |z, y] is a uniform
prior between: andy. N[z, y] is a Gaussian prior with meanand standard deviation d[x]

is a delta-function prior centered an J'[z, y] is a modified Jeffrey’s prior with an inflection
point atz and a maximum limit ofy. We use the replacement$ = 2455053.2815 BIDyrc,

Py =33.6013d andr;; = 75 + nPp. ophoto 1S the median photometric error outputted from the
Keplerpipeline for the time series under analysis. for M, fits these terms are independently
fitted to each transit epoch. N/A = parameter is fixed to sorb#rary value, since it has no
influence on the fitsT = for M, go and M ;79 ro, this term is replaced with)Ms/Mp) and
treated as uniform between 0 and*1= for M ;71 a0, this term is fixed to zero to represent a

Zero-mass moon.
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Model log Z

Original data

Mp (10981.35 + 0.35)
Mr > (11948.82 +0.28)
My (11782.73 £ 0.61)
My (11313.56 4 0.22)
M ro (11403.03 + 0.22)
All TTVs removed

Myttt (12001.34 & 0.37)
Mot o (12025.89 + 0.24)
Planet TTVs removed

M2 nan (12006.43 £ 0.37)
Mt ro (12004.90 + 0.23)

Table S2: Bayesian evidences for the planetary system yashimodels fitted to the KOI-
872 photometry. The data favor modelr, a planet-only model with transit timing variations
(TTV).

Epoch OOT;

2 0.999732 0000020
0043.45+930
1.000150$§:§§§§§§
0.9953157 5 500020

7; [BIDyrc]

2454986.09325£§j§§§§
2455019.6984518888%
2455053.29450" ) goo71
2455086.86287+0-0007

TTV [mins]
208711
26.4112
18.7+11
—28.8711

©CO~NOURWNRO,

0.9999539.000021

+0.000040
0 99005 17 B
0.0998070.000030
1.000474:+0-000021
0.999937+9:000020
0.999864+0-000020
0.999749+09.000020
0.999834+0-000020
0.999762:+0-000020
1.000111+9:000020

2455120.43870+0-00057
2455154.07497+0-00076
2455187.6856179.00070
2455221.335360.00081
2455254.90533+0-00078
2455288.466260:000%
2455322.0597510-00081
2455355.665790-00072
2455389.3435070-00076
2455422.92851+0-00079
2455456.48567 000076

—65.5113
—15.2+L1
—1.9%-1}'1
67.85?
22.7+11
—35.6114
—46.9112
40.1FL0
69.8%%
46.3+11
—17.3%11

Table S3: Epoch-specific fitted parameters for the KOI-87/&2esy. Results computed from
the weighted posteriors resulting from model,, using MULTINEST. TTVs relative to
maximum a-posteriori linear ephemeris derived in modeMit; P = 33.6013506d and
To = 2455053.2815010. Physical system parameters are provided in Table 1.
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Epoch OOT; T4 [mins] TDV [mins] 7; [BIDyrc] TTV[mins]
-2 0.99971670 000043 249735 —27 55 2454986.09357 5 0015 21.2757
-1 9043.31+927 239.371%0 —11.3F15  2455019.697610001% 251721
0 1.00015270000038 949 3+70 g 3+70 2455053.294370:5015  18.41 19
1 0.995332100000% 25571 54 2455086.862970 0012 —28.7722
2 0.99994810:00003>  956.5T184  6.07154 2455120.4391750017  —64.9755
3 1.0040370:0001  246.57308  —4.071%8  2455154.074975:50%0  —15.3128
4 0.99966070900057  249.375%°  —1.375°  2455187.6856100011 —1.9739
5 0.999811F5000034 9571 7495 1.2+98 2455221.335570 0012 68.071%
6 1.00045370:000033 944 3789 _g 275 2455254.9051100015  22.47( 7
7 0.999924 1000003 270122 20722 2455288.4673500%0  —34.0732
8 0.99986810:090035 954,299 3 799 2455322.0599100013  —46.711 1
9 0.999741F5:00004L 947 6759 —2.9789 2455355.6657 0 0012 —40.37373
10 0.999855 0000y 242.377%"  —8.37%"  2455380.34357 010011 69.8750
11 0.9997861 0 0000se 26747 16447 2455422.928470 0011 46.2157
12 1.000123+0:000040  951.2+135 (. 7+135 2455456.4856 70 001 —17.4722

Table S4: Epoch-specific fitted parameters for the KOI-8&2esy. Results computed from the
weighted posteriors resulting from mod#t,, using MULTINEST. TDVs relative to median
duration of all duration realizations if,; 77, = 250.5 mins. Physical system parameters are
provided in Table 1.

Hypothesis log Z

o Preference ovel » Blend analysis conclusion

Hp

HEp33.6
Hpp33.6
Mg 612
Hpp 672

(12000.13 =+ 0.37)
(12000.95 + 0.37)
(12004.29 + 0.35)
(11977.45 + 0.39)
(11867.05 + 0.36)

(0.8 +0.4)
+(2.440.2)
—(6.41 + 0.08)
—(16.13 + 0.03)

Plausible
Plausible
Plausible
Excluded
Excluded

Table S5: Bayesian evidences for a blend family of hypothé#ied to the KOI-872 photom-
etry. Out of the various blend scenarios tried, we find thitlmurve shape has no significant
preference between hypothesés, Hip 33 ¢ aNdH g 35 -
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