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Health Warnings

• No guarantee of success, unusual class of object

• “For moons the effects are likely to be not just 
small, but minute—right on the hairy edge of what 
Kepler can do” Greg Laughlin, The Economist

• But, the potential for new understanding is 
extraordinary.
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Order-of-Magnitude
Feasibility

• Roughly, Kepler is sensitive to ~1R⊕ planets

• ⇒Kepler is sensitive to ~1R⊕ moons

• We may be able to detect Earth-sized/mass moons
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Order-of-Magnitude
Feasibility

No such moons in the Solar 
System, so we are searching 
for an alien class of object
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Observational Consequences

1. Dynamical effects (gives MS)

(i) Transit timing variations (TTV)

(ii) Velocity induced transit duration variations 
(TDV-V)

(iii)Transit impact parameter induced transit 
duration variations (TDV-TIP)

2. Eclipse effects (gives RS)

(i) Auxiliary transits

(ii) Mutual events

Thursday, November 15, 2012



LUNA
• LUNA: An algorithm to generate dynamic 

planet-moon transits (Kipping 2011)

• LUNA accounts for TTV/TDV-V/TDV-TIP as 
well as auxiliary transits/mutual events

• Fully dynamic and analytic => very fast

• Accounts for limb darkening too

• Even models previously unconsidered 
effects, such as ingress/egress asymmetry

Thursday, November 15, 2012
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Figure 7. Left panel: Simulation from LUNA of a habitable-zone Neptune with a distant, retrograde, Earth-like moon for an M2 host
star. Right panel: Noised data (circles) of 250 ppm per minute overlaid with best fit from an MCMC routine (solid).

Table 6. Comparison of parameter estimates from various model assumptions used in the fits. Data generated for a Neptune with a
distant moon around an M2 star.

Parameter Truth Retrograde Prograde No Moon

χ2 8529.95 8518.65 8518.68 11477.45
BIC - 8636.48 8636.51 11531.83

Fitted params.

PB∗ [days] 46.000000 45.99964+0.00061
−0.00064 45.99967+0.00058

−0.00072 46.005178+0.000084
−0.000085

τB∗ [BJD - 2454000] 956.00000 956.0010+0.0019
−0.0018 956.0010+0.0021

−0.0017 955.98483+0.00026
−0.00026

p2 [%] 0.5071 0.5088+0.0029
−0.0023 0.5088+0.0029

−0.0023 0.5075+0.0044
−0.0028

bB∗ 0.00 0.02+0.13
−0.14 0.01+0.14

−0.14 0.00+0.19
−0.19

T̃B∗ [s] 15882 15896+26
−26 15896+26

−26 15883+27
−27

PSB [days] 23.995 23.984+0.031
−0.031 23.987+0.029

−0.034 -

φSB [◦] 40 34+70
−29 143+46

−77 -

s 0.01834 0.01842+0.00048
−0.00049 0.01843+0.00048

−0.00049 0.00000

aSB/R∗ 2.509 2.481+0.045
−0.044 2.478+0.044

−0.044 -

bSB −0.1 −0.02+0.61
−0.83 −0.09+0.57

−0.59 -

ΩSB [◦] 5 11+29
−70 7+48

−77 -

MS/MP 0.0583 0.0622+0.0076
−0.0070 0.0619+0.0084

−0.0067 0.0000

Physical params.

M∗ [M$] 0.400 0.399+0.061
−0.064 0.403+0.061

−0.066 -

R∗ [R$] 0.500 0.504+0.025
−0.029 0.506+0.025

−0.029 -

MP [MJ ] 0.0540 0.0537+0.0055
−0.0061 0.0541+0.0055

−0.0063 -

RP [MJ ] 0.346 0.350+0.018
−0.020 0.351+0.018

−0.020 -

MS [M⊕] 1.00 1.05+0.13
−0.12 1.06+0.13

−0.12 -

RS [R⊕] 1.000 1.011+0.059
−0.064 1.015+0.059

−0.065 -

ρS [g cm−3] 5.50 5.62+1.03
−0.85 5.58+1.07

−0.82 -

Neptune in hab-zone of M2 dwarf with far-out 
retrograde Earth-mass and radius moon

We see auxiliary transits of the moon. 
50-sigma detection with Kepler.

Thursday, November 15, 2012
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Figure 7. Left panel: Simulation from LUNA of a habitable-zone Neptune with a distant, retrograde, Earth-like moon for an M2 host
star. Right panel: Noised data (circles) of 250 ppm per minute overlaid with best fit from an MCMC routine (solid).

Table 6. Comparison of parameter estimates from various model assumptions used in the fits. Data generated for a Neptune with a
distant moon around an M2 star.

Parameter Truth Retrograde Prograde No Moon

χ2 8529.95 8518.65 8518.68 11477.45
BIC - 8636.48 8636.51 11531.83

Fitted params.

PB∗ [days] 46.000000 45.99964+0.00061
−0.00064 45.99967+0.00058

−0.00072 46.005178+0.000084
−0.000085

τB∗ [BJD - 2454000] 956.00000 956.0010+0.0019
−0.0018 956.0010+0.0021

−0.0017 955.98483+0.00026
−0.00026

p2 [%] 0.5071 0.5088+0.0029
−0.0023 0.5088+0.0029

−0.0023 0.5075+0.0044
−0.0028

bB∗ 0.00 0.02+0.13
−0.14 0.01+0.14

−0.14 0.00+0.19
−0.19

T̃B∗ [s] 15882 15896+26
−26 15896+26

−26 15883+27
−27

PSB [days] 23.995 23.984+0.031
−0.031 23.987+0.029

−0.034 -

φSB [◦] 40 34+70
−29 143+46

−77 -

s 0.01834 0.01842+0.00048
−0.00049 0.01843+0.00048

−0.00049 0.00000

aSB/R∗ 2.509 2.481+0.045
−0.044 2.478+0.044

−0.044 -

bSB −0.1 −0.02+0.61
−0.83 −0.09+0.57

−0.59 -

ΩSB [◦] 5 11+29
−70 7+48

−77 -

MS/MP 0.0583 0.0622+0.0076
−0.0070 0.0619+0.0084

−0.0067 0.0000

Physical params.

M∗ [M$] 0.400 0.399+0.061
−0.064 0.403+0.061

−0.066 -

R∗ [R$] 0.500 0.504+0.025
−0.029 0.506+0.025

−0.029 -

MP [MJ ] 0.0540 0.0537+0.0055
−0.0061 0.0541+0.0055

−0.0063 -

RP [MJ ] 0.346 0.350+0.018
−0.020 0.351+0.018

−0.020 -

MS [M⊕] 1.00 1.05+0.13
−0.12 1.06+0.13

−0.12 -

RS [R⊕] 1.000 1.011+0.059
−0.064 1.015+0.059

−0.065 -

ρS [g cm−3] 5.50 5.62+1.03
−0.85 5.58+1.07

−0.82 -

Neptune in hab-zone of M2 dwarf with far-out 
retrograde Earth-mass and radius moon

We see auxiliary transits of the moon. 
50-sigma detection with Kepler.

Thursday, November 15, 2012
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Figure 6. Left panel: Simulation from LUNA of a habitable-zone Neptune with a close, prograde, Earth-like moon for an M2 host star.
Right panel: Noised data (circles) of 250 ppm per minute overlaid with best fit from an MCMC routine (solid).

Table 5. Comparison of parameter estimates from various model assumptions used in the fits. Data generated for a Neptune with a
close moon around an M2 star.

Parameter Truth Prograde Retrograde No Moon

χ2 8786.35 8773.48 8775.23 9414.23
BIC - 8891.31 8893.07 9468.62

Fitted params.

PB∗ [days] 46.000000 45.999997+0.000077
−0.000075 46.000000+0.000080

−0.000078 45.999999+0.000085
−0.000085

τB∗ [BJD - 2454000] 956.00000 956.00001+0.00023
−0.00024 956.00000+0.00024

−0.00024 955.99996+0.00026
−0.00026

p2 [%] 0.5071 0.5082+0.0042
−0.0041 0.5082+0.0042

−0.0042 0.5306+0.0038
−0.0027

bB∗ 0.00 −0.02+0.15
−0.14 0.02+0.14

−0.14 0.01+0.16
−0.17

T̃B∗ [s] 15882 15877+26
−26 15877+26

−26 15895+26
−26

PSB [days] 0.3142001 0.3142029+0.0000067
−0.0000066 0.3142026+0.0000069

−0.0000068 -

φSB [◦] 40 71+24
−40 21+12

−14 -

s 0.0183 0.0181+0.0011
−0.0011 0.0182+0.0012

−0.0011 0.0000

aSB/R∗ 0.139 0.134+0.012
−0.014 0.129+0.013

−0.015 -

bSB −0.1 −0.21+1.25
−0.95 0.04+0.58

−0.64 -

ΩSB [◦] 5 34+30
−39 −76+14

−12 -

MS/MP 0.058 0.073+0.027
−0.020 0.0694+0.019

−0.018 0.000

Physical params.

M∗ [M$] 0.40 0.45+0.66
−0.23 0.69+1.27

−0.39 -

R∗ [R$] 0.50 0.52+0.19
−0.11 0.61+0.25

−0.15 -

MP [MJ ] 0.054 0.057+0.047
−0.022 0.077+0.076

−0.032 -

RP [MJ ] 0.346 0.363+0.128
−0.078 0.42+0.17

−0.10 -

MS [M⊕] 1.00 1.31+1.34
−0.58 1.64+2.08

−0.79 -

RS [R⊕] 1.00 1.03+0.38
−0.22 1.19+0.54

−0.29 -

ρS [g cm−3] 5.5 6.5+3.0
−2.2 5.2+2.2

−1.8 -

Neptune in hab-zone of M2 dwarf with close-in 
prograde Earth-mass and radius moon

We see mutual events of the moon. 
25-sigma detection with Kepler.

Thursday, November 15, 2012
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Figure 6. Left panel: Simulation from LUNA of a habitable-zone Neptune with a close, prograde, Earth-like moon for an M2 host star.
Right panel: Noised data (circles) of 250 ppm per minute overlaid with best fit from an MCMC routine (solid).

Table 5. Comparison of parameter estimates from various model assumptions used in the fits. Data generated for a Neptune with a
close moon around an M2 star.

Parameter Truth Prograde Retrograde No Moon

χ2 8786.35 8773.48 8775.23 9414.23
BIC - 8891.31 8893.07 9468.62

Fitted params.

PB∗ [days] 46.000000 45.999997+0.000077
−0.000075 46.000000+0.000080

−0.000078 45.999999+0.000085
−0.000085

τB∗ [BJD - 2454000] 956.00000 956.00001+0.00023
−0.00024 956.00000+0.00024

−0.00024 955.99996+0.00026
−0.00026

p2 [%] 0.5071 0.5082+0.0042
−0.0041 0.5082+0.0042

−0.0042 0.5306+0.0038
−0.0027

bB∗ 0.00 −0.02+0.15
−0.14 0.02+0.14

−0.14 0.01+0.16
−0.17

T̃B∗ [s] 15882 15877+26
−26 15877+26

−26 15895+26
−26

PSB [days] 0.3142001 0.3142029+0.0000067
−0.0000066 0.3142026+0.0000069

−0.0000068 -

φSB [◦] 40 71+24
−40 21+12

−14 -

s 0.0183 0.0181+0.0011
−0.0011 0.0182+0.0012

−0.0011 0.0000

aSB/R∗ 0.139 0.134+0.012
−0.014 0.129+0.013

−0.015 -

bSB −0.1 −0.21+1.25
−0.95 0.04+0.58

−0.64 -

ΩSB [◦] 5 34+30
−39 −76+14

−12 -

MS/MP 0.058 0.073+0.027
−0.020 0.0694+0.019

−0.018 0.000

Physical params.

M∗ [M$] 0.40 0.45+0.66
−0.23 0.69+1.27

−0.39 -

R∗ [R$] 0.50 0.52+0.19
−0.11 0.61+0.25

−0.15 -

MP [MJ ] 0.054 0.057+0.047
−0.022 0.077+0.076

−0.032 -

RP [MJ ] 0.346 0.363+0.128
−0.078 0.42+0.17

−0.10 -

MS [M⊕] 1.00 1.31+1.34
−0.58 1.64+2.08

−0.79 -

RS [R⊕] 1.00 1.03+0.38
−0.22 1.19+0.54

−0.29 -

ρS [g cm−3] 5.5 6.5+3.0
−2.2 5.2+2.2

−1.8 -

Neptune in hab-zone of M2 dwarf with close-in 
prograde Earth-mass and radius moon

We see mutual events of the moon. 
25-sigma detection with Kepler.
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HEK: The Hunt for 
Exomoons with Kepler
• The first systematic search for transiting 

exomoons.

• Using public Kepler data

• Utilizing LUNA to identify exomoons

• Primary goal: detect a transiting exomoon(s)

• Secondary goal: obtain upper limits

• Tertiary goal: determine the frequency of 
large moons around viable planet hosts, η☾

Thursday, November 15, 2012
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HEK: Unique Challenges

• >2300 KOIs to choose from. Each KOI requires 
~weeks CPU time => target selection required

• Parameter searches are highly multimodal

• Signals expected to be at the limit of Kepler’s 
sensitivity

• Starspots, correlated noise and perturbing planets 
are challenging sources of false positive

• Bayesian model selection and inference is a must

• No-one has ever done this anything like this before 
- we are forced to invent everything as we go
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KOI-872.01
• One of our first TSVs (target selection visual), 

identified as showing in-transit anomalies:
Identified by Kepler 
(Borucki et al. 
2010) as a 
candidate planet 
with P=33.6 d, 
Saturn-sized transit 
dip. Only one 
candidate in the 
system.
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KOI-872.01

• More detailed 
study showed 
huge TTVs...
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KOI-872.01
• And also stellar activity (like rotating spots)...
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KOI-872.01
• But the TTVs are not poorly fit by a moon 

model...

• + lack of TDVs + spots = moon unlikely
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KOI-872.01
• So we tried a 

second planet 
instead.

• 5:3 resonance 
(red) works very 
well.

• 5:2 does OK 
(blue) but requires 
an inclined planet 
=> TDVs, which 
we do not see.
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KOI-872.02 = KOI 872c
• The 2nd planet is very precisely pinned down.

• Dynamically measured mass ratio confirms 
the candidate is a real planet of Saturn-mass.

respect to the transit plane is Ic < 4.5° (99% con-
fidence interval), with the best TTV fit indicating
Ic = 2.75°. The best-fit inclination value andΩc ≃
303° obtained from the TTVs suggest that the
planet just avoids transiting. A search for the tran-
sits of KOI-872c indeed yielded no events, im-
plying that Ic > 1°.

Although no transits of KOI-872c were de-
tected, we did detect a 9s transit signal on a short
period of 6.8 days. The transit corresponds to a
1.7–Earth radius super-Earth, which we refer to
as KOI-872.03. Because of the probable low-
mass nature of this body, the expected TTVs in-
duced on KOI-872b would be ~1 s in amplitude,
too small to detect with our data. Further, the
TTVs of KOI-872.03 itself are estimated to be
∼10 s, also undetectable. Without TTVs, we are
unable to confirm that KOI-872.03 orbits the same
star as KOI-872b and KOI-872c, as opposed to a

blended background star. However, our analysis
finds that KOI-872.03’s light curve–derived stel-
lar density is consistent with that of KOI-872b for
both planets on near-circular orbits.

We predict that the radial velocity (RV) mea-
surements of KOI-872 should reveal at least two
basic periods. The RV term with a 57.0-day pe-
riod, corresponding to that of KOI-872c, should
have K1 ≃ 20 m s−1 half-amplitude. The ampli-
tude of the 33.6-day-period term, corresponding
to that of KOI-872b, is uncertain because we do
not have a good constraint on Mb. The 6.8-day
term, corresponding to that of KOI-872.03, will
be difficult to detect because K1 ∼ 1 to 2 m s−1

(assuming Earth-like density).
To gain insights into the system’s dynamical

behavior, we numerically integrated the planetary
orbits, starting from the best-fit solution (F3 Fig. 3).
The semimajor axis ofKOI-872b experiences short-

period variations, related to the TTVs, with an
amplitude of ≃5 × 10−4 astronomical units (AU).
The eccentricities undergo anticorrelated oscilla-
tions, as dictated by the angular momentum con-
servation, around means eb ¼ 0:013 and ec ¼
0:012, with a period of ≃200 years (correspond-
ing to@b’s precession period;@c precesses much
more slowly). The anticorrelated oscillations of
inclinations relative to the transit plane are a geo-
metrical effect resulting from the shared precession
of Ωb and Ωc (≃200-year period). The inclina-
tions relative to the invariant plane are nearly
constant, with the mutual inclination ≃1°. If Ib
relative to the transit plane increases in the next
decades (Fig. 3D), KOI-872b’s transits will grad-
ually disappear.

TTVs were originally proposed as a nontran-
siting planet detection method (2–4), but have
recently found more use in validating the transit-
ing planet candidates fromKepler (24, 25). Kepler
has previously inferred the presence of a non-
transiting planet via TTVs, but showed that the
measurements were unable to support a unique
solution (26). Here we have demonstrated the full
potential of TTVs as a method to detect non-
transiting planets and precisely characterize their
properties.
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KOI-872b KOI-872c KOI-872.03

t0 (BJDUTC) 2455053:2826−0:0014þ0:0013 – 2455255:2603−0:0031þ0:0032

PP (days) 33:60134−0:00020þ0:00021 57:004−0:100þ0:091 6:76671−0:00012þ0:00013

RP/R* 0:0887−0:0012þ0:0011 – 0:01656−0:00082þ0:00079

bP 0:759−0:027þ0:022 3:1−1:9þ1:1 0:39−0:12þ0:19

aP/R* 44:9−1:8þ2:1 63:9−2:5þ2:9 15:58−0:49þ0:51

iP (°) 89:033−0:069þ0:076 87:25−0:95þ1:70 88:56−0:69þ0:48

aP (AU) 0:1967−0:0028þ0:0029 0:2799−0:0040þ0:0041 0:0680−0:0030þ0:0030

eP 0:01−0:01þ0:01 0:0145−0:0039þ0:0035 0 (assumed)
ΩP (°) 270 303−34þ20 –
@P (°) – 329:4−9:2þ11 –
lP (°) 0 338:3−1:4þ1:3 –
MP/M* <6.4 × 10−3 3:97−0:14þ0:17 % 10−4 –
MP (MJ) <6 0:376−0:020þ0:023 –
RP (RJ) 0:812−0:043þ0:043 – 0:1513−0:0089þ0:0085

rP (kg m−3) <14000 – –
Teq (K) 544−16þ16 456−13þ13 924−36þ37

Mmoon/MP <0.021 – –

KOI-872

r* (kg m−3) 1520−170þ220

M* (M◉) 0:902−0:037þ0:040

R* (R◉) 0:940−0:040þ0:039

log g* 4:445−0:036þ0:041

Teff (K) (SPC) 5155 T 105
L* (L◉) 0:559−0:0699þ0:0793

MV 5:60−0:17þ0:17

Age (Gyr) 9:9−3:1þ3:5

Distance (pc) 857−64þ69

(M/H) (SPC) 0.41 T 0.10
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KOI-872.01 = KOI 872b
• TTVs do not allow us to measure mass of 

inner object (yet).

• However, dynamical stability requires mass is 
less than 6 Jupiter masses => a real planet

respect to the transit plane is Ic < 4.5° (99% con-
fidence interval), with the best TTV fit indicating
Ic = 2.75°. The best-fit inclination value andΩc ≃
303° obtained from the TTVs suggest that the
planet just avoids transiting. A search for the tran-
sits of KOI-872c indeed yielded no events, im-
plying that Ic > 1°.

Although no transits of KOI-872c were de-
tected, we did detect a 9s transit signal on a short
period of 6.8 days. The transit corresponds to a
1.7–Earth radius super-Earth, which we refer to
as KOI-872.03. Because of the probable low-
mass nature of this body, the expected TTVs in-
duced on KOI-872b would be ~1 s in amplitude,
too small to detect with our data. Further, the
TTVs of KOI-872.03 itself are estimated to be
∼10 s, also undetectable. Without TTVs, we are
unable to confirm that KOI-872.03 orbits the same
star as KOI-872b and KOI-872c, as opposed to a

blended background star. However, our analysis
finds that KOI-872.03’s light curve–derived stel-
lar density is consistent with that of KOI-872b for
both planets on near-circular orbits.

We predict that the radial velocity (RV) mea-
surements of KOI-872 should reveal at least two
basic periods. The RV term with a 57.0-day pe-
riod, corresponding to that of KOI-872c, should
have K1 ≃ 20 m s−1 half-amplitude. The ampli-
tude of the 33.6-day-period term, corresponding
to that of KOI-872b, is uncertain because we do
not have a good constraint on Mb. The 6.8-day
term, corresponding to that of KOI-872.03, will
be difficult to detect because K1 ∼ 1 to 2 m s−1

(assuming Earth-like density).
To gain insights into the system’s dynamical

behavior, we numerically integrated the planetary
orbits, starting from the best-fit solution (F3 Fig. 3).
The semimajor axis ofKOI-872b experiences short-

period variations, related to the TTVs, with an
amplitude of ≃5 × 10−4 astronomical units (AU).
The eccentricities undergo anticorrelated oscilla-
tions, as dictated by the angular momentum con-
servation, around means eb ¼ 0:013 and ec ¼
0:012, with a period of ≃200 years (correspond-
ing to@b’s precession period;@c precesses much
more slowly). The anticorrelated oscillations of
inclinations relative to the transit plane are a geo-
metrical effect resulting from the shared precession
of Ωb and Ωc (≃200-year period). The inclina-
tions relative to the invariant plane are nearly
constant, with the mutual inclination ≃1°. If Ib
relative to the transit plane increases in the next
decades (Fig. 3D), KOI-872b’s transits will grad-
ually disappear.

TTVs were originally proposed as a nontran-
siting planet detection method (2–4), but have
recently found more use in validating the transit-
ing planet candidates fromKepler (24, 25). Kepler
has previously inferred the presence of a non-
transiting planet via TTVs, but showed that the
measurements were unable to support a unique
solution (26). Here we have demonstrated the full
potential of TTVs as a method to detect non-
transiting planets and precisely characterize their
properties.
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posteriors of a model accounting for TTVs, using MULTINEST. Parameters fitted in the transit model are
quoted as the median of the marginalized posteriors with T34.13% credible intervals. Instrumental terms
and times of transit minimummay be found in table S3. KOI-872c parameters were computed from the fit
to the KOI-872b’s TTVs. Parameters fitted in the TTV model are quoted as maximum likelihood with
T34.13% uncertainties computed using the ∆c2 = 1 method described in (27), where the TTV errors have
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S10. The measured TDVs do not offer a meaningful constraint, because the parameter sets near s1 that fit
the TTVs also fit the TDVs. Orbital longitudes of KOI-872c are relative to the transit reference system
on 2455053.2826 BJDUTC. KOI-872.03 parameters were computed from an MCMC run. Moon mass
constraint (3s limit) are derived from model MMT2,R0 (10).

KOI-872b KOI-872c KOI-872.03

t0 (BJDUTC) 2455053:2826−0:0014þ0:0013 – 2455255:2603−0:0031þ0:0032

PP (days) 33:60134−0:00020þ0:00021 57:004−0:100þ0:091 6:76671−0:00012þ0:00013

RP/R* 0:0887−0:0012þ0:0011 – 0:01656−0:00082þ0:00079

bP 0:759−0:027þ0:022 3:1−1:9þ1:1 0:39−0:12þ0:19

aP/R* 44:9−1:8þ2:1 63:9−2:5þ2:9 15:58−0:49þ0:51

iP (°) 89:033−0:069þ0:076 87:25−0:95þ1:70 88:56−0:69þ0:48

aP (AU) 0:1967−0:0028þ0:0029 0:2799−0:0040þ0:0041 0:0680−0:0030þ0:0030

eP 0:01−0:01þ0:01 0:0145−0:0039þ0:0035 0 (assumed)
ΩP (°) 270 303−34þ20 –
@P (°) – 329:4−9:2þ11 –
lP (°) 0 338:3−1:4þ1:3 –
MP/M* <6.4 × 10−3 3:97−0:14þ0:17 % 10−4 –
MP (MJ) <6 0:376−0:020þ0:023 –
RP (RJ) 0:812−0:043þ0:043 – 0:1513−0:0089þ0:0085

rP (kg m−3) <14000 – –
Teq (K) 544−16þ16 456−13þ13 924−36þ37

Mmoon/MP <0.021 – –

KOI-872

r* (kg m−3) 1520−170þ220

M* (M◉) 0:902−0:037þ0:040

R* (R◉) 0:940−0:040þ0:039

log g* 4:445−0:036þ0:041

Teff (K) (SPC) 5155 T 105
L* (L◉) 0:559−0:0699þ0:0793

MV 5:60−0:17þ0:17

Age (Gyr) 9:9−3:1þ3:5

Distance (pc) 857−64þ69

(M/H) (SPC) 0.41 T 0.10
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Does KOI 872c transit?
• TTVs imply c does not transit, now or ever.
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KOI-872c does not transit
!!
!
!!
!
!!!!!
!!!!!!!!!!
!!!
!!
!!!!!!!
!!
!!!!!!!
!!
!
!
!!
!!!!!
!!!!!!!!!!
!!!!!!!!!!!
!!!!!!!!!!!!!!!
!!!!!!
!!!
!!
!!!!!!!!!!!
!!!!!!!!!
!!!
!!!!
!!!!!!!!!!!!!!!!!!
!!!!!!!!
!!!!!!!!!!!
!
!
!!!
!!
!
!!!!!
!!!!!!!!
!!!!!!!!!!!!
!
!!!!!!
!!!!!
!!!!!!!!!!
!
!!!
!!!!!!!!!!!!!!
!!!!!!!!
!!!!!!
!
!!
!!
!!
!!!!!!!!
!
!
!
!!
!
!!!!!!!!
!!!!!
!
!!!!!!!!!
!!!!!!!!
!!!!!!!!!!!
!
!!!!
!!!!!!!!
!!!!!!
!!!!!!!!!
!!!!!!!!!!
!!
!!!!!!
!!!!!!!!
!!!!!
!
!!!!
!!
!!!!!!
!!!!!!!!!!
!
!!!!!!!!!!!!
!!!!!!!
!
!!!!!
!!!!!!!!!!!!!!!

!!
!
!!
!
!!!!!
!!!!!!!!!!
!!!
!!
!!!!!!!
!!
!!!!!!!
!!
!
!
!!
!!!!!
!!!!!!!!!!
!!!!!!!!!!!
!!!!!!!!!!!!!!!
!!!!!!
!!!
!!
!!!!!!!!!!!
!!!!!!!!!
!!!
!!!!
!!!!!!!!!!!!!!!!!!
!!!!!!!!
!!!!!!!!!!!
!
!
!!!
!!
!
!!!!!
!!!!!!!!
!!!!!!!!!!!!
!
!!!!!!
!!!!!
!!!!!!!!!!
!
!!!
!!!!!!!!!!!!!!
!!!!!!!!
!!!!!!
!
!!
!!
!!
!!!!!!!!
!
!
!
!!
!
!!!!!!!!
!!!!!
!
!!!!!!!!!
!!!!!!!!
!!!!!!!!!!!
!
!!!!
!!!!!!!!
!!!!!!
!!!!!!!!!
!!!!!!!!!!
!!
!!!!!!
!!!!!!!!
!!!!!
!
!!!!
!!
!!!!!!
!!!!!!!!!!
!
!!!!!!!!!!!!
!!!!!!!
!
!!!!!
!!!!!!!!!!!!!!!

!!
!
!!
!
!!!!!
!!!!!!!!!!
!!!
!!
!!!!!!!
!!
!!!!!!!
!!
!
!
!!
!!!!!
!!!!!!!!!!
!!!!!!!!!!!
!!!!!!!!!!!!!!!
!!!!!!
!!!
!!
!!!!!!!!!!!
!!!!!!!!!
!!!
!!!!
!!!!!!!!!!!!!!!!!!
!!!!!!!!
!!!!!!!!!!!
!
!
!!!
!!
!
!!!!!
!!!!!!!!
!!!!!!!!!!!!
!
!!!!!!
!!!!!
!!!!!!!!!!
!
!!!
!!!!!!!!!!!!!!
!!!!!!!!
!!!!!!
!
!!
!!
!!
!!!!!!!!
!
!
!
!!
!
!!!!!!!!
!!!!!
!
!!!!!!!!!
!!!!!!!!
!!!!!!!!!!!
!
!!!!
!!!!!!!!
!!!!!!
!!!!!!!!!
!!!!!!!!!!
!!
!!!!!!
!!!!!!!!
!!!!!
!
!!!!
!!
!!!!!!
!!!!!!!!!!
!
!!!!!!!!!!!!
!!!!!!!
!
!!!!!
!!!!!!!!!!!!!!!

!!
!
!!
!
!!!!!
!!!!!!!!!!
!!!
!!
!!!!!!!
!!
!!!!!!!
!!
!
!
!!
!!!!!
!!!!!!!!!!
!!!!!!!!!!!
!!!!!!!!!!!!!!!
!!!!!!
!!!
!!
!!!!!!!!!!!
!!!!!!!!!
!!!
!!!!
!!!!!!!!!!!!!!!!!!
!!!!!!!!
!!!!!!!!!!!
!
!
!!!
!!
!
!!!!!
!!!!!!!!
!!!!!!!!!!!!
!
!!!!!!
!!!!!
!!!!!!!!!!
!
!!!
!!!!!!!!!!!!!!
!!!!!!!!
!!!!!!
!
!!
!!
!!
!!!!!!!!
!
!
!
!!
!
!!!!!!!!
!!!!!
!
!!!!!!!!!
!!!!!!!!
!!!!!!!!!!!
!
!!!!
!!!!!!!!
!!!!!!
!!!!!!!!!
!!!!!!!!!!
!!
!!!!!!
!!!!!!!!
!!!!!
!
!!!!
!!
!!!!!!
!!!!!!!!!!
!
!!!!!!!!!!!!
!!!!!!!
!
!!!!!
!!!!!!!!!!!!!!!

!!
!
!!
!
!!!!!
!!!!!!!!!!
!!!
!!
!!!!!!!
!!
!!!!!!!
!!
!
!
!!
!!!!!
!!!!!!!!!!
!!!!!!!!!!!
!!!!!!!!!!!!!!!
!!!!!!
!!!
!!
!!!!!!!!!!!
!!!!!!!!!
!!!
!!!!
!!!!!!!!!!!!!!!!!!
!!!!!!!!
!!!!!!!!!!!
!
!
!!!
!!
!
!!!!!
!!!!!!!!
!!!!!!!!!!!!
!
!!!!!!
!!!!!
!!!!!!!!!!
!
!!!
!!!!!!!!!!!!!!
!!!!!!!!
!!!!!!
!
!!
!!
!!
!!!!!!!!
!
!
!
!!
!
!!!!!!!!
!!!!!
!
!!!!!!!!!
!!!!!!!!
!!!!!!!!!!!
!
!!!!
!!!!!!!!
!!!!!!
!!!!!!!!!
!!!!!!!!!!
!!
!!!!!!
!!!!!!!!
!!!!!
!
!!!!
!!
!!!!!!
!!!!!!!!!!
!
!!!!!!!!!!!!
!!!!!!!
!
!!!!!
!!!!!!!!!!!!!!!

!!
!
!!
!
!!!!!
!!!!!!!!!!
!!!
!!
!!!!!!!
!!
!!!!!!!
!!
!
!
!!
!!!!!
!!!!!!!!!!
!!!!!!!!!!!
!!!!!!!!!!!!!!!
!!!!!!
!!!
!!
!!!!!!!!!!!
!!!!!!!!!
!!!
!!!!
!!!!!!!!!!!!!!!!!!
!!!!!!!!
!!!!!!!!!!!
!
!
!!!
!!
!
!!!!!
!!!!!!!!
!!!!!!!!!!!!
!
!!!!!!
!!!!!
!!!!!!!!!!
!
!!!
!!!!!!!!!!!!!!
!!!!!!!!
!!!!!!
!
!!
!!
!!
!!!!!!!!
!
!
!
!!
!
!!!!!!!!
!!!!!
!
!!!!!!!!!
!!!!!!!!
!!!!!!!!!!!
!
!!!!
!!!!!!!!
!!!!!!
!!!!!!!!!
!!!!!!!!!!
!!
!!!!!!
!!!!!!!!
!!!!!
!
!!!!
!!
!!!!!!
!!!!!!!!!!
!
!!!!!!!!!!!!
!!!!!!!
!
!!!!!
!!!!!!!!!!!!!!!

!!
!
!!
!
!!!!!
!!!!!!!!!!
!!!
!!
!!!!!!!
!!
!!!!!!!
!!
!
!
!!
!!!!!
!!!!!!!!!!
!!!!!!!!!!!
!!!!!!!!!!!!!!!
!!!!!!
!!!
!!
!!!!!!!!!!!
!!!!!!!!!
!!!
!!!!
!!!!!!!!!!!!!!!!!!
!!!!!!!!
!!!!!!!!!!!
!
!
!!!
!!
!
!!!!!
!!!!!!!!
!!!!!!!!!!!!
!
!!!!!!
!!!!!
!!!!!!!!!!
!
!!!
!!!!!!!!!!!!!!
!!!!!!!!
!!!!!!
!
!!
!!
!!
!!!!!!!!
!
!
!
!!
!
!!!!!!!!
!!!!!
!
!!!!!!!!!
!!!!!!!!
!!!!!!!!!!!
!
!!!!
!!!!!!!!
!!!!!!
!!!!!!!!!
!!!!!!!!!!
!!
!!!!!!
!!!!!!!!
!!!!!
!
!!!!
!!
!!!!!!
!!!!!!!!!!
!
!!!!!!!!!!!!
!!!!!!!
!
!!!!!
!!!!!!!!!!!!!!!

!!
!
!!
!
!!!!!
!!!!!!!!!!
!!!
!!
!!!!!!!
!!
!!!!!!!
!!
!
!
!!
!!!!!
!!!!!!!!!!
!!!!!!!!!!!
!!!!!!!!!!!!!!!
!!!!!!
!!!
!!
!!!!!!!!!!!
!!!!!!!!!
!!!
!!!!
!!!!!!!!!!!!!!!!!!
!!!!!!!!
!!!!!!!!!!!
!
!
!!!
!!
!
!!!!!
!!!!!!!!
!!!!!!!!!!!!
!
!!!!!!
!!!!!
!!!!!!!!!!
!
!!!
!!!!!!!!!!!!!!
!!!!!!!!
!!!!!!
!
!!
!!
!!
!!!!!!!!
!
!
!
!!
!
!!!!!!!!
!!!!!
!
!!!!!!!!!
!!!!!!!!
!!!!!!!!!!!
!
!!!!
!!!!!!!!
!!!!!!
!!!!!!!!!
!!!!!!!!!!
!!
!!!!!!
!!!!!!!!
!!!!!
!
!!!!
!!
!!!!!!
!!!!!!!!!!
!
!!!!!!!!!!!!
!!!!!!!
!
!!!!!
!!!!!!!!!!!!!!!

!!
!
!!
!
!!!!!
!!!!!!!!!!
!!!
!!
!!!!!!!
!!
!!!!!!!
!!
!
!
!!
!!!!!
!!!!!!!!!!
!!!!!!!!!!!
!!!!!!!!!!!!!!!
!!!!!!
!!!
!!
!!!!!!!!!!!
!!!!!!!!!
!!!
!!!!
!!!!!!!!!!!!!!!!!!
!!!!!!!!
!!!!!!!!!!!
!
!
!!!
!!
!
!!!!!
!!!!!!!!
!!!!!!!!!!!!
!
!!!!!!
!!!!!
!!!!!!!!!!
!
!!!
!!!!!!!!!!!!!!
!!!!!!!!
!!!!!!
!
!!
!!
!!
!!!!!!!!
!
!
!
!!
!
!!!!!!!!
!!!!!
!
!!!!!!!!!
!!!!!!!!
!!!!!!!!!!!
!
!!!!
!!!!!!!!
!!!!!!
!!!!!!!!!
!!!!!!!!!!
!!
!!!!!!
!!!!!!!!
!!!!!
!
!!!!
!!
!!!!!!
!!!!!!!!!!
!
!!!!!!!!!!!!
!!!!!!!
!
!!!!!
!!!!!!!!!!!!!!!

!!
!
!!
!
!!!!!
!!!!!!!!!!
!!!
!!
!!!!!!!
!!
!!!!!!!
!!
!
!
!!
!!!!!
!!!!!!!!!!
!!!!!!!!!!!
!!!!!!!!!!!!!!!
!!!!!!
!!!
!!
!!!!!!!!!!!
!!!!!!!!!
!!!
!!!!
!!!!!!!!!!!!!!!!!!
!!!!!!!!
!!!!!!!!!!!
!
!
!!!
!!
!
!!!!!
!!!!!!!!
!!!!!!!!!!!!
!
!!!!!!
!!!!!
!!!!!!!!!!
!
!!!
!!!!!!!!!!!!!!
!!!!!!!!
!!!!!!
!
!!
!!
!!
!!!!!!!!
!
!
!
!!
!
!!!!!!!!
!!!!!
!
!!!!!!!!!
!!!!!!!!
!!!!!!!!!!!
!
!!!!
!!!!!!!!
!!!!!!
!!!!!!!!!
!!!!!!!!!!
!!
!!!!!!
!!!!!!!!
!!!!!
!
!!!!
!!
!!!!!!
!!!!!!!!!!
!
!!!!!!!!!!!!
!!!!!!!
!
!!!!!
!!!!!!!!!!!!!!!

!!
!
!!
!
!!!!!
!!!!!!!!!!
!!!
!!
!!!!!!!
!!
!!!!!!!
!!
!
!
!!
!!!!!
!!!!!!!!!!
!!!!!!!!!!!
!!!!!!!!!!!!!!!
!!!!!!
!!!
!!
!!!!!!!!!!!
!!!!!!!!!
!!!
!!!!
!!!!!!!!!!!!!!!!!!
!!!!!!!!
!!!!!!!!!!!
!
!
!!!
!!
!
!!!!!
!!!!!!!!
!!!!!!!!!!!!
!
!!!!!!
!!!!!
!!!!!!!!!!
!
!!!
!!!!!!!!!!!!!!
!!!!!!!!
!!!!!!
!
!!
!!
!!
!!!!!!!!
!
!
!
!!
!
!!!!!!!!
!!!!!
!
!!!!!!!!!
!!!!!!!!
!!!!!!!!!!!
!
!!!!
!!!!!!!!
!!!!!!
!!!!!!!!!
!!!!!!!!!!
!!
!!!!!!
!!!!!!!!
!!!!!
!
!!!!
!!
!!!!!!
!!!!!!!!!!
!
!!!!!!!!!!!!
!!!!!!!
!
!!!!!
!!!!!!!!!!!!!!!

" " " " " " " " " " " " " " " " " " " " "

" " " " " " " " " " " " " " " " " " " " "

" " " " " " " " " " " " " " " " " " " " "

" " " " " " " " " " " " " " " " " " " " "

" " " " " " " " " " " " " " " " " " " " "

" " " " " " " " " " " " " " " " " " " " "

" " " " " " " " " " " " " " " " " " " " "

" " " " " " " " " " " " " " " " " " " " "

" " " " " " " " " " " " " " " " " " " " "

" " " " " " " " " " " " " " " " " " " " "

" " " " " " " " " " " " " " " " " " " " "

!0.5 0.0 0.5

0.970

0.975

0.980

0.985

0.990

0.995

1.000

Days since transit minimum

N
or
m
al
iz
ed
flu
x

Thursday, November 15, 2012



But we did find something...
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Final Parameters

respect to the transit plane is Ic < 4.5° (99% con-
fidence interval), with the best TTV fit indicating
Ic = 2.75°. The best-fit inclination value andΩc ≃
303° obtained from the TTVs suggest that the
planet just avoids transiting. A search for the tran-
sits of KOI-872c indeed yielded no events, im-
plying that Ic > 1°.

Although no transits of KOI-872c were de-
tected, we did detect a 9s transit signal on a short
period of 6.8 days. The transit corresponds to a
1.7–Earth radius super-Earth, which we refer to
as KOI-872.03. Because of the probable low-
mass nature of this body, the expected TTVs in-
duced on KOI-872b would be ~1 s in amplitude,
too small to detect with our data. Further, the
TTVs of KOI-872.03 itself are estimated to be
∼10 s, also undetectable. Without TTVs, we are
unable to confirm that KOI-872.03 orbits the same
star as KOI-872b and KOI-872c, as opposed to a

blended background star. However, our analysis
finds that KOI-872.03’s light curve–derived stel-
lar density is consistent with that of KOI-872b for
both planets on near-circular orbits.

We predict that the radial velocity (RV) mea-
surements of KOI-872 should reveal at least two
basic periods. The RV term with a 57.0-day pe-
riod, corresponding to that of KOI-872c, should
have K1 ≃ 20 m s−1 half-amplitude. The ampli-
tude of the 33.6-day-period term, corresponding
to that of KOI-872b, is uncertain because we do
not have a good constraint on Mb. The 6.8-day
term, corresponding to that of KOI-872.03, will
be difficult to detect because K1 ∼ 1 to 2 m s−1

(assuming Earth-like density).
To gain insights into the system’s dynamical

behavior, we numerically integrated the planetary
orbits, starting from the best-fit solution (F3 Fig. 3).
The semimajor axis ofKOI-872b experiences short-

period variations, related to the TTVs, with an
amplitude of ≃5 × 10−4 astronomical units (AU).
The eccentricities undergo anticorrelated oscilla-
tions, as dictated by the angular momentum con-
servation, around means eb ¼ 0:013 and ec ¼
0:012, with a period of ≃200 years (correspond-
ing to@b’s precession period;@c precesses much
more slowly). The anticorrelated oscillations of
inclinations relative to the transit plane are a geo-
metrical effect resulting from the shared precession
of Ωb and Ωc (≃200-year period). The inclina-
tions relative to the invariant plane are nearly
constant, with the mutual inclination ≃1°. If Ib
relative to the transit plane increases in the next
decades (Fig. 3D), KOI-872b’s transits will grad-
ually disappear.

TTVs were originally proposed as a nontran-
siting planet detection method (2–4), but have
recently found more use in validating the transit-
ing planet candidates fromKepler (24, 25). Kepler
has previously inferred the presence of a non-
transiting planet via TTVs, but showed that the
measurements were unable to support a unique
solution (26). Here we have demonstrated the full
potential of TTVs as a method to detect non-
transiting planets and precisely characterize their
properties.
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t0 (BJDUTC) 2455053:2826−0:0014þ0:0013 – 2455255:2603−0:0031þ0:0032

PP (days) 33:60134−0:00020þ0:00021 57:004−0:100þ0:091 6:76671−0:00012þ0:00013

RP/R* 0:0887−0:0012þ0:0011 – 0:01656−0:00082þ0:00079

bP 0:759−0:027þ0:022 3:1−1:9þ1:1 0:39−0:12þ0:19

aP/R* 44:9−1:8þ2:1 63:9−2:5þ2:9 15:58−0:49þ0:51

iP (°) 89:033−0:069þ0:076 87:25−0:95þ1:70 88:56−0:69þ0:48

aP (AU) 0:1967−0:0028þ0:0029 0:2799−0:0040þ0:0041 0:0680−0:0030þ0:0030

eP 0:01−0:01þ0:01 0:0145−0:0039þ0:0035 0 (assumed)
ΩP (°) 270 303−34þ20 –
@P (°) – 329:4−9:2þ11 –
lP (°) 0 338:3−1:4þ1:3 –
MP/M* <6.4 × 10−3 3:97−0:14þ0:17 % 10−4 –
MP (MJ) <6 0:376−0:020þ0:023 –
RP (RJ) 0:812−0:043þ0:043 – 0:1513−0:0089þ0:0085

rP (kg m−3) <14000 – –
Teq (K) 544−16þ16 456−13þ13 924−36þ37

Mmoon/MP <0.021 – –

KOI-872

r* (kg m−3) 1520−170þ220

M* (M◉) 0:902−0:037þ0:040

R* (R◉) 0:940−0:040þ0:039

log g* 4:445−0:036þ0:041

Teff (K) (SPC) 5155 T 105
L* (L◉) 0:559−0:0699þ0:0793

MV 5:60−0:17þ0:17

Age (Gyr) 9:9−3:1þ3:5

Distance (pc) 857−64þ69

(M/H) (SPC) 0.41 T 0.10
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respect to the transit plane is Ic < 4.5° (99% con-
fidence interval), with the best TTV fit indicating
Ic = 2.75°. The best-fit inclination value andΩc ≃
303° obtained from the TTVs suggest that the
planet just avoids transiting. A search for the tran-
sits of KOI-872c indeed yielded no events, im-
plying that Ic > 1°.

Although no transits of KOI-872c were de-
tected, we did detect a 9s transit signal on a short
period of 6.8 days. The transit corresponds to a
1.7–Earth radius super-Earth, which we refer to
as KOI-872.03. Because of the probable low-
mass nature of this body, the expected TTVs in-
duced on KOI-872b would be ~1 s in amplitude,
too small to detect with our data. Further, the
TTVs of KOI-872.03 itself are estimated to be
∼10 s, also undetectable. Without TTVs, we are
unable to confirm that KOI-872.03 orbits the same
star as KOI-872b and KOI-872c, as opposed to a

blended background star. However, our analysis
finds that KOI-872.03’s light curve–derived stel-
lar density is consistent with that of KOI-872b for
both planets on near-circular orbits.

We predict that the radial velocity (RV) mea-
surements of KOI-872 should reveal at least two
basic periods. The RV term with a 57.0-day pe-
riod, corresponding to that of KOI-872c, should
have K1 ≃ 20 m s−1 half-amplitude. The ampli-
tude of the 33.6-day-period term, corresponding
to that of KOI-872b, is uncertain because we do
not have a good constraint on Mb. The 6.8-day
term, corresponding to that of KOI-872.03, will
be difficult to detect because K1 ∼ 1 to 2 m s−1

(assuming Earth-like density).
To gain insights into the system’s dynamical

behavior, we numerically integrated the planetary
orbits, starting from the best-fit solution (F3 Fig. 3).
The semimajor axis ofKOI-872b experiences short-

period variations, related to the TTVs, with an
amplitude of ≃5 × 10−4 astronomical units (AU).
The eccentricities undergo anticorrelated oscilla-
tions, as dictated by the angular momentum con-
servation, around means eb ¼ 0:013 and ec ¼
0:012, with a period of ≃200 years (correspond-
ing to@b’s precession period;@c precesses much
more slowly). The anticorrelated oscillations of
inclinations relative to the transit plane are a geo-
metrical effect resulting from the shared precession
of Ωb and Ωc (≃200-year period). The inclina-
tions relative to the invariant plane are nearly
constant, with the mutual inclination ≃1°. If Ib
relative to the transit plane increases in the next
decades (Fig. 3D), KOI-872b’s transits will grad-
ually disappear.

TTVs were originally proposed as a nontran-
siting planet detection method (2–4), but have
recently found more use in validating the transit-
ing planet candidates fromKepler (24, 25). Kepler
has previously inferred the presence of a non-
transiting planet via TTVs, but showed that the
measurements were unable to support a unique
solution (26). Here we have demonstrated the full
potential of TTVs as a method to detect non-
transiting planets and precisely characterize their
properties.
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ΩP (°) 270 303−34þ20 –
@P (°) – 329:4−9:2þ11 –
lP (°) 0 338:3−1:4þ1:3 –
MP/M* <6.4 × 10−3 3:97−0:14þ0:17 % 10−4 –
MP (MJ) <6 0:376−0:020þ0:023 –
RP (RJ) 0:812−0:043þ0:043 – 0:1513−0:0089þ0:0085
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respect to the transit plane is Ic < 4.5° (99% con-
fidence interval), with the best TTV fit indicating
Ic = 2.75°. The best-fit inclination value andΩc ≃
303° obtained from the TTVs suggest that the
planet just avoids transiting. A search for the tran-
sits of KOI-872c indeed yielded no events, im-
plying that Ic > 1°.

Although no transits of KOI-872c were de-
tected, we did detect a 9s transit signal on a short
period of 6.8 days. The transit corresponds to a
1.7–Earth radius super-Earth, which we refer to
as KOI-872.03. Because of the probable low-
mass nature of this body, the expected TTVs in-
duced on KOI-872b would be ~1 s in amplitude,
too small to detect with our data. Further, the
TTVs of KOI-872.03 itself are estimated to be
∼10 s, also undetectable. Without TTVs, we are
unable to confirm that KOI-872.03 orbits the same
star as KOI-872b and KOI-872c, as opposed to a

blended background star. However, our analysis
finds that KOI-872.03’s light curve–derived stel-
lar density is consistent with that of KOI-872b for
both planets on near-circular orbits.

We predict that the radial velocity (RV) mea-
surements of KOI-872 should reveal at least two
basic periods. The RV term with a 57.0-day pe-
riod, corresponding to that of KOI-872c, should
have K1 ≃ 20 m s−1 half-amplitude. The ampli-
tude of the 33.6-day-period term, corresponding
to that of KOI-872b, is uncertain because we do
not have a good constraint on Mb. The 6.8-day
term, corresponding to that of KOI-872.03, will
be difficult to detect because K1 ∼ 1 to 2 m s−1

(assuming Earth-like density).
To gain insights into the system’s dynamical

behavior, we numerically integrated the planetary
orbits, starting from the best-fit solution (F3 Fig. 3).
The semimajor axis ofKOI-872b experiences short-

period variations, related to the TTVs, with an
amplitude of ≃5 × 10−4 astronomical units (AU).
The eccentricities undergo anticorrelated oscilla-
tions, as dictated by the angular momentum con-
servation, around means eb ¼ 0:013 and ec ¼
0:012, with a period of ≃200 years (correspond-
ing to@b’s precession period;@c precesses much
more slowly). The anticorrelated oscillations of
inclinations relative to the transit plane are a geo-
metrical effect resulting from the shared precession
of Ωb and Ωc (≃200-year period). The inclina-
tions relative to the invariant plane are nearly
constant, with the mutual inclination ≃1°. If Ib
relative to the transit plane increases in the next
decades (Fig. 3D), KOI-872b’s transits will grad-
ually disappear.

TTVs were originally proposed as a nontran-
siting planet detection method (2–4), but have
recently found more use in validating the transit-
ing planet candidates fromKepler (24, 25). Kepler
has previously inferred the presence of a non-
transiting planet via TTVs, but showed that the
measurements were unable to support a unique
solution (26). Here we have demonstrated the full
potential of TTVs as a method to detect non-
transiting planets and precisely characterize their
properties.
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respect to the transit plane is Ic < 4.5° (99% con-
fidence interval), with the best TTV fit indicating
Ic = 2.75°. The best-fit inclination value andΩc ≃
303° obtained from the TTVs suggest that the
planet just avoids transiting. A search for the tran-
sits of KOI-872c indeed yielded no events, im-
plying that Ic > 1°.

Although no transits of KOI-872c were de-
tected, we did detect a 9s transit signal on a short
period of 6.8 days. The transit corresponds to a
1.7–Earth radius super-Earth, which we refer to
as KOI-872.03. Because of the probable low-
mass nature of this body, the expected TTVs in-
duced on KOI-872b would be ~1 s in amplitude,
too small to detect with our data. Further, the
TTVs of KOI-872.03 itself are estimated to be
∼10 s, also undetectable. Without TTVs, we are
unable to confirm that KOI-872.03 orbits the same
star as KOI-872b and KOI-872c, as opposed to a

blended background star. However, our analysis
finds that KOI-872.03’s light curve–derived stel-
lar density is consistent with that of KOI-872b for
both planets on near-circular orbits.

We predict that the radial velocity (RV) mea-
surements of KOI-872 should reveal at least two
basic periods. The RV term with a 57.0-day pe-
riod, corresponding to that of KOI-872c, should
have K1 ≃ 20 m s−1 half-amplitude. The ampli-
tude of the 33.6-day-period term, corresponding
to that of KOI-872b, is uncertain because we do
not have a good constraint on Mb. The 6.8-day
term, corresponding to that of KOI-872.03, will
be difficult to detect because K1 ∼ 1 to 2 m s−1

(assuming Earth-like density).
To gain insights into the system’s dynamical

behavior, we numerically integrated the planetary
orbits, starting from the best-fit solution (F3 Fig. 3).
The semimajor axis ofKOI-872b experiences short-

period variations, related to the TTVs, with an
amplitude of ≃5 × 10−4 astronomical units (AU).
The eccentricities undergo anticorrelated oscilla-
tions, as dictated by the angular momentum con-
servation, around means eb ¼ 0:013 and ec ¼
0:012, with a period of ≃200 years (correspond-
ing to@b’s precession period;@c precesses much
more slowly). The anticorrelated oscillations of
inclinations relative to the transit plane are a geo-
metrical effect resulting from the shared precession
of Ωb and Ωc (≃200-year period). The inclina-
tions relative to the invariant plane are nearly
constant, with the mutual inclination ≃1°. If Ib
relative to the transit plane increases in the next
decades (Fig. 3D), KOI-872b’s transits will grad-
ually disappear.

TTVs were originally proposed as a nontran-
siting planet detection method (2–4), but have
recently found more use in validating the transit-
ing planet candidates fromKepler (24, 25). Kepler
has previously inferred the presence of a non-
transiting planet via TTVs, but showed that the
measurements were unable to support a unique
solution (26). Here we have demonstrated the full
potential of TTVs as a method to detect non-
transiting planets and precisely characterize their
properties.
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quoted as the median of the marginalized posteriors with T34.13% credible intervals. Instrumental terms
and times of transit minimummay be found in table S3. KOI-872c parameters were computed from the fit
to the KOI-872b’s TTVs. Parameters fitted in the TTV model are quoted as maximum likelihood with
T34.13% uncertainties computed using the ∆c2 = 1 method described in (27), where the TTV errors have
been rescaled such that creduced2 ¼ 1. The 99% confidence areas from the TTV fit alone are shown in fig.
S10. The measured TDVs do not offer a meaningful constraint, because the parameter sets near s1 that fit
the TTVs also fit the TDVs. Orbital longitudes of KOI-872c are relative to the transit reference system
on 2455053.2826 BJDUTC. KOI-872.03 parameters were computed from an MCMC run. Moon mass
constraint (3s limit) are derived from model MMT2,R0 (10).

KOI-872b KOI-872c KOI-872.03

t0 (BJDUTC) 2455053:2826−0:0014þ0:0013 – 2455255:2603−0:0031þ0:0032

PP (days) 33:60134−0:00020þ0:00021 57:004−0:100þ0:091 6:76671−0:00012þ0:00013

RP/R* 0:0887−0:0012þ0:0011 – 0:01656−0:00082þ0:00079

bP 0:759−0:027þ0:022 3:1−1:9þ1:1 0:39−0:12þ0:19

aP/R* 44:9−1:8þ2:1 63:9−2:5þ2:9 15:58−0:49þ0:51

iP (°) 89:033−0:069þ0:076 87:25−0:95þ1:70 88:56−0:69þ0:48

aP (AU) 0:1967−0:0028þ0:0029 0:2799−0:0040þ0:0041 0:0680−0:0030þ0:0030

eP 0:01−0:01þ0:01 0:0145−0:0039þ0:0035 0 (assumed)
ΩP (°) 270 303−34þ20 –
@P (°) – 329:4−9:2þ11 –
lP (°) 0 338:3−1:4þ1:3 –
MP/M* <6.4 × 10−3 3:97−0:14þ0:17 % 10−4 –
MP (MJ) <6 0:376−0:020þ0:023 –
RP (RJ) 0:812−0:043þ0:043 – 0:1513−0:0089þ0:0085

rP (kg m−3) <14000 – –
Teq (K) 544−16þ16 456−13þ13 924−36þ37

Mmoon/MP <0.021 – –

KOI-872

r* (kg m−3) 1520−170þ220

M* (M◉) 0:902−0:037þ0:040

R* (R◉) 0:940−0:040þ0:039

log g* 4:445−0:036þ0:041

Teff (K) (SPC) 5155 T 105
L* (L◉) 0:559−0:0699þ0:0793

MV 5:60−0:17þ0:17

Age (Gyr) 9:9−3:1þ3:5

Distance (pc) 857−64þ69

(M/H) (SPC) 0.41 T 0.10
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Final Parameters

respect to the transit plane is Ic < 4.5° (99% con-
fidence interval), with the best TTV fit indicating
Ic = 2.75°. The best-fit inclination value andΩc ≃
303° obtained from the TTVs suggest that the
planet just avoids transiting. A search for the tran-
sits of KOI-872c indeed yielded no events, im-
plying that Ic > 1°.

Although no transits of KOI-872c were de-
tected, we did detect a 9s transit signal on a short
period of 6.8 days. The transit corresponds to a
1.7–Earth radius super-Earth, which we refer to
as KOI-872.03. Because of the probable low-
mass nature of this body, the expected TTVs in-
duced on KOI-872b would be ~1 s in amplitude,
too small to detect with our data. Further, the
TTVs of KOI-872.03 itself are estimated to be
∼10 s, also undetectable. Without TTVs, we are
unable to confirm that KOI-872.03 orbits the same
star as KOI-872b and KOI-872c, as opposed to a

blended background star. However, our analysis
finds that KOI-872.03’s light curve–derived stel-
lar density is consistent with that of KOI-872b for
both planets on near-circular orbits.

We predict that the radial velocity (RV) mea-
surements of KOI-872 should reveal at least two
basic periods. The RV term with a 57.0-day pe-
riod, corresponding to that of KOI-872c, should
have K1 ≃ 20 m s−1 half-amplitude. The ampli-
tude of the 33.6-day-period term, corresponding
to that of KOI-872b, is uncertain because we do
not have a good constraint on Mb. The 6.8-day
term, corresponding to that of KOI-872.03, will
be difficult to detect because K1 ∼ 1 to 2 m s−1

(assuming Earth-like density).
To gain insights into the system’s dynamical

behavior, we numerically integrated the planetary
orbits, starting from the best-fit solution (F3 Fig. 3).
The semimajor axis ofKOI-872b experiences short-

period variations, related to the TTVs, with an
amplitude of ≃5 × 10−4 astronomical units (AU).
The eccentricities undergo anticorrelated oscilla-
tions, as dictated by the angular momentum con-
servation, around means eb ¼ 0:013 and ec ¼
0:012, with a period of ≃200 years (correspond-
ing to@b’s precession period;@c precesses much
more slowly). The anticorrelated oscillations of
inclinations relative to the transit plane are a geo-
metrical effect resulting from the shared precession
of Ωb and Ωc (≃200-year period). The inclina-
tions relative to the invariant plane are nearly
constant, with the mutual inclination ≃1°. If Ib
relative to the transit plane increases in the next
decades (Fig. 3D), KOI-872b’s transits will grad-
ually disappear.

TTVs were originally proposed as a nontran-
siting planet detection method (2–4), but have
recently found more use in validating the transit-
ing planet candidates fromKepler (24, 25). Kepler
has previously inferred the presence of a non-
transiting planet via TTVs, but showed that the
measurements were unable to support a unique
solution (26). Here we have demonstrated the full
potential of TTVs as a method to detect non-
transiting planets and precisely characterize their
properties.
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