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ABSTRACT
We confirm 27 planets in 13 planetary systems by showing the existence of statistically
significant anti-correlated transit timing variations (TTVs), which demonstrates that
the planet candidates are in the same system, and long-term dynamical stability, which
places limits on the masses of the candidates—showing that they are planetary. All
of these newly confirmed planetary systems have orbital periods that place them near
first-order mean motion resonances (MMRs), including 6 systems near the 2:1 MMR,
5 near 3:2, and one each near 4:3, 5:4, and 6:5. In addition, several unconfirmed planet
candidates exist in some systems (that cannot be confirmed with this method at this
time). A few of these candidates would also be near first order MMRs with either
the confirmed planets or with other candidates. One system of particular interest,
Kepler-56 (KOI-1241), is a pair of planets orbiting a 12th magnitude, giant star with
radius over three times that of the Sun and effective temperature of 4900 K—among
the largest stars known to host a transiting exoplanetary system.

Key words: celestial mechanics; methods: data analysis; techniques: photometric

1 INTRODUCTION

NASA’s Kepler mission continues to identify many candi-
date transiting exoplanet systems, which now number nearly
2000 (Borucki et al. 2011; Batalha et al. 2012). The pro-
cess of confirming or validating these planet candidates as
real exoplanets often requires a significant amount of anal-
ysis and effort; and consequently the number of confirmed
planets lags far behind the new candidate discoveries. In an
effort to ameliorate this situation we published a new ap-
proach to planet confirmation that requires a less detailed

analysis (Fabrycky et al. 2012a; Ford et al. 2012a; Steffen
et al. 2012a) and can generally be accomplished in much less
time. This approach essentially relies on demonstrating that
two transiting candidates are in the same system and that
their masses are planetary. Both aspects of this confirma-
tion method rely on dynamical interactions. First, planets
are shown to be in the same system by looking for anti-
correlated transit timing variations (TTVs) that arise from
short-term changes in obital period due to planet-planet in-
teractions within the system (Agol et al. 2005; Holman and
Murray 2005). Second, the candidates are shown to have
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2 Steffen et al.

planetary mass by requiring that the system be dynamically
stable.

This method is a particularly useful means of identi-
fying true planetary systems from among the false positive
systems—allowing ground-based follow-up resources to be
devoted to studying systems that are both real and dynam-
ically interesting (as manifest by their significant TTV sig-
nal). While detailed TTV analyses have been instrumen-
tal in confirming several multiplanet systems (e.g., Kepler 9
(?), Kepler 11 (Lissauer et al. 2011a), Kepler 18 (Cochran
et al. 2011), and Kepler 36 (Carter et al. 2012)), 21 plan-
ets in 10 multiplanet systems have been confirmed by these
new methods that we apply again here (Kepler systems 23
through 32, Fabrycky et al. (2012a); Ford et al. (2012a); Stef-
fen et al. (2012a)). These 10 confirmed multiplanet systems
include several that have particularly interesting properties
and are likely to be the subject of future investigations. For
example: all of the systems are near mean-motion resonance
(MMR), Kepler-25 (KOI-244, Steffen et al. (2012a)) is rel-
atively bright at Kp ∼ 10, Kepler-30 (KOI-806, Fabrycky
et al. (2012a)) has TTVs that deviate from a constant pe-
riod by nearly a day over the course of the Kepler data,
and many (Kepler 23, 24, 26, 31, and 32) have additional
planet candidates that may be confirmed or validated. As
more data from Kepler are gathered, new systems that can
be confirmed by the means outlined above can be found. In
this paper we apply the same methods used in (Fabrycky
et al. 2012a; Ford et al. 2012a; Steffen et al. 2012a) to 2 ad-
ditional quarters of Kepler data (all data through Q8) and
confirm 27 new planets in 13 systems.

This paper is organized as follows. In §2 we summarize
the stellar properties for the host stars in these systems and
the basic orbital and physical characteristics of the planets.
The dynamical confirmation of the relevant 27 planets is pre-
sented in §3. We make concluding remarks in §4. Data and
results from some of the analyses performed in this paper
are shown in the Appendix.

2 STELLAR AND PLANET PROPERTIES

We take the stellar properties from the tables given in
Batalha et al. (2012). The procedure used for determining
the stellar parameters (effective temperature Teff, surface
gravity log g and stellar radius R?) for our systems was dis-
cussed in detail in Section 5.2 of that paper. In most cases,
Teff and log g that were determined photometrically and re-
ported in the Kepler Input Catalog were used as a start-
ing point. These values were then corrected by matching to
the Yonsei-Yale stellar evolution models (Demarque et al.
2004) (cf. Figure 2 of Batalha et al. (2012)). Kepler Fol-
lowup Observing Program reconnaissance spectra have also
been obtained for most of these KOIs. In general there is
reasonable agreement between the stellar parameters in Ta-
ble 1 and those obtained through the reconnaissance spec-
troscopy. In a few cases of disagreement, the discrepancy can
be attributed to the low S/N of the reconnaissance spectra,
thus we rely on the published parameters. The basic planet
size and orbital properties for the systems under considera-
tion are also taken from (Batalha et al. 2012) and are given

Table 1. Table of stellar properties for the planetary systems

(taken from Batalha et al. (2012)).

Kepler KOI KID Kp Teff log g R? M?

(K) (R�) (M�)

48 148 5735762 13.04 5190 4.49 0.89 0.89

49 248 5364071 15.264 3974 4.73 0.53 0.55
50 262 11807274 10.421 6058 3.98 1.88 1.23

51 620 11773022 14.669 5803 4.52 0.91 1.00

52 775 11754553 15.095 4075 4.74 0.52 0.54
53 829 5358241 15.386 5858 4.53 0.89 0.98

54 886 7455287 15.847 3705 4.75 0.5 0.51

55 904 8150320 15.791 4362 4.7 0.58 0.62
56 1241 6448890 12.44 4931 3.58 3.14 1.37

57 1270 8564587 14.809 5145 4.63 0.73 0.83

58 1336 4077526 14.82 5843 4.39 1.03 0.95
59 1529 9821454 14.307 6074 4.51 0.94 1.04

60 2086 6768394 13.959 5915 4.13 1.5 1.11

in Table 21. We note that the giant star KOI-1241 along with
KOI-262 are quite bright and therefore amenable to in-depth
asteroseismic study. We expect that the stellar properties,
particularly for the giant, may be revised somewhat from the
values presented here and in Batalha et al. (2012) once such
studies have been completed. In neither case is the planet
interpretation of the transiting candidates in jeopardy.

3 CONFIRMATION VIA TTVS AND ORBITAL
STABILITY

3.1 Anticorrelated TTVs

As mentioned above and discussed in some detail in (Fab-
rycky et al. 2012a; Ford et al. 2012a; Steffen et al. 2012a),
the presence of anticorrelated TTV signatures among planet
candidates on a single target is a strong indicator that the
objects are in the same system. Multiple methods can be
used to establish these correlations—the approaches that
we have used in the past include using Gaussian Process
(GP) modeling (Ford et al. 2012a), Fourier analysis meth-
ods (Steffen et al. 2012a), and the use of simple dynamical
modeling of the potential planetary system (Fabrycky et al.
2012a). Each of these approaches relies on differing amounts
of physical underpinning (dynamical modeling applying the
most physics while GP the least). They also use different
fundamental assumptions regarding the specific form of the
TTV signal (GP being the most general of the three while
dynamical modeling is the least). The Fourier method lies
between the other two methods both in terms of the as-
sumed properties of the TTV signal and its physical under-
pinnings. Consequently, these different methods are quite
complementary—all are suitable for confirming some sys-
tems but none are suitable for confirming all systems that
lie within the reach of this overall approach.

The GP method of Ford et al. (2012a) models the TTV
signal as a Gaussian process, deriving a generalized func-
tional form for each object in a given pair. From these GPs

1 We note that because these planets show significant TTVs, the

estimates for the transit depth and duration will be off slightly

since the Kepler pipeline assumes a linear ephemeris.
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Kepler planetary systems 48 to 60 3

Table 2. Table of planet orbital properties for the planetary systems.

Planet KOI r/R? σr/R?
Radius Duration T0 σT0

period σperiod Pi/P1 Pi/Pi−1 ξ

(R⊕) (hours) (days) (days) (days) (days)

48 b 148.01 0.02208 3.1E-04 2.14 2.8412 57.06301 1.0E-03 4.7779803 1.4E-05 1.0000

48 c 148.02 0.03243 4.0E-04 3.14 3.5027 58.33981 7.7E-04 9.6739283 2.0E-05 2.0247 2.0247 1.03
148.03 0.02426 4.1E-04 2.35 5.9308 79.06567 2.8E-03 42.895916 3.2E-04 8.9778 4.4342 0.97

248.03 0.03213 1.4E-03 1.85 1.8736 105.12838 1.2E-03 2.576555 1.2E-05 1.0000
49 b 248.01 0.04723 1.9E-03 2.72 2.9766 103.28753 1.0E-03 7.2037945 2.2E-05 2.7959 2.7959 0.89

49 c 248.02 0.04423 2.0E-03 2.55 2.8577 102.84919 2.2E-03 10.9129343 6.9E-05 4.2355 1.5149 1.20

248.04 0.03445 2.0E-03 1.99 2.8905 74.26167 4.3E-03 18.5962181 2.1E-04 7.2175 1.7041 1.18

50 b 262.01 0.01074 1.5E-04 2.2 4.2439 105.63186 2.2E-03 7.8125124 5.2E-05 1.0000

50 c 262.02 0.01362 3.0E-04 2.79 2.6022 69.96857 2.2E-03 9.3761368 5.6E-05 1.2001 1.2001 1.73

51 b 620.01 0.07074 2.0E-04 7.05 5.7799 92.10435 6.2E-04 45.1555023 7.2E-05 1.0000

51 c 620.03 0.05731 8.1E-03 5.71 2.7849 228.32095 2.2E-03 85.3128662 9.6E-04 1.8893 1.8893 2.57
620.02 0.09717 2.4E-04 9.68 8.4192 145.02345 6.2E-04 130.1831055 3.3E-04 2.8830 1.5259 0.38

52 b 775.02 0.03698 3.8E-03 2.1 2.4223 109.37692 1.5E-03 7.8773565 3.8E-05 1.0000
52 c 775.01 0.03225 3.3E-03 1.84 3.1252 105.72549 2.7E-03 16.3850021 1.4E-04 2.0800 2.0800 0.99

775.03 0.03268 3.4E-03 1.86 4.1756 84.59631 4.4E-03 36.4459076 4.9E-04 4.6267 2.2243 0.98

829.02 0.01987 8.4E-04 1.92 4.0291 71.78461 4.8E-03 9.7519283 1.3E-04 1.0000

53 b 829.01 0.02987 1.1E-03 2.89 4.4815 107.77608 2.9E-03 18.6489525 1.6E-04 1.9123 1.9123 1.12

53 c 829.03 0.03277 1.2E-03 3.17 5.0162 96.84816 3.8E-03 38.5583038 4.1E-04 3.9539 2.0676 1.14

54 b 886.01 0.03842 1.3E-03 2.1 3.4129 103.20573 2.9E-03 8.0109434 6.9E-05 1.0000

54 c 886.02 0.02254 1.0E-03 1.23 4.9738 76.44842 9.1E-03 12.0717249 2.9E-04 1.5069 1.5069 0.79
886.03 0.0318 4.7E-03 1.74 3.8411 85.32592 9.7E-03 20.9954014 5.8E-04 2.6208 1.7392 1.56

904.01 0.02607 2.7E-03 1.65 1.6829 103.14939 1.4E-03 2.2111206 1.2E-05 1.0000
904.04 0.02306 2.5E-03 1.46 2.1085 68.04531 3.1E-03 4.6175265 4.2E-05 2.0883 2.0883 1.02

904.05 0.02689 2.8E-03 1.7 2.3911 70.91412 4.2E-03 10.1986198 1.1E-04 4.6124 2.2087 1.15

55 b 904.02 0.03832 3.9E-03 2.43 3.4932 111.79598 3.1E-03 27.9481449 2.4E-04 12.6398 2.7404 0.96
55 c 904.03 0.0349 3.7E-03 2.21 5.0617 71.99284 4.5E-03 42.1516418 5.3E-04 19.0635 1.5082 0.79

56 b 1241.02 0.0112 3.3E-04 3.84 13.5401 68.55893 8.8E-03 10.5034294 2.5E-04 1.0000
56 c 1241.01 0.02292 3.3E-04 7.85 11.0797 80.0928 6.1E-03 21.4050484 3.6E-04 2.0379 2.0379 1.55

57 b 1270.01 0.02762 6.6E-03 2.19 1.1185 71.5584 1.0E-03 5.7293196 1.8E-05 1.0000
57 c 1270.02 0.01958 4.6E-03 1.55 1.7074 66.99083 2.7E-03 11.6092567 8.6E-05 2.0263 2.0263 0.83

58 b 1336.01 0.02471 1.0E-03 2.78 4.3967 69.87048 5.6E-03 10.2184954 1.5E-04 1.0000
58 c 1336.02 0.02542 1.1E-03 2.86 5.1013 65.43209 6.6E-03 15.5741568 2.7E-04 1.5241 1.5241 0.99

59 b 1529.02 0.01065 5.3E-04 1.1 5.977 70.74767 1.1E-02 11.8681707 3.6E-04 1.0000
59 c 1529.01 0.01923 7.6E-04 1.98 4.1249 80.69818 6.5E-03 17.9801235 3.0E-04 1.5150 1.5150 1.66

60 b 2086.01 0.01397 3.9E-04 2.28 4.1519 69.03637 4.7E-03 7.1316185 9.3E-05 1.0000
60 c 2086.02 0.01513 4.0E-04 2.47 4.4059 73.06513 4.7E-03 8.9193459 1.1E-04 1.2507 1.2507 1.02
60 d 2086.03 0.0156 8.7E-04 2.55 2.9856 66.24626 6.3E-03 11.9016171 2.0E-04 1.6689 1.3344 1.62

the correlation between TTV signals of the two planet can-
didates is calculated. Finally, we estimate the probability
that the observed anticorrelation is due to timing noise with
a Monte Carlo analysis. For this analysis we scramble the
TTV residuals, remove any resulting linear trend, model the
new residuals as a GP, and recalculate the correlation coef-
ficient. We require, as a threshold to claim that the correla-
tion is dynamical in nature, that less than 0.1% of the Monte
Carlo realizations have a more significant correlation than
the actual data.

The Fourier method of Steffen et al. (2012a) generates a
periodogram of the TTV signal by fitting sinusoidal models

on a grid of periods:

fi = A sin

(
2πt

Pi

)
+B cos

(
2πt

Pi

)
+ C. (1)

where A, B, and C are model parameters, and Pi is the test
timescale2. The fitted values for A and B are stored along
with their measured uncertainties, σA and σB , derived from
the covariance matrix of the three-parameter fit. Next, a

2 This formula, originally given in Steffen et al. (2012a), had a
typo that has been corrected here and in Steffen et al. (2012b).

Specifically, P/Pi is replaced by 1/Pi in the argument of the si-

nusoid functions.
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4 Steffen et al.

quantity Ξ

Ξ = −
(
A1A2

σA1σA2
+

B1B2

σB1σB2

)
(2)

is calculated for each of the sampled periods where the “1”
and “2” subscripts correspond to the two objects. Once these
values have been calculated, the maximum value of Ξ for a
given candidate pair, Ξmax, is recorded. Finally, a Monte
Carlo analysis is done to identify the probability of ran-
domly finding a Ξmax as large as that observed. Again, our
threshold for claiming evidence for dynamical interactions is
0.1%.

The dynamical modeling of Fabrycky et al. (2012a)
seeks to extract the dominant TTV signal from numeri-
cal integration, and determine if this signal is present in
the data. A numerical integration of the system is run for
each pair of planets in Table 2. We assume circular, copla-
nar orbits with the same orbital properties (period, phase)
and physical properties (mass, derived from radius via the
power-law Mp = M⊕(Rp/R⊕)2.06 as was used in Lissauer
et al. (2011b)) as the planets we are modelling. From that
simulation, the dominant frequency of the resulting TTV
signal is found in a periodogram (Lomb 1976). We fit a si-
nusoid of that frequency to the data, determining its ampli-
tude. Again, a Monte Carlo study is done to see if a ran-
dom realization can produce that large an amplitude at the
theoretically-predicted frequency. One unique characteristic
of the dynamical modeling, contrasted with the GP and
Fourier methods, is that it does not require a significant
TTV signal from both objects in the tested pair—and there-
fore not requiring an anti-correlation in the timing residuals.
Rather, we only use the transits of the perturbing planet to
determine its period and phase, from which the perturbed
planet’s expected TTV signal follows. Thus, while it may
lack generality concerning the types of TTV signals it can
find, it compensates somewhat for this lack with its power
to confirm the cohabitation of candidates in a system when
one TTV signal is very weak—e.g., if a high-mass planet is
being perturbed by a low-mass one.

Each of these methods was applied to all of the systems
being considered. The transit times for each of the analyzed
candidates are produced in the manner described in (Ford
et al. 2011). For each system, outlier data are removed by
eliminating all transit times that are four times the Median
Absolute Deviation from the best fitting linear ephemeris
and eliminating all transit times where the timing uncer-
tainty is more than twice the median timing uncertainty (as
was done in Ford et al. (2012b) and Steffen et al. (2012b)).
(The timing residuals for the sytems are shown graphically
in the Appendix. ) The results of the Monte Carlo studies,
specifically the expected False Alarm Probabilities (FAP)
for relevant cases with each method, are given in Table 3.
In all cases at least one of the three methods generates a
sufficiently low FAP to claim that the observed anticorrela-
tion is not due to timing noise, but more likely two planet
candidates in the same system. In many cases all methods
can make this claim.

In a few cases (planets in KOIs 886, 1336, 1529, and
2086) the signal to noise ratio (SNR) of each individual tran-
sit event is relatively small. Low SNR transits occationally
result in poorly determined transit times and often these
cases are ignored in general TTV studies of the Kepler sys-

tems (e.g., Ford et al. (2012b); Steffen et al. (2012b)). In
order to increase our confidence that the observed TTV sig-
nal is real, we modelled the lightcurve using a straightfor-
ward linear-plus-sinusoid ephemeris in which we allowed the
times of transit to have a sinusoidal modulation. The transit
duration, impact parameter, and depth for each transiting
planet were fixed (since variations in these quantities have
yet to be detected for any small exoplanet). In all cases we
fit the transits of both planets simultaneously. The results
of this expanded ephemeris yielded a significant reduction in
the χ2 over a simple linear ephemeris model (the reduction
in χ2 being 830 for KOI-886, 47 for KOI-1336, 130 for KOI-
1529, 48 for KOI-2086 .01 and .02, and 166 for KOI-2086 .02
and .03). These results demonstrate that the modulation in
transit times, with its anticorrelation and timescale, is not
due to poorly determined transit times and we proceed with
our analysis in the same fashion as the other systems.

3.2 Discussion of plausible false alarms

The choice of an FAP < 10−3 is the same as was done in
Fabrycky et al. (2012a), Ford et al. (2012a), and Steffen
et al. (2012a). We have not published an exhaustive search
for TTV systems that can be confirmed with this method
as some Kepler systems have warranted individual scrutiny.
In addition, the vetting of all KOIs is still ongoing—even
as the list of KOIs continues to grow—and therefore re-
mains nonuniform. Nevertheless, we do want to be confi-
dent that we are not misinterpreting these systems. Anti-
correlated TTVs with a well-defined period and phase pro-
vide a distinct functional form that yields high confidence in
the pair being true interacting planets. However, anticorre-
lations between parabolic TTV signatures imply a gradual
change in the orbital periods, but are less powerful at elimi-
nating alternative explanations. We look at two possible ex-
planations for the observed anticorrelated TTVs and show
that they are significantly less likely than the single sys-
tem interpretation—justifying our claim that the observed
TTVs are due to planetary interactions in a single system.
First, we consider the possibility of a background star that
hosts one of the planets. Second, we consider the case of a
bound stellar binary with a planet orbiting each star where
the light travel time across the system produces the TTV
signal.

Consider the case where both the target star and a back-
ground star host a transiting planet; and that these planets
are both being perturbed by an unseen planetary compan-
ion. Occasionally a parabolic TTV signature from one star
may be anticorrelated with a parabolic TTV signal from
the other. To estimate a limit on the probability of this sce-
nario (we do not attempt to give an exact estimate, only
to constrain its value) we multiply: 1) the fraction of KOIs
that show only a quadratic TTV signature, 2) the fraction
of KOIs as near to first-order MMRs as those in our sample,
3) the probability of a given target having a planet can-
didate (a proxy for the fraction of background stars that
would show a candidate), and 4) the number of candidate
pairs that we investigated—then we divide by two since we
require an “anti”correlation in the TTV signals. Recall that
the resulting false alarm probability is (a limit on) the prob-
ability of misinterpreting two distinct planetary systems as
a single planetary system.

c© 0000 RAS, MNRAS 000, 1–9
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Using data from Ford et al. (2012b) we estimate the
fraction of KOIs that show evidence for quadratic TTVs by
selecting KOIs from (Ford et al. 2012b) where a fit using
a quadratic ephemeris has a χ2 p-value less than 0.05. We
also require that a cubic or quartic ephemeris fail the F -ratio
test (with a p-value greater than 0.1) when compared to a
quadratic ephemeris—we want only systems with quadratic
trends as the others are not subject to this particular mis-
interpretation of the TTV signal. We find that ∼ 20% of
Kepler planet candidates show some evidence for quadratic-
only trends. Next, we note that the planet pairs we search
for are within ∼ 10% of a first-order MMR where we ex-
pect TTV signatures to be manifest. The largest absolute
deviation from zero, using the ζ1 statistic from (Lissauer
et al. 2011b) and (Fabrycky et al. 2012b), is 0.37. We esti-
mate the probability of finding two randomly chosen planet
candidates having ζ1 < 0.4 using the distribution of KOI
periods from (Batalha et al. 2012). We select all planet can-
didates with period ratios within a factor of three of the
median period of all KOIs (essentially the peak of the dis-
tribution which yields a conservative estimate), calculate ζ1
relative to the median period, and divide by the total num-
ber of KOIs. The result is that no more than 15% of ran-
domly chosen KOI pairs will be as close to a first order
MMR as the candidates we study here. Finally, the number
of KOIs seen by Kepler suggests that ∼ 2% of Kepler tar-
get stars will have a planet candidate. Thus, no more than
(1/2)× (0.2)2×0.15×0.02 ' 1×10−4) of randomly-selected
pairs of candidates would show parabolic anticorrelations.
When identifying systems to study in this paper, we search
∼ 1000 pairs which yields a naive expectation of 0.1 candi-
date pairs that show parabolic, anticorrelated TTVs. Com-
paring this number to the∼ 10 previously confirmed systems
that have have anticorrelated TTVs yields a less than 1%
chance of misinterpreting planets orbiting two different stars
as a system of planets orbiting a single star.

Still, much more can be brought to bear to reduce
this false alarm probability still further (not including con-
straints on the population of suitable background stars in
the galaxy). We look at two tests specifically. First, and most
importantly, we examined the displacement of the centroid
of the target during transit. If a pair of planets were orbiting
different stars, then the centroid of the target would displace
in different directions during the transits of each planet. In
all cases the displacement of the centroid is consistent with
the planet pairs orbiting the same star and that the star is
indeed the Kepler target.

For the second test, we calculated the quantity ξ ≡
(D1/D2)(P2/P1)1/3 for each planet pair where D1 and D2

are the transit durations and P1 and P2 are the orbital pe-
riods for the inner and outer planets respectively. The value
of ξ for each pair should be of order unity if the planets are
in the same system (Steffen et al. 2010). Indeed, the bulk of
cases presented here are within the 98% confidence interval
of the distribution for observed ξ values for all of the Kepler
multiple systems. The only exception is anomalous values in
the Kepler-51 (KOI-620) system (2.57 and 0.38 for the 01
– .03 and .03 – .02 pairs respectively). In fact, the ξ value
for the .03 – .02 pair is the lowest observed to date. In this
system one planet, Kepler-51c (KOI-620.03), appears to be
on a nearly grazing orbit (see Batalha et al. (2012))—which
naturally produces such extreme values for ξ, however this

may indicate the possibly of a false positive. As a check, we
generated a synthetic population of planet canidates using
a Monte Carlo code similar to Lissauer et al. (2011b) and
Fang and Margot (2012), drawing 2 to 10 planets per system
uniformly over the Kepler candidate period distribution and
assuming circular orbits. Radii were also drawn from the em-
pirical Kepler distribution. The mutual inclinations of the
planets with respect to an arbitrary reference plane were
Rayleigh distributed with a mean of 1.52 degrees, equivalent
to the best fit regions of Fabrycky et al. (2012b). After 105

realizations, ξ was computed for the synthetic candidates
with multiple transiting planets having total SNR > 7.1.
A two sample KolmogorovSmirnov test gives a P-value of
0.14 indicating the null-hypothesis that the synthetic and
observed distributions come from the same parent distribu-
tion can not be rejected at high significance. From the syn-
thetic population we calculate the probability of ξ < 0.38 or
ξ > 2.57 to be 0.016. Given that there are 365 systems with
multiple transiting planets and 529 corresponding ξ pairs, a
true planet system showing such extreme values is not un-
expected. The ξ values for the different planet pairs are also
given in 2.

The second possible misinterpretation of an anticor-
related TTV signal that we consider is planets orbiting
two gravitationally-bound stars. Here, the light travel time
across the system would produce the observed period varia-
tions. In many cases this stellar binary interpretation is not
consistent with the amplitude of the TTV signal—the im-
plied orbital period is short (a few hundred days), meaning
that the distance between the stars would be small, but the
TTV signal is large, requiring a large separation between
the stars. The worst-case scenario is when: 1) the binary
has an orbital period equal to the duration of the data, 2)
the phase of the orbit being such that the TTVs actually
have the form of a cosine instead of a parabola, and 3) the
second star being bright enough to allow the observed tran-
sit depth (here we use a stellar twin) but essentially massless
so that the light travel time is maximized—a somewhat un-
physical worst-case scenario. None of the systems that can
be modeled with sinusoids can be explained with the binary
star model since their TTV amplitudes are too large. The
amplitudes of all observed parabolic TTV signals are also
too large by a factor of at least 7 with the exceptions of
Kepler-50 (which is very near the 6:5 MMR) and Kepler-
60 (which has three planets instead of just two). Still, even
these systems have amplitudes that are a factor of 2 and 1.5
too large respectively for this worst-case scenario.

In these remaining two systems (Kepler-50 and Kepler-
60), all of the candidate pairs are very near first order
MMRs—all are comfortably within 10−3 of the resonance
and have ζ1 < 0.035. Planets this close to MMR would
naturally have TTV signals that develop over very long
timescales (and would be seen only as parabolas over the
course of our data). Using the same method outlined above
we find that fewer than 2% of planet pairs are this close
to resonance (having ζ1 < 0.04)—and for Kepler-60 one
would need two such pairs. The probability of having a bi-
nary star system with an appropriate period ratio—between
500 and 1500 days—is approximately 0.05/2 = 0.025 (us-
ing the analytic distribution given in Duquennoy and Mayor
(1991) and dividing by two in order to have a binary star
instead of an isolated star). Also needed is that all plan-
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ets must transit their respective hosts (with a probability
perhaps as large as ∼ 0.1 given that the binary star sys-
tem which would likely induce correlations in the orbital
planes of the planets), Finally, the orbital phase of the bi-
nary must be such that it produces a parabola-resembling
cosine signal (∼ 2 × 0.2). Thus, the expected number of
planet pairs in an plausible, stellar binary system is no larger
than 0.02 × 0.025 × 0.1 × 2 × 0.2 ∼ 10−5—a result slightly
smaller than the scenario using a background star. Again,
this possibility is much less likely than that of a single system
(nearly 1000 times less likely for these two systems where
this model is potentially viable). Nevertheless, the twin-
star scenario given here has always been a known caveat
for multi-transiting systems (especially for very widely sep-
arated binaries) and should such a system ever be seen, it
would be a very interesting one for study.

3.3 Mass limits from orbital stability

Once the fact that the different planet candidates orbit the
same star has been established, we use dynamical stability
to show that their masses must be planetary. We followed
the method used and described in Fabrycky et al. (2012a).
Briefly, we integrate a series of planetary systems with dif-
ferent masses, starting from the value at which stability is
analytically assured (Gladman 1993). We integrate the sys-
tem until it becomes unstable, produces close encounters, or
survives without close encounters for 109 inner-planet orbits.
We set the upper limit on the planet mass as the small-
est mass that yields an unstable system. For each planet
candidate examined with the stability test, this value is
. 25MJupiter, confirming them as planets (using the planet
criterion suggested by (Schneider et al. 2011)). Table 4 shows
the overall results of the stability study.

Ford et al. (2012a) discusses in detail the possible,
though unlikely, scenario where the planets in those systems
are both orbiting a background star instead of the target
star. We mention here the implications for the planet na-
ture of the orbiting objects. Dynamical stability yields con-
straints on the masses of the planets compared to the total
mass of the system. So, if a background star is more massive
than the target, then the corresponding mass limits would
grow in proportion to the difference. It is possible that such
a scenario would push the mass limits beyond the planetary
regime. For most systems the mass of the true host star
would need to be larger by a factor of 10 or more (for most
of the systems here that would imply > 8M� host). Such
massive stars are quite rare and don’t survive on the main se-
quence for very long. For the less massive targets with large
mass limits on the orbiting objects—Kepler-52 (KOI-775) in
particular—a more massive background star, with a factor of
two or more greater mass, could be an issue (though the or-
bits would all need to be oriented in a physically unfavorable
manner to yield consistent transit durations). Nevertheless,
refined mass limits from the next section effectively elimi-
nate the possibility that the objects orbiting Kepler-52 are
not planetary.

3.4 Analytic mass limits

A recent paper by Lithwick et al. (2012) gives analytic for-
mulae that can be used to derive mass estimates or upper

Table 4. Mass limits from the stability analysis.

Planet KOI Max Mass (MJ)

48b 148. 01 5.94

48c 148. 02 11.61
49b 248. 01 0.98

49c 248. 02 0.72

50b 262. 01 0.10
50c 262. 02 0.11

51b 620. 01 3.23

51c 620. 03 2.60
52b 775. 02 8.70

52c 775. 01 10.41

53b 829. 01 18.41
53c 829. 03 15.74

54b 886. 01 0.92
54c 886. 02 0.37

55b 904. 02 1.49

55c 904. 03 1.11
56b 1241.02 5.12

56c 1241.01 12.18

57b 1270.01 18.86
57c 1270.02 6.95

58b 1336.01 1.39

58c 1336.02 2.19
59b 1529.02 2.05

59c 1529.01 1.37

60b 2086.01 0.25
60c 2086.02 0.56

60d 2086.03 0.68

limits using the relative amplitudes and phases of the TTV
signal. Those formulae apply once a reliable amplitude for a
sinusoid-shaped TTV signal can be extracted. Here we as-
sume that the free eccentricity is zero and apply the corre-
sponding formula from (Lithwick et al. 2012) to the systems
where this analysis is appropriate (i.e., where the amplitude
of the TTV signal can be extracted).

The free eccentricity of a planet—the eccentricity it
would have in isolation (as opposed to the forced eccen-
tricity, which results from the presence of the perturbing
planet)—will tend to boost the TTV signal on a nearby
planet. Thus, if there is some free eccentricity, then the mass
estimates that come from the above analysis should be in-
terpreted as approximate mass upper limits. A constraint
on the free eccentricity can be made from the phase of the
TTV signal relative to the line of sight of the observer. In
our sample of systems the uncertainty in the TTV phase is
sufficiently large that we do not claim absence of free eccen-
tricity in any system. Thus, we consider all estimates to be
upper limits. Nevertheless, these upper limits are roughly
one order of magnitude more stringent than what one ob-
tains from dynamical stability.

The results of this analysis are presented in Table 5
where we include the mass limits from orbital stability
(copied from table 4 but now in Earth masses), the analytic
mass estimate assuming zero free eccentricity, the formal un-
certainty in this estimate, and the measured TTV phase and
its uncertainty (note that we quote the best fitting value for
the masses, so the actual mass limit at a specific confidence
level must be calculated from this quantity and its given
uncertainty). The systems analyzed in this manner include
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Table 3. Results of the Monte Carlo studies of the TTV residuals. Only pairs with an FAP < 0.1 for at least one of the methods are

shown. If no realizations of the Monte Carlo were more significant than the observed signal out of 104 realizations, we note the results as
FAP < 10−3. Here FAP1 and FAP2 come from the dynamical modelling where the inner planet is being pertubed by the outer and vice

versa. FAPGP comes from the Gaussian Process Monte Carlo simularion. And, Ξ and FAPΞ are for the Fourier analysis Monte Carlo.

Confirmed planet pairs are noted.

Kepler KOI1 KOI2 FAP1 FAP2 FAPGP Ξmax FAPΞ Confirmed

48 148.01 148.02 0.0022 < 10−3 19.6 < 10−3 y
148.01 148.03

148.02 148.03

49 248.03 248.01

248.03 248.02

248.03 248.04 0.0816
248.01 248.02 < 10−3 < 10−3 69.8 < 10−3 y

248.01 248.04 7.1
248.02 248.04

50 262.01 262.02 < 10−3 0.0120 < 10−3 34.8 < 10−3 y

51 620.01 620.03 0.0001 0.0166 0.0006 79.6 0.0072 y

620.01 620.02
620.03 620.02 0.0114

52 775.02 775.01 0.0003 0.0476 19.1 0.0001 y
775.02 775.03

775.01 775.03 0.0439

53 829.02 829.01 5.9

829.02 829.03 0.0019 0.0004

829.01 829.03 0.0009 0.0007 10.9 0.0072 y

54 886.01 886.02 < 10−3 < 10−3 < 10−3 104.3 < 10−3 y

886.01 886.03
886.02 886.03 6.0

55 904.01 904.04 7.7
904.01 904.05

904.01 904.02

904.01 904.03 < 10−3

904.04 904.05

904.04 904.02 0.0001

904.04 904.03 6.9
904.05 904.02 6.2

904.05 904.03

904.02 904.03 < 10−3 < 10−3 93.2 < 10−3 y

56 1241.02 1241.01 < 10−3 0.0210 11.5 0.0016 y

57 1270.01 1270.02 < 10−3 18.1 < 10−3 y

58 1336.01 1336.02 0.0001 0.0001 13.6 0.0006 y

59 1529.02 1529.01 < 10−3 0.28 y

60 2086.01 2086.02 0.0002 0.0092 10.0 0.0049 y

2086.01 2086.03 0.0001 7.8 y

2086.02 2086.03 0.0194 0.0001 y

Kepler-48, Kepler-49, Kepler-52, Kepler-53, Kepler-57, and
Kepler-58. For these systems, the location in time where
the line of conjunction is along the line of sight is shown in
the corresponding figures in the Appendix. Zero TTV phase
(measured for the inner planet) occurs when the TTV signal
crosses zero from above. A more detailed study of these sys-
tems and those discussed in (Lithwick et al. 2012) will yield
an interesting estimate for the number of near-resonant sys-
tems with free eccentricity. At first glance, it appears that

rougly half of the systems studied using this approach re-
tain some free eccentricity (∼ 6 out of 12, though more data
will inevitably yield more a more reliable count). Such a re-
sult will have implications for how the excess of planetary
systems near, but perhaps not in, low-order MMRs is gen-
erated ((Lithwick and Wu 2012; Terquem and Papaloizou
2007; Papaloizou 2011; Podlewska-Gaca et al. 2012; Sándor
and Kley 2006; Batygin and Morbidelli 2012)).
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Table 5. Mass limits from orbital stability (now given in Earth masses) and from analytic formulae with TTV phase φ. The quoted
numbers from the analytic results are the best fitting values, so the actual mass limits will be a combination of these numbers and their

uncertainties.

Kepler KOI Stability Mass Limit TTV Mass Limit σM φ (deg) σφ
(M⊕) (M⊕) (M⊕) (degrees) (degrees)

48b 148.01 1960 17.2 3.9 -7.9 14

48c 148.02 3830 10.1 3.5 -156 10
50b 248.01 323 7.6 1.3 47 9.0

50c 248.02 238 7.1 1.1 -138 9.3

52b 775.02 2870 89 46 -153 9.6
52c 775.01 3440 37.4 8.0 39 27

53b 829.01 6080 84 27 -42 26

53c 829.03 5190 24 12 111 40
57b 1270.01 6220 100 15 98 190

57c 1270.02 2290 5.4 3.7 -84 60
58b 1336.01 677 27.4 8.1 -85 122

58c 1336.02 452 41 12 135 17

4 DISCUSSION AND CONCLUSION

All of the systems that we confirm here and in similar previ-
ous studies are near first-order MMR. In this case there are
six pairs near the 2:1 MMR (Kepler-48, Kepler-51, Kepler-
52, Kepler-53, Kepler-56, and Kepler-57), five pairs near the
3:2 MMR (Kepler-49, Kepler-54, Kepler-55, Kepler-58, and
Kepler-59), and one pair each in the 4:3 (Kepler-60 c and d ),
5:4 (Kepler-60 b and c), and 6:5 (Kepler-50). Several systems
show additional planet candidates that, due to their pres-
ence in known multi-transiting systems, are very likely to
be true planets as well (Lissauer et al. 2012). If we consider
all of the KOIs to be planets, then a few systems will have
multiple pairs of planets near first order MMRs with some
of these pairs being adjacent links in a near resonant chain
including: Kepler-51 near a 3:2 – 2:1 chain (3:2:1), Kepler-53
near a 2:1 – 2:1 chain (4:2:1), Kepler-55 with one pair near
the 2:1 and a separate pair near the 3:2, and Kepler-60 near
a 5:4 – 4:3 chain (20:15:12). The balance of the planet pairs
in these systems, if near a resonance at all, must be near a
resonance of higher order.

These planetary systems, like the other systems that
have been confirmed via TTV analyses, are of particular
interest for long-term scrutiny with follow-up observations
and dynamical studies. The detailed dynamics of plane-
tary systems yield meaningful information about the evo-
lutionary histories of the orbital architectures of the sys-
tem. For example, the differences in the fraction of systems
that show multiple candidates and detectabe TTVs among
smaller planet candidates with few-day orbital periods com-
pared with the larger, Jupiter-sized candidates in the same
period range—these hot Jupiters have no compelling signs
of current planet-planet dynamics—gives strong clues as to
their likely distinct dynamical history compared to the bulk
of the exoplanet population (Steffen et al. 2012).

These newly confirmed planetary systems continue to
show the value that transit timing variations have and will
have in transiting planet endeavors. As new planets are
found, with increasingly smaller sizes and longer orbital pe-
riods, TTVs provide the only viable means of determining
planetary masses. TTVs, along with statistical validation via
the techniques employed in (Torres et al. 2011) and (Lissauer
et al. 2012), will likely be the primary means to demonstrate

the planetary nature of the planet candidates that the Ke-
pler spacecraft identifies (in part because the stars in the
Kepler field are often too dim to make good Radial Velocity
targets).

Two of these systems show a modest gap in the orbital
period ratios of adjacent pairs of KOIs. If planetary systems
tend to be dynamically packed (e.g. Barnes and Raymond
(2004); Lissauer (1995); Laskar (2000)) then there may be
additional undetected planets in these gaps. In this set of
systems, the most promising examples for future investi-
gations include Kepler-48 which has a gap that is over a
factor of 4 in period ratio and KOI-248 which has a gap
that is nearly a factor of three in orbital period. A detailed
TTV analysis of these two systems would provide useful
constraints on or support for the hypothesis of dynamically
packed systems.

The planetary system orbiting the giant star Kepler-56
is another interesting individual system—being an early dis-
covery of a transiting multiplanet system hosted by a giant.
Chromospheric emission from giant stars causes the star to
be limb brightened in certain pass bands (e.g. the Calcium
H and K lines). Comparison of the transit duration in these
bands with the duration from the broad band Kepler data
may yield a direct measurement of the size of the chromo-
sphere (Assef et al. 2009).

Continued monitoring by the Kepler spacecraft and fu-
ture study will likely yield more precise mass measurements
of the planets in these systems and consequently provide
constraints on their bulk composition. Such mass measure-
ments will in turn improve our understanding of planet for-
mation processes outside of our own solar system and are
useful to place or solar system in the context of the general
planet population.
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APPENDIX A: TIMING RESIDUALS FOR
EACH SYSTEM.

In this appendix we show the data that were used in the
analysis of the paper (Figures A1, A2, A3, A4, A5, A6, A7,
A8, A9, A10, A11, A12, and A13). The timing residuals
(TTV signal) of the inner planet(s) are displaced vertically
for convenience in viewing. We also show in Table A1 the
Ξmax values, the TTV period associated with Ξmax, and as-
sociated fit parameters (from Equation 1) for the pairs of
planets that can be confirmed with the Fourier methods.

This paper has been typeset from a TEX/ LATEX file prepared
by the author.
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Table A1. Results from the Ξmax calculations for pairs of planets that can be confirmed, or nearly so, with the Fourier method.

KOI Ξmax PTTV A σA B σB C σC
(days) (days) (days) (days) (days) (days) (days)

148 inner 19.6 381 -0.00202 0.00068 -0.00191 0.00076 -0.00032 0.00051
outer 0.00245 0.00042 0.00044 0.00046 0.00024 0.00031

248 inner 69.8 386 0.00608 0.00071 0.00102 0.00074 0.00035 0.00052

outer -0.01063 0.00137 -0.00281 0.00158 0.00063 0.00103
262 inner 34.8 1080 0.01328 0.00289 -0.01321 0.00282 -0.00909 0.00226

outer -0.00668 0.00188 0.00706 0.00180 0.00482 0.00148

620 inner 79.6 2117 -0.02297 0.00332 -0.00805 0.00144 0.02013 0.00294
outer 0.09573 0.01485 0.04132 0.00678 -0.09856 0.01528

775 inner 19.1 192 0.00245 0.00150 -0.00691 0.00150 -0.00034 0.00106

outer -0.00273 0.00316 0.01003 0.00272 0.00056 0.00207
829 inner 10.9 527 0.00297 0.00265 -0.00606 0.00283 -0.00123 0.00199

outer -0.01049 0.00256 0.00798 0.00269 0.00222 0.00188
886 inner 104.3 817 0.00676 0.00182 -0.03673 0.00243 -0.00956 0.00153

outer -0.00958 0.00526 0.04975 0.00786 0.01469 0.00473

904 inner 93.2 1042 -0.04334 0.00539 0.05861 0.00625 0.03503 0.00461
outer 0.05047 0.00827 -0.02519 0.00541 -0.02724 0.00544

1241 inner 11.5 434 0.07482 0.01245 -0.04064 0.01291 -0.01055 0.00905

outer -0.00374 0.00586 0.01510 0.00643 0.00415 0.00449
1270 inner 18.1 428 0.00000 0.00089 0.00213 0.00103 0.00046 0.00071

outer 0.00096 0.00198 -0.01916 0.00218 -0.00459 0.00152

1336 inner 13.6 321 -0.00904 0.00370 -0.01294 0.00412 0.00358 0.00283
outer 0.01880 0.00392 0.00230 0.00450 -0.00384 0.00300

2086 inner 10.0 662 0.01122 0.00412 0.00738 0.00401 0.00006 0.00287

outer -0.00806 0.00335 -0.00626 0.00342 0.00000 0.00239

Figure A2. Deviations from a constant period for Kepler-49

(KOI-248). The residuals for the outer planet have been displaced

vertically for convenience in seeing the TTV signal. Vertical lines
correspond to the times when the line of conjunctions of the two

planets crosses the line of sight and are used to measure the TTV

phase for the analytic mass estimates shown in Table 5.

Figure A3. Deviations from a constant period for Kepler-50

(KOI-262). The residuals for the outer planet have been displaced

vertically for convenience in seeing the TTV signal.
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Figure A4. Deviations from a constant period for Kepler-51
(KOI-620). The residuals for the outer planet have been displaced

vertically for convenience in seeing the TTV signal.

Figure A5. Deviations from a constant period for Kepler-52

(KOI-775). The residuals for the outer planet have been displaced

vertically for convenience in seeing the TTV signal. Vertical lines
correspond to the times when the line of conjunctions of the two

planets crosses the line of sight and are used to measure the TTV

phase for the analytic mass estimates shown in Table 5.

Figure A6. Deviations from a constant period for Kepler-53

(KOI-829). The residuals for the outer planet have been displaced
vertically for convenience in seeing the TTV signal. Vertical lines

correspond to the times when the line of conjunctions of the two

planets crosses the line of sight and are used to measure the TTV
phase for the analytic mass estimates shown in Table 5.

Figure A7. Deviations from a constant period for Kepler-54

(KOI-886). The residuals for the outer planet have been displaced
vertically for convenience in seeing the TTV signal.

Figure A8. Deviations from a constant period for Kepler-55
(KOI-904). The residuals for the outer planet have been displaced

vertically for convenience in seeing the TTV signal.

Figure A9. Deviations from a constant period for Kepler-56

(KOI-1241). The residuals for the outer planet have been dis-
placed vertically for convenience in seeing the TTV signal.

c© 0000 RAS, MNRAS 000, 1–9



12 Steffen et al.

Figure A10. Deviations from a constant period for Kepler-57
(KOI-1270). The residuals for the outer planet have been dis-

placed vertically for convenience in seeing the TTV signal. Verti-

cal lines correspond to the times when the line of conjunctions of
the two planets crosses the line of sight and are used to measure

the TTV phase for the analytic mass estimates shown in Table 5.

Figure A11. Deviations from a constant period for Kepler-58

(KOI-1336). The residuals for the outer planet have been dis-

placed vertically for convenience in seeing the TTV signal. Verti-
cal lines correspond to the times when the line of conjunctions of

the two planets crosses the line of sight and are used to measure

the TTV phase for the analytic mass estimates shown in Table 5.

Figure A12. Deviations from a constant period for Kepler-59
(KOI-1529). The residuals for the outer planet have been dis-

placed vertically for convenience in seeing the TTV signal.

Figure A13. Deviations from a constant period for Kepler-60

(KOI-2086). The residuals for the outer planet have been dis-

placed vertically for convenience in seeing the TTV signal.
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