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Kepler-9: A System of Multiple Planets
Transiting a Sun-Like Star, Confirmed
by Timing Variations
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The Kepler spacecraft is monitoring more than 150,000 stars for evidence of planets transiting
those stars. We report the detection of two Saturn-size planets that transit the same Sun-like star,
based on 7 months of Kepler observations. Their 19.2- and 38.9-day periods are presently
increasing and decreasing at respective average rates of 4 and 39 minutes per orbit; in addition,
the transit times of the inner body display an alternating variation of smaller amplitude. These
signatures are characteristic of gravitational interaction of two planets near a 2:1 orbital
resonance. Six radial-velocity observations show that these two planets are the most massive
objects orbiting close to the star and substantially improve the estimates of their masses. After
removing the signal of the two confirmed giant planets, we identified an additional transiting
super-Earth—size planet candidate with a period of 1.6 days.

he Kepler mission was designed to mea-
Tsure the frequency of Earth-size planets

in the habitable zones of Sun-like stars,
by observing the dimming of star light when a
planet passes in front of (that is, transits) its parent
star (/). Transiting planets are particularly valu-
able, because their photometry, in conjunction
with radial-velocity (RV) observations, yields the
planets’ physical properties (for instance, radius,
mass, and density) (2, 3). Kepler has identified
more than 700 transiting-planet candidates (4),
including some systems with multiple transiting-
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exoplanet candidates (5). Confirming that each of
these candidates is actually a planet (as opposed
to various astrophysical false positives; for exam-
ple, diluted eclipsing binaries) requires extensive
follow-up observations. We report the detection
of a system of two transiting planets (Kepler-9b
and 9c¢) showing transit timing variations (TTVs)
6, 7).

Kepler photometry. The Kepler data pipeline
identified two transiting-planet candidates orbit-
ing a star now designated Kepler-9 (KIC 3323887,
2MASS 19021775+3824032, KOI-377) and per-
formed a series of checks to exclude common
false positives (§—70). The Kepler photometric ob-
servations of Kepler-9 reported here span 13 May
to 16 December 2009 universal time and consist of
a nearly continuous series of 29.426-min exposures

»
AR M

through a broad optical bandpass (/). Because
preliminary estimates of the transit times suggested
that the transit times were not strictly periodic,
this system was selected for intensive study.

The Kepler light curves (Figs. 1 and 2) show
that Kepler-9 is a mildly active star, with photo-
metric variations somewhat larger than those ex-
hibited by the active Sun. The light curves show
the effects of stellar spots (radius ~ 0.1R~, where
R+« is the stellar radius) and a stellar rotation
period of ~16.7 days. Ground-based telescopic
observations established that the properties of the
host star are quite similar to those of the Sun [see
the supporting online material (SOM)].

TTVs. The orbital periods of the two planet
candidates are ~19.24 (Kepler-9b) and ~38.91
(Kepler-9c) days. We modeled each transit sep-
arately, allowing for variations in the transit time,
duration, depth, and shape. Because there are
substantial variations in the transit times but not
in any of the other parameters, we determined
the final transit times by fitting a detailed transit
model, requiring a common transit duration, depth,
and shape for each planet candidate, but fitting for
the mid-time of each transit (Fig. 3 and tables S4
and S5). The observed changes are much larger
than the ~80-s uncertainty with which we mea-
sured the times of transit, as well as the expected
variations due to a planet transiting stellar spots
(SOM).

At BID 2455088.212 (the weighted average
of the transit times), the ratio of the best-fit orbital
periods of Kepler-9c and Kepler-9b is P./P, =
2.023, indicating that the system is probably af-
fected by a 2:1 mean motion resonance (MMR).
Resonance libration can cause the instantaneous
period ratio to differ by a few percent from the
long-term average ratio, even if the planets are well
within the resonance. For planets in a 2:1 MMR,
conservation of energy, assuming no strong scat-
tering and slow variation of the orbital elements,
implies that the period derivatives have opposite
sign with a ratio dependent on the planet-planet
mass ratio. We measure —[(APy/P,)/(AP/P.)] =
0.375, suggesting a mass ratio of Kepler-9c to
Kepler-9b (M /M) = 0.6 (see SOM). In addition
to the slow change in orbital period, the times
between successive pairs of transits of Kepler-9b
also show an alternating pattern with an amplitude
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‘ Fig. 1. The raw photometry of Kepler-
9 (KOI-377, KIC 3323887) showing
data from Quarters 1 to 3. The jumps in
flux correspond to the breaks between
quarters, when Kepler-9 moves to a
different detector after the rotation of
the spacecraft.
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of 2 to 4 min (Fig. 3). This “chopping” signal is due
to the alternating position of the outer planet at
the time of transit of the inner planet, and it scales
with the mass of the outer body. These inter-
dependent timing variations indicate that the two
bodies are gravitationally interacting and, thus,
must be orbiting the same star.

Dynamical model. The observed TTVs are
the natural consequences of a system of two
planets orbiting near the 2:1 MMR. We veri-
fied this by numerically simulating a fully interact-
ing three-body system composed of a star of mass
1.0M, (Where My, is the mass of the Sun) and two
planets. We fit the planet masses and orbits by
comparing the transit times and durations pre-
dicted by the numerical model with those ob-
served (Figs. 4 and 5).

Based on the photometry alone, we exclude
masses for Kepler-9b that are less than 0.02M},,
(where My, is the mass of Jupiter) and greater
than 4My,,; for Kepler-9c, we exclude masses
that are less than 0.03M,, and greater than 2Mj,,,
at the 3o level (Fig. 4). This confirms that these
are two planet-mass objects orbiting a Sun-like
star and that their eccentricities are small (< 0.2).
We verified that, for masses of Kepler-9b and 9¢
that correspond to brown dwarfs or stars, the fits
to the transit times and durations are very poor,
and the systems are dynamically unstable on time
scales of tens of years.

Using the times and durations of transits
observed over the lifetime of the Kepler mission,
we expect that the TTVs alone will constrain the
masses, eccentricities, and mutual inclination of
the two established planets with substantially
reduced uncertainties (SOM). Nevertheless, we
obtained a few strategically timed high-precision
RV measurements with the High-Resolution
Echelle Spectrometer (/7) instrument on the 10-m
Keck 1 telescope (SOM). Assuming that the RVs
are dominated by Kepler-9b and Kepler-9c, we
infer masses of 0.252 + 0.013 M, and 0.172 +
0.013 My,, for Kepler9b and 9c, respectively
(Table 1), based on the combination of RV, transit
times, and durations (Fig. 4, dashed line). Figure 3
shows the RVs predicted by the model and those
observed (these were included in the fit).

The measured ratio of transit durations is
consistent with both planets transiting the same
star with low-eccentricity orbits and similar im-
pact parameters. Whereas the inclination of each
planet’s orbit relative to the plane of the sky
(lpsky» Ie.sky) 1s measured from the transit duration
and shape, the relative inclination between the
orbits depends on the difference in the longitudes
of ascending node (AQy,). In general, dynamical
interactions induce nodal precession that, in turn,
causes a drift in the impact parameter and the
duration of the transits (12, 13). The lack of transit
duration variations provides a constraint on the
mutual inclinations and the presence of moons
(12). Multiple transiting planets are most likely to
be seen in systems with small relative orbital
inclinations. For the orbital periods of Kepler-9b
and 9c, the probability of both planets transiting

decreases rapidly as the relative inclination in-
creases beyond 2° (/4). The current observations
favor a small relative inclination (<10°).
Follow-up observations. We performed a se-
ries of tests to exclude a variety of astrophysical
configurations that could mimic the transits seen
in the Kepler photometry. High-resolution imag-
ing revealed that Kepler-9 has three neighboring
stars located within 8 arc sec of itself, implying
minor contamination (<1%) of the transit depth
(15). Because all identified neighbors are >3.7
magnitudes fainter, none could mimic the Kepler-

9b or Kepler-9c transits, even if it were an eclips-
ing binary that dimmed by 50%. Moreover, the
likelihood is negligible that the two transit
signatures with a period ratio of 2:1 could be
caused by stellar-mass companions, as this con-
figuration would not be stable (/6). Modeling of
an exhaustive variety of stellar-blend scenarios
(15), assuming the photometry of each planet
candidate is the result of the brightness variations
of an eclipsing binary being diluted by the brighter
candidate star, has shown that, in the case of
Kepler-9b and 9c, the only blends that could
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reproduce the Kepler light curve would be within
two magnitudes of the target brightness. A com-
bination of high-resolution imaging and spectro-
scopic constraints rules out these scenarios and
provides an independent confirmation of the plan-
etary status of the two planets.

Super-Earth—size candidate. After filtering
out the transits of Kepler-9b and Kepler-9c, there
is evidence for a third, smaller planet candidate
with a period of 1.5925 days and a transit depth
of ~200 parts per million (ppm) (Fig. 6). Until it
is confirmed as a planet (as opposed to a back-
ground eclipsing binary), we will refer to this body
as KOI-377.03, following the internal enumera-
tion of Kepler Objects of Interest (KOI). Because
the transit depth of KOI-377.03 is similar to the
scatter in each 30-min observation, individual
events are difficult to distinguish, but the transit
light curve is very significant in binned photom-
etry (Fig. 5). The transit duration (~2.8 hours) is
consistent with a central transit of the same star
orbited by Kepler-9b and Kepler-9c (which transit
with a larger impact parameter). If this is a planet
orbiting the same star, it would have a radius of
~1.5R, (where R is the radius of Earth), making
KOI-377.03 one of the smallest planets detected to
date. We verified with n-body integrations that a
system composed of Kepler-9, Kepler-9b, Kepler-
9c, and KOI-377.03 (assuming an Earth-like density
for the KOI-377.03) is dynamically stable for at least
the time scale of the numerical integrations (SOM).

If KOI-377.03 is a planet in the same system,
its expected TTV amplitude is only tens of seconds
(7), which is not surprising given the large pe-
riod ratio (12.1) between KOI-377.03 and Kepler-
9b. Neither this signal nor the TTVs induced on
Kepler-9b or Kepler-9¢ from KOI-377.03 are
likely to be measured by Kepler. However, the
expected RV signature from such a planet would
be ~1.5 m/s semiamplitude (using an Earth-like

density) and may be contributing to the observed
RV scatter.

Discussion. The detailed dynamics of a res-
onant system probes the system’s formation.
Resonant systems of giant planets inside the
snow line most likely formed outside of reso-
nance and at larger distances. Slow, smooth dif-
ferential migration through the system’s natal
disk naturally leads to planets becoming trapped
in the 2:1 MMR with small amplitude libration
of resonant angles, as is the case for the GJ876
system (17, 18). Although several other planetary
systems are near the 2:1 MMR (7/9-23) or show
more complicated resonance structure (24), mea-
suring the libration amplitude of resonant angles
from RV observations is challenging, even for the
most favorable system (24, 25). For multitransit-
ing systems, on the other hand, resonant angles
can be accurately measured via TTVs (26). For
the Kepler-9 system, the expected libration period,
based on numerical simulations, is ~4 years.

The best-fit Kepler-9b and 9¢ model is dy-
namically stable for more than 2.7 billion years,
but only one of the resonant angles librates. For
nearby, stable solutions, each of the resonant angles
circulate. Large libration amplitude (Fig. 4, bot-
tom panel) could be attributable to a more rapid
migration (27) or excitation after resonant capture.
For example, continued migration after resonant
capture can lead to eccentricity excitation and,
eventually, planet-planet scattering (28—31). Other
mechanisms such as turbulence in the proto-
planetary disk (32), scattering of planetesimals
(33, 34), and perturbations by other planets (35)
could also be responsible for a large libration am-
plitude. In principle, each of these mechanisms
could perturb a resonant system so as to increase
the libration amplitude. For Kepler-9b and 9c,
tidal dissipation is expected to be too slow to have
broken the MMR (36).
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sumed mass of Kepler-9¢ (\.). (Top)
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Our models currently indicate a solar-mass
star with a radius of ~1.1R, (Where R, is the
radius of the Sun), based on the observed dura-
tions and impact parameters (SOM). Combining
this observation with the well-measured radius
ratio, the two planets Kepler-9b and 9c have
nearly identical radii of ~0.8Ry,, (Where Ry, is
the radius of Jupiter). The best-fit planet masses
and radii are slightly smaller than those of Saturn.
Theoretical models indicate that such planets are
composed primarily of H and He (37-39).

The equilibrium temperatures for Kepler-9b
and 9c are ~740 and ~540 K, respectively (assum-
ing Bond albedos of 0.2). The mass-radius rela-
tion is insensitive to the equilibrium temperatures,

Table 1. Parameters for Kepler-9, Kepler-9b, and
Kepler-9c based on the combined fit to the ob-
served transit times, transit durations, and RVs. The
quadratic ephemerides for both planets are ap-
proximations to the actual transit times and are not
meant to be extrapolated beyond the observations
presented in this paper. The quoted uncertainties in
the planetary masses, radii, densities, and semimajor
axes do not incorporate the uncertainty in the stel-
lar mass (M-). Ry, planet radius; b, impact param-
eter; M, mass of planet; AU, astronomical units; N,
transit number.

Stellar parameters Value
Mass M- (M) 1.0 £ 0.1
Radius R« (Ro) 1.10 + 0.09
Planet “b"”
Value
parameters
Ephemeris (2455073.43381 + 0.00052)
(BJD) +(19.243159 + 0.000098)N

+(0.001274 + 0.000036)N?

Transit duration 0.15927 + 0.00044
(days)

Scaled planet

radius Rp/R-

0.07885 + 0.00081

Scaled impact 0.654 + 0.033
parameter b/R«
Mass M, (M) 0.252 + 0.013
Radius Rp(Ryyp) 0.842 + 0.069
Density p,, (g/cm®) 0.524 + 0.132
Orbital semimajor 0.140 + 0.001
axis a (AU)
Planet “c Value
parameters
Ephemeris (2455164.18301 + 0.00074)
(BJD) +(38.908610 + 0.000738)N

—(0.013452 + 0.000147)N?

Transit duration 0.17121 + 0.00057
(days)

Scaled planet

radius R,/R«

0.07708 + 0.00080

Scale impact 0.716 + 0.026
parameter b/R-
Mass M, (M),p) 0.171 + 0.013
Radius R,(Ryp) 0.823 + 0.067
Density p,, (g/cm®) 0.383 + 0.098
Orbital 0.225 = 0.001
semimajor axis
a (AU)
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Fig. 5. Light curves for Kepler-9b (left) and Kepler-9c (right). In each
panel, the top curve shows the detrended Kepler photometry (points, colored
by transit epoch) folded with the best-fit period. Significant displacements
are due to the large TTVs caused by gravitational interactions between the
planets, as described in the text. The bottom curve in each panel (displaced

Fig. 6. The detrended relative pho- 1.0010
tometry of Kepler-9, folded on its or-

bital period, showing the full ph

ital period, showing the full phase 1 0005

curve and the signal due to candi-
date KOI-377.03. For this, we adopt
an ephemeris for KOI-377.03 of B]D
2454965.74 + E x 1.5925. This light
curve could be due to an astro-
physical false positive, although the
transit parameters and other con-
siderations are consistent with this candidate being a
coplanar third planet in the Kepler-9 system. Black
vertical bars show phased photometry binned every
~15 min with error bars taken from the scatter of the
data in each bin. Also shown is a model for the central
transit of a planet with radius ~1.5R,.

Detrended Flux

but these could be affected by a young age (38).
The heavy-element fractions of Kepler-9b and
9¢ are indeterminate (~0.1 to 0.5), but coreless
(metal-free) models seem to be excluded.
KOI-377.03 might correspond to a super-
Earth-size planet of radius ~1.5R,. With no ad-
ditional information available for this planet,
the upper mass limit of 7M (where M, is the
mass of Earth) corresponds to the maximum
mantle-stripping limit for a maximally iron-rich
super-Earth (40). The lower mass limit is less
clear: It could be as small as 11/, for a volatile-
rich planet with a hot extended atmosphere; e.g.,
water steam (47, 42). The planet candidate is so
close to its host star, comparable to CoRoT-7b
(43), that its ~2200 K estimated surface tem-
perature is very high, and volatile-rich solutions
are less likely if the Kepler-9 planetary system is
old and evaporation has been substantial. A
volatile-poor rocky KOI 377.03 super-Earth with
a Ganymede-like Fe/Si ratio would correspond
to a planet mass of ~3.5M, (44). Such a planet
would have formed under volatile-rich conditions,
only to lose all of its water due to evaporation.
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