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A closely packed system of low-mass,
low-density planets transiting Kepler-11
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Neil Miller2, Robert C. Morehead3, Elisa V. Quintana7, Darin Ragozzine4, Dimitar Sasselov4, Donald R. Short6 & Jason H. Steffen16

When an extrasolar planet passes in front of (transits) its star, its radius can be measured from the decrease in starlight
and its orbital period from the time between transits. Multiple planets transiting the same star reveal much more: period
ratios determine stability and dynamics, mutual gravitational interactions reflect planet masses and orbital shapes, and
the fraction of transiting planets observed as multiples has implications for the planarity of planetary systems. But few
stars have more than one known transiting planet, and none has more than three. Here we report Kepler spacecraft
observations of a single Sun-like star, which we call Kepler-11, that reveal six transiting planets, five with orbital periods
between 10 and 47 days and a sixth planet with a longer period. The five inner planets are among the smallest for which
mass and size have both been measured, and these measurements imply substantial envelopes of light gases. The degree
of coplanarity and proximity of the planetary orbits imply energy dissipation near the end of planet formation.

Kepler is a 0.95-m-aperture space telescope using transit photometry
to determine the frequency and characteristics of planets and plan-
etary systems1–4. The only fully validated multiple transiting planet
system to appear in the literature to date is Kepler-9, with two giant
planets5 orbiting exterior to a planet whose radius is only 1.6 times
that of Earth6. The Kepler-10 system7 contains one confirmed planet
and an additional unconfirmed planetary candidate. Light curves of
five other Kepler target stars, each with two or three (unverified)
candidate transiting planets, have also been published8. A catalogue
of all candidate planets, including targets with multiple candidates, is
presented in ref. 35.

We describe below a six-planet system orbiting a star that we
name Kepler-11. First, we discuss the spacecraft photometry on
which the discovery is based. Second, we summarize the stellar prop-
erties, primarily constrained using ground-based spectroscopy. Then
we show that slight deviations of transit times from exact periodicity
owing to mutual gravitational interactions confirm the planetary
nature of the five inner candidates and provide mass estimates.
Next, the outer planet candidate is validated by computing an upper
bound on the probability that it could result from known classes of
astrophysical false positives. We then assess the dynamical properties
of the system, including long-term stability, eccentricities and rela-
tive inclinations of the planets’ orbital planes. We conclude with a
discussion of constraints on the compositions of the planets and
the clues that the compositions of these planets and their orbital
dynamics provide for the structure and formation of planetary
systems.

Kepler photometry
The light curve of the target star Kepler-11 is shown in Fig. 1. After
detrending, six sets of periodic dips of depth of roughly one milli-
magnitude (0.1%) can be seen. When the curves are phased with these
six periods, each set of dips (Fig. 2) is consistent with a model9 of a
dark, circular disk masking out light from the same limb-darkened
stellar disk; that is, evidence of multiple planets transiting the same
star. We denote the planets in order of increasing distance from the
star as Kepler-11b, Kepler-11c, Kepler-11d, Kepler-11e, Kepler-11f
and Kepler-11g.

Background eclipsing binary stars can mimic the signal of a transi-
ting planet10. Kepler returns data for each target as an array of pixels,
enabling post-processing on the ground to determine the shift, if any,
of the location of the target during the apparent transits. For all six
planetary candidates of Kepler-11, these locations are coincident, with
3s uncertainties of 0.7 arcseconds or less for the four largest planets
and 1.4 arcseconds for the two smallest planets; see the first section of
the Supplementary Information and Supplementary Table 1 for
details. This lack of displacement during transit substantially restricts
the parameter space available for background eclipsing binary star
false positives.

Supplementary Table 2 lists the measured transit depths and dura-
tions for each of the planets. The durations of the drops in flux caused
by three of the planets are consistent with near-central transits of the
same star by planets on circular orbits. Kepler-11e’s transits are one-
third shorter than expected, implying an inclination to the plane of the
sky of 88.8u (orbital eccentricity can also affect transit duration, but
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the eccentricity needed to explain this duration for a central transit
would destabilize the system). The transit durations of planets Kepler-
11b and Kepler-11f suggest somewhat non-central transits. In sum,
the light curve shapes imply that the system is not perfectly coplanar:
Kepler-11g and Kepler-11e are mutually inclined by at least ,0.6u.

Ground-based spectroscopy
We performed a standard spectroscopic analysis11,12 of a high-resolu-
tion spectrum of Kepler-11 taken at the Keck I telescope. We derive an
effective temperature of Teff 5 5,680 6 100 K, surface gravity g of
log[g (cm s22)] 5 4.3 6 0.2, metallicity of [Fe/H] 5 0.0 6 0.1 dex,
and an projected stellar equatorial rotation of vsini 5 0.4 6 0.5 km s21.
Combining these measurements with stellar evolutionary tracks13,14

yields estimates of the star’s mass, 0.95 6 0.10 M[, and radius,
1.1 6 0.1 R[, where the subscript [ signifies solar values. Estimates
of the stellar density based upon transit observations are consistent
with these spectroscopically determined parameters. Therefore, we
adopt these stellar values for the rest of the paper, and note that the
planet radii scale linearly with the stellar radius. Additional details on
these studies are provided in section 2 of the Supplementary
Information.

Transit timing variations
Transits of a single planet on a Keplerian orbit about its star must be
strictly periodic. In contrast, the gravitational interactions among planets
in a multiple planet system cause planets to speed up and slow down by
small amounts, leading to deviations from exact periodicity of transits15,16.
Such variations are strongest when planetary orbital periods are com-
mensurate or nearly so, which is the case for the giant planets Kepler-9b
and Kepler-9c (ref. 5), or when planets orbit close to one another, which is
the case for the inner five transiting planets of Kepler-11.

The transit times of all six planets are listed in Supplementary Table
2. Deviations of these times from the best-fitting linear ephemeris
(transit timing variations, or TTVs) are plotted in Fig. 3. We modelled

these deviations with a system of coplanar, gravitationally interacting
planets using numerical integrations5,17 (Supplementary Information).
The TTVs for each planet are dominated by the perturbations from its
immediate neighbours (Supplementary Fig. 5). The relative periods
and phases of each pair of planets, and to a lesser extent the small
eccentricities, determine the shapes of the curves in Fig. 3; the mass
of each perturber determines the amplitudes. Thus this TTV analysis
allows us to estimate the masses of the inner five planets and to place
constraints on their eccentricities. We report the main results in
Table 1 and detailed fitting statistics in Supplementary Fig. 5 and
associated text).

Perturbations of planets Kepler-11d and Kepler-11f by planet
Kepler-11e are clearly observed. These variations confirm that all
three sets of transits are produced by planets orbiting the same star
and yield a 4s detection of the mass of Kepler-11e. Somewhat weaker
perturbations are observed in the opposite direction, yielding a 3s
detection of the mass of Kepler-11d and a 2s detection of the mass of
Kepler-11f.

The inner pair of observed planets, Kepler-11b and Kepler-11c, lie
near a 5:4 orbital period resonance and strongly interact with one
another. The degree to which they deviate from exact resonance deter-
mines the frequency at which their TTVs should occur. Even though
the precision of individual transit times is low owing to small transit
depths, transit-timing periodograms of both planets show peak power
at the expected frequency (Supplementary Fig. 4). The TTVs thus
confirm that Kepler-11b and Kepler-11c are planets, confirm that they
orbit the same star, and yield 2s determinations of their masses. The
outer planet, Kepler-11g, does not strongly interact with the others; it
would need to be unexpectedly massive (,1 MJupiter) to induce a
detectable (Dx2 5 9) signal on the entire set of transit mid-times.

Validation of planet Kepler-11g
The outer planetary candidate is well-separated from the inner five in
orbital period, and its dynamical interactions are not manifested in the
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Figure 1 | Light curves of Kepler-11, raw and detrended. Kepler-11 is a G
dwarf star with Kepler magnitude of 13.7, visual magnitude of 14.2 magnitudes,
and celestial coordinates RA 5 19 h 48 min 27.62 s, dec. 5 141u 549 32.999;
alternative designations used in catalogues are KIC 6541920 and KOI-157.
Kepler-11 is about 2,000 light-years from Earth. Variations in the brightness of
Kepler-11 have been monitored with an effective duty cycle of 91% over the
time interval barycentric Julian date (BJD) 2,454,964.511 to 2,455,462.296, with
data returned to Earth at a long cadence of 29.426 min. Shown are Kepler
photometric data, raw from the spacecraft with each quarter normalized to its
median (a) and after detrending with a polynomial filter (b)31; t represents time

in days since BJD 2,455,000. These data are available from the MAST archive at
http://archive.stsci.edu/kepler/. Note the difference in vertical scales between
the two panels. The six sets of periodic transits are indicated with dots of
differing colours. Four photometric data points representing the triply
concurrent transit of planets Kepler-11b, Kepler-11d and Kepler-11e at
BJD 2,455,435.2 (Supplementary Fig. 12) are not shown because their values lie
below the plotted range. Data have also been returned for this target star at a
cadence of 58.85 s since BJD 2,455,093.215, but our analysis is based exclusively
on the long cadence data.
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data presently available. Thus, we only have a weak upper bound on its
mass, and unlike the other five candidates, its planetary nature is not
confirmed by dynamics. The signal (Fig. 2f) has the characteristics of a
transiting planet and is far too large to have a non-negligible chance of
being due to noise, but the possibility that it could be an astrophysical
false-positive must be addressed. To obtain a Bayesian estimate of the
probability that the events seen are due to a sixth planet transiting the
star Kepler-11, we must compare estimates of the a priori likelihood of
such a planet and of a false positive. This is the same basic methodology
as was used to validate planet Kepler-9d (ref. 6).

We begin by using the BLENDER code6 to explore the wide range of
false positives that might mimic the Kepler-11g signal, by modelling
the light curve directly in terms of a blend scenario. The overwhelming
majority of such configurations are excluded by BLENDER. We then
use all other observational constraints to rule out additional blends,
and we assess the a priori likelihood of the remaining false positives.
Two classes of false positives were considered: (1) the probability of an
eclipsing pair of objects that is physically associated with Kepler-11
providing as good a fit to the Kepler data as provided by a planet
transiting the primary star was found to be 0.31 3 1026; (2) the prob-
ability that a background eclipsing binary or star 1 planet pair yielding

a signal of appropriate period, depth and shape could be present and
not have been detected as a result of a centroid shift in the in-transit
data, or other constraints from spectroscopy and photometry, was
found to be 0.58 3 1026. Thus the total a priori probability of a signal
mimicking a planetary transit is 0.89 3 1026. There is a 0.5 3 1023 a
priori probability of a transiting sixth planet in the mass–period
domain. This value was conservatively estimated (not accounting for
the coplanarity of the system; the value would increase by an order of
magnitude if we were to assume an inclination distribution consistent
with seeing transits of the five inner planets) using the observed dis-
tribution of extrasolar planets18,19. Details of these calculations are
presented in section 5 of the Supplementary Information and
Supplementary Figs 8–11. Taking the ratio of these probabilities yields
a total false alarm probability of 1.8 3 1023, which is small enough for
us to consider Kepler-11g to be a validated planet.

Long-term stability and coplanarity
One of the most striking features about the Kepler-11 system is how
close the orbits of the planets are to one another. From suites of numer-
ical integrations20, dynamical survival of systems with more than three
comparably spaced planets for at least 1010 orbits has been shown only
if the spacing between orbital semi-major axes (ao – ai) exceeds a critical
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Figure 2 | Detrended data of Fig. 1 shown phased at the period of each
transit signal and zoomed to an 18-h region around mid-transit.
Overlapping transits are not shown, nor were they used in the model. Each
panel has an identical vertical scale, to show the relative depths, and identical
horizontal scale, to show the relative durations. The colour of each planet’s
model light curve matches the colour of the dots marking its transits in Fig. 1.
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Figure 3 | Transit timing variations and dynamical fits. Observed mid-times
of planetary transits (see section 3 of the Supplementary Information for
transit-fitting method and Supplementary Table 2 for transit times) minus a
calculated linear ephemeris, are plotted as dots with 1s error bars; colours
correspond to the planetary transit signals in Figs 1 and 2. The times derived
from the ‘circular fit’ model described in Supplementary Table 4 are given by
the open diamonds. Contributions of individual planets to these variations are
shown in Supplementary Fig. 6a.
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number (Dcrit> 9) of mutual Hill sphere radii ((Mi 1 Mo)/
3Mw)1/3(ai 1 ao)/2, where the subscripts i and o refer to the inner
and outer planets, respectively, and w refers to the star (here Kepler-
11). All of the observed pairs of planets satisfy this criterion, apart from
the inner pair, Kepler-11b and Kepler-11c (section 4.1 of the Sup-
plementary Information). These two planets are far enough from one
another to be Hill stable in the absence of other bodies21 (that is, in the
three-body problem), and they are distant enough from the other pla-
nets that interactions between the subsystems are likely to be weak.
Thus stability is possible, although by no means assured. So we inte-
grated several systems that fit the data (given in Supplementary Table 4)
for 2.5 3 108 years, as detailed in section 4.1 of the Supplementary
Information. Weak chaos is evident both in the mean motions and
the eccentricities (Supplementary Fig. 7), but the variations are at a
low enough level to be consistent with long-term stability.

It is also of interest to determine whether this planetary system
truly is as nearly coplanar as the Solar System, or perhaps even more
so. Given that the planets all transit the star, they individually must
have nearly edge-on orbits. As discussed above and quantified in
Supplementary Table 3, the duration of planet Kepler-11e’s transit
implies an inclination to the plane of the sky of 88.8u, those of the two
innermost planets suggest comparable inclinations, whereas those of
the three other planets indicate values closer to 90u. But even though
each of the planetary orbits is viewed nearly edge-on, they could be
rotated around the line of sight and mutually inclined to each other.
The more mutually inclined a given pair of planets is, the smaller the
probability that multiple planets transit22,23. We therefore ran Monte
Carlo simulations to assess the probability of a randomly positioned
observer viewing transits of all five inner planets assuming that rela-
tive planetary inclinations were drawn from a Rayleigh distribution
about a randomly selected plane. The results, displayed in Fig. 4 and
Supplementary Table 6, suggest a mean mutual inclination of 1–2u.
Details of these calculations are provided in section 6 of the
Supplementary Information.

Mutual inclinations around the line of sight give rise to inclination
changes, which would manifest themselves as transit duration
changes24. We notice no such changes. The short baseline, small sig-
nal-to-noise ratio and small planet masses render these dynamical
constraints weak at the present time for all planets but Kepler-11e.
The only planet in the system with an inclination differing signifi-
cantly from 90u is Kepler-11e, and we find that the duration of its
transits does not change by more than 2% over the time span of the
light curve. If planet Kepler-11e’s orbit were rotated around the line of
sight by just 2u compared to all the other components of the system,
then with the masses listed in Table 1 the other planets would exert
sufficient torque on its orbit to violate this limit.

Planet compositions and formation
Although the Kepler-11 planetary system is extraordinary, it also tells
us much about the ordinary. Measuring both the radii and masses of

small planets is extremely difficult, especially for cooler worlds farther
from their star that are not heated above 1,000 K. (Very high tempera-
tures can physically alter planets, producing anomalous properties.)
The planetary sizes obtained from transit depths and planetary masses
from dynamical interactions together yield insight into planetary
composition.

Figure 5 plots radius as a function of mass for the five newly dis-
covered planets the masses of which have been measured. Compared
to Earth, each of these planets is large for its mass. Most of the volume
of each of the planets Kepler-11c to Kepler-11f is occupied by low-
density material. It is often useful to think of three classes of planetary
materials, from relatively high to low density: rocks/metals, ‘ices’
dominated by H2O, CH4 and NH3, and H/He gas. All of these compo-
nents could have been accumulated directly from the protoplanetary
disk during planet formation. Hydrogen and steam envelopes can also
be the product of chemical reactions and out-gassing of rocky planets,
but only up to 6% and 20% by mass, respectively25. In the Kepler-11

Table 1 | Planet properties
Planet Period

(days)
Epoch
(BJD)

Semi-major axis
(AU)

Inclination
(u)

Transit duration
(h)

Transit depth
(millimagnitude)

Radius
(R›)

Mass
(M›)

Density
(g cm23)

b 10.30375 6 0.00016 2,454,971.5052 6 0.0077 0.091 6 0.003 88:5z1:0
{0:6

4.02 6 0.08 0.31 6 0.01 1.97 6 0.19 4:3z2:2
{2:0 3:1z2:1

{1:5
c 13.02502 6 0.00008 2,454,971.1748 6 0.0031 0.106 6 0.004 89:0z1:0

{0:6
4.62 6 0.04 0.82 6 0.01 3.15 6 0.30 13:5z4:8

{6:1 2:3z1:3
{1:1

d 22.68719 6 0.00021 2,454,981.4550 6 0.0044 0.159 6 0.005 89:3z0:6
{0:4

5.58 6 0.06 0.80 6 0.02 3.43 6 0.32 6:1z3:1
{1:7 0:9z0:5

{0:3
e 31.99590 6 0.00028 2,454,987.1590 6 0.0037 0.194 6 0.007 88:8z0:2

{0:2
4.33 6 0.07 1.40 6 0.02 4.52 6 0.43 8:4z2:5

{1:9 0:5z0:2
{0:2

f 46.68876 6 0.00074 2,454,964.6487 6 0.0059 0.250 6 0.009 89:4z0:3
{0:2

6.54 6 0.14 0.55 6 0.02 2.61 6 0.25 2:3z2:2
{1:2 0:7z0:7

{0:4
g 118.37774 6 0.00112 2,455,120.2901 6 0.0022 0.462 6 0.016 89:8z0:2

{0:2
9.60 6 0.13 1.15 6 0.03 3.66 6 0.35 ,300 –

R›, radius of the Earth; M› ,mass of the Earth. Planetary periods and transit epochs are the best-fitting linear ephemerides. Periods are given as viewed from the barycentre of our Solar System. Because Kepler-11
is moving towards the Sun with a radial velocity of 57 km s21 (Supplementary Fig. 1), actual orbital periods in the rest frame of Kepler-11 are a factor of 1.00019 times as long as the values quoted. Uncertainty in
epoch is median absolute deviation of transit times from this ephemeris; uncertainty in period is this quantity divided by the number of orbits between the first and last observed transits. Radii are from
Supplementary Table 2; uncertainties represent 1s ranges, and are dominated by uncertainties in the radius of the star. The mass estimates are the uncertainty-weighted means of the three dynamical fits
(Supplementary Table 4) to TTV observations (Supplementary Table 2) and the quoted ranges cover the union of 1s ranges of these three fits. One of these fits constrains all of the planets to be on circular orbits, the
second one allows only planets Kepler-11b and Kepler-11c to have eccentric orbits, and the third solves for the eccentricities of all five planets Kepler-11b to Kepler-11f; see section 4 of the Supplementary
Information. Stability considerations may preclude masses near the upper ends of the quoted ranges for the closely spaced inner pair of planets. Inclinations are with respect to the plane of the sky.

0 1 2 3 4 5 6

0.000

0.005

0.010

0.015

0.020

Mean mutual inclination (°)

T
ra

n
s
it
 p

ro
b

a
b

ili
ty

Figure 4 | Transit probabilities as a function of relative orbital inclinations
of planets orbiting Kepler-11. Results of Monte Carlo simulations to assess
the probability of a randomly positioned observer viewing transits of various
combinations of observed and hypothesized planets around the star Kepler-11,
assuming that relative planetary inclinations were drawn from a Rayleigh
distribution about a randomly selected plane. The solid blue curve shows the
probability of all five inner planets (Kepler-11b to Kepler-11f) to be seen
transiting. The solid pink curve shows the probability of all six observed planets
to be seen transiting. The ratio of the orbital period of planet Kepler-11g to that
of Kepler-11f is substantially larger than that for any other neighbouring pair of
transiting planets in the system. If we hypothesize that a seventh planet orbits
between these objects with a period equal to the geometric mean of planets
Kepler-11f and Kepler-11g, then the probability of observing transits of any
combination totalling six of these seven planets is shown in the dashed golden
curve. The dashed green curve shows the probability of the specific observed six
planets to be seen transiting. Details of these calculations are provided in
section 6 of the Supplementary Information, and numerical results are given in
Supplementary Table 6.

RESEARCH ARTICLE

5 6 | N A T U R E | V O L 4 7 0 | 3 F E B R U A R Y 2 0 1 1

Macmillan Publishers Limited. All rights reserved©2011



system, the largest planets with measured masses, Kepler-11d and
Kepler-11e, must contain large volumes of H, and low-mass planet
Kepler-11f probably does as well. Planets Kepler-11b and Kepler-11c
could be rich in ‘ices’ (probably in the fluid state, as in Uranus and
Neptune) and/or a H/He mixture. (The error bars on mass and radius
for Kepler-11b allow for the possibility of an iron-depleted nearly pure
silicate composition, but we view this as highly unlikely on cosmogonic
grounds.) In terms of mass, all five of these planets must be primarily
composed of elements heavier than helium. Future atmospheric
characterization to distinguish between H-dominated or steam atmo-
spheres would tell us more about the planets’ bulk composition and
atmospheric stability26.

Planets Kepler-11b and Kepler-11c have the largest bulk densities
and would need the smallest mass fraction of hydrogen to fit their
radii. Using an energy-limited escape model27, we estimate a hydrogen
mass-loss rate of several times 109 g s21 for each of the five inner
planets, leading to the loss of ,0.1 Earth masses of hydrogen over
10 Gyr. This is less than a factor of ten below total atmosphere loss for
several of the planets. The modelling of hydrogen escape for strongly
irradiated exoplanets is not yet well-constrained by observations28,29,
so larger escape rates are possible. This suggests the scenario that
planets Kepler-11b and Kepler-11c had larger H-dominated atmo-
spheres in the past and lost these atmospheres during an earlier era
when the planets had larger radii, lower bulk density, and a more
active primary star, which would all favour higher mass-loss rates.

The comparative planetary science permitted by the planets in
Kepler-11 system may allow for advances in understanding these
mass-loss processes.

The inner five observed planets of the Kepler-11 planetary system
are quite densely packed dynamically, in that significantly closer
orbits would not be stable for the billions of years that the star has
resided on the main sequence. The eccentricities of these planets are
small, and the inclinations very small. The planets are not locked into
low-order mean motion resonances.

Kepler-11 is a remarkable planetary system whose architecture and
dynamics provide clues to its formation. The significant light-gas
component of planets Kepler-11d, Kepler-11e and Kepler-11f imply
that at least these three bodies formed before the gaseous component
of their protoplanetary disk dispersed, probably taking no longer than
a few million years to grow to near their present masses. The small
eccentricities and inclinations of all five inner planets imply dissipa-
tion during the late stages of the formation/migration process, which
means that gas and/or numerous bodies much less massive than the
current planets were present. The lack of strong orbital resonances
argues against slow, convergent migration of the planets, which would
lead to trapping in such configurations, although dissipative forces
could have moved the inner pair of planets out from the nearby 5:4
resonance30. In situ formation would require a massive protoplanetary
disk of solids near the star and/or trapping of small solid bodies whose
orbits were decaying towards the star as a result of gas drag; it would
also require accretion of significant amounts of gas by hot small rocky
cores, which has not been demonstrated. (The temperature this close
to the growing star would have been too high for ices to have con-
densed.) The Kepler spacecraft is scheduled to continue to return data
on the Kepler-11 planetary system for the remainder of its mission,
and the longer temporal baseline afforded by these data will allow for
more accurate measurements of the planets and their interactions.
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