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ABSTRACT

Kepler-20 is a solar-type star (V = 12.5) hosting a compact system of five transiting planets, all packed within the
orbital distance of Mercury in our own solar system. A transition from rocky to gaseous planets with a planetary
transition radius of ∼1.6 ÅR has recently been proposed by several articles in the literature. Kepler-20b
(Rp∼1.9 ÅR ) has a size beyond this transition radius; however, previous mass measurements were not sufficiently
precise to allow definite conclusions to be drawn regarding its composition. We present new mass measurements of
three of the planets in the Kepler-20 system that are facilitated by 104 radial velocity measurements from the
HARPS-N spectrograph and 30 archival Keck/HIRES observations, as well as an updated photometric analysis of
the Kepler data and an asteroseismic analysis of the host star ( M = 0.948 0.051 M and

R = 0.964 0.018 R ). Kepler-20b is a -
+1.868 0.034

0.066
ÅR planet in a 3.7 day period with a mass of

-
+9.70 1.44

1.41
ÅM , resulting in a mean density of -

+8.2 1.3
1.5 -g cm 3, indicating a rocky composition with an iron-to-

silicate ratio consistent with that of the Earth. This makes Kepler-20b the most massive planet with a rocky
composition found to date. Furthermore, we report the discovery of an additional non-transiting planet with a
minimum mass of -

+19.96 3.61
3.08

ÅM and an orbital period of ∼34 days in the gap between Kepler-20f (P∼11 days)
and Kepler-20d (P∼78 days).
Key words: planetary systems – planets and satellites: composition – stars: individual – techniques: radial velocities
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1. INTRODUCTION

With the discovery of thousands of small transiting
exoplanets by dedicated space-based missions like NASA’s
Kepler mission (Batalha et al. 2013) and ESA’s CoRoT mission
(Auvergne et al. 2009), a new class of small planets has
emerged. In contrast to the hot-Jupiters, these small planets

(<4 ÅR ) are astonishingly common in our Galaxy (Howard
et al. 2012; Dressing & Charbonneau 2013, 2015; Petigura
et al. 2013; Burke et al. 2015). We now know that the majority
of stars harbor small exoplanets and that nearly two-thirds of
the planets discovered by Kepler range in size between 1 and
4 ÅR . This unexpected population of super-Earths and sub-
Neptunes—larger than Earth but smaller than Neptune (3.9 ÅR )
—is completely absent in our own solar system, which
furthermore lacks planets with orbital periods shorter than the
88-day orbit of Mercury.
Although we know of thousands of these small transiting

exoplanets, only a few of these currently have precise mass
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measurements(precision better than 20%) that could allow us
to distinguish between different compositional models. Precise
masses and resulting bulk densities are especially important for
small planets, since a wide diversity of planet compositions are
possible, including rocky terrestrial planets with compact
atmospheres and rocky cores with signi� cant fractions of
volatiles, like water and methane, and/ or extended hydrogen/
helium envelopes. A transition from rocky to gaseous planets
has been proposed to occur at planetary radii of around
1.5–1.7 �€R by a number of authors(e.g., Weiss & Marcy2014;
Rogers2015).

The Kepler-20 system is particularly interesting because
Kepler-20b has a radius( �� ��

��
�€R R1.868p b, 0.034

0.066 ) beyond the
proposed transition to planets with a signi� cant fraction of
volatiles and is amenable to precise determination of its bulk
density. Furthermore, the Kepler-20 system is intriguing in
terms of its formation history, because of its compact nature
and the size of the planets, which alternate between smaller and
larger planets in the interior of the system.

Four of the transiting planets in the Kepler-20 system were
� rst announced as candidate planets in Borucki et al.(2011).
Gautier et al.(2012) subsequently validated three of the
planets, including mass measurements of Kepler-20b
( �� ��

��
�€M M8.7p b, 2.2

2.1 ) and Kepler-20c ( �� ��
��

�€M M16.1p c, 3.7
3.3 ).

Later Fressin et al.(2012) validated two additional Earth-size
planets (Kepler-20e and f) increasing the total number of
planets in the Kepler-20 system to� ve, all packed within the
orbital distance of Mercury in our own solar system(see
Figure 1 for a graphical presentation of the system
architecture).

In this paper, we revisit the mass determination of the planets
in the Kepler-20 system with the goal of improving the masses

and radii of the planets in order to allow us to discriminate
between different compositional models. In particular, we
attempt to resolve whether Kepler-20b has a rocky or gaseous
composition, since the mass determination in Gautier et al.
(2012) was not of suf� cient precision to draw� rm conclusions
regarding its composition. We have signi� cantly increased the
number of radial velocity(RV) measurements by adding 104
HARPS-N observations to the existing 30 HIRES measure-
ments, allowing a more precise mass determination. Moreover,
the new RV measurements allowed us to discover a non-
transiting planet in the system situated in the gap between
Kepler-20f and Kepler-20d, which we denote as Kepler-20g.
Lastly, we performed an updated photometric analysis of the
Kepler light curve using all the available data in conjunction
with an asteroseismic analysis of the parameters of the host
stars, yielding a signi� cantly improved precision on the stellar
radius and thus the radii of the planets.

2. OBSERVATIONS AND DATA REDUCTION

We obtained 125 observations of Kepler-20(KOI-70, KIC
6850504, 2MASS J19104752+ 4220194) with the HARPS-N
spectrograph on the 3.58�m Telescopio Nazionale Galileo
(TNG) located at Roque de Los Muchachos Observatory, La
Palma, Spain(Cosentino et al.2012). HARPS-N is an updated
version of the original HARPS spectrograph on the 3.6�m
telescope at the European Southern Observatory on La Silla,
Chile. HARPS-N is an ultra-stable� ber-fed high-resolution
(R�= �115,000) spectrograph with an optical wavelength cover-
age from 383 to 693 nm, designed speci� cally to provide
precise radial velocities. The instrument has signi� cantly
improved our understanding of small transiting planets with













we include the 21 rejected RVs gathered under poor observing
conditions with internal uncertainties greater than 5 -m s 1.

In order to evaluate whether a three-planet or four-planet
model is preferred, we fixed the jitter terms to the values
reported in the next paragraph and computed the Bayesian
Information Criterion for the three-planet and four-planet
models. We find a ΔBIC=7.0, indicating that including the
non-transiting planet is the preferred model. We chose to adopt
the four-planet model with priors on the eccentricities from the
stability analysis because of the strong evidence for the non-
transiting planet presented in Section 6 and the stability
arguments in Section 7.

The jitter terms for the two instruments are similar, with a
HARPS-N jitter term of -

+ -3.93 m s0.46
0.52 1 and a HIRES jitter

term of -
+ -3.23 m s0.90

0.68 1. The average internal errors are slightly
lower for HIRES ( -3.04 m s 1) compared to HARPS-N
( -3.66 m s 1), which is similarly seen in the average uncertain-
ties, which include jitter of ( -4.45 m s 1) for HIRES and
( -5.39 m s 1) for HARPS-N. We attribute the lower uncertain-
ties of the HIRES RVs to the significantly higher S/N of these
spectra (over 400% higher S/N than the HARPS-N spectra).

6. THE NON-TRANSITING PLANET KEPLER-20G

In this section we argue that the planetary interpretation of
the 35-day signal is more likely than a stellar activity
interpretation. We measured the rotation period of Kepler-20
from the Kepler PDC-SAP light curves using an autocorrela-
tion function (ACF) analysis (e.g., McQuillan et al. 2013). We
calculated the ACF for the full data set (quarters 1–17) and
found a strong peak at a period of 27.6 days (see Figure 7). The
signal near 27.6 days is persistent—we divided the data set in
two, repeated the autocorrelation analysis on each half of the
light curve, and found a peak at 27.0 days in the first half and a
peak at 27.7 days in the second half. We interpret this 27.6 day
signal as being caused by active regions on the stellar surface,
and measure the rotation period of Kepler-20 to be

27.6±0.5 days. Furthermore, a periodogram of the FWHM
measurements of the CCF function shows significant power at
27 days, indicating a stellar rotational period similar to that
found from the photometry.
We believe it is unlikely that the period of the additional RV

signal at 35 days is consistent with the stellar rotation period.
The HIRES RV data were taken concurrently with Kepler
observations (during the first half of the full Kepler data set).
During this time, active regions on the stellar surface gave rise
to a signal with a period of 27.0 days in the flux time series,
while the additional RV signal (which was detected in the
HIRES data alone) has a period of 35 days. These periods differ
by 20%, and the ACF shows only a weak (negative) correlation
between flux measurements taken 35 days apart.
However, in order to provide further evidence for the

planetary nature of the signal, we perform further tests to show
that it is not related to stellar activity. To do so, we removed the
signatures of Kepler-20b, c, and d from the RVs, using our best
fit, leaving only the 35-day signal. We then split the RV
measurements into two equal chunks and estimated the
generalized Lomb–Scargle (GLS) periodogram (Zechmeister
& Kürster 2009) for each of these chunks. Note that the power
in a GLS periodogram depends on the sampling and the total
time span of the data. Therefore, to be able to compare the
signals found in the two chunks, we needed to keep the same
sampling and time span. For each chunk, we therefore kept the
RV measurements outside of the chunk, but fixed their values
to zero, with error bars of 100 -m s 1. A similar analysis was
performed for α Cen Bb (Dumusque et al. 2012) and Kepler-10
(Dumusque et al. 2014). In Figure 4, we show the periodogram
for each chunk of data (blue and red) and the GLS periodogram
for the entire data set (gray). The signal at 35 days is shown in
the first and second halves of the data, which is expected for a
signal induced by a planet or by stellar activity if 35 days is the
stellar rotation period. However, when looking at the phase of
the signal, illustrated in Figure 4 by small arrows above the 35-
day peak, it is clear that the signal has the same phase in each
chunk. Furthermore, this phase is consistent with the phase
derived when analyzing the entire data set. The signal thus
retains the same phase from season to season, which is a strong
argument in favor of the planetary origin of the signal. A signal
due to stellar activity would change its phase because of the
evolution of active region configuration on the stellar surface.
To further assess the strength of the detection of the non-

transiting planet, we calculated the S/N of the semi-amplitude
of the signal for subsamples of the data. We first performed the
Bayesian General Lomb–Scargle periodogram (BGLS; Mortier
et al. 2015) on the full data set. The strongest period in the
BGLS, which assumes a circular orbit, is 34.27 days. We then
created subsamples of the data, starting with the first 30 data
points and always adding one more data point. For each
subsample, and fixing the period to 34.27 days, we found the
best jitter term by calculating the maximum log likelihood of
the model for a set of jitter values (spaced with 0.1 -m s 1).
Using this jitter term, we derived optimal scaling estimates for
the semi-amplitude K and its variance sK

2 , ultimately giving the
S/N of the signal over time: K/σK. From Figure 8, it can be
seen that the S/N roughly scales as a square root, as expected
for a coherent signal in the data.
In summary, the tests described in this section strongly

indicate that the signal at ∼35 days is of planetary nature and

Figure 4. GLS periodogram of the RV residuals (O–C) after removing our best
fit for Kepler-20b, c, and d. The black shaded periodogram corresponds to the
analysis of the entire data set, while the red and blue periodograms correspond
to the first and second halves of the data, respectively. The small arrows above
the 35 day peak show the phase of the signal, which can rotate by
360° depending on the phase. The phases of the first and second halves of
the data are compatible and also are compatible with the phase found for the
entire data set. Therefore, the 35-day signal retains its phase as a function of
time, which is expected for a planet. The top and bottom horizontal lines
correspond to a FAP level of 1% and 10%, respectively
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we therefore conclude that a non-transiting planet is present in
the system with a period of -

+34.940 days0.035
0.038 .

7. STABILITY ANALYSIS

To investigate the stability of the Kepler-20 system, we
carried out pure N-body simulations using mercury6 (Cham-
bers 1999). We also carried out some tests using a 4th order
Hermite integrator (Makino & Aarseth 1992), but the results
from this were consistent with those from mercury6, so here we
report only the results from the mercury6 simulations. We
considered all six bodies, Kepler-20b, c, d, e, f, and g, orbiting
a central star with mass  =  M M0.948 0.051 . The masses
of Kepler-20b, c, d, and g are taken from Table 4, while
Kepler-20e is assumed to have a mass of Mp=0.65 ÅM and
Kepler-20f is assumed to have a mass of Mp=1.0 ÅM .

The initial semimajor axes are the same as in Table 4, and
the system is assumed to be coplanar. The separation between
adjacent planets, normalized to the mutual Hill radius, lies
between 13 and 20, suggesting that the system lies outside the
empirical stability limit of ∼10 (Chambers et al. 1996;
Yoshinaga et al. 1999), and should therefore be long-term
stable if the eccentricities are sufficiently small. In our first test,
we set the initial eccentricity for Kepler-20b to eb = 0.03 and
set all the other eccentricities to e=0. With these initial
conditions, the system is indeed stable for t>107 years
(>5×108 orbits of Kepler-20d).

For Kepler-20c, the system is stable for eccentricities of
ec�0.17, and for Kepler-20g the system is stable for
eccentricities of eg�0.16, while for Kepler-20d the system
is stable for eccentricities of ed�0.28. Essentially, Kepler-20c
and Kepler-20g appear to be constrained to have eccentricities
well below e = 0.2, while Kepler-20d may have an eccentricity
as high as e∼0.3.

We also considered scenarios where we varied the
eccentricities of more than one of the planets. We again ran
the simulations for 107 years (5×108 orbits of Kepler-20d). If
Kepler-20c has an eccentricity of ec = 0.1, then the system is
only stable if Kepler-20g has an eccentricity of eg�0.11. If
Kepler-20g has an eccentricity of eg = 0.1 then the system is
only stable if Kepler-20c has an eccentricity of ec�0.11. If
both Kepler-20c and Kepler-20g have eccentricities of

=e 0.1c g, , then the system is stable if Kepler-20d has an
eccentricity of ed�0.22. As expected, if the eccentricities are
non-zero, then the range of eccentricities for which the system
is stable is reduced.
We should acknowledge that we have not run these

simulations for longer than 107 years. Hence, the system could
still be unstable for the eccentricity values we present here, and
consequently these should be regarded as upper limits.
However, they do indicate that the eccentricities of Kepler-
20c and g are likely to be constrained to be less than e∼0.2,
while the eccentricity of Kepler-20d could be higher, but only
if the others have relatively low eccentricities (e∼0.1 or less).
Overall, the stability analysis appears to suggest that Kepler-

20 is consistent with being a dynamically cold system in which
the eccentricities and inclinations are small (Dawson
et al. 2016), and it is a system that probably formed in the
transition phase when the disk had a high solid surface density,
but a low to moderate gas surface density (Lee &
Chiang 2016).

8. SUMMARY AND DISCUSSION

We have revisited the mass determination of the planets in
the Kepler-20 system. With a significantly increased number of
RV measurements, an updated photometric analysis of the
Kepler light curve, and an asteroseismic analysis of the
parameters of the host stars, we present mass measurements
of the three larger planets in the Kepler-20 system, as well as

Figure 5. Mass–radius diagram for planets smaller than 3.2 ÅR with mass determinations better than 30% precision. The gray region to the lower right indicates the
region where planets would have an iron content exceeding the maximum value predicted from models of collisional stripping (Marcus et al. 2010). The solid curves
are theoretical models for planet with a composition consisting of 100% water (blue), 25% silicate and 75% water (turquoise), 50% silicate and 50% water (magenta),
100% silicate (green), 70% silicate and 30% iron, consistent with an Earth-like composition (light blue), 50% silicate and 50% iron (brown), and 100% iron (red)
(Zeng & Sasselov 2013). The blue points indicate planets with masses measured using the HARPS-N spectrograph, purple points are from other sources, and the
orange points are the Kepler-20 system with masses determined in this paper.
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the detection of a non-transiting planet. With the refined
analyses, we are able to reduce the uncertainty of the mass
measurement of Kepler-20b to less than 15%. Kepler-20b has a
mass of = -

+
ÅM M9.70 14.7%P b, 1.44

1.41 ( ) and a radius of

Figure 6. Best–fit model (black solid curve) to the HARPS-N (blue points) and HIRES (green points) radial velocities when considering a model composed of the
three largest transiting planets and the non-transiting planet in the Kepler-20 system. Each top panel show the phase-folder RVs after removing the orbital motion of
the remaining planets. The red points show the weighted mean of the RVs binned to equal interval in phase. Each bottom panel shows the RV residuals after removing
the full orbital fit. The four plots show the orbital fit for Kepler-20b (top left), Kepler-20c (top right), Kepler-20g (bottom left), and Kepler-20d (bottom right).

Figure 7. Autocorrelation function of the Kepler-20 light curve. There is a peak
in the autocorrelation function at 27.6 days, which we interpret to be the stellar
rotation period. This is significantly different from the 35-day period of the RV
variations, which we interpret to be a new non-transiting planet (shown as a
blue dashed line).

Figure 8. S/N of the semi-amplitude for a signal with a period P=34.27 days
(assuming a circular orbit) vs. number of data points. The solid line represents a
square root function with = -y x0.61 0.96 (best fit to the data).

10

The Astronomical Journal, 152:160 (12pp), 2016 December Buchhave et al.



= -
+

ÅR R1.868P b, 0.034
0.066 yielding a bulk density of r =b

-
+ -8.2 g cm1.3

1.5 3. The precision allows us to conclude that
Kepler-20b has a composition consistent with a rocky
terrestrial composition despite it large radius (∼1.9 ÅR ).
We also report the masses of Kepler-20c and Kepler-
20d ( = -

+
ÅM M12.75 17.3%p c, 2.24

2.17 ( ), = -
+M 10.07p d, 3.70

3.97

ÅM 38.1%( )) yielding densities indicating the presence of
volatiles and/or a H/He atmosphere.

Furthermore, we report the detection of a non-transiting
planet in the system (Kepler-20g) that has a minimum mass
similar to that of Neptune ( = -

+
ÅM M19.96 16.7%p g, 3.61

3.08 ( )).
The orbital configuration of the Kepler-20 system has a rather
large gap between Kepler-20f and Kepler-20d in which Kepler-
20g is situated with an orbital period of ∼35 days. In Section 6
we find strong evidence for the signal at ∼35 days to be of
planetary nature and not to be the result of stellar activity
caused by spot modulation at the stellar rotational period.

Kepler-20b is thus the first definite example of a rocky
exoplanet with a mass above 5 ÅM and a radius larger than
1.6 ÅR . This is seemingly at odds with the prediction that most
1.6 ÅR planets are not rocky and larger planets are even more
likely to exhibit lower bulk densities (Weiss & Marcy 2014;
Rogers 2015). However, it is worth noting that all seven
planets in Figure 5 that have densities consistent with a
rocky composition (Kepler-10b, Kepler-20b, Kepler-36b,
Kepler-78b, Kepler-93b, HD 219134b, and CoRoT-7b)
are highly irradiated, with a bolometric flux larger than

> -F 2 10 J s mv
5 1 2· (>146 times the flux received by the

Earth). It is thus possible, and perhaps even likely, that we are
measuring the masses of small planets in a particular part of
parameter space that are hot and highly irradiated and could
have lost their primordial gaseous envelope (if such envelopes
were present) due to photoevaporation. If this is the case, we
are thus measuring the masses of the bare cores of these
planets.

Indeed, given the close-in orbit of Kepler-20b, and the likely
low masses of Kepler-20e and f, we conclude that all three of
these now likely rocky planets could have formed with
significant gaseous envelopes that were subsequently lost to
atmospheric photoevaporation (e.g., Lopez et al. 2012) or other
processes such as impact erosion (e.g., Inamdar & Schlicht-
ing 2015). Using the coupled thermal and photoevaporative
planetary evolution model of Lopez et al. (2012), we find that
the all the planets in the Kepler-20 system are consistent with a
scenario in which each of the planets accreted a significant
H/He envelope, composing 2%–5% of its total mass, but
planets b, e, and f lost their envelopes, due to subsequent
evolution. This is similar to the results found for a handful of
other systems such as Kepler-36 (e.g., Lopez & Fortney 2013),
however, this type of evolutionary analysis is only possible for
transiting systems with precise mass measurements.

It is important to significantly increase the number of precise
mass measurements of transiting planets in order to populate
the mass–radius diagram with planets of different sizes and
masses at various orbital distances, including longer periods,
that orbit a diverse sample of stellar types in order to fully
appreciate the nature of the small exoplanets and their
compositions.
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