
Exoplanets:	
  	
  Why	
  it	
  is	
  Hard	
  to	
  Find	
  Them?	
  
• 	
  Planets	
  are	
  typically	
  106	
  to	
  1010	
  =mes	
  fainter	
  than	
  their	
  parent	
  star	
  
• 	
  Astronomically	
  speaking,	
  they	
  are	
  very	
  close	
  to	
  their	
  parent	
  star	
  

• 	
  Angle	
  of	
  0.05	
  arcsec	
  at	
  20	
  parsecs,	
  for	
  1	
  AU	
  planet	
  

• 	
  Due	
  to	
  the	
  wave	
  nature	
  of	
  light,	
  observa=ons	
  are	
  diffrac=on-­‐limited	
  
• 	
  Minimum	
  angle	
  that	
  can	
  be	
  discerned	
  
• 	
  θ	
  (radians)	
  =	
  1.22	
  λ(cm)	
  /	
  D	
  (cm)	
  

• For	
  500	
  nm	
  light,	
  2.5	
  m	
  telescope,	
  θ=0.05	
  arcsec	
  	
  (No	
  problem!)	
  
• Earth’s	
  atmosphere	
  limits	
  θ=0.5	
  arcsec,	
  10X	
  worse	
  
• At	
  these	
  short	
  wavelengths,	
  planets	
  are	
  faint	
  
• S=ll	
  have	
  to	
  deal	
  with	
  the	
  106-­‐1010	
  faintness	
  

• “Direct	
  observa=ons”	
  are	
  incredibly	
  difficult	
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Fig. 2. Log-likelihood periodograms for the seven candidate signals
sorted by significance. While the first six signals are easily spotted,
the seventh is only detected with log-L periodograms if all orbits are
assumed to be circular.

illustrate the search using log-L periodograms. In all that follows
we use the three datasets available at this time: HARPS-TERRA,
HIRES and PFS. We use the HARPS-TERRA Doppler measure-
ments instead of CCF ones because TERRA velocities have been
proven to be more precise on stable M-dwarfs (Anglada-Escudé
& Butler 2012).

The first three periodicities (7.2 days, 28.1 days and 91 days)
were trivially spotted using Bayesian posterior samplings and
the corresponding log-L periodograms. These three signals were
already reported by Anglada-Escudé et al. (2012) and Delfosse
et al. (2013), although the last one (signal d, at 91 days) remained
uncertain due to the proximity of a characteristic time-scale of
the star’s activity. This signal is discussed in the context of stellar
activity in Sect. 6. Signal d has a MAP period of 91 days and
would correspond to a candidate planet with a minimum mass of
∼5 M⊕.

After that, the log-L periodogram search for a fourth sig-
nal indicates a double-peaked likelihood maximum at 53 and
62 days – both candidate periods receiving extremely low false-
alarm probability estimates (see Fig. 2). Using the recipes in
Dawson & Fabrycky (2010), it is easy to show that the two peaks
are the yearly aliases of each other. Accordingly, our Bayesian
samplings converged to either period equally well giving slightly
higher probability to the 53-day orbit (×6). In both cases, we
found that including a fourth signal improved the model proba-
bility by a factor >103. In appendix B.2 we provide a detailed
analysis and derived orbital properties of both solutions and
show that the precise choice of this fourth period does not sub-
stantially affect the confidence of the rest of the signals. As will

Table 3. Relative posterior probabilities and log-Bayes factors of mod-
elsMk with k Keplerian signals given the combined HARPS-TERRA,
HIRES, and PFS RV data of GJ 667C.

k P(Mk |d) ∆ log P(d|Mk) P [days] ID

0 2.7× 10−85 – –602.1 –
1 3.4× 10−48 1.3× 1037 –516.0 7.2
2 1.3× 10−35 3.9× 1012 –486.3 91
3 8.9× 10−18 6.7× 1017 –444.5 28
4 1.9× 10−14 2.1× 103 –436.2 53
4 1.2× 10−14 1.3× 103 –436.7 62
5 1.0× 10−7 5.5× 106 –420.0 39, 53
5 1.0× 10−8 5.3× 105 –422.3 39, 62
6 4.1× 10−3 4.0× 104 –408.7 39, 53, 256
6 4.1× 10−4 4.0× 103 –411.0 39, 62, 256
7 0.057 14 –405.4 17, 39, 53, 256
7 0.939 230 –402.6 17, 39, 62, 256

Notes. Factor ∆ indicates how much the probability increases with re-
spect to the best model with one less Keplerian and P denotes the MAP
period estimate of the signal added to the solution when increasing k.
Only the highest probability sequence is shown here (reference solu-
tion). A complete table with alternative solutions corresponding to local
probability maxima is given in Appendix B.2.

be shown at the end of the detection sequence, the most likely
solution for this candidate corresponds to a minimum mass of
2.7 M⊕ and a period of 62 days.

After including the fourth signal, a fifth signal at 39.0 days
shows up conspicuously in the log-L periodograms. In this case,
the posterior samplings always converged to the same period of
39.0 days without difficulty (signal f). Such a planet would have
a minimum mass of ∼2.7 M⊕. Given that the model probabil-
ity improved by a factor of 5.3× 105 and that the FAP derived
from the log-L periodogram is 0.45%, the presence of this pe-
riodicity is also supported by the data without requiring further
assumptions.

The Bayesian sampling search for a sixth signal always con-
verged to a period of 260 days that also satisfied our detection
criteria and increased the probability of the model by a factor of
4 × 103. The log-L periodograms did spot the same signal as the
most significant one but assigned a FAP of ∼20% to it. This ap-
parent contradiction is due to the prior on the eccentricity. That
is, the maximum likelihood solution favors a very eccentric orbit
for the Keplerian orbit at 62 days (ee ∼ 0.9), which is unphys-
ical and absorbs variability at long timescales through aliases.
To investigate this, we performed a log-L periodogram search
assuming circular orbits for all the candidates. In this case, the
260-day period received a FAP of 0.5% which would then qual-
ify as a significant detection. Given that the Bayesian detection
criteria are well satisfied and that the log-L periodograms also
provide substantial support for the signal, we also include it in
the model (signal g). Its amplitude would correspond to a planet
with a minimum mass of 4.6 M⊕.

When performing a search for a seventh signal, the posterior
samplings converged consistently to a global probability maxi-
mum at 17 days (M sin i ∼ 1.1 M⊕) which improves the model
probability by a factor of 230. The global probability maximum
containing seven signals corresponds to a solution with a pe-
riod of 62 days for planet e. This solution has a total probabil-
ity ∼16 times larger than the one with Pe = 53 days. Although
such a difference is not large enough to make a final decision
on which period is preferred, from now on we will assume that
our reference solution is the one with Pe = 62.2 days. The log-L
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Fig. 3. Marginalized posterior densities for the Doppler semi-amplitudes of the seven reported signals.
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Fig. 4. RV measurements phase-folded to the best period for each planet. Brown circles are HARPS-TERRA velocities, PFS velocities are depicted
as blue triangles, and HIRES velocities are green triangles. Red squares are averages on 20 phase bins of the HARPS-TERRA velocities. The black
line corresponds to the best circular orbital fit (visualization purposes only).

periodogram also spotted the same seventh period as the next fa-
vored one but only when all seven candidates were assumed to
have circular orbits. Given that this seventh signal is very close
to the Bayesian detection limit, and based on our experience on
the analysis of similar datasets (e.g., GJ 581, Tuomi & Jenkins
2012), we concede that this candidate requires more measure-
ments to be securely confirmed. With a minimum mass of only
∼1.1 M⊕, it would be among the least massive exoplanets dis-
covered to date.

As a final comment we note that, as in Anglada-Escudé et al.
(2012) and Delfosse et al. (2013), a linear trend was always in-
cluded in the model. The most likely origin of such a trend is
gravitational acceleration caused by the central GJ 667AB bi-
nary. Assuming a minimum separation of 230 AU, the accel-
eration in the line-of-sight of the observer can be as large as
3.7 m s−1, which is of the same order of magnitude as the ob-
served trend of ∼2.2 m s−1 yr−1. We remark that the trend (or part
of it) could also be caused by the presence of a very long period
planet or brown dwarf. Further Doppler follow-up, astrometric
measurements, or direct imaging attempts of faint companions
might help addressing this question.

In summary, the first five signals are easily spotted using
Bayesian criteria and log-L periodograms. The global solution
containing seven-Keplerian signals prefers a period of 62.2 days
for signal e, which we adopt as our reference solution. Still, a

period of 53 days for the same signal cannot be ruled out at the
moment. The statistical significance of a 6th periodicity depends
on the prior choice for the eccentricity, but the Bayesian odds
ratio is high enough to propose it as a genuine Keplerian signal.
The statistical significance of the seventh candidate (h) is close
to our detection limit and more observations are needed to fully
confirm it.

6. Activity

In addition to random noise (white or correlated), stellar activity
can also generate spurious Doppler periodicities that can mimic
planetary signals (e.g., Lovis et al. 2011; Reiners et al. 2013).
In this section we investigate whether there are periodic varia-
tions in the three activity indices of GJ 667C (S-index, BIS and
FWHM are described in Sect. 3). Our general strategy is the fol-
lowing: if a significant periodicity is detected in any of the in-
dices and such periodicity can be related to any of the candidate
signals (same period or aliases), we add a linear correlation term
to the model and compute log-L periodograms and new sam-
plings of the parameter space. If the data were better described
by the correlation term rather than a genuine Doppler signal, the
overall model probability would increase and the planet signal
in question should decrease its significance (even disappear).
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FIG. 4a
FIG. 4b

FIG. 4c FIG. 4d

FIG. 4.È(a) Residual velocities for Lick observations of t Andromedae after removal of the Doppler velocity variations from all three companionsÈb, c,
and d. A periodogram search of these residuals does not show signiÐcant power at any additional frequencies. (b) Residual velocities after the Doppler
velocities attributed to companions c and d were subtracted from the observed velocities. The residual velocity variation due to the short-period companion b
is plotted vs. orbital phase. (c) Residual velocities after the Doppler velocities attributed to companions b and d were subtracted from the observed velocities.
The residual velocity, plotted vs. orbital phase, exhibits the 242 day periodicity of companion c. (d) Residual velocities after the velocity variations from the
inner two companions b and c were subtracted from the observed velocities and the residual velocities with a 1269 day periodicity are plotted vs. orbital
phase. In all three phased velocity plots, the solid line is the Doppler velocity curve from the Keplerian orbital solution.

cycles on the Sun and other solar-type stars also show up as
periodic variations in the emission of the Ca II H and K line
cores (Baliunas et al. 1995). Shine & Linsky (1972) showed
that the core of the Ca II IR triplet line 866.2 nm brightens
in solar plage, and Larson et al. (1993) demonstrated the
utility of the core as a chromospheric diagnostic, giving
results similar to those of the H and K lines (Shirts & Marcy
1999).

If long-term Doppler velocity variations are due to mag-
netic cycles, then it is expected that these variations will
track changes in both the H and K lines and the Ca II IR
triplet lines. For example, Walker et al. (1995) simulta-
neously observed the Ca II IR triplet while taking precision
Doppler velocity measurements of 21 stars. They found that
the photometric variable i1 Ceti (G5 V) shows velocity
excursions of up to 70 m s~1, which correlate with changes
in the equivalent width of the 866.2 nm line. For the case of
the Sun, McMillan et al. (1993) found that the disk-
integrated Doppler velocity variations were below detection
limits, 4 m s~1, over a 5 yr period.

Saar et al. (1998) have examined the original 107 stars in
the Lick Observatory planet survey for correlations
between Doppler velocity variations and Ca II H and K
measurements. Stars with weak H and K emission (Prot º15 days) showed no intrinsic velocity variations above
5 m s~1, while the more rapidly rotating stars (Prot \ 10
days) showed intrinsic Doppler velocity variations of 10È30
m s~1. From the Saar et al. (1998) calibration, we estimate
that t Andromedae is subject to an intrinsic velocity scatter
of 10 m s~1.

All of the Lick spectra taken since 1994 November have
included the Ca II IR triplet. These chromospheric measures
are taken simultaneously with the Doppler measurements
as they come from the same exposures. The iodine absorp-
tion lines that serve as a velocity metric between 5000 and
6000 die out above 7000 leaving the IR triplet linesA! A! ,
unblended. The chromospheric emission from t Androm-
edae is measured from the ““ Ðlling-in ÏÏ of the core of the
Ca II 866.2 nm line. We deÐne a core bandpass 0.07 nm
centered on the core and measure the Ñux within that
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FIG. 1a FIG. 1b

FIG. 1.ÈObserved Doppler measurements for t Andromedae from (a) Lick Observatory and (b) AFOE. The velocity zero point is arbitrary and
independent in each set of data.

icity varies by about 100 m s~1, though the 4.6 day varia-
tion remains phase locked.

3.2.1. L ick Data
Periodicities longer than 4.6 days were initially investi-

gated by subtracting the previously detected 4.61 day
Keplerian from the data shown in Figure 1a. These velocity
residuals are shown in Figure 2. A 3.5 yr periodicity is
apparent to the eye and was found independently by both
the Lick and AFOE teams. A periodogram of the velocity
residuals from Figure 2 is shown in Figure 3a. The 3.5 yr
periodicity dominates this periodogram. A secondary peak
near 500 days is an alias, introduced by the window func-
tion.

The best-Ðt two-Keplerian model, with orbital periods of
4.617 and 1269 days, reduces the rms of the Lick velocities
to 30 m s~1, about a factor of 2 greater than the expected
measurement uncertainties. We were thus compelled to

FIG. 2.ÈLick Observatory residual velocities ( Ðlled circles) for t
Andromedae after removal of the Keplerian wobble caused by the inner
companion, using best-Ðt orbital parameters of P \ 4.6171 days and
K \ 75 m s~1. These residual velocities are not random. Two timescales
are apparent at 3 and D0.7 yr, the latter especially apparent from 1998.5 to
1999.4 (bottom right). Solid line shows the theoretical velocity curve caused
by the outer two companions.

search for additional periodicities. Figure 3b shows the
residuals to the best-Ðt two-Keplerian model for the Lick
data, while Figure 3c shows the periodogram of these
residuals. A remaining 242 day periodicity, which would
occur by chance in less than 0.1% of random data sets, is
uncovered in the periodogram.

The residuals of the Lick Observatory observations to a
three-Keplerian model are shown in Figure 4a. The orbital
parameters of the three Keplerian orbits are listed in Table
3. The rms of the three-Keplerian Ðt is 15.1 m s~1, consis-
tent with the measurement uncertainty from the com-
bination of the measurement error (9 m s~1) and the
expected stellar jitter (10 m s~1).

Figure 4b shows the Lick velocities phased with a 4.617
day period, after Ðrst removing the 242 and 1269 day
periodicities. This innermost companion, t Andromedae b,
has a velocity semiamplitude of 74.5 m s~1 and an eccen-
tricity of 0.042 (consistent with a circular orbit). The
minimum mass (M sin i) of the companion is 0.72 MJUP,
and its semimajor axis is 0.059 AU. This 4.6 day companion
is clearly the same one identiÐed by Butler et al. (1997).

The Lick residual velocities, phased with a 242 day
period, are shown in Figure 4c, in which the two Keplerian
curves with P \ 4.617 days and P \ 1269 days have
been removed. The semiamplitude of t Andromedae c is
56.0 m s~1, and the eccentricity is 0.23. The minimum mass
(M sin i) of the companion is 1.98 and the semimajorMJUP,
axis is 0.83 AU.

The Lick residual velocities, phased with a 1269 day
period, are shown in Figure 4d, after Ðrst removing the two
Keplerian curves that have P \ 4.617 and P \ 242 days.
The semiamplitude of t Andromedae d is 69.5 m s~1, and
the eccentricity is 0.36. The minimum mass (M sin i) of the
companion is 4.11 and the semimajor axis is 2.50 AU.MJUPWhile the formal uncertainty in the period of companion
d is 9 days from the Monte Carlo tests of the Lick data, we
suspect that the uncertainty could be several times as much.
Observation through several orbits of companion d will be
necessary to determine its period accurately.

A periodogram of the velocity residuals (Fig. 4a),
obtained by removal of all three putative companions, is
shown in Figure 5. The 0.1% false alarm level is indicated as
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An abundance of small exoplanets around stars with
a wide range of metallicities
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Howard Isaacson12, John B. Laird13, Philip W. Lucas14, Geoffrey W. Marcy12, Jon A. Morse15, Paul Robertson8, Avi Shporer16,17,
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The abundance of heavy elements (metallicity) in the photospheres
of stars similar to the Sun provides a ‘fossil’ record of the chemical
composition of the initial protoplanetary disk. Metal-rich stars are
much more likely to harbour gas giant planets1–4, supporting the
model that planets form by accumulation of dust and ice particles5.
Recent ground-based surveys suggest that this correlation is
weakened for Neptunian-sized planets4,6–9. However, how the rela-
tionship between size and metallicity extends into the regime of
terrestrial-sized exoplanets is unknown. Here we report spectro-
scopic metallicities of the host stars of 226 small exoplanet candi-
dates discovered by NASA’s Kepler mission10, including objects
that are comparable in size to the terrestrial planets in the Solar
System. We find that planets with radii less than four Earth radii
form around host stars with a wide range of metallicities (but on
average a metallicity close to that of the Sun), whereas large planets
preferentially form around stars with higher metallicities. This
observation suggests that terrestrial planets may be widespread
in the disk of the Galaxy, with no special requirement of enhanced
metallicity for their formation.

In February 2011, the Kepler mission10 announced its discovery of
1,235 planet candidates, of which more than half have radii smaller
than that of Neptune11: RP , 4R›, where R› is the Earth radius. We
used reconnaissance spectra obtained by the Kepler Follow-up
Observing Program (FOP) to derive metallicities for several hundred
of the brighter planet candidates, and used the results to explore the
relationship between planet size and host-star metallicity. Metallicity,
denoted [m/H], is defined as the proportion of a star’s outer layers
made up of chemical elements other than hydrogen and helium and
expressed on a logarithmic scale where zero is the Sun’s metallicity.
Thousands of spectra have been gathered by the Kepler FOP, but the
majority of the spectra have signal-to-noise ratios too low to extract
precise stellar parameters using traditional methods. To take full
advantage of this large observational effort, we have developed a tool
(stellar parameter classification (SPC); see Supplementary Information)
that uses a library of synthetic spectra to determine stellar parameters
from spectra with modest signal-to-noise ratios (signal-to-noise per
pixel .15). Using this approach, we derived metallicities in a consistent
and homogeneous manner for the entire sample of Kepler FOP spectra,
thus avoiding the systematic differences that can occur when compar-
ing metallicities derived by different techniques. Only the most robust
classifications are presented here (Supplementary Information), yield-
ing precise stellar parameters for 152 stars harbouring 226 planet

candidates mostly in orbits within 0.5 AU of the host star. We used
the stellar parameters from SPC and the Yonsei–Yale stellar evolu-
tionary models12 to estimate the radii of the host stars, which we couple
with the photometric data from the Kepler mission11 to infer the planet
radii (Supplementary Information).

Previous studies4,6–9 have suggested that the observed correlation
between metallicity and the likelihood that solar-type stars host gas
giants is weaker for Neptunian-sized planets. However, it is unclear
whether this correlation extends into the regime of terrestrial-sized
planets, which is important for a better understanding of planet-
formation processes. The number of host stars with planets smaller
than Neptune in our sample (175 planets) is significantly larger than in
earlier studies and includes much smaller planets (as small as Earth).
This allows us to compare a statistically significant sample of homo-
genously derived spectroscopic metallicities of solar-type stars hosting
small and large planets. By contrast, a recent study used metallicity
indicators based on photometry13. In Fig. 1, we show that the average
metallicity of stars hosting planets with radii smaller than that of
Neptune (RP , 4.0R›) is lower ([m/H] 5 20.01 6 0.02) than that of
the stars harbouring gas giant planets ([m/H] 5 10.15 6 0.03). We
find that smaller planets are observed at a wide range of host-star
metallicities (20.6 , [m/H] , 10.5), whereas larger planets are
detected preferentially around stars with higher metallicity (Figs 2
and 3). To investigate the statistical significance of the difference in
metallicity, we perform the two-sample Kolmogorov–Smirnov test of
the two subsamples of host stars and find the probability that the two
distributions are not drawn randomly from the same parent popu-
lation is 99.96% (over 3.5s). An F-test shows that fitting the data in
Fig. 3 with a metallicity that increases linearly, as opposed to being
constant, as a function of radius yields a better fit with a confidence
level of 99.99995% (,5s).

Figures 2 and 3 reveal that the population of small planets has a wide
range of host-star metallicities, but on average the metallicity of the stars
hosting the smaller planets is lower than that of the larger planets. The
Kepler-11 system14 demonstrates that small planets can possess a wide
range of mean densities, much like their Jupiter-sized counterparts, and
the low mean density of exoplanets Kepler-11d, e and f implies that
these planets formed before the gas in the system dissipated completely.
The metallicity of the protoplanetary disk may have a key role in
how quickly planetary cores can form and, thus, in whether they are
able to accrete a gaseous envelope before the gas in the system dis-
sipates. However, additional data, including dynamical masses, are
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needed better to understand the seemingly diverse regime of small
planets.

Our data show that the well-established correlation between
metallicity and occurrence of giant planets1–3 does not extend into
the smaller planet regime below RP , 4R›, where the host stars
instead have a wide range of metallicities. This observation implies
that, by contrast with smaller planets, gas giants require exceptional
conditions to trigger their formation. Our findings agree well with the
core accretion theory for planet formation, whereby high-metallicity
environments allow planetary cores to grow rapidly to reach approxi-
mately ten times the mass of the Earth, continue to accrete a gaseous
envelope and evolve to gas giants of several hundred Earth masses5.
Gas disks around young stars are observed to dissipate within a few
million years15, requiring the cores of their planets to reach ten Earth
masses within that time if they are to become gas giants. Planets
forming in low-metallicity environments, however, may not reach
large enough core masses before the dissipation of the gas disk, which
could explain why we find very few gas giants around low-metallicity
stars. Planetary accretion cannot compete with gas dissipation around
low-metallicity stars because the number density of planetesimals is
low16–18 and gas disks dissipate sooner around low-metallicity stars19,20.

The semi-major axes of the orbits of the majority of the Kepler
planets analysed in this work are less than 0.5 AU, so the detected gas
giants in our sample were probably brought into orbits within 1 AU by
migration21. A decreased efficiency of migration in low-metallicity
disks could partly explain the observed deficiency of gas giants around
the low-metallicity stars. The formation of gas giants late in the lifetime
of the protoplanetary gas disk would reduce their subsequent migra-
tion because the gas disk is diluted at that stage. This could partly
explain why we observe so few gas giants in close orbits. However, late
planet formation will in itself suppress formation of gas giants because
some cores are formed after the disappearance of the gas disk. Hence,
migration cannot be the only reason for the small number of gas giants
that we observe around low-metallicity stars.

During the initial stages of planet formation, dust grains collide to
form planetesimals, which represent the kilometre-sized building
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Figure 2 | Comparison of host-star metallicities for small and large planets.
The histograms compare the metallicities of two samples of stars hosting
planets by dividing the sample at RP 5 4R›. The host stars of the gas giant
planets (RP $ 4R›; red histogram) are clearly more metal rich than those of the
smaller planets (RP , 4R›; blue histogram), which have a much wider range of
metallicities. The hatched area represents the area where the histograms
overlap. A Kolmogorov–Smirnov test shows that the probability that the two
distributions are not drawn randomly from the same parent population is
greater than 99.96%; that is, the two distributions differ by more than 3.5s. The
average metallicity of the stars with small planets ([m/H] 5 20.01 6 0.02;
blue histogram) differs by almost 5s from that of the larger planets
([m/H] 5 10.15 6 0.03; red histogram).
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Figure 3 | Individual host-star metallicity as a function of planet radius.
The black dots represent single-planet systems, whereas the green dots
represent the largest planet and the red dots represent all the smaller planets in
multiple-planet systems. The confirmed, published Kepler planets in our
samples are plotted as squares with the same colour code as the dots. Planet
candidates in multiple systems are each added to the sample with the same
host-star metallicity. In Supplementary Information, we consider systems of
planets as opposed to individual planets by neglecting all but the largest planet
in each system. The vertical dotted line indicates the division of the sample at
RP 5 4.0R›. The data show that Kepler detects small planets around stars with
a wide range of metallicities (20.6 , [m/H] , 0.5), and that larger planets are
found preferentially around stars with solar metallicity or higher. The average
uncertainty in the individual measurements in metallicity is 0.08 dex and that in
planetary radius is 12%.
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Figure 1 | Average host-star metallicities. Stellar metallicity is defined as
[m/H] 5 log10(Nm/NH)star 2 log10(Nm/NH)Sun, where Nm and NH are
respectively the number densities of metal atoms (all elements more massive
than helium) and hydrogen atoms. Red points represent the average metallicity
of the host stars with planets of different radii grouped in 1.33R› and 4R› bins.
The bin size is indicated by the length of the horizontal line and the uncertainty
in the average metallicity is given by the standard error. The shaded grey
histogram shows the number of planets in each bin, and illustrates the large
number of small planets in the Kepler sample. The average metallicity of host
stars with smaller planets (RP , 4R›) is lower ([m/H] 5 20.01 6 0.02) than
that of host stars with larger planets ([m/H] 5 10.15 6 0.03). Some of the
planetary candidates in the Kepler sample are expected to be false positives that
do not turn out to be transiting planets, such as occurs when the reduced signal
from a background eclipsing binary is by chance contained within the
photometric aperture of the foreground target star. The false-positive rate of the
candidates that pass the standard vetting procedures applied by the Kepler team
has been estimated to be less than 10% (ref. 26). Therefore, such a low false-
positive rate is not expected to impact our results and interpretation. We have
thus ignored possible contamination by false positives. We do not derive
absolute probabilities or occurrence rates of planets and therefore do not attempt
to eliminate the many strong bias and selection effects that, for example,
completeness studies (for example ref. 27) must take into account. We have
explored the possibility that correlations between planet size and parameters
such as orbital semi-major axis are the source of the apparent dependence on
metallicity, but find no evidence for such an effect (Supplementary Information).
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needed better to understand the seemingly diverse regime of small
planets.

Our data show that the well-established correlation between
metallicity and occurrence of giant planets1–3 does not extend into
the smaller planet regime below RP , 4R›, where the host stars
instead have a wide range of metallicities. This observation implies
that, by contrast with smaller planets, gas giants require exceptional
conditions to trigger their formation. Our findings agree well with the
core accretion theory for planet formation, whereby high-metallicity
environments allow planetary cores to grow rapidly to reach approxi-
mately ten times the mass of the Earth, continue to accrete a gaseous
envelope and evolve to gas giants of several hundred Earth masses5.
Gas disks around young stars are observed to dissipate within a few
million years15, requiring the cores of their planets to reach ten Earth
masses within that time if they are to become gas giants. Planets
forming in low-metallicity environments, however, may not reach
large enough core masses before the dissipation of the gas disk, which
could explain why we find very few gas giants around low-metallicity
stars. Planetary accretion cannot compete with gas dissipation around
low-metallicity stars because the number density of planetesimals is
low16–18 and gas disks dissipate sooner around low-metallicity stars19,20.

The semi-major axes of the orbits of the majority of the Kepler
planets analysed in this work are less than 0.5 AU, so the detected gas
giants in our sample were probably brought into orbits within 1 AU by
migration21. A decreased efficiency of migration in low-metallicity
disks could partly explain the observed deficiency of gas giants around
the low-metallicity stars. The formation of gas giants late in the lifetime
of the protoplanetary gas disk would reduce their subsequent migra-
tion because the gas disk is diluted at that stage. This could partly
explain why we observe so few gas giants in close orbits. However, late
planet formation will in itself suppress formation of gas giants because
some cores are formed after the disappearance of the gas disk. Hence,
migration cannot be the only reason for the small number of gas giants
that we observe around low-metallicity stars.

During the initial stages of planet formation, dust grains collide to
form planetesimals, which represent the kilometre-sized building
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Figure 2 | Comparison of host-star metallicities for small and large planets.
The histograms compare the metallicities of two samples of stars hosting
planets by dividing the sample at RP 5 4R›. The host stars of the gas giant
planets (RP $ 4R›; red histogram) are clearly more metal rich than those of the
smaller planets (RP , 4R›; blue histogram), which have a much wider range of
metallicities. The hatched area represents the area where the histograms
overlap. A Kolmogorov–Smirnov test shows that the probability that the two
distributions are not drawn randomly from the same parent population is
greater than 99.96%; that is, the two distributions differ by more than 3.5s. The
average metallicity of the stars with small planets ([m/H] 5 20.01 6 0.02;
blue histogram) differs by almost 5s from that of the larger planets
([m/H] 5 10.15 6 0.03; red histogram).
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Figure 3 | Individual host-star metallicity as a function of planet radius.
The black dots represent single-planet systems, whereas the green dots
represent the largest planet and the red dots represent all the smaller planets in
multiple-planet systems. The confirmed, published Kepler planets in our
samples are plotted as squares with the same colour code as the dots. Planet
candidates in multiple systems are each added to the sample with the same
host-star metallicity. In Supplementary Information, we consider systems of
planets as opposed to individual planets by neglecting all but the largest planet
in each system. The vertical dotted line indicates the division of the sample at
RP 5 4.0R›. The data show that Kepler detects small planets around stars with
a wide range of metallicities (20.6 , [m/H] , 0.5), and that larger planets are
found preferentially around stars with solar metallicity or higher. The average
uncertainty in the individual measurements in metallicity is 0.08 dex and that in
planetary radius is 12%.
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Figure 1 | Average host-star metallicities. Stellar metallicity is defined as
[m/H] 5 log10(Nm/NH)star 2 log10(Nm/NH)Sun, where Nm and NH are
respectively the number densities of metal atoms (all elements more massive
than helium) and hydrogen atoms. Red points represent the average metallicity
of the host stars with planets of different radii grouped in 1.33R› and 4R› bins.
The bin size is indicated by the length of the horizontal line and the uncertainty
in the average metallicity is given by the standard error. The shaded grey
histogram shows the number of planets in each bin, and illustrates the large
number of small planets in the Kepler sample. The average metallicity of host
stars with smaller planets (RP , 4R›) is lower ([m/H] 5 20.01 6 0.02) than
that of host stars with larger planets ([m/H] 5 10.15 6 0.03). Some of the
planetary candidates in the Kepler sample are expected to be false positives that
do not turn out to be transiting planets, such as occurs when the reduced signal
from a background eclipsing binary is by chance contained within the
photometric aperture of the foreground target star. The false-positive rate of the
candidates that pass the standard vetting procedures applied by the Kepler team
has been estimated to be less than 10% (ref. 26). Therefore, such a low false-
positive rate is not expected to impact our results and interpretation. We have
thus ignored possible contamination by false positives. We do not derive
absolute probabilities or occurrence rates of planets and therefore do not attempt
to eliminate the many strong bias and selection effects that, for example,
completeness studies (for example ref. 27) must take into account. We have
explored the possibility that correlations between planet size and parameters
such as orbital semi-major axis are the source of the apparent dependence on
metallicity, but find no evidence for such an effect (Supplementary Information).
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needed better to understand the seemingly diverse regime of small
planets.

Our data show that the well-established correlation between
metallicity and occurrence of giant planets1–3 does not extend into
the smaller planet regime below RP , 4R›, where the host stars
instead have a wide range of metallicities. This observation implies
that, by contrast with smaller planets, gas giants require exceptional
conditions to trigger their formation. Our findings agree well with the
core accretion theory for planet formation, whereby high-metallicity
environments allow planetary cores to grow rapidly to reach approxi-
mately ten times the mass of the Earth, continue to accrete a gaseous
envelope and evolve to gas giants of several hundred Earth masses5.
Gas disks around young stars are observed to dissipate within a few
million years15, requiring the cores of their planets to reach ten Earth
masses within that time if they are to become gas giants. Planets
forming in low-metallicity environments, however, may not reach
large enough core masses before the dissipation of the gas disk, which
could explain why we find very few gas giants around low-metallicity
stars. Planetary accretion cannot compete with gas dissipation around
low-metallicity stars because the number density of planetesimals is
low16–18 and gas disks dissipate sooner around low-metallicity stars19,20.

The semi-major axes of the orbits of the majority of the Kepler
planets analysed in this work are less than 0.5 AU, so the detected gas
giants in our sample were probably brought into orbits within 1 AU by
migration21. A decreased efficiency of migration in low-metallicity
disks could partly explain the observed deficiency of gas giants around
the low-metallicity stars. The formation of gas giants late in the lifetime
of the protoplanetary gas disk would reduce their subsequent migra-
tion because the gas disk is diluted at that stage. This could partly
explain why we observe so few gas giants in close orbits. However, late
planet formation will in itself suppress formation of gas giants because
some cores are formed after the disappearance of the gas disk. Hence,
migration cannot be the only reason for the small number of gas giants
that we observe around low-metallicity stars.

During the initial stages of planet formation, dust grains collide to
form planetesimals, which represent the kilometre-sized building
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Figure 2 | Comparison of host-star metallicities for small and large planets.
The histograms compare the metallicities of two samples of stars hosting
planets by dividing the sample at RP 5 4R›. The host stars of the gas giant
planets (RP $ 4R›; red histogram) are clearly more metal rich than those of the
smaller planets (RP , 4R›; blue histogram), which have a much wider range of
metallicities. The hatched area represents the area where the histograms
overlap. A Kolmogorov–Smirnov test shows that the probability that the two
distributions are not drawn randomly from the same parent population is
greater than 99.96%; that is, the two distributions differ by more than 3.5s. The
average metallicity of the stars with small planets ([m/H] 5 20.01 6 0.02;
blue histogram) differs by almost 5s from that of the larger planets
([m/H] 5 10.15 6 0.03; red histogram).
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Figure 3 | Individual host-star metallicity as a function of planet radius.
The black dots represent single-planet systems, whereas the green dots
represent the largest planet and the red dots represent all the smaller planets in
multiple-planet systems. The confirmed, published Kepler planets in our
samples are plotted as squares with the same colour code as the dots. Planet
candidates in multiple systems are each added to the sample with the same
host-star metallicity. In Supplementary Information, we consider systems of
planets as opposed to individual planets by neglecting all but the largest planet
in each system. The vertical dotted line indicates the division of the sample at
RP 5 4.0R›. The data show that Kepler detects small planets around stars with
a wide range of metallicities (20.6 , [m/H] , 0.5), and that larger planets are
found preferentially around stars with solar metallicity or higher. The average
uncertainty in the individual measurements in metallicity is 0.08 dex and that in
planetary radius is 12%.
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Figure 1 | Average host-star metallicities. Stellar metallicity is defined as
[m/H] 5 log10(Nm/NH)star 2 log10(Nm/NH)Sun, where Nm and NH are
respectively the number densities of metal atoms (all elements more massive
than helium) and hydrogen atoms. Red points represent the average metallicity
of the host stars with planets of different radii grouped in 1.33R› and 4R› bins.
The bin size is indicated by the length of the horizontal line and the uncertainty
in the average metallicity is given by the standard error. The shaded grey
histogram shows the number of planets in each bin, and illustrates the large
number of small planets in the Kepler sample. The average metallicity of host
stars with smaller planets (RP , 4R›) is lower ([m/H] 5 20.01 6 0.02) than
that of host stars with larger planets ([m/H] 5 10.15 6 0.03). Some of the
planetary candidates in the Kepler sample are expected to be false positives that
do not turn out to be transiting planets, such as occurs when the reduced signal
from a background eclipsing binary is by chance contained within the
photometric aperture of the foreground target star. The false-positive rate of the
candidates that pass the standard vetting procedures applied by the Kepler team
has been estimated to be less than 10% (ref. 26). Therefore, such a low false-
positive rate is not expected to impact our results and interpretation. We have
thus ignored possible contamination by false positives. We do not derive
absolute probabilities or occurrence rates of planets and therefore do not attempt
to eliminate the many strong bias and selection effects that, for example,
completeness studies (for example ref. 27) must take into account. We have
explored the possibility that correlations between planet size and parameters
such as orbital semi-major axis are the source of the apparent dependence on
metallicity, but find no evidence for such an effect (Supplementary Information).
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Fig. 4: Periodograms of the radial-velocity 
residuals after removing the non-planetary 
signals. In a the periodogram of the velocities after 
correction for stellar, imprecise coordinates and 
binary effects is displayed, with continuous, dashed 
and dotted lines indicating the 0.1%, 1% and 10% 
FAP, respectively. The highest peak, at 3.236 days 
inside the shaded region, has a FAP of 0.02%. In b 
we show a small part of the periodogram around the 
planet signal. The periodogram for all seasons is 
shown in black and the yearly periodograms for 
each observational period (2008, 2009, 2010 and 
2011) in different colors. The amplitudes of the 
yearly periodograms are normalized so that the 10% 
FAP of each matches the 10% FAP of the 
periodogram for all seasons. The phase of the most 
important peaks are shown as arrows. The direction 
of the arrow gives the phase between 0 and 360 
degrees.  For each year of observation, the peak at 
3.236 days conserves the same phase, which is 
expected for a planetary signal. On the contrary, the 
peak at 2.8 days and its alias at 3.35 days do not 
keep the same phase and are therefore associated to 
noise (these peaks appear only in 2009 and their 
FAPs are higher than 10%). 
 
 

 
Fig. 5: Phase-folded radial-velocity (RV) curve 
with a period of 3.2357 days. In green, we see the 
radial velocities after correction of the stellar, 
binary, and coordinates effects. The red dots 
represent the same radial velocities binned in phase, 
with a bin size of 0.05. The errorbar of a given bin 
is estimated using the weighted r.m.s of the global 
fit residuals (including the planetary fit) that make 
this bin, divided by the square root ot the number of 
measurements included inside this bin. This 
estimation of the bin errorbars assumes Gaussian 
noise. This is justified by the binning in phase, 
which regroups points that are uncorrelated in time. 
The r.m.s around the planetary solution is 1.20 
meters-per-second for the raw points (grey dots) 
and 0.21 meters-per-second for the binned points 
(red dots). The red curve represents the global fit 
solution of the planet, with a semi-amplitude of 
0.51 meters-per-second. 
 

 
 
 

Table 1: Orbital parameters of the planet orbiting Alpha 
Centauri B (m.s-1 stands for meters-per-second). 

Parameter Value 

Orbital period (days) 3.2357 ±  0.0008 

Time of maximum velocity (BJD) 2455280.17 ± 0.17 

Eccentricity 0.0 (fixed) 

Velocity semi-amplitude (m.s-1) 0.51 ± 0.04 

Minimum mass (MEarth) 1.13 ± 0.09 

Number of data points 459 

O-C residuals (m.s-1) 1.20 

Reduced chi2 value 1.51 














