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Ji Wang 
Large planets are more abundant around metal-rich stars[1,2,3], but there is a debate 
on whether this trend applies to small planets.  

Someone like you 

Wait, let us take another look. I will study a larger sample and 
consider non-detections, which gives me a quantitative measure 
of how planet occurrence rates change with stellar metallicity.   

KSC II, NASA AMES, 2013 

Ji Wang 
We selected 1166 multi-planet candidates around 650 stars from the Kepler 
mission[3,4,5] and divided them into 6 sub-regions on the [Fe/H]-RP plane. We 
calculated the fraction of stars with planets in each sub-region, which gives the 
relative planet occurrence rate of metal-rich and metal-poor stars.  

6,000,000,000 

The detection incompleteness (excluding geometric effect) is low for gas giant planets and Neptune-like planets. The 
incompleteness is non-negligible for small-radii planets, but we expect the incompleteness similarly affects the metal-rich and 
metal-poor samples. Therefore, the ratio of the fraction of stars with planets is the relative planet occurrence rate between 
metal-rich and metal-poor stars.  

Ji Wang 
Here is the result! Gas giant planets are 2.6 times more abundant around metal-rich 
stars than metal-poor stars. Neptune-like planets are 1.4 times more abundant 
around metal-rich stars, but the planet occurrence rate for small-radii planets is not 
dependent on stellar metallicity.  
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Fig. 2.— Ratio of fractions of stars with planets as a function of planet radius. Gas giant planets

are 2.59 times more abundant around stars with super-solar metallicity; Neptune-like planets are

1.37 times more abundant around stars with super-solar metallicity; small-radii planet occurrence

rate is not dependent on metallicity.

We found a planet-metallicity correlation for Neptune-like planets which previous studies have not found. One possible 
explanation is: previous studies considered small planets with RP < 4 REarth, which results in a mixture of Neptune-like planets 
and small-radii planets. A dilution/cancelling effect would be induced if the Neptune-like planet occurrence rate is metallicity-
dependent and the small-radii planet occurrence rate is not.  

Small-radii planets may be more abundant around metal-poor stars, i.e., there may be a negative planet-metallicity correlation 
for small-radii planets. Small-radii planets are more difficult to find around metal-poor stars because these stars are in general 
more distant, brighter and larger. The higher incompleteness for small-radii planets around metal-poor stars than metal-rich 
stars may suggest that small-radii planets are intrinsically more abundant around metal-poor stars.  
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Fig. 1.— Kepler multi-planet candidates on the stellar metallicity - planet radius plane. Planets

are color-coded based on their host star effective temperature. The plane is divided into 6 sub-

regions based on metallicity and planet radius. The number of detected planets and searched

stars are indicated in each sub-region. The gas giant planets (5 RE < RP ≤ 22 RE) are 2.59

times more abundant around metal-rich stars than around metal-poor stars. Neptune-size planets

(2 RE < RP ≤ 5 RE) are 1.37 times more abundant around meta-rich stars. Small-radii planet

(RP ≤ 2 RE) occurrence rate is not dependent on stellar metallicity.

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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Large	  Planets	  
Small	  Planets	  

There is no metallicity dependence for small planets (RP < 4 
REarth), see the plot on the right. 


