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ABSTRACT

Host star metallicity provides a measure of the conditions in protoplanetary disks at the time of planet formation.
Using a sample of over 20,000 Kepler stars with spectroscopic metallicities from the LAMOST survey, we explore
how the exoplanet population depends on host star metallicity as a function of orbital period and planet size. We
find that exoplanets with orbital periods less than 10 days are preferentially found around metal-rich stars ([Fe/
H]; 0.15± 0.05 dex). The occurrence rates of these hot exoplanets increases to ∼30% for super-solar metallicity
stars from ∼10% for stars with a sub-solar metallicity. Cooler exoplanets, which reside at longer orbital periods and
constitute the bulk of the exoplanet population with an occurrence rate of 90%, have host star metallicities
consistent with solar. At short orbital periods, <P 10 days, the difference in host star metallicity is largest for hot
rocky planets (< ÅR1.7 ), where the metallicity difference is [Fe/H];0.25±0.07 dex. The excess of hot rocky
planets around metal-rich stars implies they either share a formation mechanism with hot Jupiters, or trace a planet
trap at the protoplanetary disk inner edge, which is metallicity dependent. We do not find statistically significant
evidence for a previously identified trend that small planets toward the habitable zone are preferentially found
around low-metallicity stars. Refuting or confirming this trend requires a larger sample of spectroscopic
metallicities.
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1. INTRODUCTION

Stellar metallicity is a good proxy of the initial metallicity of
the protoplanetary disks, which in turn has an important impact
on planet formation. Together with the disk mass, the disk
metallicity determines the amount of solids available in
protoplanetary disks for planet formation. Higher mass stars
host more massive disks (e.g., Andrews et al. 2013; Pascucci
et al. 2016) and a larger metallicity corresponds to a larger
amount of condensible solids in the disk. Therefore, higher
stellar masses and metallicities result in more building blocks
available in the disk for planet formation. For gas giant planets,
a correlation between planet occurrence and stellar metallicity
(Santos et al. 2000; Johnson et al. 2010; Buchhave et al. 2012;
Mortier et al. 2013) and stellar mass (Johnson et al. 2007, 2010;
Reffert et al. 2015) has been well established. Theoretically,
this can be understood as massive cores need to reach a critical
mass of ~ ÅM10 to undergo runaway gas accretion before the
gas dissipates, which is more likely to occur in disks with more
solids (e.g., Ida & Lin 2004; Alibert et al. 2011; Johnson &
Li 2012; Mordasini et al. 2012).

For smaller planets, those that have been found in abundance
with the Kepler spacecraft, correlations between planet
occurrence and host star mass and metallicity are different
from those for giant planets, and are less straightforward to
interpret. The occurrence rate of these planets is anti-correlated
with stellar mass (Howard et al. 2012; Mulders et al. 2015a).
This indicates a larger amount of solids forming planets around
low-mass stars (Mulders et al. 2015b), at least at short (1

year) orbital periods, in contrast with observed protoplanetary
disk dust masses (Andrews et al. 2013; Mohanty et al. 2013;
Ansdell et al. 2016; Barenfeld et al. 2016; Pascucci et al. 2016).
The correlation between stellar metallicity and planet occur-
rence rate disappears toward lower mass planets, indicating that
these planets can form around stars with a wide range of
metallicities (Sousa et al. 2008; Buchhave et al. 2012). The
large number of transiting planets with spectroscopically
determined metallicities indicate that only small rocky planets
(  R1.7 ) show no correlation with stellar metallicity, while
larger mini-Neptunes ( – R1.7 3.9 ) show a correlation with
metallicity, but one that is weaker than for giant planets
(Buchhave et al. 2014; Buchhave & Latham 2015); however
see Schlaufman (2015). A metallicity correlation for mini-
Neptunes is also observed in a sample with measured planet
masses (Courcol et al. 2016). Another potential diagnostic of
the planet formation process is the dependence of planet orbital
period on host star metallicity. Different studies have pointed
out underpopulated regions in the host star metallicity–orbital-
period diagram for small planets, at various orbital periods
ranging from 5 to 70 days (Adibekyan et al. 2013, 2016;
Beaugé & Nesvorný 2013; Dawson et al. 2015).
In this paper, we revisit these results in the context of the

exoplanet population. We use a data set of over 20,000
medium-resolution spectroscopic metallicities for Kepler target
stars from the LAMOST-Kepler project (De Cat et al. 2015;
Frasca et al. 2016). This large data set provides a homogeneous
planet survey with a well-characterized detection bias, enabling
us to estimate survey completeness. For the first time, we are
able to calculate planet occurrence rates based on spectro-
scopically determined stellar metallicities. We describe the
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target sample and methodology in Section 2 and present the
main results of the metallicity dependence of the planet
population on orbital period in Section 3. We evaluate a
potential trend toward the habitable zone in Section 3.3, and
discuss potential origins for the excess of hot rocky planets
around high-metallicity stars in Section 4. We summarize our
results and present an outlook for future research in Section 5.

2. ANALYSIS

2.1. Metallicities

The observing strategy, target selection, and data reduction
of the LAMOST-Kepler project are described in De Cat et al.
(2015). We use the effective temperature Teff , metallicity
[ ]Fe H , and surface gravity glog of 51,385 stars derived by
Frasca et al. (2016). The observed metallicity, [ ]Fe H , is
measured as the iron abundance relative to hydrogen compared
to solar in logarithmic units. After cross-matching targets
observed by Kepler (using the stellar catalog from Huber et al.
2014) and removing giants according to the prescription of
Ciardi et al. (2011) based on Teff and glog , we obtain a sample
of 20,863 main-sequence stars observed by Kepler with
spectroscopic metallicities. Although glog values from
LAMOST are less accurate than those from high-resolution
spectrometry, it presents an improvement over photometric

glog used in previous occurrence rate studies. Because the
source sample is predominantly magnitude-limited (Kepler
magnitude <14), the sample contains mainly G and F stars with
very few cooler stars (a mean effective tempertaure

=T 5990eff with a standard deviation of 590 K). The mean
metallicity of the sample is close to solar (Figure 1), but the
distribution is skewed with a peak around [ ] ~Fe H 0.25 dex
with a long tail to low metallicities ([ ] ~ -Fe H 1.5 dex) and
a shorter tail to high metallicities ([ ] ~Fe H 0.7 dex).

This sample contains 665 planet candidates from the Q1-
Q16 catalog (Mullally et al. 2015) after removing false
positives identified by Santerne et al. (2016). The planet host-
star metallicities are displayed in Table 1 and shown in
Figure 2 as a function of orbital period, together with the
average stellar metallicity.

2.2. Methods

We first test for a correlation between host star metallicity
and the orbital periods of the planets using two non-parametric
correlation tests. Spearman’s rank correlation coefficient is
r = -0.20 with a probability of = -p e1.5 07 that both
quantities are uncorrelated. Kendall’s tau coefficient is
t = -0.139 with a = -p e1.2 07 for a lack of correlation.
The host star metallicities thus show a weak but significant
( s5.3 ) anticorrelation with the planet orbital period. We test for
the robustness of the correlation by performing a Monte Carlo
simulation where we generate 10,000 sets of data where we
perturb the metallicities with the typical s-1 uncertainty of
0.2 dex. We recover the correlation at a significance level of

s-
+4.7 0.5

0.5 for both Spearman’s rank and Kendall’s tau.
Because the correlation is weak and the dispersion in

metallicities is large, we use four different methods to
investigate the metallicity dependence of the planet population.

1. The average metallicity of planet host stars, [ ]Fe H KOI, as
in for example Buchhave et al. (2012). Because the
Kepler survey favors the detection of large planets in

Figure 1. Histogram of spectroscopic metallicities of main-sequence stars in
the Kepler field from LAMOST (blue). Photometric metallicities from Huber
et al. (2014) for a sample of Kepler targets brighter than Kpmag=14,
representative of the brightness limit of the LAMOST stellar sample, are shown
for comparison (hatched).

Table 1
Planet Occurrence Rates and Host Star Metallicities

KOI RP P focc [ ]Fe H focc
(cm) (day) (dex)

K00001.01 7.9e+09 2.5 2.9e-04 0.28 5.6e-04
K00005.01 3.8e+09 4.8 4.8e-04 0.36 9.1e-04
K K K K K K
K06242.03 8.9e+08 78.9 6.5e-03 −0.41 1.5e-02
K06246.01 1.0e+09 9.1 8.3e-04 0.32 1.6e-03

Note.The final column denotes the occurrence rate of the planet in the super-
solar ([ ] Fe H 0) or sub-solar ([ ] <Fe H 0) metallicity sample.

(This table is available in its entirety in machine-readable form.)

Figure 2. Host star metallicities as function of planet orbital period (black
dots). The solid purple line shows the kernel regression of the mean metallicity
of the planet population (Equation (3)). The shaded purple area shows the 68%
confidence interval on the mean from bootstrapping. The kernel bandwidth of
0.29 dex is shown in the top left. The purple dotted line shows the mean
metallicity of planet host stars (Equation (1)). The gray dashed line shows the
mean metallicity of the stellar sample, which is consistent with solar. An
increase with respect to longer period planets in the host star metallicity of
∼0.15 dex is evident in the planet population at orbital periods less than 10
days, indicated by the red arrow.
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short orbital periods around quiet stars, this metric is
biased toward those planets.

2. The average metallicity of the planet population, [ ]Fe H ,
calculated as a weighted average of the metallicity using
the occurrence rate of each planet candidate, focc,
described below. Because the occurrence rates take into
account transit geometry and planet detection efficiency,
this metric is less biased toward the detected population
and better represents the underlying exoplanet
population.

3. Non-parameteric quantile smoothing to estimate the
dispersion in the host star metallicity of the planet
population at different orbital periods.

4. The planet occurrence rates of a sample of stars with a
super-solar metallicity ([ ]Fe H �0 dex) and a sub-solar
metallicity ([ ]Fe H <0 dex), which we describe in
Section 3.2.

To calculate planet occurrence rates, we use the Q1-Q16
catalog from Mullally et al. (2015) and associated detection
completeness from Christiansen et al. (2015). We prefer this
catalog over the newer Q1-Q17 catalog from Coughlin et al.
(2016) because the latter has a lower detection efficiency at
longer orbital periods and is hence less complete (Christiansen
et al. 2016). We calculate occurrence rates focc for these planet
candidates based on the methodology described in Mulders
et al. (2015b), using the stellar sample as defined above. The
planet occurrence rates and host star metallicities are listed in
Table 1.

The main focus of this work is to investigate the metallicity
dependence of the exoplanet population on orbital period.
Because planets form around stars with a wide rage of
metallicities (e.g., Buchhave et al. 2012), trends in the mean
metallicity are not always apparent from the raw data, e.g.,
Figure 2. To visualize these trends, we use kernel regression
using the Nadaraya–Watson estimator (Nadaraya 1964; Wat-
son 1964) to estimate how the mean host star metallicity varies
as a function of orbital period (Figure 2, purple line).

The kernel regression of the mean metallicity, [ ]Fe H KOI, of
planet candidate host stars at an orbital period, P, is given by
the sum of the contributions of all n planet candidates:

[ ] ( ) [ ] ( ( ) )
( ( ) )

( )s
s

=
S

S
=

=
P

K P P

K P P
Fe H

Fe H log ,

log ,
, 1i
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0
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where [ ]Fe H i and Pi are the observed metallicity and orbital
period for each planet candidate as reported in Table 1. We use
a log-normal kernel

( ) ( )( )s
ps

= s-K P elog ,
1

2
2P0.5 log 2

with a constant bandwidth σ. We estimate a bandwidth of
s = 0.29 using maximum likelihood cross-validation.

The kernel regression of the mean metallicity of the
exoplanet population is calculated by weighing the contrib-
ution of every planet candidate with its occurrence rate, focc:
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Confidence intervals ( s-1 ) of the mean metallicity are
calculated using a bootstrapping method, which goes as
follows. First, we generate 10,000 bootstrapped samples from
the original sample. Each bootstrap is a random draw with

replacement from the original sample with a draw size equal to
the original sample size. Second, we calculate the kernel
regression of each bootstrapped sample using Equation (3).
Third, we calculate the 68th percentile at each period from the
kernel regression of all bootstrapped samples.
The s-1 confidence intervals reflect the uncertainty in the

mean metallicity, not the intrinsic scatter around the mean. An
estimate of the dispersion in the data is given by non-
parameteric quantile smoothing (Koenker et al. 1994; Koenker
& Mizera 2004). We calculate the 25%, 50%, and 75%
quantiles of the metallicity of the planet population, which are
shown in Figure 3.

3. RESULTS

3.1. Metallicity versus Orbital Period

The average metallicity of the planet population increases
interior to an orbital period of ~10 days by about 0.15 dex
(Figure 2). We note that this metallicity is similar to that of
giant planet hosts in the sample: The host star metallicity of the
44 planets larger than ÅR4 is [ ] = Fe H 0.14 0.04 dex,
consistent with previous estimates for Kepler giant planet hosts
of [ ] = Fe H 0.15 0.03 dex (Buchhave et al. 2012) and
[ ] = Fe H 0.18 0.02 dex (Buchhave et al. 2014). Because
the scatter around the mean metallicity is non-Gaussian, we
perform two statistical tests to assess the significance of the
difference in host star metallicity inside and outside of this
orbital period. First, the Mann–Whitney test computes the
probability, pMW, that the two distributions have the same
mean. Second, the Kolmogorov–Smirnoff test computes the
probability, pKS, that the two distributions are drawn from the
same parent distribution. We find probabilities of

·= -p 4.5 10MW
6 [4.6σ] and ·= -p 2.1 10KS

5 [4.3σ] that
the metallicity interior and exterior to a 10 day period have the
same mean, or are drawn from the same distribution,
respectively. The dispersion in the metallicity of the planet
population increases with orbital period (Figure 3). The 50%

Figure 3. Non-parametric quantile smoothing of the 25%, 50%, and 75%
quantiles (solid lines) of the host star metallicities of the planet population as a
function of orbital period. Individual data points are shown with black dots.
The gray dashed line shows the mean metallicity of the stellar sample, which is
consistent with solar. The increase in metallicity at short orbital periods
becomes more prominent toward the lower quartiles. The dispersion in the
metallicities increases toward larger orbital period.
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quantile of the metallicity shows an increase at short orbital
periods that is similar in magnitude to that of the average
metallicity. The increase is smaller for the 75% quantile and
much larger for the 25% quantile.

The increase in metallicity at short orbital periods is mainly
driven by the smallest planets in the sample (Figure 4).
Throughout this work, we adopt the same planet size ranges as
Buchhave et al. (2014) for rocky planets ( < ÅR R1.7P ), mini-
Neptunes ( = - ÅR R1.7 3.9P ), and giant planets
( > ÅR R3.9P ). Although the choices of planet radii are
somewhat arbitrary, they do reflect the boundary between
rocky planets and planets with a gaseous envelope at ÅR1.6
(Rogers 2015), and between planets whose mass is dominated
by their rocky cores versus by a gaseous envelope (Lopez &
Fortney 2014). We have verified that our results are not
sensitive to the exact choice of the planet radius boundaries.
The increased metallicity at short orbital periods is most
significant for rocky planets ( ·= -p 3.8 10MW

7 [5.1σ],
·= -p 5.0 10KS

5 [4.1σ]). The Mann–Whitney and Kolmo-
gorov–Smirnoff tests are inconclusive for mini-Neptunes
( =p 0.12MW , =p 0.2KS ) and for gas giants ( =p 0.04MW ,

=p 0.1KS ). We note that the significance of the correlation is
higher in the rocky planet sample than in the entire sample.
This indicates that the lower significance of the correlation in
the mini-Neptune and gas giant samples is due to a correlation
that is intrinsically weaker and not due to low-number statistics.

Because the Mann–Whitney test and Kolmogorov–Smirnoff
test do not take into account planet occurrence rates, we also
calculate a different statistic, [ ]D Fe H , to compare the mean
metallicity of the planet population interior and exterior to 10
days. First, we calculate the mean host star metallicity of the
planet population in a given period and radius range bin
{ }R P,P as

[ ]{ }
[ ]

( )
{ }

{ }=
S

S
R P

f

f
Fe H ,

Fe H
. 4P

i
R P

i i

i
R P

i

,
occ,
,

occ,

P

P

Confidence intervals at s-1 are once again calculated by
bootstrapping the sample 10,000 times, re-calculating the
occurrence-weighted metallicity for each draw, and taking the
68th percentile from the distribution of all draws. The
difference between the occurrence-weighted metallicity interior
and exterior to a 10 day orbital period, [ ]D Fe H , is defined as

[ ] [ ]{ }
[ ]{ } ( )

D = <

-

R P

R P

Fe H Fe H , 10 day

Fe H , 10 day 5
P

P

and shown in Figure 5 for the same planet size ranges as
before. Confidence intervals at s-1 are estimated by
quadratically adding the confidence intervals on [ ]Fe H
{ }R P,P .
The difference in host star metallicity of the planet

population is largest ( [ ]D = Fe H 0.25 0.07 dex) for rocky
planets, smaller for mini-Neptunes ( [ ]D = Fe H 0.08 0.05
dex), and not significant for giant planets
( [ ]D = Fe H 0.10 0.12 dex). We note that the same trend
is present in the data-set from Buchhave et al. (2014), albeit at
lower amplitude. The difference may be due to a different
sample selection, or to the calibration of the LAMOST
metallicities, which we will discuss in the Appendix.

Figure 4. Same as Figure 2 for, from top to bottom: small planets
( [ ]= ÅR R0, 1.7p ), intermediate-sized planets ( [ ]= ÅR R1.7, 3.9p ), and
large planets ( [ ]> ÅR R3.9p ). The difference in host star metallicity
is most pronounced in the smallest planets, highlighted by the red
arrow. The metallicity of giant planets is consistent with a period-
independent mean metallicity of 0.14 dex, indicated by the black
dashed line.
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3.2. Planet Occurrence

Although we find a large difference in host star metallicity
for planets at short orbital periods, this is also the region where
planet occurrence rates are low (~20%) compared to longer
orbital periods (90%). To assess how the metallicity
dependence of the short-period planets affects the overall
planet population, we calculate planet occurrence rate for a sub-
sample of sub-solar ([ ] <Fe H 0) and super-solar
([ ] Fe H 0) metallicities. The stars in both samples have
similar levels of photometric noise (CDPP, Christiansen et al.
2012), and the detection efficiencies as a function of planet
radius and orbital period are very similar (see Figure 6).
Figure 7 shows the occurrence rates of both samples as
function of orbital period for planets smaller than 4 ÅR . The
inclusion of giant planets or the exclusion of mini-Neptunes
does not significantly change the trend with metallicity. The
super-solar sample has an almost three times higher occurrence
rate within a 10 day orbital period of 29.6 2.0% compared to
the sub-solar sample with a rate of 11.9 1.4%. This trend is
consistent with the higher mean metallicity for planet hosts
identified in the previous section. At longer orbital periods,
where the bulk of the planet population resides ( 88.5 4.9%
between 10 and 200 days), there is no statistically significant
difference between the planet occurrence rates for super-solar
( 89.0 6.5%) and sub-solar ( 89.9 7.6%) metallicity stars.

3.3. Trends Toward the Habitable Zone

Adibekyan et al. (2016) identify a lack of planets smaller
than ÅR2 toward the habitable zone around stars with a super-
solar metallicity by looking at confirmed planets in the
Buchhave et al. (2014) sample. This region, corresponding to
an orbital period range of 60–200 days, is highlighted with the
orange box in Figure 6. Our sample contains planet candidates
in this box for both samples. The integrated planet occurrence
rates are twice as high for stars of sub-solar metallicity
( 26.7 7.1%) compared to stars of super-solar metallicity

( 13.8 4.6%). This trend is, however, not statistically
significancant at 1.5σ and a larger sample of stars with
spectroscopic metallicities is required to refute or confirm its
existence.

4. DISCUSSION

We will now discuss two different scenarios that may
explain the observed trend. The super-solar metallicity of hot
rocky planet hosts is similar to that of giant planets, while their
location ( <P 10 days) coincides with that of hot Jupiters. This
may indicate that hot Jupiters and hot rocky planets have a
common formation mechanism that sets them aside from colder
( >P 10 days) rocky planets and mini-Neptunes. Hot rocky
planets may represent a population of planets that formed like
hot Jupiters but did not enter runaway gas accretion. They may
have formed with a gaseous envelope, but were not massive
enough to prevent their gaseous envelopes from escaping,
reducing their sizes to those of rocky planets. This picture is

Figure 5. Difference in metallicity between planets at short ( <P 10 day) and
long ( >P 10 day) orbital periods. Smaller planets show a stronger metallicity
dependence. Solid colors show the occurrence-weighted metallicities
(Equation (4)), dotted colors show the average metallicities without taking
into account planet occurrence rates. The gray colors show that the trend of
higher host star metallicity at shorter orbital periods is also present in the data
set from Buchhave et al. (2014).

Figure 6. Completeness contours and planet candidates for the super-solar and
sub-solar metallicity sample. The orange box indicates the region identified by
Adibekyan et al. (2016) as containing no planets in the sub-solar sample.
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consistent with the observed lack of hot Neptunes at very short
orbital periods ( P 2.5 days) that can be explained by
stripping of their gaseous envelopes (Lundkvist et al. 2016;
Mazeh et al. 2016). However, while hot Jupiters are typically
not found in multi-planet systems (Steffen et al. 2012), hot
rocky planets are. The increased host star metallicity for
hot rocky planets does not disappear if we consider only
observed multi-planet systems (pMW=8.7·10−5 [3.9σ],
pKS=5.3·10−3 [2.8σ]).

An alternative explanation is that the regions where planets
form or halt their migration extend closer in around metal-rich
stars. If we interpret the drop in planet occurrence rates interior
to a 10 day orbital period as a signature of the protoplanetary
disk inner edge (e.g., Mulders et al. 2015a), this edge must be
closer in around metal-rich stars. Figure 7 shows that the orbital
period of the inner disk edge around metal-rich stars must be
half that around metal-poor stars. This corresponds to a
difference in semimajor axis of a factor of 1.6. We note that the
expected metallicity difference between M stars and Sun-like
stars in the Kepler sample is less than 0.1 dex (e.g., Howard
et al. 2012), and is too small to influence the stellar-mass-
dependent trends identified in Mulders et al. (2015a).

The inner edge of the dust disk may serve as a planet trap
(e.g., Baillié et al. 2016) or a preferred site of planet formation
(e.g., Boley et al. 2014). The exact scaling law between the
location of the dust disk inner edge and disk metallicity is not
clear. A high disk metallicity leads to a larger dust-to-gas ratio,
increasing the disk opacity, and moving the dust sublimation
front inward (e.g., Kama et al. 2009, Equation(3)). However,
the complex interplay between dust opacity and disk structure
at the sublimation front makes it hard to estimate a scaling law
for the inner disk edge with disk metallicity. Self-consistent
radiation hydro-dynamical modeling of the sublimation front,
such as that in (Flock et al. 2016), around pre-main-sequence
Sun-like stars will be necessary to pin down the scaling law
between the dust disk inner edge and the stellar metallicity.

The inner edge of the gas disk is a strong trap for migrating
rocky planets (e.g., Terquem & Papaloizou 2007). How the
inner edge of the gas disk depends on metallicity is less clear.
The location of the inner edge can be calculated from the

balance between the magnetic pressure from the stellar
magnetic field and the ram pressure from the ionized gas. A
higher metallicity increases the mean molecular weight by only
a small factor, and the corresponding increase in ram pressure
is not sufficient to move the inner disk edge inward. How the
stellar magnetic field of pre-main-sequence stars depends on
their metallicity is not clear. A weaker magnetic field around
metal-rich stars is required to move the inner edge inward.
Alternatively, if the inner disk edge is determined from the gas
co-rotation radius as in Mulders et al. (2015a), high-metallicity
pre-main-sequence stars must be faster rotators to explain the
observed trend. There does not seem to be any correlation
between rotation and metallicity, at least for M dwarfs (Newton
et al. 2016).

5. CONCLUSION

We have characterized the orbital-period dependence of the
Kepler exoplanet population using>20,000 medium-resolution
spectroscopic metallicities from the LAMOST survey for main-
sequence G and F stars. For the first time we are able to
calculate planet occurrence rates for the Kepler sample based
on spectroscopic metallicities. We find:

1. The metallicities of the stellar sample is consistent with
solar, while giant planets have an increased host star
metallicity of 0.14±0.04 dex.

2. The exoplanet population, which is dominated by planets
smaller than ∼4 Earth radii, shows an increased host star
metallicity of [Fe/H];0.15±0.05 dex) interior to a 10
day orbital period. At longer orbital periods metallicities
are consistent with solar.

3. The super-solar metallicity at short orbital periods is most
significant for rocky planets ( < ÅR R1.7P ), where
metallicity differs by [Fe/H];0.25±0.07 dex. The
difference in metallicity for hot mini-Neptunes
( –= ÅR R1.7 3.9P ) is smaller and less significant at
[Fe/H];0.08±0.05 dex. Hot gas giants
( > ÅR R3.9P ) do not show a significant metallicity
variation with orbital period ([Fe/H];0.1±0.12 dex).

4. The occurrence rate of planets interior to a 10 day orbital
period is almost three times higher for super-solar
metallicity stars ([Fe/H]�0, 29.6 2.0%) than for
stars with a sub-solar metallicity ([Fe/H]<0,

11.9 1.4%). Exterior to 10 day orbital periods, there
is no significant difference between planet occurrence
rates around stars of super-solar metallicity
(89.0±6.5%) and sub-solar metallicity (89.9±7.6%).

5. The increased host star metallicity of hot rocky planets
suggests they may share a formation mechanism with hot
Jupiters that is distinct from the population of rocky
planets and mini-Neptunes at orbital periods that shows
no metallicity dependence. Alternatively, planet forma-
tion regions may extend closer in around stars with higher
metallicity, which is supported by hot rocky planets also
appearing in multi-planets systems, in contrast to hot
Jupiters that are typically single.

6. We do not find statistically significant evidence for a
trend previously identified by Adibekyan et al. (2016)
that small planets toward the habitable zone are
preferentially found around low-metallicity stars.
Although the occurrence rates of planets smaller than
two Earth radii with orbital periods between 70 and 200

Figure 7. Planet occurrence as a function of orbital period for super-solar and
sub-solar metallicity stars. The planet occurrence rate interior to the cutoff at
~P 10 day is three times higher for stars with super-solar metallicity. At larger

orbital periods, the occurrence rates are similar within errors.

6

The Astronomical Journal, 152:187 (8pp), 2016 December Mulders et al.



days are higher for stars with a sub-solar metallicity
( 26.7 7.1%) compared to stars of super-solar metalli-
city ( 13.8 4.6%), this difference is only s1.5 .

Although the Kepler spacecraft has finished its main
mission, ongoing characterization of the stellar content of the
Kepler field with surveys like LAMOST and in the future Gaia
can shed new light on the planet formation process. In
particular, trends for exoplanets in the habitable zone, where
the detection efficiency is low, can be refuted or placed on a
strong statistical footing with a larger data set of spectroscopic
metallicities.

This paper includes data collected by the Kepler mission.
Funding for the Kepler mission is provided by the NASA
Science Mission directorate. We thank the referee and the
statistical editor for a constructive review that has improved the
quality of the paper. The authors thank Mario Flock and Aline
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would also like to thank Dean Billheimer and his students for
statistical advice through the Statistical Consulting course.
J.M.-Ż. acknowledges the grant number NCN 2014/13/B/
ST9/00902. This material is based upon work supported by the
National Aeronautics and Space Administration under Agree-
ment No. NNX15AD94G for the program Earths in Other Solar
Systems. The results reported herein benefited from collabora-
tions and/or information exchange within NASAs Nexus for
Exoplanet System Science (NExSS) research coordination
network sponsored by NASAs Science Mission Directorate.

APPENDIX
METALLICITY SCALING

The stellar metallicities from Frasca et al. (2016) used in this
paper span a range [ ]Fe H ;[−0.8, 0.6] that is wider than the
range of [ ]Fe H ;[−0.5, 0.5] for Kepler planet hosts in
Buchhave et al. (2014). Frasca et al. (2016) note that there is a
systematic trend in the metallicities derived from LAMOST data
compared to literature values, which is “the result of both the
low resolution of the LAMOST spectra and the non-uniform
distribution of templates in the parameters space.” The authors
propose a correction to the measured metallicities from their
pipeline, based on a comparison with the high-resolution
spectroscopic metallicities from the Apokasc catalog of red
giant stars. Throughout this paper, we have used these
corrected metallicities.

However, the correction for main-sequence stars may not
necessarily be the same as that for red giant stars, and may
explain the wider range in metallicities in this work compared
to Buchhave et al. (2014). Figure 8 shows the metallicities used
in this paper compared to those in Buchhave et al. (2014), for
the 299 planets that are present in both samples. A linear fit to
the data (dashed line) shows that the corrected metallicities are
on average 30% larger than the metallicities from Buchhave
et al. (2014). There is no trend between metallicity and planet
size that could influence the results of this paper, though a
scatter around the mean is present with a median deviation of
0.20 dex. However, Frasca et al. (2016) do not find a significant
offset between corrected metallicities and literature objects,
which are mostly main-sequence stars.

To assess the impact of a different metallicity correction on
our results, we repeated the analysis of Section 3 with a
metallicity correction that reproduces the mean metallicity for

the main-sequence stars as described above. Using this new
correction, the metallicity increase at short orbital periods is
[ ] = Fe H 0.18 0.05, which is~30% smaller. This indicates
that the systematic uncertainty in the derived trend is of the
same order as the bootstrapping uncertainty. Note that the
significance of this result does not change, as the s-1
confidence intervals scale accordingly. The Mann–Whitney
and Kolmogorov–Smirnoff tests produce identical results.
Similarly, the planet occurrence rates derived in Section 3.2
do not change as a different metallicity correction does not
influence which stars are in the metal-rich and metal-poor
sample.

REFERENCES

Adibekyan, V., Figueira, P., & Santos, N. C. 2016, OLEB, 46, 351
Adibekyan, V. Z., Figueira, P., Santos, N. C., et al. 2013, A&A, 560, A51
Alibert, Y., Mordasini, C., & Benz, W. 2011, A&A, 526, A63
Andrews, S., Rosenfeld, K. A., Kraus, A. L., & Wilner, D. J. 2013, ApJ,

771, 129
Ansdell, M., Williams, J. P., van der Marel, N., et al. 2016, ApJ, 828, 46
Baillié, K., Charnoz, S., & Pantin, E. E. 2016, A&A, 590, A60
Barenfeld, S. A., Carpenter, J. M., Ricci, L., & Isella, A. 2016, ApJ, 827, 142
Beaugé, C., & Nesvorný, D. 2013, ApJ, 763, 12
Boley, A. C., Morris, M. A., & Ford, E. B. 2014, ApJL, 792, L27
Buchhave, L. A., Batalha, N., Latham, D. W., et al. 2012, Natur, 486, 375
Buchhave, L. A., Bizzarro, M., Latham, D. W., et al. 2014, Natur, 509, 593
Buchhave, L. A., & Latham, D. W. 2015, ApJ, 808, 187
Christiansen, J. L., Clarke, B. D., Burke, C. J., et al. 2015, ApJ, 810, 95
Christiansen, J. L., Clarke, B. D., Burke, C. J., et al. 2016, ApJ, 828, 99
Christiansen, J. L., Jenkins, J. M., Caldwell, D. A., et al. 2012, PASP,

124, 1279
Ciardi, D. R., von Braun, K., Bryden, G., et al. 2011, AJ, 141, 108
Coughlin, J. L., Mullally, F., Thompson, S. E., et al. 2016, ApJS, 224, 12
Courcol, B., Bouchy, F., & Deleuil, M. 2016, MNRAS, 461, 1841
Dawson, R. I., Chiang, E., & Lee, E. J. 2015, MNRAS, 453, 1471
De Cat, P., Fu, J. N., Ren, A. B., et al. 2015, ApJS, 220, 19
Flock, M., Fromang, S., Turner, N. J., & Benisty, M. 2016, ApJ, 827, 144
Frasca, A., Molenda-Żakowicz, J., De Cat, P., et al. 2016, A&A, 594, A39
Howard, A. W., Marcy, G. W., Bryson, S. T., et al. 2012, ApJS, 201, 15
Huber, D., Silva Aguirre, V., Matthews, J. M., et al. 2014, ApJS, 211, 2
Ida, S., & Lin, D. N. C. 2004, ApJ, 616, 567
Johnson, J. A., Aller, K. M., Howard, A. W., & Crepp, J. R. 2010, PASP,

122, 905
Johnson, J. A., Butler, R. P., Marcy, G. W., et al. 2007, ApJ, 670, 833
Johnson, J. L., & Li, H. 2012, ApJ, 751, 81

Figure 8. Comparison of host star metallicities for planet candidates present in
both the Frasca et al. (2016) and Buchhave et al. (2014) sample. The dotted line
shows a 1:1 correlation. The LAMOST metallicities span a range that is 30%
larger (dashed line) than those of Buchhave et al. (2014).

7

The Astronomical Journal, 152:187 (8pp), 2016 December Mulders et al.

http://dx.doi.org/10.1007/s11084-016-9486-1
http://adsabs.harvard.edu/abs/2016OLEB...46..351A
http://dx.doi.org/10.1051/0004-6361/201322551
http://adsabs.harvard.edu/abs/2013A&amp;A...560A..51A
http://dx.doi.org/10.1051/0004-6361/201014760
http://adsabs.harvard.edu/abs/2011A&amp;A...526A..63A
http://dx.doi.org/10.1088/0004-637X/771/2/129
http://adsabs.harvard.edu/abs/2013ApJ...771..129A
http://adsabs.harvard.edu/abs/2013ApJ...771..129A
http://dx.doi.org/10.3847/0004-637X/828/1/46
http://adsabs.harvard.edu/abs/2016ApJ...828...46A
http://dx.doi.org/10.1051/0004-6361/201528027
http://adsabs.harvard.edu/abs/2016A&amp;A...590A..60B
http://dx.doi.org/10.3847/0004-637X/827/2/142
http://adsabs.harvard.edu/abs/2016ApJ...827..142B
http://dx.doi.org/10.1088/0004-637X/763/1/12
http://adsabs.harvard.edu/abs/2013ApJ...763...12B
http://dx.doi.org/10.1088/2041-8205/792/2/L27
http://adsabs.harvard.edu/abs/2014ApJ...792L..27B
http://dx.doi.org/10.1038/nature11121
http://adsabs.harvard.edu/abs/2012Natur.486..375B
http://dx.doi.org/10.1038/nature13254
http://adsabs.harvard.edu/abs/2014Natur.509..593B
http://dx.doi.org/10.1088/0004-637X/808/2/187
http://adsabs.harvard.edu/abs/2015ApJ...808..187B
http://dx.doi.org/10.1088/0004-637X/810/2/95
http://adsabs.harvard.edu/abs/2015ApJ...810...95C
http://dx.doi.org/10.3847/0004-637X/828/2/99
http://adsabs.harvard.edu/abs/2016ApJ...828...99C
http://dx.doi.org/10.1086/668847
http://adsabs.harvard.edu/abs/2012PASP..124.1279C
http://adsabs.harvard.edu/abs/2012PASP..124.1279C
http://dx.doi.org/10.1088/0004-6256/141/4/108
http://adsabs.harvard.edu/abs/2011AJ....141..108C
http://dx.doi.org/10.3847/0067-0049/224/1/12
http://adsabs.harvard.edu/abs/2016ApJS..224...12C
http://dx.doi.org/10.1093/mnras/stw1049
http://adsabs.harvard.edu/abs/2016MNRAS.461.1841C
http://dx.doi.org/10.1093/mnras/stv1639
http://adsabs.harvard.edu/abs/2015MNRAS.453.1471D
http://dx.doi.org/10.1088/0067-0049/220/1/19
http://adsabs.harvard.edu/abs/2015ApJS..220...19D
http://dx.doi.org/10.3847/0004-637X/827/2/144
http://adsabs.harvard.edu/abs/2016ApJ...827..144F
http://dx.doi.org/10.1051/0004-6361/201628337
http://adsabs.harvard.edu/abs/2016A&amp;A...594A..39F
http://dx.doi.org/10.1088/0067-0049/201/2/15
http://adsabs.harvard.edu/abs/2012ApJS..201...15H
http://dx.doi.org/10.1088/0067-0049/211/1/2
http://adsabs.harvard.edu/abs/2014ApJS..211....2H
http://dx.doi.org/10.1086/424830
http://adsabs.harvard.edu/abs/2004ApJ...616..567I
http://dx.doi.org/10.1086/655775
http://adsabs.harvard.edu/abs/2010PASP..122..905J
http://adsabs.harvard.edu/abs/2010PASP..122..905J
http://dx.doi.org/10.1086/521720
http://adsabs.harvard.edu/abs/2007ApJ...670..833J
http://dx.doi.org/10.1088/0004-637X/751/2/81
http://adsabs.harvard.edu/abs/2012ApJ...751...81J


Kama, M., Min, M., & Dominik, C. 2009, A&A, 506, 1199
Koenker, R., & Mizera, I. 2004, J. R. Stat. Soc. Ser. B, 66, 145
Koenker, R., Ng, P., & Portnoy, S. 1994, Biometrika, 81, 673
Lopez, E. D., & Fortney, J. J. 2014, ApJ, 792, 1
Lundkvist, M. S., Kjeldsen, H., Albrecht, S., et al. 2016, NatCo, 7, 11201
Mazeh, T., Holczer, T., & Faigler, S. 2016, A&A, 589, A75
Mohanty, S., Greaves, J., Mortlock, D., et al. 2013, ApJ, 773, 168
Mordasini, C., Alibert, Y., Benz, W., Klahr, H., & Henning, T. 2012, A&A,

541, A97
Mortier, A., Santos, N. C., Sousa, S., et al. 2013, A&A, 551, A112
Mulders, G. D., Pascucci, I., & Apai, D. 2015a, ApJ, 798, 112
Mulders, G. D., Pascucci, I., & Apai, D. 2015b, ApJ, 814, 130
Mullally, F., Coughlin, J. L., Thompson, S. E., et al. 2015, ApJS, 217, 31

Nadaraya, E. A. 1964, Theory Probab. Its Appl., 9, 141
Newton, E. R., Irwin, J., Charbonneau, D., et al. 2016, ApJ, 821, 93
Pascucci, I., Testi, L., Herczeg, G. J., et al. 2016, ApJ, 831, 125
Reffert, S., Bergmann, C., Quirrenbach, A., Trifonov, T., & Künstler, A. 2015,

A&A, 574, A116
Rogers, L. A. 2015, ApJ, 801, 41
Santerne, A., Moutou, C., Tsantaki, M., et al. 2016, A&A, 587, A64
Santos, N. C., Israelian, G., & Mayor, M. 2000, A&A, 363, 228
Schlaufman, K. C. 2015, ApJL, 799, L26
Sousa, S. G., Santos, N. C., Mayor, M., et al. 2008, A&A, 487, 373
Steffen, J. H., Ragozzine, D., Fabrycky, D. C., et al. 2012, PNAS, 7982
Terquem, C., & Papaloizou, J. 2007, ApJ, 654, 1110
Watson, G. S. 1964, Sankhyā Ser., 26, 359

8

The Astronomical Journal, 152:187 (8pp), 2016 December Mulders et al.

http://dx.doi.org/10.1051/0004-6361/200912068
http://adsabs.harvard.edu/abs/2009A&amp;A...506.1199K
http://dx.doi.org/10.1111/j.1467-9868.2004.00437.x
http://dx.doi.org/10.1093/biomet/81.4.673
http://dx.doi.org/10.1088/0004-637X/792/1/1
http://adsabs.harvard.edu/abs/2014ApJ...792....1L
http://dx.doi.org/10.1038/ncomms11201
http://adsabs.harvard.edu/abs/2016NatCo...711201L
http://dx.doi.org/10.1051/0004-6361/201528065
http://adsabs.harvard.edu/abs/2016A&amp;A...589A..75M
http://dx.doi.org/10.1088/0004-637X/773/2/168
http://adsabs.harvard.edu/abs/2013ApJ...773..168M
http://dx.doi.org/10.1051/0004-6361/201117350
http://adsabs.harvard.edu/abs/2012A&amp;A...541A..97M
http://adsabs.harvard.edu/abs/2012A&amp;A...541A..97M
http://dx.doi.org/10.1051/0004-6361/201220707
http://adsabs.harvard.edu/abs/2013A&amp;A...551A.112M
http://dx.doi.org/10.1088/0004-637X/798/2/112
http://adsabs.harvard.edu/abs/2015ApJ...798..112M
http://dx.doi.org/10.1088/0004-637X/814/2/130
http://adsabs.harvard.edu/abs/2015ApJ...814..130M
http://dx.doi.org/10.1088/0067-0049/217/2/31
http://adsabs.harvard.edu/abs/2015ApJS..217...31M
http://dx.doi.org/10.1137/1109020
http://dx.doi.org/10.3847/0004-637X/821/2/93
http://adsabs.harvard.edu/abs/2016ApJ...821...93N
http://dx.doi.org/10.3847/0004-637X/831/2/125
http://adsabs.harvard.edu/abs/2016ApJ...831..125P
http://dx.doi.org/10.1051/0004-6361/201322360
http://adsabs.harvard.edu/abs/2015A&amp;A...574A.116R
http://dx.doi.org/10.1088/0004-637X/801/1/41
http://adsabs.harvard.edu/abs/2015ApJ...801...41R
http://dx.doi.org/10.1051/0004-6361/201527329
http://adsabs.harvard.edu/abs/2016A&amp;A...587A..64S
http://adsabs.harvard.edu/abs/2000A&amp;A...363..228S
http://dx.doi.org/10.1088/2041-8205/799/2/L26
http://adsabs.harvard.edu/abs/2015ApJ...799L..26S
http://dx.doi.org/10.1051/0004-6361:200809698
http://adsabs.harvard.edu/abs/2008A&amp;A...487..373S
http://dx.doi.org/10.1073/pnas.1120970109
http://dx.doi.org/10.1073/pnas.1120970109
http://dx.doi.org/10.1086/509497
http://adsabs.harvard.edu/abs/2007ApJ...654.1110T

