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HL Tau / ALMA Kepler 11/NASA

?

Host star metallicity traces…

… the metallicity (dust content) of 
protoplanetary disk

Metallicity: Why Do We Care?



Giant Planet Metallicity Correlation
Fischer & Valenti (2005)
• Occurrence of Doppler- 

detected giant planets is 
strong function of [Fe/H]

• Supports core accretion 
theory

• No sensitivity to small planets
• N(planets) ~ 100 

• See also: Gonzalez+97, Santos+04, Sousa+08, 
Ghezzi+10, Dawson+13, Buchhave+14, Dong+14, 
Buchhave+15, Dawson+15, Schlaufman+15, 
Wang+15, Mulders+16, Guo+17, 



Given a sample of planets P, drawn from a parent stellar population S the planet 
occurrence within a box spanning [P1,P2] and [Rp1,Rp2] is…

f 
Num. planets in P within box*
Num. stars in S within box

=

Occurrence: Period-Radius

S - Magnitude limited sample of Kepler FGK dwarfs 36959 (18%)

P - Q1-Q16 sample of Kepler planets (970) with CKS parameters

*corrected for 
missed planets
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Figure 7. Planet occurrence as a function of orbital period for various size classes. For example, green points show the number of
super-Earths per 100 stars per 0.25 dex interval in period. Downward arrows represent upper limits (90%). For the super-Earths
and sub-Neptunes, we fit the occurrence using the power law and exponential cutoff model described in Section 5 (Equation 17).
The solid lines and bands show the best-fitting model and 1� range of credible models, respectively. For super-Earths and sub-
Neptunes at P < 10 days, planet occurrence increases like df/d logP / P↵, where ↵ ⇡ 2.3+0.4

�0.3 and ↵ ⇡ 2.3+0.2
�0.2, respectively.

At longer orbital periods, occurrence is nearly uniform in logP . A transition period P0 characterizes where the distributions
changes slope, which occurs at P0 = 6.6+1.6

�1.2 days and P0 = 11.9+1.7
�1.5 days, respectively. The distributions of sub-Saturns and

Jupiters are not well-described by this model. Their occurrence gradually increases over P = 1–300 days.

the methodology from Section 4.4 and list the associated
model parameters in Table 7.

For the hot super-Earths we found � = +0.7+0.2
�0.2, indi-

cating a significant positive metallicity correlation. That
� ⇠ 1 for hot super-Earths means that their occurrence
is nearly proportional to the number of iron atoms in a
star’s photosphere, relative to hydrogen. Through our
MCMC modeling, we found that the metallicity index
� was only weakly correlated with the period index ↵.
In contrast ↵ and the normalization constant C were
highly covariant.

The metallicity correlation steepens for larger plan-
ets. For hot sub-Neptunes, � = +1.6+0.3

�0.3. For hot
sub-Saturns and hot Jupiters our planet sample P con-
tains only 7 and 14 planets, respectively. Small sample
size leads to larger uncertainties on �, and for hot sub-
Saturns and Jupiters, � = +5.5+1.7

�1.4 and � = +3.6+0.9
�0.9,

respectively. Despite these larger uncertainties, it is
clear that hot sub-Saturns and Jupiters have signifi-
cantly steeper metallicity dependences than hot super-
Earths and sub-Neptunes.

Our occurrence rate model depends on both P and
M , and thus cannot be displayed on a 2D plot. For dis-

play purposes, we performed an integration from P = 1–
10 days. Figure 10 shows the number of planets belong-
ing to different size classes per 100 stars having P = 1–
10 days for various metallicity intervals spanning �M =
0.2 dex. As in Figure 7, the binned rates serve to guide
the eye and are not used in the fitting.

We observe different metallicity dependencies for more
distant planets. As shown in Figure 10, warm super-
Earths are consistent with no metallicity dependence
� = �0.3+0.2

�0.2. Warm sub-Neptunes show a posi-
tive metallicity correlation, but their power law index
� = +0.6+0.2

�0.2 is significantly shallower than that of the
hot sub-Neptunes. The warm sub-Saturns have a posi-
tive metallicity correlation of � = +2.2+0.7

�0.7, again more
shallow than that of the hot sub-Saturns. Finally, our
sample contains too few warm Jupiters (4) to search for
a metallicity correlation.

In summary, some but not all planet subclasses are as-
sociated with stellar metallicity. Warm super-Earths ex-
hibit no metallicity dependence. The planet-metallicity
correlation steepens with increasing size and decreas-
ing orbital period, with the hot Jupiters and hot sub-
Saturns showing the steepest metallicity dependencies.
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Super-Earths 1.0-1.7 RE 
Sub-Neptunes 1.7–4.0 RE
Sub-Saturns 4.0–8.0 RE
Jupiters 8–24 RE

Occurrence: Period-Radius

3 super-Earths  
(RP = 1.0–1.7 RE)  
per 100 stars  
with P = 5–10 days



Given a sample of planets P, drawn from a parent stellar population S the planet 
occurrence within a box spanning [P1,P2] and [Rp1,Rp2] and [M1,M2] 

Occurrence: Period-Radius-Metallicity

S - Magnitude limited sample of Kepler FGK dwarfs 36959 (18%)

P - Q1-Q16 sample of Kepler planets (970) with CKS parameters

f 
Num. planets in P within box*
Num. stars in S within box

=
*corrected for 
missed planets

Key limitation: metallicity of Kepler field was unknown until c. 2015



- LAMOST Metallicities
- R~1800 spectrometer
- High multiplexing
- High precision (~0.1 dex)
- tens of thousands of Kepler stars

LAMOST Metallicities of Kepler fields stars

LAMOST

Multiplexed
Spectrometer

Fiber 
Positioners



applying these cuts, we are left with 14,382 stars with
LAMOST parameters. The filters are summarized in Table 3
and the distribution of LAMOST stellar properties is shown in
Figure 2.

Table 4 summarizes the metallicity distribution of ( and +
measured through different methods. The mean metallicity of
+ , as measured by LAMOST, is −0.01dex, similar to the

mean metallicity of the filtered planet sample ( , +0.03dex, as
measured by CKS. We note that the mean metallicity of + ,
according to the DR25 stellar properties table (Mathur
et al. 2017), is −0.19dex. This low value is due to the low
metallicity prior used in the photometric modeling.

Figure 2. The distribution of stellar properties for the three samples of stars considered in this work. Panel (a): blue points show Teff and glog of CKS planet hosts that
passed all filters ( ; gray points represent all CKS planet hosts. Panels (b) and (c) show the same quantities as panel (a), but for the Kepler target stars and the
LAMOST sample, respectively. Panels (d)–(f): distributions of host star Kp. Panels (g)–(i): distributions of host star metallicity from different catalogs. The sub-solar
mean metallicity of the Kepler target stars (h) is a reflection of the low metallicity prior used in the photometric modeling.

Table 2
Filters Applied to Stellar Sample

Cut n ,pass� n ,pass,run� f ,pass,run�

Full sample 199991 199991 1.000
Kp < 14.2 mag 81758 81758 0.409
Teff =4700–6500 K 168885 62751 0.768

glog 3.9 5.0 dex= – 162854 36959 0.589

Note. Summary of the filters applied to + . See Table 1 for column descriptions.

Table 3
Summary of Cuts to LAMOST Sample

Cut n ,pass� n ,pass,run� f ,pass,run�

Full sample 29997 29997 1.000
Kp < 14.2 mag 29997 29997 1.000
Teff =4700–6500 K 23551 23551 0.785

glog 3.9 5.0 dex= – 18625 14382 0.611

Note. Summary of the cuts applied to the LAMOST DR-2 sample. See Table 1
for column descriptions.
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The Astronomical Journal, 155:89 (24pp), 2018 February Petigura et al.

Kepler Field
- Mean([Fe/H]) = –0.005 ± 0.002 996 B. Nordström et al.: The Geneva-Copenhagen survey of the Solar neighbourhood

Fig. 8. Comparison between our final photometric metallici-
ties ([Me/H]) and the spectroscopic ([Fe/H]) values used to estab-
lish the calibrations. Open circles denote the cool (GK) stars, dots the
hot (F) stars (see text).

have used our new calibration to compute photometric metal-
licities for the ∼1500 stars in our sample with b − y > 0.46.
For the ∼600 stars in the interval 0.44 < b − y < 0.46, the new
calibration agrees with that by the Schuster & Nissen (1989) to
within 0.00 dex in the mean, with a dispersion of 0.12 dex.

About 2400 of our stars with high temperatures and low
gravities are outside the range covered by the Schuster &
Nissen (1989) calibration. For these stars we have adopted the
calibration of β and m1 by Edvardsson et al. (1993), when valid.
For the stars in common, the two calibrations agree very well
(mean difference of 0.00 dex, dispersion only 0.05). For stars
outside the limits of both calibrations, we have derived a new
relation, using the same terms as Schuster & Nissen (1989)
for F stars. In addition to the above new spectroscopic sources,
we used Burkhart & Coupry (1991), Glaspey et al. (1994)
and Taylor (2003) to extend the coverage in b − y, m1, c1,
and [Fe/H]. From 342 stars in the ranges: 0.18 ≤ b − y ≤ 0.38,
0.07 ≤ m1 ≤ 0.26, 0.21 ≤ c1 ≤ 0.86 and −1.5 ≤ [Fe/H] ≤ 0.8,
we derive the following calibration equation:

[Fe/H] = 9.60 − 61.16m1 + 81.25m1(b − y)
+224.65m2

1(b − y) − 153.18m1(b − y)2

+[12.23 − 90.23m1 + 38.70(b− y)] log(m1 − c3),

where c3 = 0.45 − 3.98(b − y) + 5.08(b − y)2.
The fit of these photometric metallicities to the spectro-

scopic values is shown in Fig. 8 (dots); the dispersion around
the relation is 0.10 dex. For the stars in common, the new cali-
bration and that by Schuster & Nissen (1989) again agree very
well (mean difference 0.02 dex, dispersion only 0.04). More
detail on the new calibration is given by Holmberg (2004).

Fig. 9. Distribution of metallicities for the whole sample (full his-
togram). For comparison, the dotted curve shows a Gaussian distri-
bution with mean of −0.14 and dispersion of 0.19 dex, covering the
same area as the histogram.

The distribution of the photometric metallicities derived as
described above is shown in Fig. 9. A Gaussian curve (with a
mean of −0.14 and a dispersion of 0.19 dex) has been plotted
to highlight the tail of metal-poor stars in the real distribution.
This metallicity distribution for F- and G-type dwarfs is almost
identical to the one found for K-type giants by Girardi & Salaris
(2001), with a mean of −0.12 and a dispersion of 0.18 dex.

4.4. Distances and absolute magnitudes

Most of our programme stars are nearby and have trigonomet-
ric parallaxes of excellent quality from Hipparcos (see Sect. 3.4
and Fig. 5). We have therefore chosen to first determine dis-
tances for our stars based on the Hipparcos parallaxes, either
directly or indirectly. The distances are used to compute tan-
gential space motion components from the proper motions,
and absolute magnitudes used in the determination of ages and
masses.

When the Hipparcos parallax is either unavailable or less
accurate, a photometric parallax is used. We have adopted the
distance calibrations for F and G dwarfs by Crawford (1975)
and Olsen (1984); if both are valid for the same star, the
F star calibration is preferred (Note that this calibration re-
quires a β value). We have checked the photometric distances
against the subset of Hipparcos parallaxes with relative errors
below 3% (Fig. 10). The trigonometric and (distance indepen-
dent) photometric parallaxes agree very well, with no signifi-
cant colour-dependent bias: the photometric distances have an
uncertainty of only 13%.

Accordingly, the Hipparcos distance is adopted if the par-
allax is accurate to 13% or better; otherwise we adopt the

Solar Neighborhood 
- Mean([Fe/H]) = –0.140 ± 0.001

N
um

be
r o

f s
ta

rs
[Fe/H]

–Howard et al. (2012)

“The occurrence of hot Jupiters in the Kepler field is only 40% that in the solar 
neighborhood. […] We are unable to explain this difference, although a paucity 

of metal-rich stars in the Kepler sample is one possible explanation.”

Nordström+04 

The Kepler Field is Not Metal-poor
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Figure 4. Orbital periods and radii of planets orbiting host stars belonging to different metallicity bins. Each metallicity bin
captures an equal fraction (25%) of the parent stellar sample S (see Table 3). In panel (a), blue points represent planets orbiting
host stars with [Fe/H] < �0.115 dex, the lowest metallicity bin. The gray points show the full planet sample P for context. At
top right, we show fp, the fraction of planets belong to this metallicity bin. Panels (b)–(d): same as (a) except for different
metallicity bins. If planets formed with equal efficiency regardless of host star metallicity, each bin would have fp = 25% and
the distribution of blue points would be indistinguishable from bin to bin. Planets around the lowest metallicity stars (a) are
clearly confined to a restricted range of P -RP space compared to planets around the highest metallicity hosts (d), notably in
the lower right envelope of longer periods and smaller sizes.
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Figure 4. Orbital periods and radii of planets orbiting host stars belonging to different metallicity bins. Each metallicity bin
captures an equal fraction (25%) of the parent stellar sample S (see Table 3). In panel (a), blue points represent planets orbiting
host stars with [Fe/H] < �0.115 dex, the lowest metallicity bin. The gray points show the full planet sample P for context. At
top right, we show fp, the fraction of planets belong to this metallicity bin. Panels (b)–(d): same as (a) except for different
metallicity bins. If planets formed with equal efficiency regardless of host star metallicity, each bin would have fp = 25% and
the distribution of blue points would be indistinguishable from bin to bin. Planets around the lowest metallicity stars (a) are
clearly confined to a restricted range of P -RP space compared to planets around the highest metallicity hosts (d), notably in
the lower right envelope of longer periods and smaller sizes.
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Figure 4. Orbital periods and radii of planets orbiting host stars belonging to different metallicity bins. Each metallicity bin
captures an equal fraction (25%) of the parent stellar sample S (see Table 3). In panel (a), blue points represent planets orbiting
host stars with [Fe/H] < �0.115 dex, the lowest metallicity bin. The gray points show the full planet sample P for context. At
top right, we show fp, the fraction of planets belong to this metallicity bin. Panels (b)–(d): same as (a) except for different
metallicity bins. If planets formed with equal efficiency regardless of host star metallicity, each bin would have fp = 25% and
the distribution of blue points would be indistinguishable from bin to bin. Planets around the lowest metallicity stars (a) are
clearly confined to a restricted range of P -RP space compared to planets around the highest metallicity hosts (d), notably in
the lower right envelope of longer periods and smaller sizes.
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Figure 4. Orbital periods and radii of planets orbiting host stars belonging to different metallicity bins. Each metallicity bin
captures an equal fraction (25%) of the parent stellar sample S (see Table 3). In panel (a), blue points represent planets orbiting
host stars with [Fe/H] < �0.115 dex, the lowest metallicity bin. The gray points show the full planet sample P for context. At
top right, we show fp, the fraction of planets belong to this metallicity bin. Panels (b)–(d): same as (a) except for different
metallicity bins. If planets formed with equal efficiency regardless of host star metallicity, each bin would have fp = 25% and
the distribution of blue points would be indistinguishable from bin to bin. Planets around the lowest metallicity stars (a) are
clearly confined to a restricted range of P -RP space compared to planets around the highest metallicity hosts (d), notably in
the lower right envelope of longer periods and smaller sizes.
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Figure 4. Orbital periods and radii of planets orbiting host stars belonging to different metallicity bins. Each metallicity bin
captures an equal fraction (25%) of the parent stellar sample S (see Table 3). In panel (a), blue points represent planets orbiting
host stars with [Fe/H] < �0.115 dex, the lowest metallicity bin. The gray points show the full planet sample P for context. At
top right, we show fp, the fraction of planets belong to this metallicity bin. Panels (b)–(d): same as (a) except for different
metallicity bins. If planets formed with equal efficiency regardless of host star metallicity, each bin would have fp = 25% and
the distribution of blue points would be indistinguishable from bin to bin. Planets around the lowest metallicity stars (a) are
clearly confined to a restricted range of P -RP space compared to planets around the highest metallicity hosts (d), notably in
the lower right envelope of longer periods and smaller sizes.
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Figure 4. Orbital periods and radii of planets orbiting host stars belonging to different metallicity bins. Each metallicity bin
captures an equal fraction (25%) of the parent stellar sample S (see Table 3). In panel (a), blue points represent planets orbiting
host stars with [Fe/H] < �0.115 dex, the lowest metallicity bin. The gray points show the full planet sample P for context. At
top right, we show fp, the fraction of planets belong to this metallicity bin. Panels (b)–(d): same as (a) except for different
metallicity bins. If planets formed with equal efficiency regardless of host star metallicity, each bin would have fp = 25% and
the distribution of blue points would be indistinguishable from bin to bin. Planets around the lowest metallicity stars (a) are
clearly confined to a restricted range of P -RP space compared to planets around the highest metallicity hosts (d), notably in
the lower right envelope of longer periods and smaller sizes.
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Figure 4. Orbital periods and radii of planets orbiting host stars belonging to different metallicity bins. Each metallicity bin
captures an equal fraction (25%) of the parent stellar sample S (see Table 3). In panel (a), blue points represent planets orbiting
host stars with [Fe/H] < �0.115 dex, the lowest metallicity bin. The gray points show the full planet sample P for context. At
top right, we show fp, the fraction of planets belong to this metallicity bin. Panels (b)–(d): same as (a) except for different
metallicity bins. If planets formed with equal efficiency regardless of host star metallicity, each bin would have fp = 25% and
the distribution of blue points would be indistinguishable from bin to bin. Planets around the lowest metallicity stars (a) are
clearly confined to a restricted range of P -RP space compared to planets around the highest metallicity hosts (d), notably in
the lower right envelope of longer periods and smaller sizes.
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Figure 4. Orbital periods and radii of planets orbiting host stars belonging to different metallicity bins. Each metallicity bin
captures an equal fraction (25%) of the parent stellar sample S (see Table 3). In panel (a), blue points represent planets orbiting
host stars with [Fe/H] < �0.115 dex, the lowest metallicity bin. The gray points show the full planet sample P for context. At
top right, we show fp, the fraction of planets belong to this metallicity bin. Panels (b)–(d): same as (a) except for different
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the distribution of blue points would be indistinguishable from bin to bin. Planets around the lowest metallicity stars (a) are
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Figure 10. Panel (a): point shows the number of planets per 100 stars for bins of host star metallicity spanning �M = 0.2 dex
having P = 1–10 days. Triangles represent upper limits (90%). The colors correspond to different planet size classes. We
modeled the observed occurrence rates with an exponential model, df / P↵10�MdM , where � characterizes the strength of a
metallicity correlation (See Section ??, Equation 19). The solid lines and bands show the best-fitting model and the 1� credible
range of models, respectively. Metallicity correlates with the occurrence of super-Earths (� = +0.7+0.2

�0.2), sub-Neptunes (� =
+1.6+0.3

�0.3), sub-Saturns (� = +5.5+1.7
�1.4) and Jupiters (� = +3.6+0.9

�0.9). The strength of the correlation increases with planet size.
Panel (b): same as (a) except for planets with P = 10–100 days. Warm super-Earths are not correlated with metallicity (� =
�0.3+0.2

�0.2). We observe positive correlations for larger planets. For warm sub-Neptunes (� = +0.6+0.2
�0.2); for warm sub-Saturns

(� = +2.2+0.7
�0.7). Comparing the two panels, the metallicity correlation is stronger for P < 10 days.

from either RVs or TTVs (see Petigura et al. 2017a for
a recent compilation). For sub-Saturns, we observe an
order of magnitude scatter in the observed masses at a
given size, indicating a diversity in core and envelope
masses. While some sub-Saturns have ⇡5 M� cores,
similar to the super-Earths and sub-Neptunes, many
have cores of ⇡50 M�. Additionally, the most massive
sub-Saturns tend to be found around the most metal-
rich hosts (Petigura et al. 2017a).

The existence of ⇡50 M� cores in planets with 20%
envelope fractions, challenges the classic core-accretion
models of Pollack et al. (1996) that predict that cores
larger than 10 M� should undergo runaway accretion.
Perhaps these massive sub-Saturn cores are the result of
the late-stage mergers (or series of mergers) of 10 M�

cores. This formation scenario requires one or more
closely-spaced 10 M� planets. As we have shown, the
probability for a star to produce a 10 M� core increases
with metallicity. Therefore, the probability for a star to
produce two 10 M� cores likely increases with a steeper
power law index. Thus, the production of sub-Saturns
by collisions may explain the mass-metallicity depen-
dence and the steeper relationship between metallicity
and planet occurrence. This could also explain the mass-
metallicity correlation. This theory also predicts that
if late-stage mergers play a large role in the formation
of sub-Saturns, they should produce relic eccentricities
that are observable at later times.

Our planet sample includes only four warm Jupiters
which is insufficient to search for trends. Fischer
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In situ models
-Planet-metallicity correlation possible if 
inner edge of disk is metallicity dependent

-Stellar rotation (Lee+17)

-Dust sublimation (Muzerolle+03)

-Predicts dynamically cool systems

High eccentricity migration
-Planet-metallicity correlation possible if 
migration efficiency is metallicity dependent 

-Planet-planet Kozai (Naoz+11)

-Planet-planet scattering (Rasio+96)

-Secular chaos (Wu+12) 

-Predicts dynamically hot systems

Forming the Hottest Planets

12

Dynamically Cool

Aligned, circular orbits

Aligned, circular orbits

Dynamically Cool

Dynamically Cool

Aligned, circular orbits

Misaligned, eccentric orbits

Dynamically Hot



• The Kepler field is enriched in metals relative to solar neighborhood


• Nature produces some types of planets with high efficiency, regardless of 
stellar metallicity (planets smaller than Neptune and P > 10 days)


• Metallicity traces some process that produces planets that are “misplaced” 
in the period-radius plane (larger than Neptune or P < 10 days)

CKS-IV: Petigura et al. (2017)
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Figure 4. Orbital periods and radii of planets orbiting host stars belonging to different metallicity bins. Each metallicity bin
captures an equal fraction (25%) of the parent stellar sample S (see Table 3). In panel (a), blue points represent planets orbiting
host stars with [Fe/H] < �0.115 dex, the lowest metallicity bin. The gray points show the full planet sample P for context. At
top right, we show fp, the fraction of planets belong to this metallicity bin. Panels (b)–(d): same as (a) except for different
metallicity bins. If planets formed with equal efficiency regardless of host star metallicity, each bin would have fp = 25% and
the distribution of blue points would be indistinguishable from bin to bin. Planets around the lowest metallicity stars (a) are
clearly confined to a restricted range of P -RP space compared to planets around the highest metallicity hosts (d), notably in
the lower right envelope of longer periods and smaller sizes.
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Figure 4. Orbital periods and radii of planets orbiting host stars belonging to different metallicity bins. Each metallicity bin
captures an equal fraction (25%) of the parent stellar sample S (see Table 3). In panel (a), blue points represent planets orbiting
host stars with [Fe/H] < �0.115 dex, the lowest metallicity bin. The gray points show the full planet sample P for context. At
top right, we show fp, the fraction of planets belong to this metallicity bin. Panels (b)–(d): same as (a) except for different
metallicity bins. If planets formed with equal efficiency regardless of host star metallicity, each bin would have fp = 25% and
the distribution of blue points would be indistinguishable from bin to bin. Planets around the lowest metallicity stars (a) are
clearly confined to a restricted range of P -RP space compared to planets around the highest metallicity hosts (d), notably in
the lower right envelope of longer periods and smaller sizes.
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Figure 4. Orbital periods and radii of planets orbiting host stars belonging to different metallicity bins. Each metallicity bin
captures an equal fraction (25%) of the parent stellar sample S (see Table 3). In panel (a), blue points represent planets orbiting
host stars with [Fe/H] < �0.115 dex, the lowest metallicity bin. The gray points show the full planet sample P for context. At
top right, we show fp, the fraction of planets belong to this metallicity bin. Panels (b)–(d): same as (a) except for different
metallicity bins. If planets formed with equal efficiency regardless of host star metallicity, each bin would have fp = 25% and
the distribution of blue points would be indistinguishable from bin to bin. Planets around the lowest metallicity stars (a) are
clearly confined to a restricted range of P -RP space compared to planets around the highest metallicity hosts (d), notably in
the lower right envelope of longer periods and smaller sizes.
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Figure 4. Orbital periods and radii of planets orbiting host stars belonging to different metallicity bins. Each metallicity bin
captures an equal fraction (25%) of the parent stellar sample S (see Table 3). In panel (a), blue points represent planets orbiting
host stars with [Fe/H] < �0.115 dex, the lowest metallicity bin. The gray points show the full planet sample P for context. At
top right, we show fp, the fraction of planets belong to this metallicity bin. Panels (b)–(d): same as (a) except for different
metallicity bins. If planets formed with equal efficiency regardless of host star metallicity, each bin would have fp = 25% and
the distribution of blue points would be indistinguishable from bin to bin. Planets around the lowest metallicity stars (a) are
clearly confined to a restricted range of P -RP space compared to planets around the highest metallicity hosts (d), notably in
the lower right envelope of longer periods and smaller sizes.
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Spectroscopic Precision
- [Fe/H] ~ 0.04 dex  

(vs. ~0.3 dex phot.)
- R★ ~ 10%  

(vs ~40% phot.)
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CKS I. High-Resolution Spectroscopy of 1305 Stars Hosting Kepler Transiting Planets 15
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Fig. 9.— Comparison of SpecMatch (SM) and SME@XSEDE (SX) values for Te↵ , log g, and [Fe/H]. The SME@XSEDE values have been
adjusted to the SpecMatch scale (Sec. 4.3). The top panel compares SM and SX parameters while the lower panel shows their difference
as a function of the SM parameters. Equality between SM and SX are shown as green lines. The RMS value is the standard deviation of
difference between SM and SX values for the same star.

Fig. 10.— Histograms of the adopted spectroscopic parameters (Te↵ , log g, [Fe/H] and V sin i) for all stars in our CKS sample. Adopted
uncertainties (Table 6) are plotted in the upper right corner of each panel. V sin i is difficult to measure for the most slowly rotating stars.
Thus we adopt 2 km s�1 as an upper limit for stars with reported V sin i < 1 km s�1 (dashed line).
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Planet Detectability & Metallicity

28

Figure A2. Comparison of CKS and LAMOST metallicities. Left) Uncalibrated LAMOST metallicities as a function of CKS
metallicities for stars in common. The green dashed line represents equality. On average, the LAMOST metallicities are 0.05 dex
lower than the CKS values. Right) comparison of CKS and LAMOST metallicities after removing a linear systematic trend.
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Figure B3. Planet detectability vs. metallicity. The y-axis shows the signal-to-noise ratio of a putative 1 R� planet, which has
a transit duration of three hours. We do not observe a significant trend in planet detectability with metallicity.

available isoclassify package (Huber et al. 2017).14 As Figure B3 shows, we do not observe a significant dependence
of planet detectability with stellar metallicity.

14 https://github.com/danxhuber/isoclassify
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Figure 10. Panel (a): point shows the number of planets per 100 stars for bins of host star metallicity spanning �M = 0.2 dex
having P = 1–10 days. Triangles represent upper limits (90%). The colors correspond to different planet size classes. We
modeled the observed occurrence rates with an exponential model, df / P↵10�MdM , where � characterizes the strength of a
metallicity correlation (See Section ??, Equation 19). The solid lines and bands show the best-fitting model and the 1� credible
range of models, respectively. Metallicity correlates with the occurrence of super-Earths (� = +0.7+0.2

�0.2), sub-Neptunes (� =
+1.6+0.3

�0.3), sub-Saturns (� = +5.5+1.7
�1.4) and Jupiters (� = +3.6+0.9

�0.9). The strength of the correlation increases with planet size.
Panel (b): same as (a) except for planets with P = 10–100 days. Warm super-Earths are not correlated with metallicity (� =
�0.3+0.2

�0.2). We observe positive correlations for larger planets. For warm sub-Neptunes (� = +0.6+0.2
�0.2); for warm sub-Saturns

(� = +2.2+0.7
�0.7). Comparing the two panels, the metallicity correlation is stronger for P < 10 days.

from either RVs or TTVs (see Petigura et al. 2017a for
a recent compilation). For sub-Saturns, we observe an
order of magnitude scatter in the observed masses at a
given size, indicating a diversity in core and envelope
masses. While some sub-Saturns have ⇡5 M� cores,
similar to the super-Earths and sub-Neptunes, many
have cores of ⇡50 M�. Additionally, the most massive
sub-Saturns tend to be found around the most metal-
rich hosts (Petigura et al. 2017a).

The existence of ⇡50 M� cores in planets with 20%
envelope fractions, challenges the classic core-accretion
models of Pollack et al. (1996) that predict that cores
larger than 10 M� should undergo runaway accretion.
Perhaps these massive sub-Saturn cores are the result of
the late-stage mergers (or series of mergers) of 10 M�

cores. This formation scenario requires one or more
closely-spaced 10 M� planets. As we have shown, the
probability for a star to produce a 10 M� core increases
with metallicity. Therefore, the probability for a star to
produce two 10 M� cores likely increases with a steeper
power law index. Thus, the production of sub-Saturns
by collisions may explain the mass-metallicity depen-
dence and the steeper relationship between metallicity
and planet occurrence. This could also explain the mass-
metallicity correlation. This theory also predicts that
if late-stage mergers play a large role in the formation
of sub-Saturns, they should produce relic eccentricities
that are observable at later times.

Our planet sample includes only four warm Jupiters
which is insufficient to search for trends. Fischer
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Figure 4. Orbital periods and radii of planets orbiting host stars belonging to different metallicity bins. Each metallicity bin
captures an equal fraction (25%) of the parent stellar sample S (see Table 3). In panel (a), blue points represent planets orbiting
host stars with [Fe/H] < �0.115 dex, the lowest metallicity bin. The gray points show the full planet sample P for context. At
top right, we show fp, the fraction of planets belong to this metallicity bin. Panels (b)–(d): same as (a) except for different
metallicity bins. If planets formed with equal efficiency regardless of host star metallicity, each bin would have fp = 25% and
the distribution of blue points would be indistinguishable from bin to bin. Planets around the lowest metallicity stars (a) are
clearly confined to a restricted range of P -RP space compared to planets around the highest metallicity hosts (d), notably in
the lower right envelope of longer periods and smaller sizes.
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Figure 4. Orbital periods and radii of planets orbiting host stars belonging to different metallicity bins. Each metallicity bin
captures an equal fraction (25%) of the parent stellar sample S (see Table 3). In panel (a), blue points represent planets orbiting
host stars with [Fe/H] < �0.115 dex, the lowest metallicity bin. The gray points show the full planet sample P for context. At
top right, we show fp, the fraction of planets belong to this metallicity bin. Panels (b)–(d): same as (a) except for different
metallicity bins. If planets formed with equal efficiency regardless of host star metallicity, each bin would have fp = 25% and
the distribution of blue points would be indistinguishable from bin to bin. Planets around the lowest metallicity stars (a) are
clearly confined to a restricted range of P -RP space compared to planets around the highest metallicity hosts (d), notably in
the lower right envelope of longer periods and smaller sizes.

- Super-Earths: no corr.
- Sub-Neptunes: weak (but significant) corr.
- Sub-Saturns: strong corr.
- Jupiters: not clear (small sample size)
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Figure 10. Panel (a): point shows the number of planets per 100 stars for bins of host star metallicity spanning �M = 0.2 dex
having P = 1–10 days. Triangles represent upper limits (90%). The colors correspond to different planet size classes. We
modeled the observed occurrence rates with an exponential model, df / P↵10�MdM , where � characterizes the strength of a
metallicity correlation (See Section ??, Equation 19). The solid lines and bands show the best-fitting model and the 1� credible
range of models, respectively. Metallicity correlates with the occurrence of super-Earths (� = +0.7+0.2

�0.2), sub-Neptunes (� =
+1.6+0.3

�0.3), sub-Saturns (� = +5.5+1.7
�1.4) and Jupiters (� = +3.6+0.9

�0.9). The strength of the correlation increases with planet size.
Panel (b): same as (a) except for planets with P = 10–100 days. Warm super-Earths are not correlated with metallicity (� =
�0.3+0.2

�0.2). We observe positive correlations for larger planets. For warm sub-Neptunes (� = +0.6+0.2
�0.2); for warm sub-Saturns

(� = +2.2+0.7
�0.7). Comparing the two panels, the metallicity correlation is stronger for P < 10 days.

from either RVs or TTVs (see Petigura et al. 2017a for
a recent compilation). For sub-Saturns, we observe an
order of magnitude scatter in the observed masses at a
given size, indicating a diversity in core and envelope
masses. While some sub-Saturns have ⇡5 M� cores,
similar to the super-Earths and sub-Neptunes, many
have cores of ⇡50 M�. Additionally, the most massive
sub-Saturns tend to be found around the most metal-
rich hosts (Petigura et al. 2017a).

The existence of ⇡50 M� cores in planets with 20%
envelope fractions, challenges the classic core-accretion
models of Pollack et al. (1996) that predict that cores
larger than 10 M� should undergo runaway accretion.
Perhaps these massive sub-Saturn cores are the result of
the late-stage mergers (or series of mergers) of 10 M�

cores. This formation scenario requires one or more
closely-spaced 10 M� planets. As we have shown, the
probability for a star to produce a 10 M� core increases
with metallicity. Therefore, the probability for a star to
produce two 10 M� cores likely increases with a steeper
power law index. Thus, the production of sub-Saturns
by collisions may explain the mass-metallicity depen-
dence and the steeper relationship between metallicity
and planet occurrence. This could also explain the mass-
metallicity correlation. This theory also predicts that
if late-stage mergers play a large role in the formation
of sub-Saturns, they should produce relic eccentricities
that are observable at later times.

Our planet sample includes only four warm Jupiters
which is insufficient to search for trends. Fischer

- Super-Earths: weak (significant) corr.
- Sub-Neptunes: stronger corr.
- Sub-Saturns: strongest corr.
- Jupiters: strongest corr.
- Consistent with trends observed by Mulders+16, 

Dong+17, Wilson+17
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Figure 4. Orbital periods and radii of planets orbiting host stars belonging to different metallicity bins. Each metallicity bin
captures an equal fraction (25%) of the parent stellar sample S (see Table 3). In panel (a), blue points represent planets orbiting
host stars with [Fe/H] < �0.115 dex, the lowest metallicity bin. The gray points show the full planet sample P for context. At
top right, we show fp, the fraction of planets belong to this metallicity bin. Panels (b)–(d): same as (a) except for different
metallicity bins. If planets formed with equal efficiency regardless of host star metallicity, each bin would have fp = 25% and
the distribution of blue points would be indistinguishable from bin to bin. Planets around the lowest metallicity stars (a) are
clearly confined to a restricted range of P -RP space compared to planets around the highest metallicity hosts (d), notably in
the lower right envelope of longer periods and smaller sizes.
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Figure 9. Panel a) is analogous to Figure 7, except showing the period distribution of super-Earths at different host star
metallicities. For example, red points show the number of super-Earths per 100 stars with super-solar metallicity per 0.25 dex
period interval. Hot super-Earths are more common around metal-rich stars. Panel b) same as a) except for sub-Neptunes.
Hot sub-Neptunes are also more common around metal-rich stars.

overall occurrence rates are roughly comparable at 5–
10% per 0.25 dex period interval (Figure 9).

We see an important difference between super-Earths
and sub-Neptunes when we compare their dependencies
on stellar metallicity. There are comparable numbers
of warm super-Earths and warm sub-Neptunes around
stars having [Fe/H] = [�0.4,�0.2] dex, about 20 per 100
stars. Unlike the warm super-Earths, the occurrence of
warm sub-Neptunes increases with metallicity. There
are about 40 warm sub-Neptunes per 100 stars having
[Fe/H] = [+0.2,+0.4] dex.

Perhaps the enriched disks of metal-rich stars form
super-Earths more efficiently, but they easily acquire
the few percent envelopes and are converted into sub-
Neptunes. This could occur if super-Earths form more
quickly in metal-rich disks, allowing for more time to
accrete 1–10% gaseous envelopes.

Such a timing argument was proposed by Dawson
et al. (2015), to explain an apparent absence of warm
super-Earths11 around metal-rich stars in the Buchhave
et al. (2014) metallicity catalog. We do not observe such
an absence of warm super-Earths; we find nearly equal
occurrence of warm super-Earths around stars of wide-
ranging metallicities. Two reasons for these differences
may be: (1) that the CKS radii and metallicities have

11 The Dawson et al. (2015) definition of warm super-Earths
was slightly different than ours: RP < 1.5 R�, P < 15 days.

higher precision an those from Buchhave et al. (2014)12
or (2) that our planet sample P was constructed from
stars having well-defined ranges of apparent magnitude,
temperature, and surface gravity, unlike the Dawson
et al. (2015) sample. Nevertheless, accelerated forma-
tion of cores in metal-rich disks may explain the rise in
warm sub-Neptune occurrence with metallicity.

An alternative to the timing argument, discussed
above, is that high disk metallicities may somehow in-
crease the rate of envelope accretion. However, the gas
accretion models of Pollack et al. (1996) and (more re-
cently) Lee & Chiang (2015) predict the opposite ef-
fect: dusty envelopes should accrete more slowly, due to
higher opacities and longer cooling timescales.

As we consider larger warm planets, the metallicity
correlation becomes stronger. Sub-Saturns have a � in-
dex of +2.2+0.7

�0.7. If disk metallicity assists with the ac-
cretion of gas through accelerated core formation, it may
also explain the sub-Saturns. However, abrupt strength-
ening of the metallicity correlation above 4 R� and the
roughly order of magnitude decrease in the frequency of
sub-Saturns compared to sub-Neptunes suggests the for-
mation pathways of sub-Saturns and super-Earths and
sub-Neptunes may be quite different.

Around 20 sub-Saturns have well-measured masses

12 See Petigura et al. (2017b) for a comparison between CKS
and Buchhave et al. (2014) spectroscopic properties.


