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Santos et al2004. More detailed population studies of RV- et al. 2020. These investigations show the potential for
detected planets cormed this trend between host diae H] detailed, multi-element stellar abundance studies to advance
and the frequency at which giant planets are fo(antos models of planet formation.

et al. 2004 Fischer & Valenti2009, a trend that appears to Measuring variations in the planet occurrence rate with the
decrease in signcance with lower planet mass &od radius enhancement or depletion of specielements could put
(Sousa et al2008 Ghezzi et al201Q 2018 Schlaufman & credible constraints on theories of planet formation. For
Laughlin2011, Buchhave et a012 Wang & Fischei2015. instance, a variable increase in planet occurrence with different
This correlation is typically interpreted as evidence for the chemical species may give insights into the location that certain
core accretion model of planet formatiqe.g., Rice &  planets form. For example, if the occurrence of short period
Armitage2003 Ida & Lin 2004 Alibert et al.2011; Mordasini planets is positively correlated with a volatile element, an
et al.2012 Maldonado et al2019, where host star metallicity  element likely to be in gaseous form at close orbital separations
is a proxy for the solid surface density of the protoplanetary (Lodders2003, one may infer that the core of such planets
disk; higher metallicities translate to more planet-forming formed at a greater orbital distance where those elements were
material, which facilitates quick planetary core growth up to a contained in solid form(i.e., exterior to the respective
critical mass of 10M , in turn allowing more time to accrete  moleculés ice ling before migrating interior to the respective
gaseous envelopes before gas dissipation in the protoplangnglecules ice line(Oberg et al2011 Marboeuf et al2014).

tary disk. o _ , However, these inferences can be complicated by effects such
The PIan@Metqlhcny Correlatlor(PMC) partly motivated as cosmic ray ionization and pebble migrat{ery., Eistrup
large spectroscopic surveys of candidate andrwoed Kepler gt a1.2018.

planet-hosting starge.g., Bruntt et al2012 Buchhave et al. Another interpretation for a trend in planet occurrence
2012 2014 Everett et al.2013 Dong et al.2014 Fleming  petween different elements may be due to the density of the
et al. 2015 Brewer et al2016 Johnson et al2017). Within planetary core. If it is assumed that the mineralogical makeup

this population of close-in, transiting planets, more intricate of planetesimals dictates the plaseinterior structure, and
relationships between stellar metallicity, planet radius, andplanetesimalsmineralogical makeup may be inferred from
orbital period have come to light. It is generally found that stellar abundancegDorn et al. 2017a 2017h Hinkel &
planets with larger radii have hosts with supersolar metallicity ynterborn 2018, then one expectation would be that the
(Buchhave et al. 2014 Schlaufman 2015 Wang &  apundance of elements that result in a denser core would be
Fischer 2019. This correlation appears strongest for large more likely to prevent atmospheric evaporation. Such a trend
planets(Rr 2 4R ), and nearly disappears for the smallest may be observable as a strong, positive correlation between the
planets(R, < 1.7R ). While the PMC is weaker for small  occurrence of planets with an/He envelope and the
planets in general, that is not the case for small planets in shorénhancement of elemental ratios that result in more dense
period (P < 10 day$ orbits. The presence of such planets is cores. In these ways, measuring the correlation between planet
positively correlated with metallicity, suggesting that an occurrence rate and the enhancement of differing chemical
abundance of solids facilitates the growth /amdmigration  elements may provide a means for testing theories ranging from
of small, close-in planet§viulders et al.2016 Narang et al. planet migration to exogeology.
2018 Petigura et al2018 Wilson et al.2018 Sousa et al. However, the data collection needed to study the relation-
2019 Ghezzi et al202]). Thus, the amount of available solids ships between planetary properties and the detailed chemical
in the protoplanetary disk seems to be a key variable in settingnakeup of their host stars properly is particularly resource
the planet mass, radiuand period distributions. While these intensive, as it requires high-resolution, high signal-to-noise
works in particular demonstrated the intricate relationshipsratio(S/ N) spectra of not only hundreds of planet-hosting stars,
between host star chemistry and the formétwolution of  but also a signicant fraction of the stars searched for planets
planetary systems, they also demonstrated the precision angypically on the order of 10° stars for Keplar Because of
resources needed to unveil such relationships. this, an occurrence rate study with detailed chemical abun-
While correlations of planetary architecture to bulk metalli- dances has not been performed for the Kepkdd, where
city are well established, some results indicate that these trendsiuch of our knowledge of small planets has originated.
may be integrating over more detailed chemical relationships. The Apache Point Galactic Evolution ExperimgAPO-
For example, Adibekyan et d2012) found that an increase in  GEE; Majewski et al2017) provides a unique opportunity to
the abundance of certain-elements, such as Mg and Ti, perform such a study. APOGEE began in the third phase of the
increases the likelihood of planet occurrence. This work Sloan Digital Sky SurvegSDSS-III Eisenstein et &011), and
supported that of Brugamyer et #2011, who found that, is now in its second phase, APOGEE-2, as a part of SDSS-IV
beyond the PMC, planet detection rates are positively (Blanton et al.2017. The APOGEE survey collects spectra
correlated with enhanced Si abundances, but not with enhancedith a multiplexed, high-resolutioqfR 22,500, near-infrared
O abundances. Brugamyer et @011) inferred from this that (  1.5-1.7 m) ber-fed spectrograpfWilson et al.2012
core accretion is driven by grain nucleation rather than icy 2019 mounted on the Sloan 2.5 m telesc¢Benn et al2006
mantle growth, and that-elements may drive the formation of at Apache Point Observatory. The primary goal of APOGEE is
planetesimals more efiently than other elements. More recent to study the Milky Way through the radial velocitigsVvs) and
work has shown that overabundances of C and S and archemical abundances of nearly 750,000 stars across multiple
underabundance of Ba in stars with RV-detected planets astellar populations and Galactic regions. Additional science
compared to stars without RV-detected planets, but determinprograms are also included in the survey, with one such
ing whether these differences are driven by the presence oprogram monitoring stars with candidate planets from Kepler
planets or by the chemical evolution of the Milky Way has (Kepler Objects of Interest; KOQI$o search for false positives
proven dif cult (Delgado Mena et ak018 2021 Costa Silva  through RV variationgFleming et al.2015 Zasowski et al.
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2017. This effort, the APOGEE-KOI Goal Program, has sample is to improve the precision of the planet radii by

observed 1177 Kepler stars, with a median ofrhéan: 17.y incorporating precise spectroscopic parameters derived from

epochs, as of the sixteenth Sloan data rel@2R&6; Ahumada  the high $N, high-resolution APOGEE spectra. This approach

et al.202Q Jonsson et aR020. Because of the large number has the additional beneof maintaining a uniform analysis in

of epochs, the combined, RV-aligned spectra are of high S  deriving properties for the planets in our sample so as not to

(median: 155, mean: 2},7enabling precise derivations of add additional bias. While we only make use of the stellar radii

stellar atmospheric parameters and chemical abundances. in our analysis, we provide additional stellar properties for the
In this paper, we utilize the data from the APOGEE-KOI sake of comparison and any future investigations.

program to explore the role of ten different chemical species

(C, Mg, Al, Si, S, K, Ca, Mn, Fe, and Nin sculpting the ) .

population of Kepler planets. In Sectidmve describe our data, 2.2.1. Spectroscopic Paran;%e;)s(/gg]d Abundaritgsiogg, FeH),

the derivation of stellar parameters for the KOls in this study,

and the resulting precision in planet radii for our sample. In  The spectroscopic parameters in this work are adopted from

Section 3 we describe the sample selection for measuring APOGEE DR16(Ahumada et al202Q Jonsson et aR020).

occurrence rates. In Sectioh we describe the chemical All of the spectra from APOGEE are processed through

abundance trends present in the selected sample, and the resudtstomated data reduction pipelin@didever et al. 2015

of our occurrence rate analyses. Finally, we end this paper withHoltzman et al2018. The spectroscopic parameters used for

a discussion and reiterate our conclusions in Sech@rl 6, stars in the APOGEE-KOI program are derived from the
respectively. Automated Stellar Parameters and Chemical Abundances
Pipeline (ASPCAP; Garcia Pérez et a@016. In DR16,
2 Data and Methods ASPCAP consists of two componentstartran90 optim-
ization codgFERRE;?® Allende Prieto et aR00§ and an IDL
2.1. The APOGEE-KOI Goal Program wrapper used for bookkeeping and preparing the input
The APOGEE-KOI Goal Program targets were chosen with APOGEE spectrarERRE performs a “ minimization across
the intention of observing all possibleCon rmed or an interpolated library of synthetic stellar atmosphere models

“Candidaté KOls with H< 14 on six different Kepler tiles, (€.9., Zamora et al2019 to nd a best-t set of input
one of which was observed as a pattier program in SDSS-  Parameters(effective temperatureTer; bulk solar-scaled

lll. One Kepler tile is roughly the size of the APOGEE Mmetallicity, [M/H]; surface gravity,logg; microturbulent
footprint, thus allowing for a near one-to-one match between anvelocity, and C, N, and abundancgs _

APOGEE eld and Kepler tile. Some KOIs were excluded Once these bestting fundamental atmospheric parameters
from the sample on the basis of nonphysical impact parameterg'e found, ASPCAP ts individual spectral windows from a
and putative planet radii consistent with stellar values. In total,carefully curated linelis(Shetrone et al2015 Smith et al.

the DR16 APOGEE catalog contains observations for 12992021 optimized for each chemical element. In APOGEE DR16
stars(totaling 1461 unique planet candidates withotiFalse ~ Poth “raw’ and calibrated spectroscopic parameters and
Positive disposition) in the Kepler QQ17 DR24 KOI abundance measurements are provided.is calibrated to
catalog(Mullally et al. 2015. Of the 1299 stars, 1177 are part reproduce the photometric values of Gonzalez Hernandez &

of the APOGEE-KOI radial velocity survey and 122 stars were Bonifacio(2009; logg in the case of dwarfs is calibrated using
observed throughout the Keplereld as parts of other @ combination of asteroseismic values atsl to isochrones.

APOGEE programgsee, e.g., Zasowski et &013 2017). Calibrated abundances are zero-point shifted so that stars with
In APOGEE DR16, six elds have been observed in total, Solar[M/H]in the solar neighborhood have a m¢&hM] = 0
labeled as K04, K06, KO7, K10, K16, and KPdee Figurel). (Jonsson et al2020. Unless otherwise stated, we use the

Each eld was selected on the basis of maximizing the numbercalibrated parameters in this study. ASPCAP valugX e}
of available KOIs at the time of target selection. For three of the@re reported, which we change [/ H] via the following
elds(K04, K06, and KO0J, KOIs were selected from the @1 ~ €quation[X/H] [X/F¢ + [FeH]. o
Q17 DR24 KOI catalog, while the other threglds(K10, K16, Abundance ratios for the ten chemical species in thls study
and K23 were queried from the NexSci Exoplanet Archive ~are _dened in the same way as fofFeH], ie.,
immediately prior to the design of eachld: 2014 March for ~ [X/Fel  10gNx/Neev  log Nx/ N 0 However, the chosen
K10 and K21, and 2013 August for K16. These publicly Z€ro-pointvaries by chemical species and is not necessarily the
available catalogs were dynamic, and therefore do not have &orresponding solar abundan¢&nsson et al2020. The
static or well-studied selection function. As a result, there are 2APOGEE data products report two different values for carbon
number of KOIs that were discovered after sources were@bundance ratios, one measured from atomic (DESFE in
chosen for inclusion in the APOGEE-KOI prograhese  the APOGEE DR16 data modeand one measured from
planet candidates are displayed as red dots in Fitjurén molecular CO line¢C_FE in the APOGEE DR16 data modlel
AppendixC.3, we account for biases that may arise from the For this wc_)rk, we use the carbon abunda_\nce ratio as measured
exclusion of these planets in our analysis. from atomic carbon lines, unless otherwise stated.
When deriving fundamental stellar proper{sction2.2.3,
we use the errors reported by ASPCAPTgy, as comparisons
in the literature have shown scatter consistent with these
For each KOI observed in APOGEE, we rederive funda- uncertainties(e.g., Wilson et al.2018. However, the errors
mental stellar propertie®.g., M,, R,) and planet radii. The reported by ASPCAP are sometimes underestimatetbday
primary motivation for rederiving stellar properties in our and[Fe H]. Therefore, when using these parametersttto

2.2. Stellar and Planetary Parameters

27 https!/ exoplanetarchive.ipac.caltech.edu 28 Available athttpst/ github.coni callendeprietbferre


https://exoplanetarchive.ipac.caltech.edu/
https://exoplanetarchive.ipac.caltech.edu/
https://exoplanetarchive.ipac.caltech.edu/
https://github.com/callendeprieto/ferre
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APOGEE abundance ratio measurements are reliable and will
not bias our inferences of the planet population. In general, we
nd two prominent features in the ASPCAP-derived abundance
ratios at the high and lows range for ASPCAP that we
consider to be systematic in nature and wish to avoid in our
analysis(see Figure?). At Ter <4700 K there is dhooK’
feature on the order of up to 0.1 dex, where the ASPCAP-
derived abundances decrease dramatically then rise again,
present for C, Mg, Si, and Al abundance ratios. Wd this
same feature in dwarfs in M67, which should all have the same
abundance ratios, leading us to conclude it is systematic in
nature. On the hotter end, wad an increase in the abundance
ratio atTeg = 6200 K for most of the elements in our sample,
=] i which we believe is also a systematic trend. Thus, for this study
20"00" we only use stars in the temperature range 47€0K

ul
(6]

KOIs in APOGEE

ul
(<]

S
o

Declination [deg]
D
ul

L |" L I [ L
19"20™ 19"40"
Right Ascension Terr< 6200 K for our occurrence rate analyses.

Despite our best efforts, there are still a number of

Figure 1. Th_e R.A. and decl. (_)f stars in_the APOGEE-KOI sample_. The elements that display noticeable trends wites and
grayscale points show the density of stars in the Kepler stellar properties table

18"40™ 19M00"

at a particular sky coordinate, while the points show the DR24 KOls observedabunda_nce ratlcés_ee Flgu_re2). Most elements all have a

(blue), and not observefted by the APOGEE-KOI program in a temperature ~ trend with a magnitudgestimated as the range of the median

range with reliable abundance ratio measuren{satsFigure?). The name of abundance ratios inTe; bins of width 100K that is

each eld is listed at the top left of theeld. <0.05dex, less than a factor of-2 of the typical 1
uncertainties. In these cases, any trends Wthshould be

evolutionary tracks in Sectidh2.3 we in ate the uncertainties  negligible. C, Al, and Si, however, all have trends with a

on logg and [Fe H]. We do this by multiplying all reported  magnitude of between 0.08 and 0.1 dex, sigantly greater

errors by a given value to dee the median uncertainty. For than (>3-5 ) their typical uncertainties. Such a trend may

[F€ H], we in ate the errors so that the median uncertainty is introduce a bias in our analysis, as effective temperature is

0.03dex, a factor of 1:6the median uncertainty determined strongly correlated with radius for stars on the main sequence

from repeat observations of hight 6 spectra(Jénsson et al.  and is therefore correlated with the Kepler plant detection

2020. We choose to imate these errors because the typical ef ciency(Pepper et aR003. We explore this possibility in

uncertainty measured in Jonsson ef(2020 was determined  the Appendix(Appendix C.5), but come to the conclusion

using a combined sample of giant and dwarf spectra, andthat biases arising from these systematic trends in ASPCAP

ASPCAP generally measures more precise abundances for giaaire not signicant enough to impact our analysis.

stars than for dwarf stars. The ASPCAP calibrdtery are

systematically underestimated in FG dwatrfs, forcing tiseto 2.2.2. Nonspectroscopic ParametersKg, E(B —V )

the evolutionary tracks to adopt models with systematically , :

lower temperatures than the initial input measurements. TO(GZ?; Ct:kglslaéag)t/i,or\:vgt ZggféSh\e,vgira"f‘x}’hféoToti?'aa?;ﬁix

adjust for this, we inated the ASPCARQ(g uncertainties until systematic offset as derived .by Zir?ﬁ }(i:-t @(?196) :fdding

the input and output temperatures showed no trend. In all, we™ _ 52.8+ 2.4 as to the reported from Gaia DR2, and

in ated thelogg uncertainties to have a median error of . : : :
..~ adding the uncertainty on the zero-point offset in quadrature
0.15dex, 1.8x larger than the ASPCAP reported uncertainties. with the reported . In conjunction with , the stellar apparent

To reduce the inuence of any systematic trends present in . . . o ;
. . magnitude sets a strict semi-empirical constraint on the stellar
the ASPCAP abundances, we check for correlations [With luminosity. To minimize the impact of dust extinction in our

Feg and T To test this, we select a sample of dwarf stars ; ;
. ; ; analysis we adopt th&ksband magnitude from 2MASS
observed by APOGEE with high/ § spectra. We start with (Skrutskie et al.2006, as it is the longest wavelength

the DR16 catalog, and remove all stars W|th¢093.5 and a . (2.2 m) photometric band uniformly available for our
distanced > 1 kpc, as measured from the geometric parallax in samol

X X ; ; ple.
Gaia DR2(Ba|Igr-Jones et ak018§ .Ga|a ColIabprann etal. To account for extinction from dust, we employ the 3D dust
2018h. In addition to these selection cuts designed to removemap from Green et a(2019 which,we access using the
stars that are not broadly representative of our sample, we alsﬁython packagedustmaps '(Green 2018. We add the
apply a number of cuts designed to remove poor qu_ahty data'uncertainty from the Green et 42019 3D dust map in
We remove stars with a spectruiiNs< 100 and stars with any quadrature with sy, = 0.001 mag to account for the typical

of the following ASPCAP or Star Flags SetTEFF_BAD, uncertainties in the color excess ratios measured in Wan
_ g &
LOGG_BAD, METALS_BAD, ALPHAFE_BAD, STAR_ Chen(2019 from which we adopt our reddening law.

BAD, and VERY_CLOSE_NEIGHBOR.

With this sample of dwarf stars in APOGEE, we assume that
there should be no trend in abundance ratio with effective
temperature. If a trend exists, it is more likely to indicate a  To infer fundamental stellar paramettgg.,R,, M,) for the
systematic error in ASPCAP than an astrophysical source. Ouftars in our sample we apply the Python package t.> For
goal is to identify a range of effective temperatures where thethe sake of brevity, we detail the methodology employed by the

2.2.3. Fit to Stellar Evolutionary Tracks

For a description of these ags, see https// www.sdss.orfdrl6 e
algorithmg bitmasks. Available athttpsi/ github.conirobertfwilsoriso t.


https://www.sdss.org/dr16/algorithms/bitmasks/
https://www.sdss.org/dr16/algorithms/bitmasks/
https://github.com/robertfwilson/isofit
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Figure 2. The trends between abundance ratio &ggdfor dwarfs in the solar neighborhood observed by APOGEE, for each element considered in this study. The
color of the points in eachgure corresponds to the metallicity of the star. The white points show the median abundancégatiméof 100 K, the dashed vertical

lines show our adoptel. range for this stud{#800 K< T < 6200 K), and the horizontal lines denote the abundance rang6.66 dex of the median abundance
within the adopted temperature range. The median uncertainty for each abundance is shown as an error bar in the bottom of each panel.

iso t package in the appendifdppendix A). In short, 2.2.4. Accuracy and Precision of Stellar Properties

iso t compares observations to a grid of MESA Isochrones
and Stellar Tracks(MIST) models (Choi et al. 2016 g MV E QR § L SROE RS e for the
Dotter 2016 with masses ranging from 0.1 to 8N, S PP X .

precision of the stellar parameters inferred in our sample. These

metallicities ranging fronS2 to 0.5dex, and evolutionary émcertainties are displayed in FiguseFor stellar radius, we
states ranging from the zero-age main sequence to th : .
ging g q nd a mean uncertainty ofk, 2.7% and a median

beginning of the white dwarf cooling track. Aftending an . ; . L
initial best model, a Markov Chain Monte CarbiCMC) uncertainty of &, 2.3% This error is largely limited by

analysis is applied to estimate the credible ranges for eacfn® uncertainty iffer andKs It is more dif cult to say what
parameter. sets the minimum uncertainty i, given that there are several

For each host star in our initial planet candidate sample, welnPuts that are correlated. In all, wed the median uncertainty
run iso t with the following observable quantities and !0 be 4.5% and the mean uncertainty to be 4.7%. However, we
associated uncertainties: Ks, E(BS V), Tesr, logg, and[Fe caution that for some stars our reported uncertaintylins
H]. We instantiate the MCMC sampling using 30 walkers, with likely underestimated. Grid effects may prevent the walkers
350 steps and 200 burn-in steps. While modest, maétthat ~ from exploring the full range of parameter spaceMp,

this returns posterior distributions in stellar mass and radiusespecially for stars witfyy, < 3%. We also note once again for
that are consistent with the distributions returned afteremphasis that the reported uncertainties in stellar mass do not
convergencé! and these settings sigeointly reduce our take model uncertainties into account, and are entirely model
computational load. We report the stellar parameters as thelependent. Whildogg does offer a semi-empirical mass
median for each parameter in the posterior distribution and theconstraint when combined with the inferred radius, which only
upper and lower limits as the 84th and 16th percentile of thedepends on the bolometric correction as a model-dependent
posterior, respectively. In all, we derive fundamental stellar constraint, it is not as limiting in our case where weate the
parameters for 1018 staf@81 stars did not have reliable logg uncertainties to have a median of 0.15 dex. To this end,
ASPCAP solutions The stellar parameters derived from comparing the masses derived with different sets of model
iso t are given in Tabld. grids is likely to reveal larger uncertainties in the inferred mass,
but such an exercise is outside the scope of this work.

To judge the accuracy of the stellar parameters in our sample,
3! This is true for stars on the main sequence, and for parameters that are welve compare the results frotso t to the parameters derived in
constrained, such as stellar radius and luminosity. These settings do noBerger et al(2020B, which has a measured mass and radius for
typically return an adequate posterior distribution for other parameters, such as . .

h star in our sample. Berger e{20020h derived masses and

age, or in parameter spaces where degeneracies are likely, such as near the b@:‘%q_ g .
of the red giant branch. radii for 186,000 stars in the Keplereld by comparing
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Table 1 159l_|||||||||||||||||||||||||||j
Derived Properties for 1018 KOls in APOGEE B ]
Column  Column Label  Column Description lee - Radlus o
1 KIC Kepler Input Catalog Identcation Number B 1
2 APOGEE_ID  The APOGEE Star Identation - N
3 Teff Effective temperature of the star in K 50 n .
4 Teff_e The 16th percentile of derived posteriofin i ]
5 Teff_E The 84th percentile of derived posterioiT i 0
6 logg Logarithm of the surface gravity of the star in - .
cm §°2 75F -
7 logg_e The 16th percentile of derived posterior ingog N ]
8 logg E The 84th percentile of derived posterior indog 50 5 E
9 feh Metallicity of the starf,Fe H] - .
10 feh_e The 16th percentile of derived posterior in feh 25 C a
11 feh_E The 84th percentile of derived posterior in feh - ]
12 mass Mass of the star M, 0'_' M ML ]
13 mass_e The 16th percentile of derived posterior in mass
14 mass_E The 84th percentile of derived posterior in mass 0 2 4 6 8 10 12 14
15 radius Radius of the star i, o [0/0]
16 radius_e The 16th percentile of derived posterior in radius
17 radius_E The 84th percentile of derived posterior in radius Figure 3. The relative errors of the stellar rad{tsp) and masgbotton) in the
18 Logarithm of the bolometric luminosity of the APOGEE-KOI sample derived withso t. The mean and median stellar
star inL, radius uncertainties are 2.7% and 2.3%, respectively. The mean and median
19 logL_e The 16th percentile of derived posterior inllog uncertainties on the stellar mass are 4.5% and 4.7%, respectively.
20 logL_E The 84th percentile of derived posterior inllog
21 logDensity Logarithm of the density of the star in
22 logDensity_e  The 16th percentile of derived posterior in with those from Berger et a(20200 within our combined
density uncertainties and the limiting systematic uncertainties2sf
23 logDensity_E The 84th percentile of derived posterior in (Mann et al.2019 Zinn et al. 201gb, there is no strong
. density _ motivation to make adjustments for this range of parameter
27 distance Distance of the star in pc
) _ . . space.
28 distance_e The 16th percentile of derived posterior in . .
distance Performing the same comparison My, we nd the mean
29 distance_E The 84th percentile of derived posterior in f':md scatter (ﬂ\/l*-S MEZO)/ M, = 50.061+ 0'081} WhereMB20
distance is the mass derived in Berger et @020h. While there is a
30 ebv The reddening of the star in units&B S V) somewhat signicant offset, it is still within the reported scatter
31 ebv_e The 16th percentile of derived posterior in ebv  for the comparison. However, this offset is larger than our
32 ebv_E The 84th percentile of derived posterior in ebv  reported uncertaintieé 4%-5%) in M,, but as mentioned

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

above, v, is likely underestimated for a fraction of stars in our
sample. This offset is most likely due to a difference inTihe
of the two samples. Wend that the effective temperatures
between our sample and those of Berger e(281200) have
Tet S Tefr20= S78+ 193 K. This lower temperature explains

photometric effective temperatures, Gaia parallaxes, and 2MAS$he differences in the inferred stellar mass. However, this
Ksband magnitudes to a custom set of MIST model grids, andgifference is mostly for stars with effective temperatures near
spectroscopic[Fe H] where applicable. For stars with no 5000-6000K. The difference in effective temperature is
spectroscopife H], the authors assumed a thin disk metallicity minimal for stars WithT ¢t < 5000 K.
prior. These comparisons are highlighted in Figure In addition to the comparisons with Berger e(20201, we

We nd overall agreement consistent with our reported check our stellar radii against those inferred from high-
uncertainties. The mean difference in_radii, calculated asresolution spectroscopiMartinez et al.2019 see Figures).

(R. S Raz0) R., gives a mean and scatter®0.68%z+ 3.44%,
whereRg,g is the radii inferred by Berger et §2020h. This is
well within the combined uncertainties aed in our sample

Martinez et al(2019 derived atmospheric parameters from the
archival spectra in the CKS sample by measuring equivalent
widths for a carefully curated sample of Fand Fell lines

and in Berger et al(20201). However, there are some (Ghezzi et al.201Q 2018. This sample is a more fair
systematic differences. While there is generally excellentcomparison to our sample in terms of precision, due to the
agreement inR,, the radii in the APOGEE sample are combination of spectroscopites, logg, [F€ H], and Gaia
systematically lower by as much a$% for lower-mass stars  parallaxes used. Wend relatively good agreement, with
(<0.7M..). This may be caused by the use of slightly different (R, S Ry10)/ R, = $S1.1%z+ 1.4%, whereRy.o is the radius
model grids. Most stellar model grids are inconsistent with from Martinez et al(2019. Thus, although there is an offset,
empirical constraints when deriving parameters for late M-typethe radii derived in Martinez et 2019 largely agree with
dwarfs. While we do not make any corrections in our model those derived here, and the difference is within systematic
grid to account for this, Berger et 0200 adjust their model  uncertainties of 2% for radii derived from Gaia DR2
grids for stars withM, <0.75 M, by adopting empirical  parallaxes(Zinn et al. 20191. The difference between our
relations from Mann et a{2015 2019. However, because our radii and those derived in Martinez et al. can likely be traced to
analysis is with FGK dwarfs, and our radii still largely agree differences in the effective temperature between the two
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Figure 4. Comparison of the fundamental stellar properties derived in this work vs. the stellar properties derived by Bei2fg2@) &r the same staf820). The
dashed blue lines in each case represent the one-to-one agreement between the two samples. Left: comparisons of the stellar radii derivearaiithearks
excellent agreement, with a scatter in the ratio of radii of 3.4%, and an average off¢ét.0Right: comparisons of the stellar masses derived in this work and in
Berger et al(2020h. They agree overall within the scatter, but have an offset68b, in that the APOGEE sample has a lower mass on average.
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Figure 5. Comparison of the fundamental stellar properties derived in this work vs. the stellar properties derived by Mart{g62@fal.the same sta®119). In

each panel, the dashed black line denotes agreement. Left: comparison of the stellar radil Mlative agreement, with an average offset and scatter of
1.1%=+ 1.3% in the ratio of the radii. Right: comparison of the effective temperatures derived by ASPCAP and the effective temperatures from M19. Hmere is a me
offset and scatter of 168 171 K between the two samples. The systematically IGwgin ASPCAP is the likely reason for the systematic offset in stellar radii.

samples. On average, the differenceTyg is 108 K with a
scatter of 171K, where the effective temperatures fromuncertainty of &, /R,
APOGEE are lower, explaining our smaller inferred rézhie

Figureb).

The resulting planet radii in our sample have a median
3.4% (mean: 3.7%

3. Sample Selection and Planet Classes

2.2.5. Planet Radi For this study we dene three individual samples that we
We derive each of the planet radii using the reported transitintroduce here before describing them in detail below. Tse
depth in the DR24 KOI catalo¢Mullally et al. 2015. We sample is the stellar planet-search samplet is the parent
apply the simple relationship, sample of stars that may have been observed by the APOGEE-
KOI program. This translates to the Kepletd stars within the
Re R E @) APOGEE footprint that are then down-selected based on our
to calculate the planet radii in our sample, whéfeis the

scienti ¢ goals. The second sample isor the control sample,

which is a subset oft. Because we do not have detailed
measured transit depth. The uncertainty in planet radius for outchemical abundances for each starjn acts as a proxy from
catalog is found by propagating the errors Rnwith the which we can infer the bulk propertigise., abundance ratio
uncertainties from the Kepler DR24 transit depth measurementdistributiony of +. The nal sample is the vetted planet

7
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Figure 6. The three samples considered in this study. The effective temperature and radii of the stars in each sample are shown along the top row, dtyd the metallic
distribution function for each sample is shown along the bottom row. The metallicity distributions are scaled to arbitrary units. LefldKs{ales with parameters
derived in Berger et al[20200. The stars cut fromt are shown in gray, and those included-mare shown in green. The metallicities for the stars iare
heterogeneous, or assumed to be solar, and thus are not as reliable for this study. Center: the stars in the Co(gralsamgithe subset of these stars included in

(tan). Right: all of the stars in the APOGEE-KOI progrégnay) and the stars included i (purplg.

sample, (. ( is the sample of planets whose host stars were At this point, it is important to note that the individuallds
observed by the APOGEE-KOI Goal Program that is then for the APOGEE-KOI program were chosen to maximize the
further vetted to remove False Positives and ensure a wellnumber of observable KOlIs peeld. If each Kepler tile is
characterized sample of planet candidates. The stellar radiugxpected to have the same number of KOls, the choice to
Teff, and metallicity distributions of these three samples aremaximize the number of targets in the APOGEE-KOI program

displayed in Figure. may introduce a bias leading us to overestimate the planet
occurrence rate. However, it is more likely that the planet yield

3.1. +: Stellar Planet-search Sample per eld is driven by a combination of the number of stars per

To select the appropriate planet-search samypleve start eld where transiting planets are detectable, which would favor

from the catalog of stars in Berger et &0200. We the elds closer to the Galactic midplane, and the quality of the
downsample this table to replicate the selection function oflight curves in the particulareld, which would be diminished
the APOGEE-KOI survey. These cuts are listed below. by crowding and favor elds farther from the Galactic
midplane. Both of these effects are accounted for in our
occurrence rate methodology either dire¢dyg., the number
of planet-search starer indirectly (e.g., the expected 8 for
S/N > 10; i.e., sufcient to derive reliable radial velocities. 2 trans_iting planet with a given period and ra)iiU'she.refore,
We aNppIy this cut to each star in theld sample. we believe that the choice of observealds does not impart a
2. APOGEE Field Cut 100'< d< 1°5, wheredis the signi cant bias that is not already accounted for in our
angular distance from the center of the nearest APOGEE-methodology. . o
KOl eld. The upper limit of 15 represents the limit We applied a further series of criteria to ensure that our
placed by the Sloan 2.5 m telescapeeld of view, and sample is well suited to the ASPCAP analysis and complete-
100’ is an instrumental limit derived from a central post ness model we employ in Appendx3, and to remove stars
that obscures targets in the center of the plate desigrthat are evolved or likely to be a member of a binary system.
(Owen et al.1994 Zasowski et al2017). To select this sample, we make use of the stellar properties

1. Brightness CuytH < 14: This is the brightness limit in the
APOGEE-KOI planet sample, chosen because it is the limit
for which a one-hour integration with APOGEE yields an
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derived by Berger et al(2018 20200 to apply the determined from high-resolution AO or speckle imaging,
following cuts: because those data are only available for a small subset of

1. Effective Temperature Cug700 K< T goo< 6360 K: Itirl]élypIt?)ncertez?:rghbiggmple’ and removing such stars is
We remove stars outside the temperature range well suited '
to the ASPCAP analys{@7006-6200 K; see Section.2.]). After applying these cuts we are left with 22,146 stars.in
However, to account for systematic offsets in the Berger This de nes our planet-search sample, with stars that have
et al. (20205 temperature scale and the ASPCAP typical masses ranging from 0.7 to IM3,, and distances
temperature scale, we incorporate into our selection theranging from 100 to 2000 pc.
median Tei offset for stars with ASPCAP-derivetlLy
between 46081800 and 61086300K. In the former

sample there is a negligible offs@20S ASPCAB of 3.2. 1 APOGEE-Kepler'Control” Sample

S1K, and in the latter there is a more sigrint offset In addition to the KOls that were observed in the APOGEE-
of + 160 K. KOl program, a number of stars were chosen tothe
2. Maximum Transit Duration Cut, tyyrmax 15 hr. APOGEE plates as a control sample for the purpose of

Because the Kepler Transiting Planet Search modulecomparing the chemistry of stars with and without detected
(TPS; Twicken et al.2016 does not include transit transiting planets. The control sample was chosen tcte¢he
durationstg,,> 15 hr, we remove stars that can reason- bulk properties of the KOI sample by matching the joint
ably include such long duration transits from our planet- distributions of effective temperaturéspand magnitudes, and
search sample. This criterion is logically analogous to l0gg from the Kepler Input Catalog<IC; Brown et al.2011).
removing evolved stars from the planet-search sample.t is from this sample of stars that we construct

This is typical in Kepler occurrence rate studies, usually At this point, we want to emphasize the purpose .of is

as a recommendation to remove stars with a large radiuspysed solely to infer the abundance distributions+ofThere-
such aRR, > 1.25R.,, when applying empirical measure- fore, there are two requirements needed to ensure tligt
ments of the Kepler pipeline detection @&gncy representative of the abundances+ofFirst, it must broadly
(Christiansen et al2015 2016 Burke & Catanzarite  re ect the Galactic coordinates, distances, masses, and ages of
2017 Christiansen2017). To identify such stars, we the stars in+, properties that are known to correlate with
employ the following approximation for the transit chemical abundance distributiorisee, e.g., Hayden et al.
duration of a planet assuming a circular orbit and impact 2015. The second criterion is that there must not be systematic

parameteb= 0, with a given periodpP, differences that would bias the ASPCAP analysis. For example,
differences in BN, T, andlogg all may lead to systematic
5 V3 5 \1/3 offsets in the derived abundances that could lead one to
taur X 1.426 h (—) (2 conclude there are differences in the underlying distributions
days when that is not truly the case.

Because already reects +in terms of Galactic coordi-
nates, distances, artdl mag (and therefore /SN) by its very
construction, we only need to apply the cuts that ensure the
stars in are amenable to the ASPCAP analysis, and that they
Te ect the ages and masses of the stars of interest. Therefore,
ve apply theMaximum Transit Duration Cuind theEffective
Temperature Cutbecause differences in the distribution of
stellar densitiegand therefordogg) can be indicators of age
differences, and differences in effective temperature are most
likely to lead to systematic offsets in the derived abundances.
After these two cuts, we are left with 72 stars inChemical
abundances and other stellar parameters for the starara
listed in Table2.

where , is the mean density of the star. Finatly; maxis
obtained by setting = 300 days. The motivation behind
setting a limit of 300 days is to avoid regions of
parameter space where planets would have fewer transit
and as a result may introduce a higher rate of false alarm
in our sample, which for this work we assume is
negligible.

3. Astrometric Noise CuRUWE< 1.2: We utilize the
Renormalized Unit Weight Error(RUWE) from
Gaia DR2 provided in Berger et 20200 to remove
stars that are likely to show signs of multiplicity. The
RUWE parameter is a combination of goodness tof
metrics that quantes deviations of a given starsky
motion from a ve-parameter astrometric solution. Single
stars are expected to show a Gaussian distribution 3.3. (: Vetted Planet Sample

centered at RUWE 1, which suggests that sources with 14 gngyre that we have a high purity planet sample, we apply

RUWE signi cantly greater that that expected from a 4 aqditional series of cuts to the planet candidates designed to
Gaussian distribution are likely to have companions that .o moye False Positive detections, remove planets where the
induce detectable centroid offsets in the GaiaDR2 ansit depth, and therefore planet radius measurement, may not
astrometric pipeline. Following the motivation from o accyrate, and to restrict our sample to the parameter space
Bryson et al.(20203, we choose RUWE 1.2 & our ol dened by our completeness correction model

cutoff to be the limit above which we would reliably  (apnendix C.3. We de ne and motivate each of these cuts
expect stars to be binaries. below.

4. Likely Binary CutBinFlag 1 or 3: We remove stars
that are likely to be binaries, as determined by Berger 1. ASPCAP Solution CuEirst, we remove planet candi-

et al. (2018. Berger et al(2018 useBinFlag= 1 or dates whose host stars do not have a reliable ASPCAP
BinFlag = 3to denote a star likely to be a binary due to solution. This cut was already implicitly made when

its inferred radius. We do not remove stars with adopting the stellar and planetary radii, but we repeat it
BinFlag = 2, which are stars likely to be binaries as here for emphasis. Because we are interested in

9
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Derived Properties and ASPCAP-derived Chemical Abundances for Each Star in

Label Column Description Label Column Description

APOGEE_ID Unique APOGEE Identr Teff Effective Temperature in K

Teff e The 16th percentile Gty posterior Teff E The 84th percentile Bfi; posterior

logglogg logarithm of the surface gravity in cm?% logg_e The 16th percentile of l@gposterior

logg_E The 84th percentile of lagposterior mass Stellar masshh,

mass_e The 16th percentile of mass posterior mass_E The 84th percentile of mass posterior

radius Stellar radius iR, radius_e The 16th percentile of radius posterior

radius_E The 84th percentile of radius posterior Fe H [Fe H] in dex

Fe_H_ERR Gaussian uncertainty of Fe_H Ni_Fe [Ni/ F¢ in dex

Ni_Fe_ERR Gaussian uncertainty of Ni_Fe Si_Fe [SV F€ in dex

Si_Fe_ERR Gaussian uncertainty of Si_Fe Mg_Fe [Mg/ F¢ in dex

Mg_Fe ERR Gaussian uncertainty of Mg_Fe C_Fe [C/ F¢g in dex

C_Fe_ERR Gaussian uncertainty of C_Fe Al_Fe [Al/ Fg in dex

Al_Fe _ERR Gaussian uncertainty of Al_Fe Ca_Fe [Cd Fq in dex

Ca_Fe ERR Gaussian uncertainty of Ca_Fe Mn_Fe [Mn/ Fg in dex

Mn_Fe_ERR Gaussian uncertainty of Mn_Fe S_Fe [SF4 in dex

S Fe_ERR Gaussian uncertainty of S_Fe K_Fe [K/Fd in dex

K_Fe_ERR Gaussian uncertainty of K_Fe

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

measuring planet occurrence rates and their change with
chemical abundances, we restrict our sample to stars for
which the ASPCAP pipeline has derived a reliable
solution to the spectroscopit. Spectra that do not have
such a t will not have derived abundances and are
therefore not appropriate to include in our analysis. We
correct for this bias in Appendi€.3.

. Reliability Cut To remove as many contaminants from
(, we remove all planet candidates with a False Positive
disposition in the DR24 KOI catalog.

. Impact Parameter Cut, ¥ 0.9: We remove all planet
candidates with impact paramelber 0.9, as measured in
the DR24 KOI catalog. Modeling transits with large
impact parameters leads to greater uncertainties in the
transit depth and therefore in the planet radius of the
sample. Thus, we remove planet candidates with large
impact parameters to ensure that we have a sample of

Given the varying brightness of our targets, the RV
uncertainties are highly correlated with the single epoch
spectrum SN. As a result, a at cut in the scatter of the
RV measurements could remove bonae planet
candidates with dim host stars, while missing astrophysical
False Positives around bright host stars. The tegm
therefore, gives a more accurate assessment of whether a
given star is RV variable than at cut in the scatter of the
RV measurements. We decideasy = 5.3 because that is
equal to the median plus thrice the MAD in our sample.
APOGEE RV observations in the KOI sample are capable
of placing upper limits into the planetary mass regime,
typically between 1 and 1Ml;,,, depending on the orbital
period of the transiting planet, spectrumNSat each
epoch, and mass of the host star. Therefore, by removing
all stars with signicant RV variability in our sample, we

in turn remove any contaminating eclipsing binaries.

planets with well-measured radii.

4. Planet Radius Cut, )X 23R : We place an upper limit
on the radius of a planet candidate in our sample & 23
(2.1 Ry,p, which is consistent with the radius of the
largest conrmed transiting exoplanet currently known,
HAT-P-67b (Zhou et al. 2017. While in ated Hot
Jupiters are known to have radii as large asR,,, most
objects with radii larger thanRg,, are more likely to be
very low-mass stars.

5. Excess RV Variability Cukgy < 5.3: To remove EBs
and eclipsing brown dwarfs frorfi, we de ne a metric
for excess RV variabilityegy, as

®v WMADRV)/ kv €)

where MADRYV) is 1.482& the median absolute
deviation of the individual RV measurements, anpgd,

is the median RV uncertainty for all epochs. To estimate
rv, We add the reported RV uncertainty for each visit in

quadrature withky min 72 m s 1, which has been noted

APOGEEs RV precision is not quite effective enough to
detect planetary mass companions without detailed
modeling, so our metric for RV variability is not likely

to remove any real planets, such as hot Jupiters. We justify
this statement brig/ with our results in Sectiod.3.2

After these cuts( consists of 544 total planet candidates.
The radius and period characteristics of these candidates are
shown in Figurer. There are a number of features evident in
this gure. For instance, the radius g&ulton et al.2017) is
clear in both the top and bottom panels of ogure, as well as
a slope in orbital period in the gap measured by previous
authors(Fulton & Petigura2018 Martinez et al2019; these
two features qualitatively validate the precision and accuracy of
the radii in (. Chemical abundances and planet parameters for
the planet candidates if are listed in Tabl&.

3.4. Adopted Planet Classes
We divide the planets i into multiple classes based on

to be a reliable lower limit on the relative RV error for their orbital period and radius, as many previous studies have
high SN observations in DR16, where the reported shown metallicity correlations that depend on these properties.

error may be underestimat@@rice-Whelan et ak020).

10
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MLELEALL BENNECY NUREELL BN R B sub-Neptunes tends to zero. While a more precise
16.0F * ofos 4 . . - physically motivated boundary is not clear, we choose 4
. o™ R as an upper limit to be consistent with conventions in
8.0F . e e P the literature. There are 260 sub-Neptune$.in
- . st o 3 4. Sub-Saturns 4R <R,<8 R : The lower radius
4.0 TR £+ -"h"‘.’-ﬁ"f.'s"" r boundary for sub-Saturns is given by the decrease in
2.0k B i #“%fﬁ&"-.‘-‘ . sub-Neptune occurrence rates described above, and the
. AR < | %p ..‘é-' _'-’-.."- o« e upper limit is driven by the approximate radius at which
1.0F 5 ':-.-f) ; ,,- £ 0 . DR24 = planets have masses typicaljdOOM (Petigura et al.
TTE ANl 0 APOGEE 1 2017). There are 13 sub-Saturns {n
0-5 ;||||||I T | '.‘"'“ [ N | [ | |-_I 5. jup!ters_Slg |<RP< 23R : Tk?e hradius rgnged fOI’f
upiter-sized planets is given by the upper boundary for
0.3 1 3 10 30 160 300 sub-Saturns and by the upper limit placed by the largest
Period [days] known conrmed planet, as mentioned in Secti®:3.
There are 17 Jupiters ifi.

' ' ' ' ' ' In addition to these size classes, we alsondethree
50F np1=762 . different period boundaries for planets of differing orbital
a0k NpL= 544 separationgi.e., orbital perioyl

1. Hot, P < 10 days®® There is a well-documented break in
= 30F - the occurrence rate of planets with respect to orbital
= period, showing two different regimes above and below
20F - P 10 days(Youdin 2012, Howard et al2012 Mulders
et al.2015. There are 248 hot planets (n
10 - 2. Warm 10< P<100 days: The boundary for warm
oL . . . Y 1 plarsre]zts is given (;)y trr:e lower bIO'{md on tr)lot planets, and
on the upper end where completeness becomes an issue
0.5 1 2 4 8 16

for super-Earths. This range of orbital periods is also
consistently used in the literature, so we adopt it as well
for ease of comparison. There are 262 warm planefs in

Radius [Re]

Figure 7. The planets in(, plotted with all of the DR24 planet candidates that
have a host int. Top: the planet radius and orbital period of all planet$.in

The gray points show all of the planets from the DR24 KOI catalog with a host

star in + that are not included in(. Bottom: the radius distribution of the

planets in(. The gray histogram shows the radii of all of the planets in DR24

with a host in+, while those in( are displayed in blue. The primary reasons
for exclusion in( are RV variability, a poor solution from ASPCAP, or pre-

. Cool, 100< P < 300 days: We dene this period range as

our cool sample. The number of planets in this range
suffers severely from decreased Kepler survegiefcy,
and only contains 34 planets in In addition, studying
the population of Kepler planets witR > 300 days
requires a careful approach to modeling the Kepler False

DR24 target selection.

Alarm rate, which we assume to be negligitiizyson
et al.20200.

empirical and theoretical boundaries where applicable, and We refer to these classes often throughout the rest of
partially by conventions in the literature, as explained below. this work.

For

1. Sub-Earths R, < 1 R : The number of planets in this

the planet size classes, we e the following:
4. Results

class suffers particularly severely from low survey 4.1. Assessment of Differences between Host Star Abundances

completeness, and for that reason these planets are and the Field

drastically skewed toward lower orbital periods. Because In this section we examine whether there are any clear
of this, we do not consider these planets when measuringcorrelations with planet type and host chemical abundance. We
occurrence rates, and are hesitant to draw majoralso make more detailed comparisons between the abundances
conclusions when comparing the abundances of theirof and (. The chemical abundances of bothand are

host stars to those of stars inThere are 42 sub-Earths shown in Figure8. The median and mean absolute deviation of
in (. the chemical abundances in P and C are shown in HAabler

. Super-Earths 1.0R <R,< 1.9 R : Super-Earths are this section, we rely on the abundance ratios to[keFd,

de ned as planets larger than Earth, with an upper limit because there is a clear offset[Fg H] between and (

set by the minimum in the planet radius distribution Visible in Figure8, where stars in are more metal-poor on
between 1 and 8 in our samplgFigure?). The 1.9R average. This is a well-known property of the stars with known
boundary we nd between super-Earths and sub-Nep- transiting planets when compared to the stars in the Kepler
tunes is slightly different than that found by Fulton et al. €ld. Because of this difference, usif}/ H] as a metric is
(2017, and closer to the boundary found by Martinez almost certainly guaranteed to reproduce  tffee H]

et al.(2019. There are 212 super-Earths (in = _
. -N n 9R <R.< 4R : The lower ndar Note: For the occurrence rate analyses, ounitien of hot planets does not
Sub eptunes.9 = Rp e lower bounda y include planets withP < 1 day, due to the lack of injections used to test the

is driven b_y the radius gap as qiSCUSSEd above. The uppekepier pipeline completeness at these short pefses AppendiC.3 and
boundary is placed as the limit where the occurrence ofFigure20).
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Figure 8. Chemical abundances for the planet Hpstple and controltan samples. The chemical abundance displayed is shown in the upper left corner of each
panel. The median err@t 1 ) for each abundance is shown by the black error bar in the top right corner of each panel, and the dashed lines indicate the mediar
abundances for the planet host sanfpleple and the control sampigan).

Table 3

Planet Properties and ASPCAP-derived Host Star Chemical Abundances for Each Planet Cangidate in
Label Column Description Label Column Description
APOGEE_ID Unique APOGEE |dengr KIC KIC identi er
KOI_ID KOl identi er Period Planet orbital period in days
Rpl Planet radius iR Rpl_ERR Gaussian uncertainty of Rpl
Fe_H Host stafFe H] in dex Fe_H_ERR Gaussian uncertainty of Fe_H
Ni_Fe Host stafNi/ F¢ in dex Ni_Fe ERR Gaussian uncertainty of Ni_Fe
Si_Fe Host stafSi/ Fg in dex Si_Fe_ERR Gaussian uncertainty of Si_Fe
Mg_Fe Host stafMg/ Fg in dex Mg_Fe_ERR Gaussian uncertainty of Mg_Fe
C_Fe Host stafC/ F¢ in dex C_Fe_ERR Gaussian uncertainty of C_Fe
Al_Fe Host stafAl/ Fg in dex Al_Fe_ERR Gaussian uncertainty of Al_Fe
Ca_Fe Host stdiCa F¢ in dex Ca_Fe_ERR Gaussian uncertainty of Ca_Fe
Mn_Fe Host stafMn/ Fg in dex Mn_Fe ERR Gaussian uncertainty of Mn_Fe
S Fe Host stafS Fe in dex S Fe_ERR Gaussian uncertainty of S_Fe
K_Fe Host stafK/ F¢g in dex K_Fe_ERR Gaussian uncertainty of K_Fe

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

differences already known, and our goal is to search for newTherefore, to detect any differences in the distribution of the
differences. host star abundances and the abundances of general stars in the
After de ning the planet size and orbital period classes eld, we apply four unique statistical tests, considering a result
above, the rst natural question is whether hosts of differing signi cant if thep-value for the statistic is 0.001. Given the
planet classes tend toward speciabundance patterns. large number of tests between planet subclass and each of the
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Figure 9. Left: the average metallicity for host stars of planets in given orbital period bins. The circular points show the average metallicity, whitethElines

show the 68% cordence interval on the metallicity distribution. We recover the same planetisteitat metallicity anticorrelation reported in previous literature

(e.g., Mulders et aR016 Wilson et al.2018. Right: the average host star metallicity as a function of planet radius, binned for planets of given size classes, sub-
Earths, super-Earths, sub-Neptunes, sub-Saturns, and Jupiters. The sub-Earth, super-Earth, and sub-Neptune classes are split inmd¢achradiesdisimilar

relations as in the literature: that there is a notable increase in the average host metallicity for planets with larger radii. In particelaerhére aanets with

R,> 4R and([Fe H]) < $0.2.

_ Table 4 .. these correlations can reveal important trends, it is important to
The Median and Mean Absolute Daenv(;a(tlon of Each Abundance Distribution in note that the trends discussed in this section do not take
completeness or detection biases into account. When appro-
[Xi/ Fel ( priate, we mention when we believe an effect may be a result of
Fe $0.068+ 0.183 $0.010+ 0.163 a lack of completeness. A more thorough investigation would
c 0.015+ 0.097 $0.019+ 0.079 include correcting for biases in the Kepler and APOGEE-KOI
Mg 0.031+ 0.082 0.006: 0.060 surveys, which is performed in SectidrB.
Al 0.094+ 0.201 0.067% 0.122 In Figures9 and 10 we plot the mean and variance of the
Si $0.004+ 0.090 0.002 0.058 abundance distributions for different planet radius and planet
S 0.034t 0.125 001 0099 harigd bins. As in the literature, we recover an anticorrelation
K 0.062+ 0.096 0.012: 0.076 ; .
Ca 0.008 0.059 0.00& 0.046 betweenFe H] of the hos_t_ star and th_e planet orbital period.
Mn $0.004+ 0.077 $0.003+ 0.074 We also recover a positive correlation between the planet
Ni 0.028+ 0.044 0.01% 0.041 radius and the host stajFe/ H]. Within these broader
correlations, there are a few interesting results. For instance,
Note. while there is a general anticorrelation between planet orbital
& For iron, the abundance is reported with respect to Hydrggeht]. period and host stgFée H], there is an increase in the average

metallicity distribution aP 30 days. This slight increase is
apparent in Figure 3 of Petigura et@018 as well, though to

a lesser extent. This feature is also pointed out in Wilson et al.
(2018 as a possible transition periodRat 23 days. While the
exact cause of this bump is not well constrained by this work,

ten elemental abundances considef#80 testy p< 0.001
should give a<10% probability that a false positive is among
these results. The results of these tests are shown in Bable

and for the sake of brevity they are discussed further in the ; o ; . .
Appendix B. In short, we nd no new credible differences, W hypothesize that it is due to an increase in the relative

according to these tests, between the chemistry of stamrid number of sub-Saturns at these orbital periods. Because the
those in ( that are not easily explained by already known Presence of sub-Saturn planets is positively correlated with

trends between planet properties and the metallicities of thei€nhanced metallicity, and they also have an increasing

host star¢Santos et a2004 Valenti & Fischer2005 Ghezzi ~ Occurrence rate at warm orbital periods.

et al. 201Q 2018 2021 Buchhave et al2014 Schlaufman We also see a number of interesting trends between planet
2015 Mulders et al.2016 Narang et al.201§ Owen & radius and host stdFe H]. For one, we corrm the claim
Murray-Clay2018 Petigura et al2018 Wilson et al.2018. made by several autho(Buchhave et al2014 Schlaufman

2015 Wang & Fische2015 Ghezzi et al2018 Petigura et al.
2018 that larger radius planets are positively correlated with
host star[Fe H]. Digging deeper we alsond a few other

In this section, we test whether there are any correlationsinteresting results. For instance, there is an apparent increase in
between the host star abundances and planet properties. Whithe metallicity of sub-Earths. However, as cautioned, these

4.2. Abundance Trends with Planet Period and Radius
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Figure 10.Top: trends with planet radius for abundance ratios to iron. Just as in Bjgbeepoints represent the means of each bin, with error bars representing the
error on the meafX/ F¢ from bootstrapping. The horizontal lines show the 16th and 84th percentiles of the distribution in each bin to display the variance. We detect
signi cant positive correlations fgkin/ Fe and[S/ F¢] vs. R,. Bottom: the distribution of host star abundance ratios to iron as a function of planet period. We detect a
statistically signicant positive correlation betweg® Fe andP. Such a correlation cannot be explained with well-known tren@sdrH].

planets suffer from low completeness, and are heavily skewed To test for signicant trends in our sample, we calculate the
rank correlation coetient between the iron

the stellar metallicity planet orbital period trend discussed hormalized abundances for the planet hosts in our sample and
the logarithm of the radii and periods of the planets in our

toward shorter periods. Thus, this bump can be explained bySpearman

above.

Another interesting trend wend is that sub-Neptunes with
larger radii(R, 3-4R ) have host stars with enhancied
H] compared to smaller sub-NepturfBs 1.9-3R ). This is

sample. The results of these statistical tests are shown in
Table5. As with the tests in the previous section, we consider a
result signicant if the p-value is<0.001. In this vein we

predicted by the theory of atmospheric loss via core heatingUncover a few statistically sigrdgant correlations. The most

where the radii of sub-Neptunes are expected to increase wit
metallicity, Z, via the relatiord logR,/dlog Z _ 0.1(Gupta &
Schlichting 2019 2020. This dependence arises from the
assumption that the plahgtatmospheric opacity is propor-
tional to the metallicity of the stellar host. Planets with lower
opacity envelopes contract on shorter timescales because thegg,re|ations witHFe H]

envelopes lose their residual core heat moreienitly through

radiation. As a result, one would expect that for a given age,clear.[/ Fe does not display the same correlatiofiMg/ Fe.
sub-Neptunes orbiting stars with a higher metallicity will have |nterestingly[§/ Fd is the only abundandghough[Mn/ Fe] is

contracted less and have larger radii on average.

iglear correlations we recover are correlations with planet radius
and[Mn/ Fg and[S/ Fg. Perhaps unsurprisingly, the correla-
tion with [Mn/ Fq is positive meaning that it is most likely

in uenced by statistically strong correlations ke H]. We

can see from Figur8 that in fact,[Mn/F¢ displays strong
correlations with[Fe H], so this is likely due to known

However, the origin of the positive trend wit® F¢ is less

nearly signicant for the reasons described abotleat is

14
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Table 5
The Results of the SpearmarRank Coefcient to Test for Correlations
between Abundance Ratios to Iron dagP andlogR,

[X/F¢ Npl P Pp o Pry

C 544 0.073 0.088 0.021 0.62
Mg 544 0.096 0.025 $0.130 0.0024
Al 540 0.036 0.4 0.046 0.28
Si 544 0.037 0.39 0.009 0.83
S 542 0.187 1.% 10°° 0.145 0.00069
K 540 0.072 0.096 $0.060 0.16
Ca 544 0.057 0.19 $0.032 0.46
Mn 544 $0.127 0.0031 0.161 0.00016
Ni 544 $0.002 0.96 0.117 0.0064
signi cantly _ correlated with planet period as well

(p= 1.2x 10°°). Even more interesting, these correlations

cannot be explained by already known trends i H]. If

that were the casqdS/Fg would be expected to show a
correlation with either planet period or radius and then must

show an anticorrelation with the other, as withe H].

However,[S/ Fg shows a strong positive correlation with both
planet radius and planet period. Even more interestingly, th
signi cant [S/Fg trends do not appear to be the result of

confounding correlations betwed®/ Fg and stellar para-
meters that may affect the detectability of plar{&/d-¢ is not

signi cantly correlated withiTe¢ in ( (based on a Spearman

correlation test; =+ 0.08, p= 0.069, nor is[S Fq signi -
cantly correlated witlR, ( =+ 0.10,p= 0.019. For the time

being, we report this as a tentative trend, though we are still 1.
uncertain of the source of this trend with S abundance ratios.

4.3. Planet Occurrence as a Function of Chemical Abundance 3

In this section we calculate the occurrence rates of planets as

e

This analysis represents an improvement from the analysis in
Section 4.1, as we are now accounting for the selection
functions of Kepler and APOGEE; thus the conclusions we
draw about the PLDF from this analysis should be independent
of observational biases.

We employ a common strategy to measure the PLDF that
has been used in previous studies: the number of planets per
star(NPP§ is calculated over a grid &f andR,, utilizing the
inverse detection e€iency method and a maximum likelihood
approache.g., Youdin2011; Fressin et al2013 Burke et al.
2015 Mulders et al2015 2018 Petigura et ak018. We give
a brief description of our completeness model below, but refer
the reader to the Appendifdppendix C) for details on our
methodology.

4.3.1. Completeness Model

In this subsection we give a brief description of our
completeness model|(x, z), wherex are planet properties
andz are stellar properties, but refer the reader to the Appendix
for details(Appendix C.3). Our approach varies slightly from
most Kepler occurrence rate studies, because we also need to
correct for biases inherent in the follow-up program. In other
words, inclusion in( is dependent on more than membership
in + and a detected planet candidate in Kepler. There are
additional biases imposed by the APOGEE selection function,
instrumental setup, and spectroscopic analysis pipeline that
must be considered. In total we account for four unique biases
for a planet candidate to be included (in

The geometric probability that a planet with a randomly

oriented orbital plane transits its host &),

2. The probability that a transiting planet is detected by
Kepler (Rey).

. The probability that a planet candidate was observed in

the APOGEE-KOI progran{p,pg, and

4. The probability that ASPCAP does not fail to produce
reliable atmospheric parameters for the host star

(1S prai)-

a function ofP, R,, and[X/H]. We t a parametric model to
describe the general trends of the planetary distribution
function (PLDF) and their dependence on these properties.
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Figure 12. The planet occurrence rate in tReR, plane. We divide the plane into bins of sizdog P% logR, q0.25 9%.15dex. The color showsgthe
measured occurrence rate in the bin of interest on a logarithmic scale. The gray bins do not have any detected planets. The numbers in eactocelliskoes the
rate in units of number of planets per 100 stars. The uncertainty shown is taken to be half of the G&¥oeoimterval range on the occurrence rate. Bins without
detected planets have the upper limit displayed. Bins with no detected planets and no upper limit listed are areas of low completeness whené& angiper li
constraining.

Assuming that each of the four terms above are independentyunphysical. Bins that do not have any annotations represent
we calculate the total average surveycefncy for each eld as regions with low completeness where our derived upper limit is
the product of each term, given by not restricting.

10 We use the same bins as in Petigura €Ral18 for the sake

M 8= Oy, Poefl  Paped (1 Pi), (9 of comparison, and wend that our results are qualitatively

Ny similar. For instance, we bothnd that the most abundant
planet types are warm sub-Neptunes, warm super-Earths, and
then cool Jupiters, in that order. For Jupiters, wd a sharp
o o . rise in occurrence rate f&r> 100 days. This trend is present in
marginalizing over all of_the stars it in this way, we have the CKS sample as well, and has been noted in RV surveys
removed stellar properties from our expression for SUNVey c,mming et al2008. This rise in occurrence rate is thought
ef ciency,sothat= (x)= (P, R,). Thisrelies onanimplicit  , he correlated with the water ice line at au, leading to the
assumption that chemical abundances are not correlated withycijitation of more massive planetary cores. There is also an
survey efciency. As shown in SectioB.2.1, some elements  isjand of relatively high occurrence for hot Jupiters centered on
show correlations betwediy and abundance ratio. However, p 3 days. From our data alone, it is not clear if this is a
in AppendixC.5we nd that this bias does not sigoantly statistically signicant increase centeredrat 3 days, or if it is

where~| 8s the average survey &fiency acrosst. The mean
survey efciency for each eld is shown in Figurell By

affect our conclusions. simply a result of declining occurrence rates bew 100
days. However, this increase in occurrence rates is also found
4.3.2. Occurrence Rates in tReR, Plane in the California Planet Search progré@umming et al2008,

the CKS surveyPetigura et al2018, and other studiege.g.,

We rst calculate the occurrence rate of planets in the X
P Cumming et al.1999 Udry et al. 2003 Hsu et al.2019),

P-R,plane, making use of the completeness model in . o s X

Appendix C.3 Because we are not applying any stellar lending credibility to its e?<|stence. Oveorzillsl, wend an

propertiegi.e., abundancgsor these calculations, we calculate occurrence rate for hot Jupiters 6f 0.37 g5 planets per

the occurrence rates as described in Appendicésnd C.2 100 stars, compared to the CKS téanmeasurement of

for equally spaced bins iogP andlogR,. f O._57 plan_ets per 100 stars. This occurrence rate is more
We rst divide theP-R, plane into logarithmic bins of ~ consistent with Santerne et fﬁg(%la and Masu(()joa?& Winn

%ogP q YR, 0.25dexx 0.15dex, and we plot these (2017 who measured  0.47 ggsand f  0.43 g g6 planets

occurrence rates in Figut€. Each bin is shaded in accordance per 100 stars, respectively. This agreement in the occurrence

with its occurrence rate, and annotated with our measuredate of hot Jupiters bolsters our claim from Seco® that

occurrence rate and error, or with an upper limit on the removing RV variable sources does not remove a siginit

occurrence rate in the case that a planet was not detected in théaction of planets.

bin. For compactness, the error on the occurrence rate is taken However, we nd a few key differences with previous

to be half of the 68% comlence interval around the measured studies as well. For instance, the occurrence of sub-Neptunes

value, which is why some of the errors imply a range of and super-Earths is nearly twice as high in some of the bins as

uncertainty with a negative occurrence rate, which is compared to that found by the CKS survey. One explanation
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Figure 13.The planet occurrence rate in #eR, plane. For each row ofgures, the left panel shows the planet$ ias white points, and thdled contours show the
derived occurrence rate, with darker shades representing higher occurrence rates. The top row displays the occurrence rates on a linearbstte; amd th
displays occurrence rates on a log scale, where darker shades of red indicate a higher occurrence and lighter shades of yellow indicate adew&hasciurtbe
upper left corner of each panel shows the FWHM of the Gaussian kernel used to calculate the contourgfwe tise gray region denotes areas of low survey
completeness. The dashed black line shows the location and slope of the radius gap measured by Marfi@det al.

for this apparent difference in the occurrence rates of smalithe near-infrared where such stars are brighter, rather than on
planets is simply a systematic difference in the planet radii. Forthe opticalKp magnitude. Lower-mass stars are known to have
instance, this work typically has more precisely measuredincreased occurrence rates for sm@, <4 R )planets
planet radii due to the inclusion of Gaia parallaxes in our (Mulders et al2015.

analysis, which could cause certain bins in fA&, plane to One feature present in our occurrence rate distribution is the
appear to have a higher occurrence simply due to sharperadius gap(Fulton et al.2017), with a notable dependence on
features in the occurrence rate distribution. The bins themselvethe location of the gap with orbital period. This trend was
were also chosen arbitrarily, so an increased occurrence for ancovered by an independent analysis of the CKS spectra
given bin can appear imted due to the choice of bin edges. To performed by Martinez et al(2019. We nd excellent
more accurately judge this potential difference, we calculateagreement between the slope they found and the planet
occurrence rates in arbitrarily small bins in Ba®, plane, then occurrence rate distribution in our sample. This slope in the
convolve these occurrence rates with a two-dimensionalradius gap is shown as a dashed black line in FigGre
Gaussian kernel of sizédogP q IR, 0.25dexx 0.1 We also nd that the occurrence rate of sub-Neptunes and
dex. The occurrence rates as a result of this smoothing aréuper-Earths as a function of orbital period can be well
shown in Figure13. This gure gives a more intuitive described by a distribution of the form

understanding of the occurrence rate of planets inPtHe,

plane, and avoids the effects of binning that may misrepresent fo  CPH1 e ®/P)Y), (5

the PLDF. We nd that our occurrence rates indeed are slightly ) o _

larger than in Petigura et £2018 at the peak of the warm sub- which effectively acts as a power-law distribution, with a break
Neptune and super-Earth distributions. This difference may beatP = Po. At P < Py, the distribution acts as a power law with
due to the APOGEE-KOI selection function, which selects afr P * , and atP > Py, the distribution acts as a power law
higher fraction of lower-mass stars due to its magnitude cut inof the form,fp P . We t the differential occurrence rate of
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small planets with respect to period using this functional form 4.3.3. Occurrence Rates with R,, and X/H/

for both sub-Neptunes and super-Earths. We use bin sizes of 1 yogt the signicance with which each element correlates

%ogP  0.005dex and initialize the MCMC routine with 50 ith planet occurrence, we a parametric function of the form
walkers, 10,000 total steps, and 1000 burn-in steps. Sub-

Saturns and Jupiters are not well described by this functional fyp CP1GX, © (9
form. The ts are displayed in Figurgs. ) )
For super-Earths, wend a transition period @& 6.5 1§ ~ where X=[X/H], using the bootstrapping Monte Carlo

dayS’ and for Sub_NeptuneS waed a transition period of method described in Append@4 This is an extension of

P, 13.0 39 days. This is consistent with the theory of the model used by Petigura et €018, who modeled the

photoevaporatioOwen & Wu 2013 2017, as planets at  correlation between planet occurrence rates and metallicity.

shorter orbital periods are subject to higher-incident X-ray andThe abundance term in the above equation is equivalent to a

ultraviolet ux, and are thus more subject to atmospheric power-law relationship with the number density of atoms in the

stripping. As a result, one would expect the occurrence rate ofstats photosphere,

sub-Neptunes to drop before the occurrence rate of super- c

Earths. Super-Earths and sub-Neptunes have a consistently oo [ )

steep rise in occurrence at short orbital periods, with x.p ny )

H 2.1 32for sub-Neptunes ant 1.9 3 for super-Earths.

At longer orbital periods, sub-Neptunes level off in occurrence whereny is the number density of atoms of elem&nandny

rate with B 0.03 -3 consistent with no change, and super- is the number density of hydrogen atoms in a ’star

Earths may have a slight decrease in occurrence rate at longgrhotosphere. With this relationship in mind, a value of 0

orbital periods with B 0.08 313 though these are also would indicate a correlation between the number of planets and

consistent with no change. These parameters are all consistefite presence of that particular element, while a value<oD

with those measured by Petigura et(a019. would indicate an anticorrelation between the planet occurrence
In addition, the transition period we measure for super- rate and the number density of atoms of that particular element.

Earths, is in agreement with the transition period found in |f we naively assume that the abundance ratios in the stellar

Wilson et al.(2018, Py 8.3 33 days, who analyzed planets photosphere are the same as the abundance ratios of the

of all size classes. In Wilson et #2018 the transition period  protoplanetary disk in therst 1-10Myr during planet

was measured bynding the period in which the metallicity formation before the gas disk disperses, then a non-zero

distributions of host stars with their innermost detected planetdifferential occurrence rate density between two independent

above and below the transition period are the most statisticallyelements may indicate that the presence of one element more

different. ef ciently facilitates or suppresses planet formation compared
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Table 6
Best- t Parameters for the Planet Occurrence Rate Distributions from
Equation(6)
Ry-class P-class [X/H] logC
SE hot cC 1.67 911 1.46 g-ig 1.16 345
SE hot Mg 1.86 311 1.47 3% 0.59 2
SE hot Al 1.86 3% 1.47 312 0.5123°
SE hot Si 1.815# 1.44 318 0.83 3%
SE hot s 1.76 8&01 1.36 012 0.77 8-5{%
SE hot K 1.82 939 1.42 332 0.413 042
SE hot Ca 1.81 34 1.40 318 0.95 3%
SE hot Mn 1.78 49 1.39 912 0.58 03
SE hot Fe 1.82 811 1.43 9% 0.72 843
SE hot Ni 1.82 939 1.41 842 0.57 333
SE warm C 0.07 3%? 0.50 §-3¢ 0.25 3%
SE warm Mg 0.12 §32 0.47 9% 0.76 3%
SE warm Al 0.05 333 0.44 323 0.34 8-;’;2
SE warm Si 0.02 %2 0.55 923 0.44 3
SE warm S 0.04 33 0.55 9%} 0.51 944
SE warm K 0.13 031 0.42 9%} 0.66 08
SE warm Ca 01032 0.47 323 0.36 32
SE warm Mn 0.08 331 0.51 933 0.66 337
SE warm Fe 005331 05193 0.62 942
SE warm Ni 0.01 3% 0.55 923 0.69 043
SN hot C 2.60 02 2359 027 2.33 581
SN hot Mg 2.83 92 2.40 9 8 26 2.86 388
SN hot Al 2.833% 2.353% 1.06 348
SN hot Si 2.66 3% 2.25 ggg 2.02 38
SN hot S 2.619%8 2.19 0% 1.38 333
SN hot K 2.65 3% 2.14 928 1.53 38
SN hot Ca 2.95 32 252 3% 2.61 892
SN hot Mn 2.82 3% 243928 1.76 333
SN hot Fe 2.81 9% 2.39 929 2.34 8~2E1
SN hot Ni 2.88 §:22 2.44 028 2.00 3&
SN warm C 0.75 8%8 0.44 $33 0.63 3%
SN warm Mg 0.90 $% 0.46 312 0.63 §:47
SN warm Al 0.97 018 0.49 213 0.27 33
SN warm Si 0.88 512 0.44 333 0.42 3%
SN warm S 0.82 333 0.40 932 0.433%
SN warm K 0.92 3% 0.47 012 0.06 343
SN warm Ca 0.84 018 0.42 331 0.59 342
SN warm Mn 0.91 913 0.46 333 0.24 332
SN warm Fe 0.89 913 0.45 013 0.47 3%
SN warm Ni 0.91 913 0.46 013 0.433%
SS hot C
SS hot Mg
Ss hot Al
Ss hot Si
Ss hot S
SS hot K
SS hot Ca
SS hot Mn
SS hot Fe
SS hot Ni
Ss warm C 484 9% 2.29 & 343138
Ss warm Mg 3.3138 1.38 32 2.26 1&
Ss warm Al 3.35 08 1.38 342 1.02 3&
ss warm Si 3.26 38 1.38 g-gg 222 3%
Ss warm S 3.49 9¢8 1.45 9%, 2.37 3-85
SS warm K 3.18 §:80 1.31932 1.05 38
Ss warm Ca 3.53 982 1.52 3% 1.90 12
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(Continued

Ry-class P-class  [X/H] logC
Ss warm Mn 3.61572 1.55 343 1.10 838
Ss warm Fe 3.18 088 1.32 54 2.14 3%
Ss warm Ni 3.64 3% 1.55 8;}2 1.50 3%
P hot c 3.68 % i 80 1.47 $8 7.69 352
JP hot Mg 3.849 ¢ 80 1.47 §8 7.313%
JP hot Al 3.56 9 073 0.53 3% 4.58 5-85
JP hot Si 4.62 9% 174 34 10.32 §%
JP hot S 3.60 083 0.83 9% 5.47 ggg
JP hot K 3.75 38 1.47 $57 4.213%
JP hot Ca 3.88 999 0.16 133 5.56 $34
P hot Mn 3.91 8-;3 0.98 3% 6.70 4%
JP hot Fe 3.77°9 120 0.16 131 3.82 328
JP hot Ni 467 9% 1.35 3% 10.26 553
JP warm C 2.71 }4¢8 0.65 339 0.65 &
JP warm Mg 2.92 %-%‘g 0.65 8’58 0.62 1B
JP warm Al 1.55 1% 0.42 1% 0.30 145
JP warm Si 2.32 833 0.46 3& 2.23 %gg
JP warm S 2.84 1% 0.65 339 0.68 1%
P warm K 2.03 188 012 3% 0.83 1%
P warm Ca 1.95 ;gg 0.12 8_361 0.64 1%
JP warm Mn 1.95 1% 0.12 $72 075 1%
P warm Fe 1.95 %83 012 3% 0.86 143
JP warm Ni 1.97 1% 0.12 372 0.66 3%

to the presence of the other element. Such a result may indicate
the composition of dust grains that grow to planetesimals more
ef ciently, or gaseous molecules that are preferentially
accreted.

As discussed in the appendi&ppendix C.4), the conclu-
sions stemming from this analysis are limited by uncertainties
in the stellar abundance distribution function(X), rather
than the Poisson error. In other words, the low number of stars
in are the dominant source of uncertainty in deriving-or
each planet size and period class we observegeonsistent
values for the period dependence,across all elements in a
given planet size and period class. We alsd no correlation
between and , for any elemeniX and any planet period
period or size class in the posterior distributions. The results of
these parametricts are listed in Tables, and plotted in
Figures15 and16.

For the hot period class of planets, wad a positive
correlation with all abundances and planet size classes, except
sub-Saturns that we are not able to constrain due to the low
number of detections. Thes and range of credible models for
all of the hot planets are plotted in Figudésand16. Because
the model is two-dimensional, we integrate over the period
dependence and only display the dependence on the elemental
abundances.

The hot Jupiters in our sample are poorly constrained but
still consistent with > 0, with ranging fromC  10.3 37
for Si, to C 3.8 3% for Fe. All of these values are
consistent at the llevel, but not well constrained. For hot
super-Earths, the element number density correlation ranges
from C  0.41 %5 at the lowest for K, andC ~ 1.16 34}
for C at the highest. These values are consistent at theyél,
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Figure 15.The occurrence rate of hot planffes= 1-10 day$ as a function of chemical abundances for ten different chemical elements. The colors represent planets
of different size classdgupiters: orange, sub-Saturns: pink, sub-Neptunes: teal, super-Earths:Thlagboints show the number of planets per 100 stars per bins
equally spaced across the inner 90% of the abundance distribution for each element. The triangles show u(§tkh |peitsentilpon the planet occurrence rate,

and the lines and shaded regions show our bieahd 1 uncertainty to a power-law distribution of the forige P 10 ¥, where we have integrated over the
period dependence to display thten one dimension. Models are not shown for sub-Saturns and Jupiters wherstheorly constrained. We emphasize once again

that the occurrence rates and upper limits displayed in thiee are for larger bin sizes than those used the power-law distribution, and are included to guide

the eye.

and there are no clear differences between each differenThe abundance of sub-Neptunes gives the opposite result, and
element. we nd that there is a slight correlation, with +0.4 across

For hot sub-Neptunes, the correlation ceaints, , are all all elements, but with similarly sized errors such that we are
>0 and mostly consistent across all elements. However, we dainable to make a claim that the occurrence of warm sub-
nd hints of a variation among different chemical species. TheNeptunes is positively correlated with the abundance of any
correlation strengths range frof@ 2.86 O35 for Mg to particular chemical species. Warm Jupiters also have this same
C 1.06 335 for Al and have a 2 discrepancy. However, result, with ranging fromS0.8 to+2.2 and errors ranging
we are hesitant to trust these differences due to potential nonfrom 1 to 1.8 dex. Although our uncertainties are larger for
LTE effects that may bias the Al abundance ratio in ASPCAP, each of these different chemical trends, these values are all
which is computed in LTE. The dependence on other elementsonsistent with théFe H] dependence found by Petigura et al.
ranges between these extremes. Given the conservativ€2018.
uncertainties placed by our analysis, future studies are needed The sub-Saturns are the only planet size class that have a
to determine if credible, more subtle, variations exist. Such ameasurable correlation between planet occurrence and chemi-
difference may give rise to important mechanisms in thecal abundances aP= 10-100days. For SUb Saturns  we
formation or evolution of hot sub-Neptune systems. measure a range of correlations frof 1.0 §7 for K, to

For warm planets, the correlation strength is reduced C 3.4 13 for C. These values are all still conS|st(amtth|n
compared to the corresponding strength for hot planets for alll.5-2 ) across the ten elements within our uncertainties. Our
planet size classes except possibly sub-Saturns considering weeasured correlation strength for F€ 2.1 13) is nearly
were unable to constrain the correlation strength for hot sub-dentical to that of Petigura et a{2018 who reported
Saturns. For warm super-Earths, wed a tentative antic- C 2.1 37 for warm sub-Saturns.
orrelation of S 0.6 for most elements, though they are also  One trend we have noticed is that the magnitude of the
consistent with no correlation. Therefore, we do not make anystrength of the correlatiofh |) for Mn is lower than for Fe in
claims about the dependence of the warm super-Earthmost period and planet size classes, though not signily
occurrence rate and the abundance of any chemical speciegnough to claim a distinction. The lower value for Mn may be
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Figure 16.The same as in Figuteb, but for warm planetéP = 10-100 day$. We see overall weaker trends for each element and planet size class, with the possible
exception of sub-Saturns given the low number of detections at short periods.

Hot Planets particularly surprising considering thdgMn/H] has the
strongest correlation withFe/ H] of all of the abundances:
one might expect that this effect be enhanced. This is likely a
result of our methodology to account for the uncertainty in

AX). In accounting for uncertainties in{X), we perform a
Monte Carlo, bootstrapping routine that is likely to reduce the
overall reported correlation strength for elements with larger
errors. Becausepun/v)> [reH), the correlation strength for
Mn is typically lower than that of Fe, but still consistent within
the uncertainties.

5. Discussion

5.1. Variations in Correlation Strength between Different

10 Chemical Species

In this work we have made therst measurement of the

dependence of planet occurrence as a function of detailed
- = chemical abundances in the Kepleeld. The measured

C Mg AL S1 S K Ca Mn Fe Ni values and their uncertainties are shown in Figlifeand 18

Figure 17.The derived and uncertainties for each chemical species, and each fOr €ach element and planet size class. We are unable to

planet size class with periods ranging between 1 and 10 days. The colors showon dently detect any differences infor different chemical

the planet size class for_ whichwas derive(_:(black: super-Earths, teal: sub- species within a given planet size and period class, nor are we

Cloments, and the shatied region shows e innér 68% of the posterors o A0S 10 Unambiguiously attribuite the correlation between planet

ets perfor’med across all elem?ents in Secfié3 In order gf increaging planet Sccqrrence and Ste”ar, Chem|3try_ to the enhancement of any one

size class, the averages agg, = + 0.7,+ 2.0, and+ 6.4, though the Jupiters in particular element. This lack of difference may be due to one of

our sample have a range of 3-12. or a combination of three effects. First, the lack of difference
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2.5 E E Figure 19. The metallicity distribution functions of the planet hosts in the
— ] “Yound' and“Old” samples from Berger et #20203 that were observed by
«Q 0.0F - APOGEE. The metallicities for each planet host are displayed as vertical ticks
e ] near the top of thegure.
~2.5k : a
C Mg AL S1 S K Ca Mn Fe Ni 5.2. Disentangling the Effects of Stellar Age, Mass, and
Figure 18.The derived and uncertainties for each chemical species, and each Galactic Chemical Evolution
planet size class with 0 P < 100 days. The legend is the same as in ; ; ; ;
Figure 17, with the planet size classes represented by differing ciitarsk: AUOther |mport§1nt source of confounding variables is the
super-Earths, teal: sub-Neptunes, pink: sub-Saturns, orange: Jupiterder relative trends with chemical abur_1d_ances, Stellar age, {ind
of increasing planet size class, the averages grg= S0.5, +0.4, + 1.8, stellar mass. Because lower-metallicity stars in the thin disk
and+0.6. were formed before the enrichment of the interstellar medium,

such stars may skew toward older ages and lower masses.
L . Disentangling these effects is particularly challenging, given
rr?a?/n kr)f ilntrlnsuil(l.e.,rrtTet gr\:\fl}z}nc?rzéiutepletrlon of negll that credible trend§ with planet occurrence arjd stellar mass
elements IS equally correlate plane OC.CU.')EWO. ’ have been unequivocally uncovered in the literati@rg.,
our null result may be dge to our uncertainties, which are Dressing & Charbonnea2015 Mulders et al2015 Fulton &
limited by uncertainties in  for super-Earths and sub-  peigura2018 Ghezzi et al2018, and estimates of stellar age
Neptunes, and by th_e lack of qletectlons for sub-Saturns ande becoming more precise due to surveys such as Gaia.
Jupiters(see AppendixC.4); or third, we are unable to detect  For these reasons, when interpreting trends between age and
differences in this data set due to degeneracies caused by thflanet properties, it is imperative that host star chemistry is
lack of unique stellar populations probed in the Kepleid. taken into account. In short, stellar mass, age, and composition
That is, the stars in the Kepleeld have abundance ratios that are all strong confounding variables with one another.
are highly correlated for each element, making it impossible to
differentiate the effects of one over another.

Due to these factors, determining the importance of unique
elements in facilitating planet occurrence rates in practice can _ _
be very dif cult. To test the dependence of each different There have been a number of claims relating to the
chemical species on the planet occurrence rate separately frof€mographics of planets and stellar age. For instance, Berger
the known effects of enhanced bulk metallicity, we have shown€t al.(20203 foqnd that the relative fraction of super-Earths to
that it is insufcient to simply measure the quantity for sub-Neptunes is lower for your(g 1_Gyr) stars than for old
varying chemical species. It is equally instiént to measure (>1Gyn stars. Berger et a(20203 inferred from this that

fu2= o X/ e, 2 thechemical abundance rends i "E18 =8 GYT evolulon n the amosphericioss Imescale for
Fg and [F& H] are often not linear and vary element by gap, p y P

I t based licated funct f star f i loss(Gupta & Schlichtingr019 2020).
element based on a complicated Tunction ot Star formation e Berger et al(20203 cite age and long-term planetary
history, radial migration, and nucleosynthetic yiel@sg.,

2 ; evolution as a cause for a decrease in the frequency of sub-
Wyse 1995 McWilliam 1997 Sellwood & Binney 2002 Neptune planets, in this study, wad that a dramatic decrease
Hayden et al2014 Nidever et al2019. Disentangling such  jn the frequency of sub-Neptunes can be attributed to even a
effects will rely on either more precise observations, a muchsmall depletion of heavy elements. To test whether this relative
larger sample where subtle differences can be detected, ofecrease in the number of sub-Neptunes can be explained by a
targeted planet-search surveys across multiple different stellagiifference in metallicity and a subsequent change in occurrence
populations with unique chemical abundance patterns, such asate between th&Old” and “Young samples, we cross-

in the thick disk or the halo. matched our sample of all of the KOIs observed in APOGEE

5.2.1. Demonstration of an Agdetallicity Degeneracy in Exoplanet
Demographics
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with the “Young' (<1 Gyr) and “Old” (>1Gyr sample of cold compared to those in theld, implying they are younger
planets from Berger et §20203. In total, there are 25 and 23 on average. However, Hamer & Schlaufm@019 did not
planets with hosts in thé¢Old” and “Young samples, have the necessary data to take into account the strong
respectively, with[Fe H] measured by APOGEE. We then correlation with metallicity and the occurrence of hot Jupiters,
calculate the metallicity distribution function for each sample and the correlation between metallicity and Galactic kine-
using a Gaussian kernel density estimate with a bandwidthmatics. It has been shown by a number of investigations that
chosen by Scdt rule(Scott2010. The distribution functions  populations of metal-enhanced stars have lower Galactic
are shown in Figurd9. The “Young' subsample is slightly  velocity dispersion(e.g., Anguiano et al2018. However,
skewed toward higher metallicities compared to ‘tkad” one can make a similar claim about the age of hot Jupiter host
subsample. stars and their correlation with metallicity. Perhaps the Planet
Using the measured metallicity distribution functions to Metallicity Correlation can be partially explained by a
compute the expected occurrence rates, wd that the correlation with stellar age.
expected occurrence in the young sample 4x higher One potentially keystone open cluster for understanding the
for sub-Neptunes and 1.1x higher for super-Earths with interplay between age and chemistry on the demographics of
P= 1-10days. For comparison, Berger et @0203 found large planets is NGC 6791. NGC 6791 is a uniquely old cluster
that Nsypearth Nsubnepwas 0.61+ 0.09 and 1.0& 0.10 for the at 7.0+ 2.5Gyr (Netopil et al. 2016, with an enhanced
“Young' and“Old” samples, respectively. Thus, Berger et al. metallicity, [F& H] =+ 0.35 (Cunha et al2015 Donor et al.
(20203 found thatNsypearth Nsubnepdecreased by a factor of 2020, and a high relative alpha abundancd ofFeg =+ 0.1
0.61+ 0.12 from the"*Youngd' to “Old” samples. Under the (Linden et al.2017. An occurrence rate study within this
naive assumptions thif,peanh fsuonep  Nsupearth Nsubnepfor cluster could show the relative importance of tides and
short periods, and that the Berger et(20203 KOI samples enhanced heavy metals. If tidése., correlations with age
are skewed towardP< 10 days, we would expect are the dominant force in shaping the hot Jupiter population,
Nsupearth Nsubnepto decrease by a factor 6f80 911 These then one shouldnd an occurrence rate more similar to that in
values have only a 1.7 discrepancy, though this is before the eld. If the dominant correlation is with enhanced
correcting for detection biases that would lower the number ofabundances, the hot Jupiter population should be dramatically
super-Earths. Thus, provided that the inferred metallicity larger than in the eld. While NGC 6791 was observed in the
distribution functions of the*Old” and “Young' planets Kepler eld, the main-sequence turnoff is very dim with a Gaia
observed by APOGEE is representative of the metallicity magnitude of G 17. Thus, measuring a reliable planet
distribution functions in the sample used by Berger et al. occurrence rate may prove ditilt in practice.
(20203, then the full change in the relative number of super-
Earths to sub-Neptunes may partially be explained by slight

metallicity differences between th&Old” and “Young 5.2.3. Predictions for Planet Occurrence Rates in Nearby Open

samples. Clusters

It is worth noting that Berger et gR0209 were extremely An ideally perfect experiment to disentangle correlations
careful to use known spectroscopic metallicities to control for between age and abundance ratios would be to measure the
differences when constructing thettYoung' and “Old” planet occurrence rate in several different open clusters with the

samples. However, these metallicities came from a heterosame age but signiantly varying abundance patterns, or
geneous catalog, and different spectroscopic pipelines oftervice versa. Such an experiment is likely not possible due to the
have systematic differences up t00.1 dex. Thus, with  lack of existence of such clusters with a wide enough
precisely and homogeneously measured metallicities fromabundance spread, and with enough stars. However, nearby
APOGEE, we are able to detect a slight difference that mayopen clusters still provide opportunities for measuring changes
bias results such as these. in planet demographics with age.

We intend the above exercise to be a demonstration rather To date, there have been a few such studies targeting young
than a repudiation of the conclusions inferred in Berger et al.transiting planets with KéHowell et al.2014), which observed
(20203. In reality, the logic behind inferring a metallicity open clusters such as the Hyad®dfann et al.2016 2018
distribution of a eld sample by measuring the host star Vanderburg et aR018, the Pleiade§Gaidos et al2017), and
metallicity distribution of a planet sample is in cat with the Praesepé€Rizzuto et al2018, among others. However, while
premise of this study, and should not be trusted. Instead, thighere have been uniform searches for transiting planets in such
exercise is intended to demonstrate how even small metallicityclusters(Rizzuto et al.2017), occurrence rates and complete-
differences may bias an inferred planetary distribution function,ness corrections have proven difilt due to effects such as
and therefore motivate the need for high-resolution, high S  crowding and the presence of strong correlated noise in the
spectroscopic surveys to provide uniform metallicities and light curves of young stars.
chemical abundances for a sigrént fraction of stars, so that In an attempt to facilitate planet demographics studies for
biases from such effects can be adequately controlled. such clusters, we make predictions for planet occurrence rates
for a number of nearby open clusters given their metallicity.
Deviations in the actual planet occurrence rate from our
predictions may then be attributed to age or some other

There are also claims of demographics for the population ofnonchemistry related effect. Though some of the clusters
hot Jupiters. For instance, by comparing the Galactic dynamicsnentioned below are scarcely populated, measurements of the
of eld stars against the dynamics of hot Jupiter host starsplanet occurrence rate may be approachable if measured in the
Hamer & Schlaufman(2019 claimed that hot Jupiters are aggregatdi.e., the expected planet occurrence rate from stars
destroyed by tides while their hosts are on the main sequenceacross multiple clustetsAn alternate approach may be to
This study found that hot Jupiter host stars are kinematicallymeasure occurrence rates with RV surveys, which do not have

5.2.2. AgeMetallicity Degeneracies in the Population of Hot Jupiters
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Table 7 5.2.4. Diffusion as Yet Another Confounding Variable in-Age
Predicted Occurrence Ratég,, of Hot Planet{P = 1-10 day$ for a Few Metallicity Correlations
Nearby Open Clusters in the Absence of Long-term Planetary Evolution

One more important consideration when interpreting the

Cluster Age [FeH] Distance  fhot fhot correlations between planet occurrence and stellar abundances
Cyr  dex pe LR~ 194R is the role of atomic diffusion. Atomic diffusion acts to deplete

Pleiades 01 $0.01 136 11.8 13 6.5 15 the surface abundances of certain elements by as much as
Praesepe 0.7 +0.16 47 15635  16.2 3{ 0.15dex, depending on stellar mass and @muto et al.
Hyades 0.8 +0.13 186 14833 13843 2018 2019. These processes complicate the interpretation of
Ruprecht 147 20 +0.12 310 12.6 29 8.0 13 results such as those from this work, and general metallicity
M67 35 +0.03 880 12.6 29 8.0 13 Splanet occurrence rate trends because surface metal abun-
NGC 188 55 +0.11 1990 14.3 34 12.4 34 dances are lower than the abundances of the nebula from which
NGC 6791 70 +0.35 2300 2112 45 % the star and planetary system formed. The relative depletion of
Kepler Field Stars - 6.6 3¢ 39 52 surface abundance is a complicated function of stellar age,

mass, and chemical species, complicating matters further.
Note. The occurrence rate of hot planéfs.) is given in units of number of  ldeally, one would correct for diffusion to estimate the initial
planets per 100 stars for each size class. Our model is extrapolated for NG@bundances of the nebula in interpreting the role of speci
6791, so the uncertainties for this cluster are quite large. The occurrence rateglements in shaping the planetary distribution function, or
for the Kepler eld are derived from theeld sample in this study. estimating, e.g., initial abundances of planetary atmospheres

assuming they are similar to the nebular composition.
owever, such a correction relies on accurate estimates of
tellar masses and ages, and an accurate and precise model of
he effects of diffusion.

as harsh of a geometric bias as transit surveys but come wit
other complications such as enhanced stellar activity in young;
stars.

We make predictions for the occurrence rate of hot planets
(fhop for the Pleiades, Praesepe, the Hyades, Ruprecht 147,
M67, NGC 188, and NGC 6791. We make predictions for hot
planets because they are more likely to be discovered with In this paper we investigate the trends in the distribution of
TESS (Ricker et al.2015 and K2, and because hot planets Kepler planets with the chemical abundances of their host stars
have the strongest correlations with enhanced heavy elementas measured for stars in the APOGEE-KOI prog(&aming
These predictions are listed in Tabde For each of these et al. 2015. Leveraging precise atmospheric parameters as
clusters, we adopt the ages and distances of the clusters derivedeasured by high/$l, high-resolution near-infrared spectra,
from Gaia DR2 photometrfGaia Collaboration et a0183, we derive precise planetary radik, x 3.4%) for 544 Kepler
and the metallicities from APOGEE DR{Bonor et al.2020 planet candidates. Using this sample of planet hosts, along with
where available, and from a homogenized catdMgtopil a control sample representative of the planet-search sample, we
et al.2016 when not observed by APOGEE. We assume that measure the abundance distribution functions for the Kepler
the stars in the cluster all have an equivalent metallicity and eld stars and derive planet occurrence rates as a function of
derive the expected occurrence rate using the posterioabundance ratios for C, Mg, Al, Si, S, K, Ca, Mn, Fe, and Ni.
distributions of the ts to Equation(6) with [Fe/ H] performed In general, we nd that the enhancement of any of these ten
in Section4.3. elements correlates with increased occurrence rates, and the

There are two important caveats to these predictions. Firststrength of the correlation between planet occurrence rate and
these predictions only hold if comparing a collection of planet- abundance ratio is consistent across these ten elements.
search stars with the same mass distribution &econd, these At P< 10 days, we nd that an enhancement of 0.1 dex in
predictions only hold true if a power law is an accurate any of the ten elements in this study results in28% increase
parameterization of the true shape function over the metalli-in the occurrence of super-Earths and@% increase in the
cities of interest. In fact, there is some evidence that smalloccurrence of sub-Neptunes. The strengths of these correlations
planet occurrence may plateau at host star metallicities greateare weaker for planets with= 10-100 days, and we can only
than 0.2 dex(Zhu 2019. In addition to these limitations, con dently conrm a positive correlation with the occurrence
predictions for clusters witfFe H] less than —0.5 dex and rate of sub-Saturns and the enhancement of metals in this
greater than 0.2 dex rely on extrapolation and may be suspect period regime. While we are unable to attribute the increase in
as a result. occurrence rates to any one particular element, we argue that

These predicted occurrence rates are meant to serve asthis is due primarily to astrophysical correlations caused by
benchmark with which to compare age trends in the planetGalactic chemical evolution, and a more rigorous approach or a
population. While it is tempting to explain differences between modi ed sample is needed to fully disentangle such
the population of planets in a cluster against theld degeneracies.
population by invoking the age of the cluster or even the Finally, we conclude this work with a caution to the
cluster environment, we show here that the metallicity of ainterpretation of trends in planet demographics in the context of
cluster is a strong confounding variable, and alone could beGalactic chemical evolution and the ages and masses of planet-
responsible for a 100% increase in the planet occurrence ratbosting stars.
for as small a difference as0.1-0.2 dex. In this way,
accounting for metallicity effects in planet occurrence ratesisa We thank the anonymous reviewer whose comments
crucial step in understanding the difference between theimproved the quality of our work.
populations of young planets in clusters, and older planets in  R.F.W. and S.R.M. acknowledge partial support from the
the eld (or in older clustens National Science Foundation under grant NSF AST-1616636.

6. Conclusion
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where ; are the Gaussian errors on the measuremeand
i(x) are the inferred model parameters for input veetdrhe
likelihood for the inferred model parallaxes is given by
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2017, given by conduct tests on subsamples whegjie< 10 to avoid erroneous
42 conclusions caused by small number statistics.
p(d) r —ed/!, (A4) We nd a few statistically signcant differences from this
213 methodology. First, we nd that the Fe abundances for each
Finally, we take the natural log of each term, and sum themplanet size class is not sigeantly enhanced compared to the
together to get the log-likelihood estimate for a given set of €ld, except in the case of hot planets, and in particular, hot
input parametersy;. sub-Neptunes. The only other elemental abundance that shows
To nd the initial best-t model,iso t calculates the log- ~ statistically signicant differences betweef and distribu-
likelihood for all of the models of an initial course grid, tions is[K/Fe. However,[K/F¢ is highly correlated with
interpolated from the parent grid with steps of AM05 5EEP, [FE H], so it is most likely that this result is only tracing
and 0.1dex in[FeH], that agree with the spectroscopic differences in the Fe abundances already known. There are also
parametersles, logg, and[Fe H] within £5 . Then,iso t signi cant differences detected between the Si and Mg
calculates a ne grid around the course grid point that returns abundance distributions ofand ( .
the maximum log-likelihood, and repeats the process but with With regard to Fe, we nd that all hot planet hosts are
ner step sizes of 0.0¢., 0.5EEP, and 0.01 dex irfFe H]. enhanced compared tga result that agrees with the literature,
We then instantiate an MCMC routinemcee; Foreman-  and has been pointed out by a number of autfiMtsders et al.
Mackey et al2013 with a Gaussian ball centered around the 2014 Narang et al2018 Owen & Murray-Clay2018 Petigura
model parameters that return the largest log-likelihood with theg; 4 2018 Wilson et al.2018. Hot planets also seem to be
observed = andE(BS V). correlated with[K/Fd, in that they have a signtantly
different mean compared to theld. This is likely due to hot
planet hosts havinff¢ H] distributions skewed above solar,
and as a result there are no hosts with high K abundances
The results of the statistical tests comparing the abundanceelative to iron. In other words, the apparent differences in the
distributions of C and P are shown in TaBle We rst test for ( [K/ Fq distributions are driven by underlying differences in
normality in each distribution using the ShafilWilkes test  [Fg H]. A similar conclusion can be drawn about the apparent
for normality. In this case, wend that the abundance jfference in the means of tidg/ Fe distributions for hot
_dlstrlbutlons in are only_ consistent with a_normal distribution sub-Neptunes.
in the case ofFée HJ, [Si/Fe, and[C/Fd]; i.e., for all other Finally, there are differences in tf@/ F¢ distribution of (
abundances thp-value was sufciently low (p< 0.00) that 554 4 However, these correlations are likely a combination
we rejtlacé_the_bnu_ll hyp%?]t_helssl:ha]:t the dalt_a were pulled from ay¢ jready known metallicity correlations and correlations
normal distribution. This lack of normality motivates us t0 ;, a5 ctic chemical evolution, shows a signicantly lower
adopt nonparametric tests: the Kolmoge®mirnov(KS) test, ; i S
the ManrWhitney U-tes{MW), and the Brownforsythe test variance NSV ¢ than does , which is to be ex.p‘?“ted due to
he higher average of, and comparatively limited range in,

(BF). The KS test is used to measure any difference betwee e . . . i
two cumulative distribution functions. Because of this the kS LF€ H] of (. This is caused by the higher fraction of thick disk

test is applicable in a variety of situations, but in general is not(nigh [ /Fe, low [F&'H]) to thin disk (low [ /F¢, high
very sensitive. Therefore, we also apply the MW test, which [F€ H]) stars in  compared to(. Because there are fewer
tests for differences in the means of two samples, and the BRhick disk planet hosts, those stars do not contribute
test which tests for differences in the variances of the twosigni cantly to the variance of compared to . Thus the
samples. For each subsample of planet type, we apply thesgariance in th¢Si/ F¢ distribution is expected to be lower (n
three tests against the abundance distributions We do not than in 4, a result conrmed by this exercise.

Appendix B
Results of Statistical Tests Comparing and ( Abundances
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Table B1

Signi cance Testing for the Abundances between Each Planet Subsample and
X/ Fg? P-class Rg-class Nol ([X/ F4) Norm? Ps Praw Pof Sig?
Fe All All 544 $0.010+ 0.163 No 0.054 0.0081 0.16 No
Fe All SE 212 $0.032+ 0.177 No 0.47 0.16 0.57 No
Fe All SN 260 0.003 0.160 No 0.025 0.0029 0.061 No
Fe All SS 13 0.062 0.099 Yes 0.015 0.0017 0.033 No
Fe All JP 17 0.12& 0.186 Yes 0.011 0.0016 0.6 No
Fe Hot All 248 0.034 0.141 No 0.00083 1.3e-05 0.014 Yes
Fe Hot SE 135 $0.012+ 0.140 No 0.013 0.0054 0.067 No
Fe Hot SN 71 0.092 0.136 Yes 1.5e-05 1.5e-07 0.0024 Yes
Fe Hot SS 2 .
Fe Hot JP 6
Fe Warm All 262 $0.037+ 0.163 No 0.68 0.22 0.25 No
Fe Warm SE 72 $0.134+ 0.194 Yes 0.17 0.084 0.91 No
Fe Warm SN 170 $0.013+ 0.142 Yes 0.13 0.057 0.057 No
Fe Warm JP 6
Fe Cool All 34 $0.053+ 0.248 Yes 0.42 0.37 0.51 No
Fe Cool SN 19 $0.205+ 0.169 Yes 0.18 0.25 0.62 No
Fe Cool SS 4
Fe Cool JP 5
C All All 544 $0.019+ 0.079 No 0.0059 0.0084 0.1 No
C All SE 212 $0.016+ 0.068 No 0.0069 0.029 0.078 No
C All SN 260 $0.028+ 0.091 Yes 0.0045 0.0032 0.2 No
C All SS 13 $0.008+ 0.056 Yes 0.76 0.46 0.18 No
C All JP 17 0.02G: 0.089 Yes 0.98 0.49 0.58 No
C Hot All 248 $0.020+ 0.081 No 0.003 0.0051 0.32 No
C Hot SE 135 $0.019+ 0.071 Yes 0.0026 0.013 0.23 No
C Hot SN 71 $0.021+ 0.102 Yes 0.084 0.0069 0.74 No
C Hot SS 2
C Hot JP 6
C Warm All 262 $0.022+ 0.070 Yes 0.006 0.011 0.037 No
C Warm SE 72 $0.008+ 0.071 Yes 0.17 0.15 0.033 No
C Warm SN 170 $0.030+ 0.074 Yes 0.002 0.004 0.12 No
C Warm JP 6
C Cool All 34 0.022+ 0.079 Yes 0.89 0.36 0.14 No
C Cool SE 5 -
C Cool SN 19 0.01% 0.100 Yes 0.84 0.38 0.46 No
C Cool SS 4 -
C Cool JP 5
Mg All All 544 0.006+ 0.060 No 0.021 0.035 0.13 No
Mg All SE 212 0.01% 0.070 No 0.2 0.15 0.31 No
Mg All SN 260 $0.001+ 0.058 No 0.012 0.022 0.1 No
Mg All SS 13 $0.009+ 0.047 Yes 0.023 0.031 0.58 No
Mg All JP 17 $0.034+ 0.039 Yes 0.022 0.018 0.22 No
Mg Hot All 248 0.000+ 0.053 No 0.0036 0.0064 0.04 No
Mg Hot SE 135 0.014 0.066 No 0.046 0.071 0.24 No
Mg Hot SN 71 $0.012+ 0.047 No 0.001 0.001 0.0054 Yes
Mg Hot SS 2
Mg Warm All 262 0.013 0.068 No 0.19 0.18 0.24 No
Mg Warm SE 72 0.026 0.074 No 0.46 0.41 0.56 No
Mg Warm SN 170 0.00% 0.064 No 0.081 0.1 0.2 No
Mg Warm SS 7
Mg Cool All 34 $0.003+ 0.073 Yes 0.44 0.12 0.79 No
Mg Cool SE 5
Mg Cool SN 19 $0.001+ 0.068 Yes 0.75 0.3 0.72 No
Mg Cool SS 4
Mg Cool JP 5
Al All All 540 0.067 + 0.121 No 0.034 0.28 0.027 No
Al All SE 212 0.076+ 0.125 Yes 0.12 0.47 0.0031 No
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Table B1
(Continued
[X/ Fg* P-class Rg-class Nol ([X/ F€) Norm? Pxs Praw Pof Sig?
Al All SN 258 0.068+ 0.124 No 0.069 0.28 0.26 No
Al All SS 13 $0.004+ 0.100 Yes 0.26 0.15 0.13 No
Al All JP 15 0.083+ 0.132 Yes 0.28 0.38 0.12 No
Al Hot All 247 0.064+ 0.127 No 0.089 0.27 0.16 No
Al Hot SE 135 0.07% 0.133 Yes 0.32 0.49 0.03 No
Al Hot SN 70 0.064t 0.152 No 0.44 0.21 0.73 No
Al Hot SS 2
Al Hot JP 6
Al Warm All 259 0.071+ 0.112 No 0.046 0.34 0.006 No
Al Warm SE 72 0.07& 0.110 No 0.052 0.41 0.0032 No
Al Warm SN 169 0.07% 0.120 No 0.12 0.37 0.052 No
Al Warm SS 7
Al Cool All 34 0.056+ 0.086 Yes 0.045 0.26 0.014 No
Al Cool SN 19 0.044 0.081 Yes 0.063 0.34 0.028 No
Al Cool SS 4
Al Cool JP 5
Si All All 544 0.002+ 0.058 No 0.17 0.47 0.00062 Yes
Si All SE 212 0.012 0.056 No 0.22 0.32 0.0047 No
Si All SN 260 $0.000+ 0.057 No 0.24 0.37 0.0029 No
Si All SS 13 0.004+ 0.061 Yes 0.26 0.2 0.22 No
Si All JP 17 0.02G= 0.059 Yes 0.84 0.39 0.19 No
Si Hot All 248 0.001+ 0.056 Yes 0.14 0.36 0.00088 Yes
Si Hot SE 135 0.00& 0.053 Yes 0.18 0.44 0.0055 No
Si Hot SN 71 $0.002+ 0.065 Yes 0.49 0.25 0.03 No
Si Hot SS 2
Si Hot JP 6
Si Warm All 262 0.003% 0.059 No 0.28 0.48 0.0029 No
Si Warm SE 72 0.01% 0.059 Yes 0.34 0.25 0.081 No
Si Warm SN 170 0.00% 0.056 No 0.17 0.39 0.0051 No
Si Warm SS 7
Si Warm JP 6
Si Cool All 34 0.008t 0.061 Yes 0.45 0.27 0.17 No
Si Cool SE 5
Si Cool SN 19 0.004 0.053 Yes 0.63 0.24 0.29 No
Si Cool SS 4
Si Cool JP 5
S All All 542 0.013+ 0.098 No 0.31 0.071 0.14 No
S All SE 211 0.00& 0.089 No 0.097 0.029 0.32 No
S All SN 259 0.026t 0.104 No 0.7 0.23 0.24 No
S All SS 13 0.00% 0.098 Yes 0.81 0.31 0.17 No
S All JP 17 0.06& 0.132 Yes 0.74 0.24 0.38 No
S Hot All 247 0.00+ 0.096 No 0.028 0.0061 0.26 No
S Hot SE 134 0.008 0.088 No 0.094 0.023 0.4 No
S Hot SN 71 $0.003+ 0.144 Yes 0.17 0.022 0.87 No
S Hot SS 2
S Hot JP 6
S Warm All 261 0.025 0.098 No 0.66 0.32 0.14 No
S Warm SE 72 0.008 0.108 No 0.29 0.11 0.49 No
S Warm SN 169 0.03% 0.098 No 0.77 0.45 0.12 No
S Warm SS 7
S Warm JP 6
S Cool All 34 0.04Q 0.107 Yes 0.6 0.48 0.032 No
S Cool SE 5
S Cool SN 19 0.05& 0.130 Yes 0.74 0.38 0.21 No
S Cool SS 4
S Cool JP 5
K All All 540 0.014+ 0.077 No 0.00018 0.00018 0.27 Yes
K All SE 209 0.019+ 0.076 No 0.0021 0.0022 0.023 No
K All SN 260 0.012+ 0.079 No 0.00045 0.00023 0.85 Yes
K All SS 13 0.022+ 0.090 Yes 0.1 0.067 0.35 No
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Table B1
(Continued
[X/ Fg* P-class Rg-class Nol ([X/ F€) Norm? Pxs Praw Pof Sig?
K All JP 17 0.005t 0.077 No 0.067 0.021 0.92 No
K Hot All 246 0.012+ 0.069 No 6.7e-05 7.8e-05 0.27 Yes
K Hot SE 134 0.02% 0.068 No 0.00079 0.0013 0.032 Yes
K Hot SN 71 0.00G: 0.086 No 0.00058 0.00037 0.5 Yes
K Hot sSS 2
K Hot JP 6
K Warm All 260 0.013t 0.080 No 0.0015 0.001 0.085 No
K Warm SE 70 0.01@ 0.080 Yes 0.018 0.021 0.13 No
K Warm SN 170 0.01% 0.077 No 0.0031 0.001 0.16 Yes
K Warm SS 7
K Cool All 34 0.027+ 0.097 No 0.23 0.064 0.35 No
K Cool SN 19 0.022 0.093 No 0.21 0.078 0.2 No
K Cool SS 4
K Cool JP 5
Ca All All 544 0.008+ 0.046 No 0.59 0.37 0.14 No
Ca All SE 212 0.01% 0.047 No 0.71 0.45 0.033 No
Ca All SN 260 0.00% 0.049 No 0.64 0.34 0.45 No
Ca All SS 13 0.00% 0.043 Yes 0.31 0.2 0.43 No
Ca All JP 17 0.00% 0.046 Yes 0.94 0.38 0.49 No
Ca Hot All 248 0.00% 0.041 No 0.36 0.3 0.027 No
Ca Hot SE 135 0.01% 0.042 No 0.67 0.4 0.0094 No
Ca Hot SN 71 0.00% 0.046 No 0.49 0.25 0.48 No
Ca Hot SS 2
Ca Warm All 262 0.01@ 0.050 No 0.89 0.43 0.4 No
Ca Warm SE 72 0.015 0.053 Yes 0.96 0.34 0.5 No
Ca Warm SN 170 0.01€ 0.049 No 0.87 0.4 0.43 No
Ca Warm SS 7
Ca Warm JP 6
Ca Cool All 34 0.013: 0.065 No 1.0 0.44 0.86 No
Ca Cool SE 5
Ca Cool SN 19 0.01% 0.060 Yes 0.94 0.49 0.94 No
Ca Cool SS 4
Ca Cool JP 5
Mn All All 544 $0.003+ 0.074 No 0.58 0.23 0.04 No
Mn All SE 212 $0.008+ 0.074 No 0.78 0.36 0.16 No
Mn All SN 260 0.002+ 0.074 No 0.42 0.12 0.12 No
Mn All SS 13 0.032t 0.040 Yes 0.041 0.013 0.2 No
Mn All JP 17 0.018t 0.069 Yes 0.061 0.016 0.54 No
Mn Hot All 248 0.006+ 0.065 No 0.075 0.037 0.033 No
Mn Hot SE 135 0.00z 0.061 No 0.28 0.27 0.12 No
Mn Hot SN 71 0.02& 0.073 Yes 0.055 0.0034 0.16 No
Mn Hot SS 2
Mn Warm All 262 $0.007+ 0.073 No 0.8 0.5 0.13 No
Mn Warm SE 72 $0.022+ 0.072 Yes 0.12 0.069 0.56 No
Mn Warm SN 170 $0.005+ 0.075 No 0.8 0.31 0.15 No
Mn Warm SS 7
Mn Warm JP 6
Mn Cool All 34 $0.036+ 0.084 Yes 0.5 0.14 0.7 No
Mn Cool SE 5
Mn Cool SN 19 $0.043+ 0.092 Yes 0.58 0.23 0.96 No
Mn Cool SS 4
Mn Cool JP 5
Ni All All 544 0.019+ 0.041 No 0.56 0.38 0.23 No
Ni All SE 212 0.018t 0.040 No 0.25 0.2 0.13 No
Ni All SN 260 0.021+ 0.048 No 0.94 0.45 0.7 No
Ni All SS 13 0.035t 0.045 Yes 0.9 0.27 0.34 No
Ni All JP 17 0.047+ 0.027 Yes 0.12 0.059 1.0 No
Ni Hot All 248 0.021+ 0.038 No 0.54 0.38 0.1 No
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Table B1
(Continued
[X/ Fg* P-class Rg-class Nol ([X/ F€) Norm? Pxs Praw Pof Sig?
Ni Hot SE 135 0.01& 0.039 No 0.36 0.21 0.099 No
Ni Hot SN 71 0.02% 0.045 No 0.38 0.16 0.74 No
Ni Hot Ss 2
Ni Hot JP 6
Ni Warm All 262 0.019+ 0.046 Yes 0.8 0.41 0.48 No
Ni Warm SE 72 0.018 0.042 Yes 0.6 0.35 0.42 No
Ni Warm SN 170 0.01% 0.053 Yes 0.87 0.38 0.76 No
Ni Warm Ss 7
Ni Warm JP 6
Ni Cool Al 34 0.008+ 0.057 Yes 0.66 0.31 0.68 No
Ni Cool SN 19 0.00% 0.045 Yes 0.94 0.5 0.37 No
Ni Cool JP 5
Note.
& For Fe, we us¢Fe H].
Appendix C where we were searching for new trends independent of
Occurrence Rate Methodology [F€ H]. For the remainder of this study, we wish to compare
C.1. Formalism and Deitions the strength of the correlation with the enhancement of each

chemical element with planet occurrence. Thus, we adopt
: . : / H] to express each element on a similar scale. We express
an independent random process, i.e., as a Poisson process.

use NPPS as our deition of planet occurrencé, As a note, fie differential distribution for NPPS as

this is not equivalent to the quantity of the Fraction of Stars f.(x,z)dx wCq(x,z; B (CH
With Planet{FSWH that is often used as a ddtion of planet . o .
occurrence. For a transit survey, a measurement of FSwiVhereg(x, z; ) is a shape functiori.e., some parametric
requires detailed modeling of multiplicity, mutual inclinations, Prescription used to describe the P)itfat depends on planet
and other effects that are outside the scope of this paper. wand or stellar properties with shape parametei functional
instead default to NPPS, which is blind to these properties. Inform for g(x, z) must be assumed, with as many shape
the interest of comparing to other worfesg., Petigura et al.  parameters,;, as necessary.

2018, we often report our occurrence rates in units of number The total number of planets orbiting stars(indexed byi) is

Our methodology treats the detection of a transiting planet a

of planets per 100 stars. then
For a given star with propertiesthe probability of hosting a n,
planet with properties can be expressed as N Coe g, zi; Rde (C59
s (x,2) !
df ——“dx, C1l
= (D nC @z Rekd (cs

where integrating over the planet propertiesgivesf(z), the
average number of planets for a star with propettiés this
paperx is some combination dbgR, andlogP, andz is the
abundance of some chemical species. We typically aflapt

our symbol for metallicity, and usé to refer to an arbitrary
chemical element. For compactness we adopt the following
notation for a partial derivative 6fvith respect to an arbitrary
variablex; andxs,

where the integration takes place over some range of planet
properties. In Equatio@5(b), the sum over all stars is replaced
by an integral over the probability distribution of stellar
properties, {z). is normalized so that" fz)dz 1. In
practice, the summation over the known properties of each
planet-search star is preferable, but in principle an accurate
measurement of {(z) gives an equivalent result.

In this work, we calculate our occurrence rates for bins with
5 2f some combination giX/ H], [F&' H], logP, and or logR;. The

% Yoo % Y Toaxs Toax (C2 width of a bin is given byAx, whereAx= ;Ax, wherei

S109% 09%s 109X s indexes over the dimensions of the bin. The occurrence within
This is similarly dened for chemical abundances as a bin, f,in, depends on the number of independent trials,,
that yield a detected planet, and the survegiehcy, , which

¢ £ S (€3 may depend on both stellar and planetary properties. We

fy Weee— f, We—m———,
X /H] {Fe/H computeryia as

where chemical abundance ratios are alwaysnei with Ntrial :jfel(xj,zi) (C6)
respect to hydrogen. Note, this is a change from Sedtibn ’ i
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ny 1(x) § (C7) gives a precise estimate of correlation strength, this prescription

. . . may not be appropriate to robustly predifor a given stellar
where (.) denotes the arithmetic mean. For a given survey samyple. PRrop yP g

ef ciency, (x,z), ,alsoincludes the number of false positives  Tq this end, we can estimate the differential occurrence rate
in a given sample. However, because we have removed RMor a bin of sizeAx via the following relation,
variable sources from(, the false positive rate from £
astrophysical sources is negligible. We also ignore false alarms Co(x,z; B % (C19
from instrumental effects. While incorporating such false Y
alarms is important for deriving robust occurrence rates inTo nd the best-t shape parameters, we maximize the log-
principle, the actual false alarm rate in Kepler is negligible for likelihood of the function, described for a given hinby
lanets withP < 300 days(Mullally et al. 2016
P Following the examp?/:é of Bov)\//ler et 6201@3 and Petigura nki - NpilnCg x - Maiin(l  ©f x) (C19
et al. (2018, we assume that the planet occurrence is log- where each cell is an independent constraint Gm\x.
uniform within a given bin of sizeAx;;, which should be  Therefore, by maximizing the combined log-likelihood over
reasonable at small enough bin sizes. In this cgggfor a bin all bins, indexed by,
can be expressed as
n InL  odnlL, (C19
Mol ——= " 106,) d. § (Ccy i

i

we nd the best-t shape parameters,To zero in on the best-
Thus, for a given cell wity;, trials andn, detected planets, t shape parameters, we apply arbitrarily small bin sizes. As a
the likelihood of fy, can be described by a binomial result a number of these bins have few or no detected planets.
distribution of the form Because the log-likelihood function we apply incorporates
P(fyn Mobs M) PN £ins Thia) (C9 nondetections, this methodology is stable even to few detected
planets. This approach has two advantages. Tétds that our

n
Chon(  foin)™ (C10 assumption that a bin is log-uniform has more merit in smaller
wheren,g= Nyial S Ny is the number of nondetections, &Dés bins, and the second is that for a small enough bin the errors on
a normalization constant that takes the form the occurrence rate will be dominated by Poisson statistics
(e 1) (el 1) rather than uncertainties in . We expand upon this
trial 1 L N (C1y assumption in AppendixC.4 After nding the bestt
(MpiC 1) (Mng ) ( parameters,, that maximize the likelihood function, we then

When analyzing occurrence rates as a function of stellarapply an MCMC routin&" initialized at those parameters to
properties, we bin the planet and stellar properties in binsexplore the range of credible models.
bounded bylogPy, logP)] ,[ logRy 1, logR J, and[Xy, XJ]. In

this way, we calculatey;y via Equation(C8), multiplied by the C.3. Completeness Corrections
fraction of starsF,, with abundances betwegX;, X;], In this subsection we describe our completeness magel,
% 7). Our approach varies slightly from most previous Kepler
F T p(X)dX i (C12 occurrence rate studies, because we also correct for biases
% inherent in the follow-up program as well. Most Kepler

In the case where there are no detected planets in a given birgccurrence rate studie@his one included select some
we estimate an upper limit on the occurrence rate for that bin bysubsample of planet-search stars from the Kepler Input Catalog

numerically solving for the integral, (Brown et al.2011), and then compute a detection @éncy
o model from the Kepler pipeline that is marginalized over their
U P(f ng, 0)df - 90%. (C13 planet-search sample. However, this strategy alone is not
0

adequate because we have additional biases that are not
We note that in practice, we only use these upper limits forquanti ed by the Kepler detection pipeline. In other words,
display purposes, and do not directly incorporate them into ourinclusion in (' is dependent on more than membership &nd
analysis. a detected planet candidate in Kepler. There are additional
biases imposed by limitations in the APOGEE selection
C.2. Parametric Fits to the Differential Occurrence Rate  function, instrumental setup, and spectroscopic analysis pipe-
Distributions line that must be considered.
) . We consider four unique biases for a planet candidate to be
We wish to express the strength of the correlation between ancluded in (: rst, the planet has to transit its host star;
stats chemical composition and the occurrence of varioussecond, the transiting planet must be included in the DR24 KOI
types of planets. We do this via a parametric relation, oftencatalog; third, the planiat host star must have been observed
with a power law in this work, to gauge the strength of the hy APOGEE; and fourth, ASPCAP must have returned reliable
correlation. We note here that a power-law prescription for ghundance and spectroscopic parameters for the host star. We
deSCI’IbIng the differential occurrence rate does not necessarHYaKe each of these criteria as their own independent process, so

re ect the true shape function of the occurrence rate. Howeverthat we can model the total completeness as the product of the
such a prescription can give a precise estimate of the average

strength with which the differential occurrence rate relies on the34 xs implemented in the Python packagecee (Foreman-Mackey et al.
underlying abundance. So, while a power-latof this form 2013.
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probabilities that a planet candidate passes each step. Thus, ourTo measurep,.(P, MES.,,), we de ned a grid inP and
completeness model, can be described by four terms: the MES;,, and measured the fraction of recovered injections
geometric probability that a planet with a randomly oriented within each bin. The injections were performed using a uniform
orbital plane transits its host stgy,,), the probability that a  prior in P. However, we are interested in assessing the
transiting planet is detected by Keplgy,,), the probability completeness in logarithmic bins. To account for this, we
that a candidate was observed in the APOGEE-KOI programde ne linear bins oveP = 0.25-10 days, in steps of 0.25 day,
(Papd, and the probability that ASPCAP does not fail to and then 75 logarithmically spaced bins from 10 to 500 days.
produce reliable atmospheric parameters for the host staWe binned the ME§,of each putative signal in steps of 0.5
(1S prai). We go into more detail for each of these terms below from 0 to 20, where the recovery fraction MES,,, 20is

before presenting the combined, average survegiefcy. assumed to be constant. The resulting grid is shown in the top
panel of Figure0. Due to few injections & < 10 days and at
C.3.1. Transit Probabilitypy) large MES, we replace any binned points that hav&

. . . injections,MES;,p 12, and P < 40 days withp..= 0.997,
The probability that a given planet transits depends only ony o expected pipeline efiency at arbitrarily large MES. We

the geometry of the orbit. We make the assumption that the . - . .
inclination of all orbits follows an isotropic distribution. Under then convolve thepecgrid with a Gaussian kernel having a

X - o width of the bin size in each dimension to smooth over any
tsr;ens“e)lgsi:usr?nﬁ)gglns, the probability for a planet to transit in OUlarti cial features and interpolate over points with no injections,
such as those at arbitrarily low MEgor very shortP. The
0.9R; resulting grid that we apply is shown in the bottom panel of
Prra ) (C17 Figure 20.

a( For each star int, we calculatg.ec over theP-R, grid. We

where we se¢= 0 for simplicity and include a factor of 0.9to  Calculate ME§,, for every combination oP, R, for each star

account for our cut on impact parameter, anig calculated " c;Pand) '\r}\tl‘z”égllit?a?en'\}l? ggg deed above to measure
from M, andP using Keplets third law. Pred P, Rp)- u Sp

C.3.2. Kepler Pipeli ion E MESe By 1 [Tos
.3.2. Kepler Pipeline Detection Efency(pgey Xp R -Edpp(tdub P
In this section we give our model for the Kepler DR24 , , ) ,
pipeline completeness. For a planet to be detected, it must hav¥/N€re Tops is the observation baseline andupftau) is the
a high enough AN to be detected, and it must pass multiple combined differential photometric precisi@hristiansen et al.
levels of vetting. In place of transit N, the Kepler pipeline 2012 on the timescale of the transit duratigp,. We calculate
utilizes the Multiple Event StatistiMES). The MES is a tqur Using Equation(2). The Kepler data products contain
measure of the null hypothesis that a Kepler light curve doesmeasurements of 4, 0N timescales of 1.5, 2.0, 2.5, 3.0, 3.5,
not have a transit signal at a given epdth duration(ty,,), 45,5.0, 6.0, 7.5, 9.0, 10.5, 12.0, 12.5, and 15.0 hr, which are
and periodP). Under the assumption of white noise, the MES the transit durations searched by KesleFPS module. We
gfg'%“;'ggr Itsh ec‘gl?:rsr:ggvvglryr?omiza 0; Ozvsé?learn‘ijeva:ﬁ:tcti;gterpolate between the values provided at these timescales to
N o ! I . stimate cpppfor any arbitraryty,,. The values fofy,s and
'; aatrggr?gt;gtnarlbtgﬁtirgﬁgntgft:]h ée,y('ffstﬁésirrfﬁgﬁnése s|2|rfted cdppWere taken from the DR24 stellar properties table hosted
y prop - ep on the NExScl Exoplanet Archive.

de nes a threshold of MES 7.1 for a detected signal One last requirement in the Kepler pipeline is that the planet

nelst;sv\ﬁ?hm;n gﬂgijmﬁgﬁfélzﬁégiﬁﬁ p;i;ggggn,aégr?folﬁ:eécandidate must have at least three transits in the data. We
quantify this probability by the window functiomy,, as

putative transiting plangMES;,,). However, this is not an ; .
appropriate model for the DR24 pipeline completeness,esnmated in Burke et 8{2019,

because an introduced® metric used to veto false alarms Pvn 1 (1 )M ML fOM !

severely reduced the completeness for planetsRwuitid0 days MM 1)

(Christiansen et aR016). Therefore, we parameterize Kepser —fdz(l f M 2, (C19

pipeline ef ciency in two dimensions, with MEg, and P. 2

Rather than utilizing an analytical model, we take a purely wherefy is the duty cycle of the observations avicE Topd P.

empirical approach to assegg (P, MES,); (as in, e.9.,  For planets withP < 300 days, this probability is typically

Petigura et al2013 Dressing & Charbonnea2019. >0.98, so this is not a strong source of bias in our sample, but
We apply the results of the Monte Carlo injection and we include it for posterity.

recovery tests executed by Christiansen ¢2allg. To ensure The joint probability of Kepler detecting a transiting planet,

that the light curves are representative of the light curves fro A _ :
4, we remove the injection results from stars that arg]t I?eep?l,erlspiggﬁwr:a ggntsri]tievitpyr(i)g gﬁg‘\?/t/n iﬂrelgigtmgwn. ghis full

inconsistent with stars ir. We applied the following cuts to
Elh7eOOSI?Ln$Li <0é3636a}f a;/]vclitrl]QlJl\r;\]/E:tisz_ S\’/I\(i:]enillit:atzten?;t,ed C.3.3. Pre-DR24 Selection Bias and Probability of Fiber Collisions
to limit the collection of transit recoveries to stars in APOGEE (Papo)

elds, but we found no differencespp between stars in and The probability that a KOI was included in the APOGEE
out of APOGEE elds, so elected to use stars from the entire program depends on the APOGEEId. For elds K04, K06,
Kepler eld to improve our statistics. In total, this resulted in
85,257 individual injection and recovery tests. 35 hitps!/ exoplanetarchive.ipac.caltech.gdkeson et al2017).

(C19
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o) 0 - 3 Figure 21.The average DR24 Kepler TPS pipeline detectiociefcy for the
Q stars in 4. Darker shades of blue represent a lower detection fraction, and
t; 0 . 2 lighter shades represent a higher detection fraction.
e 0.1
u>j DR24 were not observed, resulting in at probability of
0.0 Papo= 0.988. This is the dominating bias for thessds.
For elds K10, K21, and K16, the most prati bias is the
1 3 10 30 100300 selection of KOIs before a static catalog was available from
. Kepler. We consider this bias in conjunction with theer
Period [days] collision bias described above, as it largely dominates, and
Figure 20. The DR24 Kepler pipeline detection efency. The shading shows ~ Pecause there iS_ nota catalod expectet planets with which
the probability of the Kepler TPS module to recover a transit signal with to compare. This is not only due to the nature of the KOI

an expected Multiple Event StatisfMES.) and PeriodP). Darker shades of  catalogs at the time of target selection, but also improvements

::gor\f’eﬁre?g;iir:o";gr _r?ﬁg"reeré’ocgrcﬂorr‘bg;‘gm"9hateéfst?]aedﬁz rleeereisee”l}nz highgh, the Kepler pipeline used to reject both false positives, such

from thg injectioh anpd recovery e>)</p2rimentswien Christiansgn e(’l?zgl@. as the deteCt_lon of photocenter offsets and segmt

White spaces denote bins with no data. Bottom: the interpolated, and smoothe§€condary eclipses, as well as false alarms caused by

grid of prec that we apply for our completeness corrections. instrumental systematics such as sudden pixel sensitivity
dropouts, rolling bands, and abrupt changes in the photometric
noise prole between quarte(€oughlin2015 Mullally et al.

and K07, this bias is dominated by the rejection of APOGEE ZO#?é targets for K16 were chosen as part of SDSS-III

targets_based orber collisions. A'collision” occurs when two Eisenstein et al2011), and used as a pathder for the

ber;, if placed on the .plate, would be separated by less tha\poGEE-KOI program. This eld observed 163 planet
the size of the protective ferrule around eatter. For the  candidates wittH < 14 known at the time, in 2013 August.
APOGEE-N spectrograph the collision radius corresponds toof those 163 candidates, 153 hatiGandidat® status, 4 were
71’5 (Zasowski et al.2013 2017. In the case of ber  con rmed, and 6 were not yet dispositionéedleming et al.
collisions, one target is assigned priority, and the other is2015. The DR24 catalog, however, has 166 planet candidates
removed from the target list. We do not explicitly cut stars out in + with either & Candidate or “Con rmed disposition. The
of + for this purpose because this quantity is dynamic, and APOGEE-KOI program observed 1285.9%) of these planet
priority is assigned on a target by target basis, making itcandidates. This discrepancy is due largely to two effects:
dif cult to apply to a eld sample. Instead we make a improved vetting that removed a sigoant fraction of the 163
simplifying assumption to correct for this bias in assuming thatoriginal planet candidates and improvements to the Kepler
all KOlIs are equally likely not to be observed due to ¢ots pipeline supplemented with additional data that allowed for the
with other APOGEE-KOI targets. This is not strictly true, as discovery of planet candidates with lowéNStransits. To take
planet candidates with low-mass host stars were given prioritythis bias into account, we measyag, by taking the ratio of
over competing planet candidates. However, because there afeR24 candidates observed by APOGEE to the total number of
so few instances where this happéna8%) and because we DR24 candidates as a function of trangiNSand model the
remove M dwarfs from+, this is unlikely to lead to a increasing fraction with a modtdd gamma cumulative
noticeable bias in stellar host properties compared to that in thélistribution function of the form

eld. This bias is measured by selecting all of the planet

candidgtes withqut‘a:alse Positi\/édisposition in DR24 with ' p(S/N) ba . S/N( )b le (Y o/dy, (C20

a hostin+ for a given eld, and comparing that to the targets in d°((b) o

the APOGE-KOI program in thateld. Note, this is not the

same guantity as the number of planets(inin that eld, Measuring the fraction of observed planet candidates ik S

because we reject some candidates based on observations frapins of 1.0, we nd the bestt parameters to ba= 0.86,
APOGEE. For elds K04, K06, and KO7 onlyve KOlIs from b=6.0,c= 3.9, andd= 1.0 (see Figure?2). This t implies
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high 9 N, 98% of the Kepler planet candidates detected at the

—
g_ 1 0 C time of the APOGEE-KOI survey target selection would
© " - ? ? survive the more detailed vetting procedures introduced in the
(o8 - T DR24 pipeline. Therefore, the dominant factor in the
— 0 . 8 ~ discrepancy between the number of planet candidates in these
~ X elds and those observed in APOGEE is dominated by
C 0.6F = improvements to the Kepler pipeline that resulted in the
q>) - - detection of lower B\ transits. We multiply this correction
C G .4 - - over all stars in elds K10 and K21 when calculatirid § See
7)) N N Figure22.
a [ _
o 0.2 = Field K1 6; C.3.4. Probability of ASPCAP Failui@ya)
7, 0 0 AT I:!'Iell T Although the typical star in our sample has a spectrum with
- - S/N > 100, our sample still includes a nonnegligible fraction
=) RRRRERREE LREE LREE LERE LIRE RILLE = of dim stars near the/8l limit of ASPCAPs capabilities.
x 1] 0 - ? ? - Because of these low/ 8 sources, there is a nonnegligible
- [ = fraction of planet candidaté¢s 10%) that would otherwise be
Y 0 8 C T?? ?? in ( that are not included in our analysis. To account for this
(o] . - bias, we assume the dominant reason for an ASPCAP failure is
u due to this low 8N effect, although some spectra may fail due
< 0 . 6 n to other reason.g., stray light from a bright compan)oiio
3 - . account for this bias we model the failure probability as a
HH Q . 4 - - function ofH because the number of cadences are designed to
v N ] derive reliable orbital solutions, and therefore are not set by any
© 0 2 L o stell?r pe;ra;]meters or observable quantities that should bias the
| - - . ] results of the occurrence rates.
LL = Flelds K10/21 = To measure the failure probabilitg;, we take a similar
0.0 Wl FNNE SNNT FNNT FNET AT . approach to measuring,,, We calculate the fraction of stars

6 8 10 12 14 16 18 20 for a givenH bin of 0.2 magnitudes that have an ASPCAP-

derived bestt solution for the input paramete(se., Tes,

DR24 Transit S/N logg, [M/H],  [C/M], [N/ M], and[ /M]). We then t the

fraction of stars without a reliable ASPCAP solution using a
Figure 22. The probability that a particular planet candidate is observed in the simple modied power law of the form
three elds with early target selection in the APOGEE-KOI survey. There is a
bias incurred from selecting planet candidates from a pre-DR24, nonstatic
catalog, as well as avoiding ApPOGEIEer collisions. The ‘;)Joints show the Prail (H) c e#?h (C21)
fraction of DR24 planet candidates observed in APOGEE at a given transit S . . .
N for eld K16 (top) and elds K10 and K21(botton). The error bars are ~ Where H is the magnitude of the bin. Wend the best-t

derived assuming a binomial distribution. The blue lines show our adopted parameters to be= 1.70,b= 14.45, anct= 0.02. The bestt

models to correct for this bias. model and fractions are displayed in FigeBeThese ts imply
that the failure rate due to low S should be 1 atH= 14.45,
and that the failure rate for reasons other than IbW IS 2%,

that at high 8N, only 86% of the Kepler planet candidates which is fairly insigni cant compared to the other uncertainties

from August 2013 would survive the more detailed vetting considered in this study.

procedures introduced in the DR24 pipeli@oughlin 2015

Mullally et al. 2016. This bias is applied across tReR, grid C.3.5.n: The Combined Survey Efency
with the expected MES in place of the transitNSin We calculate the total average surveycidncy for each
calculating 1 § This t is displayed in Figure22. Perhaps eld as the product of each term described above, given the
surprisingly, we did not see any sigoant trend in eithelP or form
R, alone. 1

We apply the same analysis jointly telds K10 and K21as r s _ _ ) c2
targets between these twelds were selected from the same ny ioao"a" Piefl  Papod  Prair @ (C29

KOI catalog, which were observed as part of the SDSS-IV . S

bright time extension prografiR. L. Beaton et al. 2022, in where”| §s the average survey detection@éncy. The mean
preparation The DR24 catalog contains 318 planet candidatessurvey efciency for each eld is shown in Figurd 1 In this

in elds K10 and K21 with either & Candidat® or way, i.e., by marginalizing over all of the stars-inwe have

“Con rmed disposition. APOGEE observed 130 out of 148 removed stellar properties from our expression for survey
(87.8% of these candidates ireld K21 and 155 out of 170  ef ciency, so that = (P, R;). This relies on an implicit
(91.299 of these candidates ireld K10. Combining these two  assumption that chemical abundances are not correlated with
elds, and tting a modi ed gamma cumulative distribution survey efciency. Finally, for eachlogP-ogR, bin, we

function as for Field K21, we nd the best-t parameters of  calculate the combined survey efency for all of the stars
a=0.98,b=0.22,c= 7.5, andd= 1.7. This timpliesthatat in the APOGEE-KOI program as a weighted sum of the
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04ﬁ|||||||||||||||||||E , Table C1 ' _
. | ] The Coordinates, Number of Stars4nNumber of Planets irf, and Fraction
= | of Stars in+ for Each APOGEE-KOI Field
o - Field (h:m:9 (@:m:9 Mo n, F.
0 " 3 — — K04 19:42:47 49:54:07 72 3546 0.16
— — ] K06 19:13:39 46:52:30 89 3116 0.141
o - ] K07 19:00:17 45:12:46 74 2822 0.127
q‘E 0 . 2 - Q - K10 19:36:30 46:00:18 107 4297 0.194
o [ ] K16 19:31:05 42:05:24 93 4510 0.204
- — K21 19:26:13 38:09:36 109 3855 0.174
0 1 - $ $ ¢ ¢ _ All N/A N/ A 544 22,146 1.00
0.0 ! - Table C2
" | NN NN N The Bandwidth Adopted for the Gaussian Kernel Used to Estimate the
10 11 12 13 14 Distribution for Each Elemental Abundance in
X X/IH
H [ mag ] C 0.12
Figure 23. The ASPCAP failure rate as a functiontdéinagnitude. The data Mg 0.10
points are the fraction of stars observed in the APOGEE-KOI program where Al 0.13
ASPCAP did not derive a solution in a given magnitude bin, with error bars Si 0.11
assumed from a binomial distribution. The blue line shows tiad model for IS 0.11
the failure rate. K 0.11
Ca 0.09
ef ciency for each APOGEE-KOleld indexed by, Mn 0.14
Fe 0.09

T 8o la T8 (C23 I Ni 0.12

whereF,; is the fraction of stars int that are in eldi (see
TableC1).

S SN_BAD, and VERY_CLOSE_NEIGHBOR. This leaves
C.4. Errors Due to Uncertainties in (X) 111,000 stars to dee the parent sample.

We do not have measured chemical abundances for all of the_From this APOGEE dwarf star sample weea KDE to the
stars in+, so we do not know precisely how many stars frem Fe H]. measurements, and use this as our ground truth
are in a given metallicity bin. However, with knowledge of the metallicity distribution. We then randomly sample 72 measure-
distribution function over each abundancefX), we can ments from the KDEchosen to match the number of stars in

estimate this number by integrating the distribution over the bin ) @nd test each bandwidth from 0.01 to 0.30 dex, in intervals
and multiplying by the total number of stars in (see of 0.005 dex using a Kfolds cross-validation procedure with ten

EquationC5(b)). folds. We repeat this experiment 1000 times, and take the mean
Todene fwe tthe abundance distributions inusing of the 1000 iterations to be the optimal model. This same

the measured abundances imith a Gaussian kernel density ~€Xxperiment is run for each of the ten elements, resulting in our
estimator(KDE). The choice of bandwidth for the KDE is choices of bandwidth for each element given in TalfeWe
nontrivial, as it may impart signéant bias if overestimated and  display the resultant KDEs for each abundance in Figdrét
introduce variance if underestimated. To select the optimalis worth noting at this point that we are not assuming thaas
bandwidth, we t a Gaussian KDE for a large sample of stars in the same abundance distribution as the APOGEE dwarf
the entire APOGEE database. The intent is tndea realistic ~ sample. Rather, we are assuming that optimizing our model
distribution function from this sample, draw a number of stars selection for tting the APOGEE dwarf sample will also
equal to that in , and compare how well a given bandwidth optimize the model selection fortting the abundance
recreates the deed distribution. We select this sample of stars distributions of .
such that it should broadly rect our assumptions about the  To calculate the planet occurrence rate, we rely on knowing
true abundance distributions i the quantity nyiy. In most occurrence rate studies, the
We remove stars from the APOGEE DR16 catalog with uncertainty on this quantity is ignored, as uncertainties in the
logg 3.5 Te< 4000 K, Te> 6500 K, / <10 in derived occurrence rates are typically dominated by Poisson
Gaia DR2, and a distancel kpc as reported by Bailer-Jones error (e.g., Youdin2011, Fressin et al2013 Petigura et al.
et al.(2018. In addition to these sample selection cuts, we also2013 2018 Burke et al.2015 Mulders et al.2015 Narang
apply a number of cuts designed to remove stars with pooret al.2018. However, because the number of starsimsmall
quality measurements. We remove stars withl $ 50 and compared to in+, our strategy of extrapolating abundance

any of the following ASPCAP or Star Flags $8trEFF_BAD, distributions from leads to a signicant uncertainty in 5, and
LOGG_BAD, METALS BAD, ALPHAFE BAD, STAR BAD, therefore innyiy for a given abundance bin as compared with
other studies. To estimate these errors and whether they are
36 Eor a description of these ags, see httpsf/ www.sdss.orbdr16 signi cant in relation to the Poisson error in our data, we again
algorithmé bitmasks . use the APOGEE dwarf sample described above. We perform a

35


https://www.sdss.org/dr16/algorithms/bitmasks/
https://www.sdss.org/dr16/algorithms/bitmasks/






