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Abstract

Chemical anomalies in planet-hosting stars (PHSs) are studied in order to assess how the planetary nature and
multiplicity affect the atmospheric chemical abundances of their host stars. We employ APOGEE DR17 to select
thin-disk stars of the Milky Way, and crossmatch them with the Kepler Input Catalog to identify confirmed PHSs,
which results in 227 PHSs with available chemical abundance ratios for six refractory elements. We also examine
an ensemble of stars without planet signals, which are equivalent to the selected PHSs in terms of evolutionary
stage and stellar parameters, to correct for Galactic chemical evolution effects, and derive the abundance gradient
of refractory elements over the condensation temperature for the PHSs. Using the Galactic chemical evolution
corrected abundances, we find that our PHSs do not show a significant difference in abundance slope from the stars
without planets. However, when we examine the trends of the refractory elements of PHSs, based on the total
number of their planets and their planet types, we find that the PHSs with giant planets are more depleted in
refractory elements than those with rocky planets. Among the PHSs with rocky planets, the refractory depletion
trends are potentially correlated with the terrestrial planets’ radii and multiplicity. In the cases of PHSs with giant
planets, sub-Jovian PHSs demonstrate more depleted refractory trends than stars hosting Jovian-mass planets,
raising questions on different planetary formation processes for Neptune-like and Jupiter-like planets.
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1. Introduction

A star and its planets are thought to have formed from the
same molecular cloud. The composition of a star could
influence the protoplanetary disk where planets form, and the
accreting material from the protoplanetary disk onto the host
star may be chemically imprinted in the atmosphere of the star.
These interactions may result in an intricate relationship
between the chemical composition of a star and the formation
and evolution of its planets. Various approaches have been
conducted to find such connections between the chemical
composition of a planet-hosting star (PHS) and its planet
formation and architecture. Notably, the amount of heavy
elements in a stellar atmosphere, often characterized by
metallicity ([Fe/H]), has received attention due to its expected
implications for the occurrence and properties of planetary
companions (e.g., Gonzalez 1997; Heiter & Luck 2003; Santos
et al. 2004; Fischer & Valenti 2005; Udry & Santos 2007;
Adibekyan et al. 2012a).

Meléndez et al. (2009) first reported, based on an analysis of
11 solar twin stars, that the Sun’s refractory elements (Mg, Al,
Si, etc.), which have condensation temperatures (7c) over
1200K, are relatively depleted compared to those of the
volatile elements (C, N, O, etc.). They suggested that refractory
depletion is correlated with the presence of terrestrial planets;
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the material to form the rocky planet readily incorporates
elements with high 7¢ in the solid phase, while the low Tc
volatile elements likely remain in the gas phase. This was
further supported by Chambers (2010), who claimed that the
deficit of the refractory elements in the solar photosphere could
account for roughly 4 M, of terrestrial material. These studies
have triggered numerous efforts to identify differences in the
chemical abundances between PHSs and non-PHSs (NPHSs)
using chemical abundance trends as a function of condensation
temperature (e.g., Ramirez et al. 2009; Gonzilez Hernandez
et al. 2011, 2013; Adibekyan et al. 2014; Nissen 2015; Bedell
et al. 2018; Liu et al. 2020; Nibauer et al. 2021; TautvaiSiené
et al. 2022).

When investigating the chemical abundance trends of a star,
one also needs to carefully take into account how Galactic
chemical evolution (GCE) affects the chemical abundance
pattern. Bedell et al. (2018) identified the relative depletion
of refractory elements from an analysis of 26 elements for
79 solar twins. At the same time, they recognized that some of
the depletion trend may be caused by GCE. They further
demonstrated that the depletion trend is real, after carefully
correcting for the GCE effects in their Sun-like stars. Such a
study indicates that the GCE correction is a vital step when
comparing stars with different ages but similar metallicity and
temperatures (e.g., Gibson et al. 2003; Spina et al. 2016, 2018;
Pignatari et al. 2023). Other studies (Adibekyan et al. 2014;
Nissen 2015; Spina et al. 2016) also show that a careful
selection of the comparison stars with similar stellar parameters
is crucial, due to the presence of correlations between stellar
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parameters and chemical abundance patterns before the
application of the GCE correction. As the GCE correction is
nontrivial, in order to minimize systematic uncertainties
resulting from GCE (and adopted stellar models) several
studies focused their attention on wide binaries whose
evolutionary states are nearly identical, so that these effects
are not significant for the analysis (e.g., Liu et al. 2014, 2021;
Tucci Maia et al. 2014; Ramirez et al. 2015; Saffe et al. 2015;
Teske et al. 2016; Oh et al. 2018; Biazzo et al. 2022).

In spite of great progress, the chemical anomalies observed
in the Sun relative to solar twins have not been consistently
confirmed as a unique feature in other studies (e.g., Gonzalez
et al. 2010; Meléndez et al. 2012; Gonzalez Hernandez et al.
2013; Nissen 2015; Liu et al. 2020; Nissen et al. 2020; Nibauer
et al. 2021). Additionally, studies that examined the relation-
ship between stellar chemical anomalies and planet formation
were not successful in detecting a definitive signal of such a
relationship, and triggered more controversy (Adibekyan et al.
2014; Liu et al. 2020; TautvaiSiené et al. 2022; Behmard et al.
2023). Nibauer et al. (2021), for instance, found two groups of
stars: chemically depleted and nondepleted ones, by introdu-
cing a likelihood-based approach to determine elemental
abundances in solar analog stars identified in Apache Point
Observatory Galactic Evolution Experiment Data Release 16
(APOGEE DR16; Jonsson et al. 2020). They agreed on the
refractory depletion of the Sun with Bedell et al. (2018),
arguing that the Sun is one of the stars in their refractory-
depleted group.

Similarly, Liu et al. (2020) analyzed 16 PHSs and 68
comparative NPHSs, following the methods of Bedell et al.
(2018), and found various abundance—7¢ trends among PHSs
without a clear signature of the depletion of the refractory
elements for the PHSs. They suggested that a range of possible
planet-induced effects are responsible. Behmard et al. (2023)
carried out a study on the chemical dissimilarity of 12 elements
between 130 known/candidate Kepler objects of interest
(KOIs) of PHSs and so-called doppelgingers stars, selected
based on the proximity of four parameters: effective temper-
ature (Top), surface gravity (logg), [Fe/H], and [Mg/H] in
high-resolution near-infrared spectra from APOGEE DR17
(Abdurro’uf et al. 2022). They reported that the median
intrinsic  dispersion between the KOI and doppelginger
samples was consistently under 0.05 dex, and argued that there
are no noticeable signatures for different chemical abundance
patterns associated with PHSs.

Based on the studies to date, a consensus on the connection
between the chemical properties of a PHS and its planet
formation history has yet to be achieved, nor have any clear
differences in the chemical properties between PHSs and
NPHSs been identified. This leads us to investigate how the
planet population (number of planets and their types, often
referred to as the “architecture” of a planetary system) affects
the chemical abundance patterns of its host star, which has not
been thoroughly explored previously. To achieve this goal, we
employ a large sample of stars from APOGEE DR17 with well-
determined stellar parameters and chemical abundances.

This paper is arranged as follows. In Section 2, we identify
dwarfs and subgiants that are likely members of the Galactic
thin disk, based on their chemical and kinematic properties. We
confirm the stars that are PHSs and NPHSs by crossmatching
the APOGEE sample with the Kepler Input Catalog (KIC) and
Kepler catalogs, respectively. We also identify likely twin stars
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within these subsamples. We apply GCE corrections to both
subsamples in Section 3. Section 4 presents the abundance
trends as a function of T for the PHSs. In Section 5, we
present the results of our detailed analysis of the overall trends
of the abundance slopes between the terrestrial planets and the
Jovian planets. In addition, we consider the dependency of
chemical abundance depletion on the nature of the host’s planet
population. We discuss the implications of our findings
regarding planet architecture, along with those of other studies,
in Section 6. A summary and conclusions are provided in
Section 7.

2. Data
2.1. Identification of Thin-disk Stars

To identify a star with planets, we first selected likely thin-
disk stars of the Milky Way (MW) of various chemical
abundances, using the large spectroscopic survey data from
APOGEE DR17 (Abdurro’uf et al. 2022). APOGEE DR17
provides high-resolution (R ~ 22,500) spectra in the H band
across the MW. The stellar parameters and abundance ratios for
numerous chemical elements in these spectra are delivered by
the APOGEE Stellar Parameters and Abundances Pipeline
(Garcia Pérez et al. 2016).

We computed the space-velocity components and orbital
parameters of the APOGEE stars using astrometric data from
Gaia Data Release 3 (Gaia DR3; Gaia Collaboration et al.
2023) and a Stickel-type potential, as employed in several
previous studies (e.g., Chiba & Beers 2000; Kim et al.
2019, 2021, 2023; Lee et al. 2019, 2023; Kang et al. 2023). For
these calculations, we adopted a local standard of rest velocity
(Visr =236 kms™'; Kawata et al. 2019), a solar location of
R.,=82kpc and Z.=20.8pc from Bland-Hawthorn &
Gerhard (2016) and Bennett & Bovy (2019), respectively,
and a solar peculiar motion (U, V, W), =(-11.10, 12.24,
7.25)km gt (Schonrich et al. 2010). Among the orbital
parameters, we derived Z;,, (maximum distance from the
Galactic plane), which is often used as one of the criteria for the
selection of disk stars. Additionally, we calculated Ry.x and
Rumin, Which are maximum and minimum distances, respec-
tively, from the Galactic center projected onto the Galactic
plane. We applied the —0.017 mas systematic offset reported in
Gaia DR3 (Lindegren et al. 2021) when calculating the
distances.

To select the disk-star population, we imposed the following
criteria: 3100 < T < 6500K, log g > 3.5, [Fe/H]>-1.2,
7<R< 11kpe, d<4kpe, Zn, < 3kpe, signal-to-noise ratio
(S/N)>50, V;>50kms ', V,<100kms ', and relative
parallax error less than 20%. R is the distance from the Galactic
center projected onto the Galactic plane, d is the heliocentric
distance, V,, is the rotational velocity, and V; is the vertical
velocity component. Then, the identification of likely thin-disk
members was conducted following the methodology of Han
et al. (2020), who used both chemical abundances ([Fe/H] and
[a/Fe]) and kinematics to derive the membership probability of
each star. Note that, in this study, we attempt to analyze PHSs
in the Galactic thin disk because the thin-disk stars generally do
not exhibit chemical peculiarities, unlike the thick-disk and
halo stars. Additionally, we excluded in our program stars the
likely accreted stars, whose origins and natures are not similar
to the canonical disk stars. Following the chemical criteria of
Belokurov & Kravtsov (2022), we identified 30,265 stars with
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[Fe/H] < —0.4 and [Al/Fe] < —0.075 as accreted objects. These
various selection criteria left us with 101,393 dwarf stars likely
to belong to the MW’s thin disk.

2.2. Chemical Elements

We now characterize PHSs through an examination of their
chemical abundance trends. Among the abundance ratios of 18
elements made available in APOGEE DR17, we employed
those with elemental abundances having uncertainties that are
sufficiently small to achieve the sensitivity required to detect
abundance trends as a function of T (Lodders 2003) in a star;
less than 0.03dex, as demonstrated in previous studies
(Adibekyan et al. 2012b; Bedell et al. 2014; Liu et al. 2020;
Nibauer et al. 2021). We chose six refractory elements (Mg, Al,
Si, Ca, Mn, and Ni) with the following conditions in mind.
First, their T¢ is over 1000 K, the lowest temperature of the
refractory elements (Meléndez et al. 2009; Ramirez et al. 2009;
Liu et al. 2020). Second, their absolute abundance errors are
less than 0.02 dex, with no flags raised in X FE FLAG for each
element. Third, they are key elements for studying and testing
planet formation scenarios (McDonough & Sun 1995; Wang
et al. 2022). These conditions allowed us to select 47,988 stars
from our thin-disk candidate stars with well-determined
abundances of Mg, Al, Si, Ca, Mn, and Ni. We did not include
the abundances for the volatile elements because their relatively
larger abundance errors in APOGEE DRI17 make their
abundance-T¢ trends uncertain.

2.3. PHSs and Their Twins
2.3.1. Selection of PHSs

We identify PHSs by crossmatching our selected thin-disk
stars from APOGEE DR17 with the KIC Data Release 10
(Brown et al. 2011) and the cumulative catalog of KOI in the
NASA Exoplanet Archive.® Within the catalog provided on
the NASA Exoplanet Archive website, we used the PHS data
with “koi_disposition = Confirmed” to avoid any confusion
between the other stellar and planetary signals from various
sources. Furthermore, we compiled the planetary parameters,
such as the planetary radius, of the selected PHS samples from
the confirmed planet catalog (published on 2023 October 18)
with “default_flag =1,” resulting in a sample of 283 stars
hosting 423 planets.

Similarly, we selected 2356 comparison stars by cross-
matching with the Kepler data without planetary signatures,
which we take to be NPHSs, after excluding 142 stars with
candidate flags. Once again, we crossmatched our data with the
TESS Object of Interest (Guerrero et al. 2021) candidate list to
make sure of the absence of any possible planetary signals in
our comparison sample. This sample is used for selecting the
twin stars of the PHSs, as described below.

2.3.2. Selection of Twins for PHSs

To search for chemical distinctions among PHSs, we require
a sample of stars without planets to compare with, and used to
correct for GCE effects. It is also necessary for them to be in
similar evolutionary stages and metallicities to the PHSs.
However, it is extremely difficult and time-consuming to
identify the NPHSs that are exact counterparts of the PHSs.

® hitps:/ /exoplanetarchive.ipac.caltech.edu/
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Following the work of Nibauer et al. (2021) and Behmard et al.
(2023), we employ twins of the PHSs (TPHSs), which are
similar spectral types and luminosity classes to their counter-
part PHSs.

The definition of a stellar twin is diverse in the literature. In
order to demonstrate the depletion of the Sun’s refractory
elements with respect to volatile elements, Meléndez et al.
(2009) considered as solar twins the stars with T.g, log g, and
[Fe/H] are less than 75K, 0.1 dex, and 0.07 dex, respectively
from those of the Sun, T.;=5777K, log g =4.44, and [Fe/
H] =0.0. Similarly, Ramirez et al. (2009) and Bedell et al.
(2018) adopted the criteria of A100K in Tog, AO.1 dex in
log g, and AO.1dex in [Fe/H] to select solar twins, while
Berke et al. (2023) used the condition of A100K in T,
A0.2 dex in log g, and AO.1dex in [Fe/H]. In contrast, Liu
et al. (2020) considered only effective temperature and
metallicity to increase the number of solar analogs, while
Behmard et al. (2023) introduced [Mg/H] as an additional
criterion to evaluate the similarities among their stars.

Having reviewed the selection criteria used in previous
studies, among the NPHSs identified in Section 2.3.1, we
sorted out the TPHSs by adopting the “twin regions” of
A100K in T AO.1dex in log g, and AO.1dex in [Fe/H]
from the parameters of each PHS to closely match their
evolutionary states. Each PHS in our sample has, on average,
43 TPHSs within their twin regions. We further confirmed that
the selected TPHSs have close proximity to the target PHS by
enforcing the total distance of the parameters to the minimum
in a x? fashion, as employed by Behmard et al. (2023):

2 2
loggp — loggr

[ 2 2
OloggP + UloggT

2

D2 — Tegip — Tetir
2 2
VUchfP + O Toger

| [Fe/Hp — R/ | 0

2 2
\/U[Fe/H]P + Olpe/HIT

where P indicates a PHS, and T is the twin of a PHS. We only
used the first 20 TPHSs with the smallest D* value for further
analysis.

Of 283 PHSs, 40 stars have less than 20 TPHSs, with 12
TPHSs on average within their twin regions. When relaxing the
selection criteria of TPHS to include up to 20 TPHSs for those
PHSs, their stellar parameters significantly vary, ranging from
A0.6 dex in [Fe/H] and Al1.0dex in log g, which is far from
our definition of the twins. We thus excluded these 40 stars
from our analysis, leaving 243 PHSs hosting 397 planets in
total.

3. Corrections for GCE

Previous studies recognized that corrections for GCE are a
crucial step for accurately evaluating the abundance trend of
PHS:s in the abundance—-T7¢ plane (Adibekyan et al. 2014; Spina
et al. 2016; Bedell et al. 2018). GCE refers to how chemical
elements formed and were distributed in the MW (Gibson et al.
2003; Spina et al. 2016; Pignatari et al. 2023). The formation
rate and the amount of elements created vary depending on the
star formation rate and initial mass function. For instance, our
target elements, Mg, Si, and Ca, which are often called “alpha
elements,” are mostly created during massive-star evolution
and distributed into the interstellar medium (ISM) by Type II
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supernovae (SNe), while Mn and Ni (iron-peak elements) are
formed during the explosion of Type Ia SNe, an event
involving relatively low-mass stars. Since the timescales for
these progenitors differ, depending on how the ISM has been
chemically enriched, a star formed out of the ISM exhibits a
distinctive chemical abundance pattern that can vary from star
to star according to its age. To elucidate the chemical trend that
represents the stellar birth environment, we need to remove
the stochastic variation of chemical abundances caused by
chemical evolution. This is known as the “GCE correction.”

Stellar age is a crucial parameter for the GCE correction. In
this regard, some studies (Bedell et al. 2018; Liu et al. 2020)
excluded alpha-enhanced, old thick-disk stars from estimating
GCE effects. However, we do not exclude stars older than
10 Gyr, because our samples are selected as likely thin-disk
stars based on their chemical and kinematic properties.
Moreover, we did not find old stars whose abundances of the
six refractory elements significantly deviated from the main
abundance trend of relatively younger stars, which was the
primary reason for excluding the old stars in other studies.
Nonetheless, to ensure the accuracy of our stellar ages, we
eliminated the stars whose age errors are larger than 3 Gyr in
the catalog provided by Mackereth et al. (2019). The stellar
ages reported in this catalog are determined by the astroNN’
package, and it includes asteroseismic ages from APOKASC-2
(Pinsonneault et al. 2018) and low-metallicity asteroseismic
ages (Montalban et al. 2021). This additional age constraint
leaves us with 227 PHSs and 2344 TPHSs with well-
determined ages.

Most of previous studies corrected for GCE by subtracting
the abundance trend of each element with respect to the stellar
age (Nissen 2015, 2016; Bedell et al. 2018; Spina et al. 2018;
Liu et al. 2020; Nissen et al. 2020). Similarly, we attempted to
correct for it by following the methodology of Spina et al.
(2016) and Nissen et al. (2020). We derived a best linear fit to
each element as a function of stellar age using the 20 TPHS
samples for each PHS. We did not include PHSs when deriving
the linear fit because of the possibility of stellar abundance
variations associated with the existence of planets. The
measured slope (m) and intercept (b) of each element were
applied to correct for GCE effects in the following manner:

[X/Fe]correct = [X/Fe]raw - (m X age + b)» (2)

where X represents each element.

Note that, unlike the previous studies, we did not attempt to
homogeneously apply the same GCE correcting parameter (m,
b) to all samples. Rather, we calculated the GCE correction
parameter for individual PHSs separately, using the TPHSs
selected for each PHS, and then applied the slope and intercept
to correct the GCE for each PHS. We believe that our GCE
correction more clearly reflects the evolution effects of PHS by
using TPHSs, which have similar atmospheric parameters with
PHS within various age ranges.

For the Sun, the values of the GCE correction parameters did
not change significantly by varying the choice of the selected
TPHS number from 10 to 30. We also found that the Sun’s
abundance trend against 7¢ was nearly identical regardless of
the selected number of TPHSs. For the PHS sample, however,
we found that the abundances of Al and Mn after GCE
correction changed significantly when we decreased the TPHS

7 https: //github.com/henrysky /astroNN
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Figure 1. Aluminum abundance ratios of our PHSs, as a function of Rycan
(upper panel) and Z,x (lower panel). The blue and red dots represent the
abundance ratios before and after GCE correction, respectively. The colored
solid lines are the fitted trends. The derived slopes and errors in the slopes are
denoted at the lower left corner of each panel.

number from 20 to 10, but not when it was increased from 20 to
30 TPHSs for each PHS. This is the main reason for choosing
20 TPHS. We corrected the GCE effect for each TPHS in the
same way as well, using the selected TPHSs of each PHS.

Because stars could form in gas clouds that experience
different chemical evolution, which could vary with distance
from the Galactic center and plane, we also examined the
abundance trends over Rpean (=(Rmax + Rumnin)/2) and Zp.
Figure 1 shows the [Al/Fe] abundance ratios, as functions of
Ripean (top panel) and Z,,x (bottom panel). The blue and red
dots represent the ratios before and after GCE correction,
respectively. The colored solid lines are the fitted trends. The
derived slopes and errors are denoted at the lower left corner of
each panel. As we selected our sample stars in the Kepler field,
our PHSs cover a very narrow range of Ryc., and Z,,,x. Even
though there is a noticeable slope (blue line), after the GCE
correction the abundance gradient becomes insignificant. We
checked the abundance slopes for other elements, and found
that the magnitudes of their abundance gradients are much
smaller after the GCE correction than that of the [Al/Fe] ratio.
We derived a simple abundance correction function with
respect t0 Ryean and Zy.x, similar to Equation (2), and applied
it to remove the abundance trend of each PHS at its location.
We found that our derived abundance—T slopes are consistent
with those that are only corrected for the GCE effect. These
results suggest that the abundance ratio trends with R .., and
Zmax do not greatly affect the derivation of the abundance slope
over Tc. Therefore, we do not apply additional corrections to
the elemental abundances with respect t0 Ryean and Zpx,
beyond the GCE correction.
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Figure 2. Sun’s GCE-corrected abundance trend as a function of 7. Each dot
represents the six elements (Mn, Si, Mg, Ni, Ca, and Al in order of 7¢) placed
at corresponding T¢, with error bars indicating the 1o of abundance value
measured by 1000 random resamplings of the TPHSs, while correcting for
GCE effects. The black dashed line is the best-fit line, with the blue-shaded
region displaying the 1o of the slopes. The derived slope, intercept, and their
1o values are indicated in the legend.
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4. Derivation of the Abundance-T- Slope

We employed the method of the abundance gradient over 7,
which is the most widely used one to identify the chemical
depletion or enhancement in a star. We have learned from
previous studies that the accuracy of the chemical abundances
of the PHSs plays a pivotal role in drawing a robust abundance
slope over Tc. At the same time, it is imperative that the
comparison sample (TPHSs in our case) accurately reflects the
evolutionary stage of their counterparts as closely as possible.
To robustly detect the variation of the abundance ratios, we
made use of high-T¢ refractory elements with the most reliable
abundance determinations, as reported in Jonsson et al. (2020).
These are Mg, Al, Si, Ca, Mn, and Ni. We did not include
volatile elements with 7 under 900 K because they fall outside
the steepest portion of the depletion trend (Meléndez et al.
2009; Chambers 2010; Bedell et al. 2018).

Figure 2 shows an example of the derived abundance trend
as a function of 7¢. The figure shows the abundance slope of
refractory elements of the Sun after the GCE correction. Each
dot represents the six elements (Mn, Si, Mg, Ni, Ca, and Al in
order of T¢) placed at their corresponding 7¢; error bars were
calculated from 1000 random resamplings of the Sun’s twins
while correcting for GCE. The dotted line is the abundance
gradient derived from linear fit to the six elemental abundances.
The blue-shaded region shows the 1o variation of the slope
values, and the figure clearly indicates that the Sun is deficient
with the refractory elements after the GCE correction.

Other studies also reported the depletion of refractory
elements in the Sun. For instance, Bedell et al. (2018) analyzed
79 solar twins to find evidence of the depletion of 26 elements
in the Sun after the GCE correction. Similarly, Liu et al. (2020)
demonstrated that the Sun’s refractory elements are relatively
depleted compared to its analog stars. Nibauer et al. (2021)
successfully reproduced the results of Bedell et al. (2018) using
only five refractory elements from APOGEE DR16 (Jonsson
et al. 2020), supporting the depletion argument.

Using six refractory elements from APOGEE DR17, we
reach the same conclusion. Note that our approach is somewhat
different from the previous studies, in that our abundance slope
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is not derived from the star-to-star abundance differences
between the PHSs and NPHSs, as done in most of the other
studies (Meléndez et al. 2009; Bedell et al. 2018; Liu et al.
2020; Nibauer et al. 2021; TautvaiSiené et al. 2022). Instead,
the derived slope value represents the trends of the Sun’s
abundance values after correction of the chemical evolution of
the MW.

5. Results
5.1. Distribution of Abundance-T ¢ Slopes

The primary reasons for the depletion of the Sun’s refractory
elements are still under discussion. Meléndez et al. (2009)
argued that this depletion arose due to the presence of rocky
planets such as Earth (see Haxton & Serenelli 2008 for another
view). However, other studies (Gonzalez Hernidndez et al.
2013; Liu et al. 2020; Mishenina et al. 2021) failed to find
evidence to support this hypothesis, even with much higher-
quality abundance analyses for limited samples. Extending the
idea to other planetary systems, some studies reported a weak
correlation between planetary mass and stellar chemical
abundance (Mishenina et al. 2021; TautvaiSiené et al. 2022),
while others using large survey data concluded that there is no
clear sign of the correlation resulting from the existence of
planets (Nibauer et al. 2021; Behmard et al. 2023).

Based on our much larger sample of PHSs and TPHSs, we
have investigated these issues by comparing the abundance—7¢
slopes of PHSs with those of the TPHSs (stars without
planetary detections), as shown in Figure 3. The abundance—7¢
slopes of TPHSs are measured in the same manner as for the
PHSs, using 20 TPHSs for each TPHS. In the figure, the orange
lines represent the distribution of the PHSs and the blue lines
are for the TPHSs. The left panel is before the GCE correction,
while the right panel is after the GCE correction.

A comparison of the two panels in Figure 3 reveals that the
GCE-corrected samples exhibit a consistently greater fraction
of negative slopes, indicating that the GCE correction is an
important step to apply when examining any abundance
depletion or enhancement. Inspection of the right panel
suggests that the PHSs do not exhibit a significant difference
in the distribution of slopes from the TPHSs, although we
observe a small enhancement of relative numbers of stars
around the slope of —2.0 x 10~*dex K~! for the PHSs, which
was not observed before the GCE correction. We conclude that
the existence of planetary systems does not strongly influence
the chemical properties of their host stars, as pointed out by
previous studies. To quantitatively evaluate the significance of
the difference in the distributions, we carried out a Kolmo-
gorov—Smirnov (K-S) two-sample test under the null hypoth-
esis that the two groups of stars share the same parent chemical
properties. From the distribution with the GCE correction (right
panel), we obtained a p-value of 0.1, implying that we cannot
rule out the null hypothesis completely. We have thus focused
on the existence of any chemical discrepancies among the
PHSs with different planet populations and architectures.

5.2. Terrestrial versus Jovian Planets

Before exploring how the different types of planets affect the
chemical characteristics of their host stars, we need to
distinguish the terrestrial planets from the Jovian planets by
considering their observables such as mass and radius. Most
recent studies, such as Mishenina et al. (2021) and TautvaiSiené
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Figure 3. Distributions of the abundance—T¢ slopes for our PHSs (orange) and TPHSs (blue). The left panel represents the results before the GCE correction, while the
right panel is after the GCE correction. The smoothed distribution is a KDE. The median slope and 1o value for each group are denoted in each panel. The red and
black dashed vertical lines are the solar slope and zero-point, respectively. The distribution is normalized to the total number of stars in each group.

et al. (2022), attempted to correlate the planetary system
properties with the chemical composition of their host stars by
the use of the planetary mass. Out of the 338 planets in our
sample, only 80 have known mass information, while the
radius information is available for 323 planets, determined by
transit observations. Since more planets provide more robust
statistics, we decided to use the planetary radius information to
distinguish the terrestrial from the Jovian planets, and examine
any connection to the abundance patterns of their host stars. We
used a total of 216 PHSs with known planets and their radii.

No super-Earth located at larger than 3 R, has been found to
date, and according to the planetary orbital period-radius
diagram, the Neptune desert spans from 2 to 10 R, with an
orbital period of less than 10 days. Referring to these two
observational constraints, we decided to set the distinguishing
criterion at 3 R, between rocky and gas giant planets. If the
mean radius (Ry;) of all known planets in a planetary system is
less than 3 R, we assume that the system is dominated by
terrestrial planets, and by gas giants for Ry > 3 Rg,. It should be
noted that our dividing condition for the types of planets is not
an absolute standard, and is subject to change as more diverse
planetary systems are discovered in different environments.
Our sample comprises 155 single planetary systems and 61
multiple planetary systems.

To gain a deeper understanding of how the formation of
different types of planets (e.g., rocky versus gaseous)
influences the chemistry of their host stars, once again we
derived the abundance slope of the refractory elements over T¢
for the subgroups of PHSs with terrestrial or Jovian planetary
systems. Figure 4 presents these distributions. The blue
histogram represents the terrestrial planets with Ry < 3 R,
while the orange histogram is for the Jovian planets with
Ry 2 3 R, The red dashed vertical line is the solar slope.

One interesting aspect of Figure 4 is that the peak and overall
shape of the larger mean radius subgroup is shifted to more
negative slope values compared with those of the smaller mean
radius subgroup. The median value of the smaller-radius
subgroup is also twice as high as the larger-radius subgroup.
This implies that the subgroup dominated by giant planets
exhibits slightly more chemical depletion than that dominated
by terrestrial planets. Intriguingly, the peak of the Jovian
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Figure 4. Distributions of the abundance—T¢ slopes for two subgroups of stars,
after application for GCE effects, divided by the mean radius (Ry) of the
planetary system for each PHS. The blue histogram represents PHSs with
Ry < 3 Ry, while the orange one applies to PHSs with Ry > 3 R.,. See
Section 5.2 for details of the choice of 3 Ry as the dividing line. The smoothed
distribution is a KDE. The median slope value for each subgroup is denoted in
the legend. The red dashed vertical line is the solar slope. The distributions are
normalized by the total number of stars in each subgroup.

subgroup distribution is closer to the solar slope than that of the
terrestrial subgroup. Note that, according to our definition, our
solar system falls into the category of the Jovian-dominated
subgroup.

To further examine possible connections of the planet
number and type with the chemical characteristics of their host
stars, we consider the slope distributions as a function of the
total radius (R,) of the planets for each PHS, as shown in
Figure 5. R is the sum of the radii of all planets that belong to
a star. The top panel is the full PHS sample, while the middle
and bottom panels are for the systems dominated by terrestrial
and giant planets, respectively, following the same division as
in Figure 4. The color code represents the number of planets in
each system. The magenta symbols are the median value of the
slopes in a bin of 3 R, overlapped 50% with the neighboring
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Figure 5. Elemental abundance slopes as a function of the total radius of a
planetary system; R is the sum of the radii of all planets that belong to a star.
Our full PHS sample (top panel) is divided into terrestrial (middle panel) and
giant planets (bottom panel) by the mean radius of 3 R, of each planetary
system. The color code indicates the total number of planets in each PHS. The
magenta symbols represent the median values of slopes grouped by 3 R.,. Each
bin is overlapped with the neighboring bin by 1.5 R, and the error bar is the
standard deviation in each bin. Note that the rightmost bin includes all points
larger than the bin value. The square in the top and bottom panels denote the
Sun’s slope. The typical error bar of each slope is indicated in the lower right
corner in each panel.

bin, and the error bar of each PHS is the standard deviation in
each bin. The typical error bar of each slope is denoted at the
bottom right corner of each panel. As the Sun belongs to the
Jovian-dominant subgroup in our definition, the solar slope
appears in the bottom panel.

Inspection of Figure 5 reveals the following features. First,
we see that most of the PHSs are dominated by a single-planet
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system. The top plot exhibits a tendency for having more
negative slopes for R > 5 R, with more planets, indicating a
greater depletion of the refractory elements. These trends can
be read from the middle and bottom panels. The middle panel
implies that the more rocky planets a PHS has, the more
depletion of the refractory elements has taken place. In other
words, the depletion trend becomes stronger as the total radius
and the number of planets increase. The bottom plot also shows
a small, but relatively consistent negative slope, and this
tendency becomes even stronger for R, > 15 R, and for more
planets. However, the sample size of the giant subgroup is
much smaller than that of the terrestrial subgroup, which may
suffer from small number statistics. We discuss in depth the
significance and implications of these findings in Section 6.3.

5.3. Number of Planets and Their Type

Figures 4 and 5 indicate that the number and type of planets
may be related to the general chemical properties of their host
stars. We investigate this possibility more closely in Figure 6.
We divided the terrestrial group into two subgroups by the
number of planets (Np) and the gas giant group according to
their type. The left panel of Figure 6 represents the terrestrial
group. The blue histogram is for Np <2, while the orange
histogram is for Np > 2. The smoothed curves are the kernel
density estimation (KDE) of each histogram. We notice that
there is a tendency for the host stars having more rocky planets
to be more deficient in their refractory elements, as they exhibit
more negative slopes. The median value of the slopes of the
systems with Np <2 is 5 times smaller than the systems with
Np > 2. Overall, the fraction of PHSs with negative slopes is
56.8% for Np <2, but 85.7% for Np>2. These fractions
indicate a greater depletion of the refractory elements for a star
with more rocky planets.

The right panel of Figure 6 shows the slope distribution of
the PHSs with the sub-Jovian (blue lines) and Jovian planets
(orange lines). The division line for these two subgroups is the
mean radius of 5 Rg: sub-Jovian for Ry <5 R, Jovian for
Ry 2> 5 R... The plot clearly illustrates that the peaks between
the two subgroups and the overall fraction of the PHSs with
negative slopes differ significantly. The sub-Jovian subgroup
has more negative slopes, demonstrating a stronger depletion of
the refractory elements than for the Jovian subgroup. This
suggests that the PHSs with smaller gas giants are expected to
be more depleted in the refractory elements than the ones with
the larger gas giants. We obtained consistent results even if we
decreased the mean planet radius to Ry =2 R, to divide the
subgroups, which is frequently used as a threshold for dividing
the terrestrial planets. Our conclusion from Figures 5 and 6 is
that the number and type of the planets can influence the
chemical properties of their host stars. However, we also note
that the sample size of the subgroups not being sufficiently
large provides a strong conclusion (see Section 6.3).

6. Discussion

6.1. Correlation between Stellar Parameters and
Abundance-T¢ Slopes

It remains possible that the different behaviors seen in the
abundance—T slopes between the terrestrial and giant planets
may be caused by different spectral and luminosity classes of
their host stars, as well as their age and metallicity. Previous
studies were also concerned whether or not the magnitude and
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the sign of the abundance gradient with T depend on stellar
parameters. For instance, Ramirez et al. (2009) reported that the
abundance gradients with 7 measured by the refractory
elements with 7c > 900 K exhibited correlations with surface
gravity and metallicity, but not with effective temperature. In
addition, Adibekyan et al. (2014) demonstrated that the
abundance trend, regardless of the presence of the planet, had
a strongly negative correlation with surface gravity and a
positive correlation with stellar age. On the other hand,
Gonzdlez Herndndez et al. (2013), using 25 elements, starting
from carbon with 7 =40 K, could not find any correlation of
their abundance slopes with the stellar temperature and
metallicity. Similarly, Liu et al. (2020) claimed that there is
no significant correlation between the abundance slopes of
PHSs and stellar age, metallicity, or temperature with a 3o
confidence, while the NPHSs have a large scatter with the three
parameters.

The present lack of consensus requires us to carefully
examine possible correlations between the stellar parameters
and the abundance slope in our program stars. Figure 7 shows
the derived slopes of the PHSs as functions of age (upper left),
effective temperature (upper right), surface gravity (lower left),
and metallicity (lower right). The red line in each panel is the
linear fit to the PHSs' distribution after the GCE correction,
while the black line is the fit to these stars without the GCE
correction. The error bar for each PHS is calculated from 1000
random resamplings of TPHSs, as in Figure 2. These plots
clearly exhibit no significant trends of the abundance slopes
against the various stellar parameters, after applying the GCE
correction. This figure demonstrates that the disparate patterns
found in the abundance slopes for the stars dominated by rocky
and gas giant planets do not arise from different evolution
stages, chemistry, or age of the host stars.

However, the abundance—7¢ slopes of our uncorrected PHSs
do exhibit negative correlations with respect to surface gravity
and metallicity, and a positive correlation with effective
temperature, similar to other studies that did not correct for
GCE (e.g., Ramirez et al. 2009; Adibekyan et al. 2014). This
once more highlights the importance of the correction of the
GCE when it comes to deriving the abundance slopes. The
main reason for the lack of a correlation between the
abundance—T¢ slope and stellar parameters may stem from
the fact that, unlike previous papers applying the same GCE
correction to all the samples, we selected the TPHSs sharing
the same evolutionary states with each PHS to correct for the
effects of GCE. It appears that our approach has removed any
clear correlations with stellar parameters.

6.2. Correlation of Chemical Depletion with the Presence of
Planets

We have found that the Sun exhibits a negative
abundance—T slope of refractory elements after correcting
for GCE, using twin stars in similar evolutionary states. This
implies that some of the refractory elements are depleted, as
reported in other previous studies (e.g., Meléndez et al. 2009;
Bedell et al. 2018). It is difficult to directly compare with the
literature values, because most other studies do not report the
exact value of the abundance-T¢ slope of the Sun. However,
by reading off from their figures we carried out a qualitative
assessment of our derived abundance-T¢ slope, and confirmed
that our value (0.9 x 10~*dex K™") of the Sun qualitatively
agrees with other studies (e.g., Meléndez et al. 2009; Ramirez
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et al. 2009; Bedell et al. 2018). This similarity supports that our
abundance—T¢ slope, derived from six elements, can reason-
ably represent the slope obtained from a larger number of
elements in other studies. However, Liu et al. (2020) reported
an abundance-T¢ slope of —0.597 x 10~ % dex Kil, which is
somewhat larger than ours. Nibauer et al. (2021) also reported a
similar result for the solar refractory depletion as Bedell et al.
(2018) from a qualitative analysis.

Our PHSs indicate a slightly lower abundance of refractory
elements compared to their counterparts of TPHSs, although
most of the abundance-7 slope values of PHSs agree well
with the previous results of Meléndez et al. (2009), Bedell et al.
(2018), Nibauer et al. (2021), on the order of 4
x 10~*dex K~'. However, we recall that a K-S two-sample
test cannot reject the null hypothesis that the PHS and TPHSs'
abundance slopes are drawn from the same population, as
shown in Figure 3. This argument is in line with other studies
claiming very weak or no correlation between the presence of
the planets and the chemical anomalies of their host stars.

As illustrated in Figures 4, 5, and 6, all terrestrial PHSs do
not show refractory-element depletion; rather, some of them
exhibit an enhancement of refractory elements. Some studies
(e.g., Liu et al. 2020) attempted to explain the enhancement of
the heavy elements as due to the engulfment of planets. That is,
planetary bodies could be engulfed by their host star during its
red giant phase, contributing to the higher abundance trends
(Pinsonneault et al. 2001; Saffe et al. 2017; O’Connor et al.
2023; Xie et al. 2023). However, our sample of PHSs selected
from APOGEE DR17 primarily consists of dwarf stars and
subgiants whose evolutionary stage is too early to engulf their
planets. The case of the positive slopes (or the abundance
enhancements) requires more investigation.

We find that our PHSs have two unique chemical features
associated with their planet populations: (1) The more rocky
planets a star has, the greater the depletion of refractory
elements in its host, and (2) the greater the total number of
planets a star has, the more depletion of refractory elements in
its host (see Figure 5). Only a few studies have attempted to
explore these aspects, probably due to the limited sample size
of the high-resolution spectroscopic data (Ramirez et al. 2009;
Gonzalez Hernandez et al. 2013; Nissen 2015; Bedell et al.
2018; Mishenina et al. 2021) and the different sample-selection
criteria with limited planet information (Liu et al. 2020;
TautvaiSiené et al. 2022). For instance, by analyzing 24
elements from 740 bright slow-rotating stars, including 25
PHSs, TautvaiSiené et al. (2022) claimed that the metallicity of
the dwarf stars hosting low-mass planets is usually high, while
those with high-mass planets exhibit a greater diversity. Still, to
clarify the chemical effects of the planet on the host star,
additional studies with larger numbers of samples are needed.

6.3. The Impact of Planets on Chemical Anomalies of Their
Host Stars

As described above, the depletion level of the refractory
elements for our PHSs is correlated with their planet population.
This provides us with an opportunity to relate their behavior to the
suggested planet formation scenarios. Following the rocky planet
argument of Meléndez et al. (2009), 60% of our samples with
negative abundance slope should be depleted with refractory
elements, implying the presence of rocky planets. However,
because all of our PHSs do not possess rocky planets, but some of
them also include giant planets, the terrestrial planets alone cannot
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explain the abundance-T¢ slope distribution; we need the giant
planets to explain the abundance slope distributions as well.
Booth & Owen (2020) showed that the pressure gap generated by
forming giant planets can prevent refractory material from
accreting onto their host stars. This scenario may explain the
negative slope of the PHSs with large total radius planets. It
follows that our findings are likely to be explained by the rocky
planet theory of Meléndez et al. (2009) and the giant-planet
hypothesis by Booth & Owen (2020).

Figure 6 shows a very interesting aspect of this problem, that
the sub-Jovian population exhibits more negative abundance
slopes than that of the Jovian population. According to the
work by Hithn & Bitsch (2023), the opening gap of a
protoplanetary disk from planetary formation hinders the
accretion of heavy elements to the host star, leaving room for
an example of a wide-binary model that explains the difference
in the element-abundance ratios of each star, depending on the
formation position of its giant gas planets. This model may
explain the reason for the lower median abundance slope of the
giant planets compared with that of the terrestrial planets seen
in Figures 4 and 6. Thus, this may raise various questions about
the planetary formation process of Neptune-like and Jupiter-
like planets.

Our present findings cannot be solely explained by current
planet formation theories. The difference in the abundances of
the refractory elements between PHSs and TPHSs and the wide
range of the abundance slopes may require us to take into
account a variety of planet-induced effects as well. Liu et al.
(2020) pointed to planet-induced effects, such as the sequestra-
tion of rocky material (depleted with refractory elements) and
the engulfment of planets (enhanced with refractory elements)
(Pinsonneault et al. 2001; Saffe et al. 2017; Booth &
Owen 2020) for the diverse abundance trends in the PHSs.
These are related to the timescale, accretion efficiency of
matter, and occurrence rate of the planet formation or
protoplanetary disk chemical evolution (Johansen et al. 2009;
Hiihn & Bitsch 2023). These effects could potentially affect the
chemical composition of the PHSs seen in this study.

One of the planet-induced effects to consider to explain the
diverse abundance-T¢ slopes among our PHSs is the planet
occurrence rate. Even though it is actively debated at present
(Hsu et al. 2019), it has been reported to be as high as 1.0 (Zink
et al. 2020). Microlensing studies (e.g., Cassan et al. 2012) also
report a high probability for a given star to have a planet. These
observational results suggest that most stars host planets that
have not yet been discovered. Detecting the presence of planets
by transit studies makes it difficult to discover long-period
planets due to their weak signals and observational limitations.
Consequently, we cannot rule out that our selected PHSs may
contain more undetected planets. In turn, a high planet
occurrence rate greatly complicates the identification of
abundance differences among PHSs with different types of
stars. Although it is unclear how much the existence of
undiscovered planets influences our analysis, it is certain that,
depending on the type and number of undetected planets
among our PHSs, our results are subject to change.

7. Summary and Conclusions

We have analyzed a sample of PHSs selected from APOGEE
DR17 to search for chemical differences compared to the TPHSs
without planets. We found very weak evidence that the PHSs are
more depleted with refractory elements than the TPHSs.
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However, we demonstrated that the amount of material
contributed to planetary formation can result in the depletion of
refractory elements in their host stars. Overall, the PHSs with
giant planets are more depleted with heavy elements than the ones
with rocky planets. Among the PHSs with rocky planets, the more
rocky planets a star has, the more depletion of the refractory
elements a host star exhibits. Interestingly, the sub-Jovian hosting
stars exhibit more chemical depletion than the Jovian hosting
stars. This may raise various questions about the planetary
formation process of Neptune-like and Jupiter-like planets.

Our study indicates that the wide range of observed
abundance—-T¢ slopes for PHSs cannot be explained solely by
present planet formation scenarios; we also need to understand
how planet-induced effects affect the characterization of the
PHSs. Our understanding of the relationship between the
elemental abundance patterns of host stars and the formation of
planets is still far from complete, and many complexities remain
to be unraveled. Observations with the James Webb Space
Telescope (Gardner et al. 2006) should help clarify the relation-
ship(s) between planet formation and the chemistry of host stars,
with its capability to stack enormous direct infrared images of
planetary systems, and test protoplanetary disk-formation theories
around host stars in various stages of evolution.
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