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ABSTRACT

Highly differential spectroscopic studies have revealed that the Sun is deficient in refractory elements relative to solar twins. To
investigate the role of giant planets on this signature, we present a high-precision abundance analysis of HARPS spectra for 50 F- and
G-type stars spanning —0.4 < [Fe/H] < +0.5. There are 29 stars in the sample that host planets of masses 20.01 My,, . We derived
abundances for 19 elements and applied corrections to 14 of them for systematic errors associated with one dimensional (1D) model
atmospheres, the assumption of local thermodynamic equilibrium (LTE), or both. We find that, among the solar twins in our sample,
the Sun is Li poor in comparison to other stars at similar age, in agreement to previous studies. The sample shows a variety of trends
in elemental abundances as a function of condensation temperature. We find a strong correlation in these trends with [Fe/H], with a
marginally significant difference in the gradients for stars with and without giant planets detected, which increases after applying 3D
and non-LTE corrections. Our overall results suggest that the peculiar composition of the Sun is primarily related to Galactic chemical

evolution rather than the presence of giant planets.
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1. Introduction

The first planet discovered outside our Solar System was found
around a pulsar by Wolszczan & Frail (1992); however, it was
the discovery by Mayor & Queloz (1995) of a planet orbiting a
solar-type star that marked the beginning of modern exoplanet
research. Since then, more than 5000 planets have been detected
around different types of stars'. A detailed review on the first
exoplanets observed, the detection techniques and the stellar
properties are shown in one of the first reviews on that topic by
Udry & Santos (2007).

Stellar compositions offer a promising way to investigate and
understand how those systems were formed. Stars and their plan-
ets form from the same cloud, thus, the elemental abundances of
host stars put first-order constraints on the chemical composi-
tion of their planet (e.g. Thiabaud et al. 2015). Moreover, planet
formation processes can cause small differences in stellar com-
positions relative to the protostellar nebula (e.g. Hithn & Bitsch
2023). Thus, elemental abundances of host stars also have the
potential to shed light on how planets form.

Early studies found a positive correlation between stellar iron
content [Fe/H]? and the occurrence of massive planets (Santos
et al. 2000; Fischer & Valenti 2005). The reason for these finds
are still on debate, but possible explanations are either that a
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Data from https://exoplanetarchive.ipac.caltech.edu/
2 [Fe/H] = A(Fe). — A(Fe), and A(Fe) = log(Fe) = log(Ng./Ny) +
12, where Ng. and Ny are the number densities of iron and hydrogen,
respectively.
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critical disc accretion rate to form planets correlates with metal-
licity (Liu et al. 2016) or that, instead of a planetary formation
cause, we are observing a dynamical galactic effect due to stellar
migration (Haywood 2009).

In this context, the study of other elements might shed more
light on planetary formation. Works from Delgado Mena et al.
(2010) and Adibekyan et al. (2012), among others, studied a
large number of hosting planet stars and enriched the field with
important material that was crucial to igniting the discussion
surrounding planetary formation. Following this, several stud-
ies tried to link stellar composition and the occurrence of planets
(Liu et al. 2021; TautvaiSiené et al. 2022, and references therein).

Notably, the work of Meléndez et al. (2009) concluded that
the Sun is enriched in volatile elements and deficient in refrac-
tory elements compared to a sample of 11 solar twins (meaning
stars with ATego < 100K, Aloggs < 0.1dex, and A[Fe/H], <
0.1 dex), none of which have confirmed planets to date. A sim-
ilar result was found in the study of Bedell et al. (2018) with
a broader sample of solar twins (about 80 stars). One possible
explanation is that this material missing from the Sun was used
in the formation of terrestrial planets.

In contrast to these results, Gonzédlez Hernandez et al. (2010)
and Gonzélez Hernandez et al. (2013) presented a similar study
with a sample of approximately 100 and 60 F- and G-type stars
(in a broader range of stellar parameters in comparison to solar
twins: 5600 < Teq (K) < 6400, 4.0 < logg < 4.6 and 0.3 <
[Fe/H] < +0.5), respectively, and found no evidence correlat-
ing the volatile-to-refractory abundance ratio with the presence
of rocky planets. More recently, Nibauer et al. (2021) analysed
a large sample of 1700 solar-type stars with ATego < 195K,
Alogge < 0.1dex, and A[Fe/H], < 0.1dex, using APOGEE
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data; they found two groups of stars regarding their content of
refractory elements with the majority of the stars, which includes
the Sun, belonging to the refractory poor group.

Several studies have suggested that the peculiar composition
of the Sun could be related to planets. Booth & Owen (2020)
argue that the Sun being refractory poor can be explained by the
presence of giant planets, that might trap the dust outside their
orbits and potentially cause the host star to be refractory-poor.

On the other hand, other works have highlighted the compli-
cations of this method when it comes to finding any signatures
of planets around stars. Adibekyan et al. (2014) and Nissen
(2015), which analysed solar-type stars, suggested that there is
a dependence between the amount of refractory elements and
stellar ages. Additionally, Swastik et al. (2022) compiled chem-
ical abundances for planet-hosting stars in distinct evolutionary
states and concluded that observed abundance trends with planet
mass are a consequence of the chemical evolution of our Galaxy.
However, Adibekyan et al. (2016), who also found a correlation
of refractory elements with stellar ages, suggested that the sig-
nature of the chemical evolution of the Galaxy on the amount of
refractory elements in hosting planet stars might be erased for
stars with similar ages.

Finally, alternative scenarios involving processes in the pro-
toplanetary disc could also explain these abundance patterns,
such as a self-dust cleansing caused by radiation of the proto-
Sun (Gustafsson 2018). Planet engulfments could also cause an
excess of refractory elements in the stellar atmosphere (Spina
et al. 2021; Liu et al. 2024), as shown in the analysis of wide
binary systems presented in Oh et al. (2018) and Nagar et al.
(2020), for example.

In an attempt to shed light on this topic, we present a high-
precision analysis of 19 elements in high-resolution spectra of
50 F- and G-type stars with and without giant planets (Sect. 2).
To improve the accuracy of the analysis, we applied corrections
to the 1D LTE abundances for 14 elements. We inspected the
resulting trends in abundances with condensation temperature
(Sect. 3) and find a strong correlation with [Fe/H], suggesting
that giant planets may at most impart only a second-order effect
on the stellar compositions (Sect. 4).

2. Method

The sample consists of 50 F- and G-type stars observed with
the HARPS spectrograph (Mayor et al. 2003) at the 3.6m ESO
telescope. These objects were previously presented in Nissen
et al. (2014) and Amarsi et al. (2019) and can be found in the
ESO Science Archive’. The spectra have high resolution and
good signal-to-noise ratios (R = 115 000 and S/N > 200). Our
study was performed by analysing the red HARPS spectra, which
have a wavelength coverage from 5330 to 6910 A. Addition-
ally, the solar HARPS spectrum was obtained by observing the
reflected sunlight in the Vesta asteroid. Twenty nine stars in
our sample host at least one exoplanet (58% of the sample),
and the exoplanet distances go from 0.03 to 13.18 AU with
0.016 < Msini < 16.6* Mjy, .

Photometric effective temperatures (T.s) were calculated by
Nissen et al. (2014), while microturbulence velocities (£yyp.) and
iron abundance ([Fe/H]) are from Amarsi et al. (2019). With the
aid of the g2 code (Ramirez et al. 2014), we updated the surface

3 http://archive.eso.org/
4 Data from https://exoplanetarchive.ipac.caltech.edu/
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gravity (logg) values using the updated magnitudes and paral-
laxes from GAIA DR3 (Gaia Collaboration 2023; Babusiaux
et al. 2023) and Yonsei-Yale isochrones (Yi et al. 2001; Kim et al.
2002). We note that the mean difference in log g from the former
values is of about —0.01 dex.

The sample consists of stars with Teg from 5450 to 5950 K
(with a typical statistical error of 30 K), log g between 3.9 and
4.6 dex (typical statistical error of £0.02 dex), —0.4 < [Fe/H] <
0.5 (typical statistical error of +0.007 dex), and &b, between
0.7 and 1.5kms™! (typical statistical error of +0.06 kms~'). The
systematic errors are larger, as discussed in Casagrande et al.
(2010) and Nissen et al. (2014), and can be around 65 K for Teg
and 0.10 dex for log g.

We calculated the 1D LTE abundances of Na1, MgI, AlI,
Si1, S1, Cal, ScI and Sci1i, Til and Tii1, V1, Cr1 and Cr1I,
Mn1, Col, Nil, Cul, and Zn I, measuring the equivalent widths
with IRAF (Tody 1986, 1993) and applying a differential line-by-
line analysis (Bedell et al. 2014) using the 2019 version of the 1D
radiative transfer code MOOG (Sneden 1973), g2, and the grid of
standard MARCS model atmospheres (Gustafsson et al. 2008). The
line list used for these measurements was adapted from Bedell
et al. (2018), with a hyperfine structure for S1 from Civis et al.
(2024), V1, Mn1, Co1 from Bedell et al. (2018), and CuI from
Shi et al. (2014). We also determined Li abundances for all stars
through spectral synthesis in the same way as in Carlos et al.
(2019). We adopted Teg = 5S772K and logg = 4.44 dex for the
Sun. For our 1D LTE and 1D non-LTE results, we took &y, =
1.2kms™" for the disc-integrated solar flux (Takeda 2022).

We considered 3D non-LTE effects for several elements.
First, for Li we adopted the 3D non-LTE versus 1D LTE abun-
dance corrections from Wang et al. (2021). We note that these
corrections are strictly based on &y, = 1kms™!, and so we
were careful to adopt that value of &y, in our 1D LTE analy-
sis of Li. For C and O, we adopted the 3D non-LTE abundances
given in Amarsi et al. (2019); for Fe we adopted the 3D LTE
ones in that same paper, noting that the iron abundances are
based on Fell lines that show negligible departures from 3D
LTE in solar-metallicity FGK-type stars (e.g. Amarsi et al. 2022).
For Mg, we adopted the 3D non-LTE abundances given in
Matsuno et al. (2024), which are based on 3D non-LTE abun-
dance corrections to the 1D LTE abundances derived in the
present study. For Na, we extended the 3D non-LTE grid pre-
sented in Canocchi et al. (2024) and determined absolute 3D
non-LTE versus 1D LTE corrections. These were interpolated
onto our stellar and solar parameters and subtracted to obtain dif-
ferential 3D non-LTE versus 1D LTE corrections. These calcu-
lations will be described fully in a forthcoming work (Canocchi
et al., in prep.). All of these 3D non-LTE abundances are based
on the code Balder (Amarsi et al. 2018, 2022), which originates
from Multi3D (Leenaarts & Carlsson 2009), with several mod-
ifications, in particular to the equation of state and background
opacities.

For Si, S, and Ca, we calculated new 1D non-LTE correc-
tions with the code Balder. The calculations were performed
on a grid of MARCS model atmospheres as described in Amarsi
et al. (2020), for five different values of abundance, A(X), and
three different values of &, . This allowed us to calculate a grid
of abundance corrections, which we then interpolated onto our
stellar parameters and 1D LTE abundances using cubic splines.
The exact same approach was adopted for the Sun, and thereby
differential 1D non-LTE abundance corrections were applied on
[X/H]. The model atoms for Si originate from Amarsi & Asplund
(2017), with small updates to the hydrogen collisions and
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Table 1. Stellar identification, effective temperature (K), microturbulence velocity (km s, surface gravity (dex), [Fe/H], age (Gyr) and respective
errors, number of planets detected, and planetary-system mass (M;,,.) adopted in this work.

Star  Ter (K) éwn. (kms™") logg o (logg) [Fe/H] BDLTE) o ([Fe/H]) Age(Gyr) o(Age) Np PSM (Myyp)
HD 1237 5507 1.25 4520 0.016 0.2249 0.0168 2.80 144 1 3.370
HD 4208 5688 1.02 4.480 0.018 -0.2716 0.0050 6.20 122 1 0.771

Notes. The full table is available at the CDS.

Table 2. Stellar identification and stellar abundances in 1D LTE, 1D non-LTE, and 3D non-LTE, when available, and their respective errors.

Star A(Li) IDLTE A(Li) 3D non-LTE o o_ [C/H] ID LTE o [Zn/H] 1D LTE o
HD 1237 2.080 2.030 0.033 0.037 0.0900 0.0200 0.0010 0.0120
HD 4208 <0.48 <0.41 - —-0.2255 0.0045 —-0.1900 0.0088
Notes. The full table is available at the CDS.
complexity as described in Nissen et al. (2024), while the model 3. Results
atom for Ca originates from Asplund et al. (2021) and has been 31 Lithium

used in Lagae et al. (2023). For S, we updated the model atom
recently employed in Kochukhov et al. (2024), in particular to
include electron collision data from OpenADAS (Summers &
O’Mullane 2011). In any case, our calculations and tests indi-
cate that the differential abundance corrections are negligible,
at least for the present sample of stars and for the weak subor-
dinate S lines used in this work. A full description of the model
and benchmarking on the Sun will be presented in a forthcoming
work (Amarsi et al., in prep.).

In addition, we corrected our abundances of Al, Ti, Cr, Mn,
and Co for 1D non-LTE departures. For Al, we employed the
scripts provided by Nordlander & Lind (2017). For the other
elements we used the MPIA non-LTE database (Kovalev et al.
2018), which are based on older model atoms from Bergemann
(2011), Bergemann & Cescutti (2010), Bergemann & Gehren
(2008), and Bergemann et al. (2010) that adopt the Drawin
recipe for inelastic collisions with neutral hydrogen (Steenbock
& Holweger 1984; Lambert 1993). Lines of Sc1, Sc1I, VI, NiT,
Cul, and Zn1 were treated in 1D LTE.

To evaluate any systematics from the choice of model atmo-
spheres, we repeated our 1D LTE analysis with ATLAS models
(Castelli & Kurucz 2003), for elements from Na to Zn. Ulti-
mately, in a differential analysis the abundance differences
between the calculations with MARCS or ATLAS are negligible
within the errors. The average difference in abundance is about
—0.005 dex, and the maximum difference is about +0.01 dex
for the most metal-poor stars in our sample ([Fe/H] < —0.20).
While Delgado Mena et al. (2021) found a significant difference
in abundances of C and O when comparing ATLAS and MARCS
models, these elements are here adopted from the detailed 3D
non-LTE study of Amarsi et al. (2019).

The final abundance errors were estimated by considering
the stellar-parameter uncertainties and the statistical error asso-
ciated with the abundances inferred from line-to-line scatter. For
the specific cases of Mg, Cu, and Zn, only one line was available.
Then, those individual lines were measured three times repeat-
edly with slightly different continuum positions so as to estimate
a statistical uncertainty. The stellar parameters and planetary
information are in Table 1 and LTE and non-LTE abundances
and the respective errors are presented in Table 2; both are
available at the CDS.

Because Li burns at low temperatures (2.5 X 10°K) below the
convective zone of solar-type stars, its abundance is highly
sensitive to stellar parameters and age (Carlos et al. 2016). In
addition, over the past two decades works in the literature have
debated a possible connection between Li depletion and the pres-
ence of planets. For instance, the work of Israelian et al. (2009),
followed by the more refined analysis of Delgado Mena et al.
(2014), concluded that the Li depletion is also related to the
presence of planets, even if as a secondary effect. Other stud-
ies, such as Ghezzi et al. (2010) and Llorente de Andrés et al.
(2024), also discuss the composition of Li on hosting planet
stars. On top of that, the work of Spina et al. (2021) claimed
that a planet engulfment event can cause an excess of Li in the
stellar atmosphere.

With all these considerations, it is hard to assess only the
(giant) planet effect on Li abundances in solar type stars with a
broader range of stellar parameters, in comparison to, for exam-
ple, solar twins (Rathsam et al. 2023). Nonetheless, we present
our 3D non-LTE Li abundances versus T.s divided into stars
with or without giant planets detected in Figure 1; there is no
noticeable distinction between the two sub-samples. The typical
scatter for a given T.g is of about 0.34 dex, which is the same for
1D LTE abundances and probably caused by other issues (such
as age, metallicity, etc.). Moreover, the Sun shows a reasonable
Li abundance in comparison to other solar-type stars at given Teg
and age; however, if we consider only the solar twins in our sam-
ple the Sun is the most Li poor for its age (in agreement with
Carlos et al. 2019).

From Figure 1, it is also possible to note two outliers that
present a higher Li content for their Teg, namely HD 1237 (T =
5507K and A(Li) = 2.03dex) and HD 114613 (Teg = 5700K
and A(Li) = 2.53 dex). To assess whether this discrepancy in the
Li abundances was a result of their stellar convective envelopes
being smaller than expected for their masses and [Fe/H] (hence
less Li destruction), we calculated the mass of the convective
envelope for all stars in our sample by interpolating the values
from the YaPSI grid of isochrones (Spada et al. 2017). From
those values we can speculate that the HD 114613 higher con-
tent of Li in comparison to stars at similar Teg might be due to
its shallower convective envelope in comparison to other stars at
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Fig. 1. Absolute Li abundance versus T.g. Stars with giant planets are
shown in blue circles and stars without giant planets detected are pre-
sented by black squares; the Sun is shown by its usual symbol in purple.
The data are colour-coded by age.

similar Teg. On the contrary, HD 1237 has a convective envelope
mass comparable to other stars at the same T.g; thus, their higher
Li content might be due to planet engulfment (as discussed in
Carlos et al. 2019; Spina et al. 2021; Sevilla et al. 2022).

3.2. Stellar abundances and comparison with solar twins

In this section, we discuss all the other stellar abundances
adopted in this work, and what we call the best possible deter-
mination. When available, we first consider 3D non-LTE as the
best option, followed by 3D LTE, then 1D non-LTE, and finally
1D LTE.

For details on how the 3D (non-)LTE analyses of C, O, Mg,
and Fe affect the data, we refer the reader to Amarsi et al. (2019)
and Matsuno et al. (2024). For the remaining elements, the typ-
ical solar-differential corrections vary from —0.0248 dex (Mn1)
to +0.0155 dex (Cr1). For most elements, the 1D or 3D non-LTE
corrections tend to diminish the line-by-line scatter, including
for NaT1 from Canocchi et al. (in prep.); AlT from Nordlander &
Lind (2017); and Si1, S1, and CaT calculated in this work. How-
ever, this was not the case for Mn1 based on corrections from
Bergemann & Gehren (2008). Similarly, the 1D non-LTE correc-
tions for the Ti1 and Ti Il from Bergemann (2011), worsened the
line-by-line scatter and ionisation equilibrium. This may reflect
the necessity for full 3D non-LTE analyses, as suggested by
Mallinson et al. (2024) via their analysis of Ti in metal poor
dwarfs in 1D non-LTE and 3D LTE. Furthermore, 20% of the
stars in our sample have their line-by-line scatter increased by as
much as 0.035 dex for Cr1, when applying non-LTE corrections
from Bergemann & Cescutti (2010), strongly affecting their final
uncertainties. The Co1 line-by-line scatter in 1D LTE was sim-
ilar to that after the 1D non-LTE corrections from Bergemann
et al. (2010).

Figure 2 shows [C/Fe], [O/Fe], [Na/Fe], [Mg/Fe], [Al/Fe],
[Si/Fe], [S/Fe], [Ca/Fe], [Sc/Fe], [Ti/Fe], [V/Fe], [Cr/Fe],
[Cu/Fe], and [Zn/Fe] as a function of [Fe/H] for all stars in our
sample (with and without giant planets detected) in comparison
with the abundances of thin-disc solar twins from Bedell et al.
(2018); our method of analysis for a given element is highlighted
in the bottom left of each panel, with [Fe/H] always in 3D LTE.
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The Sc, Ti, and Cr abundances adopted from now on were calcu-
lated as the weighted average from Sc1 and Sc11, TiT and TiTl,
and Cr1 and Cr 11, respectively.

The abundances determined in our work are similar to those
from Bedell et al. (2018). This good agreement is no surprise
since we employed a similar method of analysis and adopted a
similar line list. The main difference remains in the fact that
Bedell et al. (2018) relied predominantly on a 1D LTE analy-
sis. O is the only exception where they adopted a 1D non-LTE
analysis of the O1 777 nm lines with corrections from Ramirez
et al. (2013). Here, our O comes from a 3D non-LTE analysis
of the same lines as Amarsi et al. (2019). There appears to be a
systematic difference between the two studies such that at solar
metallicity the mean [O/Fe] is around 0.04 dex higher in Bedell
et al. (2018) than in Amarsi et al. (2019). This means that the Sun
is slightly oxygen-poor compared to solar twins according to the
former study.

It is interesting to note that our [Ca/Fe] decreases with
[Fe/H], while that of Bedell et al. (2018) shows a flat distribu-
tion with [Fe/H]. Other works, such as Sun et al. (2025) and the
GALAH DR4 (Buder et al. 2024), also suggest a tendency of
decreasing [Ca/Fe] with [Fe/H].

Moreover, a more careful look at the [Mn/Fe] distributions
shows that the Bedell et al. (2018) values increase with [Fe/H],
which is not the case for our data. This somewhat flat distribution
in our data only appears after the 1D non-LTE correction (as also
found in Bergemann & Gehren 2008). Our 1D LTE [Mn/Fe] also
increases with [Fe/H]. It is important to note that even after non-
LTE corrections the [Mn/Fe] abundances from the GALAH DR3
and GALAH DR4 also increase with [Fe/H] (Amarsi et al. 2020;
Buder et al. 2024).

For a detailed comparison between our results and those of
Bedell et al. (2018), we analysed the scatter in the [X/Fe] distri-
butions in the metallicity interval from —0.10 to +0.10 dex. The
star-to-star scatter was calculated in bins of 0.05 dex in [Fe/H],
and the following values are the weighted mean for each element.

Even though our sample has a broader range in Teg, logg,
and &y, the star-by-star scatter in our sample is comparable
with the scatter from Bedell et al. (2018); in some cases, it is
smaller. Our typical scatter varies from 0.014 dex ([Si/Fe]) to
0.055 dex ([S/Fe]), while the typical scatter in the Bedell et al.
(2018) data goes from 0.013 dex ([Cr/Fe]) to 0.045 dex ([Cu/Fe]).
In general, we present smaller star-by-star scatter for [O/Fe],
[Mg/Fe], [Si/Fe], [Co/Fe], and [Cu/Fe]; greater star-by-star scat-
ter for [C/Fe], [Na/Fe], [S/Fe], [Ca/Fe], [Sc/Fe], [Ti/Fe], [V/Fe],
[Cr/Fe], [Mn/Fe], and [Zn/Fe]; and similar star-by-star scatter for
[Al/Fe] and [Ni/Fe].

3.3. Condensation temperature trends

Figure 3 presents [X/H] as a function of elemental condensa-
tion temperatures (Tcong, from Lodders 2003) for two stars in
our sample. For comparison, we plot both the 1D LTE (black)
and non-LTE (red) 1D or 3D abundances. In order to assess
the behaviour of those abundances’ distributions for each star,
we decided to perform two linear fits: one considering all abun-
dances in 1D LTE, and the other considering the “best” available
abundances for a given element, namely 3D non-LTE, 3D LTE,
ID non-LTE, or 1D LTE as applicable. The best linear fit
for elements with Tcong > 900 K was retrieved considering the
maximum likelihood estimation. The choice to only consider ele-
ments with T.ong = 900K for the linear fits was discussed in
detail in Bedell et al. (2018). The uncertainties were estimated
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Fig. 2. [X/Fe] versus [Fe/H] for stars in our sample with (blue circles) and without (black squares) giant planets detected, in comparison with
thin-disc solar twins (pink stars) from Bedell et al. (2018).
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Table 3. Stellar identification, Tcong slopes (dex K™Y using the ‘best’ set of abundances and the 1D LTE ones, and the respective errors.

Star Teona slope (best) o+ o—

Teona slope (1D LTE) o+ o—

-5.4459x 107 9.4150 x 1073
1.1913 x 107* 4.9421 x 1073

HD 1237
HD 4208

8.6695 x 1073
5.6359 x 1073

—1.4942 x 1075 7.6505 x 1075 7.9058 x 107>
1.4462 x 10~ 42878 x 10>  5.5120 x 1073

Notes. The full table is available at the CDS.

via a Markov chain Monte Carlo (MCMC) method using the
python package emcee (Foreman-Mackey et al. 2013).

The Tcona slopes derived in this way for each case and their
respective errors are present in Table 3 at the CDS. We note
that the two linear fit cases (1D LTE and best abundances)
are compatible to within one sigma for every star. From now
on, the discussion about the T, slopes are restricted to those
considering the best set of abundances.

In Figure 4, we present the T.,nq slopes for stars with and
without giant planets, versus stellar parameters Teg (top left),
log g (top right), &y, (bottom left), and [Fe/H] (bottom right).
No evident correlation with Teg, log g, and &y, Was found. On
the other hand, a strong anti-correlation with [Fe/H] is seen
in the bottom right panel of Figure 4. Once more, the best lin-
ear fits, for hosting giant planets stars (blue dashed line) and
stars without detected giant planets (black dot-dashed line), were
retrieved considering the maximum likelihood estimation with
the uncertainties computed via an MCMC method. This time,
we took into account the T.,nq slopes and their errors and [Fe/H].
The blue and black dashed area represents the 1.50 interval for
each linear fit.

Moreover, from the bottom right panel of Figure 4, it is
noticeable that the Sun is marginally poorer from a refrac-
tory perspective than stars at similar metallicities; that is, a 1.7
standard deviation below the stars distributed within —0.05 <
[Fe/H] < +0.05. To test if the fact that the Sun being refractory-
poor is due to systematic errors in the stellar parameters, we
perturbed Teg, log g, and &y, until the stars in our sample were
shifted down so that the Sun was the middle of the distribution.
No significant changes in this distribution were found for Teg
and log g when using perturbations of up to 300K and 0.3 dex.
For &um., a difference of 1km s™! was needed for the Sun to be
considered typical in this sample.

The T.ong slopes versus [Fe/H] trend presumably reflects
Galactic chemical evolution. To gain a deeper understanding of
it, we repeated the steps above, but separated elements into their
two major production sites (Nomoto et al. 2013): first, consid-
ering only alpha elements (O, Mg, Si, S, Ca, and Ti); second,
considering non-alpha elements. Figure 5 presents a comparison
between the different T.ng Slopes as a function of [Fe/H], for
stars both with and without giant planets detected. The alpha
and non-alpha slopes typically differ in 0.41 x 10* dex K™!
and 0.93 x 10~*dex K™! for stars with and without giant plan-
ets detected, respectively. The slopes for stars with or without
giant planets detected differ typically in 0.29 x 10~ dex K™! and
—0.07 x 10~*dex K™ when we consider only alpha elements
or only non-alpha elements, respectively. Although a variation
was found, the difference in the Tong slopes for alpha or non-
alpha elements, and also for stars with or without giant planets
detected, are compatible in 1o~ for most [Fe/H] values.

The chemical evolution of our Galaxy may also impart a sig-
nature on the behaviour of T.ong slopes versus planetary system
mass and planet distance. These are shown in the top left and
right panels of Figure 6, respectively. A weak anti-correlation

-8~ with planets - alpha

-8~ without planets - alpha
with planets - others
without planets - others

2.00 A Eg*~

~~o
~
~

1.00 4 NN

0.00 - I . ~
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/,,
2 ,’
/
/
.EH,_
7/

—1.00 A

—2.00 T T T T
-0.4 -0.2 0.0 0.2 0.4
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Fig. 5. T.onq slopes only considering a—elements (dashed line) or non
a—elements (dot-dashed line) as a function of [Fe/H] for stars with
(dark and light blue circles) and without (grey and black squares) giant
planets.

was found for the T.onq slope versus planetary system mass
and planet distances (Spearman coefficient equal to —0.60 and
—0.58, respectively), where the stellar systems with more mas-
sive and distant planets present Tconq slopes lower than 1.0 x
10~* dex K~'. This is in agreement with Yun et al. (2024), who
analysed thin-disc stars” APOGEE DR17 spectra and also found
that for giant planets the T.,nq slopes were negative for most
of the stars. Interestingly, this anti-correlation goes away in our
study in the lower panels of Figure 6, which replace the Teong
slope with the AT g slope, given by the Tcongobs Slope — the
Teond it Slope; in other words, this is done by subtracting the lin-
ear fit as a function of [Fe/H] (blue dashed line in Figure 4). We
also notice that in these plots the Sun is refractory-poor when
compared to other solar-like stars.

4. Discussion and conclusions

There is a strong correlation between the T¢onq slopes and [Fe/H]
shown in Figure 4. This suggests that studies of abundance
trends with condensation temperature are strongly affected by
the chemical evolution of our Galaxy. The work of Adibekyan
et al. (2014) analysed solar analogues and found a dependence
between Toq slopes and stellar age and suggested that the Teong
slopes are affected by the chemical evolution of our Galaxy,
although they were not able to find any relation between the Tcong
slope and [Fe/H]. More recently, Sun et al. (2025) found a corre-
lation between the T¢onq slope and [Fe/H] for stars with —0.4 <
[Fe/H] < +0.4, but no significant correlations were found for
solar twins. We also found that the corrections to the 1D LTE
abundances only lightly affect the Tong Slopes, as discussed in
Sect. 3.3. Thus, the Tconq slope versus [Fe/H] plot with only 1D
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LTE abundances is very similar to the one considering non-LTE
corrections, shown in the bottom right panel of Figure 4. This
shows that the correlation of the T,onq slopes and [Fe/H] seen is
this figure is not related to departures from 1D LTE.

Giant planets may impart a second-order effect on abundance
trends with condensation temperature, given the marginally sig-
nificant differences in the linear correlations of the Tcyq slope
versus [Fe/H] for the two populations of stars (with and with-
out giant planets); these are overplotted in Figure 4. Increasing
the sample of high resolution spectra of stars with and with-
out planets would help us make a stronger statement regarding
the differences between the two linear fits in this panel. More-
over, improving the accuracy of abundance analyses appears to
be important. The difference between the slopes for stars with
and without giant planets is slightly affected by the corrections
to 1D LTE abundances. The difference is increased from 1o in
1D LTE to 1.50- when 3D or non-LTE corrections are applied.

Finally, the Sun is slightly refractory-poor when compared
to other stars of similar [Fe/H] (—0.05 < [Fe/H] < +0.05), with
marginal significance levels. This is in agreement with analy-
ses of solar twins (Meléndez et al. 2009; Bedell et al. 2018) and
solar analogues (Rampalli et al. 2024). Nine stars are within this
[Fe/H] interval (including the Sun), four of which have had giant
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planets detected. In this region, there is no obvious difference in
the correlation of the Tcong slope versus [Fe/H] (Figure 4) for
stars with and without giant planets. This suggests that the Sun
is peculiar for some other reason than the presence and influence
of giant planets.

Data availability

Tables 1-3 are available at the CDS viahttps://cdsarc.cds.
unistra.fr/viz-bin/cat/J/A+A/700/A127
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