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ABSTRACT
It has been suggested that small chemical anomalies observed in planet-hosting wide binary systems could be due to
planet signatures, where the role of the planetary mass is still unknown. We search for a possible planet signature by
analyzing the TC trends in the remarkable binary system HD196067–HD 196068. At the moment, only HD 196067 is
known to host a planet which is near the brown dwarf regime. We take advantage of the strong physical similarity
between both stars, which is crucial to achieving the highest possible precision in stellar parameters and elemental
chemical abundances. This system gives us a unique opportunity to explore if a possible depletion of refractories
in a binary system could be inhibited by the presence of a massive planet. We performed a line-by-line chemical
differential study, employing the non-solar-scaled opacities, in order to reach the highest precision in the calculations.
After differentially comparing both stars, HD 196067 displays a clear deficiency in refractory elements in the TC

plane, a lower iron content (0.051 dex) and also a lower Li i content (0.14 dex) than its companion. In addition, the
differential abundances reveal a TC trend. These targets represent the first cases of an abundance difference around
a binary system hosting a super-Jupiter. Although we explored several scenarios to explain the chemical anomalies,
none of them can be entirely ruled out. Additional monitoring of the system as well as studies of larger sample of wide
binary systems hosting massive planets, are needed to better understand the chemical abundance trend observed in
HD 196067-68.

Key words: stars: abundances – planets and satellites: formation – (stars:) binaries: general – stars: fundamental
parameters – stars: individual: HD 196067 – stars: individual: HD 196068

1 INTRODUCTION

Small chemical anomalies could be originated from the planet
formation process, as suggested by Meléndez et al. (2009,
hereafter M09). Implementing a differential abundance anal-
ysis in a sample of 11 solar twins, M09 found that the Sun is
deficient in refractory elements when compared to the aver-
age abundance of this group. In addition, a clear correlation
between the condensation temperatures (TC) of the elements
and the differential abundances was observed. The authors

⋆ Based on observations made with ESO Telescopes at the La Silla
Paranal Observatory under programme ID 0101.C-0275, 0101.C-
0275, 0103.C-0785, 188.C-0265, and 088.C-0323.
† E-mail: matiasflorestrivigno@conicet.gov.ar

argued that the refractories1, missing in the solar atmosphere,
are locked in the rocky planets, asteroids and rocky cores of
giant planets. Although these results have been validated by
other authors (e.g., Ramírez et al. 2010; Schuler et al. 2011;
Ramírez et al. 2014a; Bedell et al. 2018; Liu et al. 2020),
other studies suggest that the TC trends, also observed in
some binary systems, could also be a result of the galactic
chemical evolution (GCE), dust cleansing, dust-gas segrega-
tion, and planet engulfment events (e.g., Önehag et al. 2011;
Adibekyan et al. 2014; Maldonado et al. 2015; Nissen 2015;
Spina et al. 2015; Gaidos 2015a; Saffe et al. 2017; Gustafsson
2018; Spina et al. 2021; Hühn & Bitsch 2023). Recently, Booth
& Owen (2020), using evolutionary models for protoplanetary

1 In this work, we adopted as refractory and volatile species those
with TC > 900 K and TC < 900 K, respectively.
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disks, associated the sequestration of refractory elements to
the formation of Jupiter-like planets, showing that the origin
of the small abundance depletions is yet subject of a prolific
debate.

Binary systems are the ideal astrophysical laboratories to
test several processes. For instance, they can be key objects
for testing the stellar evolution theory (e.g., Iwamoto & Saio
1999; Johnston et al. 2019). These objects are also important
to carry out some stellar activity studies such as the stellar
planet interactions (SPI’s), and also the search for prolonged
activity minimum states similar to the solar Maunder Mini-
mum (MM) (Poppenhaeger & Wolk 2014; Flores et al. 2021).
Moreover, one of the most important applications is to test
the star-planet connection since the possible chemical signa-
ture, imprinted as a consequence of several processes such
as the planet formation, planet engulfment event, and gas-
dust segregation, can be better tested by a strictly differen-
tial study in those binary systems where one of the compo-
nents hosts an exoplanet. The assumed co-eval and co-natal
(i.e., same age and chemical composition) nature allows us to
neglect the GCE, and even other environmental effects (see
Teske et al. 2016b, for details) which could mimic a TC trend.
The atomic diffusion can be ruled out only when both stars
of the binary system are twins. As shown in Liu et al. (2021)
through a detailed study of chemical abundances of binary
stars, the atomic diffusion effects are non-negligible when the
components of the system present large differences in Teff and
log g (∆Teff > 200K and ∆log g > 0.07 dex, respectively). In
addition, the more similar the components are to each other,
the higher precision in the differential abundance determina-
tion is achieved.

Unfortunately, up to now reported studies in binary sys-
tems with similar components (where at least one of them
harbours a planet) are still scarce and their resulting abun-
dances determinations show a different behaviour with the
TC . For example, the binary systems HAT-P-1, HD80606-
7, and HD106515 (Liu et al. 2014b; Saffe et al. 2015, 2019)
do not show a clear TC trend, in contrast with the 16 Cyg,
WASP-94, HAT-P-4, and WASP-160 systems, where a TC

trend was detected when both components were differentially
compared (see Tucci Maia et al. 2014; Teske et al. 2016b; Saffe
et al. 2017; Tucci Maia et al. 2019; Jofré et al. 2021, for more
details). In addition, some differences have also been found in
the chemical composition of binary systems where both stars
host planets, for example XO-2 (see Ramírez et al. 2015; Bi-
azzo et al. 2015, for more details) and HD133131AB (Teske
et al. 2016a). The results mentioned above have given rise
to different scenarios about their origin showing that further
high-precision studies of planet-hosting binary systems are
needed to shed light over these clues.

In order to investigate the possible chemical signature of
the planet formation through a strictly differential analysis,
we have focused on the study of wide binary systems where
at least one of the components has a planet or a debris-disk
(e.g., Saffe et al. 2019; Jofré et al. 2021). Moreover, as a re-
sult of these studies, we have also been able to improve the
precision in the calculation of stellar parameters and chemi-
cal abundances by using non-solar-scaled opacities, being this
method particularly useful for the analysis of the TC trends
(see Saffe et al. 2018, for more details).

The binary system composed by HD196067 (=HIP 102125,
V = 6.44, B − V = 0.61, hereafter component A), and

HD196068 (=HIP 102128, V = 7.21, B − V = 0.64, here-
after component B) is a remarkable target located at 44 ± 5
pc from the Sun with a separation of 16.8

′′
(corresponding to

∼932 au, Gould & Chanamé 2004). Their reported spectral
types are G0V+G1V, respectively (Gray et al. 2006). The
A component harbours a massive companion (12.5+2.5

−1.8Mjup)
close to the planet-brown dwarf boundary (Li et al. 2021),
detected by the CORALIE planet-search survey employing
RV technique. It has an orbital period of 3638 days and is
located at 5.02 au (Marmier et al. 2013). In contrast, there
is no planet detected orbiting around the B component.

A close inspection of wide binary systems hosting planets
(Ramírez et al. 2011; Liu et al. 2014b; Saffe et al. 2015, 2017,
2019; Jofré et al. 2021) reveals a number of remarkable fea-
tures that justify the election of HD 196067-68 for the present
study. On one side, the possible role of the planetary mass is
unknown. Mutual chemical differences have been found for bi-
nary systems hosting planets with a mass lower than 3 Mjup

(e.g. Tucci Maia et al. 2014; Saffe et al. 2017; Jofré et al.
2021). However, no chemical differences were found between
the stars of the system HD80606-7 (Saffe et al. 2015; Mack
et al. 2016) nor HD106515 (Saffe et al. 2019), both host-
ing massive planets (4.0 Mjup and 9.0 Mjup, respectively).
The possibility that chemical differences disappear for mas-
sive planets, suggests that the planetary mass could play a
role in the differences observed. This would require studying
additional systems, particularly those having massive planets.
The detection of a massive companion (12.5 Mjup) hosted by
the binary system HD 196067-68, converts this system into an
excellent target for this aim, being the most massive planet
detected to date. In addition, the study of the TC trends is a
challenging task that requires the highest possible precision
in the derivation of stellar parameters and abundances. In
this case, the strong physical similarity between both com-
ponents of HD196067-68 (∆Teff ∼39 K and ∆log g ∼0.06
dex) is an important advantage for this twin pair through
the use of a line-by-line differential analysis. Finally, the pe-
riod and mass of the planet hosted by HD 196067 makes it
one of the very few systems where the scenario of Booth &
Owen (2020) could be tested.

At the moment, both components of this system have been
only taken into account in some statistical studies of chemi-
cal abundances (e.g. Aguilera-Gómez et al. 2018; Maldonado
et al. 2018; Spina et al. 2021). In particular, Spina et al.
(2021) studied a sample of 107 binary systems to test the
planet engulfment scenario. To do so, the authors carried out
a high-precision abundance determination. As a result, they
detected chemical signatures of planetary ingestion in ∼25%
of their sample, reporting the binary system HD196067-68 as
chemically anomalous (∆Li i ∼0.16 dex and ∆[Fe/H] ∼0.09
dex). Nevertheless, there is no in-deep exploration of this re-
markable binary system, including a more exhaustive analy-
sis of the chemical anomalies and possible TC trends. There-
fore, a high-precision determination of stellar parameters and
abundances in this pair of twin-stars could help to clear up
the origin of the possible TC trends in the high-planetary
mass regime, which is poorly studied to date.

This work is organised as follows: In §2, the observations
and data reduction are described. In §3, our high-precision
chemical abundances analysis is presented. In §4, we show
our results and discussion. Finally, our main conclusions are
provided in §5.

MNRAS 000, 1–10 (2015)
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2 OBSERVATIONS AND DATA REDUCTION

The stellar spectra of HD196067 and HD196068 were ob-
tained from the European Southern Observatory (ESO)
archive2. These data were acquired with the HARPS spec-
trograph3 installed at the 3.6 m La Silla telescope (ESO) in
Chile (Mayor et al. 2003). The resolving power of this fibre-
fed instrument is R ∼115 000 and the spectra cover a range
from 3782 Å to 6913 Å.

The observations were taken between 2018 and 2019
with the same instrumental configuration, where the sec-
ond component was observed immediately after the first one
(HD196067). The resulting signal-to-noise (S/N) for each
component is ∼400, measured near 6600 Å. In addition a
solar spectrum with similar S/N, which is necessary for our
differential study, was obtained by observing the Vesta as-
teroid. All these spectroscopic data were reduced with the
HARPS pipeline4, which carries out the usual reduction tasks
including bias subtraction, flat fielding, sky subtraction, order
extraction, and wavelength calibration. These spectra were
combined, normalized, and radial velocity corrected by using
the software package IRAF5.

3 FUNDAMENTAL ATMOSPHERIC
PARAMETERS AND ABUNDANCES
ANALYSIS

As in previous works (e.g., Saffe et al. 2019; Jofré et al. 2021),
the stellar atmospheric parameters (Teff , log g, [Fe/H], and
vturb) of HD 196067 and HD196068 were first determined by
applying the full line-by-line differential technique6, using the
Sun as the reference star and adopting the typical solar at-
mospheric parameters (Teff= 5777 K, log g= 4.44, [Fe/H]=0,
and vturb= 1.0 km s−1). Solar abundance values were taken
from Asplund et al. (2009). However, a final solar vturb of
1.1 km s−1 was derived after requiring a zero slope in the ab-
solute abundances of Fe i lines as a function of the reduced
equivalent width (EWr). It is important to mention that the
parameters of the stars A and B were calculated through the
non-solar-scaled method. As shown in Saffe et al. (2018), the
use of non-solar-scaled opacities gives as a result smaller dif-
ferences in both stellar parameters and chemical abundances
in comparison to the classical solar-scaled approach.

Before searching for the ionization and excitation balance
for the Fe i and Fe ii lines, we first manually measured the
equivalent widths (EWs) of these and the other chemical el-
ements employing the splot task of IRAF. The chemical ele-
ments list, together with several laboratory data (wavelength,

2 http://archive.eso.org/wdb/wdb/adp/phase3_spectral/
form?phase3_collection=HARPS
3 http://www.eso.org/sci/facilities/lasilla/instruments/
harps/overview.html
4 http://www.eso.org/sci/facilities/lasilla/instruments/
harps/doc.html
5 IRAF is distributed by the National Optical Astronomical Ob-
servatories, which is operated by the Association of Universities
for Research in Astronomy, Inc., under a cooperative agreement
with the National Science Foundation.
6 By “full” we mean that line-by-line differences were considered
in both the derivation of stellar parameters and (not only) abun-
dances.

Table 1. Stellar parameters derived in this work.

(Star-reference) (A-Sun) (B-Sun) (B-A)

Teff (K) 6059 ± 52 6020 ±52 6020 ±42
log g (dex) 4.26 ± 0.12 4.32 ± 0.10 4.32 ± 0.08
[Fe/H] (dex) 0.216 ±

0.009
0.267 ±
0.009

0.267 ±
0.005

vturb

(km s−1)
1.48 ± 0.07 1.41 ± 0.07 1.41 ± 0.06

τ (Gyr) 3.50+0.65
−0.27 2.10+1.03

−0.34 —

M⋆ (M⊙) 1.330+0.013
−0.013 1.190+0.017

−0.018 —

R⋆ (R⊙) 1.730+0.044
−0.039 1.190+0.034

−0.010 —

excitation potential, oscillator strengths, and damping con-
stant), were obtained from Liu et al. (2014a), Meléndez et al.
(2014), and Bedell et al. (2014). Then, the program FUND-
PAR (Saffe et al. 2015, 2018) was used to force the ionization
and excitation balances. For this purpose, this differential
version, which internally uses the MOOG7 program (Sneden
1973) together with atmospheres models of ATLAS12 (Ku-
rucz 1993), requires minimizing the slopes of the differences
in Fe i and Fe ii abundances vs. the excitation potential and
the EWr.

We summarize our results in Table 1. For the target
HD196067 (A−Sun, in this case), the stellar parameters and
its uncertainties are: Teff = 6059± 52 K, log g = 4.26± 0.12
dex, [Fe/H]= 0.216 ± 0.009 dex, and vturb = 1.48 ± 0.07
km s−1. While for HD196068 (B−Sun), the following param-
eters were obtained: Teff = 6020± 52 K, log g = 4.32± 0.10
dex, [Fe/H]= 0.267 ± 0.009 dex, and vturb = 1.41 ± 0.07
km s−1. The errors in stellar parameters have been calculated
by considering both the individual and the mutual covariance
terms of the error propagation (see Saffe et al. 2015, for more
details). Then, the stellar parameters for the B star were re-
calculated using the A component as reference (i.e., B-A). For
this aim, the parameters adopted for the A component were
taken from the solution (A-Sun). In contrast with the previ-
ous step, where the Sun was used as reference (i.e., B−Sun),
now it can be noted that the uncertainties have been reduced:
Teff = 6020 ± 42K, log g = 4.32 ± 0.08 dex, [Fe/H]= 0.267
± 0.005 dex, and vturb = 1.41 ± 0.06 km s−1. In Figure 1,
we compare the Fe i and Fe ii abundances to the excitation
potential and the EWr of the B star, using its companion (A
component) as reference. It can be clearly seen that the B
component is more metal-rich than its companion by ∼0.05
dex.

In order to explore the nature of this system, we estimated
the age (τ), mass (M⋆) and radius (R⋆) for both compo-
nents using the Yonsei-Yale (Y2) isochrones of stellar evolu-
tion (Yi et al. 2001; Demarque et al. 2004) through the q2

package (Ramírez et al. 2014b), which uses the spectroscopic
log g (4.087 and 4.352, respectively) and absolute magnitudes
from Gaia DR3 parallaxes to increase the precision (see Spina
et al. 2018; Yana Galarza et al. 2021). Consequently, we ob-
tained τ = 3.50+0.65

−0.27 Gyr, M⋆ = 1.330+0.013
−0.013 M⊙, and R⋆ =

1.730+0.044
−0.039 R⊙ for the A component, and τ = 2.10+1.03

−0.34 Gyr,
M⋆ = 1.190+0.017

−0.018 M⊙, and R⋆ = 1.190+0.034
−0.010 R⊙ for the B

component (see Table 1 for details).
After the calculation of the fundamental parameters, we

7 We employed the current MOOG release (November 2019,
https://www.as.utexas.edu/~chris/moog.html).
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Figure 1. Differential iron abundance as a function of the exci-
tation potential (upper panel) and the reduced equivalent width
(lower panel) of the B component relative to the A (i.e., B−A). Fe
i and Fe ii lines are represented with filled and blue empty circles,
respectively. A linear fit to the data is also shown in dashed lines.

derived the abundances for 32 chemical species by using the
non-solar-scaled method. For the case of V i, Mn i, Co i, Cu
i, Y ii, Ba ii, Eu ii, and Li i elements, the hyperfine structure
splitting (HFS) was considered. Consequently, these abun-
dances were measured through spectral synthesis with the
program SYNTHE (Kurucz & Avrett 1981) by using the HFS
constants of Kurucz & Bell (1995). In Table 2 we present the
final differential abundances of the B component when its
companion (A) is considered as the reference star. In addi-
tion, and for comparative purposes, we include the differen-
tial abundances of the A and B components relative to the
Sun. We also included an estimation of the total error σtot

for each chemical specie. In this way, the total uncertainty
was derived by quadratically adding the observational error
σobs (obtained as σ/

√
(n− 1))8, the internal error associated

with uncertainties in the stellar parameters σpar
9, and the

error from [Fe/H]. For those chemical species with only one
spectral line, i.e., Gd ii, Sr i, Sr ii, and Li i, we adopted the
average standard deviation of the other elements as the ob-
servational error. This same criteria has been applied in other
works (e.g., Saffe et al. 2019, 2020). Non-NLTE corrections
were considered for Na i, Mg i, and Li i species by using the
INSPECT10 tool (Bergemann et al. 2012; Lind et al. 2012).

8 Being σ the standard deviation of the different lines and n the
number of lines.
9 These values have been obtained after quadratically adding the
abundance variation when modifying the stellar parameters by
their uncertainties.
10 Data obtained from the INSPECT database, version 1.0 (www.
inspect-stars.com
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Figure 2. Solar-scaled (black points line connected) vs. non-solar-
scaled (red points line connected) method. Differential abundances
of (A−Sun) as a function of atomic numbers are presented in the
upper panel. The differences between both methods are shown with
bars in the lower panel.

4 RESULTS AND DISCUSSIONS

The improvement of the precision in a line-by-line strictly
differential study could be crucial for the detection of a possi-
ble chemical signature of planet formation. In this line, Saffe
et al. (2018) showed that the application of the non-solar-
scaled method is an appropriate choice when a mutual com-
parison of different chemical species is needed. Figures 2 and
3 show the differential abundances obtained with the non-
solar-scaled method (red and purple points, respectively) as
a function of the atomic numbers for the A and B compo-
nents using the Sun as reference. For comparison, the stellar
abundances derived from the classical method have been also
included (black points). Differences of the order of ∼0.03 dex
can be observed for some elements in the lower panels of both
figures (for example V, Y, Sm, Eu, Gd, and Dy). As can be
noted, the differences between both methods are of the order
of NLTE corrections or GCE effects (see Saffe et al. 2018, for
more details).

These abundances were corrected by GCE effects using the
[X/Fe]-age correlation of Bedell et al. (2018) and following the
prescription given by Spina et al. (2016) and Galarza et al.
(2016). As the age of the pair is lower than the solar age, we
added GCE trends to its chemical composition so that this is
also corrected to the same age as the Sun (see columns two
and six reported in Table 2.).

Better precision in the determination of the stellar abun-
dances could be achieved if we compare both stars to each
other. In particular, their similar initial chemical composi-
tion due to a probable common natal environment (Reipurth
et al. 2007; King et al. 2012; Reipurth & Mikkola 2012) and
the similarity in stellar parameters of this twin-binary sys-
tem, allow us to diminish the GCE effects and reduce the
dispersions in our calculations. In Fig. 4 we plotted the dif-
ferential abundances as a function of the TC for the B com-
ponent relative to A. For comparative purposes, we included
the solar-twins trend of M09 (in red), the linear fit to all the

MNRAS 000, 1–10 (2015)
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Table 2. Line-by-line chemical abundances for A and B components relative to the Sun (A−Sun, B−Sun), and B relative to A (B−A).

A−Sun B−Sun B−A

Species [X/Fe] σobs σpar σtot [X/Fe] σobs σpar σtot [X/Fe] σobs σpar σtot

C i −0.005 0.031 0.045 0.056 −0.053 0.020 0.041 0.048 −0.064 0.011 0.023 0.026
Na i 0.041 0.007 0.018 0.023 0.034 0.005 0.018 0.023 −0.021 0.003 0.011 0.014
Mg i 0.084 0.017 0.029 0.036 0.112 0.008 0.030 0.033 0.015 0.011 0.018 0.023
Al i 0.030 0.003 0.024 0.028 0.087 0.008 0.025 0.029 0.037 0.006 0.016 0.018
Si i 0.023 0.004 0.004 0.014 0.031 0.004 0.004 0.013 −0.001 0.003 0.002 0.008
S i −0.007 0.008 0.040 0.043 −0.040 0.026 0.038 0.048 −0.047 0.018 0.021 0.028
Ca i 0.003 0.004 0.014 0.019 −0.004 0.005 0.014 0.019 −0.005 0.006 0.008 0.012
Sc i 0.036 0.013 0.029 0.034 0.045 0.018 0.029 0.036 0.000 0.019 0.019 0.027
Sc ii 0.054 0.007 0.023 0.027 0.081 0.009 0.019 0.025 0.018 0.009 0.009 0.015
Ti i 0.013 0.004 0.010 0.017 0.037 0.004 0.010 0.017 0.019 0.003 0.006 0.010
Ti ii 0.008 0.005 0.016 0.021 0.016 0.005 0.014 0.019 0.003 0.004 0.007 0.010
V i 0.018 0.015 0.032 0.038 0.036 0.012 0.035 0.040 0.016 0.004 0.021 0.023
Cr i −0.015 0.004 0.009 0.016 −0.011 0.005 0.009 0.016 0.006 0.004 0.005 0.009
Cr ii −0.011 0.010 0.027 0.032 −0.019 0.014 0.024 0.030 −0.006 0.008 0.012 0.017
Mn i −0.013 0.028 0.045 0.055 −0.021 0.042 0.050 0.067 −0.011 0.014 0.032 0.035
Co i 0.051 0.007 0.015 0.021 0.072 0.005 0.015 0.020 0.010 0.002 0.009 0.012
Ni i 0.041 0.002 0.005 0.013 0.056 0.002 0.005 0.013 0.005 0.002 0.003 0.008
Cu i 0.040 0.037 0.037 0.053 0.040 0.014 0.036 0.041 −0.021 0.014 0.022 0.027
Zn i 0.008 0.033 0.025 0.043 0.027 0.013 0.023 0.029 −0.030 0.002 0.017 0.018
Sr i −0.042 0.018 0.052 0.056 −0.054 0.019 0.054 0.058 0.023 0.013 0.033 0.036
Sr ii 0.005 0.018 0.046 0.050 −0.038 0.019 0.040 0.045 −0.008 0.013 0.020 0.024
Y ii −0.087 0.007 0.064 0.066 −0.122 0.007 0.074 0.076 −0.001 0.014 0.064 0.065
Ba ii −0.196 0.007 0.070 0.072 −0.246 0.023 0.074 0.077 −0.006 0.007 0.052 0.053
La ii −0.126 0.032 0.051 0.062 −0.136 0.055 0.043 0.072 0.023 0.023 0.022 0.032
Ce ii −0.082 0.011 0.026 0.031 −0.111 0.016 0.022 0.030 0.002 0.006 0.012 0.015
Sm ii 0.019 0.057 0.053 0.079 0.005 0.012 0.044 0.048 −0.003 0.069 0.023 0.073
Eu ii −0.022 0.141 0.041 0.147 −0.036 0.163 0.042 0.168 −0.006 0.021 0.044 0.049
Gd ii −0.021 0.018 0.051 0.055 −0.040 0.019 0.044 0.049 −0.011 0.013 0.022 0.026
Dy ii −0.142 0.006 0.053 0.055 −0.126 0.018 0.045 0.050 0.026 0.012 0.024 0.027

Li* i 2.39 0.018 0.051 0.055 2.53 0.019 0.052 0.056 0.140 0.013 0.042 0.044

Notes:
For final differential abundances (columns 2, 6, and 10), with the exception of lithium, we have adopted the standard
notation, ie., [X/Fe] = [X/H] - [Fe/H].

* Absolute abundances of lithium (A(Li)).

elements (red dashed line) and the refractories species (dark
continuous line). The green diamond corresponds to the Li
i. For this particular element, the differential abundances of
line 6707.80 Å were determined by using spectral synthe-
sis. Its position in this plot deserves particular attention (see
the next section), mainly because the content of Li i has
been linked to the accretion scenario (e.g. Siess & Livio 1999;
Sandquist et al. 2002; Oh et al. 2018; Soares-Furtado et al.
2021). Note that the error bars of each element (σtot) are not
shown in the figure, however, they are reported in Table 2.

Then, for the purpose of quantifying a possible TC trend in
Fig. 4, we calculated the corresponding slopes11, the correla-
tion coefficient ρ, and their corresponding dispersions (σs and
σρ, respectively) after applying a weighted linear fit. In addi-
tion, we carried out a statistical test to evaluate the presence
of a possible correlation.

The results of the previous analysis are summarized in
Table 3. Due to the fact that the differential abundance
of lithium is outside of the general trend, we have decided

11 This calculation includes the uncertainties in the abundance
determinations (σtot) presented in the column 13 of the Table 2.

Table 3. Slopes and dispersions of each fit. The posterior proba-
bility distribution of the correlation coefficient with its dispersion,
and the corresponding 95% credible intervals (95% CI) are also
included.

B star-A star slope ± σs [10−5

dex/K]
ρ ± σρ 95% CI

(B-A)all 4.99 ± 1.14 0.798±
0.066

(0.668,
0.912)

(B-A)refrac 4.62 ± 1.72 0.501±
0.131

(0.224,
0.734)

to exclude it from the fits. The strength of the correlations
was estimated using the Bayesian framework implemented in
Python code by Figueira et al. (2016). As can be viewed, this
analysis indicates a significant slope for the general and the
refractory trends (within ∼4σ), including a good correlation
coefficient for both cases (0.798± 0.066 and 0.501± 0.131, re-
spectively). It is important to remark that both slopes (gen-
eral and refractory) are indistinguishable from each other.
These values (4.99 ± 1.14 × 10−5 dex/K and 4.62 ± 1.72
× 10−5 dex/K) suggest a clear TC trend between the stars A
and B of this stellar binary system.

MNRAS 000, 1–10 (2015)



6 Flores et al.

0.00
0.06
0.12
0.18
0.24
0.30
0.36

[X
/H

]

B-Sun

C

Na

Mg

Al

Si

S

Ca

Sc

Ti

V

CrMnFe
Co

Ni
Cu

Zn

SrY

Ba
La

Ce

Sm

Eu

Gd

Dy

0 5 10 15 20 25 30 35 40 45 50 55 60 65
Atomic Number

0.04

0.02

0.00

0.02

0.04

[X
/H

] C

Na
Mg

Al
Si

S

Ca
Sc

Ti
V

Cr
Mn

Fe
Co

Ni
Cu

Zn Sr
Y

Ba
La

Ce Sm
Eu

GdDy

Figure 3. Similar to Figure 2, but for B−Sun.
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At the moment, a number of binary systems have shown
chemical anomalies when both stars are mutually compared
(e.g., Teske et al. 2016b; Saffe et al. 2017; Oh et al. 2018; Tucci
Maia et al. 2019; Nagar et al. 2020; Jofré et al. 2021; Spina
et al. 2021). As previously noted, the corresponding planetary
masses involved in some of these systems, whose chemical
differences also show a correlation with the TC , do not ex-
ceed 3 Mjup. In contrast, the binary systems HD80606-7 and
HD106515A-B, which do host massive planets (4.0 Mjup and
9.0 Mjup, respectively), did not reveal the presence of chem-
ical anomalies (see Saffe et al. 2015, 2019, for details). Then,
to determine if this apparent trend, i.e., if the mutual chem-
ical differences are inhibited in those systems that harbour

massive planets, we decided to study the pair HD196067-68
which hosts a planetary companion of 12.5 Mjup. Remark-
ably, as can be observed in Fig. 4, our analysis shows the
presence of chemical anomalies when both stars are differen-
tially compared. In this way, our results would be indicating
that a high planetary mass does not necessarily hamper the
chemical differences between both components of the binary
system.

4.1 Possible scenarios to explain the TC trend of the
twin-binary system HD196067-68:

4.1.1 Planet engulfment

The higher metallicity (∆[Fe/H] ∼0.05 dex) detected in the
B component accompanied by a positive TC trend and also a
Li excess (∼0.14 dex), could be signatures of a planet inges-
tion (e.g. Pinsonneault et al. 2001; Saffe et al. 2017; Church
et al. 2019; Jofré et al. 2021; Galarza et al. 2021). This would
be in agreement with the results of Spina et al. (2021), who
performed a chemical statistical study of 107 binary systems
to test this scenario. These authors found evidence in favor of
this scenario in ∼25% of their sample, where the binary sys-
tem HD196067-68 is included. In addition, they determined
which component of this binary system is chemically anoma-
lous by comparing the refractory content of the stars with
that expected from a control sample with similar metallici-
ties. The authors proposed that the engulfment scenario is
responsible for both the increase in metallicity and the Li
i content of the chemically anomalous star. Then, following
the scenario of Spina et al. (2021), the chemically anoma-
lous star is the component B, having a higher metallicity and
Li i abundance than the component A (see their Figure 3).
Additionally, an estimation of the volatile-to-refractory ra-
tio using our values of [C/Fe] for both components (-0.005
± 0.056 and -0.053 ± 0.048 for the stars A and B, respec-
tively) indicates a higher content of refractory elements in
the B component. Then, these data suggest that the B com-
ponent possibly ingested rocky material, in agreement with
the scenario of Spina et al. (2021).

In order to test if the planet engulfment scenario could have
taken place in the system HD196067-68, we used the terra12

code (Galarza et al. 2016), which allows us to create synthetic
abundances to match with the measured ones. In brief, the
code simulates the convective mass of the iron-rich star (B),
given its mass and metallicity, to then estimates the amount
of rocky material by adding a combination of meteoritic and
terrestrial abundance to the convective mass to reproduce
the observed abundance pattern. A more detailed explana-
tion about terra can be found in Galarza et al. (2016). The
results indicate that the ingestion of 6.2 ± 1.6 M⊕ (5.4 of
chondrite-like composition plus 0.8 of Earth-like composition)
is necessary to reproduce the observed abundance in the B
star. The errors of the predicted abundance are computed
from the reduced chi-square value. Specifically, it multiplies
the reduced chi-square by the appropriate critical values cor-
responding to a given degree of freedom and the 95% confi-
dence level to generate a confidence interval representing the

12 https://github.com/ramstojh/terra
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uncertainty in abundance estimation. The confidence inter-
val bounds, upper and lower, are not always symmetric. The
current convective mass of B is estimated in 0.012 M⊙, and it
was calculated from a double interpolation between the mass
and [Fe/H] of the B component using convective masses from
the Y2 database (Yi et al. 2001; Demarque et al. 2004).

Figure 5 shows a notable agreement between the model
(orange circles) and the observed abundances (B−A, blue
squares) for most elements, except for lithium, which is over-
predicted by ∼0.14 dex. However, special attention must be
paid here, as terra assumes that planetary ingestion has
occurred recently and each component had the same ini-
tial amount of lithium at the time of accretion. Therefore,
the difference in Li between components can be interpreted
as a planet engulfment. The overpredicted abundance es-
timated by the model could indicate that the engulfment
occurred before the time of accretion assumed by terra.
Hence, our results do not exclude the planet engulfment sce-
nario. Li serves as a reliable indicator of planet engulfment
events when they occur roughly at the current age of the iron-
rich star, as demonstrated in the case of the binary system
HIP 71726-71737 (Yana Galarza et al. 2021) where terra
precisely predicts the abundance pattern of HIP 71726, in-
cluding Li. Nonetheless, we are aware that simulating engulf-
ment presents challenges, as it involves considering several
variables, including: i) the amount of stellar Li depleted by
each component; ii) the timing of the accretion episode; and
iii) the convective mass at the time of accretion.

To go a little further than what is generally done in lit-
erature, when adopting an engulfment event to explain a
TC trend, here we have tried to describe in more detail how
and when this event could have occurred in the chemically
anomalous B component. To do so, taking into account that
no planets have been detected yet orbiting the star B, two
strong assumptions need to be invoked. First, considering the
strong physical similarity between stars A and B, their high-
metallicity content (0.216 dex for A and 0.267 dex for B), and
the giant planet detected around star A, it seems plausible
to suppose that star B could have formed a giant gas planet

as well and possibly rocky material. The second assumption
states that the supposed giant planet caused star B to ingest
rocky material rich in refractory elements as a consequence of
the Kozai effect13. This mechanism could induce planet mi-
gration, potentially resulting in the collision of planets with
stars (e.g., Wu & Murray 2003; Fabrycky & Tremaine 2007;
Naoz et al. 2012; Mustill et al. 2015; Petrovich 2015; Church
et al. 2020). In fact, the high eccentricity of several plan-
ets in binary systems has been explained through this effect,
(e.g., Wu & Murray 2003; Li et al. 2021), including the case of
HD196067b, whose eccentricity suggests that this mechanism
may have played an important role in the dynamics of our
binary system HD196067-68, affecting the stability of plan-
etary orbits over time. Interestingly, Wu & Murray (2003)
demonstrated that the migration timescales for HD80606b, is
at least on the order of ∼0.7 Gyr. Therefore, the similarity in
mass and separation between HD80606-7 (∼1.1 M⊙ for both
components and ∼1000 au) and our pair allows us to suppose
that the component B (HD196068) could have experienced
a similar migration timescale. This supports the hypothesis
that the engulfment occurred recently, as the terra code
predicted. Given the age of star B (2.1 Gyr) and the migra-
tion timescale, the engulfment may have occurred at the age
of ∼1 Gyr, so signatures of engulfment are still detectable.
Recently, Behmard et al. (2023) demonstrated that possible
signatures of accretion are largest and longest-lived for 1.2
M⊙ stars, observable above 0.05 dex levels for ∼5 Gyr after
engulfment (see their Fig. 4). Interestingly, the mass of the
B component is ∼1.2 M⊙, with a corresponding enrichment
of refractory elements at ∼0.055 dex. Therefore, we propose
that the migration of a hypothetical giant planet triggered
the accretion of refractory material, either from the inner re-
gions of the planetary system or from the giant planet’s core
itself, resulting in the observed refractory excess in the star
HD196068. Similar migration scenarios have been proposed
for other binary systems (e.g., Neveu-VanMalle et al. 2014;
Teske et al. 2015; Saffe et al. 2017; Oh et al. 2018; Jofré et al.
2021). We stress, however, that our hypothesis does not nec-
essarily imply that HD196067 has not also experienced an
accretion process. If it has, it may have been less effective.

Despite the agreement of our analysis and the predic-
tions obtained with terra, it is noteworthy to mention that
the lithium difference observed between both components
could also be attributed to differences in their correspond-
ing ages, temperatures, masses and metallicities (e.g., Sestito
& Randich 2005; Ramírez et al. 2012; Castro et al. 2016; Bra-
gaglia et al. 2018; Rathsam et al. 2023). For instance, taking
the open cluster Ruprecht 147 (Figure 5 in Bragaglia et al.
2018) as a reference for the lithium evolution of our system
due to its similarity in age (2.5−3.0 Gyr) and metallicity (0.1-
0.23 dex), we can clearly see in Figure 6 that the difference in
mass between components (0.14 M⊙) explains very well the
difference in Li (0.14 dex). And the fact that the iron-rich star
has more lithium abundance than its companion is possibly
because the latter is leaving the lithium plateau (between 1.10
and 1.3 M⊙), where this element is barely destroyed during
the MS stage independently of stellar mass and metallicity

13 The Kozai mechanism originates oscillations in the eccentricity
and inclination of a planet as a consequence of the presence of a
remote stellar companion (see Kozai 1962, for details).
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(see Castro et al. 2016). Beyond the lithium plateau (>1.3
M⊙), the lithium decreases due to a gravitational diffusion
process below the convective zone. Despite the fact that these
results seem to weaken the accretion scenario, the evolution
of the Li i abundance observed in solar-type stars remains
difficult to interpret (see Meléndez et al. 2017; Baraffe et al.
2017; Soares-Furtado et al. 2021, for more details).

4.1.2 Planet locking

As a result of unprecedented precision work performed in the
Sun and 11 solar twins, M09 concluded that the depletion of
refractory elements shown by the Sun together with a strong
correlation with the TC could be attributable to the planet
formation process. In this line, the primordial content of re-
fractory elements in the Sun was possibly affected by the
creation of both the terrestrial planets and/or the cores of
giant planets, at the time of star and planet formation. This
depletion of refractory elements in the Sun’s photosphere has
been also confirmed and related to signatures of the planet
formation by other authors (e.g., Ramírez et al. 2010, 2014a;
Kunitomo et al. 2018; Bedell et al. 2018). In particular, by
means of a detailed chemical study in a larger sample (79
Sun-like stars), Bedell et al. (2018) also found the deficiency
in refractory material of the Sun. In addition, the M09 sce-
nario has also been invoked to explain the chemical anomalies
observed in a number of binary systems (e.g., Saffe et al. 2016;
Yana Galarza et al. 2016; Liu et al. 2020; Jofré et al. 2021).

Then, the positive TC trend in refractory elements observed
in Fig. 4 could be explained under the scenario of M09. When
comparing mutually both stars (i.e., B−A), the B compo-
nent is more metal-rich than its companion (∼0.051 dex, as
shown in Fig. 1). In addition, the average values of the dif-
ferential abundances [X/H] are higher for refractory elements
(∼0.055 dex) when compared to volatile ones (∼0.004 dex).
In other words, the planet locking in this binary system could
be related to a rocky planet (not yet detected) or with the
core of the super-Jupiter planet (12.5+2.5

−1.8Mjup, Li et al. 2021)

around the A component, similar to the case of the binary
system 16-Cyg (Tucci Maia et al. 2014).

4.1.3 Gas-dust segregation

It has been suggested that a TC trend can also be explained
under the gas-dust segregation scenario (Gaidos 2015b).
Based on this idea, recently Booth & Owen (2020) performed
an evolutionary model to test if, at the moment of a giant
planet formation, the gas-dust segregation process operating
at a protoplanetary disk could produce a chemical fingerprint.
In this work, the authors demonstrated that a forming giant
planet (i.e., Jupiter analogues) can open gaps 14 which would
allow the gas to be accreted into the proto-star. In contrast,
a substantial mass of exterior dust would be sequestered out-
side of the planets orbits without the possibility of being ac-
creted. This could lead to a refractory element deficiency on
the order of 0.02-0.06 dex, similar to the chemical pattern
shown by the Sun (0.04 dex).

The results of Booth & Owen (2020) were recently repro-
duced by Hühn & Bitsch (2023). In this work, the authors
performed a numerical simulation to study how the evolution
of the accretion disks could affect the stellar abundances, in-
cluding a better description for the individual elements that
participate in the accretion process as well as a more compre-
hensive treatment of planetary growth by pebble accretion. In
addition, they compared the observational abundances of the
wide binary system HD106515 with those derived from their
model, concluding that the elemental abundance difference
showed by this system can be originated as a consequence of
the formation of both a giant planet and also planetesimals.

Then, taking into account the above mentioned scenario,
the deficit of refractory elements showed by the A compo-
nent (∼0.05 dex relative to its companion B) was possibly
produced through a gas-dust segregation mechanism at the
early formation of its distant giant planet HD196067b (5.02
au, 12.5+2.5

−1.8Mjup). However, at the moment, these models do
not predict a theoretical TC trend to properly compare with
the observations.

5 CONCLUSIONS

We carried out a detailed line-by-line differential analysis of
the twin binary system HD196067-68. Fundamental param-
eters and stellar abundances of both components were ob-
tained employing both the classical and the non-solar-scaled
methods, being the latter a better approach accomplished for
the first time in this binary system. These calculations were
first performed by using the Sun as reference star (i.e., A−Sun
and B−Sun), and then the A component as reference (i.e.,
B−A). We used this last best solution to search for possible
TC trends comparing the binary system to the solar-twins
trend of M09. As a result, when both stars are compared
to each other (B−A), a clear different chemical composition
is revealed where the differential abundances show a higher
content of refractories compared to volatiles. In addition, all

14 The presence of these gaps has been revealed by ALMA and
VLT/SPHERE observations (e.g., Avenhaus et al. 2018)
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chemical elements, as well as the refractory species by one-
self, show a clear positive TC trend. Our analysis also reveals
that the B component is richer in metals than its companion
(∼0.051 dex), which would indicate that planet host compo-
nent A has clear chemical differences relative to its compan-
ion, which are not expected in a pair of co-eval and co-natal
stars. Distinctly, and contrary to some previous results, this
is the first TC trend detected in a wide binary system hosting
a massive super-Jupiter planet.

We explored some possible scenarios that could originate
the observed TC trend in the pair HD196067-68. While other
alternative causes such as dust cleansing or GCE effects are
essentially cancelled out thanks to the co-natal and co-eval
nature of this twin-binary system. A possible scenario re-
quires the engulfment of refractory-rich material by the star
B. In this case, the possible migration of a hypothetical gi-
ant planet could result in the ingestion of refractory material
from the inner regions or from the core of the giant planet.
This is supported by the general agreement with the predic-
tions from terra (Figure 5). However, the difference in Li
i observed in HD196067-68 could be also explained by con-
sidering the difference in stellar ages, temperatures, masses
(Figure 6) and metallicities. On the other hand, the seques-
trated refractory elements from the A component could have
been locked up in rocky planets and/or inside of the core of its
planet, as suggested by M09. However, at the moment, only
a Jupiter-like planet has been detected around the A com-
ponent (Marmier et al. 2013), while the presence of a core
rich in refractory elements on this planet can be possible. In
addition, following the results from evolutionary models of
Booth & Owen (2020), the dust-gas separation in the proto-
planetary disk as a consequence of the early formation of a
distant giant planet, could also be the origin of the deficiency
in refractory elements shown by the A component.

Finally, our analysis suggests that planet accretion, plane-
tary locking, and gas-dust segregation are all plausible. Cur-
rently, none of these scenarios can be definitively accepted
or rejected if some of the assumptions outlined above are
considered. Future high-precision photometric and/or spec-
troscopic follow-up of the stellar components could provide
relevant information over the presence of possible additional
planets in this binary system. We also encourage further high-
precision chemical studies on new planet-hosting binary sys-
tems, which are needed to improve the current knowledge of
the star-planet connection. In particular, it would be impor-
tant to continue studying the possible role of the planetary
mass in the chemical differences and mutual TC trends.
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