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ABSTRACT

Aims. We conducted a high-precision differential abundance analysis of the remarkable binary system HD 240429/30 (Krios and
Kronos, respectively), whose difference in metallicity is one of the highest detected to date in systems with similar components
(∼0.20 dex). A condensation temperature TC trend study was performed to search for possible chemical signatures of planet formation.
In addition, other potential scenarios are proposed to explain this disparity.
Methods. Fundamental atmospheric parameters (Teff , log g, [Fe/H], vturb) were calculated using the latest version of the FUNDPAR
code in conjunction with ATLAS12 model atmospheres and the MOOG code, considering the Sun and then Kronos as references,
employing high-resolution MAROON-X spectra. We applied a full line-by-line differential technique to measure the abundances of
26 elements in both stars with equivalent widths and spectral synthesis taking advantage of the non-solar-scaled opacities to achieve
the highest precision.
Results. We find a difference in metallicity of ∼0.230 dex: Kronos is more metal rich than Krios. This result denotes a challenge for
the chemical tagging method. The analysis encompassed the examination of the diffusion effect and primordial chemical differences,
concluding that the observed chemical discrepancies in the binary system cannot be solely attributed to any of these processes. The
results also show a noticeable excess of Li of approximately 0.56 dex in Kronos, and an enhancement of refractories with respect to
Krios. A photometric study with TESS data was carried out, without finding any signal of possible transiting planets around the
stars. Several potential planet formation scenarios were also explored to account for the observed excess in both metallicity and
lithium in Kronos; none was definitively excluded. While planetary engulfment is a plausible explanation, considering the ingestion
of an exceptionally high mass, approximately ∼27.8 M⊕, no scenario is definitively ruled out. We emphasize the need for further
investigations and refinements in modelling; indispensable for a comprehensive understanding of the intricate dynamics within the
Krios and Kronos binary system.
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1. Introduction

The chemical tagging technique consists in the possibility of
identifying co-natal stars that have dispersed into the Galactic
disc based on chemistry alone (e.g. Freeman & Bland-Hawthorn
2002; Casamiquela et al. 2021). This idea has been one of the
motivations of important surveys such as APOGEE, GALAH,
and the Gaia-ESO survey (Gilmore et al. 2012; Randich et al.
2013; De Silva et al. 2015; Majewski et al. 2017). A funda-
mental assumption guiding these surveys is that the members
of the birth cluster should exhibit a chemically homogeneous
composition. This hypothesis was tested using main-sequence
and red giant stars in open clusters, reaching an internal coher-
ence in metallicity in the range 0.02–0.03 dex (e.g. De Silva
et al. 2006; Bovy 2016; Liu et al. 2016; Casamiquela et al.
2020, 2021). Originally proposed by Andrews et al. (2018), wide
binaries (100 au < a < 1 pc) are an ideal sample for studying

chemical tagging (e.g. Andrews et al. 2019; Kamdar et al. 2019a;
Hawkins et al. 2020). In particular, for the case of binaries with
physically similar components, it is possible to reach the high-
est possible precision through a line-by-line differential analysis
(e.g. Schuler et al. 2011; Saffe et al. 2015, 2017; Teske et al. 2016;
Liu et al. 2018; Tucci Maia et al. 2019; Jofré et al. 2021; Flores
et al. 2024), which helps to minimize a number of model-induced
and other systematic errors (see Nissen & Gustafsson 2018).

Recently, the internal coherence of the chemical tagging was
strongly challenged by the discovery of the exceptional comov-
ing pair HD 240429/30 (hereafter Krios and Kronos; Oh et al.
2018), composed of two G-type stars sharing nearly identical
Gaia TGAS1 proper motions and parallaxes. Oh et al. (2018)
suggest that the two stars are co-natal, based on their proximity

1 The Tycho-Gaia Astrometric Solution catalogue (TGAS) is a com-
ponent of Gaia DR1 (Michalik et al. 2015).
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in phase-space, with very similar radial velocites and isochrone
ages, and also with very low probabilities of stellar capture and
exchange scattering. The authors used the stellar parameters and
abundances from the survey of Brewer et al. (2016), who studied
1617 FGK stars that belong to the California Planet Survey (CPS)
using an automated spectral synthesis procedure. In this way, Oh
et al. (2018) estimated for the pair a mutual difference in iron
content of ∼0.20 dex, and a similar value for other metals such
as Ca and Ni. To our knowledge, this is the largest difference
found to date between stars with twin components and a sup-
posed common origin, highlighting the pair Kronos and Krios as
a benchmark multiple system.

Hawkins et al. (2020) studied 25 binary systems and found
that 80% are homogeneous at the 0.02 dex level, while six pairs
show differences greater than 0.05 dex. Then, if confirmed, the
metallicity difference between Kronos and Krios would be ten
times higher, in logaritmic scale, than the typical internal coher-
ence of stars born in the same cluster. The greatest difference
found between Kronos and Krios would imply that their co-natal
nature could not be recovered by any previous chemical tagging
work (e.g. De Silva et al. 2006; Bovy 2016; Liu et al. 2016;
Casamiquela et al. 2020, 2021). The difference between Kronos
and Krios (∼0.2 dex) is similar to those found between ran-
dom pairs (scatter of 0.23 dex, Nelson et al. 2021), defying the
main assumption of the chemical tagging, in which stars formed
together display the same abundances along their main sequence
lifetimes. Recently, Saffe et al. (2024) analysed, for the first time,
a giant–giant binary system bringing new insights, with signifi-
cant differences in metallicity potentially attributed to primordial
inhomogeneities. The significance of these findings underscores
the importance of our binary system and deserves particular
attention.

In addition, it is equally important to explain the origin of
the significant metallicity difference between Kronos and Krios.
This requires studying the relative volatile-to-refractory content
between the stars and the condensation temperature (Tc) trends.
For instance, Meléndez et al. (2009) found that the Sun is defi-
cient in refractory elements (Tc > 900 K) relative to volatile (Tc <
900 K) when compared to 11 solar twins, and that the abundance
differences correlate with Tc. They suggested that this trend is a
signature of planet formation, assuming that refractory elements
were locked up in rocky planets during the Solar System for-
mation. However, different explanations for the Tc trends could
also be possible. Booth & Owen (2020) suggest that if a giant
planet forms early enough (<∼1 Myr) at large separations, it could
trap >∼100 M⊕ of dust exterior to its orbit. Then, the star would
accrete more gas than dust from the protoplanetary disc, which
could result in a lack of refractories in the stellar atmosphere. A
larger amount of refractories in a stellar atmosphere could also
be the result of accretion of rocky material (e.g. Gonzalez 1997;
Meléndez et al. 2017; Saffe et al. 2017; Oh et al. 2018). Oh et al.
(2018) suggested that Kronos accreted ∼15 M⊕ of rocky material
in order to explain the mutual Tc trend. To date, this is the high-
est amount of material estimated to be accreted in binary systems
with twin components: it is equivalent to approximately seven
times the four inner planets of the Solar System together, which
is also remarkable. Other authors consider alternative scenarios
trying to explain the Tc trends, such as Galactic chemical evo-
lution (GCE) or dust-cleansing effects (e.g. Önehag et al. 2011;
Adibekyan et al. 2014; Nissen 2015).

Recently, Spina et al. (2021) studied a sample of 107 binary
systems and showed that accretion events occur in ∼20–35%
of solar-type stars. In contrast, Behmard et al. (2023) found a
much lower engulfment rate of ∼2.9%, claiming that accretion

events are rarely detected. The last authors propose that pri-
mordial inhomogeneities rather than engulfment events could
explain the differences observed in binary systems. According
to their criteria (see Sect. 6), Kronos and Krios would be the
only pair showing a true engulfment detection, ruling out most
previous claims of engulfment events. This highlights again the
relevance of the notable pair Kronos and Krios between other
binary systems. Interestingly, Kunimoto et al. (2018) consider an
engulfment event unlikely in this binary system, owing to the
rapid mixing expected from fingering convection (10–100 Myr,
Théado & Vauclair 2012). Thus, the origin of the extreme
metallicity difference in this benchmark pair remains unknown.

A number of recent works studied atomic diffusion effects
on main-sequence stars, using stellar evolution models (e.g.
Dotter et al. 2017), observing the stars of the M67 open clus-
ter (e.g. Souto et al. 2018, 2019) and also using binary stars (e.g.
Ramírez et al. 2019; Liu et al. 2021). Diffusion models show a
strong dependence on log g, with the largest effects occurring
near log g ∼ 4.2 dex (see e.g. Fig. 5 in Souto et al. 2019). The
same plot predicts that a difference of ∼0.20 in log g could trans-
late into a difference of ∼0.075 in [Fe/H]; other differences are
predicted for different chemical elements. Liu et al. (2021) found
that the overall abundance offsets in four of seven binary sys-
tems could be due to atomic diffusion effects, complicating the
chemical tagging. The difference in log g estimated for the pair
Kronos–Krios is 0.10 dex (Brewer et al. 2016), the largest differ-
ence found in the sample of twin-star binary systems of Ramírez
et al. (2019). Then, we wondered if atomic diffusion effects not
previously studied in this benchmark pair could explain, at least
in part, the extreme difference in metallicity found.

The detection of a possible Tc trend in a binary or multiple
system is a challenge, requiring the highest possible precision
in the derivation of stellar parameters and abundances. This
demands high-quality spectra with very high S/N, reaching typ-
ically ∼400 or even more (e.g. Teske et al. 2016; Liu et al.
2018; Schuler et al. 2011; Tucci Maia et al. 2019), compared to
S/N∼200 for the case of Kronos and Krios (Oh et al. 2018). For
stars with low rotational velocities, it is usual to use equivalent
widths rather than spectral synthesis in the derivation of stellar
parameters, given that spectral synthesis depends on additional
factors (such as v sin i, the resolving power R of the instru-
ment, and the correct fitting of line profiles). The stars Kronos
and Krios present projected rotational velocities of 1.1 km s−1

and 2.5 km s−1 (Brewer et al. 2016), allowing a clean measure-
ment of equivalent widths. Moreover, for the case of multiple
systems with physically similar components, the use of a line-by-
line differential technique allows the minimization of systematic
errors (e.g. Schuler et al. 2011; Bedell et al. 2014; Saffe et al.
2015; Teske et al. 2016; Liu et al. 2018; Tucci Maia et al. 2019).
In this way, the physical similarity between Kronos and Krios
(G0V+G2V) is an advantage to be exploited with a differen-
tial analysis, a technique not applied by previous works for
this pair.

Then we studied the benchmark pair Kronos and Krios
by using a high-quality MAROON-X spectra with higher S/N
(∼400), higher resolving power (R∼85 000), broader spectral
coverage (from ∼4900 to 9200 Å), and using a more refined anal-
ysis technique than previous works (fully differential together
with equivalent widths). In addition, we took advantage of using
non-solar-scaled opacities in the derivation of model atmo-
spheres, which could result in small abundance differences when
compared to the classical solar-scaled methods (Saffe et al. 2018,
2019; Flores et al. 2024). This allowed us to determine a metal-
licity difference between the two stars with the highest possible
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precision, and to perform a Tc trend analysis to study the possible
origin of the differences in this benchmark pair, which could be
attributed to a planet engulfment event (Oh et al. 2018; Behmard
et al. 2023). Moreover, we explored alternative scenarios that
could lead to this result, such as atomic diffusion (Liu et al. 2021)
and the potential primordial origin of the chemical difference
(Ramírez et al. 2019; Nelson et al. 2021; Saffe et al. 2024).

This work is organized as follows. In Sect. 2, we describe the
observations and data reduction. In Sect. 3, we present the stellar
parameters and chemical abundance analysis. In Sect. 4, we show
the results and discussion. Finally, in Sect. 5 we highlight our
main conclusions.

2. Observations and data reduction

The spectra of Kronos and Krios were acquired through the
M-dwarf Advanced Radial velocity Observer Of Neighboring
eXoplanets (MAROON-X) spectrograph2. This high-precision
bench-mounted echelle spectrograph provides high-resolution
(R∼85 000) spectra when illuminated via two 100 µm (0.′′77 on
sky) octogonal fibres. MAROON-X is connected to the 8.1 m
Gemini North telescope at Maunakea, Hawaii. Currently, the
spectrograph has no movable parts and is operated in one read-
out mode (100 kHz, 1 × 1 binning). MAROON-X is equiped
with two STA4850 (4080 × 4080) CCD detectors with a pixel
size of 15 µm, including a coating optimized for their respec-
tive wavelength coverage. The instrument includes its own
tungsten-halogen lamp for flat-fielding and a ThAr arc lamp for
wavelength calibration.

The observations were taken on August 15, 2022 (Pro-
gramme ID: GN-2022B-Q-203, PI: Paula Miquelarena); the star
Kronos was observed immediately after the star Krios, using the
same spectrograph configuration. The exposure times for Krios
and Kronos were 3×20 min and 3×16.67 min, respectively. This
resulted in a final signal-to-noise ratio (S/N) per pixel of ∼420 for
both stars, measured near ∼6000 Å in the combined spectra. The
final spectral coverage was ∼4900–9200 Å. The solar spectrum
was obtained by observing the asteroid Vesta (Programme ID:
GN-2022A-Q-22, PI: Yuri Netto), yielding a S/N similar to that
achieved in the combined spectra of Kronos and Krios. How-
ever, it is worth mentioning that the most accurate differential
study, in terms of abundance precision, is conducted between
the components of the binary system due to their similarity.

MAROON-X spectra were reduced using MAROONXDR3,
a publicly available Data Reduction for Astronomy from Gem-
ini Observatory North and South (DRAGONS, Labrie et al.
2019) implementation of the data reduction pipeline, following
the standard recipe for echelle spectra (e.g. bias and flat correc-
tions, scattered light correction). The continuum normalization
and other operations (such as Doppler correction and spectra
combination) were carried out using the Image Reduction and
Analysis Facility (IRAF)4.

3. Stellar parameters and abundance analysis

We determined fundamental stellar parameters, such as effective
temperature (Teff), surface gravity (log g), metallicity ([Fe/H]),

2 https://www.gemini.edu/instrumentation/maroon-x
3 https://github.com/GeminiDRSoftware/MAROONXDR
4 IRAF is distributed by the National Optical Astronomical Observato-
ries, which is operated by the Association of Universities for Research
in Astronomy, Inc. (AURA), under a cooperative agreement with the
National Science Foundation.

Fig. 1. Differential abundance vs. excitation potential (upper panel) and
differential abundance vs. reduced EW (lower panel) of Krios relative
to Kronos. The black dots correspond to Fe I and the red triangles cor-
respond to Fe II.

and microturbulence velocity (vturb), as well as chemical abun-
dances for Kronos and Krios by first measuring the equivalent
widths (EWs) of 26 elements, including Fe I and Fe II, using
the splot task in IRAF5. The list of spectral lines, along with
significant laboratory data, such as excitation potential, oscilla-
tor strengths, and log gf values, were sourced from Liu et al.
(2014), Meléndez et al. (2014), and were supplemented with data
from Bedell et al. (2014), who carefully selected lines for precise
abundance determinations.

Stellar atmospheric parameters were obtained by imposing
ionization and excitation balance of the Fe I and Fe II lines. In
this method we search for a zero slope when comparing Fe I
and Fe II abundances with reduced equivalent width (EWr =
EW/λ) and excitation potential, respectively. For this pur-
pose, we employed the FUNdamental PARameters programme
(FUNDPAR, Saffe et al. 2015, 2018) in its latest version. It uses
the MOOG code (Sneden 1973) together with ATLAS12 model
atmospheres (Kurucz 1993) to search for the best solution (for
more details, see Saffe et al. 2018). In Fig. 1, we present the
differential abundances of Fe I (black) and Fe II (red) versus exci-
tation potential (upper panel) and reduced EWs (lower panel) for
Krios compared to Kronos.

We employed a full6 line by line differential technique
using the Sun as reference in the first step. In this context,
the adopted solar parameters were Teff = 5777 K, log g =
4.44 dex, [Fe/H] = 0.00 dex and vturb = 1.00 km s−1. Subse-
quently, we recalculated vturb by ensuring a zero slope between
absolute abundances of Fe I and EWr, and the value obtained
was 1.13 km s−1. The final parameters for Kronos and Krios
relative to the Sun are presented in Table 1. The correspond-
ing uncertainities were estimated using the method described
in Saffe et al. (2015), which accounts for the individual and
mutual co-variances for the error propagation. We applied the
same methodology to determine the differential stellar parame-
ters and abundances of Krios, using Kronos as the reference star.

5 Data available at https://zenodo.org/records/12168196
6 We take into account line-by-line level variations, not only for deter-
mining abundances, but also in the calculation of stellar parameters.
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Table 1. Fundamental parameters obtained for Kronos and Krios.

Star Teff log g [Fe/H] vmicro Teff
(†) log g (⋆)

(K) (dex) (dex) (km s−1) (K) (dex)

Our work

Kronos–Sun 5895 ± 66 4.44 ± 0.06 0.220 ± 0.007 1.18 ± 0.04 5903 ± 51 4.40 ± 0.04
Krios–Sun 5892 ± 52 4.49 ± 0.08 –0.010 ± 0.010 1.18 ± 0.06 5938 ± 40 4.45 ± 0.04
Krios–Kronos 5895 ± 38 4.49 ± 0.05 –0.230 ± 0.005 1.19 ± 0.04 – –

Brewer et al. (2016)

Kronos–Sun 5803 ± 25 4.33 ± 0.03 0.20 ± 0.010 0.85 – –
Krios–Sun 5878 ± 25 4.43 ± 0.03 0.01 ± 0.010 0.85 – –

Notes. (†)Photometric effective temperature. (⋆)Trigonometric log g obtained from PARAM 1.5.

The resulting parameters for Krios relative to Kronos are also
provided in Table 1.

We also derived chemical abundances for 26 elements, other
than Fe: Li I, C I, O I, Na I, Mg I, Al I, Si I, S I, Ca I, Sc I, Sc II,
Ti I, Ti II, V I, Cr I, Cr II, Mn I, Co I, Ni I, Cu I, Zn I, Y II, Zr II,
Ba II, La II, Ce II, Pr II, Nd II, and Eu II. For this purpose we
implemented a curve of growth analysis by using the latest
version of MOOG (Sneden 1973). In order to account for hyper-
fine structure (HFS) effects, we employed spectral synthesis for
V I, Mn I, Co I, Cu I, Li I, Y II, Sc II, and Eu II, incorporating
HFS constants from Kurucz & Bell (1995). We also applied
abundance corrections for galactic chemical evolution (GCE)
based on the [X/Fe]–age correlation from Bedell et al. (2018)
for (Krios–Sun) and (Kronos–Sun), following the methodology
detailed by Spina et al. (2016) and Yana Galarza et al. (2016). No
GCE correction was made for Krios–Kronos, as it is assumed
that they were born from the same molecular cloud. Specifically,
we considered non-local thermodynamic equilibrium (NLTE)
corrections for Ba II (Korotin et al. 2011), Na I (Shi et al. 2004),
and O I (Ramírez et al. 2007). The NLTE correction for Ba II
is +0.015 dex for Kronos and 0.00 dex for Krios. For Na I we
adopted –0.08 dex for both stars, and for O I we adopted +0.11
dex for Kronos and +0.18 dex for Krios. The differential abun-
dances of all elements, along with their corresponding errors,
are detailed in Table 2. It is worth mentioning that extensive
NLTE corrections are avilable using an interpolation tool at the
MPIA website7. This service includes several elements (Mg, Si,
and Ca, among others) and also Fe I and Fe II corrections. For
example, the O I triplet include hydrogen collisions with cross-
sections based on quantum-mechanical calculations (Bergemann
et al. 2021). The interpolation tool made use of MAFAGS or
MARCS model atmospheres. Considering that our calculation
used the ATLAS12 model, a future implementation of FUND-
PAR using the MARCS models could take advantage of the
mentioned NLTE corrections. The total abundance errors (σTOT)
were obtained by quadratically adding the observational errors
(derived as σ/

√
(n − 1)) and errors due to uncertainties in fun-

damental parameters. For those elements with only one line,
we adopted for σ the average standard deviation of the other
elements.

Using the spectroscopic stellar parameters obtained for both
components, we derived new values for stellar masses M⋆,
radius R⋆, and ages τ⋆. To accomplish this, we employed
PARAM 1.58 from the PAdova and tRieste Stellar Evolution
Code (PARSEC) (De Silva et al. 2006; Rodrigues et al. 2014,

7 https://nlte.mpia.de
8 http://stev.oapd.inaf.it/cgi-bin/param/

Table 2. Differential abundances obtained for Kronos and Krios relative
to the Sun and for Krios relative to Kronos.

Species Kronos–Sun Krios–Sun Krios–Kronos

[X/Fe] σTOT [X/Fe] σTOT [X/Fe] σTOT

C I –0.295 0.034 –0.070 0.040 0.218 0.029
O I –0.259 0.079 –0.163 0.062 0.090 0.055
Na I –0.271 0.046 –0.101 0.031 0.168 0.030
Mg I 0.016 0.067 0.014 0.089 –0.005 0.044
Al I 0.075 0.018 0.051 0.029 –0.028 0.013
Si I –0.017 0.006 0.016 0.023 0.031 0.016
S I –0.235 0.032 –0.037 0.026 0.192 0.024
Ca I 0.050 0.026 0.020 0.039 –0.029 0.019
Sc I 0.013 0.054 0.027 0.065 0.014 0.053
Sc II 0.060 0.039 0.011 0.022 –0.059 0.02
Ti I 0.054 0.017 0.017 0.018 –0.036 0.013
Ti II 0.047 0.034 0.037 0.032 –0.014 0.027
V I 0.023 0.032 –0.008 0.035 –0.036 0.023
Cr I –0.019 0.019 –0.014 0.020 0.007 0.014
Cr II –0.021 0.028 0.002 0.032 0.021 0.027
Mn I –0.169 0.081 –0.078 0.073 0.090 0.065
Co I 0.029 0.029 0.008 0.031 –0.025 0.021
Ni I 0.023 0.008 –0.004 0.011 –0.028 0.006
Cu I –0.251 0.064 –0.070 0.050 0.175 0.045
Zn I –0.108 0.065 0.041 0.062 0.144 0.052
Y II –0.083 0.062 –0.037 0.065 0.055 0.052
Zr II 0.051 0.065 0.010 0.062 –0.033 0.052
Ba II 0.256 0.065 0.059 0.062 –0.185 0.052
La II 0.032 0.065 –0.075 0.062 –0.097 0.052
Ce II –0.067 0.065 –0.118 0.062 –0.041 0.052
Pr II –0.013 0.065 –0.029 0.062 –0.010 0.052
Nd II 0.196 0.051 0.142 0.067 –0.047 0.052
Eu II 0.144 0.065 0.118 0.062 –0.025 0.052

A(Li) (a) 2.84 0.070 2.28 0.070 –0.56 0.069

Notes. The total error σTOT includes errors due to parameters and
observational errors. (a)Absolute abundance of Li.

2017). We specifically utilized the evolutionary tracks from Mod-
ules for Experiments in Stellar Astrophysics (MESA; Paxton
et al. 2011, 2013, 2015, 2018); the initial data required for the
analysis included Teff , log g, and [Fe/H], along with the respec-
tive 1σ error in all cases. We also included parallaxes from Gaia
EDR3 (Gaia Collaboration 2021) and photometry from Tycho-2
catalogue in V and B bands (Hog et al. 2000). The derived values
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are M⋆ = 1.14+0.02
−0.04 M⊙, R⋆ = 1.11+0.06

−0.04 R⊙, τ⋆ = 1.95+1.68
−1.34 Gyr

for Kronos, and M⋆ = 1.04+0.02
−0.02 M⊙, R⋆ = 1.01 ± 0.04 R⊙,

τ⋆ = 1.57+1.67
−1.10 Gyr for Krios. In addition, we estimated the ages

of the components using trigonometric log g, obtaining as a
result τ⋆ = 2.18 ±1.37 Gyr for Kronos and τ⋆ = 2.09 ±1.50 Gyr
for Krios, which are similar to the previous values within the
errors, providing evidence of the true coevality of the system.

4. Results and discussion

The stellar parameters and chemical abundances derived from
this work were obtained through the opacity sampling method,
incorporating non-solar-scaled opacities (Saffe et al. 2018).
When comparing the fundamental atmospheric parameters listed
in Table 1 with those obtained from Brewer et al. (2016), we
find a good agreement within the errors. However, a notable dis-
crepancy arises when comparing Teff differences between the
two components. In our investigation these temperatures exhibit
notable similarity, yielding identical temperatures when using
Kronos as the reference star. In contrast, Brewer et al. (2016)
reports a significant temperature difference between the com-
ponents. We attribute this discrepancy to the use of higher S/N
spectra, the use of different line lists and atmospheric models,
and the full line-by-line differential technique employed in our
study.

Moreover, it is noteworthy that the atmospheric model uti-
lized in the prior chemical analysis, as indicated by Brewer
et al. (2016), employed a fixed microturbulence parameter set at
0.85 km s−1. Nissen & Gustafsson (2018) have cautioned against
the potential inaccuracies associated with using a constant value
for vturb. This caution gains particular significance considering an
observed variation of approximately 1.2 km s−1 when analysing
stars with effective temperatures ranging between 5000 K and
6500 K (Edvardsson et al. 1993; Ramírez et al. 2013). In our
study, we opted not to fix vturb; instead, we estimated the value
that best fits with the atmosphere model of the components,
achieving an optimal agreement between abundances and line
intensity.

Additionally, we calculated the photometric temperatures
of the two stars using the COLTE code9, which derives
colour-effective temperature relations employing Gaia DR3 and
2MASS photometry in the InfraRed Flux Method, and esti-
mating errors from Monte Carlo simulations of each index
(Casagrande et al. 2021). The weighted average results can
be observed in Table 1. For Kronos there is excellent concor-
dance between spectroscopic and photometric Teff , and for Krios
the photometric temperature appears marginally higher than
the spectroscopic value, although still statistically indistinguish-
able within the errors. Nevertheless, the spectroscopic estimate
exhibits a slightly closer agreement with the photometric value
compared to those derived by Brewer et al. (2016).

The significant difference in metallicity found in Oh et al.
(2018) of ∼0.20 dex is also reflected in this study, with a dif-
ference of 0.230 dex, indicating that Kronos is more metal-rich
than Krios. Figure 2 shows the abundance of chemical elements
in Krios versus condensation temperature TC, considering Kro-
nos as reference. The 50% TC values were taken from Lodders
(2003), for a solar composition gas. We calculated the slope con-
sidering all elements and considering only the refractories. The
weighted results were –17.43 ± 2.25 ×10−5 dex K−1 for all ele-
ments and –23.98 ± 5.16 ×10−5 dex K−1 for refractories. Based

9 https://github.com/casaluca/colte

Fig. 2. Differential abundances from Krios–Kronos vs. TC. The
weighted linear fits to all elements and to refractories are represented
as a black and a red line, respectively.

on these findings, a pronounced lack of refractories relative to
volatiles in Krios compared to Kronos is evident, with a signif-
icance at a 9σ level. Regarding the refractory elements, we can
observe that this slope is also significant at a 6σ level.

In view of their results, Oh et al. (2018) explored the pos-
sibility that this system formed through binary-single scattering
events, where initially unrelated stars undergo an exchange of
binary members. The study delves into the rate of exchange scat-
tering, considering factors such as the cross-section and velocity
parameters. However, the analysis revealed that this mechanism
is unlikely to explain the distinctive abundance patterns observed
in such stars. A statistical examination, employing randomly
drawn star pairs with similar metallicity characteristics, rein-
forces this conclusion, highlighting the improbable nature of
exchange scattering in accounting for the observed chemical
differences within the binary system.

4.1. Li content in Kronos and Krios

The Li abundance was initially calculated for Krios and Kro-
nos using spectral synthesis of the 6707.8 Å line and corrected
for NLTE effects using the INSPECT tool (Lind et al. 2012),
obtaining A(Li) = 2.78 ± 0.07 dex for Kronos and A(Li) =
2.26 ± 0.07 dex for Krios. However, due to an artefact observed
around the lithium line, particularly on its left wing, we opted
to use spectra from the HIRES database (Programme ID: Y219,
PI: Brewer) to redetermine its abundance. After correcting for
NLTE effects using the INSPECT tool, we obtained A(Li) val-
ues of 2.84 ± 0.07 dex for Kronos and 2.28 ± 0.07 dex for Krios,
in good agreement with the values obtained with MAROON-X
spectra, within the errors. Consequently, the lithium difference
between components is ∆(Li) = 0.56 dex, slightly greater than
the ∆(Li) = 0.50 dex reported by Oh et al. (2018).

Prior studies of FGK dwarf and subgiant stars revealed a sub-
tle trend between lithium abundance and Teff , with A(Li) being
higher for hotter stars (Ramírez et al. 2012; Bensby & Lind
2018). Furthermore, Carlos et al. (2019) found a strong corre-
lation between Li depletion and age for a sample of 77 solar-type
stars, and a weaker correlation with metallicity and mass, with
higher Li depletion for older, more metallic, and less massive
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Fig. 3. Lithium abundance vs age for a sample of solar analogues
extracted from Martos et al. (2023). The orange diamonds represent
Kronos and Krios with ages calculated using Y2 isochrones, along with
their respective metallicities. The orange triangle represents Kronos
with a bulk metallicity composition of [Fe/H] = −0.01 dex. Similarly,
the green diamonds and triangle represent Kronos and Krios, consider-
ing ages calculated with MESA isochrones.

stars, in line with previous studies (e.g. Castro et al. 2009; Carlos
et al. 2016).

Recently, Martos et al. (2023) estimated a correlation
between Li abundance and both age and [Fe/H] in a sample of
118 solar analogues, using a least-squares method, and found a
robust anticorrelation with these parameters. In Fig. 3 of their
work, they showed the behaviour of A(Li) with respect to age
and [Fe/H]. In Fig. 3, we replicated this distribution by plot-
ting A(Li)NLTE versus age, including those objects with −0.15 <
[Fe/H] < 0.15 (black points) and [Fe/H] > 0.15 (red squares).
We included Kronos and Krios, shown in the figure with dia-
monds. Given the significant difference in metallicity between
both stars, we also contemplated the hypothesis that the bulk
composition of Kronos closely resembled that of Krios, indi-
cated with triangles in the figure. We considered ages computed
using MESA isochrones, indicated in green in Fig. 3. Addition-
ally, we incorporated ages calculated through the Yonsei-Yale
(Y2) set of isochrones (Yi et al. 2001; Demarque et al. 2004)
and taking into account the influence of alpha enhancement,
to maintain consistency with the sample analysed by Martos
et al. (2023), resulting in τ⋆ = 3.08 ± 1.54 Gyr and τ⋆ = 2.81 ±
1.60 Gyr for Kronos and Krios, and τ⋆ = 3.61 ± 1.69 Gyr for
Kronos considering [Fe/H] = −0.01 dex, represented in the fig-
ure in orange. First, we focussed on the MESA set of parameters;
it is apparent that Krios has a similar A(Li) to the other stars
in the same age group. However, the behaviour of Kronos is
quite different from the stars of the same age and metallicity in
the sample. It can be observed that, regardless of the primordial
metallicity that Kronos may have had, it has more lithium than
the rest of the stars in the sample. This phenomenon remains
prominent in both cases, whether its primordial metallicity was
[Fe/H] = –0.01 dex initially, or considering a bulk metallicity of
[Fe/H] = 0.22 dex. Furthermore, these results are also replicated
with the set of Y2 parameters. This suggests that the difference
in lithium between the two stars cannot be solely explained by
differences in parameters. If this were the case, we would expect
Kronos to be defficient in Li compared to Krios, considering Li
<1 dex, following the trend of the metal-rich stars in the sample;
however, it has Li = 2.78 dex, which is far from this sequence.

Due to the considerable depletion of lithium in stars, which
can exceed a factor of 100 at the solar age (e.g. Asplund et al.
2009; Monroe et al. 2013), planet engulfment provides a viable
mechanism for significantly increasing the photospheric lithium
content in solar-type stars (e.g. Ramírez et al. 2012; Meléndez
et al. 2017). Sandquist et al. (2002) showed that planet accre-
tion onto the host star could introduce planet material into the
stellar convection zone, thereby modifying surface abundances,
especially with respect to lithium.

Meléndez et al. (2017) found an increase in Li in HIP 68468
of approximately 0.6 dex, four times more than expected for
a star of its age, attributing this phenomenon to a possible
planet ingestion. In a similar work, Galarza et al. (2021) anal-
ysed the binary system HIP 71726–HIP 71737. Their analysis
revealed a metallicity difference of ∆(Fe/H) ∼ 0.11 dex and a
lithium disparity of ∼1.03 dex between the components. The
authors concluded that an engulfment event involving ∼9.8 M⊕
of rocky material could account for these observed differences.
Spina et al. (2021) analysed the chemical composition of 107
binary systems composed of solar-type stars, finding that those
stars with higher [Fe/H] than their companions also exhibited an
increase in Li abundance, linking both results to planetary inges-
tion by these enriched objects. They determined that engulf-
ment events occur with a probability of 20–35%. Nonetheless,
Behmard et al. (2023) claim that the use of an inhomogeneous
sample, the omission of an analysis of abundances with TC,
and the fact that some binaries in the sample did not qualify
as twins could significantly affect the high rates of engulfment
found by Spina et al. (2021). Instead, they conducted a more
detailed analysis of 36 planet-hosting binaries, of which only
11 systems were considered twins, aiming to detect potential
engulfment events. This exploration revealed that engulfment
events are rare, with a rate of ∼2.9%. Notably, the study empha-
sizes that only the Krios–Kronos binary could have experienced
a genuine engulfment event.

4.2. Searching for planets around Kronos and Krios

To date, there have been no planets detected in orbit around Kro-
nos and Krios. Therefore, we conducted a detailed photometric
analysis with the aim of revealing potential planetary bodies that
could offer valuable insights to the planet formation scenarios
expounded in the subsequent sections.

Both stars were observed by the Transiting Exoplanet Sur-
vey Satellite mission (TESS; Ricker et al. 2015) in sectors 17,
18, and 24 (from October 8 to November 27, 2019, and from
April 16 to May 12, 2020) with a 30-min cadence and in sectors
57 and 58 (September 30–November 26, 2022) with a cadence
of 200 s. The analysis of these data products, available in target
pixel file (TPF) format, was carried out with the tools provided
by the Lightkurve Python package (Lightkurve Collaboration
2018). Given that both stars are sufficiently separated in the
TESS field, we were able to analyse the TPF files of Kronos and
Krios independently. We performed single-aperture photometry
on the images, choosing as optimal aperture the one centred on
the target that allowed all the possible flux to be collected from
the star, but that minimized the sky contribution. The 30-min
and 200-s cadence light curves were treated separately. For both
modes, a median filter was applied to remove the systematics
in the resulting light curves. We were not able to eliminate the
strong systematics introduced by the changes in the Earth-Moon
orientation and distance in sector 24 and, hence, these data were
not used in the further analysis.
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Fig. 4. Portion of the detrended TESS light curves of Kronos (top) and
Krios (bottom) considering the 200-s cadence data of sector 58.

To look for signs of additional stellar and/or planetary com-
panions around Kronos and Krios, we ran the Transit Least
Squares code (TLS; Hippke & Heller 2019) on the detrended
light curves of each component separately (Fig. 4). No tran-
sit or eclipse-like signal that could suggest the presence of a
transiting planet or an eclipsing stellar companion was detected
in the 30-min or in the 200-s cadence of the two stars. Addi-
tionally, a detailed by-eye inspection of the TESS photometry
revealed that the stars show no signs of periodic modulation or
sporadic events, such as flares, which indicates that they are not
photometrically active objects. Here, it is important to caution
that the present conclusion about the periodic photometric vari-
ability is based only on visual scrutiny of the data. In order to
obtain a more reliable and confident result, we should run on
the TESS light curves of Kronos and Krios a tool specifically
designed to detect periodic modulations in time series, such as
the Lomb–Scargle periodogram (Lomb 1976; Scargle 1982) or
the auto-correlation function (McQuillan et al. 2013). However,
conducting such an analysis is beyond the scope of this paper.

4.3. Atomic diffusion

The atomic diffusion process includes effects such as gravita-
tional settling, thermal and chemical diffusion, and radiative
acceleration (e.g. Dotter et al. 2017; Liu et al. 2021). It primar-
ily operates in the radiative zones of the stars, pushing certain
elements and altering its surface abundances, depending on the
particular species and the evolutionary state of the star. In the
case of substantial differences in the spectroscopic parameters of
stars (Teff or log g) forming a binary system, this process could
potentially explain a disparity in metallicity between the compo-
nents since their abundances may have been affected differently
as they evolve. Liu et al. (2021) found that, for four of the seven
studied pairs with differences in log g >0.05 dex, their discrep-
ancies in [Fe/H] could be attributed to atomic diffusion rather
than planetary formation.

Fig. 5. Set of isochrones for an age range of 0.5–2.5 Gyr. Krios is plotted
in black and Kronos in grey. The vertical and horizontal bars correspond
to σ[Fe/H] and σ log g, respectively.

In the present work, Kronos and Krios exhibit a log g differ-
ence of approximately 0.05 dex. In consequence, we investigate
whether the observed difference in metallicity between the com-
ponents could be attributed to a diffusion process. To address
this, we used the MESA Isochrones and Stellar Tracks (MIST10;
Choi et al. 2016), which facilitates the derivation of stellar evolu-
tionary models that integrate the influences of atomic diffusion
and overshoot mixing, and also employed solar abundances from
Asplund et al. (2009). We generated a set of isochrones covering
the age range of both stars; the results are depicted in Fig. 5.
From the figure, it is evident that Krios follows an evolutionary
model consistent, within the errors, with the age calculated from
PARAM (τ⋆ ≈ 1.57 Gyr). With Kronos exhibiting a lower log g
than Krios, the metallicity of Kronos would be expected to be
lower if diffusion was predominant in explaining the anomalies
found. However, as depicted in Fig. 5, Kronos exhibits a signifi-
cantly higher metallicity than Krios. Based on this result, while
this effect cannot be completely ruled out, we can consider that
it is not the primary factor responsible for the pronounced differ-
ence in metallicity found in the binary system. There must be an
additional mechanism to account for these discrepancies.

4.4. Primordial chemical differences between components

Binary systems are ideal laboratories for testing a number of sce-
narios that have been proposed to explain the origin of chemical
signatures. This is attributed to the shared origin of the two stars
within the same molecular cloud, assuming that their primor-
dial chemical composition should be similar and diminishing the
factor of GCE.

Taking into account the substantial difference in metallic-
ity between Kronos and Krios, having a projected separation of
approximately 11 277 au, Oh et al. (2018) explored the probabil-
ity of their coincidental pairing. Using the Gaia Universe Mock
Simulation (Robin et al. 2012) and the Besançon Galaxy model
(Robin et al. 2003), they looked for chance pairs within 200 par-
sec of the Sun. From a sample of 119 259 solar-mass primary
stars, they found only one pair with ∆vr < 2 km s−1, which nat-
urally suggests a physical association between the Kronos and
Krios system rather than a chance pairing. We further calculated
the ∆v3D of the binary system. For this purpose, we utilized the
space velocities of each component from the Gaia DR3 dataset

10 https://waps.cfa.harvard.edu/MIST/index.html

A73, page 7 of 11

https://waps.cfa.harvard.edu/MIST/index.html


Miquelarena, P., et al.: A&A, 688, A73 (2024)

(Gaia Collaboration 2021) using the GALA code (Price-Whelan
2017). The ∆v3D is estimated at 0.55 km s−1, which is below
the 2 km s−1 limit required to ensure the continuity of a binary
system (Kamdar et al. 2019b).

Ramírez et al. (2019) examined a sample of 12 binary sys-
tems with twin stars, and found a modest correlation between
the absolute difference in metallicity among the components and
their separation. They found increased metallicity discrepancies
with expanding separations between the binary system compo-
nents. Additionally, Andrews et al. (2019) investigated chemical
homogeneity in 24 binary systems with similar components,
finding consistency in their abundances at a level of 0.1 dex.
Furthermore, they generated a set of random pairs from these
systems, and in this case, consistency was observed at a level of
0.3–0.4 dex. Following this line, Nelson et al. (2021) analysed 33
comoving pairs of F and G dwarfs and found that those comov-
ing systems spanning separations from ∼2× 105 au to 2× 107 au
exhibit greater homogeneity (∆[Fe/H] = 0.09 dex) than those
that are randomly paired (∆[Fe/H] = 0.23 dex).

Assuming that the two stars indeed constitute a coeval and
conatal system, and considering the results presented by Nelson
et al. (2021), it suggests that the difference in metallicity found in
the binary system cannot be solely explained by their separation
distance, suggesting the existence of some other factor to account
for this significant discrepancy.

4.5. Planet formation scenarios

4.5.1. Rocky planet formation

The average abundance calculated for refractory and volatile
elements for Krios-Kronos are −0.24 ± 0.01 dex and −0.03 ±
0.03 dex, respectively. These results, along with the trend
observed in Fig. 2, indicate an overabundance of refractories in
Kronos compared to Krios. Moreover, as seen in Sect. 4.1, there
is an excess of Li in Kronos of ∆(Li) = 0.56 dex, which can-
not be solely explained by differences in the parameters of the
components.

Among the possible scenarios that could explain this result,
we firstly consider the hypothesis presented by Meléndez et al.
(2009). They suggested that the lack of refractories in the Sun
may be attributed to the formation of terrestrial planets and
planetesimals around it, which primarily accreted refractory
material for this purpose (e.g. Saffe et al. 2016; Yana Galarza
et al. 2016; Liu et al. 2020). The fact that Krios exhibits a
deficiency in refractories could potentially result from a pro-
toplanetary disc sequestering refractory material, possibly for
the subsequent formation of rocky planets around the star. To
date, as we present in Sect. 4.2, no planets have been detected
transiting either component of the binary system. While cur-
rent evidence does not provide strong support for this model, it
would be intriguing to conduct a radial velocity study to search
for possible anomalies that could indicate the presence of a
planet.

Another plausible factor that may account for the disparity
in metallicity and the trend with TC among the binary system
components is the potential presence of a debris disc encircling
Krios, similar to what was observed in the ζ1 − ζ2 Ret system
(Saffe et al. 2016). Debris disc detection primarily relies on iden-
tifying infrared (IR) excess emissions originating from circum-
stellar dust. These dust particles have lifespans shorter than those
of stellar systems, reinforcing the hypothesis that these discs
experience continuous replenishment through ongoing collisions
with substantial celestial bodies (e.g. Wyatt 2008).

To investigate the potential presence of an IR excess in this
binary system, we employed the VOSA11 platform, obtaining the
energy distribution for both system components using photomet-
ric observations from the SDSS, JPAS, Tycho, JPLUS, Johnson,
WISE, 2MASS, and Gaia3 filters. The analysis did not reveal any
IR excess in either component, discouraging the possibility that
the observed differences in metallicity and the TC trend in this
system are linked to the presence of a debris disc around Krios.

4.5.2. Dust trapping

The model proposed by Booth & Owen (2020) suggests that
the lack of refractories in one of the stars could be due to the
formation of a massive gas giant planet that created a gas gap
in the protoplanetary disc. This gap transforms into an outer
pressure trap beyond the orbit of the planet, mainly sequester-
ing dust from the disc. This mechanism could reveal a disparity
between refractory and volatile elements in the hosting star. The
recent study by Hühn & Bitsch (2023) refines the understanding
of this planetary formation scenario, exploring how the origin
of a planet influences the material accreted onto the convective
envelope.

If we consider this scenario as plausible, Krios should have
a Jupiter-sized planet in orbit, which, according to this model,
would create traps allowing the accretion of volatiles while
inhibiting the accretion of refractories. If this were the case, it
could potentially account for the abundance pattern observed in
Fig. 2. The absence of detected planets to date does not provide
conclusive evidence to entirely rule out this hypothesis.

4.5.3. Planetary ingestion

Another important scenario to consider is the engulfment
hypothesis (e.g. Saffe et al. 2017; Galarza et al. 2021; Jofré
et al. 2021; Flores et al. 2024). Spina et al. (2021) suggested
that two conditions must be met for the observed anomalies to
be attributed to the engulfment of a planet. Firstly, there should
be an excess of refractory elements compared to volatiles in one
of the stars in the pair, indicating the accretion of rocky mate-
rial by that object. Secondly, it should also exhibit an excess of
Li compared to its companion. This latter characteristic becomes
particularly significant when engulfment occurs at an advanced
age of the star because, by that time, it would have already
burned most of the Li in its atmosphere, and therefore the
accretion of new refractory material would leave a substantial
and detectable imprint when comparing the A(Li) of the two
components.

When comparing our findings with the hypotheses presented
in the work of Spina et al. (2021), the scenario of engulfment
becomes a plausible consideration. This implies that Kronos
might have undergone the accretion of one or more planets at
an advanced age, leaving distinctive lithium content marks and
introducing refractory elements into the atmosphere of the star.
To determine how much terrestrial mass Kronos would need to
have accreted to achieve these values, we employed the TERRA
code12 (Galarza et al. 2016). Our estimations reveal a convection
envelope mass of Mcz = 0.017 M⊙ for Kronos, with approx-
imately ∼27.8 M⊕ of rocky material considered necessary to
replicate the observed trend illustrated in Fig. 2. This includes
a combination of 19.9 M⊕ of terrestrial material and 7.9 M⊕
of meteoritic material. This remarkable magnitude of ingested

11 http://svo2.cab.inta-csic.es/theory/vosa/index.php
12 https://github.com/ramstojh/terra

A73, page 8 of 11

http://svo2.cab.inta-csic.es/theory/vosa/index.php
https://github.com/ramstojh/terra


Miquelarena, P., et al.: A&A, 688, A73 (2024)

Fig. 6. Observed and predicted abundances of Kronos–Krios vs. TC
(blue squares and orange dots, respectively), considering that Kronos
ingested ∼27.8 M⊕.

material represents one of the largest estimated to date in twin
components, underscoring the significance of the results. Fur-
thermore, recent research conducted by Armstrong et al. (2020)
provides compelling evidence of the existence of TOI849-b, a
planet with a core mass of 39.1 M⊕. This discovery not only
reinforces the plausibility of our findings, but also highlights
the prevalence of planetary bodies with masses comparable
to or even greater than the values found in our study within
exoplanetary systems.

Figure 6 depicts the observed model and the model adjusted
by TERRA, taking into account the ingestion of ∼27.8 M⊕. A
good agreement between the two models is evident, except for
Li, which is overestimated by ∼0.36 dex. We caution that TERRA
models engulfment as if it had occurred at the present time.
Hence, the excess of Li found in the predicted model suggests
that the engulfment likely occurred in the past. The mass of the
convective envelope plays a significant role; therefore, knowing
this value at the time of accretion would contribute to improving
the model. Nonetheless, the simulation predicted by TERRA can
be considered a solid first approximation.

Behmard et al. (2023) employed a sample of 36 stellar sys-
tems to quantify the duration a chemical signature could remain
observable in the stellar photosphere due to the ingestion of
a planet and its associated strength. They simulated pollution
resulting from the engulfment of a 10 M⊕ planet and found that
stars with masses ranging between 1.1 and 1.2 M⊙ exhibited the
highest and most enduring chemical signature, maintaining val-
ues greater than 0.05 dex for approximately 2 Gyr. They also
conducted an analysis considering the ingestion of a 50 M⊕
planet, where stars with masses between 0.7 and 1.2 M⊙ dis-
played signatures exceeding 0.05 dex for a duration spanning
3–8 Gyr. Taking into account the age and mass of Kronos,
these findings lead us to consider that the chemical differ-
ences observed in this star when compared to Krios, may have
originated from a potential engulfment of rocky material.

The Kozai migration (Kozai 1962) has been proposed to
explain this phenomenon in other binary systems, wherein a
giant planet orbiting one of the stars may experience orbital
decay due to a combination of perturbations caused by the other
star in the system that leads to an increase in the eccentricity of
the planetary orbit, accompanied by tidal friction that brings the
planet closer to the host star, ultimately resulting in the ingestion
of the surrounding rocky material and potentially the planet itself
(Wu et al. 2003; Takeda et al. 2008; Borkovits et al. 2011; Mustill
et al. 2015; Petrovich 2015; Church et al. 2020). In this context,
we should assume that Kronos initialy formed a giant gas planet

as well and possibly rocky material. Then the migration of this
hypothetical planet triggered the accretion of refractory material,
either from the inner regions of the planetary system or from
the giant planet’s core itself, resulting in the observed refractory
excess (as shown in Fig. 2). Some similar migration scenarios
have been invoked in the literature for other binary systems (e.g.
Neveu-VanMalle et al. 2014; Teske et al. 2015; Saffe et al. 2017;
Jofré et al. 2021; Flores et al. 2024).

5. Conclusions

We performed a high-precision differential abundance analysis
of the binary system Krios and Kronos with the aim of explor-
ing different scenarios that could explain the particularly high
[Fe/H] disparity found in Oh et al. (2018). To achieve this, we
took advantage of high-resolution spectra (S/N∼420) obtained
from MAROON-X. We calculated the fundamental atmospheric
parameters (Teff , log g, [Fe/H], vturb) for the two stars, for the
first time making use of the non-solar-scaled method and using
the Sun as reference, and recalculated parameters of Krios using
Kronos as reference. We also measured chemical abundances for
27 elements through equivalent widths and spectral synthesis,
subsequently analysing their relation with the TC . We found high
similarity in the fundamental parameters of the two components
and confirmed the existing difference in metallicity between
them, with Kronos having a metallicity ∼0.230 dex higher than
Krios. This substantial disparity suggests that previous chemical
tagging works may not have successfully recovered their shared
origin (e.g. De Silva et al. 2006; Bovy 2016; Liu et al. 2016;
Casamiquela et al. 2020, 2021).

In addition to these results, a significant difference in Li
abundance between the components was also found, with Kronos
being 0.56 dex more abundant in Li than Krios. When comparing
the abundances of (Krios-Kronos) versus TC, we observed a pro-
nounced trend relative to TC, a behaviour that is repeated when
considering only refractory elements. From these results, we pri-
marily deduce an excess of refractories in Kronos compared to
Krios.

We conducted a comprehensive single-aperture photometry
analysis using TESS data and the TLS code to investigate poten-
tial planets orbiting either of the stars. No transits or eclipses of
potential planets orbiting any of the components were detected,
and there were no indications of stellar activity. While no evi-
dence of transiting planets around Kronos and Krios was found,
it should be noted that planetary-mass bodies that do not transit
may still exist in the system. Additionally, it would be compelling
to perform an analysis of the radial velocity variations of both
components to shed light to this hypothesis.

Different scenarios were considered to explain the results
obtained. We introduced, for the first time, an atomic diffusion
analysis in this system, given the 0.05 dex difference in log g
found between components, the limit considered by Liu et al.
(2021) beyond which this phenomenon could affect the metal-
licity of the components. However, the characteristics of Kronos
differ significantly from what was anticipated by its evolutionary
model, suggesting that this scenario may not entirely account for
the wide difference in metallicity.

We also examined the potential that this difference had a
primordial origin, considering the projected separation exist-
ing between the stars (∼11 277 au). Following the approach of
Nelson et al. (2021), given that comoving pairs exhibit differ-
ences in metallicity of ∆[Fe/H] ∼ 0.09 dex, and taking into
account that both stars probably formed from the same gas and
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dust cloud (Oh et al. 2018), we suggest that the difference in
metallicity between the components cannot be solely associ-
ated with primordial differences; this implies the presence of an
additional factor influencing this substantial disparity.

Planet formation scenarios were also investigated. The TC
trend found in Fig. 2, if interpreted as a deficiency of refractories
in Krios, could have its origin in the formation of rocky plan-
ets (not yet detected), as proposed by Meléndez et al. (2009).
We also analysed the IR excess, searching for a possible dust
disc in Krios that could be generating the observed effect,
with no positive results. Additionally, the scenario proposed by
Booth & Owen (2020) was analysed in this binary system for
the first time, assuming the presence of a hypothetical Jupiter-
sized planet orbiting Krios, in which case pressure traps that
sequester refractory elements could generate the observed pat-
tern. However, additional photometric and spectroscopic data are
necessary to conduct a more detailed search for planets around
Krios, and to shed light on this hypotheses.

The last scenario analysed was planetary engulfment, a phe-
nomenon whose characteristics closely match the results found
in Kronos, both in the excess of [Fe/H] and the excess of Li
compared to Krios (Spina et al. 2021). Regarding this hypoth-
esis, we calculated the amount of rocky material Kronos would
have ingested to achieve this difference through the TERRA code,
resulting in ∼27.8 M⊕.

In conclusion, while the evidence may seem to favour the
engulfment hypothesis, it is crucial to acknowledge the inher-
ent complexities and uncertainties associated with each scenario.
Therefore, further investigation and exploration are imperative
in order to achieve a more comprehensive understanding of the
chemical anomalies and dynamics within this binary system.
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