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Abstract

Context. Binary systems composed of stars with similar parameters are expected to have identical chemical composition. However, many chemically anomalous pairs have been found in the literature, such as the binary HD 129171/HD 129209. It is still unclear whether these anomalies originate from inhomogeneities of protostellar clouds, with important implications for chemical tagging and theories of star formation, or if they are caused by a planet engulfment event suffered by one binary component.

Aims. In this work, we measured precise differential abundances for the system HD 129171/HD 129209 to explore the planet engulfment hypothesis proposed in the literature. We focused on the Be abundance in particular, showing that this element can serve as a diagnostic of engulfment events for solar-type stars.

Methods. Atmospheric parameters were determined imposing spectroscopic equilibrium of iron lines. Masses and ages were estimated with the isochronal method. The Li, Be, N, and O abundances were determined via spectral synthesis. Other elemental abundances (up to Zn) were determined by equivalent width measurements. The spectra adopted in the analysis was gathered using UVES/ESO.

Results. We confirm the large difference in [Fe/H] (0.120 ± 0.004 dex) and A(Li) (−1.00 ± 0.02 dex) among the members of the pair, as well as the trend between differential abundances and condensation temperature of the elements. The binary system also shows detectable differences in Be abundances (−0.20 ± 0.04 dex). The abundance pattern of the pair is reasonably reproduced by an engulfment model of 11.2 M⊕ of rocky material.

Conclusions. The difference in chemical abundances of the HD 129171/HD 129209 pair provides strong evidence in favor of the planet engulfment scenario. In this context, the detection of a Be difference among chemically inhomogeneous binary systems can be used as a diagnostic of rocky material ingestion experienced by a member of the pair.
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1 Introduction
It is widely accepted that stars in binary systems are formed from the collapse of the same molecular cloud and at around the same time. Thus, they share the same age and initial chemical composition. If the stars have similar parameters and therefore a similar internal structure, they should follow the same evolutionary path and be chemically identical.
However, recent works have shown the existence of binary pairs composed of “twin” solar-type stars presenting significant chemical abundance variations, especially in refractory elements (e.g., Ramírez et al. 2015; Saffe et al. 2017; Nagar et al. 2020; Spina et al. 2021; Yana Galarza et al. 2021; Yong et al. 2023; Liu et al. 2024). The observed chemical anomalies allow for two possible interpretations: either the protostellar clouds are not homogeneous, a common assumption in star formation theories, or this is the result of a planet ingestion suffered by one member of the pair.
Both scenarios have important implications for theories of stellar and planetary system evolution. If protostellar clouds are not homogeneous, this challenges the idea that the chemical content of a star directly reflects the composition of the interstellar medium at the environment and epoch of its formation, which is the main premise of chemical tagging – a method that aims to reconstruct the history of the Galaxy based on chemical abundances and kinematic information (Freeman & Bland-Hawthorn 2002; Liu et al. 2016, 2019). On the other hand, if the inhomogeneity of the pairs is caused by planet engulfment episodes, this would offer evidence that a non-negligible number of planetary systems evolve following highly dynamical routes, differing significantly from our Solar System, where the planets have remained in approximately circular orbits.
Many different dynamical processes have been suggested to lead a planet to migrate within its system, which could result in ejection from the system, collision between planets, or ingestion by the host star. In three-body systems, perturbations from a highly inclined stellar or planetary companion can result in secular variations in a planet’s eccentricity and inclination, a phenomenon known as the von Zeipel-Lidov-Kozai mechanism (von Zeipel 1910; Lidov 1962; Kozai 1962; Wu & Murray 2003; Naoz et al. 2011, 2013; Petrovich 2015; Naoz 2016; Church et al. 2020). In systems with multiple widely separated eccentric or inclined planets, secular chaos (i.e., the long-term dynamical evolution driven by mutual perturbations) plays an important role (Wu & Lithwick 2011; Lithwick & Wu 2011; Teyssandier et al. 2019). If the planets start in circular and coplanar orbits, planet–planet scattering during close encounters can significantly increase their eccentricities, eventually leading to ejections or collisions (Chambers et al. 1996; Rasio & Ford 1996; Weidenschilling & Marzari 1996; Chatterjee et al. 2008; Petrovich et al. 2014; Church et al. 2020; Marzari 2025). Existing torques due to interactions with the circumstellar disk can also drive migration (Trilling et al. 1998; Rice & Armitage 2003; Kley & Nelson 2012). For a review on dynamics of planetary systems, we refer to Davies et al. (2014) and for recent simulations of planet engulfment events, we refer to Soares et al. (2025), who found that although about half of the stars should ingest planets, a chemical signature could be detectable only in about 20% of them.
Refractory elements offer an excellent way to distinguish between the planet engulfment or the proto-cloud inhomogeneity scenarios. Since they have high condensation temperatures (≳1000 K), they are the primary constituents of the rocky material in planetary systems – terrestrial planets and cores of gaseous planets. In case of engulfment by a Sun-like star, this material is accreted by the star and then dissolved and mixed in the convective envelope, increasing the stellar surface abundances after the event (Sandquist et al. 2002). This process, however, produces a metal-rich outer layer with an unstable mean molecular weight gradient, which triggers thermohaline mixing (Théado & Vauclair 2012; Sevilla et al. 2022). For fragile elements such as Li and Be, this thermohaline mixing induces depletion, as it can carry these elements below the convective zone, into their burning regions. Thus, the chemical enrichment caused by the engulfment disappears over time. Nevertheless, Sevilla et al. (2022) demonstrated through simulations that the Li engulfment signature in stars with masses close to solar can be detected for ≥1 Gyr, adopting a conservative detection threshold of 0.05 dex.
Among the refractory elements, Li and Be are key in assessing possible planetary engulfment scenarios. These elements are easily destroyed in the stellar interiors due to the low temperatures required for their burning, making their abundances highly sensitive to the size of the convective zone. Li is depleted mostly during the first billion years (Gyr) of stellar evolution, especially during the pre-main sequence phase, and any enhancement of this element in one member of a binary twin pair could be an indication of chemical pollution that occurred during the stellar lifetime (Sandquist et al. 2002; Sevilla et al. 2022). Since Be is depleted at a higher temperature than Li (~3.5 × 106 vs. ~2.5 × 106 K) and it does not show signs of depletion caused by stellar evolution effects in solar twins and analogs of higher mass (Tucci Maia et al. 2015; Reggiani et al. 2025), its chemical signature can last longer. Furthermore, neither of these elements are produced by main sequence stars and therefore the only way of enriching main sequence stars with Li and Be is via accretion of rocky material.
There is some indication that planet engulfment is the main cause of the observed inhomogeneities in binary systems. Spina et al. (2021) studied 107 pairs with similar stellar parameters and found that the probability of finding a chemically anomalous pair increases with effective temperature (their Fig. 1). This evidence leans in favor of the planet engulfment hypothesis, since lower mass (colder) stars have deeper convective zones and are able to quickly dilute the rocky material. Additionally, the higher incidence of anomalous pairs among hotter stars cannot be explained by chemical inhomogeneities of the protostellar clouds. In their Fig. 2, we can see that the polluting material is rich in refractory and poor in volatile elements, which offers further evidence of the planet engulfment scenario, as it predicts chemical differences trending with condensation temperature (e.g., Ramírez et al. 2015; Saffe et al. 2017; Oh et al. 2018; Nagar et al. 2020; Yana Galarza et al. 2021; Behmard et al. 2023; Liu et al. 2024).
In this work, we analyzed the system HD 129171/HD 129209, composed of two G-type stars. The pair presents an effective temperature difference of 23 K (5957 ± 9 vs. 5934 ± 9 K), a log g difference of −0.09 dex (4.260 ± 0.024 vs. 4.350 ± 0.024 dex), a [Fe/H] difference of 0.11 dex (0.164 ± 0.008 vs. 0.049 ± 0.008 dex), and ΔA(Li) = 1.03 dex (Yana Galarza et al. 2021). Adopting spectra taken with the Robert G. Tull Coudé instrument at the Harlam J. Smith Telescope from the McDonald Observatory, with R = λ/Δλ ~ 60 000 and a signal to noise ratio of S/N ~350, Yana Galarza et al. (2021) derived chemical abundances for 28 chemical elements and found that the abundance difference pattern correlates with condensation temperature. Yana Galarza et al. (2021) also demonstrated that the chemistry of the system can be explained by an engulfment of a [image: Mathematical equation: $\[9.8_{-1.6}^{+2.0}\]$] M⊕ rocky planet.
Using higher quality UVES/ESO data, we reanalyzed the chemical pattern of HD 129171/HD 129209 to further explore the planet engulfment hypothesis. We are particularly interested in its beryllium (Be) abundance, as this element can help distinguish between the two possible scenarios: a large Be anomaly would be consistent with a planet engulfment event, while a small Be difference could only be attributed to primordial differences due to inhomogeneities of the protostellar clouds. Thus, this element could potentially be used to identify stars that under-went planet engulfment events solely from the analysis of their spectra.
This paper is organized as follows: in Sect. 2, we describe the data acquisition and processing. In Sect. 3, we present the determination of stellar parameters. Chemical abundances of the binary pair are explored in Sect. 4. In Sect. 5, we model a planetary engulfment based on the abundance pattern of the system. Finally, our conclusions are summarized in Sect. 6.
2 Observations and data reduction
The binary pair spectra adopted in this work were observed with UVES/VLT at ESO Paranal, through our ESO program 113.26GJ.002 (PI: A. Rathsam). We used the dichroic mode, obtaining simultaneous UV and optical coverage in the standard setting of 346 nm + 580 nm, spanning 305.1–387.0 nm and 478.8–680.6 nm in the blue and red arms, respectively. The UV setup was used to determine the Be, N, and O abundances, while the visible setup was used to derive the stellar atmospheric parameters and other elemental abundances. The resolving powers and S/N values achieved are R ~ 60 000 and S/N ~ 650 in the blue arm, along with R ~ 110 000 and S/N ~ 800 in the red arm.
Data processing was performed with the interface IRAF1. Radial velocities were measured for each individual spectra using the task rvidlines and the Doppler correction was performed with the task dopcor. We then combined the blue and red observations separately for each star with the task scombine, and normalized with continuum. The normalization of the region around the Be doublet line at 3131 Å was performed separately due to the high number of lines in the near-UV, which complicates the continuum placement, and will be described in Sect. 4.2.
Table 1 
Stellar parameters for the binary system HD 129171/HD 129209 and the Sun.

3 Stellar parameters
The atmospheric parameters (effective temperature Teff, logg, [Fe/H], and microturbulence velocity vt) were determined imposing excitation and ionization equilibria of Fe I and II lines in a line-by-line differential analysis (Bedell et al. 2014; Meléndez et al. 2014). Equivalent widths were measured for HD 129171, HD 129209, and the Sun using IRAF’s task splot, adopting the linelist from Meléndez et al. (2014). The solar spectra was originally observed with UVES/VLT using the same setup described in Sect. 2, reflected on the surface of the asteroid Juno (Tucci Maia et al. 2015). Spectroscopic equilibrium is performed with the code q2 (qoyllur-quipu2, Ramírez et al. 2014), which uses the stellar line analysis code MOOG (Sneden 1973; ABFIND routine) and the Kurucz model atmospheres ATLAS9 (Castelli & Kurucz 2003). Parameters were estimated for the binary pair adopting the Sun as the reference star. For validation, we also estimated atmospheric parameters for HD 129209 and the Sun using HD 129171 as reference.
The results are shown in Table 1. We confirm that the binary pair is in fact composed of two very similar stars, with ΔTeff = 24 ± 9 K and Δlog g = −0.06 ± 0.02. We also confirm the chemical inhomogeneity of the system, that presents Δ[Fe/H] = 0.120 ± 0.004, consistent with the value of Δ[Fe/H] = 0.11 ± 0.01 reported by Yana Galarza et al. (2021). Additionally, the atmospheric parameters of HD 129209 are identical regardless of adopting the Sun or HD 129171 as the reference star, and the solar parameters are fully recovered when analyzed relative to the primary.
To find the projected rotational velocity (v sin i) and the macroturbulence velocity (vmacro), we performed spectral synthesis of 4 Fe lines and 1 Ni line using MOOG (synth driver), as in dos Santos et al. (2016). These lines were selected by dos Santos et al. (2016) due to the lack of contamination by nearby blending lines. Model atmospheres were interpolated from the Kurucz ATLAS9 grids and adopted for all subsequent syntheses. The final values of v sin i and vmacro, shown in Table 1, correspond to the mean of the individual measurements, with their standard deviations taken as uncertainties.
Ages and masses were estimated with q2 by generating probability distributions through the comparison of the spectroscopic atmospheric parameters with theoretical ones from Yonsei–Yale isochrones (Yi et al. 2001; Kim et al. 2002). The input [Fe/H] in q2 was corrected to account for the contribution of α-elements to the overall metallicity, adopting Mg as a representative of α-elements, as described in Rathsam et al. (2023). The most probable values and their 1σ errors are reported in Table 1.
4 Chemical analysis
4.1 Li
Li abundances for the binary pair were determined through spectral synthesis of the Li doublet lines near 6707.8 Å using MOOG. We adopted the line list from Meléndez et al. (2012), which takes blends and the hyperfine structure of the Li line into account. Since we expect solar-type stars to deplete all their 6Li during their pre-main sequence phase due to its extremely fragile nature (Sandquist et al. 2002), we considered only the contribution of 7Li to the total Li abundance. 3D NLTE corrections were calculated with the Breidablik code3 (−0.096 dex for HD 129171 and −0.055 dex for HD 129209; Wang et al. 2021, 2024).
Observational errors (related to the quality of the data and depth of the absorption feature) were estimated by setting the minimum and maximum reasonable fits to the observed data and calculating the deviation from the best fit. Systematic errors (related to the uncertainties of the atmospheric parameters) were found by refitting the spectrum with a model atmosphere generated by adding and subtracting the uncertainty of each of the atmospheric parameters at a time while maintaining the others fixed. These errors are added in quadrature to obtain the systematic error. The total uncertainty is then [image: Mathematical equation: $\[\sigma_{\mathrm{A}(\mathrm{Li})}=\sqrt{\sigma_{\text {obs }}^{2}+\sigma_{\text {sys }}^{2}}\]$], which is dominated by the observational error.
Figure 1 shows the comparison between the observed and the synthetic spectra of the binary pair. The difference in Li content between the stars is ΔA(Li) = 1.00 ± 0.02 dex, compatible with the (1D NLTE) value of 1.03 ± 0.09 dex reported by Yana Galarza et al. (2021). Since main sequence stars lack an internal Li production mechanism and the level of Li depletion due to stellar evolution should have affected both stars similarly (given their similar stellar parameters), this enrichment in the primary star can only be explained by accretion of rocky material – either a terrestrial or a giant planet (which has a rocky core with an estimated mass on the order of ~10 M⊕; e.g., Mizuno 1980; Pollack et al. 1996; Piso & Youdin 2014; Guilera et al. 2020). The Li abundances of the pair are thus qualitatively consistent with a planet engulfment episode.
Sun et al. (2025) developed a simple model to assess potential differences in the Li signature following the engulfment of either an Earth-like or a Jupiter-like planet, finding that both scenarios lead to indistinguishable Li enhancements. As discussed in Sun et al. (2025), Earth-like material has a relatively low Li abundance, whereas in Jupiter-like material the combination of low hydrogen content and high heavy-element abundances leads to a low Li mass fraction, despite a potentially higher absolute Li content. Consequently, their work indicate that Li abundances alone are insufficient to distinguish between engulfment of a rocky planet or a rocky core of a giant planet.
From Figure 1, we see that the right wing of the Li line is not well reproduced for HD 129171, which could indicate a non-negligible 6Li content. If confirmed, this would be further evidence supporting the engulfment scenario; as mentioned before, 6Li should have been completely (or almost completely) depleted during the pre-main sequence phase. Indeed, Montalbán & Rebolo (2002) modeled planet ingestion by main sequence solar-type stars which predicted an abundance increase in both Li isotopes following such events. 6Li signature has been sought in stars with planets, but mostly with null results (e.g., Reddy et al. 2002; Mandell et al. 2004; Ghezzi et al. 2009).
Nevertheless, before interpreting this feature as a genuine isotopic signature, it is important to note that spectral lines in solar-type stars show asymmetries caused by convective motions in their atmospheres (Gray 2008), which 1D LTE analyses cannot reproduce. These asymmetries strengthen the red wing of absorption lines, producing an effect similar to that caused by 6Li absorption. Thus, a limited 1D LTE approach, such as presented here, could result in a spurious 6Li signal (Cayrel et al. 2007).
To check the effect of a more refined spectral synthesis on HD 129171’s Li line, we adopted the Breidablik code to interpolate its 3D NLTE 7Li line profile, shown in Figure 2. As can be seen in the figure, the line profile is still not well reproduced by the synthetic spectrum. Part of the discrepancy can be explained by nearby blends to the Li line (not considered by Breidablik), especially at the left wing, which is strongly affected by C and N abundances. However, the possibility of a nonzero 6Li content could not be discarded. Further investigations could be conducted adopting 3D model atmospheres, NLTE spectral syntheses and considering blending species.
	[image: Thumbnail: Fig. 1 Refer to the following caption and surrounding text.]	Fig. 1 Spectral synthesis of the region of the 7Li resonance line for the pair HD 129171/HD 129209, with their corresponding 3D NLTE abundances as indicated (lines). Open circles represent observed spectra.



	[image: Thumbnail: Fig. 2 Refer to the following caption and surrounding text.]	Fig. 2 Region of the 7Li resonance line for HD 129171 (open circles), over-plotted with the predicted spectrum from Breidablik and the synthetic spectrum generated with MOOG. Note: the Breidablik profile considers only 7Li, while the MOOG profile also includes nearby blends. The observed and synthetic spectrum from MOOG were shifted to match the central line wavelength from Breidablik.



4.2 Be
As mentioned in Sect. 2, the near-UV spectral region, which includes the Be doublet lines at ~3131 Å, contains multiple atomic and molecular transitions, which complicates the normalization process, since there is no visible continuum reference. This region must then be treated carefully.
To perform the normalization, we created a first normalized spectrum for each star with the continuum task on IRAF and generated a synthetic spectrum with MOOG adjusted to provide a reasonable fit to this observed normalized spectrum. Then, 12 additional observed spectra were created for each star by applying small differences to the inclination of the first normalized spectrum. These new spectra were compared internally, against the synthetic spectrum and against the normalized solar spectrum from Tucci Maia et al. (2015), which is anchored to the superb continuum normalization of the Kurucz et al. (1984) solar spectrum. The final normalized spectra were chosen as those providing the best match to the synthetic spectrum, ensuring a consistent continuum shape across all stars.
The spectral synthesis was then carried with the synth driver in MOOG, adopting the line list from Tucci Maia et al. (2015). Since systematic errors are too small compared to errors on the continuum placement, line depth, and due to the numerous blends, only observational errors were estimated. Figure 3 shows the comparison between observed and synthetic spectra near the Be doublet region for HD 129171, HD 129209, and the Sun, adopting A(Be)⊙ = 1.38 ± 0.01 dex (Asplund et al. 2009; Tucci Maia et al. 2015). The abundance difference among the binary pair is ΔA(Be) = 0.20 ± 0.04, indicating that HD 129171 is ~1.6 times richer in Be than its companion. Since Be differences are not expected to emerge from a possible inhomogeneity of this system’s birth cloud, the detected ΔA(Be) among the pair is an additional evidence of a planet engulfment suffered by the primary star.
Table 2 
Differential abundances of the system HD 129171/HD 129209.

	[image: Thumbnail: Fig. 3 Refer to the following caption and surrounding text.]	Fig. 3 Spectral synthesis of the region of the 9Be resonance line for the pair HD 129171/HD 129209 and the Sun, with their corresponding LTE abundances as indicated (lines). Open circles represent observed spectra.



4.3 N and O
To better determine the abundance pattern of the HD 129171/HD 129209 pair, measurements of low condensation temperature elements (volatiles), such as N and O, are essential. However, on UVES spectra, all detectable lines (from NH and OH molecules) fall on the far blue side of the spectrum4, with many near contaminant species, preventing measurements of equivalent widths. Therefore, to accurately determine N and O abundances, we performed spectral synthesis using the observed molecular features at 3399.8 (NH), 3189.3, 3218.1, and 3255.5 Å (OH) with MOOG. Line lists were generated with the code linemake5 (Placco et al. 2021). Errors for A(N) were estimated as observational errors (like for Be), while the uncertainty in the O abundance was taken as the standard deviation of individual measurements. The resulting abundances are shown in Table 2. The NH fit and an example of an OH fit are shown in Figure 4.
	[image: Thumbnail: Fig. 4 Refer to the following caption and surrounding text.]	Fig. 4 Spectral synthesis of the regions around the NH line (top) and OH 3189.3 Å line (bottom) for HD 129171 and HD 129209 (lines). Open circles represent observed spectra. An offset was applied to the normalized flux of HD 129171 for better visualization.



	[image: Thumbnail: Fig. 5 Refer to the following caption and surrounding text.]	Fig. 5 Differential abundances of HD 129209 relative to HD 129171 versus condensation temperature of the elements (from Lodders 2003).



4.4 Elements up to Z = 30
Aside from Li, Be, N, and O, elemental abundances were determined through equivalent width measurements using the task splot on IRAF. Abundances were found with the code q2, adopting a line-by-line differential analysis relative to the Sun and to HD 129171. The line list was taken from Meléndez et al. (2014, same list adopted for the Fe measurements).
Differential abundances of the system are presented in Table 2, while Figure 5 shows the abundances of HD 129209 relative to HD 129171 as a function of the condensation temperature of the elements (from Lodders 2003). The abundance pattern of the binary pair is consistent with a planet engulfment episode – if HD 129171 ingested a refractory-rich planet in its past, HD 129209 would appear depleted in refractories relative to the primary, which is exactly what is seen in Figure 5.
Another phenomenon that can cause abundance differences in binary pairs, independent of formation and accretion of planets, is atomic diffusion (e.g., Michaud et al. 2015), that consists in a global movement of particles due to gradients (of pressure, temperature, and/or concentration) and forces acting in the stellar interior. Liu et al. (2021), for example, studied seven binary pairs and found that differences in [Fe/H] and chemical composition among the system members could be qualitatively explained by atomic diffusion effects for pairs with Δlog g > 0.05 dex (similar to the derived Δlog g for HD 129171/HD 129209, −0.06 dex). However, both the observed and predicted abundance differences from models including diffusion are on the order of ~0.02 dex, which is much smaller than the typical Δ[X/H] of HD 129171/HD 129209 (average |Δ[X/H]| = 0.15 dex; median |Δ[X/H]| = 0.13 dex). Additionally, chemical inhomogeneities arising from atomic diffusion are not expected to correlate with condensation temperature. Thus, even if part of the chemical differences of the pair are due to atomic diffusion effects, this is still unable to fully explain the observed chemical pattern of the system.
5 Planet engulfment
To further explore the planet ingestion hypothesis proposed by Yana Galarza et al. (2021), we estimated the engulfed planetary mass required to reproduce the abundance pattern seen in Figure 5 using the Terra code6 (Yana Galarza et al. 2016). The code assumes that the engulfment occurs after the star has reached the main sequence and that internal mixing is negligible; therefore, the inferred engulfed mass should be regarded as a lower limit. Another important assumption is that the hypothetical ingested planet closely resembles those in the Solar System: Terra adopts solar abundances from Asplund et al. (2021) as the baseline for the stellar system (with a correction considering the stellar [Fe/H]) and models engulfment of rocky material using a combination of terrestrial abundances from Allègre et al. (2001) and chondrite abundances from Wasson & Kallemenn (1988). However, Spaargaren et al. (2023) showed that rocky exoplanets around solar-type stars can, in principle, be chemically different than Solar System planets. Even so, this approach is still informative, especially given their finding that both the Sun and Earth lie close to the medians of the predicted composition distributions.
Since the birth environment of HD 129171/HD 129209 may have contained a different Li content than the solar protocloud, we adopted the Li abundance of HD 129209 as the base A(Li), which is expected to represent the initial abundance of the system (depleted by effects of stellar evolution, which would have affected both stars similarly). We tested different chondrite abundances available in the code (CM, CI, H, L, and LL from Wasson & Kallemeyn 1988) and updated values from Lodders (2021, CM, CI, CV, H, L, LL, and EH), and found that the CV chondrite abundances from Lodders (2021) provided the best match to the observed data. Additionally, we adopted as solar A(Be) the revised value from Amarsi et al. (2024, 1.21 ± 0.05 dex), which also improved the agreement between the model and the data.
The estimated planetary mass ingested by HD 129209 is 11.2 M⊕ (0.1 M⊕ of Earth-like composition and 11.1 M⊕ of CV chondrite-like material, Lodders 2021). The comparison between the observed differential abundances of the system and the predicted differential abundances from the engulfment model are presented in Figure 6, which shows a reasonable match – the predicted values agree with the observed ones within 1σ for almost all elements. The predicted Be abundance difference adopting the solar A(Be) from Asplund et al. (2021, 1.38 ± 0.09 dex) as the base A(Be) is also indicated.
The amount of engulfed rocky material could, in principle, have originated from a single 11.2 M⊕ planet or from several small planets whose masses add up to 11.2 M⊕. As Lane et al. (2026) demonstrated, it is possible to distinguish between these scenarios when the stellar convective zone is relatively thin – a large object would not be fully destroyed in the convective envelope; thus, the observed pollution would only reflect the composition of the planet’s outer layers, whereas in the case of engulfment of several small bodies, the planets would be completely disrupted before crossing the boundary with the radiative interior and their full bulk composition would be mixed into the stellar envelope. However, for stars with masses close to solar, as the system studied here, the convective envelope is sufficiently deep that engulfed material (whether delivered by a single large body or by multiple smaller ones) is expected to be fully disrupted and homogenized before reaching the radiative interior (Lane et al. 2026, their Table 4). In this regime, the resulting chemical signature does not retain information about the delivery mechanism and our results therefore do not allow us to distinguish between these two scenarios. Additionally, even if the core of a large body survives until it reaches the stellar radiative region, the exact chemical signature would depend on on the internal structure of the planet(s), which is not known.
Figure 5 shows that the revised lower A(Be)⊙ from Amarsi et al. (2024) (1.21 ± 0.05 dex) provides a better match to the observed differential abundance than the Asplund et al. (2021) value, which validates the Amarsi et al. (2024) determination, reinforcing the difference between the solar photospheric and meteoritic (1.32 ± 0.03 dex, Asplund et al. 2021) Be abundance. Since the solar convective zone is unable to take Be into regions that are able to destroy it (Tucci Maia et al. 2015; Reggiani et al. 2025), we do not expect Be depletion in the Sun due to its evolution. Some be depletion may be expected in the solar photosphere relative to the primordial A(Be) in the protostellar cloud due to the formation of terrestrial planets, which gather refractory elements from its surroundings, leaving a refractory-depleted gas that is later accreted by the Sun as it evolves towards the pre-main sequence (as proposed by Meléndez et al. 2009). Alternatively, this depletion could be caused by the formation of giant planets, which creates pressure traps that prevent dust and pebbles from the protoplanetary disc from falling onto the host star (Booth & Owen 2020; Hühn & Bitsch 2023). Additionally, part of this difference might be due to Be production in the early Solar System via cosmic ray spallation (Dwek 1978).
	[image: Thumbnail: Fig. 6 Refer to the following caption and surrounding text.]	Fig. 6 Comparison of the observed differential abundances of HD 129209 relative to HD 129171 (open squares) and the predicted abundances estimated from the model of an engulfment of 11.2 M⊕ of rocky material (filled circles). Our adopted solar A(Be) is 1.21 dex (Amarsi et al. 2024), but we also indicate the predicted beryllium abundance adopting the older 1.38 dex estimate from Asplund et al. (2021, green circle).



6 Discussion and conclusions
In this work, we determined atmospheric parameters, masses, ages, and measured precise chemical abundances for elements up to Z = 30 for the binary pair HD 129171/HD 129209 adopting UVES/ESO spectra. We confirmed the chemical inhomogeneity of the system and the trend between differential abundances and condensation temperature of the elements (Yana Galarza et al. 2021). This result is in qualitative agreement with the hypothesis that the primary star HD 129171 has ingested a rocky planet or planetary core at some point in its life, enriching its photosphere with refractory material.
The abundance pattern of the pair can be reasonably reproduced by an engulfment model generated with the Terra code (Yana Galarza et al. 2016) of 11.2 M⊕ (a combination of 0.1 M⊕ of terrestrial composition from Allègre et al. 2001 and 11.1 M⊕ of CV chondrite-like material from Lodders 2021, Figure 6). This represents a lower limit to the mass of the engulfed planet (or planets).
Assuming that the observed chemical differences are in fact due to planetary ingestion, we showed the importance of focusing on the light elements 6Li and Be, which are not produced in the stellar interior. While the more common isotope 7Li is depleted throughout the main sequence phase of solar-type stars and the interpretation of its abundances is not straightforward (e.g., Rathsam et al. 2023), 6Li is completely destroyed during the pre-main sequence stage, and a detectable 6Li content can be interpreted as evidence of rocky material accretion (Montalbán & Rebolo 2002). However, due to the low temperatures required for its destruction (~2.2 ×106 K, easily reached by the convective envelopes of solar-type stars) and the expected thermohaline mixing following an engulfment event (Théado & Vauclair 2012; Sevilla et al. 2022), the 6Li signature of planet ingestion is expected to fade quickly. Albeit the HD 129171 Li line profile shows some asymmetry that could be due to 6Li, the 6Li/7Li isotopic ratio is not accurately determined in a 1D analysis, since the asymmetry caused by the presence of 6Li on the 6707.8 Å Li doublet is similar to the asymmetry due to convective motions (Cayrel et al. 2007; Harutyunyan et al. 2018), which can only be accurately described by 3D NLTE analyses, that are computationally expensive. A tentative 3D NLTE synthetic interpolated spectrum was generated with the Breidablik code, and the asymmetry still persists, which could be further indication of 6Li. The addition of nearby contaminant species to the Li doublet line would also help improve the match to the observed spectrum.
As for Be, it is neither produced nor depleted by solar-type stars with masses larger or close to solar (Tucci Maia et al. 2015; Reggiani et al. 2025), and local molecular cloud Be inhomogeneities are not expected. Thus, any detected A(Be) difference among similar solar-type binary stars can be used as a diagnostic of planet ingestion. Additionally, since its destruction requires larger temperatures than the Li isotopes, the Be signature is expected to last longer, making it easier to identify engulfment events via Be abundances.
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      Table 1 

      Stellar parameters for the binary system HD 129171/HD 129209 and the Sun.

      
        


	ID
	Teff (K)
	log g (dex)
	[Fe/H] (dex)
	vt (km/s)
	v sin i (km/s)
	vmacro (km/s)
	Agec (Gyr)
	Massc (M⊙)





	HD 129171a
	5964 ± 7
	4.280 ± 0.017
	0.176 ± 0.005
	1.22 ± 0.01
	0.36 ± 0.31
	4.78 ± 0.10
	[image: Mathematical equation: $\[4.8_{-0.2}^{+0.6}\]$]
	[image: Mathematical equation: $\[1.150_{-0.022}^{+0.014}\]$]



	HD 129209a
	5940 ± 5
	4.340 ± 0.014
	0.056 ± 0.004
	1.16 ± 0.01
	0.10 ± 0.20
	4.24 ± 0.09
	5.1 ± 0.2
	[image: Mathematical equation: $\[1.090_{-0.007}^{+0.017}\]$]



	HD 129209b
	5940 ± 5
	4.340 ± 0.015
	0.056 ± 0.004
	1.16 ± 0.01
	
	
	
	



	Sunb
	5777 ± 6
	4.440 ± 0.017
	0.000 ± 0.006
	1.00 ± 0.01
	
	
	
	





      

      
Notes. a Atmospheric parameters determined through the differential method relative to the Sun. b Atmospheric parameters determined through the differential method relative to HD 129171. c The age and mass of HD 129171 were estimated adopting the metallicity of its companion, as it likely represents its original (uncontaminated) metallicity.




    

  
    
      Fig. 1 

      
        [image: Fig. 1 Refer to the following caption and surrounding text.]
      

      
        Spectral synthesis of the region of the 7Li resonance line for the pair HD 129171/HD 129209, with their corresponding 3D NLTE abundances as indicated (lines). Open circles represent observed spectra.

      

    

  
    
      Fig. 2 

      
        [image: Fig. 2 Refer to the following caption and surrounding text.]
      

      
        Region of the 7Li resonance line for HD 129171 (open circles), over-plotted with the predicted spectrum from Breidablik and the synthetic spectrum generated with MOOG. Note: the Breidablik profile considers only 7Li, while the MOOG profile also includes nearby blends. The observed and synthetic spectrum from MOOG were shifted to match the central line wavelength from Breidablik.

      

    

  
    
      Table 2 

      Differential abundances of the system HD 129171/HD 129209.

      
        


	Z
	Element
	Number of lines
	[image: Mathematical equation: $\[T_{\text {cond}}^{\mathrm{a}}\]$] (K)
	HD 129171 - Sun Δ[X/H] (dex)
	HD 129209 - Sun Δ[X/H] (dex)
	HD 129209 - HD 129171 Δ[X/H] (dex)





	3
	Lib
	1
	1142
	2.854 ± 0.014
	[image: Mathematical equation: $\[1.855_{-0.010}^{+0.020}\]$]
	−0.999 ± 0.021



	4
	Bec
	1
	1452
	[image: Mathematical equation: $\[1.75_{-0.03}^{+0.04}\]$]
	[image: Mathematical equation: $\[1.55_{-0.02}^{+0.03}\]$]
	−0.20 ± 0.04



	6
	C
	3
	40
	0.027 ± 0.020
	0.047 ± 0.008
	0.020 ± 0.017



	7
	Nc
	1
	123
	7.31 ± 0.05
	7.4 ± 0.05
	0.09 ± 0.07



	8
	Oc
	3
	180
	8.55 ± 0.03
	8.52 ± 0.03
	−0.03 ± 0.05



	11
	Na
	3
	958
	0.131 ± 0.017
	0.065 ± 0.006
	−0.066 ± 0.011



	12
	Mg
	3
	1336
	0.182 ± 0.004
	0.05 ± 0.011
	−0.132 ± 0.012



	13
	Al
	2
	1653
	0.21 ± 0.04
	0.04 ± 0.04
	−0.164 ± 0.002



	14
	Si
	13
	1310
	0.193 ± 0.018
	0.065 ± 0.015
	−0.127 ± 0.012



	16
	S
	4
	664
	0.07 ± 0.09
	0.04 ± 0.11
	−0.03 ± 0.03



	20
	Ca
	10
	1517
	0.192 ± 0.011
	0.056 ± 0.010
	−0.136 ± 0.011



	21
	Sc
	9
	1659
	0.24 ± 0.05
	0.08 ± 0.03
	−0.156 ± 0.025



	22
	Ti
	21
	1582
	0.199 ± 0.026
	0.054 ± 0.017
	−0.145 ± 0.015



	23
	V
	9
	1429
	0.189 ± 0.017
	0.049 ± 0.017
	−0.140 ± 0.010



	24
	Cr
	16
	1296
	0.165 ± 0.020
	0.040 ± 0.020
	−0.126 ± 0.012



	25
	Mn
	5
	1158
	0.12 ± 0.04
	0.040 ± 0.009
	−0.075 ± 0.024



	26
	Fe
	99
	1334
	0.176 ± 0.005
	0.056 ± 0.004
	−0.120 ± 0.004



	27
	Co
	9
	1352
	0.193 ± 0.027
	0.061 ± 0.017
	−0.133 ± 0.016



	28
	Ni
	17
	1353
	0.185 ± 0.016
	0.054 ± 0.012
	−0.131 ± 0.013



	29
	Cu
	3
	1037
	0.158 ± 0.023
	0.070 ± 0.007
	−0.088 ± 0.021



	30
	Zn
	2
	726
	0.10 ± 0.03
	0.054 ± 0.003
	−0.043 ± 0.023





      

      
Notes. a From Lodders (2003). b 3D NLTE A(Li) =log(NLi/NH) + 12. c 1D LTE A(X) = log(NX/NH) + 12.




    

  
    
      Fig. 3 

      
        [image: Fig. 3 Refer to the following caption and surrounding text.]
      

      
        Spectral synthesis of the region of the 9Be resonance line for the pair HD 129171/HD 129209 and the Sun, with their corresponding LTE abundances as indicated (lines). Open circles represent observed spectra.

      

    

  
    
      Fig. 4 

      
        [image: Fig. 4 Refer to the following caption and surrounding text.]
      

      
        Spectral synthesis of the regions around the NH line (top) and OH 3189.3 Å line (bottom) for HD 129171 and HD 129209 (lines). Open circles represent observed spectra. An offset was applied to the normalized flux of HD 129171 for better visualization.

      

    

  
    
      Fig. 5 

      
        [image: Fig. 5 Refer to the following caption and surrounding text.]
      

      
        Differential abundances of HD 129209 relative to HD 129171 versus condensation temperature of the elements (from Lodders 2003).

      

    

  
    
      Fig. 6 

      
        [image: Fig. 6 Refer to the following caption and surrounding text.]
      

      
        Comparison of the observed differential abundances of HD 129209 relative to HD 129171 (open squares) and the predicted abundances estimated from the model of an engulfment of 11.2 M⊕ of rocky material (filled circles). Our adopted solar A(Be) is 1.21 dex (Amarsi et al. 2024), but we also indicate the predicted beryllium abundance adopting the older 1.38 dex estimate from Asplund et al. (2021, green circle).

      

    

  OEBPS/aa59556-26-eq8.png





OEBPS/aa59556-26-eq9.png
0.03
1.55%0 0,





OEBPS/aa59556-26-eq4.png





OEBPS/aa59556-26-eq5.png
2

2
TA(L) Tops + 0






OEBPS/aa59556-26-eq6.png
cond





OEBPS/aa59556-26-eq7.png
0.02
1.855 001





OEBPS/aa59556-26-fig4_small.jpg









OEBPS/aa59556-26-fig5_small.jpg





OEBPS/aa59556-26-eq1.png





OEBPS/aa59556-26-fig2_small.jpg





OEBPS/aa59556-26-eq2.png





OEBPS/aa59556-26-eq3.png





OEBPS/aa59556-26-fig3_small.jpg





OEBPS/aa59556-26-fig1.jpg
Normalized flux

—— A(L) =2.854 +0.014 dex —— A(Li) = 18557202 dex
O HD 129171 O HD 129209

1.0 § i

:
0.9 L Fel
0.8 g
0.7 §
6707.2 6707.4 6707.6 6707.8 6708.0 6708.2

Wavelength (A)





OEBPS/aa59556-26-fig2.jpg
1.0§s
< 0.9
=]
—
ge]
N
N 0.8
IS
—_
o
Z

0.7

O HD 129171
—— Predicted - Breidablik
0.6 —— Predicted - Synthesis

6709.0 6709.2 6709.4 6709.6 6709.8 6710.0 6710.2 6710.4
Wavelength (A)





OEBPS/aa59556-26-fig3.jpg
Normalized flux

LN L]

1.00 o HDp120171 O HD 129209 o Sun
—— A(Be) = 1757383 dex ~—— A(Be) = 1.55*3:33 dex =~ —— A(Be) = 1.38x0.01 dex
0.8

0.6

0.4

0.2

0.0

3129.8 3130.0 3130.2 3136.4 3130.6 3130.8 3131.0 3131.2 3131.4
Wavelength (A)






OEBPS/aa59556-26-fig4.jpg
Normalized flux (+offset)

Normalizea flux (+offset)

—— HD 129171 —— HD 129209

99.2 3399.4 3399.6 3399.8 3400.0 3400.2

3188.8 3189.0 3189.2 3189.4 3189.6 3189.8
Wavelength (A)





OEBPS/aa59556-26-fig5.jpg
0.1

0.0

-0.1

¢

HD 129209 - HD 129171

Mn
} FeCOV
Cré®Ng & ¢
SiMg 71 Ca }
1o
Be

Lii

400 600 800 1000

1200 1400 1600

Condensation temperature (K)






OEBPS/aa59556-26-fig6.jpg
1.1
1.0

A[X/C] (dex)
o o
= N

o
=)

|
e
-

@ Observed abundance L'.
©  Predicted abundance :
©  Predicted abundance - old A(Be) o J
Ve
Be Al
Ca
FeCo
@ @ QSC
N Mn Cragiini
o S s SiMg Ti
% + @ Cu
i Zn
C
N
200 400 600 800 1000 1200 1400 1600

Condensation temperature (K)






OEBPS/aa59556-26-fig1_small.jpg





OEBPS/dash.png





OEBPS/aa59556-26-fig6_small.jpg





