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Abstract

Context. Currently, the number of known planets around intermediate-mass stars (1.5 M⊙ < M⋆ < 3.5 M⊙) is rather low. As a consequence, models of planet formation derive their strongest observational evidence from the chemical signature of mostly low-mass (FGK) main-sequence (MS) stars with planets.

Aims. We aim to test whether the well-known correlation between the metallicity of the star and the presence of gas-giant planets found for MS low-mass stars still holds for intermediate-mass stars. In particular, we aim to understand whether or not the planet-metallicity relation changes as stars evolve from the pre-MS to the red giant branch.

Methods. We compiled the basic stellar parameters (metallicity, mass, and age) of a sample of intermediate-mass stars at different evolutionary phases with and without evidence suggesting that they host gas-giant planets. The metallicities of the different susbsamples were compared and set in the context of current models of planet formation and stellar evolution.

Results. Our results confirm that pre-MS stars with transitional discs with gaps show lower metallicities than pre-MS ones with flat discs. We show a tendency of intermediate-mass stars in the MS to follow the gas-giant planet-metallicity correlation, although the differences in metal content between planet and non-planet hosts are rather modest and the strength of the correlation is significantly lower than for the less massive FGK MS stars. For stars in the red giant branch, we find a strong planet-metallicity correlation, compatible with that found for FGK MS stars. We discuss how the evolution of the mass in the convective zone of the star’s interior might affect the measured metallicity of the star. In particular, if the planet-metallicity correlation were of a primordial origin, one would expect it to be stronger for less massive stars, as they are longer convective during the stellar evolution. However, within our sample, we find the opposite.

Conclusions. The lack of a well-established planet-metallicity correlation in pre-MS and MS intermediate-mass stars can be explained by a scenario in which planet formation leads to an accretion of metal-poor material on the surface of the star. As intermediate-mass stars are mainly radiative, the metallicity of the star does not reflect its bulk composition but the composition of the accreted material. When the star leaves the MS and develops a sizeable convective envelope, a strong-planet metallicity correlation is recovered. Thus, our results are in line with core-accretion models of planet formation and the idea that the planet-metallicity correlation reflects a bulk property of the star.
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1 Introduction
Understanding the origin of stars and planetary systems is one of the major goals of modern astrophysics. Almost thirty years of exoplanetary science has unveiled an astonishing diversity of planetary architectures as well as host stars. Exoplanets have been discovered not only around solar-like main-sequence (MS) stars but also around brown dwarfs and low-mass stars, metalpoor stars, giant stars, white dwarfs, and pulsars (e.g. Perryman 2018). However, the bulk majority of known exoplanets is still found to orbit around MS stars. In turn, only about 5% of known exoplanets are found around stars with masses between 1.5 and 3.5 M⊙, based on the available data in the Extrasolar Planets Encyclopaedia1 (Schneider et al. 2011).
The role of the host star’s chemical composition in planet formation has been extensively discussed, with the finding that the frequency of gas-giant planets is a strong function of the stellar metallicity (e.g. Gonzalez 1997; Santos et al. 2004; Fischer & Valenti 2005). Observations of solar-type, FGK dwarfs, MS planet hosts point towards the planet hosts stars having a metal rich nature. Fischer & Valenti (2005) showed that the probability of a gas-giant planet forming around an FGK-type dwarf depends on the square of the number of iron atoms, in agreement with the expectation from the collisional agglomeration of dust grains. Other explanations invoking the late-stage accretion of metal- depleted material onto the convective zone of the star (Gonzalez 1997; Laughlin & Adams 1997) were ruled out.
Intermediate-mass stars from pre-MS and MS ones to giants offer us the unique opportunity to test how well founded the planet-metallicity relation is and how it changes as the star evolves, and to unravel its origin. At the time of writing, no planets have been confirmed around young, intermediate-mass Herbig stars (Brittain et al. 2023), although several candidates have been proposed. For example, an accreting protoplanet has been proposed in the disc around the Herbig star AB Aurigae (Currie et al. 2022) but its detection is the subject of debate (Biddle et al. 2024). Nevertheless, high-resolution imaging surveys have shown that many Herbig stars show cavities in their discs, potentially carved out by giant planets (e.g. Garufi et al. 2017; Stapper et al. 2022a; Stapper et al. 2022b). Based on their spectral energy distributions, the discs around Herbig stars are usually classified as warm, flaring, group I and cold, flat, group II (Meeus et al. 2001). Group I sources have transitional discs with radial cavities or gaps. Kama et al. (2015) propose that flaring group I sources show a deficit of refractory elements, and thus low values of metallicity. Recently, Guzmán-Díaz et al. (2023) confirmed that group I sources tend to have a lower metallicity than group II ones, and that group I sources tend to have stronger (sub-)millimetre continuum emission likely related to the presence of giant planets. This suggests that giant planets should be frequent around group I, low metallicity Herbig stars. According to Kama et al. (2015) and Jermyn & Kama (2018), forming planets in group I sources trap the metal-rich material, while metal- depleted material continues to flow towards the central star.
Herbig stars will eventually evolve into early-type MS stars (e.g. Brittain et al. 2023). Early-type stars are not optimal targets for radial velocity and transit measurements. Their spectra show only a few spectral lines, which, in addition, are quite broad and shallow due to the high projected rotation of the star. Therefore, it is difficult to determine the centroid position of the lines, and thus a Doppler shift. On the other hand, transit detections are challenged by the expected small transit depths and long transit duration. As a result, the number of known exoplanets around intermediate-mass (M✶ > 1.5 M⊙) MS stars is rather low if compared with the number of planets known around their less massive counterparts. Previous analysis of the chemical patterns of early-type stars with planets has focused in the study of a likely relation between peculiar chemical patterns like those of λ Boötis and metallic-lined A stars, with the presence of giant planets (Saffe et al. 2021, 2022), finding that there is no a unique chemical pattern for these stars.
The post-MS red giant stars that we observe today are the result of the evolution of early-type MS dwarfs. Whether the correlation between gas-giant planet occurrence and metallic- ity extends to giant stars has been the subject of an intense debate, as several studies have found contradictory results (see e.g. Maldonado et al. 2013, and references therein). To explain the apparent lack of a clear planet-metallicity correlation in giant stars, several interpretations have been put forward. These invoke scenarios like the accretion of metal-rich material, higher-mass prototoplanetary discs, or the formation of massive gas-giant planets by gravitational instabilities. In addition, the architecture of planetary systems around evolved stars show some peculiarities with respect to the planets orbiting around MS stars, such as a lack of close-in planets or higher masses and eccentricities (e.g. Maldonado et al. 2013).
In this work, we aim to unravel the gas-giant planet – stellar metallicity relationship for intermediate-mass stars (1.5 M⊙ < M✶ < 3.5 M⊙) through the formation of stars and planets until the last stages of their evolution. The paper is organised as follows. Sect. 2 describes the stellar samples analysed in this work and how stellar parameters are obtained. The metallicity distributions are presented in Sect. 3. The results are discussed at length in Sect. 4. Our conclusions follow in Sect. 5.
2 Stellar sample
Our stellar sample is composed of a total of 131 of stars at different evolutionary stages; namely, the pre-MS phase, the MS, and the red giant phase. The subsample of intermediate-mass, pre-MS stars was taken from Guzmán-Díaz et al. (2023). It is composed of 67 Herbig stars with spectral types later than B8 (i.e. Teff below 12000 K). We discarded those stars without a group I/II SED classification (five stars) as well as the stars with only a lower or upper limit in their metallicities’ estimates (11 stars). We performed an additional cut and discarded the group II targets more massive than ~3.5 M⊙ (six stars). This cut is needed, as no group I star has a mass larger than 3.0 M⊙, whilst the discarded group II stars might have masses as large as ~7.0 M⊙. The selected pre-MS stars cover a range of ages between 2 and 20 Myr, and is composed of 20 group I sources and 24 group II sources. Stellar parameters and group I/II classification were derived from a combination of spectra and photometry (Guzmán-Díaz et al. 2021). Throughout this paper, we make the assumption that the gap inferred in the protoplane- tary disc of group I stars is due to the presence of (at least) one giant-planet (Guzmán-Díaz et al. 2023). In the same vein, group II stars form the corresponding comparison sample; that is, the sample of pre-MS stars without known planets.
The subsample of MS intermediate-mass stars with and without known planets is drawn from Saffe et al. (2021, 2022). It is composed of a total of 28 stars (13 planet hosts; 15 stars without known gas-giant companions). The stellar mass varies between 1.5 and 2.2 M⊙, whilst the stars have ages ranging from 144 Myr to 1.5 Gyr. Stellar parameters were determined in a homogeneous way from high-resolution spectra (Saffe et al. 2021, 2022).
The subsample of post-MS, giant stars mainly comes from Maldonado et al. (2013) and Maldonado & Villaver (2016), to which we added six additional planet hosts not previously analysed. The selected giant sample covers a range of stellar masses between 1.5 and 3.6 M⊙ and ages between 240 Myr and 3 Gyr. It is composed of 21 planet hosts and 38 comparison stars (that is, stars without known companions). Stellar parameters were derived from high-resolution spectroscopy and photometry (Maldonado et al. 2013).
Figure 1 shows the Hertzsprung-Russell diagram of the stars studied in this work, whilst the main properties of the sample are provided in Tables A.1 to A.3, which are available at the CDS. Given that the planet-metallicity correlation applies only to gasgiant planets (e.g. Ghezzi et al. 2010; Sousa et al. 2011), before we proceeded with the analysis, we carefully checked that all the planets in the MS and giant star subsamples have (minimum)- masses larger than 30 M⊕, which is also the type of planet that should be expected around group I pre-MS stars.
3 Analysis
The cumulative distribution function of the metallicity for the different subsamples analysed in this work is presented in Fig. 2. For guidance, some statistical diagnostics are also provided in Table 1. To assess whether the metallicity distribution of both the comparisons and planet hosts are equal from a statistical point of view, for each subsample we performed two different statistical tests: a standard two-sample Kolmogorov-Smirnov (K-S; e.g. Peacock 1983) and the Anderson-Darling (A-D; e.g. Scholz & Stephens 1987) test.
There are a few interesting facts to be derived from these distributions and their statistical tests. Group I pre-MS stars tend to have a lower metallicity distribution than group II pre-MS stars. The K–S test confirms that both distributions differ within a confidence level of 99.9%, in agreement with the A-D test that shows that the null hypothesis that the comparison and the planet host metallicity distribution are similar (come from the same parent population) can be rejected at the 0.1% level as the returned test value (6.76) is greater than the critical value for 0.1% (6.55). If we take the assumption that the disc structures found on group I sources are likely related to the presence of gas-giant planets, that means that pre-MS planet hosts do not show metal enrichment, but rather a deficit of metals with respect to their comparison sample. This result confirms the previous findings of Kama et al. (2015) and Guzmán-Díaz et al. (2023).
For intermediate-mass MS stars, there seems to be a tendency for planet hosts to have slightly larger metallicity values than their corresponding comparison sample. However, none of the performed statistical tests confirms this fact. The K-S test provides a probability of both samples (planet hosts and comparison stars) sharing a similar metallicity distribution of roughly 60%, whilst from the A-D we simply cannot reject the null hypothesis that the comparison and the planet host metallicity distribution are similar.
We find that the gas-giant planet – stellar metallicity correlation is also present in intermediate-mass giant stars, in agreement with recent works (e.g. Maldonado et al. 2013; Reffert et al. 2015; Wolthoff et al. 2022). The A-D test shows that the metallicity distribution of planet hosts and comparison stars differs at the 5% level although not at the 2.5% level.
Figure 3 shows the frequency of gas-giant planets as a function of the stellar metallicity for the different subsamples. That is, for each metallicity bin, the number of known gas-giant planets is divided by the total number of stars of the bin. The uncertainties in the frequency of each bin were calculated using the binomial distribution (each star either has or does not have a planet),
[image: equation](1)
where P(ƒp, n, N) provides the probability of n detections given a sample of size N when the true planetary companion frequency is fp. We follow the common practice of reporting the range in a planetary fraction that delimits 68.2% of the integrated probability function, which is equivalent to the 1σ limits for a Gaussian distribution (see e.g. Burgasser et al. 2003; Endl et al. 2006).
Following previous works (Fischer & Valenti 2005; Udry & Santos 2007), the fraction of stars with planets was fitted with a function of the form:
[image: equation](2)
The derived α values are provided in Table 1. For pre-MS stars, we see that the distribution peaks at metallicities around –0.25, and then, for higher metallicity values, it remains flat. As a consequence, the derived α value is slightly negative ~–0.29. The MS and giant stars show the well-known planet metallicity correlation, although with some differences. For intermediatemass MS stars, the strength of the correlation, α, is only ~0.5, which is significantly lower than the value found for their less massive FGK MS counterparts, α ~2 (Fischer & Valenti 2005). On the other hand, for giants, we found a strong planet- metallicity correlation with a parameter of α ~1.6, which is compatible with the correlation found for FGK-type MS stars.
To further test the planetary frequency as a function of the stellar metallicity, we took a Bayesian approach. Details of the analysis can be found in, for example, Johnson et al. (2010); Maldonado et al. (2020). In brief, the planetary frequency was related to metallicity through Eq. (2), with X = (C, α) being the parameters to be optimised. We modelled the data as a series of Bernoulli trials. The probability of a specific model, X, considering our data, d, is given by the Bayes theorem:
[image: equation](3)
where T is the total number of stars and H is the number of planet hosts. The likelihood is then given by:
[image: equation](4)
To account for uncertainties in the metallicity determination, we assumed a Gaussian probability distribution with a mean of [Fe/H]i and a standard deviation of σ[Fe/H]i. In this way, the predicted planet fraction for the ith star is:
[image: equation](5)
Our results are shown in Table 1, in which the mean α values and their corresponding uncertainties are provided, while Fig. A.1 shows the marginal posterior probability. The Bayesian analysis confirms the results from the bin fitting. That is, intermediate-mass MS planet hosts show a weaker planet- metallicity correlation than giant stars, while pre-MS stars show an anti-correlation.
	[image: thumbnail]	Fig. 1 Luminosity vs Teff diagram for the observed stars. Planet hosts are plotted with filled symbols. Evolutionary tracks computed with MESA are overplotted (see text). For each mass, three tracks are plotted, corresponding to [Fe/H] = –0.40 (Z = 0.0057, dotted lines), [Fe/H] = + 0.00 (Z = 0.0142, solid lines), and [Fe/H] = +0.20 (Z = 0.0225, dashed lines).



4 Discussion
In this section, we discuss our results in the framework of current planet formation models. The two main formation models for giant planets are the core accretion and the disc instability. The core accretion model starts with the formation of a massive planet core, followed by the rapid accumulation of a massive gas envelope. Within this framework, a high-metallicity environment implies a high dust-to-gas-ratio in the protoplanetary disc that facilitates condensation, and accelerates accretion before the gas disc is lost (e.g. Pollack et al. 1996; Rice & Armitage 2003; Alibert et al. 2004; Mordasini et al. 2012). In the gravitational disc instability, giant planets form by the contraction of gaseous condensations in a massive self-gravitating disc (e.g. Boss 2002, 2017). Although initial disc instability models are not able to explain the correlation of giant planet occurrence and stellar metallicity, the inclusion of pebble accretion in the models might overcome this difficulty (Nayakshin 2015).
	[image: thumbnail]	Fig. 2 Comparison of the [Fe/H] empirical cumulative distribution function between planet hosts (red circles) and stars without known planets (blue circles) for the different subsamples studied in this work, from pre-MS stars to giants.



Table 1 
Comparison of the [Fe/H] of the different subsamples.

	[image: thumbnail]	Fig. 3 Frequency of gas-giant planets as a function of the stellar [Fe/H] for each of the subsamples analysed in this work. The best bin fitting is shown in red. Vertical lines show the range in the planetary fraction that delimits 68.2% of the integrated probability function (see Eq. (1)).



4.1 Core accretion
As is pointed out in Sect. 3, we find that the metallicity distribution of pre-MS Herbig group I stars is shifted towards lower values with respect to the one of its corresponding group II comparison sample, in agreement with previous claims (Guzmán-Díaz et al. 2023). Assuming that the cavities found in group I sources are carved out by the presence of gas-giant planets, this seems to imply that pre-MS stars with planets do not follow the gas-giant planet-metallicity correlation. Indeed, our analysis points out that the frequency of gas-giant planets around pre-MS star does not depend on the stellar metallicity or even show an anti-correlation.Although this result apparently contradicts the gas giant planet-metallicity correlation, it may be explained within the theoretical framework of Kama et al. (2015) and Jermyn & Kama (2018). According to these authors, forming planets in protoplanetary discs block the accretion of part of the dust, while gas continues to flow towards the star. Given that Herbig stars have radiative envelopes, the mixing timescales with the interior are large, of the order of several million years. Thus, metallicity measurements reflect the metal composition of the accreted metal-poor material that pollutes the external layers of the star. Numerical simulations of the evolution of pre-MS stars have shown that stars with Teff > 7000 K can show large metallicity deficits of 0.6 dex or more in the presence of efficient planet formation (Kunitomo et al. 2018).
Herbig stars evolve into early-type MS stars within a characteristic timescale of a few million years. Typical timescales are of the order of ~3Myr for a 3 M⊙ star and ~20 Myr for a 1.5 M⊙ star. Therefore, slow non-convective processes (see e.g. Jermyn & Kama 2018) might have partially mixed the metal-poor accreted material during the pre-MS phase with the interior. Thus, under the assumption that gas-giant planets form in metal-rich environments, the question is whether or not the non-convective processes in intermediate-mass MS stars are able to reset the original metal-rich composition of the star. Our results suggest a rather weak planet metallicity correlation with α ~0.8. This implies that, if the planet-metallicity correlation had a primordial origin, then the slow mixing processes in stars with a radiative surface are able to partially recover the bulk composition of the star. However, we should caution that this interpretation needs of a robust statistical confirmation. As we have seen in Sect. 3, we cannot rule out the possibility that planet hosts show a similar metallicity distribution to stars without known planets.
In the hypothesis that the observed correlation between the metallicity of the star and the presence of gas-giant hosts is a bulk property of the star, it should also hold for red giants that are convective for the most part. As was shown before, we found a strong planet-metallicity correlation for red giants that is is compatible with the correlation found for low-mass FGK MS stars. Thus, our results support the idea that gas-giant planets are more easily formed in high-metallicity environments.
4.2 Planet-metallicity correlation and the role of convective envelopes
To unravel the possible role of the convective zone in the gasgiant planet-metallicity correlation, we computed a series of evolutionary tracks by using the Modules for Experiments in Stellar Astrophysics (MESA) package (Paxton et al. 2011, 2013, 2015, 2018, 2019; Jermyn et al. 2023). Tracks were computed for stellar masses between 1.5 M⊙ and 3.5 M⊙ by using the solar composition (Y=0.2703, Z=0.0142) from Asplund et al. (2009) and a mixing length parameter of 1.82. The simulations do not include overshooting, semi-convection, or mass-loss processes. Figure 4 shows the evolution of the thickness and mass included in the convection zone of intermediate-mass stars.
Newly born, pre-MS stars are fully convective. However, they develop a radiative envelope in a short timescale. This timescale is mass-dependent and more massive stars (blue line) turn radiative more rapidly.
For MS stars, it can be seen that, irrespective of their masses, they continue to have a radiative envelope during their MS evolution. While a tendency towards slightly larger convective zones during their evolution can be seen, the mass in the convective zone always remains below ~10−5 the total mass of the star.
Finally, stars at the beginning of the Hertzsprung gap and the red giant phase have a radiative envelope. They develop a convective zone during their evolution across the Hertzsprung gap or subgiant phase. The models show that less massive stars (red line) develop a convective envelope more rapidly than the more massive ones (blue line).
These results imply that stellar evolution plays a fundamental role in our understanding of the gas-giant planet-metallicity correlation. In summary, models predict that high-mass stars with planets should be radiative for longer, both in the pre-MS as well as in the red giant phase, and therefore are likely to be more polluted by the accretion of metal-poor material than low-mass stars. In other words, the stellar surfaces of lower-mass stars should better reflect primordial compositions because mixing by convection lasts longer for these stars. Therefore, if we assume that the observed planet-metallicity correlation has a primordial origin, we might expect it to be stronger for the less massive stars. To test whether this effect is present or not in our sample, we divided the different samples into ‘less massive’ and ‘more massive’ ones by imposing a mass cut-off. To avoid using a somehow arbitrary cut-off and/or small subsample size, five different values of mass were considered for the cut. The parameter α (defined in Eq. (2)) was taken as a measure of the ‘strength’ of the planet-metallicity correlation and a Bayesian analysis was performed for each subsample. The results are shown in Fig. 5, in which the derived α values are shown for the less massive (green symbols) and more massive (blue colour) subsamples as a function of the mass value used for the cut-off.
For pre-MS stars, we obtain a somehow stronger planet- metallicity correlation for the more massive stars, in disagreement with our expectations. We note that the derived α values are not dependent on the mass used to define the high- and low-mass subsamples. On the other hand, when considering the stars in the MS and in the red giant phase, we also find that the planet-metallicity correlation is clearly stronger for the more massive stars that remain radiative for longer than their less massive counterparts. Again, this result contradicts our expectation. Furthermore, we find a strong dependency of α on the selected cut-off mass, which can take values as high as six when considering a mass cut-off ≳2.0 M⊙.
	[image: thumbnail]	Fig. 4 Top panel: thickness of the surface convection zone. Bottom panel: mass included in said convection zone (zero means no surface convection and one means an entirely convective star). The symbols mark the zero-age MS (leftward triangle), the terminal-age main sequence (diamond), and helium ignition (rightward triangle). Different colours indicate different stellar masses.



	[image: thumbnail]	Fig. 5 α values derived for the less massive (green) and more massive (blue) subsamples as a function of the adopted mass cut-off.



4.3 Caveats and possible scenarios
The previous contradictory results lead us to the question of whether or not some biases might affect our results. To start with, we note that the sample sizes are reduced significantly when applying the mass cut-off. Second, even if the formal errors in the stellar masses are rather low, the accurate determination of stellar masses for pre-MS and giants stars is rather difficult as the evolutionary tracks are very close and small changes in temperature, luminosity, or stellar metallicity might be of importance. Furthermore, it could be the case that the difference in mass between the less and more massive stars is not large enough for one to be able to find a statistically significant difference. For example, if we set the mass cut-off at 2.1 M⊙ then the mean mass of the less massive pre-MS is 1.8 M⊙, while the mean mass of the more massive pre-MS is 2.5 M⊙ (similarly, for giants we have mean masses of 1.7 M⊙ and 2.6 M⊙ for the less and more massive stars, respectively). Furthermore, we caution that the uncertainties in the derived α values are rather large.
In addition, planet engulfment can produce refractory element enhancements within the engulfing star convective region due to ingestion of rocky planetary material (e.g. Oh et al. 2018). In a recent work, Mendigutía et al. (2024) show that stellar magnetospheres act as a protoplanetary disc barrier, preventing unlimited planet migration. As is discussed in that work, magnetospheres become smaller as the stellar mass increases, potentially disappearing in Herbig stars with masses ≳3–4 M⊙ (Wichittanakom et al. 2020; Vioque et al. 2022). Thus, planet engulfment by intermediate-mass host stars is more likely as the stellar mass increases, which is in line with the mass dependence of the planet metallicity correlation we found for the pre-MS and MS samples. Along this line, Soares et al. (2025) show that engulfed planets have a higher amount of refractories and that engulfment is more likely to occur in systems that come from more massive and more metal-rich protoplanetary discs.
On the other hand, tidal interactions in the star system as the star evolves off the MS can lead to variations in the planetary orbits as well as to the engulfment of close-in planets (Villaver & Livio 2009). The planet accretion process might lead to a transfer of angular momentum to the stellar envelope, which ultimately can spin up the star and even modify its chemical abundances. This would be in line with the enhancement of the planet-metallicity correlation we find during the post-MS phase.
As we have discussed, more massive stars retain longer their radiative envelopes. Hence, contamination by planet engulfment is expected to be more important. Therefore, the question of whether or not planet engulfment may affect the metallicity content of more massive stars arises. An enrichment in refractory elements produced by planet engulfment may be a suitable explanation for the strong planet metallicity correlation found for the more massive stars, especially for the stars in the red giant phase. However,Villaver et al. (2014) find that planet engulfment along the red giant branch is not very sensitive to the stellar mass or mass-loss rates, but quite sensitive to the planetary mass.
Finally, it should be noted that it is well known that the planet occurrence rate, in addition to the metal content of the star, does also rise monotonically with the stellar mass (e.g. Johnson et al. 2010). However, for all the samples studied here (pre-MS, MS, and red giants) we find a rather flat distribution without any clear mass-planet dependency.
4.4 Whether disc instability can be discarded
Another possibility is that intermediate-mass stars represent a different stellar population in which a metal-rich environment is not required for planet formation. This would naturally explain the lack of a statistically well-founded giant-planet metallicity correlation in intermediate-mass pre-MS and MS stars. However, we find that giant stars do show the planet-metallicity correlation.
Thus, it is likely that both formation mechanisms, coreaccretion, and disc instability might simultaneously operate in intermediate-mass stars. The disc mass scales with the stellar mass over several orders of magnitude (see Mendigutía et al. 2012; Manara et al. 2023, and references therein). Detailed simulations have confirmed that massive (>0.1 M⊙) protoplanetary discs might cool rapidly enough to become gravitationally unstable. On the other hand, fragmentation appears less likely to produce giant planets around solar-type FGK stars, where the gas cools too slowly for it to fragment into bound clumps (see Perryman 2018, and references therein).
A disc-to-star mass ratio of 0.1 is the usual threshold for triggering gravitational instability (Kratter & Lodato 2016). However, disc masses inferred from (sub-)millimetre continuum emission lead to disc-to-star ratios that tend to be an order of magnitude smaller both for low- and intermediate-mass stars (Mendigutía et al. 2012; Guzmán-Díaz et al. 2021; Stapper et al. 2022a). Recently, Mendigutía et al. (2024) argued that gravitational instability is not consistent with the presence of hot Jupiters around intermediate-mass stars, which could be explained via a combination of the core-accretion paradigm and migration. On the other hand, assuming that disc masses are larger than is inferred from (sub-)millimetre continuum emission, Dong et al. (2018) propose that gravitational instability may explain the multi-arm features commonly observed in discs around Herbig stars. Recently, Speedie et al. (2024) inferred a disc-to-star ratio of ~0.3 for the protoplanet-candidate host AB Aurigae, also providing kinematic evidence of gravitational instability in its disc.
If gravitational instability were the main mechanism for giant-planet formation in intermediate-mass stars, one would expect a weaker planet-metallicity correlation as the stellar mass increases. This is in disagreement with what we found. Thus, even though some specific planet might still be formed by gravitational instability, our analysis suggests that core-accretion is likely the main formation scenario for gas-giant planets.
5 Conclusions
In this work, the metallicity distribution of a large sample of intermediate-mass stars (1.5 M⊙ < M✶ <3.5 M⊙) at different evolutionary stages is presented with the aim to test the planet-metallicity correlation. We have compared the metallicity distribution of stars with and without known gas-giant companions and performed a detailed statistical analysis to quantify the strength of the correlations.
Under the assumption that the gap inferred in the proto- planetary disc of group I stars is related to the formation of giant-planets, we show that intermediate-mass pre-MS do not follow the well known gas-giant planet-metallicity correlation. For MS intermediate-mass stars, a tendency of higher metallic- ity in planet hosts with respect to its comparison sample is found, but it lacks statistical support and the strength of the correlation is significantly lower than for FGK MS stars. Intermediate-mass stars in the red giant branch follow a strong planet-metallicity correlation.
By taking into account the internal evolution of the host stars, we show that the previous results are generally more compatible with the core-accretion scenario of planet formation than with the disc instability scenario. Intermediate-mass pre-MS stars are born fully convective, but they develop a radiative envelope in short-time timescales. Forming planets in group I sources trap the metal-rich material, and since these stars have radiative envelopes, metallicity reflects the composition of the stellar surface, polluted by the accreted metal-poor material. Pre-MS Herbig stars evolve into early-type MS stars, which remain radiative during their MS evolution. Slow non-convective processes might partially mix the metal-poor accreted material, preventing us from finding a statistically significant planet-metallicity correlation. When early-type stars leave the MS and evolve along the red giant branch, they become convective for the most part and the gas-giant planet-metallicity correlation is recovered.
Evolutionary models predict that massive pre-MS stars turn radiative more rapidly. In addition, massive giants remain radiative for longer during their evolution. Therefore, more massive stars should be more affected by the accretion of metal-poor material. However, within our sample, we find that the more massive stars show a stronger planet-metallicity correlation than the less massive ones. We discuss several possible explanations. In particular, we argue that the planet engulfment scenario may play a role in explaining the previous result, but it deserves a more careful analysis.
A better understanding of the planet-metallicity correlation in intermediate-massive stars will require larger samples of known planets as well as accurate masses and radii of the host stars. The forthcoming mission PLATO (Rauer et al. 2014) is expected to make systematic use of asteroseismology to characterise planet host stars, allowing us to link planetary and stellar evolution. Science targets for PLATO will include massive stars, red giants, asymptotic giant branch stars, supergiants, and white dwarfs. These, together with detailed models of diffusion, rotation, and other stellar mixing mechanisms that control how the material accreted onto the stellar surface interacts with the interior of the star, will help us to unravel the link between stellar abundance patterns and planet formation.

[bookmark: S6]Data availability
Tables A.1, A.2 and A.3 are available at the CDS via anonymous ftp to cdsarc.cds.unistra.fr (130.79.128.5) or via https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/695/A27.
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      Comparison of the [Fe/H] of the different subsamples.

      
        


	Sample
	Comparison
	Planet hosts
	K–S test
	A–D test
	α
	α



	
	N
	Mean
	σ
	N
	Mean
	σ
	D
	p value
	D
	p value
	Bin fitting
	Bayesian fit





	pre-MS
	24
	0.07
	0.31
	20
	−0.20
	0.28
	0.47
	0.001
	6.76
	0.002
	−0.29 ± 0.13
	−1.40 ± 0.83



	MS
	15
	−0.11
	0.26
	13
	−0.05
	0.25
	0.26
	0.610
	−0.21
	0.456
	0.50 ± 0.19
	0.80 ± 0.60



	Giants
	38
	0.00
	0.11
	21
	0.07
	0.15
	0.31
	0.121
	2.31
	0.040
	1.64 ± 0.42
	1.77 ± 0.85





      

      
Notes. For each subsample, we list the number of stars (N) as well as the mean and the standard deviation values of the [Fe/H] distribution. For the statistical tests, we provide the test statistic value, D, as well as the asymptotic p value. The A-D test critical values for significance levels of 5%, 2.5%, 1%, 0.5%, and 0.1% are 1.96, 2.72, 3.75, 4.59, and 6.55, respectively. Values of α, defined as in Eq. (2), are provided for the bin fitting as well as for the Bayesian fit.
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