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Abstract

Context. The recent Gaia Data Release 3 (DR3) represents an unparalleled revolution in Galactic archaeology, providing numerous radial velocities and chemical abundances for millions of stars as well as all-sky coverage.

Aims We present a new chemical evolution model for the Galactic disc components (high- and low- α sequence stars) designed to reproduce the new abundance ratios provided by the General Stellar Parametriser-spectroscopy module for the Gaia DR3 and constrained by the detailed star formation (SF) histories for both the thick and thin disc stars inferred from previous Gaia releases.

Methods. Sophisticated modelling based on previous Gaia releases have found evidence for narrow episodes of enhanced SF inferred in recent time. Additionally, Gaia DR3 indicated the presence of young (massive) low-α disc stars that show evidence of a recent chemical impoverishment in several elements. In order to reproduce these observables, we propose a new chemical evolution model in which the low-α sequence is generated by two distinct infall episodes. Hence, in this study we compare Gaia DR3 chemical abundances with the predictions of a three-infall chemical evolution model for the high- and low-α components.

Results The proposed three-infall chemical evolution model nicely reproduces the main features of the abundance ratio [X/Fe] versus [M/H] (X=Mg, Si, Ca, Ti, α) of Gaia DR3 stars in different age bins for the considered α elements. Moreover, the most recent gas infall – which started ∼2.7 Gyr ago – allowed us to predict accurately predict the Gaia DR3 young population which has experienced a recent chemical impoverishment.

Conclusions. We extended previous chemical evolution models designed to reproduce APOGEE and APOKASC data in order to predict new Gaia DR3 chemical abundances. To this aim, we proposed a three-infall chemical evolution model to better trace both (i) the young population in Gaia DR3 with evidence of chemical impoverishment and (ii) the SF history from previous Gaia releases.
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1. Introduction
Unravelling the origin and evolution of our Galaxy’s disc ultimately relies on the study and interpretation of signatures imprinted in resolved stellar populations, such as their chemical and kinematic properties (Freeman & Bland-Hawthorn 2002). Intermediate releases of Gaia mission data (Gaia Collaboration 2016, 2018) have already dramatically improved the comprehension of the structure and evolution of our Milky Way, mainly through unprecedentedly astrometric and line-of-sight velocity measurements (Gaia Collaboration 2021a; Laporte et al. 2019a).
However, Galactic archaeology relies also on the interpretations of chemical signatures present in the stellar atmospheres (Matteucci 2021, 2012; Freeman & Bland-Hawthorn 2002; Feltzing 2016). In fact, once a star is born, the chemical enrichment history of the interstellar medium (ISM) from which it was formed is imprinted in its atmosphere. For this reason, in the stellar atmospheres, we can find insights into the processes that determined the formation and regulated the evolution of various components of our Galaxy. Hence, previous studies focused on Galactic archaeology have had to complement the intermediate Gaia data releases with chemical data from ground-based observations. However, ground-based surveys like the GALactic Archaeology with HERMES survey (GALAH; Buder et al. 2021), the Apache Point Observatory Galactic Evolution Experiment project (APOGEE; Majewski et al. 2017; Ahumada et al. 2020; Abdurro’uf et al. 2022), Gaia-ESO Survey (Randich et al. 2022), The RAdial Velocity Experiment (RAVE; Steinmetz et al. 2020), and Large Sky Area Multi-Object Fibre Spectroscopic Telescope (LAMOST; Yu et al. 2021) continue to have all the issues associated with biased samples, hampering observations from Earth. In this context, Gaia Data Release 3 (DR3; Gaia Collaboration 2023a) and Recio-Blanco et al. (2023), Gaia Collaboration (2023b) have brought a truly and unprecedented revolution, opening a new era of all-sky spectroscopy. With about 5.6 million stars, the Gaia DR3 General Stellar Parametriser-spectroscopy (GSP-Spec; Recio-Blanco et al. 2023) all-sky catalogue is the largest compilation of stellar chemo-physical parameters and the first from space data.
The analysis of spectroscopic data from ground-based surveys such as the APOGEE (e.g. Hayden et al. 2015; Queiroz et al. 2020), the Gaia-ESO (e.g. Recio-Blanco et al. 2014; Kordopatis et al. 2015a; Rojas-Arriagada et al. 2016, 2017), the AMBRE project (Mikolaitis et al. 2017; de Laverny et al. 2013), and GALAH (Buder et al. 2019, 2021) suggest the existence of a clear separation between two sequences of disc stars in the [α/Fe] versus [Fe/H] abundance ratio space: the so-called high-α and low-α sequences. Several theoretical models of the evolution of Galactic discs have suggested that the bimodality may be strictly connected to a delayed accretion of gas of primordial chemical composition (or with a metal-poor chemical composition). By revising the classical two-infall chemical evolution model by Chiappini et al. (1997) and Grisoni et al. (2017), Spitoni et al. (2019a, 2020, 2022) showed that a significant delay of ∼4 Gyr between two consecutive episodes of gas accretion is needed to explain the dichotomy between the APOKASC (APOGEE+ Kepler Asteroseismology Science Consortium; Pinsonneault et al. 2014) sample for the solar neighbourhood (Silva Aguirre et al. 2018) and APOGEE DR16 stars. In particular, the authors predict that the star formation rate (SFR) has a minimum at the age of ∼8 Gyr. A similar quenching of star formation (SF) at an age of 8 Gyr was derived by Snaith et al. (2015) using the chemical abundances of Adibekyan et al. (2012) and the isochrone ages of Haywood et al. (2013) for solar-type stars. Katz et al. (2021) concluded that in APOGEE data, there is a clear signature of a dilution of interstellar medium from 6 kpc to the outskirt of the disc, which occurs before the onset of the thin disc formation.
By analysing ESO/HARPS spectra of local solar twin stars, Nissen et al. (2020) found that the age-metallicity distribution has two distinct populations with a clear age dissection. The authors suggest that these two sequences may be interpreted as evidence of two episodes of accretion of gas onto the Galactic disc with quenching of SF between them, which is in agreement with the scenario proposed by Spitoni et al. (2019a) and Spitoni et al. (2020, hereafter ES20). Finally, Romano et al. (2020), comparing chemical evolution models with the recent [C/Fe] and [C/O] abundance ratios from high resolution spectra by Amarsi et al. (2019) for dwarf stars, concluded that the delayed gas infall scenario proposed by Spitoni et al. (2019a) fits reasonably well with those [C/Fe] and [C/O] ratios as well.
The new AMBRE:HARPS data were reproduced by Palla et al. (2022) with chemical evolution models characterised by peculiar histories of SF, such as the two-infall model with a significant delay. Xiang & Rix (2022), analysing subgiant stars in LAMOST, confirmed that the stellar age-metallicity distribution splits into two almost disjointed parts, separated at age ≃8 Gyr. The authors in Sahlholdt et al. (2022) also highlighted the age-metallicity relation characterised by several disconnected sequences, which could be associated to different SF regimes throughout the Milky Way disc evolution. In Spitoni et al. (2022), it was finally shown that the signature of a delayed gas infall episode, which gives rise to a hiatus in the SF history of the Galaxy, is imprinted both in the [Mg/Fe] versus [Fe/H] relation and in the vertical distribution of [Mg/Fe] abundances in the solar vicinity.
Analysing [Ca/Fe] versus [M/H] abundance ratios of Gaia DR3 disc stars, Gaia Collaboration (2023b) found that most of the 7300 massive stars of the sample (young objects selected with the criteria indicated in their Sect. 3.2.2) are Ca poor, with [Ca/Fe] values down to ∼ − 0.3 dex with [M/H] ∈ [−0.5,+0.0] dex. Hence, young disc stars show, surprisingly, a recent chemical impoverishment in several elements. It is worth mentioning that also in the [Ce/Fe] versus [M/H] ratio, a metal-impoverished population in the low-α sequence exists. The interesting fact is that these stars are exactly the same massive objects mentioned above in the [Ca/Fe] versus [M/H] sample. Only a large number statistics chemical survey, such as the Gaia DR3 GSP-Spec, could clearly provide constraints to this younger population. Many young stars are relatively hot main-sequence objects for which a detailed chemical abundance analysis is not possible (due to a lack of metallic lines in the spectra). However, cool young stars are rare (about 30 000 stars out of 5.5 million in the GSP-Spec catalogue, as shown in Gaia Collaboration 2023b). Even if in this paper we concentrate on the solar neighbourhood, Gaia Collaboration (2023b) shows that the impoverishment of the massive population is apparent at all Galactic radii.
Stellar migration cannot be invoked to explain such a young metal-impoverished stellar population because, due to the decreasing stellar density profile with the galactocentric distance, the inwards stellar migration that decreases the local metallicities should not dominate. However, a more likely physical process responsible for this recent chemical impoverishment could be the dilution caused by a recent gas infall event.
In this article, we present a new chemical evolution model designed to reproduce the abundance ratios for α-elements in Gaia DR3 and, in particular, for the young population that seems to show recent chemical impoverishment in several elements. In addition, our model is constrained by the several brief episodes of enhanced SF that recently occurred (in the last 2 Gyr of disc evolution), as inferred from Gaia DR2-observed colour–magnitude diagrams by Ruiz-Lara et al. (2020). The authors proposed that the timing of these enhanced SF episodes is consistent with the Sagittarius dwarf spheroidal galaxy pericentre passages that triggered the SF in the Galactic disc (e.g., Laporte et al. 2019b; Antoja et al. 2020).
The paper is organised as follows. In Sect. 2, the Gaia DR3 sample in the solar vicinity is presented. In Sect. 3, we describe the main characteristics of the chemical evolution model adopted in this work. In Sect. 4, we present our results, and finally in Sect. 5, we draw our conclusions.
2. The Gaia DR3 sample in the solar vicinity
In this section, we provide all the information on the samples of Gaia DR3 stars adopted in the study. In Sect. 2.1, we present the selection criteria for different chemical elements, and in Sect. 2.2 we briefly explain how the stellar ages proposed by Kordopatis et al. (2023) have been computed.
2.1. Selection of solar vicinity stars and GSP-Spec quality flags
As mentioned in the introduction, Recio-Blanco et al. (2023) has presented the largest homogeneous spectral analysis performed so far. In this work, we are mainly interested in the study of α chemical elements in the solar vicinity. Taking advantage of the large number of stars in Gaia DR3, we were able to limit our analysis to a narrow region centred at the solar vicinity, that is, we consider stars with guiding radii Rg ∈ [8.1, 8.4] kpc (the motivation for this selection is presented in the next paragraph). As in Recio-Blanco et al. (2023), we adopted the Sun’s galactocentric position (R, Z)⊙  =  (8.249, 0.0208) kpc (Gravity Collaboration 2021; Bennett & Bovy 2019), and guiding radii were computed using the rescaled version of the McMillan (2017) axisymmetric Galactic potential considering as inputs the geometric distances by Bailer-Jones et al. (2021) based on high-precision astrometric parameters from Gaia EDR3 (Gaia Collaboration 2021b) and the additional information provided by Gaia DR3 for the radial velocities (Katz et al. 2023; Gaia Collaboration 2023a).
Selecting Gaia DR3 stars based on their guiding radii was motivated by an effort to minimise the ‘blurring’, that is, the orbit scattering due to interactions with disc inhomogeneities and non-axisymetries (see Lynden-Bell & Kalnajs 1972; Schönrich & Binney 2009) that increase a star’s epicycle amplitude, potentially without changing its angular momentum. Nevertheless, we are aware that processes like ‘churning’ (Sellwood & Binney 2002; Schönrich & Binney 2009) could still affect our stellar samples selected by their guiding radii. In the presence of churning, the angular momentum of the stars changes, moving them from an almost circular orbit to another almost circular one, thus erasing all memory of the birthplace of the star that could be deciphered based on its kinematics. For instance, in Kordopatis et al. (2015b) it was shown that a significant number of super-solar metallicity stars have clear signatures of migrators into the solar neighbourhood. Those stars have circular orbits and kinematic ages that indicate they are at least a few gigayears old.
It is worth mentioning that the stellar sample selection based on a small range of guiding radii values centred at the solar position also helps to remove the effects of abundance gradients along the Galactic disc (Kordopatis et al. 2020). Furthermore, we selected only giant stars with surface gravities log g < 3.5, g in cm s−2. The Kiel diagrams of the medium quality sample selected in different Galactic regions across the Milky Way reported in Fig. 6 of Gaia Collaboration (2023b) clearly show that red giant stars are observed in all the considered vertical height bins above the plane, hence minimising distance-dependent changes in the population being analysed.
The first 13 parameter flags of Table 2 of Recio-Blanco et al. (2023) are shared by all the stars and have been set to be equal to zero, thus imposing the best quality stellar atmospheric parameters. We refer the reader to Recio-Blanco et al. (2023) for all details on the physical meaning of the flags. Concerning the single element quality flags for Si, Ca, and Ti, we imposed only the value zero (best data) both for the flags ‘UpLim’ and ‘Uncer’. Solely for the Mg did we also allow medium quality (zero and one values) for ‘UpLim’ (but still zero for ‘Uncer’) because of the smaller number of stars available for this element (see Recio-Blanco et al. 2023).
The polynomial coefficients as reported in Table 4 of Recio-Blanco et al. (2023) for the log g versus [X/Fe] calibration (see their Eq. (3)) were applied considering sthe suggested validity domain in gravity. Similarly, the log g versus [M/H] calibration of Eq. (2) in Recio-Blanco et al. (2023, and relative coefficients reported in their Table 3) was also considered.
2.2. Stellar ages
Kordopatis et al. (2023) presented four different sets of ages and masses obtained through an isochrone fitting method. They used the PAdova and TRieste Stellar Evolution Code (PARSEC) stellar tracks (Bressan et al. 2012) up to the beginning of the AGB phase and the tracks up to the end of the AGB phase from COLIBRI S37 (see references in Kordopatis et al. 2023). In Sect. 2.2 of Kordopatis et al. (2023), the main methodology of the projection is reported in detail. Here, we just recall that the four following combinations of spectroscopic parameters and broad-band photometric measurements (J,H,Ks from 2MASS and G from GDR3) were considered: spec (projects only Teff, log g and [M/H]), speck (projects Teff, log g, [M/H] and Ks), specjhk (projects Teff, log g, [M/H], J, H and Ks) and specjhkg (projects Teff, log g, [M/H] J, H, Ks and G).
In the study by Kordopatis et al. (2023), they also provided the optimal combination of projection flavour as a function of the line-of-sight extinction in order to get the most reliable ages and masses. In this work, we compare our chemical evolution model predictions with only Gaia DR3 stars with associated ages characterised by relative errors smaller than 0.5, as suggested by Kordopatis et al. (2023).
For our study, it is important to be able to identify young stars as robustly as possible. When Kordopatis et al. (2023) compared the estimated ages of individual stars in open cluster members with the more robust ages from Cantat-Gaudin et al. (2020 which were derived by fitting the entire color-magnitude diagram of the cluster), they found an over-estimation of 0.6 Gyr (inner dispersion of 1 Gyr) for cluster stars younger than 2 Gyr. This approach is a good starting point for our analysis, keeping in mind that some contamination might exist. We are confident that this difference does not affect our conclusions since (i) we include a dispersion in the age estimates of our model results (see Sect. 3.3) and (ii) we compare the model predictions for young sample stellar populations (SSPs) with the massive stars from Gaia DR3.
3. The three-infall chemical evolution model for the solar vicinity
In this section, we present the main assumptions and characteristics of the chemical evolution model considered in this work for the Galactic region centred at the solar position. In Sect. 3.1, we briefly provide some details about the revised two-infall model proposed by Spitoni et al. (2019a, 2020, 2021) for the solar neighbourhood. In Sect. 3.2, we postulate that an additional third accretion gas infall episode mimics the recent enhanced SF episodes found analysing Gaia data in the solar vicinity. In Sect. 3.3, we provide all the details of the three-infall chemical evolution model presented in this work.
3.1. The revised two-infall model
Spitoni et al. (2019a) and ES20 presented chemical evolution models designed to fit the observed chemical abundance ratios and asteroseismic ages of the APOKASC stars (Silva Aguirre et al. 2018). The sample contained about 1200 red giants from an annular region of 2 kpc wide centred on the Sun. The stellar properties for this sample were determined by fitting the photometric, spectroscopic, and asteroseismic observables (Silva Aguirre et al. 2017; Aguirre Børsen-Koch et al. 2022). In agreement with the classical two-infall model by Chiappini et al. (1997), the first gas infall was characterised by a short accretion timescale (t1  ≪  t2); however, the presence of a significant delay tmax between the two-infall accretion episodes (∼4 Gyr) was highlighted. ES20 later confirmed this delay by using a Bayesian framework based on Markov Chain Monte Carlo methods.
Observational evidence supporting this scenario has been presented by Nissen et al. (2020) through the analysis of the ESO/HARPS spectra of local solar twin stars. They found that the age-metallicity distribution shows the presence of two diverse populations characterised by a clear age separation. The authors suggested that these two sequences may be interpreted as evidence of two episodes of accretion of gas onto the Galactic disc with quenching of SF between them. More recently, Spitoni et al. (2021 hereafter ES21) presented a multi-zone two-infall chemical evolution model with quantitatively inferred free parameters by fitting the APOGEE DR16 (Ahumada et al. 2020) abundance ratios at different galactocentric distances. In particular, the model computed at 8 kpc constrained by the [Mg/Fe] and [Fe/H] ratios of about 9200 stars located in the annular region enclosed between 6 and 10 kpc and with vertical height |z|< 1 kpc confirmed the previous findings of a significant delay between the two gas infall episodes.
3.2. Beyond the two-infall model: Including a recent episode of SF
As shown hereafter, the classical two-infall model fails to reproduce part of the new Gaia data. The three-infall model for the Galactic chemical evolution was originally introduced by Micali et al. (2013) in order to study the halo, thick, and thin disc components separately. In this analysis, we adopt a similar formalism but take into account a recent episode with enhanced SF.
In their recent work, Ruiz-Lara et al. (2020) presented the detailed SF history for both the thick and thin disc stars of the 2 kpc bubble around the Sun inferred from Gaia DR2 colour–magnitude diagrams. Several narrow episodes of enhanced SF activity were revealed, with the last two occurring approximately 1.9 and 1.0 Gyr ago, respectively. The authors proposed that the timing of these peaks of star formation coincide with the Sagittarius dwarf spheroidal galaxy pericentre passages that triggered the formation of new stars in the Galactic disc.
In Fig. 1, we show the star formation history proposed by Ruiz-Lara et al. (2020) for both thick and thin disc sequences along with results from Bernard (2017). In fact, we note that Bernard (2017) also highlighted the presence of recent events with enhanced SF activity when analysing the first Gaia data release. This recent event of enhanced SF activity can be easily mimicked in the chemical evolution models by including a recent gas infall episode. In Sect. 4.5, we discuss how this assumption is also consistent with the abundance ratios observed in Gaia DR3 for massive stars and young objects.
	[image: thumbnail]	Fig. 1. Temporal evolution of the SFR normalised to the maximum value predicted by our model is drawn with the dark blue line. The observed estimate obtained with Gaia DR1 data is indicated by the light-blue line (Bernard 2017). The SF histories, based on the second Gaia release DR2 sby Ruiz-Lara et al. (2020), for the thick and thin discs are represented by the magenta and pink lines, respectively.



3.3. The three-infall model details
In this paper, we extend the two-infall chemical evolution models presented in Sect. 3.1 while taking into account the recent constraints imposed by the star formation history (SFH) and GDR3 chemical abundances. Using the models of Sect. 3.1 as a reference, we split the low-α sequence into two distinct gas infall episodes in order to mimic the recent enhanced SF activity of Ruiz-Lara et al. (2020) and Bernard (2017). Here, in the framework of the three-infall model, the functional form of the gas infall rate is
[image: thumbnail](1)
where τ1, τ2, and τ3 are the timescales of the three distinct gas infall episodes. The Heaviside step function is represented by θ, and 𝒳1, i, 𝒳2, i, and 𝒳3, i are the abundance by mass unit of the element i in the infalling gas for the first, second, and third gas infall, respectively. The quantity tmax1 is the time of the maximum infall rate on the second accretion episode, that is, it indicates the delay between the two peaks of the thick disc and the second infall (low-α part I) rates. Similarly, the quantity tmax2 is the Galactic time associated to the maximum infall rate of the third accretion episode.
Finally, the coefficients 𝒜, ℬ, and 𝒞 were obtained by imposing a fit to the observed current total surface mass density with the following relations
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where σ1 is the present-day total surface mass density of the high-α sequence. The σ2 and σ3 quantities stand for the present-day total surface mass density of the two components of the low-α sequence. Finally, tG is the age of the Galaxy. For the total present-day surface density (σ1 + σ2 + σ3) in the solar neighbourhood, we assumed the value of 47.1 ± 3.4 M⊙ pc−2, as provided by McKee et al. (2015) and used previously by ES20 and ES21. The SFR is expressed as the Kennicutt (1998) law,
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where σg is the gas surface density and k = 1.5 is the exponent. The quantity ν1, 2, 3 is the star formation efficiency (SFE) associated to different Galactic evolutionary phases. Motivated by the theory of star formation induced by spiral density waves in Galactic discs (Wyse & Silk 1989), we considered a variable SFE as being a function of the Galactic phase already considered in the two-infall model (Chiappini et al. 2001; Grisoni et al. 2017, 2019, 2020; Spitoni et al. 2020). We adopted the Scalo (1986) initial stellar mass function (IMF), constant in time and space. Finally, we adopted the photospheric values of Grevesse et al. (2007) as our solar reference abundances to be consistent with the Gaia DR3 spectroscopic abundances.
Unlike other studies (e.g. Nidever et al. 2014 for APOGEE data), we ignored the effect of Galactic winds on chemical evolution. In fact, while studying the Galactic fountains originated by the explosions of Type II supernovae (SNe) in OB associations in the solar annulus, Melioli et al. (2008, 2009) and Spitoni et al. (2008, 2009) found that the ejected metals fall back to approximately the same galactocentric region where they were ejected and consequently do not significantly modify the chemical evolution of the disc as a whole. Furthermore, the typical delay as computed by Spitoni et al. (2009) of 0.1 Gyr (due to the orbit time of the clouds subject on the Galactic potential) also produces a negligible effect on the chemical evolution of the Galaxy in the solar neighbourhood.
In Sect. 4, we show the model results considering, a posteriori, the dispersion in the abundance ratios and ages for the predicted SSPs (see also Spitoni et al. 2019a). At each Galactic time, we added a random error to the ages and ratios ([M/H], [X/M]) of the SSPs formed at Galactic evolutionary time t as follows:
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where δG is a perturbation that follows a normal distribution 𝒩(0, σAge) with the standard deviation fixed at the value of σAge = 30%Age and where Age (t) = (13.7–t) Gyr. Similarly, for [M/H] and [X/M] we have, respectively:
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In Eqs. (7) and (8), we imposed that σ[M/H]  =  σ[X/Fe]  ≡  0.05 dex. In the remainder of this paper, we refer to this chemical evolution model as our ‘synthetic model’.
Although stellar migration has undeniably played an important role in Galactic evolution, such as in radial metallicity profiles (e.g. Kordopatis et al. 2015a), and affected the [α/Fe]-age relation of thin disc stars (Vincenzo & Kobayashi 2020), we decided in this work to ignore stellar migration effects in the solar vicinity. Indeed, by means of a self-consistent chemo-dynamical model for the Galactic disc evolution, Khoperskov et al. (2021) concluded that radial migration has a negligible effect on the [α/Fe] versus [Fe/H] distribution over time, suggesting that the α-dichotomy is strictly linked to different star formation regimes over the Galaxy’s lifetime. The only effect of stellar migration from the inner and outer disc Galactic regions would be to smear and smooth the disc bimodality.
Despite the presence of important signatures of stellar migration, Vincenzo & Kobayashi (2020) stressed that two distinct enriched gas accretion episodes with primordial, or poorly enriched, chemical composition occurred at 0–2 and 5–7 Gyr ago, defining the shape of the low-α sequence in the [α/Fe] versus [Fe/H] plot. It is worth noting that in their Fig. 13, the abundances in stars younger than 8 Gyr in the solar neighbourhood perfectly trace the gas phase abundances in the same region.
Hence, we investigate a scenario complementary to that proposed by Sharma et al. (2021) and Chen et al. (2022) and in which the dichotomy visible in [α/Fe] versus [Fe/H] abundance in the solar neighbourhood is entirely explainable by the stellar migration. The observed chemical impoverishment does not naturally appear in the sense of radial migration, which would favour a majority of stars coming from the chemically enriched inner galactic regions.
3.4. Nucleosynthesis prescriptions
In this paper, we assumed the same stellar nucleosynthesis prescriptions as in ES20 and ES21, that is the ones of François et al. (2004). However, in the last part of the results (Sect. 3.4.1), we also test the effects of the nucleosynthesis prescriptions suggested by Romano et al. (2010).
3.4.1. Fronçois et al. yields collection
As for the models of ES20 and ES21, we adopted the same nucleosynthesis prescriptions proposed by François et al. (2004) for Fe, Mg, Si, Ca, and Ti. The authors artificially increased the Mg yields for massive stars from Woosley & Weaver (1995) to reproduce the solar Mg abundance. The Mg yields from stars in the range 11–20 M⊙ were increased by a factor of seven, whereas yields for stars with mass > 20 M⊙ were on average a factor of ∼two larger. No modifications were required for the yields of Fe and Ca computed for solar chemical composition. Concerning Si, only the yields of very massive stars (M > 40 M⊙) were increased by a factor of two. For the modification of Ti yields, we refer the reader to Fig. 7 of François et al. (2004) where the ratios between the revised yields to the data of Woosley & Weaver (1995) for massive stars are indicated. It is possible to note that Ti yields have been substantially increased. Concerning Type Ia SNe, in order to preserve the observed [Mg/Fe] and [Ti/Fe] versus [Fe/H] pattern, the yields of Iwamoto et al. (1999) for Mg and Ti were increased by a factor of five and two, respectively. The choice of such ad hoc nucleosynthesis prescriptions is supported by the fact that stellar yields are still a relatively uncertain component of chemical evolution models (e.g. François et al. 2004; Romano et al. 2010; Côté et al. 2017; Prantzos et al. 2018). This set of yields has been widely used in the literature (Cescutti et al. 2007, 2022; Spitoni et al. 2014, 2015, 2017, 2019b; Mott et al. 2013; Vincenzo et al. 2019; Palla et al. 2022) and has been shown to be able to reproduce the main features of the solar neighbourhood.
3.4.2. Romano et al. yields collection
We also adopted (see Sect. 3.4.2) an alternative set of stellar yields coming from full stellar evolution and nucleosynthesis computations, i.e. those suggested by Romano et al. (2010, their model 15) and recently used in several Galactic archaeology studies with chemical evolution models (i.e. Brusadin et al. 2013; Micali et al. 2013; Spitoni et al. 2016, 2018). We decided to include these stellar yields in our analysis because, in contrast to François et al. (2004), Romano et al. (2010) suggested a collection of yields without applying any modifications or tuning.
For low- and intermediate-mass stars (0.8–8 M⊙), the metallicity-dependent stellar yields of Karakas (2010) with thermal pulses were included. For the progenitors of either Type II SNe or HNe (massive stars > 11–13 M⊙, depending on the explosion energy), they used the metallicity-dependent He, C, N, and O stellar yields computed with the Geneva stellar evolutionary code, which takes into account the combined effect of mass loss and rotation (Meynet & Maeder 2002; Hirschi 2005, 2007; Ekström et al. 2008). For all the elements heavier than O, they used the stellar evolution calculations by Kobayashi et al. (2006).
3.5. Best-fit model parameters
As explained in Sect. 3.2, our main goal is to extend the previous models presented in ES20 and ES21 (for the solar vicinity) regarding the new constraints given by the SF history (from Gaia DR1 and Gaia DR2 data) and the new RVS chemical abundance ratios provided by Gaia DR3. In Table 1, we summarise the main parameters of the best model presented in this study. Because the models ES20 and ES21 were already able to successfully reproduce data from high-resolution surveys, such as APOKASC and APOGEE DR16, we tried to keep most of the model parameters similar to the values proposed in those studies.
Table 1. 
Summary of the main parameters of the best model presented in this study.

For the sake of clarity, in Table 1 we indicate which parameters have not been modified: the infall timescales, t1 = 0.103 Gyr (high-α) and t2 = 4.110 Gyr (low-α, part I); the delay between the first and the second infall, tmax1 = 4.085 Gyr; and the star formation efficiency of the high-α sequence, ν1 = 2 Gyr−1. These parameters are all taken from ES21 model. Defining σ2 + 3/σ1 as the ratio between the low-α and high-α present-day total surface mass densities, we assumed σ2 + 3/σ1 = 3.472, as prescribed by ES20. Concerning the present-day ratio between low-α and high-α stars, the actual observed value is still uncertain. We highlight that Fuhrmann et al. (2017) derived a local mass density ratio of 5.26 in the solar vicinity between the thin and thick disc stars, which becomes as low as 1.73 after correction for the difference in the scale height. Finally, the SFE of the low-α part I sequence was also taken from the ES20 model (ν2 = 1.3 Gyr−1).
As discussed in Sect. 4, the radial velocity spectrometer (RVS) chemical abundance shows the presence of a population composed of massive stars with a deficiency in metallicity [M/H], i.e. sub-solar values not explainable with standard chemical evolution or stellar migration processes. The same behaviour is seen in young objects with Kordopatis et al. (2023) ages smaller than 1 Gyr). It is important to note that this population has been found to trace the spiral arms.
In order to correctly model this population, we need the third infall (low-α, part II) associated with lower SFE to be compared with the first component of the low-α phase that is coupled with enough gas infall to produce sufficient dilution on short timescales. In fact, we fixed the SFE at the value of ν3  =  0.5 Gyr−1, imposing that the mass of the part II is σ3 = 0.3 ⋅ σ2 + 3 and t3 = 0.15 Gyr (see Table 1 and the discussion in Sect. 4 with the effects on the chemical evolution of this set of model parameters). Finally, in order to better reproduce the Gaia DR3 abundance ratios, we imposed for the two low-alpha components that the infalling gas has a mild chemical enrichment obtained from the model fixed at the value of the high-α disc phase corresponding to [Fe/H] = −0.75 dex divided by a factor of five.
4. Results
In this section, we show the results of the new three-infall chemical evolution model introduced in Sect. 3 for α-elements. In Sect. 4.1, we compare Gaia DR3 data with the previous two-infall models regarding different chemical species. In Sect. 4.2, the main features of the proposed three-infall chemical evolution in the [X/Fe] versus [M/H] (X=Mg, Si, Ca, Ti, α) plane are discussed. In Sect. 4.3, we present results of the temporal evolution of the SF and other Galactic disc observables. In Sect. 4.4, we compare the model predictions with Gaia DR3 data for different age bins. In Sect. 4.5, we show the dilution signature present in Gaia DR3 massive stars.
4.1. The two-infall model and Gaia DR3 abundance ratios
In the right panels of Fig. 2, we present the predictions of the reference two-infall ES21 model compared with Gaia DR3 data. As illustrated in ES20 and ES21, the gas dilution originated by a strong second gas infall is a key process for explaining APOKASC and APOGEE DR16 abundance ratios. In particular, the second accretion event of pristine gas (or with a metal-poor chemical composition) decreases the metallicity of the stellar populations born immediately after the event, keeping a roughly constant [X/Fe] ratio where X is the α-element. When star formation resumes, Type II SNe pollutes the ISM, producing a steep rise in the [X/Fe] ratio that subsequently decreases at higher metallicities due to the bulk of Fe injection from Type Ia SNe (Matteucci et al. 2009; Bonaparte et al. 2013; Palla 2021). This sequence produces the characteristic ‘loop’ feature in the chemical evolution track of [X/Fe] versus [Fe/H].
	[image: thumbnail]	Fig. 2. Predictions of the two-infall model by ES21 including errors in the chemical abundance and age determinations (synthetic model) for the [Si/Fe] (first row) and [Mg/Fe] (second row) versus [M/H] relations. The colour-coding stands for the normalised predicted total number of formed stars in the [Si/Fe] versus [M/H] (top panels) area covered by each hexagon. Gaia DR3 stars are indicated by empty hexagons. For Si the grey hexagons enclose between two and six stars, the light-blue between six and 20. Finally, blue hexagons contain more than 20 stars. In the lower panels, the numbers of Gaia DR3 stars contained in the hexagons for Mg is smaller by a factor of two compared to the Si plots (upper panels). In the left panels, only stars with ages younger than 1 Gyr are represented, whereas in the right panels the whole ages are considered. We also depict the chemical evolution line predicted by ES21 without considering any errors with the green lines.



In Fig. 2, we also report the predictions of the two-infall ES21 synthetic model, including errors for ages younger than 1 Gyr and the whole age range for the [Si/Fe] and [Mg/Fe] versus [M/H] relations. We included Si and Mg because (i) in ES20 with they approximate the global α and (ii) in ES21 the chemical evolution of Mg was studied.
Concerning the whole-ages case (reported in the right panels), the general trend of the data is well reproduced for the high-α and low-α phases. This agreement is quite reassuring because all of the parameters are the same as in ES20 and ES21 for the first two gas infall episode (see Table 1).
However, it is clear from Fig. 2 that the ES21 model is not capable of reproducing the young population centred at under-solar [M/H] values, predicting SSPs with a too-high metallicity. The presence of a young metal deficient population in Gaia DR3 data is discussed in more detail in Section 4.5. For the moment, we just mention that Gaia Collaboration (2023b) pinpointed low [Mg/Fe], [Ca/Fe], and [Ti/Fe] ratios in the range of −0.5 dex < [M/H] < 0 dex for evolved massive stars near the disc plane.
This range seems to indicate that the young stellar populations are chemically impoverished, which can be explained with our three-infall model, as we explain in Sects. 4.4 and 4.5. In the proposed scenario, the third infall can be the result of the dynamical interaction between the Milky Way and Sagittarius, as suggested by Ruiz-Lara et al. (2020). As stated by Gaia Collaboration (2023b), stellar migration will not be able to explain this population either because, in such a scenario, these stars should predominantly migrate from the outer disc, but the decreasing stellar density with galactocentric radius cannot allow them to dominate the star counts.
4.2. The three-infall model and the dilution features
In Fig. 3, we show the chemical enrichment history in the [Si/Fe] versus [M/H] plane for the three-infall model without the inclusion of errors. We highlight different phases associated to the distinct infall episodes to better visualise the main trends. The dilution phase begins soon after injection of the infalling gas associated with the first component of the low-α sequence (low-α part I in Eq. (1)) into the Galactic system. In particular, and as mentioned for the ES20 and ES21 model, the second accretion event of metal-poor gas decreases the metallicity of the stellar populations that are born immediately after, keeping a roughly constant [Si/Fe] ratio. Once the SF resumes, the predicted Galactic chemical evolution follows the characteristic loop feature in the [Si/Fe] versus [Fe/H] plane. In Johnson & Weinberg (2020) and Lian et al. (2020a,b), the effects of a recent gas-rich merger or violent dynamical disturbance on the chemical evolution have been discussed as producing features in the chemical space similar to the ones described above.
	[image: thumbnail]	Fig. 3. Abundance ratios of [Si/Fe] as a function of [M/H] predicted by the three-infall chemical evolution model presented in Sect. 3 and with parameters listed in Table 1. Different colours indicate the distinct infall episodes: red (high-α), dark blue (low-α, part I), and light-blue (low-α, part II). Filled yellow circles indicate the abundance ratios of the chemical evolution model at the given age. In the inset, the normalised star formation history is reported with the different evolutionary phases coloured, as in main plot [Si/Fe] versus [M/H]. The vertical dashed lines indicate the ages corresponding to yellow points.



In Fig. 3, the effects of the third accretion event (with model parameters reported in Table 1) on the chemical enrichment of the Galactic disc can be seen. This accretion episode begins after 11 Gyr of evolution (Galactic age of 2.7 Gyr) and produces a much smaller loop feature compared to the second infall. As clearly indicated by the light-blue line in Fig. 3, the principal effects of the third gas infall are: (i) keeping the present-day metallicity [M/H] at a value smaller than the previous chemical evolution model proposed by Spitoni et al. (2019a, 2020, 2021), and (ii) maintaining low values of [Si/Fe]. As shown in the first upper panel of Fig. 4, this third infall allows our synthetic model to reproduce even the observed stars younger than 1 Gyr.
	[image: thumbnail]	Fig. 4. Abundance ratios of [Si/Fe] as a function of [M/H] predicted by our three-infall synthetic chemical evolution model for different age bins taking into account observational errors (see Eqs. (6)–(8)) are indicated by colour-coded hexagons. The colour-coding stands for the normalised predicted total number of formed stars in the [Si/Fe] versus [M/H] area covered by each hexagon. Gaia DR3 stars are indicated by empty hexagons: the grey hexagons enclose between two and six stars, and the light-blue hexagons enclose between six and 20. Finally, the blue hexagons contain more than 20 stars. In the third panel of the second row, we show model predictions for all the ages and, we also indicate results without the errors in blue the model. In each panel we also report the median vertical dispersion velocity values computed at different age bins.



We have mentioned in Sect. 3.5 that the total barionic mass in the low-alpha sequence (i.e. the σ2 + 3 quantity in Table 1) is distributed as follows: 70% in the low-α part I and 30% low-α part II phases. Hence, the smaller mass associated to the third infall combined with the low SFE (v3 = 0.5 Gyr−1) is mainly responsible for the small loop in the [Si/Fe] versus [M/H] relation. However, the dilution required to reproduce the young population at sub-solar metallicity may be in place, imposing a short timescale t3 for the gas accretion. This particular combination of parameters allows us to predict the young sub-solar metallicity population, as we show in Sects. 4.4 and 4.5.
For the sake of completeness, in Fig. 5 we show a chemical evolution model constrained by an SF history similar to the one reported in the inset panel of Fig. 3 and that presents a different chemical enrichment in the [Si/Fe] versus [M/H] space. We imposed a smaller gas infall mass for the third infall. In this case, it accounts for 15% of the total low-α sequence baryonic mass. We also imposed a larger SFE, ν3 = 0.8 Gyr−1.
	[image: thumbnail]	Fig. 5. Same as in Fig. 3 but considering a smaller gas infall mass for the third infall – it accounts for 15% of the total low-α sequence barionic mass – and a larger SFE (ν3 = 0.8 Gyr−1). The inset also reports the normalised star formation history with the different evolutionary phases coloured as in the main plot [Si/Fe] versus [M/H]. The value of the SFE associated to the low-α phase I (indicated with the blue dashed line) is ν2 = 1 Gyr−1. Vertical dashed lines indicate the ages corresponding to yellow points.



To keep the value of the ratio σ2 + 3/σ1 suggested by ES20, as indicated in Table 1, a larger mass for the low-α phase I component was required in order to impose a lower mass associated to the third infall. Hence, we were able to reproduce the SF history of Fig. 3 by assuming a smaller SFE value of the low-α phase I: ν2 = 1 Gyr−1. In Fig. 5, we note that a weaker chemical dilution is present in the [Si/Fe] versus [M/H] space compared to the model of Fig. 3 during the third infall phase, showing a chemical evolution track very similar to the ES20 and ES21 models. It is worth mentioning that the models presented in Figs. 3 and 5 are also able to reproduce the data studied in ES20 and ES21. The proposed three-infall model with strong dilution has been used to interpret the [M/H] versus [Ce/Fe] Gaia DR3 abundance ratios in Contursi et al. (2023).
Future Gaia data releases, as well as other surveys, might revise the properties and significance of the young metal-impoverished population of stars found by Gaia Collaboration (2023b). However, the three-infall model presented in this paper, constrained by the recent local SFH derived from Gaia data, would still remain a viable scenario for the local disc formation. It could be necessary, though, to assume a higher or smaller amount of accreted gas. In this respect, it also has to be mentioned that the identification of the young, metal-poor component could suffer from biases related to the adoption of the standard spectroscopic local thermodynamic equilibrium (LTE) analysis for those stars (see discussions in Magrini et al. 2023). Furthermore, the parameterisation of young stars from high-resolution spectra (R ∼ 100 000) could also be affected by a combination of intrinsic factors, such as activity, fast rotation, and magnetic fields (Zhang et al. 2021; Spina et al. 2020, 2022). Nonetheless, Gaia Collaboration (2023b) pointed out that the above-mentioned processes should be important in young stars with ages younger than 200 Myr, thus not affecting the Gaia RVS parameterisation, which is performed at medium resolution (R ∼ 11 500).
4.3. The Galactic star formation history and other disc observables
In Fig. 1, we compare the predicted SF history by the model with parameters given in Table 1 with the parameters of Ruiz-Lara et al. (2020) and Bernard (2017). The figure shows that our three-infall model approximately traces the main feature of the observed SF history by Gaia and that the recent narrow SF peaks can be well mimicked by a low-α sequence formed by two independent episodes of gas infall. Concerning the high-α sequence, the predicted SF is in very good agreement with the thick disc part of Bernard (2017). However, in Ruiz-Lara et al. (2020), we notice that the thick disc has a more extended evolution in time.
We want to recall here that the Milky Way-like galaxy simulations in the cosmological framework presented by Vincenzo & Kobayashi (2020) show important signatures of two gas accretions of metal-poor gas as occurring about 0–2 and 5–7 Gyr ago, respectively, which is in very good agreement with the scenario we propose with the three-infall model. These events are responsible for the shape of the low-α sequence in the [α/Fe]–[Fe/H] diagram for the neighbourhood.
As mentioned in Sect. 3.5 of this study, we want to retain, especially for the high-α sequence, the model parameters of previous chemical evolution models already capable of appropriately reproducing abundance ratios of APOGEE and APOKASC data.
As anticipated in Sect. 3.3, we imposed that the total (sum of high- and low-α sequence contributions) surface mass density in the local disc is the same as the one suggested by McKee et al. (2015) i.e. 47.1 ± 3.4 M⊙ pc−2. In the same article, the authors provide the values for the present-day total local surface density of stars, σ⋆(tg) = 33.4 ± 3 M⊙ pc−2. In the left panel of Fig. 6, we draw the temporal evolution of the surface density of stars predicted by our three-infall chemical evolution model. With this model, we have σ⋆(tg) = 31.2 M⊙ pc−2, which is in agreement with the above mentioned value proposed by McKee et al. (2015). In the same panel of Fig. 6, we show the predicted temporal evolution of the surface gas density. In particular, the computed present-day value of σg(tg) = 11.0 M⊙ pc−2 is shown to be higher than the value computed by Palla et al. (2020) of 8.4[image: equation] M⊙ pc−2 (averaging between the Dame (1993) and Nakanishi & Sofue 2003, 2006 datasets) but still within 1σ uncertainty.
	[image: thumbnail]	Fig. 6. Galactic disc observables. Left panel: surface mass density evolution of stars (σ⋆, solid blue line) and gas (σg, dashed blue line) predicted by the three-infall chemical evolution model presented in this study with model parameters reported in Table 1. The purple star indicates the observed present-day σ⋆ value given by McKee et al. (2015). The magenta star represents the present-day σg value averaging between the Dame (1993) and Nakanishi & Sofue (2003, 2006) dataset as presented by Palla et al. (2020) (here shown only at 8 kpc). Middle panel: the SFR time evolution predicted by the model is reported with the blue line. The red shaded area indicates the measured range in the solar annulus suggested by Prantzos et al. (2018). Right panel: evolution of the Type Ia SN (dashed line) and Type II SN (solid line) rates predicted by model for whole Galactic disc. The magenta star stands for the observed Type Ia SN rate observed by Cappellaro & Turatto (1997), whereas the purple one stands for Type II SN rates observed by Li et al. (2011). The 1σ and 2σ errors are reported with grey and yellow bars, respectively.



In the middle panel of Fig. 6, we present the time evolution of the SFR in our model, which predicts a present-day value of 2.63 M⊙ pc−2 Gyr−1. Hence, it is in excellent agreement with the range usually assumed as a constraint in chemical evolution models in the solar vicinity of 2–5 M⊙ pc−2 Gyr−1 (Matteucci 2012; Prantzos et al. 2018).
In the right panel of Fig. 6, we report the time evolution of the Type Ia SN and Type II SN rates. The present-day Type II SN rate in the whole Galactic disc predicted by our three-infall model is 1.08/[100 yr], a smaller value (but within 2σ error) than the observations of Li et al. (2011), who yielded a value of 1.54 ± 0.32/[100 yr]. The predicted present-day Type Ia SN rate in the whole Galactic disc is 0.29/[100 yr], which is in very good agreement with the value provided by Cappellaro & Turatto (1997) of 0.30 ± 0.20/[100 yr]. Moreover, the computed present-day infalling gas rate is 0.71 M⊙ pc−2 Gyr−1, consistent with the range 0.3–1.5 M⊙ pc−2 Gyr−1 suggested in Chapter 5.3.1 of Matteucci (2012) for the solar vicinity.
4.4. Three-infall model predictions in different age bins
In this section, we present the predicted abundance ratios by the three-infall chemical evolution and the associated synthetic models. In Fig. 4, we report the [Si/Fe] versus [M/H] abundance ratios computed in six different age bins. We recall that in GSP-Spec, [M/H] values follow the [Fe/H] abundance with a tight correlation. Hence, in this work we compare [Fe/H] model predictions with [M/H] Gaia DR3 abundance ratios.
We can note that our three-infall synthetic model is able to produce the main features of Gaia DR3 data at different ages. In particular, the model is able to reproduce the youngest stellar population with ages < 1 Gyr.
In Fig. 4, we also indicate the median vertical velocity dispersion σZ of the Gaia stars in each age bin. As expected, the older age bins are characterised by larger σZ values.
In the lower right panel, we consider the whole age range, and beside the synthetic model, we show the best-fit three-infall model of Fig. 3. As already discussed in Sect. 4.2, the chemical evolution track is very similar to the one previously proposed by Spitoni et al. (2019a), ES20, and ES21: once the high-α sequence ended (after ∼4 Gyr of evolution), the Galactic disc achieved the highest value of metallicity [M/H].
In Fig. 7, we show the model results for the [Mg/Fe] versus [M/H]. In this case, we find a very good agreement between our synthetic model computed at different age bins and the Gaia DR3 data, similar to the results presented for Si. In Fig. 2, we also report ES21 model predictions for Mg compared with Gaia DR3 data. As for Si, model ES21 (designed to reproduce APOGEE DR16 data in the solar vicinity) is capable of reproducing Gaia DR3 if we consider the whole stellar ages (lower-right panel of Fig. 2), but it cannot predict the Gaia DR3 stars younger than 1 Gyr impoverished in metals [M/H] (lower-left panel).
	[image: thumbnail]	Fig. 7. Same as in Fig. 4 but for Mg. In this case, the empty grey hexagons contain between one and three Gaia DR3 stars, the light-blue hexagons contain between three and 10, and the blue ones indicate regions with more than 10 stars.



As shown in Fig. 8, we also have a good agreement between models and data for Ti. Indeed, the synthetic model traces very well the main features of [Ti/Fe] versus [Fe/H] in all the considered age bins. In Fig. 9, we have drawn model results for [Ca/Fe] versus [M/H]. The model is shown to slightly underestimate [Ca/Fe] and [α/Fe] Gaia DR3 abundance ratios (∼0.05 dex). Even for the corrected yield, the predicted [Ca/Fe] versus [Fe/H] abundance ratios in Fig. 4 of François et al. (2004) seem to be consistently below our collection of stellar data results, shown in Fig. 9.
	[image: thumbnail]	Fig. 8. Same as in Fig. 4 but for Ti. The empty grey hexagons contain between three and nine Gaia-DR3 stars, the light-blue hexagons contain between nine and 30 stars, and the blue hexagons contain more than 30.



	[image: thumbnail]	Fig. 9. Same as in Fig. 4 but for Ca. In this case, the empty grey hexagons enclose between five and 15 Gaia DR3 stars, the light-blue hexagons enclose between 15 and 50, and the blue hexagons enclose more than 50.



In Fig. 10, we report the metallicity distribution function predicted by our synthetic model in comparison with those computed for different stellar samples selected for different elements. Our synthetic model metallicity distribution function is in very good agreement with Ca, α, Si, and Ti stellar samples. Only for Mg does the Gaia DR3 stellar distribution show fewer stars at low metallicity. In the Gaia RVS range, the unique Mg line is very weak, so the abundances have to be treated carefully. The fact that we have a limited number of stars with high-quality values for the flags is the main reason for this mild discrepancy.
	[image: thumbnail]	Fig. 10. Metallicity [M/H] distributions predicted by the synthetic model (light-red histograms) compared with the ones obtained considering the different Gaia DR3 stellar sub-samples for Ca, α, Mg, Si, and Ti, respectively (blue histograms). In each plot, the associated median values are indicated by the vertical dashed lines.



4.5. Recent dilution signature in Gaia DR3 massive stars
As pointed out by Gaia Collaboration (2023b), the evolved massive stars in the same parameter range as the massive population presented in their Sect. 3 dominate the observed populations visible for X= Mg, Ca, Ti abundances in the range [M/H] ∈ [−0.5, 0] dex, and at low abundance [X/Fe] ratio values near the disc plane at all Galactic radii. In the previous section, we have shown that this population of young stars seems to be impoverished in the solar cylinder, which was also found by Recio-Blanco et al. (2023) when considering a larger number of element abundances. We note that silicon, calcium, and titanium, which have several lines in the RVS wavelength range, were measured in a large sample of stars in the solar cylinder: more than 80 000 for [Ti/Fe] and more than 140 000 for [Si/Fe]. Moreover, in Appendix D of Gaia Collaboration (2023b), the robustness of the massive stars’ chemical impoverishment estimate and its dependence on the different calibrations have been also verified.
In the left panel of Fig. 11, we show the Kiel diagram of massive stars as selected in the Teff and log g (calibrated values) space by Gaia Collaboration (2023b, see their Fig. 8) for the sub-samples considered in this work for α, Ca, Mg, Si, and Ti. In this particular analysis, including for the Mg sample, the stars have been selected imposing a value of zero for the ‘UpLim’ flag (best quality data).
	[image: thumbnail]	Fig. 11. Kiel diagram of massive Gaia DR3 population. Left panel: Kiel diagram for the massive Gaia DR3 star sub-samples selected, as indicated in Sect. 4.5, for α, Ca, Mg, Si, and Ti, respectively. Different point sizes help to visualise the stars in common among different sub-samples. Right panel: PARSEC isochrones for metallicites [M/H] = 0 dex and [M/H] = −0.25 dex compared to the massive Gaia DR3 star sub-samples (black points).



In Fig. 12, we compare the predicted [X/Fe] versus [Fe/H] abundance ratios for SSPs younger than 1 Gyr (for different α elements) from the synthetic model with the massive stars reported in Fig. 11 which uses calibrations proposed by Recio-Blanco et al. (2023). The only predictions that are not in agreement with the data are those for Mg. Although [Mg/Fe] ratios computed by our synthetic model have larger values, the observed [M/H] is well traced in this case. Following Poggio et al. (2022), in the right panel of Fig. 11, we compare the selected massive stars of Gaia DR3 stars with the prediction from the PARSEC isochrones (Bressan et al. 2012; Chen et al. 2014, 2015; Tang et al. 2014; Pastorelli et al. 2019) computed at 1 Gyr, 500 Myr, 300 Myr, 100 Myr, and 30 Myr. These isochrones consider both solar metallicity [M/H] = 0 dex and −0.25 dex because, as can be seen in Fig. 12, the range in metallicity of the selected Gaia DR3 stars spanned ∈ [−0.25, 0] dex. It is clear that the sample mostly contains young stars with ages between 100 Myr and 300 Myr.
	[image: thumbnail]	Fig. 12. Comparison between abundance ratios of [α/Fe], [Mg/Fe], [Si/Fe], [Ca/Fe], [Ti/Fe] as a function of [M/H] predicted by the three-infall model for stars younger than 1 Gyr compared and Gaia DR 3 massive stars. Black points indicate observed massive stars selected by Gaia Collaboration (2023b, see text for details) using the calibrations proposed by Recio-Blanco et al. (2023). The contour lines enclose fractions of 0.75, 0.60, 0.45, 0.30,0.20, and 0.05 of the total number of observed stars. The colour-coded hexagons indicate the model predictions and highlight the total number of stars formed by the fiducial three-infall model in the different regions of the abundance ratio relation.



An important test for validating the young, chemical-impoverished population identified by the Gaia DR3 involves the comparison of the identified stars with the high-resolution spectroscopic surveys of APOGEE DR17 (Abdurro’uf et al. 2022). In Fig. 13, we show the stars in common between the sub-samples of Gaia DR3 and APOGEE DR17, both for the massive stars and for objects younger than 1 Gyr. The stars are shown separately in the [X/Fe] versus [M/X] chemical space (where X= Mg, Si, Ca, Ti) Notwithstanding some differences in the [X/Fe] values, which can be explained by the differences in models and wavelength domain, the metallicities estimated by both surveys are in very good agreement. It is important to note that Gaia DR3 and APOGEE DR17 have only a few stars in common in the selected Galactic region (Rg∈ [8.1, 8.4] kpc; see Sect. 2). As shown in Fig. 12, Gaia DR3 shows a significant number of massive stars even in the narrow region selected around the solar position.
	[image: thumbnail]	Fig. 13. Upper panels: comparison between the GSP-Spec chemical abundances ratios of Gaia DR3 younger than 1 Gyr analysed in this work (blue points and associated errors) and their counterparts in APOGEE DR17 (yellow points). Lower panels: same as the upper panels, but for the massive Gaia DR3 stars considered in this work.



In addition, in Fig. 14 we investigate in more detail the massive, young population introduced in Fig. 11 of Gaia Collaboration (2023b), which is characterised by chemical impoverishment signatures in [Ca/Fe] versus [M/H] ratios. We draw the chemical ratios observed in APOGEE DR17 for the same stars as in Gaia Collaboration (2023b) which display chemical impoverishment in their Fig. 11 in the same Galactic region and with maximum vertical heights |zmax|< 0.5 kpc. For the validation of this young chemical impoverished population, from Fig. 14, it is very important to note that all the cross-matched stars (i) are part of the low-α sequence in APOGEE DR17 and (ii) the majority of them present sub-solar values in metallicity.
	[image: thumbnail]	Fig. 14. Upper panel: [Mg/Fe] versus [Fe/H] abundance ratios for APOGEE DR17 stars with Galactocentric distances between 7 and 9 kpc are reported with the black points. APOGEE DR17 stars that cross-match with the population of massive stars presented by Gaia Collaboration (2023b) characterised by chemical impoverishment with maximum vertical heights |zmax|< 0.5 kpc are indicated with the yellow points. Lower panel: same as the upper panel but for [α/Fe] versus [Fe/H].



Finally, in Fig. 15, we compare the three-infall chemical evolution models presented in this study with APOGEE DR17 data in the [Mg/Fe] versus [Fe/H] of Fig. 14. The model that reproduces GSP-Spec chemical abundances well at different ages (i.e. the model with strong dilution in the third infall phase with parameters listed in Table 1 is also in better agreement with the APOGEE DR17 chemical abundances of the cross-matched stars.
	[image: thumbnail]	Fig. 15. Comparison between the three-infall chemical evolution models presented in this study and APOGEE DR17 data in the [Mg/Fe] versus [Fe/H] abundance ratios. Symbols of the APOGEE DR17 stars are as in the upper panel of Fig. 14. Line types and colours of the two chemical evolution models are the ones indicated in Fig. 3 (model with strong dilution created by the third infall) and Fig. 5 (model with a less massive third infall).



In order to further validate GPS-Spec chemical abundances, we compared [Fe/H] values for Cepheids taken from the literature with best- and medium-quality GSP-Spec metallicities [M/H] (calibrated values). A very good agreement was found, and in fact the average difference [Fe/H]Lit.–[M/H]GSP − Spec is −0.03 dex, with σ = 0.11 dex (V. Ripepi, priv. comm.).
4.6. Results with Romano et al. nucleosynthesis prescriptions
In this section, we present the three-infall model results using the nucleosynthesis prescriptions suggested by Romano et al. (2010) (see Sect. 4.6 for details) with the same parameters as in Table 1. In order to be consistent with the Romano et al. (2010) study, we considered the IMF of Kroupa et al. (1993). In the different panels of Fig. 16, we show the results for [Si/Fe], [Mg/Fe], [Ti/Fe], and [Ca/Fe] versus [M/H], respectively. We note that for Mg and Ti, the predicted abundance ratios fall substantially below the observation data by more than 0.2 dex. We stress, however, that modelling the galactic chemical evolution of Mg and Ti is challenging, even when adopting the most up-to-date nucleosynthesis prescriptions for massive stars. For instance, Prantzos et al. (2018) presented chemical evolution with metallicity-dependent weighted rotational velocities by Limongi & Chieffi (2018), but the evolution of Mg and Ti substantially underestimated the observational data in the Milky Way. We want to stress that the largest uncertainties in the model predictions are still due to the adopted stellar nucleosynthesis prescriptions.
	[image: thumbnail]	Fig. 16. Observed Gaia DR3 [Si/Fe], [Mg/Fe], [Ti/Fe] and [Ca/Fe] abundance ratios versus [M/H] are reported with empty hexagons (the numbers of stars contained in different hexagons are indicated in the legends) are compared with the proposed three-infall chemical evolution model using different nucleosynthesis prescriptions. Model predictions (assuming parameters as reported in Table 1) adopting the nucleosynthesis yields suggested by François et al. (2004) and Romano et al. (2010) are reported with the blue and magenta lines, respectively.



5. Conclusions
In this study, we have presented a new three-infall chemical evolution model for the solar vicinity. Our main goal was to extend the previous models presented in Spitoni et al. (2020, 2021) in the light of the new constraints given by the star formation history (from Gaia DR1 and Gaia DR2) and the RVS spectra abundance ratios (Gaia DR3). Because these models were already able to successfully reproduce data from high resolution surveys, such as APOKASC and APOGEE DR16, we kept the parameters proposed by the previous studies unchanged (see Table 1). Our main conclusions are summarised as follows:

	
The new three-infall chemical evolution model, characterised by infall timescales t1 = 0.10 Gyr, t2 = 4.11 Gyr, and t3 = 0.15 Gyr, as well as a strong chemical dilution during the third infall phase, is able to reproduce the main features of the abundance ratio [X/Fe] versus [M/H] (X=Mg, Si, Ca, Ti, α) of Gaia DR3 stars in different age bins for the considered α elements.



	
The most recent gas infall, which started ∼2.7 Gyr ago, allows us to identify predict the Gaia DR3 young population that has suffered a recent chemical impoverishment. We have shown that the classical two-infall model is not capable of predicting this young population centred at undersolar [M/H] values because too many stars at higher metallicity are formed.



	
Our model also reproduces important observational constraints for the chemical evolution of the Galactic disc, such as the present-day star formation rate, the stellar and gas surface densities, Type II and Ia SN rates, and the infall rate of the accreted gas. In addition, the proposed three-infall model is able to reproduce the solar photospheric abundance values of Grevesse et al. (2007).



	
The stars identified by Gaia Collaboration (2023b) as massive objects, with the above-mentioned signature of chemical impoverishment, are also part of the low-α sequence that accounts for the associated APOGEE DR17 chemical abundances.



	
The proposed three-infall model with a strong dilution in the chemical abundance ratios caused by a third infall event is capable of reproducing APOGEE DR17 data reasonably well.



	
Future Gaia data releases, as well as other surveys, might revise the properties and significance of the young population of metal-impoverished stars found by Gaia Collaboration (2023b). However, the three-infall model presented here constrained by the recent local SFH derived from Gaia data would remain a viable scenario for the local disc formation. It could be necessary, though, to assume a higher or smaller amount of accreted gas.




The above-mentioned results suggest that the distribution of the stars in high-α and low-α sequences is strictly linked to different star formation regimes over the Galaxy’s life. As pointed out by Gaia Collaboration (2023b), stellar migration is not capable of explaining the presence of the significant young stellar population with an impoverished chemical composition. The reason is that inwards migration from outer parts, which favours lower metallicities, should not the dominant process due to the decreasing stellar density with the galactocentric distance. In conclusion, we suggest that the main reason for this peculiar young stellar population is the chemical dilution from a recent gas infall episode.

Acknowledgments
E. Spitoni and A. Recio-Blanco received funding from the European Union’s Horizon 2020 research and innovation program under SPACE-H2020 grant agreement number 101004214 (EXPLORE project). This project has received funding from the European Union’s Horizon 2020 research and innovation programme under the Marie Sklodowska-Curie grant agreement N. 101063193. This work has made use of data from the European Space Agency (ESA) mission Gaia (https://www.cosmos.esa.int/gaia), processed by the Gaia Data Processing and Analysis Consortium (DPAC, https://www.cosmos.esa.int/web/gaia/dpac/consortium). Funding for the DPAC has been provided by national institutions, in particular the institutions participating in the Gaia Multilateral Agreement.

References
	
Abdurro’uf, Accetta, K., Aerts, C., et al. 2022, ApJS, 259, 35
[See]
	
Adibekyan, V. Z., Sousa, S. G., Santos, N. C., et al. 2012, A&A, 545, A32
[See]
	
Aguirre Børsen-Koch, V., Rørsted, J. L., Justesen, A. B., et al. 2022, MNRAS, 509, 4344
[See]
	
Ahumada, R., Allende Prieto, C., Almeida, A., et al. 2020, ApJS, 249, 3
[See]
	
Amarsi, A. M., Nissen, P. E., & Skúladóttir, Á. 2019, A&A, 630, A104
[See]
	
Antoja, T., Ramos, P., Mateu, C., et al. 2020, A&A, 635, L3
[See]
	
Bailer-Jones, C. A. L., Rybizki, J., Fouesneau, M., Demleitner, M., & Andrae, R. 2021, AJ, 161, 147
[See]
	
Bennett, M., & Bovy, J. 2019, MNRAS, 482, 1417
[See]
	
Bernard, E. J. 2017, in SF2A-2017: Proceedings of the Annual meeting of the French Society of Astronomy and Astrophysics, eds. C. Reylé, P. Di Matteo, F. Herpin, et al.
[See]
	
Bonaparte, I., Matteucci, F., Recchi, S., et al. 2013, MNRAS, 435, 2460
[See]
	
Bressan, A., Marigo, P., Girardi, L., et al. 2012, MNRAS, 427, 127
[See]
	
Brusadin, G., Matteucci, F., & Romano, D. 2013, A&A, 554, A135
[See]
	
Buder, S., Lind, K., Ness, M. K., et al. 2019, A&A, 624, A19
[See]
	
Buder, S., Sharma, S., Kos, J., et al. 2021, MNRAS, 506, 150
[See]
	
Cantat-Gaudin, T., Anders, F., Castro-Ginard, A., et al. 2020, A&A, 640, A1
[See]
	
Cappellaro, E., & Turatto, M. 1997, in NATO Advanced Science Institutes (ASI) Series, eds. P. Ruiz-Lapuente, R. Canal, & J. Isern, 486, 77
[See]
	
Cescutti, G., Matteucci, F., François, P., & Chiappini, C. 2007, A&A, 462, 943
[See]
	
Cescutti, G., Bonifacio, P., Caffau, E., et al. 2022, A&A, 668, A168
[See]
	
Chen, B., Hayden, M. R., Sharma, S., et al. 2022, ArXiv e-prints, [arXiv:2204.11413]
[See]
	
Chen, Y., Girardi, L., Bressan, A., et al. 2014, MNRAS, 444, 2525
[See]
	
Chen, Y., Bressan, A., Girardi, L., et al. 2015, MNRAS, 452, 1068
[See]
	
Chiappini, C., Matteucci, F., & Gratton, R. 1997, ApJ, 477, 765
[See]
	
Chiappini, C., Matteucci, F., & Romano, D. 2001, ApJ, 554, 1044
[See]
	
Contursi, G., de Laverny, P., Recio-Blanco, A., et al. 2023, A&A, in press, https://doi.org/10.1051/0004-6361/202244469
[See]
	
Côté, B., O’Shea, B. W., Ritter, C., Herwig, F., & Venn, K. A. 2017, ApJ, 835, 128
[See]
	
Dame, T. M. 1993, in Back to the Galaxy, eds. S. S. Holt, & F. Verter, AIP Conf. Ser., 278, 267
[See]
	
de Laverny, P., Recio-Blanco, A., Worley, C. C., et al. 2013, The Messenger, 153, 18
[See]
	
Ekström, S., Meynet, G., Chiappini, C., Hirschi, R., & Maeder, A. 2008, A&A, 489, 685
[See]
	
Feltzing, S. 2016, in Multi-Object Spectroscopy in the Next Decade: Big Questions, Large Surveys and Wide Fields, eds. I. Skillen, M. Balcells, & S. Trager, ASP Conf. Ser., 507, 85
[See]
	
François, P., Matteucci, F., Cayrel, R., et al. 2004, A&A, 421, 613
[See]
	
Freeman, K., & Bland-Hawthorn, J. 2002, ARA&A, 40, 487
[See]
	
Fuhrmann, K., Chini, R., Kaderhandt, L., & Chen, Z. 2017, MNRAS, 464, 2610
[See]
	
Gaia Collaboration (Brown, A. G. A., et al.) 2016, A&A, 595, A2
[See]
	
Gaia Collaboration (Katz, D., et al.) 2018, A&A, 616, A11
[See]
	
Gaia Collaboration (Antoja, T., et al.) 2021a, A&A, 649, A8
[See]
	
Gaia Collaboration (Brown, A. G. A., et al.) 2021b, A&A, 649, A1
[See]
	
Gaia Collaboration (Vallenari, A., et al.) 2023a, A&A, in press, https://doi.org/10.1051/0004-6361/202243940
[See]
	
Gaia Collaboration (Recio-Blanco, A., et al.) 2023b, A&A, in press, https://doi.org/10.1051/0004-6361/202243511
[See]
	
Gravity Collaboration (Abuter, R., et al.) 2021, A&A, 654, A22
[See]
	
Grevesse, N., Asplund, M., & Sauval, A. J. 2007, Space Sci. Rev., 130, 105
[See]
	
Grisoni, V., Spitoni, E., Matteucci, F., et al. 2017, MNRAS, 472, 3637
[See]
	
Grisoni, V., Matteucci, F., Romano, D., & Fu, X. 2019, MNRAS, 489, 3539
[See]
	
Grisoni, V., Romano, D., Spitoni, E., et al. 2020, MNRAS, 498, 1252
[See]
	
Hayden, M. R., Bovy, J., Holtzman, J. A., et al. 2015, ApJ, 808, 132
[See]
	
Haywood, M., Di Matteo, P., Lehnert, M. D., Katz, D., & Gómez, A. 2013, A&A, 560, A109
[See]
	
Hirschi, R. 2005, in From Lithium to Uranium: Elemental Tracers of Early Cosmic Evolution, eds. V. Hill, P. Francois, & F. Primas, 228, 331
[See]
	
Hirschi, R. 2007, A&A, 461, 571
[See]
	
Iwamoto, K., Brachwitz, F., Nomoto, K., et al. 1999, ApJS, 125, 439
[See]
	
Johnson, J. W., & Weinberg, D. H. 2020, MNRAS, 498, 1364
[See]
	
Karakas, A. I. 2010, MNRAS, 403, 1413
[See]
	
Katz, D., Gómez, A., Haywood, M., Snaith, O., & Di Matteo, P. 2021, A&A, 655, A111
[See]
	
Katz, D., Sartoretti, P., Guerrier, A., et al. 2023, A&A, in press, https://doi.org/10.1051/0004-6361/202244220
[See]
	
Kennicutt, R. C., Jr 1998, ApJ, 498, 541
[See]
	
Khoperskov, S., Haywood, M., Snaith, O., et al. 2021, MNRAS, 501, 5176
[See]
	
Kobayashi, C., Umeda, H., Nomoto, K., Tominaga, N., & Ohkubo, T. 2006, ApJ, 653, 1145
[See]
	
Kordopatis, G., Wyse, R. F. G., Gilmore, G., et al. 2015a, A&A, 582, A122
[See]
	
Kordopatis, G., Binney, J., Gilmore, G., et al. 2015b, MNRAS, 447, 3526
[See]
	
Kordopatis, G., Recio-Blanco, A., Schultheis, M., & Hill, V. 2020, A&A, 643, A69
[See]
	
Kordopatis, G., Schultheis, M., McMillan, P. J., et al. 2023, A&A, 669, A104
[See]
	
Kroupa, P., Tout, C. A., & Gilmore, G. 1993, MNRAS, 262, 545
[See]
	
Laporte, C. F. P., Johnston, K. V., & Tzanidakis, A. 2019a, MNRAS, 483, 1427
[See]
	
Laporte, C. F. P., Minchev, I., Johnston, K. V., & Gómez, F. A. 2019b, MNRAS, 485, 3134
[See]
	
Li, W., Chornock, R., Leaman, J., et al. 2011, MNRAS, 412, 1473
[See]
	
Lian, J., Thomas, D., Maraston, C., et al. 2020a, MNRAS, 497, 2371
[See]
	
Lian, J., Thomas, D., Maraston, C., et al. 2020b, MNRAS, 494, 2561
[See]
	
Limongi, M., & Chieffi, A. 2018, ApJS, 237, 13
[See]
	
Lynden-Bell, D., & Kalnajs, A. J. 1972, MNRAS, 157, 1
[See]
	
Magrini, L., Viscasillas Vazquez, C., Spina, L., et al. 2023, A&A, 669, A119
[See]
	
Majewski, S. R., Schiavon, R. P., Frinchaboy, P. M., et al. 2017, AJ, 154
[See]
	
Matteucci, F. 2012, Chemical Evolution of Galaxies (Berlin Heidelberg: Springer-Verlag)
[See]
	
Matteucci, F. 2021, A&ARv., 29, 5
[See]
	
Matteucci, F., Spitoni, E., Recchi, S., & Valiante, R. 2009, A&A, 501, 531
[See]
	
McKee, C. F., Parravano, A., & Hollenbach, D. J. 2015, ApJ, 814, 13
[See]
	
McMillan, P. J. 2017, MNRAS, 465, 76
[See]
	
Melioli, C., Brighenti, F., D’Ercole, A., & de Gouveia Dal Pino, E. M. 2008, MNRAS, 388, 573
[See]
	
Melioli, C., Brighenti, F., D’Ercole, A., & de Gouveia Dal Pino, E. M. 2009, MNRAS, 399, 1089
[See]
	
Meynet, G., & Maeder, A. 2002, A&A, 390, 561
[See]
	
Micali, A., Matteucci, F., & Romano, D. 2013, MNRAS, 436, 1648
[See]
	
Mikolaitis, S., de Laverny, P., Recio-Blanco, A., et al. 2017, A&A, 600, A22
[See]
	
Mott, A., Spitoni, E., & Matteucci, F. 2013, MNRAS, 435, 2918
[See]
	
Nakanishi, H., & Sofue, Y. 2003, PASJ, 55, 191
[See]
	
Nakanishi, H., & Sofue, Y. 2006, PASJ, 58, 847
[See]
	
Nidever, D. L., Bovy, J., Bird, J. C., et al. 2014, ApJ, 796, 38
[See]
	
Nissen, P. E., Christensen-Dalsgaard, J., Mosumgaard, J. R., et al. 2020, A&A, 640, A81
[See]
	
Palla, M. 2021, MNRAS, 503, 3216
[See]
	
Palla, M., Matteucci, F., Spitoni, E., Vincenzo, F., & Grisoni, V. 2020, MNRAS, 498, 1710
[See]
	
Palla, M., Santos-Peral, P., Recio-Blanco, A., & Matteucci, F. 2022, A&A, 663, A125
[See]
	
Pastorelli, G., Marigo, P., Girardi, L., et al. 2019, MNRAS, 485, 5666
[See]
	
Pinsonneault, M. H., Elsworth, Y., Epstein, C., et al. 2014, ApJS, 215, 19
[See]
	
Poggio, E., Recio-Blanco, A., Palicio, P. A., et al. 2022, A&A, 666, L4
[See]
	
Prantzos, N., Abia, C., Limongi, M., Chieffi, A., & Cristallo, S. 2018, MNRAS, 476, 3432
[See]
	
Queiroz, A. B. A., Anders, F., Chiappini, C., et al. 2020, A&A, 638, A76
[See]
	
Randich, S., Gilmore, G., Magrini, L., et al. 2022, A&A, 666, A121
[See]
	
Recio-Blanco, A., de Laverny, P., Kordopatis, G., et al. 2014, A&A, 567, A5
[See]
	
Recio-Blanco, A., de Laverny, P., Palicio, P. A., et al. 2023, A&A, in press, https://doi.org/10.1051/0004-6361/202243750
[See]
	
Rojas-Arriagada, A., Recio-Blanco, A., de Laverny, P., et al. 2016, A&A, 586, A39
[See]
	
Rojas-Arriagada, A., Recio-Blanco, A., de Laverny, P., et al. 2017, A&A, 601, A140
[See]
	
Romano, D., Karakas, A. I., Tosi, M., & Matteucci, F. 2010, A&A, 522, A32
[See]
	
Romano, D., Franchini, M., Grisoni, V., et al. 2020, A&A, 639, A37
[See]
	
Ruiz-Lara, T., Gallart, C., Bernard, E. J., & Cassisi, S. 2020, Nat. Astron., 4, 965
[See]
	
Sahlholdt, C. L., Feltzing, S., & Feuillet, D. K. 2022, MNRAS, 510, 4669
[See]
	
Scalo, J. M. 1986, Fund. Cosmic Phys., 11, 1
[See]
	
Schönrich, R., & Binney, J. 2009, MNRAS, 396, 203
[See]
	
Sellwood, J. A., & Binney, J. J. 2002, MNRAS, 336, 785
[See]
	
Sharma, S., Hayden, M. R., & Bland-Hawthorn, J. 2021, MNRAS, 507, 5882
[See]
	
Silva Aguirre, V., Lund, M. N., Antia, H. M., et al. 2017, ApJ, 835, 173
[See]
	
Silva Aguirre, V., Bojsen-Hansen, M., Slumstrup, D., et al. 2018, MNRAS, 475, 5487
[See]
	
Snaith, O., Haywood, M., Di Matteo, P., et al. 2015, A&A, 578, A87
[See]
	
Spina, L., Nordlander, T., Casey, A. R., et al. 2020, ApJ, 895, 52
[See]
	
Spina, L., Magrini, L., & Cunha, K. 2022, Universe, 8, 87
[See]
	
Spitoni, E., Recchi, S., & Matteucci, F. 2008, A&A, 484, 743
[See]
	
Spitoni, E., Matteucci, F., Recchi, S., Cescutti, G., & Pipino, A. 2009, A&A, 504, 87
[See]
	
Spitoni, E., Matteucci, F., & Sozzetti, A. 2014, MNRAS, 440, 2588
[See]
	
Spitoni, E., Romano, D., Matteucci, F., & Ciotti, L. 2015, ApJ, 802, 129
[See]
	
Spitoni, E., Vincenzo, F., Matteucci, F., & Romano, D. 2016, MNRAS, 458, 2541
[See]
	
Spitoni, E., Gioannini, L., & Matteucci, F. 2017, A&A, 605, A38
[See]
	
Spitoni, E., Matteucci, F., Jönsson, H., Ryde, N., & Romano, D. 2018, A&A, 612, A16
[See]
	
Spitoni, E., Silva Aguirre, V., Matteucci, F., Calura, F., & Grisoni, V. 2019a, A&A, 623, A60
[See]
	
Spitoni, E., Cescutti, G., Minchev, I., et al. 2019b, A&A, 628, A38
[See]
	
Spitoni, E., Verma, K., Silva Aguirre, V., & Calura, F. 2020, A&A, 635, A58
[See]
	
Spitoni, E., Verma, K., Silva Aguirre, V., et al. 2021, A&A, 647, A73
[See]
	
Spitoni, E., Aguirre Børsen-Koch, V., Verma, K., & Stokholm, A. 2022, A&A, 663, A174
[See]
	
Steinmetz, M., Matijevič, G., Enke, H., et al. 2020, AJ, 160, 82
[See]
	
Tang, J., Bressan, A., Rosenfield, P., et al. 2014, MNRAS, 445, 4287
[See]
	
Vincenzo, F., & Kobayashi, C. 2020, MNRAS, 496, 80
[See]
	
Vincenzo, F., Spitoni, E., Calura, F., et al. 2019, MNRAS, 487, L74
[See]
	
Woosley, S. E., & Weaver, T. A. 1995, ApJS, 101, 181
[See]
	
Wyse, R. F. G., & Silk, J. 1989, ApJ, 339, 700
[See]
	
Xiang, M., & Rix, H.-W. 2022, Nature, 603, 599
[See]
	
Yu, Z., Li, J., Chen, B., et al. 2021, ApJ, 912, 106
[See]
	
Zhang, R., Lucatello, S., Bragaglia, A., et al. 2021, A&A, 654, A77
[See]


All Tables
Table 1. 
Summary of the main parameters of the best model presented in this study.
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	[image: thumbnail]	Fig. 1. Temporal evolution of the SFR normalised to the maximum value predicted by our model is drawn with the dark blue line. The observed estimate obtained with Gaia DR1 data is indicated by the light-blue line (Bernard 2017). The SF histories, based on the second Gaia release DR2 sby Ruiz-Lara et al. (2020), for the thick and thin discs are represented by the magenta and pink lines, respectively.
In the text



	[image: thumbnail]	Fig. 2. Predictions of the two-infall model by ES21 including errors in the chemical abundance and age determinations (synthetic model) for the [Si/Fe] (first row) and [Mg/Fe] (second row) versus [M/H] relations. The colour-coding stands for the normalised predicted total number of formed stars in the [Si/Fe] versus [M/H] (top panels) area covered by each hexagon. Gaia DR3 stars are indicated by empty hexagons. For Si the grey hexagons enclose between two and six stars, the light-blue between six and 20. Finally, blue hexagons contain more than 20 stars. In the lower panels, the numbers of Gaia DR3 stars contained in the hexagons for Mg is smaller by a factor of two compared to the Si plots (upper panels). In the left panels, only stars with ages younger than 1 Gyr are represented, whereas in the right panels the whole ages are considered. We also depict the chemical evolution line predicted by ES21 without considering any errors with the green lines.
In the text



	[image: thumbnail]	Fig. 3. Abundance ratios of [Si/Fe] as a function of [M/H] predicted by the three-infall chemical evolution model presented in Sect. 3 and with parameters listed in Table 1. Different colours indicate the distinct infall episodes: red (high-α), dark blue (low-α, part I), and light-blue (low-α, part II). Filled yellow circles indicate the abundance ratios of the chemical evolution model at the given age. In the inset, the normalised star formation history is reported with the different evolutionary phases coloured, as in main plot [Si/Fe] versus [M/H]. The vertical dashed lines indicate the ages corresponding to yellow points.
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	[image: thumbnail]	Fig. 4. Abundance ratios of [Si/Fe] as a function of [M/H] predicted by our three-infall synthetic chemical evolution model for different age bins taking into account observational errors (see Eqs. (6)–(8)) are indicated by colour-coded hexagons. The colour-coding stands for the normalised predicted total number of formed stars in the [Si/Fe] versus [M/H] area covered by each hexagon. Gaia DR3 stars are indicated by empty hexagons: the grey hexagons enclose between two and six stars, and the light-blue hexagons enclose between six and 20. Finally, the blue hexagons contain more than 20 stars. In the third panel of the second row, we show model predictions for all the ages and, we also indicate results without the errors in blue the model. In each panel we also report the median vertical dispersion velocity values computed at different age bins.
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	[image: thumbnail]	Fig. 5. Same as in Fig. 3 but considering a smaller gas infall mass for the third infall – it accounts for 15% of the total low-α sequence barionic mass – and a larger SFE (ν3 = 0.8 Gyr−1). The inset also reports the normalised star formation history with the different evolutionary phases coloured as in the main plot [Si/Fe] versus [M/H]. The value of the SFE associated to the low-α phase I (indicated with the blue dashed line) is ν2 = 1 Gyr−1. Vertical dashed lines indicate the ages corresponding to yellow points.
In the text



	[image: thumbnail]	Fig. 6. Galactic disc observables. Left panel: surface mass density evolution of stars (σ⋆, solid blue line) and gas (σg, dashed blue line) predicted by the three-infall chemical evolution model presented in this study with model parameters reported in Table 1. The purple star indicates the observed present-day σ⋆ value given by McKee et al. (2015). The magenta star represents the present-day σg value averaging between the Dame (1993) and Nakanishi & Sofue (2003, 2006) dataset as presented by Palla et al. (2020) (here shown only at 8 kpc). Middle panel: the SFR time evolution predicted by the model is reported with the blue line. The red shaded area indicates the measured range in the solar annulus suggested by Prantzos et al. (2018). Right panel: evolution of the Type Ia SN (dashed line) and Type II SN (solid line) rates predicted by model for whole Galactic disc. The magenta star stands for the observed Type Ia SN rate observed by Cappellaro & Turatto (1997), whereas the purple one stands for Type II SN rates observed by Li et al. (2011). The 1σ and 2σ errors are reported with grey and yellow bars, respectively.
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	[image: thumbnail]	Fig. 7. Same as in Fig. 4 but for Mg. In this case, the empty grey hexagons contain between one and three Gaia DR3 stars, the light-blue hexagons contain between three and 10, and the blue ones indicate regions with more than 10 stars.
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	[image: thumbnail]	Fig. 8. Same as in Fig. 4 but for Ti. The empty grey hexagons contain between three and nine Gaia-DR3 stars, the light-blue hexagons contain between nine and 30 stars, and the blue hexagons contain more than 30.
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	[image: thumbnail]	Fig. 9. Same as in Fig. 4 but for Ca. In this case, the empty grey hexagons enclose between five and 15 Gaia DR3 stars, the light-blue hexagons enclose between 15 and 50, and the blue hexagons enclose more than 50.
In the text



	[image: thumbnail]	Fig. 10. Metallicity [M/H] distributions predicted by the synthetic model (light-red histograms) compared with the ones obtained considering the different Gaia DR3 stellar sub-samples for Ca, α, Mg, Si, and Ti, respectively (blue histograms). In each plot, the associated median values are indicated by the vertical dashed lines.
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	[image: thumbnail]	Fig. 11. Kiel diagram of massive Gaia DR3 population. Left panel: Kiel diagram for the massive Gaia DR3 star sub-samples selected, as indicated in Sect. 4.5, for α, Ca, Mg, Si, and Ti, respectively. Different point sizes help to visualise the stars in common among different sub-samples. Right panel: PARSEC isochrones for metallicites [M/H] = 0 dex and [M/H] = −0.25 dex compared to the massive Gaia DR3 star sub-samples (black points).
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	[image: thumbnail]	Fig. 12. Comparison between abundance ratios of [α/Fe], [Mg/Fe], [Si/Fe], [Ca/Fe], [Ti/Fe] as a function of [M/H] predicted by the three-infall model for stars younger than 1 Gyr compared and Gaia DR 3 massive stars. Black points indicate observed massive stars selected by Gaia Collaboration (2023b, see text for details) using the calibrations proposed by Recio-Blanco et al. (2023). The contour lines enclose fractions of 0.75, 0.60, 0.45, 0.30,0.20, and 0.05 of the total number of observed stars. The colour-coded hexagons indicate the model predictions and highlight the total number of stars formed by the fiducial three-infall model in the different regions of the abundance ratio relation.
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	[image: thumbnail]	Fig. 13. Upper panels: comparison between the GSP-Spec chemical abundances ratios of Gaia DR3 younger than 1 Gyr analysed in this work (blue points and associated errors) and their counterparts in APOGEE DR17 (yellow points). Lower panels: same as the upper panels, but for the massive Gaia DR3 stars considered in this work.
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	[image: thumbnail]	Fig. 14. Upper panel: [Mg/Fe] versus [Fe/H] abundance ratios for APOGEE DR17 stars with Galactocentric distances between 7 and 9 kpc are reported with the black points. APOGEE DR17 stars that cross-match with the population of massive stars presented by Gaia Collaboration (2023b) characterised by chemical impoverishment with maximum vertical heights |zmax|< 0.5 kpc are indicated with the yellow points. Lower panel: same as the upper panel but for [α/Fe] versus [Fe/H].
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	[image: thumbnail]	Fig. 15. Comparison between the three-infall chemical evolution models presented in this study and APOGEE DR17 data in the [Mg/Fe] versus [Fe/H] abundance ratios. Symbols of the APOGEE DR17 stars are as in the upper panel of Fig. 14. Line types and colours of the two chemical evolution models are the ones indicated in Fig. 3 (model with strong dilution created by the third infall) and Fig. 5 (model with a less massive third infall).
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	[image: thumbnail]	Fig. 16. Observed Gaia DR3 [Si/Fe], [Mg/Fe], [Ti/Fe] and [Ca/Fe] abundance ratios versus [M/H] are reported with empty hexagons (the numbers of stars contained in different hexagons are indicated in the legends) are compared with the proposed three-infall chemical evolution model using different nucleosynthesis prescriptions. Model predictions (assuming parameters as reported in Table 1) adopting the nucleosynthesis yields suggested by François et al. (2004) and Romano et al. (2010) are reported with the blue and magenta lines, respectively.
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      Fig. 3. 
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        Abundance ratios of [Si/Fe] as a function of [M/H] predicted by the three-infall chemical evolution model presented in Sect. 3 and with parameters listed in Table 1. Different colours indicate the distinct infall episodes: red (high-α), dark blue (low-α, part I), and light-blue (low-α, part II). Filled yellow circles indicate the abundance ratios of the chemical evolution model at the given age. In the inset, the normalised star formation history is reported with the different evolutionary phases coloured, as in main plot [Si/Fe] versus [M/H]. The vertical dashed lines indicate the ages corresponding to yellow points.

      

    

  
    
      Fig. 5. 
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        Same as in Fig. 3 but considering a smaller gas infall mass for the third infall – it accounts for 15% of the total low-α sequence barionic mass – and a larger SFE (ν3 = 0.8 Gyr−1). The inset also reports the normalised star formation history with the different evolutionary phases coloured as in the main plot [Si/Fe] versus [M/H]. The value of the SFE associated to the low-α phase I (indicated with the blue dashed line) is ν2 = 1 Gyr−1. Vertical dashed lines indicate the ages corresponding to yellow points.

      

    

  
    
      Fig. 7. 
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        Same as in Fig. 4 but for Mg. In this case, the empty grey hexagons contain between one and three Gaia DR3 stars, the light-blue hexagons contain between three and 10, and the blue ones indicate regions with more than 10 stars.

      

    

  
    
      Fig. 10. 
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        Metallicity [M/H] distributions predicted by the synthetic model (light-red histograms) compared with the ones obtained considering the different Gaia DR3 stellar sub-samples for Ca, α, Mg, Si, and Ti, respectively (blue histograms). In each plot, the associated median values are indicated by the vertical dashed lines.

      

    

  
    
      Fig. 11. 
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        Kiel diagram of massive Gaia DR3 population. Left panel: Kiel diagram for the massive Gaia DR3 star sub-samples selected, as indicated in Sect. 4.5, for α, Ca, Mg, Si, and Ti, respectively. Different point sizes help to visualise the stars in common among different sub-samples. Right panel: PARSEC isochrones for metallicites [M/H] = 0 dex and [M/H] = −0.25 dex compared to the massive Gaia DR3 star sub-samples (black points).

      

    

  
    
      Fig. 12. 

      
        [image: thumbnail]
      

      
        Comparison between abundance ratios of [α/Fe], [Mg/Fe], [Si/Fe], [Ca/Fe], [Ti/Fe] as a function of [M/H] predicted by the three-infall model for stars younger than 1 Gyr compared and Gaia DR 3 massive stars. Black points indicate observed massive stars selected by Gaia Collaboration (2023b, see text for details) using the calibrations proposed by Recio-Blanco et al. (2023). The contour lines enclose fractions of 0.75, 0.60, 0.45, 0.30,0.20, and 0.05 of the total number of observed stars. The colour-coded hexagons indicate the model predictions and highlight the total number of stars formed by the fiducial three-infall model in the different regions of the abundance ratio relation.

      

    

  
    
      Fig. 13. 

      
        [image: thumbnail]
      

      
        Upper panels: comparison between the GSP-Spec chemical abundances ratios of Gaia DR3 younger than 1 Gyr analysed in this work (blue points and associated errors) and their counterparts in APOGEE DR17 (yellow points). Lower panels: same as the upper panels, but for the massive Gaia DR3 stars considered in this work.

      

    

  
    
      Fig. 14. 
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        Upper panel: [Mg/Fe] versus [Fe/H] abundance ratios for APOGEE DR17 stars with Galactocentric distances between 7 and 9 kpc are reported with the black points. APOGEE DR17 stars that cross-match with the population of massive stars presented by Gaia Collaboration (2023b) characterised by chemical impoverishment with maximum vertical heights |zmax|< 0.5 kpc are indicated with the yellow points. Lower panel: same as the upper panel but for [α/Fe] versus [Fe/H].

      

    

  
    
      Fig. 15. 

      
        [image: thumbnail]
      

      
        Comparison between the three-infall chemical evolution models presented in this study and APOGEE DR17 data in the [Mg/Fe] versus [Fe/H] abundance ratios. Symbols of the APOGEE DR17 stars are as in the upper panel of Fig. 14. Line types and colours of the two chemical evolution models are the ones indicated in Fig. 3 (model with strong dilution created by the third infall) and Fig. 5 (model with a less massive third infall).

      

    

  
    
      Fig. 16. 

      
        [image: thumbnail]
      

      
        Observed Gaia DR3 [Si/Fe], [Mg/Fe], [Ti/Fe] and [Ca/Fe] abundance ratios versus [M/H] are reported with empty hexagons (the numbers of stars contained in different hexagons are indicated in the legends) are compared with the proposed three-infall chemical evolution model using different nucleosynthesis prescriptions. Model predictions (assuming parameters as reported in Table 1) adopting the nucleosynthesis yields suggested by François et al. (2004) and Romano et al. (2010) are reported with the blue and magenta lines, respectively.
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