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ABSTRACT

Context. The [Mg/Fe] abundance ratios are a fundamental fossil signature used to trace the chemical evolution of the disc and to
divide it into low-a and high-a populations. Despite the huge observational and theoretical efforts, discrepancies between models and
data are still present and several explanations have been put forward to explain the [@/Fe] bimodality.

Aims. In this work we take advantage of a new AMBRE:HARPS dataset, which provides new more precise [Mg/Fe] estimations and
reliable stellar ages for a subsample of stars, to study the [a/Fe] bimodality and the evolution of the solar neighbourhood.

Methods. The data are compared with detailed chemical evolution models for the Milky Way, exploring the most used prescriptions
for stellar yields and different formation scenarios for the Galactic disc (i.e. the delayed two-infall and the parallel models), including
prescriptions for stellar radial migration.

Results. We see that most of the stellar yield prescriptions struggle to reproduce the observed trend of the data and that semi-empirical
yields describe best the [Mg/Fe] evolution in the thick and thin discs. In particular, most of the yields still predict a steeper decrease
of the [Mg/Fe] ratio at high metallicity than shown by the data. The bulk of the data are well reproduced by the parallel and two-infall
scenarios, but both scenarios have problems in explaining the most metal-rich and metal-poor tails of the low-a data. These tails can
be explained in light of radial migration from the inner and outer disc regions, respectively.

Conclusions. Despite the evidence of stellar migration, it is difficult to estimate the actual contribution of stars from other parts of the
disc to the solar vicinity in the data we adopt. However, the comparison between data and models suggests that peculiar histories of

star formation, such as that of the two-infall model, are still needed to reproduce the observed distribution of stars.
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1. Introduction

Our current understanding of the formation and evolution of our
Milky Way (MW) disc is mostly based on the study and interpre-
tation of signatures imprinted in stellar populations. In particu-
lar, the stellar atmospheres of non-evolved stars inform us about
metals in the interstellar medium (ISM) at the time of their for-
mation (Freeman & Bland-Hawthorn 2002), and for decades has
been the main source of information regarding the formation and
evolution of our own Galaxy.

The [a/Fe] versus metallicity [M/H] (or [Fe/H]) diagram pro-
vides valuable clues to the MW disc evolution. The analysis of
large survey data, such as APOGEE (e.g., Hayden et al. 2015;
Ahumada et al. 2020), GALAH (e.g., Buder et al. 2019), Gaia-
ESO (e.g., Recio-Blancoetal. 2014; Rojas-Arriagada et al.
2016), and the AMBRE project (e.g., Mikolaitis et al. 2017) sug-
gests the existence of a clear distinction between two sequences
of stars in the [a/Fe] versus [Fe/H] space, which are called the

* [Mg/Fe] and age values are only available at the CDS via anony-
mous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http:
//cdsarc.u-strashg. fr/viz-bin/cat/J/A+A/663/A125

high-a sequence (often associated with the thick disc) and the
low-a sequence (associated with the thin disc'). The significance
of this division is even enhanced by the arrival of new dimen-
sions in the data space, such as accurate stellar ages (e.g., from
asteroseismology, Pinsonneault et al. 2014, 2018; Miglio et al.
2021) as well as the kinematics and dynamical properties pro-
vided by the Gaia mission (Gaia Collaboration 2016, 2018,
2021).

However, the origin and shape of this bimodality is still
a matter of debate. Several theoretical models suggested that
the bimodality may be strictly connected to a delayed gas
accretion episode. For example, by revising the classical two-
infall chemical evolution model by Chiappinietal. (1997),
Spitoni et al. (2019, 2020) shows that a significant delay
(4-5 Gyr) between two consecutive episodes of gas accretion is
needed to explain the dichotomy in a local stellar sample from
APOKASC (Silva Aguirre et al. 2018). Similar conclusions are

' It is worth recalling however that the chemical and geometrical sep-

arations give rise to rather different groups (Minchev et al. 2019, see
also Caffau et al. 2021; Romano et al. 2021). Therefore, from now on
we refer only to the high-o and low-a sequences.
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found in Palla et al. (2020b) and Spitoni et al. (2021), where
this scenario is extended to the entire MW disc by compari-
son with the APOGEE data. A late second gas accretion after
a prolonged period with a quenched star formation rate (SFR)
has also been suggested by the dynamical models of Noguchi
(2018) and in cosmological simulations (e.g., Grand et al. 2018;
Mackereth et al. 2018). In this framework, Buck (2020) explains
the dichotomy as the consequence of a gas-rich merger occur-
ring at a certain epoch in the evolution of the Galaxy (as first
proposed in a cosmological model by Calura & Menci 2009).

On the other hand, Grisoni et al. (2017) test the possibility
of a picture where high-a and low-a discs are described by
two separate and coeval evolutionary sequences (i.e. the paral-
lel scenario). This scenario has been found to be particularly
effective to explain the presence of a high-a metal-rich (HeMR)
stellar population seen in the AMBRE (e.g., Mikolaitis et al.
2014) and in LAMOST (Sun et al. 2020) data. In the frame-
work of hydrodynamical simulations, the two distinct evolution-
ary sequences are explained in terms of disc fragmentation: the
high-a sequence is attributed to clumps of star formation with
high star formation efficiency, whereas the low-a sequence orig-
inates from a more distributed and less efficient star formation
episode, as shown in Clarke et al. (2019).

The overall picture on MW disc evolution is further com-
plicated by the existence of stellar radial migration, which is
theoretically well established (e.g., Sellwood & Binney 2002;
Schonrich & Binney 2009; Mincheyv et al. 2011; Di Matteo et al.
2013) and has been traced in different stellar spectro-
scopic surveys (e.g., Kordopatis et al. 2015; Hayden et al. 2017;
Minchev et al. 2018; Feltzing et al. 2020). In particular, the pres-
ence of stars with very high metallicity ([M/H] > 0.1 dex) and
circular orbits at solar radius has been interpreted as clear evi-
dence of stellar migration from inner regions of the Galaxy.
However, the real impact of radial migration on the chemical
evolution of the Galactic disc is still under debate. For exam-
ple, Sharma et al. (2021) presented chemical evolution mod-
els> where the [e/Fe] dichotomy can be reproduced in terms
of both the sharp fall in [a/Fe] due to the onset of Type
Ia SNe and stellar radial migration. In particular, the high-
a sequence is seen as a series of stars with different stel-
lar ages, while the low-a sequence is mostly a series of stars
with different birth radii. On the contrary, chemical evolu-
tion models by Johnson et al. (2021) including stellar migration
failed to match the observed [@/Fe] distribution, indicating that
models with smooth star formation histories (SFHs) miss repro-
ducing the @-bimodality (see also Vincenzo et al. 2021). In addi-
tion, the results of recent chemo-dynamical simulations has
raised doubts about the importance of radial stellar migration
in the evolution of abundance ratios in the Galactic disc (e.g.,
Vincenzo & Kobayashi 2020; Khoperskov et al. 2021), suggest-
ing that the [e/Fe] bimodality is strictly either linked to different
star formation regimes or different accretion episodes over the
Galaxy lifetime.

In this paper we contribute to this field by comparing detailed
chemical evolution models for the solar vicinity with the new
local (den < 300pc) [Mg/Fe] data from Santos-Peral et al.
(2020, 2021). Santos-Peral et al. (2020) carried out an opti-
mised normalisation procedure for stellar spectra which lead to
a decreasing [Mg/Fe] trend at supersolar metallicities, at vari-

2 Actually, they presented empirical age—abundance relations for dif-
ferent radii, whose behaviour has not been demonstrated to be con-
sistent with the assumed SFR evolution (see also Spitoni et al. 2021;
Johnson et al. 2021).
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ance with previous works showing a flat trend for the metal-
rich ((M/H] > 0) disc (e.g., Adibekyan et al. 2012; Hayden et al.
2017; Buder et al. 2019).

The comparison of this new dataset with the chemical evo-
lution model is manifold. First of all, we explore how differ-
ent stellar yield sets behave in reproducing the abundances of
Santos-Peral et al. (2020, 2021). In fact, Mg is usually used as
an a-element tracer (e.g., Mikolaitis et al. 2014; Carrera et al.
2019) because of its simple detection in optical spectra, but
its modelling in high-mass star ejecta often produces chem-
ical evolution tracks inconsistent with the observations (see
e.g., Romano et al. 2010; Prantzos et al. 2018). Furthermore,
we compare the data with different scenarios of chemical evo-
lution proposed for the solar neighbourhood by adopting the
parallel model (Grisoni et al. 2017) and the delayed two-infall
model (Spitoni et al. 2019; Palla et al. 2020b) in order to high-
light their strengths and weaknesses. In light of these two sce-
narios, we also consider the possible impact of stellar migration
on this local sample of stars. To this end, we implement litera-
ture prescriptions for radial migration (from Spitoni et al. 2015;
Frankel et al. 2018) within our model frameworks. In this way,
we test which pathways are likely to explain the star candidates
to be migrated from the inner and outer disc.

The paper is organised as follows. In Sect. 2 the observa-
tional data adopted are presented. In Sect. 3, we present the main
characteristics of the model scenarios, and the adopted stellar
yields and radial migration prescriptions. In Sect. 4 we show our
results and discuss their implications. Finally, in Sect. 5 we draw
our conclusions.

2. The AMBRE:HARPS observational data sample

The AMBRE Project (de Laverny et al. 2013) is a collabora-
tion between the Observatoire de la Cote d’Azur (OCA) and
the European Southern Observatory (ESO) to automatically and
homogeneously parametrise archived stellar spectra from ESO
spectrographs: FEROS, HARPS, and UVES. The stellar atmo-
spheric parameters (T, log(g), [M/H], [a/Fe]) were derived
by the multi-linear regression algorithm MATrix Inversion for
Spectrum SynthEsis (MATISSE; Recio-Blanco et al. 2006), also
used in the Gaia Radial Velocity Spectrometer (RVS) analysis
pipeline (see Recio-Blanco et al. 2016), using the AMBRE grid
of synthetic spectra (de Laverny et al. 2012).

For the present paper we only considered the
AMBRE:HARPS stellar sample®, which corresponds to
stars in the solar neighbourhood observed at high spectral
resolution (R ~ 115000, described in De Pascale et al. 2014).
We adopted the abundance data for 1066 stars from the samples
of Santos-Peral et al. (2020, 2021; hereafter S20 and S21).
These stars were selected to have T.s > 4700K as cooler
stars could have larger errors in the parameters (cf. Fig. 12
in De Pascale et al. 2014). The sample consists of mostly
dwarfs (3.3 < logg < 4.75cm s72) cooler than 6200 K, whose
external uncertainties (estimated by comparison with external
catalogues) on T.g, log(g), [M/H], [a/Fe], and v are 93K,
0.26 cms~2, 0.08 dex, 0.04 dex, and 1 kms™!, respectively. Rela-
tive errors from spectra to spectra are much lower. In addition,
the stellar [Mg/Fe] abundances were derived following the
described methodology in S20, where the spectral normalisation

3 The AMBRE analysis of the HARPS spectra comprises the obser-
vations collected from October 2003 to October 2010 with the HARPS
spectrograph at the 3.6m telescope at the La Silla Paranal Observatory,
ESO (Chile).
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Stellar sample (1066 stars)
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Fig. 1. Distribution of the main properties ([M/H], [Mg/Fe], eccentricity, distance, Rper, Rapos Ry> Zmax) Of the stellar sample, separated into the
chemically defined low-a (orange) and high-« (blue) disc populations. The p-values of the two-sample Kolmogorov—Smirnov tests are shown for

the dynamical properties distributions.

procedure was optimised for the different stellar types and each
particular Mg line separately. They present an overall internal
error of around 0.02 dex and an average external uncertainty of
0.01 dex with respect to four identified Gaia-benchmark stars
(18 Sco, HD 22879, the Sun, and 7 Cet) from Jofré et al. (2015).

It is worth noting that the [M/H] atmospheric parameter
is assumed to be equal to the iron abundance value ([Fe/H])
of the star. The notation comes from the atmosphere mod-
els. The four-dimensional synthetic spectra grid, used as a
reference in the analysis includes variations in T.g, log g,
[M/H], and [«@/Fe]. In this grid the individual abundance of
all non-a chemical elements (e.g., Fe, Cr, Eu) is equal to
[Xuon—o/H] = [M/H]. On the other hand, the individual abun-
dance of all the a-elements [X,/H] is scaled following the
[a@/Fe] dimension, [X,/H]=[a/Fe]+ [Fe/H], and is taken into
account in the estimation of [M/H] through an iterative pro-
cess (Recio-Blanco et al. 2006, 2016). During the [M/H] estima-
tion, all the non-a metallicity indicators in the observed spectra
are considered. These indicators are generally dominated by Fe
lines in the optical, as in the case of the AMBRE:HARPS sam-
ple. As a consequence, the estimated [M/H] value follows the
[Fe/H] abundance with a tight correlation. This is illustrated in
Fig. 9 of De Pascale et al. (2014), showing the correlation of the
AMBRE:HARPS [M/H] parameter with the estimated [Fe/H]
abundance by an independent group (see e.g., Sousa et al. 2008,
2011a,b; Adibekyan et al. 2012) for the same HARPS spectra.
Therefore, in the following results and the corresponding inter-
pretation with the chemical evolution models of the [Mg/Fe] ver-
sus [M/H] plane, we can assume that [M/H] actually behaves
as [Fe/H].

Regarding the [Mg/Fe] abundance estimates, S20 showed a
significant improvement in precision by carrying out an opti-
misation of the spectral normalisation procedure, in particu-
lar for the metal-rich population ((M/H] > 0). The followed
methodology made it possible to highlight a decreasing trend
in the [Mg/Fe] abundance even at supersolar metallicites, partly

solving the apparent discrepancies between the observed flat
trend in the metal-rich disc (Adibekyan et al. 2012; Hayden et al.
2015, 2017; Buderetal. 2019), and the steeper slope pre-
dicted by chemical evolution models (Chiappini et al. 1997;
Romano et al. 2010; Spitoni et al. 2020; Palla et al. 2020b). In
this paper we directly compare these observational data with
the new updated chemical evolution models developed by
Palla et al. (2020b) in order to draw more robust conclusions of
the Galactic disc evolution scenario.

2.1. Orbital properties and stellar ages

As described in S21, a cross-match of the whole
AMBRE:HARPS database with the Gaia DR2 catalogue
(Gaia Collaboration 2018) was performed in order to use the
accurate astrometric (Lindegren et al. 2018) and photometric
(Evans et al. 2018) data, along with the estimated distances by
Bailer-Jones et al. (2018) from Gaia DR2 parallaxes, to estimate
the orbital parameters and ages of the stars.

Figure 1 shows the distribution of the main stellar proper-
ties of the data sample. These are Galactic disc stars describ-
ing relatively circular prograde orbits (0 < e < 0.4) close to
the Galactic plane (|zmax| < 1 kpc) and in the solar vicinity region
(d < 300 pc). We used the guiding centre radius (R, ), which was
calculated as the average between the pericentre and the apocen-
tre of the orbit of the star, R; = (Rper + Rapo)/2, as an estimate
of the current value of the galactocentric radius (Rgc). The sam-
ple is well distributed in galactocentric R, from 4 to 11 kpc. As
the analysed sample is very close to the Sun, the new astromet-
ric information from Gaia EDR3 (Gaia Collaboration 2021) will
not significantly affect our results.

Moreover, we have reliable age values for a subsample of
366 main sequence turn-off (MSTO) stars, estimated using an
isochrone fitting method (Kordopatis et al. 2016) with PARSEC
isochrones (Bressan et al. 2012). The age distribution for our
data subsample ranges from 2.5 to 13.5 Gyr, with an average
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relative standard deviation of o ~ 20% (see complete descrip-
tion in S21).

2.2. Disc chemical distinction

Here we adopt a chemical separation of the Galactic disc com-
ponents, based on the [Mg/Fe] content in a given [M/H] bin.
Figure 2 shows the complete sample from S20 and S21 clas-
sified into high-a and low-a sequences. The separation was
defined by looking at the gaps in the observed [Mg/Fe] distri-
bution functions in different metallicity bins (of 0.1 dex width)
and by performing a linear fit on these divisions (similarly to
Adibekyan et al. 2012; Mikolaitis et al. 2017). To evaluate the
reliability of this division into low- and high-a disc populations,
we performed a Kolgomorov—Smirnov (KS) test between the
divided samples to see if the hypothesis that the two populations
are drawn from the same underlying population can be excluded
(see Fig. 1). In particular, we looked at the dynamical proper-
ties (i.e. eccentricity, maximum height above the disc plane, and
guiding radius of the orbit) of the stars. The resulting p-values
are extremely low (around <107'%), confirming that the two pop-
ulations are actually detached.

We also tried to perform other separations. For example, we
selected old stars (t > 12 Gyr that would trace the thick disc
population, e.g., Haywood et al. 2013) from the MSTO subsam-
ple with stellar ages available, and we drew the lower [Mg/Fe]-
bound fit to these stars to define the two sequences. However, as
discussed in S21, the result of the KS test on stars with interme-
diate to high metallicity ((M/H] > —0.3 dex) does not allow us to
reject the hypothesis of a common origin for the two defined «
populations.

In any case, we note that our chosen separation is rather arbi-
trary and can assume different shapes and/or slopes by looking at
different data samples; its function is just to give an idea of the
high-a and low-a sequences in the abundance diagram plane.
Nevertheless, the results given by the KS test confirm the relia-
bility of this division.

3. Chemical evolution models

In this section we present the chemical evolution models adopted
in this work. To follow the chemical evolution of the solar neigh-
bourhood, we adopt two different scenarios in order to highlight
their advantages and disadvantages in explaining the chemical
history of the solar annulus. In the models, this is assumed to be
a 2 kpc wide ring centred at R = 8 kpc. The models are described
below.

— The delayed two-infall model (Palla et al. 2020b) assumes
that the MW disc forms by means of two sequential infall
episodes. The first infall give rise to the high-& sequence,
whereas the second (delayed and slower) infall forms the
low-a stars. With respect to the classical two-infall paradigm
(Chiappini et al. 1997; Romano et al. 2010), the second infall
is delayed by 3.25 Gyr instead of 1 Gyr. The assumption of a
delayed second infall allowed us to reproduce abundance dia-
grams (Palla et al. 2020b; Spitoni et al. 2021) in the MW disc
as well as asteroseismic stellar age trends (Spitoni et al. 2019,
2020) in the solar neighbourhood;

— The parallel model (Grisoni et al. 2017) assumes that the
two sequences of stars in the chemical space form from two sep-
arate infall episodes, which evolve independently from different
gas reservoirs. As in the two-infall model, the infall episode forg-
ing high-a stars happens on shorter timescales than that forming
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Fig. 2. [Mg/Fe] vs. [M/H] abundance diagram for the sample presented
in Santos-Peral et al. (2020, 2021). The light blue dots are the observed
high-a stars, whereas the orange dots are the observed low-« stars. The
blue and brown contour lines are the density lines of the observed high-
a and low-« stellar distributions, respectively.

low-a stars. This model was tested to reproduce abundance ratios
in the solar neighbourhood (Grisoni et al. 2017).

For both of these chemical evolution models the basic equa-
tions that describe the chemical evolution of a given element i
are

Gi(R’ t) = _w(R’ t)Xl(Ra t) + Ri(Ra t) + Gi,inf(R’ t)a (1)

where Gi(R, ) = Xi(R,t) G(R, 1) is the fraction of the gas mass in
the form of an element i with G(R, ¢) the fractional gas mass and
X;(R, r) the abundance fraction in mass of a given element i, with
the summation over all elements in the gas mixture being equal
to unity.

The first term on the right-hand side of Eq. (1) corresponds
to the rate at which an element i is removed from the ISM due
to star formation. The SFR is parametrised according to the
Schmidt-Kennicutt law (Kennicutt 1998),

YR, 1) = v Zgus(R, D, 2)

where X, is the surface gas density, kK = 1.5 is the law index,
and v is the star formation efficiency (SFE). This parameter is set
to 2Gyr~! for the first infall-high-a star formation episode and
to 1 Gyr~! for the second infall-low-a episode.

The quantity R;(R,t) (see Pallaetal. 2020a for the com-
plete expression) takes into account the nucleosynthesis from
low-intermediate mass stars (LIMS, m < 8Mg), core col-
lapse (CC) SNe (Type II and Ib/c, m > 8My), and Type la
SNe (SN Ia). For the SN Ia, we assume the single-degenerate
(SD) scenario and in particular the delay-time-distribution
(DTD) by Matteucci & Recchi (2001). This choice enables us
to obtain abundance patterns that are similar to those obtained
with the double degenerate (DD) DTD of Greggio (2005)
as well as observationally inferred DTDs (e.g., Totani et al.
2008; Maoz & Graur 2017); for this reason the SD DTD by
Matteucci & Recchi (2001) can be considered a good compro-
mise to describe the delayed pollution from the entire SN Ia pop-
ulation. The R;(R, t) output is also weighted by the initial mass
function (IMF). Here we adopt the IMF by Kroupa et al. (1993),
which is preferred to reproduce the characteristics of the MW
disc (Romano et al. 2005).
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The last term in Eq. (1) models the gas infall rate. For the
two-infall model, it is computed as

Giint(R. 1) = ARR) Xijin(R) €™
+ 0(t = tmax) B(R) Xiging (R) €~ 20, 3)

where G iyf(R, ) is the infalling material in the form of the ele-
ment i and X; jins is the infalling gas composition for the Jth
infall, assumed to be primordial for the solar annulus; 7; and 7,
are the timescales of the two infall episodes, while #,,,,x indicates
the time of maximum infall, which is also the delay between the
first and the second infall; the coefficients A and B are set to
reproduce the present-day surface mass density of the chemical
discs at a certain radius R; and 6 is the Heavyside step function.

In the case of the parallel model, since we assume two sep-
arate infall episodes, the gas infall law is given instead by two
expressions,

Giickint(R, 1) = A(R) Ximickint(R) € 71, 4)
Gihinint(R, 1) = B(R) X; thin.inf(R) € 2, Q)

the first law refers to the high-a formation episode and the sec-
ond to the low-a formation. Here the different quantities have
the same meaning of Eq. (3). In both the chemical evolution
scenarios we set 77 = 0.1 Gyr and and 72(8kpc) = 7Gyr,
in agreement with previous studies (e.g., Grisoni et al. 2017,
Spitoni et al. 2019).

During this work, we also ran two-infall and one-infall
(i.e. low-a star formation episode of the parallel scenario, see
Sect. 4.3) models for the inner and outer radii to test the impact
of radial stellar migration. To this end, we adopt the prescriptions
described in Palla et al. (2020b) and Grisoni et al. (2018).

In particular, we assume that the disc forms inside-out,
meaning that the timescale for mass accretion in the Galac-
tic disc increases linearly with radius (Chiappini et al. 2001;
Cescutti et al. 2007):

T2(R) R

However, the inside-out mechanism is not sufficient to explain
the observed trends for present-day radial gradients (both in
abundances and in physical quantities, see Palla et al. 2020b).
For this reason, a SFE decreasing with radius is adopted (see
also Grisoni et al. 2018).

The total surface mass densities for the low-a and high-a
disc are assumed to have exponential profiles. For the two discs,
we have

Z(R)

Mopc? o @
©

where the disc scale length R, is 3.5kpc for the low-a disc
(e.g., Spitonietal. 2017) and 2.3kpc for the high-a disc
(Pouliasis et al. 2017, see also Palla et al. 2020a). This leads to
a Xiow/Zhign increasing with radius in agreement with recent
observational and theoretical works (e.g., Anders et al. 2014;
Spitoni et al. 2021).

For the two-infall model in the inner disc, we also take
advantage of the results of Palla et al. (2020b) and Spitoni et al.
(2021), suggesting a metal-enriched gas accretion from the sec-
ond infall episode, as also predicted by some simulations (e.g.,
Agertz et al. 2021; Renaud et al. 2021a,b).

We note that in both the models we do not include Galactic
winds and radial gas flows.

For the winds, it was found that Galactic fountains rather
than wind are more likely to occur in galactic discs. Furthermore,
there is the indication (e.g., Melioli et al. 2009; Spitoni et al.
2009) that fountains do not alter significantly the chemical evo-
lution of the disc as a whole.

Radial gas flows (e.g., Spitoni & Matteucci 2011) are also
neglected in this work, even though they were found to be
viable solutions to explain gradients and abundance ratios (e.g.,
Grisoni et al. 2018; Palla et al. 2020b). Most of the works aimed
at studying the solar vicinity assume no flows at all (e.g.,
Romano et al. 2010; Grisoni et al. 2017; Spitoni et al. 2019).
Moreover, tests were performed with radial gas flows, and no
substantial differences were found in the general picture.

3.1. Nucleosynthesis prescriptions

The nucleosynthesis prescriptions and the implementation of
the stellar yields are fundamental ingredients for chemical evo-
lution models. Massive stars and SNe Ia play a fundamen-
tal role in shaping the [Mg/Fe] versus [Fe/H] abundance pat-
tern. Magnesium is mostly produced by massive stars during
hydrostatic carbon burning and explosive neon burning (e.g.,
Woosley & Weaver 1995), whereas SNe Ia are the origin of most
of the Fe (e.g., Matteucci 2012), although CC-SNe produce this
element in non-negligible amounts. In order to see the effects
of the nucleosynthesis prescriptions on the evolution scenarios,
we decided to test different stellar yields from the literature. For
massive stars we tested the three models described below.

In Francois et al. (2004; hereafter FO4), empirical modifica-
tion of the solar metallicity yields (Woosley & Weaver 1995)
was performed to reproduce the solar Mg abundance. Magne-
sium yields were increased in the range 11-20 M and lowered
for stars larger than 20 M;. No modifications were performed for
Fe yields computed for solar composition, which do not overes-
timate Fe abundance as do those of Woosley & Weaver (1995)
as functions of metallicity.

The Kobayashi et al. (2006; hereafter K06) SN models use
different metallicities where the °Ni output is calibrated on
light curve and spectral fitting of individual SNe. To satisfy
this requirement, hypernovae (HNe, i.e. models with explosion
energy Esxy > 10°!erg) explosions were also computed for
m > 20M,, in addition to SN models (Esy = 10°! erg). Here
we adopt the same set used in Grisoni et al. (2017), where the
hypernova fraction (eyy) is set to 1. We note that the K06 table
is almost identical for Mg and Fe to those of Kobayashi et al.
(2011) and Nomoto et al. (2013).

The Limongi & Chieffi (2018; hereafter L18) SN models use
different metallicities where mass loss and stellar rotation are
taken into account. In these models the mass cut is chosen in
order to allow for the ejection of 0.07 M, of °Ni. L18 propose
different yield sets for different rotational velocities (v = O,
150, 300kms~"); different minimum mass for failed SNe (i.e.
objects fully collapsing to black holes; from 30 Mg to 120 My);
and with or without fallback and mixing process. At variance
with FO4 and K06 for which the nucleosynthesis computation
does not go beyond 40 Mg, in L18 yields are computed up to
120 M. Throughout the paper we only test the effect different
rotational velocities and failed SN masses. The mixing and fall-
back processes do not leave a significant imprint on the analysed
abundance patterns.

For SNe Ia we adopt only the yields of the W7 model from
Iwamoto et al. (1999). Palla (2021) shows that negligible differ-
ences (<0.1 dex) in [a/Fe] ratios are obtained by adopting more

A125, page 5 of 16



A&A 663, A125 (2022)

recent (and physical) models for different subclasses of SN Ia
explosions (e.g., Seitenzahl et al. 2013; Leung & Nomoto 2020)
and that the W7 model can be safely adopted in the analysis of
[a/Fe] versus [Fe/H] abundance patterns.

3.2. Implementing stellar radial migration

As mentioned in the Introduction, we include stellar radial
migration prescriptions from the literature in the models to
test the origin of candidate ‘migrators’. We implement migra-
tion in the chemical evolution model by adopting two different
approaches; one takes the output of hydrodynamical simulations
for a MW-like disc, while the other adopts parametric prescrip-
tions. We give the details of the two implementations here.

In the Spitoni et al. (2015; hereafter S15) approach we sim-
ply move stars formed at a given radius bin of the model, with
a certain age and metal content, to the ring corresponding to the
solar annulus (i.e. 8 kpc). To this end, results of the simulations
by Minchev et al. (2013) are adopted as a reference. In particu-
lar, it is assumed that 10% and 20% of the stars born at 4 and
6 kpc, respectively, migrate towards 8 kpc, while 60% of those
born at 8 kpc leave the solar radius. At variance with S15, in this
work we also consider that 20% and 10% of stars born at 10 and
12 kpc migrate towards 8 kpc. In the scenario of the two-infall
model we also assume that stellar migration has an effect only
for the second gas accretion episode since our focus for stellar
migration is on the low-a sequence.

In Frankel et al. (2018; hereafter F18) migration is seen as a
result of a diffusion process treated in a parametrical way. Fol-
lowing Sanders & Binney (2015) and adapting their parametri-
sation to a galactocentric radius coordinate, the probability for
a star to be currently at a galactocentric radius Ry, given that it
was born at Ry and with age 7, can be written as

(R — Ro)?

1 Rr|Ry,7) =1 -
np(Ry| Ry, 7) = In(c3) 3 oy 710 Gyr

®)

where o gy is the radial migration strength and c3 a normalisa-
tion constant ensuring that stars do not migrate to negative radii
(see F18 for details). For orm we adopt a value of 3.5, very
similar to that found in F18 as a result of their Bayesian fitting
procedure. We note that our expression is marginally different
from Eq. (10) in F18, where the migration normalisation is set to
8 Gyr. However, we verified that this change does not lead to sig-
nificant differences in the results. As in the S15 prescriptions, we
assume stellar migration for the two-infall model only after the
onset of the second infall. It is worth noting that in F18 migra-
tion was also not considered for an old disc (age > 8 Gyr in their
case) component.

With both the above prescriptions, we assume that radial
migration is only a passive tracer of chemical evolution (i.e.
the metal enrichment of the ISM in the solar vicinity is prac-
tically unaffected by the stars born in other regions). Following
Kordopatis et al. (2013), a representative value for the velocity
of the migrating stars is 1 km s~!, which roughly corresponds to
1 kpc Gyr~'. Therefore, only stars with stellar lifetimes 1 Gyr,
corresponding to initial masses below 2 Mg, (see e.g., Fig. 3 of
Romano et al. 2005), can travel for distances larger than 1 kpc.
Also adopting the parametric approach of F18, the fraction of
stars contributing from rings other than that of the solar vicinity
is <0.15 for times below 1 Gyr. Therefore, we can reasonably
assume that most of the metals produced by a stellar generation
are ejected rather close to their progenitor birthplace.
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Fig. 3. [Mg/Fe] vs. [M/H] abundance diagram for the delayed two-
infall model described in Sect. 3 adopting Francois et al. (2004) yields
for massive stars. The blue points are the data from Santos-Peral et al.
(2020, 2021).

4. Results

We ran several models to test the effect of different stellar yields
and different scenarios for chemical evolution in comparison
with the data from S20 and S21. In particular, we first concen-
trate on the outcomes of the different nucleosynthesis prescrip-
tions to see the effect of the different yield sets on the predicted
abundance ratios. After that we describe the comparison of the
two-infall and the parallel model scenarios, with their advan-
tages and disadvantages relative to solar neighbourhood data.
Finally, we discuss the possible influence of inner and outer disc
stars on the solar vicinity.

4.1. Testing stellar yields

As mentioned in Sect. 3.1, we tested different nucleosynthesis
prescriptions for massive stars, whose stellar yields have the
largest influence on Mg and Fe evolution.

In Fig. 3 we plot the predicted [Mg/Fe] versus [M/H] by the
delayed two-infall model adopting the yields of FO4 and com-
pared with the data from S20 and S21. We see that the model
reproduces well the data trend for the high-o and the low-a
sequence. From a more careful inspection, however, we note that
the model fails to reproduce the region occupied by the low-c,
low-metallicity stars. This is mainly a consequence of the sce-
nario of chemical evolution.

The observational data are also fairly well reproduced by the
same chemical evolution model that adopts the CC-SN yields by
K06, as shown in Fig. 4. Nevertheless, we see some differences
between Figs. 3 and 4. The Fig. 4 shows a model with slightly
enhanced [Mg/Fe] ratios at low metallicities, while at super-
solar metallicities a clear underestimation emerges of [Mg/Fe]
relative to the trend of the data. This is interesting since
S20 highlighted for this dataset a decreasing [Mg/Fe] trend
with metallicity, at variance with previous estimates (e.g.,
Fuhrmann et al. 2017; Mikolaitis et al. 2017). Recalling that
the FO4 yields are an empirical modification of those of
Woosley & Weaver (1995), this discrepancy opens the ques-
tion of whether CC-SN modelling or abundance determination
(despite the optimised derivation procedure) is responsible for
this bias. In fact, it is not possible to attribute the deficiency in
the predicted [Mg/Fe] to the SN Ia yields, as often suggested in
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previous studies (e.g., Magrini et al. 2017; Grisoni et al. 2018).
This was clearly shown in Palla (2021), where different SN Ia
models were found to have a negligible effect on the [Mg/Fe]
ratio.

A completely different picture emerges from Fig. 5. In this
figure we show the delayed two-infall model predictions adopt-
ing different sets of stellar yields from L18. We note that the
L18 set R (solid line) severely underestimate the Mg content at
all metallicities by at least 0.2 dex. However, this was expected
since Prantzos et al. (2018) already showed that this nucleosyn-
thesis choice does not agree with the obseved behaviour of
[Mg/Fe]. This happens even when adopting yields consider-
ing stellar rotation, like those shown in Fig. 5. However, the
Prantzos et al. (2018) analysis was limited to the set R of L18,
for which only stars below 30 M, explode as normal CC-SN,
whereas more more massive stars end their lives as failed SNe
(see Sect. 3.1). In order to probe the differences found in relaxing
this limit and to be consistent with the other yield sets adopted
in this paper (where no failed SNe are assumed), we considered
other sets from the compilation of L18. In particular, we took a
hybrid M+R set, where we assume that only stars above 60 Mg
directly collapse to a black hole, and the set M, where stars of
all masses are considered to die as CC-SNe. Nevertheless, we
note that both the hybrid M+R and the M sets (dashed and dash-
dotted line, respectively) are not able to explain the observed
[Mg/Fe] versus [Fe/H] evolutionary trend. Actually, the model
adopting the set M decently reproduces the [Mg/Fe] observed
at [M/H] < —1dex, but it lowers to subsolar values for higher
metallicities. This happens even when adopting yields with full
rotation (vo; = 300kms™!) at solar values; in fact, the depen-
dence on the rotation velocity at this metallicity is very modest
(see L18).

Because of the very modest agreement between the data from
S20 and S21 and the models adopting the different massive star
yields from L18, from now on we proceed in our analysis only
adopting the sets from FO4 and K06.

4.2. Different chemical evolution scenarios

The stellar yields are not the only factor influencing the predicted
chemical evolution for the solar neighbourhood. In recent years
several different scenarios have been proposed to explain the
chemical evolution of the MW disc (e.g., Nidever et al. 2014;
Haywood et al. 2016; Grisoni et al. 2017; Spitoni et al. 2019;
Sharma et al. 2021). In this section we discuss the results of

mmmm = | imongi & Chieffi (2018) set M
mm mm | imongi & Chieffi (2018) set M+R
| imongi & Chieffi (2018) set R
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Fig. 5. Same as Fig. 3, but for Limongi & Chieffi (2018) yields. Three
sets are shown: solid line for set R with full rotation (v, = 300kms™')
up to [Fe/H] = -2, no rotation (v;or = O km s71) afterwards; dashed line
for hybrid M+R set (minimum mass for failed SNe > 60 M) with full
rotation up to [Fe/H] = -2, no rotation afterwards; dash-dotted line for
set M with full rotation at all metallicities.

two different approaches to reproducing the trend observed by
S20 and S21: the delayed two-infall model (Spitoni et al. 2019
and later Palla et al. 2020b) and the parallel model (Grisoni et al.
2017, see Sect. 3 for more details).

In Figs. 6 and 7 we show the predicted chemical evolution
by the two scenarios proposed above, adopting the two differ-
ent sets of stellar yields selected in Sect. 4.1. It is worth not-
ing that in order to compare the predictions of the models with
observations, we took the selection function of the observational
data (see Sect. 2) into account. Since this function is age and
metal dependent, because the fraction of stars within the selec-
tion window changes with the age and metallicity, we include in
our models a selection fraction f(r, [M/H]) computed as

i) P(m) dm
flx, IM/H]) = =5 :
S gm) dm

where ¢(m) is the IMF and M, and M,, are the initial masses of
the stars that are in the M/, log(g), and Tt ranges for a pop-
ulation of age 7 and metallicity [M/H]. To do this, we adopt
PARSEC (release v1.2s) and COLIBRI (release S37) stellar evo-
lutionary tracks (Bressan et al. 2012; Chen et al. 2014, 2015;
Tang et al. 2014; Marigo et al. 2017; Pastorelli et al. 2019, 2020)
for selecting the range of masses in the selection window at dif-
ferent ages and metallicities computed by the chemical evolution
model.

Figure 6 shows that both the FO4 (upper panel) and K06
(lower panel) stellar yields reproduce the trends of the high-«
and the low-a sequences defined in Sect. 2. The model also pre-
dicts well the bulk of the stellar distribution in the [Mg/Fe] ver-
sus [M/H] plane. Especially in the case adopting FO4 yields, the
peak in the stellar counts (see Fig. 6 colour bar) coincides with
the densest data region of the diagram (magenta contours). How-
ever, it can be seen that the two models do not explain the low-c,
low-metallicity ([M/H] < —0.6 dex) data or the high-metallicity
tail (above [M/H] ~ 0.2 dex) of the low-a sequence. Even if the
models cover the high-metallicity region at the end of the first
infall, the number of stars predicted by the simulation at that
point is negligible. This is evident by looking at the Fig. 6 colour
bar.

th(T,[M/H])

©))
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Fig. 6. [Mg/Fe] vs. [M/H] abundance diagram for the delayed two-infall
model scenario of chemical evolution with Francois et al. (2004) yields
(upper panel) and Kobayashi et al. (2006) yields (lower panel). The
colour bar indicates the predicted stellar number counts (normalised
to the maximum value) at a certain point of the diagram, taking into
account the selection function. The light blue points are the observed
high-a stars, whereas the orange points are the observed low-« stars.
The magenta contour lines enclose the observed density distribution of
stars.

As noted in Sect. 4.1, the two-infall model with the K06
yields (Fig. 6 lower panel) also underestimates the [Mg/Fe] val-
ues at high metallicity. This happens in spite of the results of
S20, who obtained a decreasing trend in the [Mg/Fe] data even at
supersolar metallicity, differently from previous estimates (e.g.,
Fuhrmann et al. 2017; Mikolaitis et al. 2017).

In Fig. 7 we show the results for the parallel model adopt-
ing the yields of FO4 (upper panel) and K06 (lower panel).
By looking at the chemical tracks for the high-a star forma-
tion episode (thick lines), we note that this sequence explains
well the stellar distribution observed for the high-a stars with
both the nucleosynthesis prescriptions adopted. At variance with
the delayed two-infall model, we see that the parallel scenario
helps to explain the scatter observed for the high-« stars. Sim-
ilarly to Fig. 6 with the two-infall model, the parallel sce-
nario in Fig. 7 has problems in explaining the low-metallicity
([M/H] < -0.6dex) low-a stars. Moreover, in the upper and
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Fig. 7. Same as Fig. 6, but for the parallel model scenario of chemical
evolution. The thin lines represent the chemical track for the low-a star
formation episode, whereas the thin lines are the chemical track for the
high-a star formation episode.

lower panels we see that the thick disc model curve can explain
only a minimal part of the highest metallicity ([M/H] > 0.2 dex)
stars, due to the very low stellar density predicted by the model
(see Fig. 7 colour bar). Nonetheless, the parallel scenario is able
to explain the bulk of observed stars by S20 and S21 (magenta
contours) adopting the stellar yields of either FO4 or KO06.
However, with the latter yield set (Fig. 7 lower panel), it is
evident that the model for the thin disc underestimates the pre-
dicted [Mg/Fe] at supersolar metallicity. The same feature is vis-
ible for the two-infall scenario when we adopt the prescriptions
of K06. This confirms even more that the high-metallicity sub-
solar Mg obtained with the K06 set is a yield-dependent feature
that does not depend on the adopted chemical evolution scenario.

Considering stellar ages In order to probe the scenar-
ios of chemical evolution on firmer bases, we decided to
compare our models with the subsample of MSTO stars
(see Sect. 2) for which accurate stellar ages were derived.
The further dimension available for this subsample pro-
vides an important test for the two scenarios of chemical
evolution, highlighting features that are hidden when looking at
the abundance diagrams only.
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Fig. 8. Synthetic model results for the time evolution of [M/H] (left panel) and [Mg/Fe] (right panel) distributions produced by the delayed two-
infall model in combination with the age and abundance uncertainties of the MSTO subsample (see Egs. (10)—(12)). The stellar yields are from
Francois et al. (2004). Purple filled pentagons are the mock data from the synthetic model. The pentagon size indicates the local number density
of formed stars normalised to maximum value, taking into account the selection function. Pentagons with age below 2 Gyr are shaded due to the
absence of stellar data in this region. The light blue points are the observed high-a stars, whereas the orange points are the observed low-a stars of

the MSTO subsample.

To avoid biased conclusions in the comparison, we selected
the predicted stars according to the selection function for the
MSTO subsample (see S21 for details). Moreover, we took into
account the uncertainties in stellar age and abundance determi-
nations by building a synthetic chemical evolution model (i.e. a
mock stellar catalogue of surviving stars). Similarly to the proce-
dure adopted in Spitoni et al. (2019), we added at each Galactic
time a random error to the ages and the abundances of the stars
formed at the Galactic time ¢. The random errors are uniformly
distributed in the interval of the average error estimated for a cer-
tain abundance and time. In this way, for the synthetic model, we
have a new age, defined as
Tnew(?) = 7(1) + U([=0z(n, +07 1) ]), (10)
where 7(f) = (13.7 — 1) Gyr, U is the random function with uni-
form distribution, and o, is the average error in the age deter-
mination at the time ¢. This value ranges from ~0.25 to ~2 Gyr.
In parallel, we implement the error on the metallicity [M/H] to
define a new metallicity,

[M/H] ey () = [IM/H](®) + U([~0pwyms +0my/m))s (11)

where o) is independent of age and metallicity and has a
value of 0.08 dex. The same is done for [Mg/Fe], for which we
define

[Mg/Fel,.,, (z, [Mg/Fe]) = [Mg/Fe](r)

+ U([-0mg/Fel(Mg/Fel)> +0 Mg/Fel(Mg/Fel) - (12)

In this case, o pvig/Fel(Mg/Fe)) 18 the average error in a [Mg/Fe] bin,
with typical values of the order of 0.02-0.03 dex (see Sect. 2).

In Fig. 8 the results of the time evolution of [M/H] (left
panel) and [Mg/Fe] (right panel) ratios including the errors
described in Egs. (10)—(12) are reported for the delayed two-
infall model. To avoid confusion, from now on we plot only the
results obtained using FO4 yields, which best explain the S20 and
S21 abundance data. However, we find similar conclusions even
when the K06 prescriptions are adopted.

The analysis of Fig. 8 confirms the problems of the two-infall
model already found in Fig. 6. The model fails to reproduce a
few of the low-a low-metallicity stars, but mostly does not pre-
dict the stars with the highest metallicity. This is evident in Fig. 8
left panel, where we also note that these high-metallicity stars
(hereafter super metal-rich, SMR, stars [M/H] > 0.1 dex) have a
large spread in stellar ages from 10 Gyr to the most recent ages
in the sample (~2 Gyr). This spread can be hardly accounted for
in a scenario of homogeneous chemical evolution in a single disc
zone, even accounting for observational errors. Moreover, we do
note expect a large intrinsic scatter for stars of the same age
and birthplace (see e.g., Ness et al. 2019; Sharma et al. 2022),
hence we can attribute this spread to outward radial migration
for a fraction of stars of the MSTO sample. This idea is also sup-
ported by the right panel, where quite a large scatter (~0.2 dex)
is seen for [Mg/Fe] for 7 < 10Gyr. In this case the model
does not reproduce well the low-[Mg/Fe] stars with intermedi-
ate ages, which correspond to the high-metallicity stars in that
age range.

In the two panels of Fig. 8 we also note that some classified
high-a stars (blue points) show very young ages in contrast to
the majority of the objects of this class, which show 7 > 10 Gyr.
These can be considered young a-rich (YaR) stars, whose ori-
gin is still debated and attributed either to stars migrated from
the Galactic bar (e.g., Chiappini et al. 2015) or more proba-
bly evolved blue stragglers (e.g., Martig et al. 2015; Yong et al.
2016; Jofré et al. 2016; Izzard et al. 2018; Zhang et al. 2021).

In Fig. 9 we show again the time evolution of [M/H] (left
panel) and [Mg/Fe] (right panel) ratios including the errors
described in Egs. (10)-(12), but for the parallel scenario of
chemical evolution. In the left panel of Fig. 9, we observe that
the general scenario is similar to that of the two-infall model.
The model fails to reproduce the observed low-metallicity
intermediate-young stars as well as most of the SMR stars. How-
ever, it is clear that this scenario has more problems in predict-
ing the low-metallicity stars relative to the two-infall model in
Fig. 8. On the contrary, the parallel model has fewer problems on
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Fig. 9. Same as Fig. 8, but for the parallel model. The adopted yields are from Francois et al. (2004). Green filled pentagons are the mock data of
the high-a sequence of the synthetic model, whereas purple filled pentagons indicate the mock data of the model low-a sequence. In the former
case, the pentagons are shaded if the age is below 10 Gyr and the contribution to the total stellar density of younger stars is negligible.

the side of intermediate-young high-metallicity stars. This differ-
ence between the parallel and the two-infall scenarios is mostly
caused by the higher metallicities reached by the evolutionary
track with lower a values than by the second infall episode at
similar ages. As can be seen in Fig. 9, the high-a track does not
help much in reproducing high-metallicity stars. The pentagon
sizes in Fig. 9 (the predicted number of stars after the first Gyr
of evolution) appear to be too small, as already noted in Fig. 7.

In the right panel of Fig. 9, we see that the spread in [Mg/Fe]
is hardly reproduced, also in the case of the parallel model. At
variance with the two-infall scenario, the lower « track sequence
predicts lower [Mg/Fe]; as in Fig. 9 left panel, this can be
attributed in part to the higher metal enrichment at similar age
of this scenario (see Matteucci 2003, 2012). However, the model
still struggles to reproduce the lowest [Mg/Fe] data at intermedi-
ate ages.

The analysis of the sample of the MSTO stars including stel-
lar age estimates seems to indicate that a fraction of these stars
have experienced a radial migration from the place of birth.

Even though the MSTO subsample is not complete, the indi-
cations coming from Figs. 8 and 9 are quite evident. In particular,
it seems from this analysis that most of the observed SMR (and
lowest [Mg/Fe]) stars observed in the solar vicinity should have
formed in faster chemically evolving environment, such as that
of the inner disc (see also Minchev et al. 2013; Kordopatis et al.
2015). This suggestion is also supported by looking at the stel-
lar specific angular momentum behaviour with metallicity in
the sample of S20 and S21. We observe that the mean angu-
lar momentum for SMR stars is anti-correlated with [M/H]; this
is a clear consequence of radial migration from the innermost
regions of the disc (see also Sharma et al. 2021). The mean angu-
lar momentum increases with radius because Jg = vcire R; there-
fore, the lower the radius, the lower the angular momentum.

4.3. Impact of inner and outer disc on the solar
neighbourhood

The difficulties encountered by both the chemical evolution sce-
narios in predicting low-a low-metallicity stars and SMR stars
(see Sect. 4.2) point towards a context where these stars were
born at different Galactic locations from the solar vicinity.
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In this section we test the origin of these stars in the light
of the scenarios of chemical evolution described in Section 3.
First, we take advantage of the works of Grisoni et al. (2018)
and Palla et al. (2020b) (see also Spitoni et al. 2021), which pro-
posed parametrisations for different galactocentric radii within
the framework of the one-infall model* and the delayed two-
infall model. Having tested if these chemical pathways are viable
to describe the low- and high-metallicity tails of the low-a
sequence, we implemented stellar radial migration prescriptions
(Spitoni et al. 2015; Frankel et al. 2018, see Sect. 3.2) to probe
the proposed scenarios.

In Fig. 10, we show the results of two-infall and one-infall
models for outer (R > 9 kpc) galactocentric radii. As can be seen
in the upper panel, the standard two-infall model for outer Galac-
tic regions (thick dash-dotted line) enables us to reproduce only
part of the low-a low-metallicity data (red points). To recover
a good agreement between the two-infall model and the bulk of
low-a metal-poor stars, we need to adopt a higher ratio between
the low-a present-day surface mass density (Xjoy) and the high-a
density (Zpien). Adopting a higher ratio of surface mass densities
ensures that lower metallicities are reached during the second
infall episode because of the larger proportion of pristine gas,
which favours the presence of a more prominent loop feature
(see Spitoni et al. 2019). For this reason, we ran a model where
we increased Xjow/Zhigh by a factor of 3 (thin dash-dotted line),
leaving the other prescriptions unchanged. Despite the ad hoc
prescription, this model is physically motivated by the obser-
vations coming from large surveys at large galactocentric radii
(e.g., Queiroz et al. 2020).

In the lower panel instead, we see that the one-infall model
for outer radii naturally reproduces the tail of the low-a data
distribution. To test the reliability of this solution even more,
in Fig. 10 we highlight the stars from S20 and S21 with guid-
ing radius R, larger than 9 kpc (yellow crosses). These stars are
found in the solar neighbourhood thanks to their quite eccen-
tric orbits, and thus are ideal candidates for being blurred stars
from the outer regions. As can be seen in Fig. 10 lower panel,

4 In this section we do not consider the parallel scenario, but rather the
one-infall model. This model traces the formation of the low-a sequence
alone.
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Fig. 10. [Mg/Fe] vs. [M/H] abundance diagram for the delayed two-
infall (upper panel) and the one-infall (lower panel) models for outer
galactocentric radii (R = 12kpc, dash-dotted lines). The stellar yields
are from Francois et al. (2004). The red points are the observed low-
a low-metallicity stars ((M/H] < —0.4 dex), whereas the yellow crosses
indicate the stars with guiding radius (R,) larger than 9 kpc.

the one-infall model for outer galactocentric radii reproduces the
abundance trend for most of the data with large R,,.

In Fig. 11, we do the same as in Fig. 10, but for the two-
infall and one-infall models for the inner (R < 7kpc) regions
of the disc. In order to highlight the region where the model
for the solar neighbourhood struggles to reproduce the data, we
plot in green the observed SMR stars. In Fig. 11 upper panel,
we show the chemical tracks obtained with the two-infall model
for inner radii. In particular, we display a model without second
infall pre-enrichment (thin dashed line) and a model with the
second infall enriched at [Fe/H] = —0.75 dex level (thick dashed
line). It is worth noting that metal-enriched gas accretion was
suggested by Pallaetal. (2020b) and Spitoni et al. (2021) to
explain the APOGEE data (Hayden et al. 2015; Ahumada et al.
2020) for the inner regions of the MW disc. They argue that
this infall enrichment could originate from the formation of the
thick disc, Galactic halo, Galactic bar, or previous merger events,
which then gets mixed with a larger amount of infalling primor-
dial gas, as also suggested by several cosmological simulations
(Renaud et al. 2021b; Khoperskov et al. 2021).

The chemical track of the model with enrichment in the
second gas accretion episode better reproduces the bulk of the
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Fig. 11. Same as Fig. 10, but for models for inner galactocen-
tric radii (R = 4kpc, dashed lines). The stellar yields are from
Francois et al. (2004). Green points indicate the observed SMR stars
(IM/H] > 0.1 dex).

SMR stars as the enrichment in the second infall enables a larger
increase in [a/Fe] (see also Palla et al. 2020b). Without any pre-
enrichment, the model tends to predict a value of [a/Fe] thatis a
bit too low for a given metallicity.

In Fig. 11 lower panel we note that the one-infall model
has similar problems to the two-infall model without infall pre-
enrichment. The predicted [Mg/Fe] for [M/H] 2 0.2 dex are gen-
erally lower than that observed for SMR stars.

4.3.1. Considering stellar radial migration

To make a step forward in our analysis, the chemical tracks
described in this section are implemented with detailed prescrip-
tions for stellar radial migration (S15, F18). It is worth noting
that similar results are found when adopting these two prescrip-
tions for both the two-infall (Fig. 12) and the one-infall (Fig. 13)
scenarios. For this reason, we decided to show only the results
obtained with the most recent F18 prescriptions.

In Figs. 12 and 13 we show the evolution of [Mg/Fe] ver-
sus [M/H] considering radial migration effects at different age
bins. This plot can deliver fundamental information about stars
in our sample. We need to fit both abundance and age data simul-
taneously by adopting the MSTO subsample by S21. To obtain a
fair comparison with the data, the stellar selection function and
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Fig. 13. Same as Fig. 12, but for the one-infall model. The stellar yields
are from Francois et al. (2004). Radial migration prescriptions are from
Frankel et al. (2018).

observational errors are taken into account in the models, as in
Sect. 4.2.

In Fig. 12 left panels we show the results for the two-infall
model adopting a second infall pre-enrichement for R < 7 kpc.
It is evident that this assumption causes the presence of a
large number of high-a stars at high metallicity, which are not
observed in the MSTO subsample nor in the total sample by
S20 and S21. The problem does not hold anymore if we do not
assume an enrichment in the second gas accretion (Fig. 12 right
panels), with all the predicted stars lying in the low-a sequence
in the two most recent age bins. However, it is worth noting
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that in the oldest age bin, this model has problems in predict-
ing the low-& SMR stars, even considering the observational
uncertainties.

On the other hand, the model is able to reproduce the low-
metallicity tail of low-a stars at different age bins. This is pos-
sible thanks to the increased ratio of low-a to high-a surface
mass density, which favours the presence of a more prominent
loop feature at the start of the second infall episode and so the
presence of more metal-poor stars.

For the one-infall model in Fig. 13 we see that the mock
data reproduce the bulk of MSTO stars in all age bins. We also
note that although we take into account stellar migration from
the inner and outer regions, the model still struggles to reproduce
the low-metallicity tail of the low-a sequence, especially in the
young and intermediate-age bins.

The [M/H] and [Mg/Fe] distribution functions for the two-
infall and one-infall models are shown in Figs. 14 and 15, respec-
tively. In addition to the global distribution function (which take
into account the observational uncertainties), in each panel we
show the contribution from the stars born at different galacto-
centric radii bins.

Starting from the two-infall model (assuming no enrichment
in the second infall for the inner radii), we see that the overall
[M/H] distribution (Fig. 14 top panel) is well reproduced: the
peak in the model distribution coincides with that from the data
and no lack of stars at high [M/H] is observed. However, a par-
tial deficiency of the low-metallicity tail contribution is still seen
for the two-infall model. This can be solved by assuming more
stars migrated from outer radii or by adopting a higher X, in
the outer regions of the disc, which corresponds to a flatter den-
sity profile for the low-a population in the outer radii. This last
solution can be also seen in the context of the higher 2o,/ Zhigh
ratio needed to reproduce the low-a low-metallicity data, pro-
viding an alternative explanation to that of a suppressed high-a
population density in the outermost disc.

The [Mg/Fe] distribution function (Fig. 14 bottom panel) is
also well reproduced by the two-infall model, with the peak of
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Fig. 14. [M/H] and [Mg/Fe] distribution functions observed for low-«
stars (black histogram) compared with the theoretical distribution func-
tions for the two-infall model including migration prescriptions from
Frankel et al. (2018) (cyan line) and corrected for the selection function.
The theoretical distribution functions are convoluted with Gaussians
with opv/m; and opvg/re; (see Sect. 4.2). The cyan, light blue, and blue
shaded regions indicate the contribution from stars born around 4 kpc,
8kpc, and 12 kpc, respectively.

the model distribution that coincides with that of the data. In this
case we note a slight overabundance of low-Mg stars relative to
the sample of S20 and S21. This is due to the contribution of
the stars from the innermost radii, as we can see from Fig. 14
bottom panel (see also Fig. 11). This happens even though we
adopted the FO4 yield set, which was the only one that does not
predict a consistent [Mg/Fe] underestimation at high metallicity
(see Sects. 4.1 and 4.2).

For the one-infall model in Fig. 15, we see that the scenario
reproduces quite well the observed [M/H] distribution (Fig. 15
top panel). However, the predicted peak is shifted towards higher
metallicities, and the situation does not change even when we
consider less efficient radial migration. The 8 kpc bin has a peak
in the distribution function at values similar to those shown in
Fig. 15.

However, larger problems are seen in the [Mg/Fe] distribu-
tion function (Fig. 15 bottom panel). In particular, the one-infall
model predicts too many stars with high Mg. This is the conse-
quence of having a model with primordial gas accretion.

Therefore, we can say that the two-infall model is the best
to reproduce the observed low-a stellar distribution in S20 and
S21. Moreover, the predicted [Mg/Fe] distribution function by
the one-infall scenario points towards an overestimation of the
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Fig. 15. Same as Fig. 14, but for the one-infall model. The stellar yields
are from Francois et al. (2004). The radial migration prescriptions are
from Frankel et al. (2018).

high [Mg/Fe] stars even including the high-a data of S20 and
S21 (which should already be explained by the other model
sequence).

In Fig. 16 we show the impact of radial migration in shap-
ing the distribution functions. In particular, we show the results
obtained with the two-infall model; however, we can make simi-
lar considerations if we plot the results for the one-infall model.

What we note is that, overall, the predicted stellar distribu-
tions are not substantially affected by migration. In particular, the
positions of the peaks are left roughly unchanged and the same
happens if we look at the predicted median [M/H] and [Mg/Fe]
ratios (see vertical dashed lines).

However, radial migration is needed to improve the agree-
ment between model predictions and observations. In particular,
this is necessary to explain the low- and high-metallicity tails of
the [M/H] distribution, even if it is worth remembering that the
high [M/H] may be biased towards higher values due to sample
selection effects of the usual log g, Teq cuts (see S21).

Nevertheless, from Fig. 16 it is evident that the stellar dis-
tribution functions cannot be used to extract information on the
extent and significance of stellar migration. For this reason, it is
very hard to quantify the impact of stellar radial migration in the
sample by S20 and S21.

The need for models describing the evolution at different
galactocentric radii to explain the trends of the data confirms that
radial migration actually plays a role in shaping the abundance
observed in the solar neighbourhood, but the information we
can extract from the previous figures cannot say much about the
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two-infall model including migration prescriptions from Frankel et al.
(2018) (cyan line) and no migration (red lines). The vertical dashed
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without (red).

fractional contribution from stars born outside the solar vicinity.
The migration prescriptions adopted in this subsection predict
between 50% and 30% of the stars observed born in the solar
neighbourhood, but the results about the [Mg/Fe] versus [M/H]
evolution and the distribution functions are rather similar.

5. Discussion and conclusions

In this paper we have compared the new [Mg/Fe] abundance
measurements by Santos-Peral et al. (2020, 2021) with detailed
chemical evolution models for the solar vicinity, exploring
different stellar yields (Francois et al. 2004; Kobayashi et al.
2006; Limongi & Chieffi 2018) and chemical evolution scenar-
ios (delayed two-infall, e.g., Palla et al. 2020b, and parallel, e.g.,
Grisoni et al. 2017). In the light of the obtained results, we also
consider the possible impact of stellar radial migration on the
adopted sample by implementing migration prescriptions from
the literature (Spitoni et al. 2015; Frankel et al. 2018).

In Santos-Peral et al. (2020) an optimised normalisation pro-
cedure was performed for the high-resolution stellar spectra
obtained by HARPS in the context of the AMBRE project
(de Laverny et al. 2013). The new procedure allows a significant
improvement in the abundance determination precision, showing
a decreasing trend in [Mg/Fe] with metallicity at high metallic-
ity, at variance with previous works (e.g., Adibekyan et al. 2012;
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Hayden et al. 2017). In this way it is possible to test whether the
discrepancy between the observed flat trend in the metal-rich disc
and the steeper slope predicted by the models can be solved by
these abundance measurements. The value of this dataset was
even enhanced in Santos-Peral et al. (2021), in which reliable
stellar age estimates were presented for a subsample of MSTO
stars. All the Santos-Peral et al. (2020, 2021) data are cross-

matched with the Gaia DR2 catalogue (Gaia Collaboration 2018)

in order to extract the main kinematical and dynamical stellar

parameters.

The comparison between the wealth of chemical, age, and
orbital information has allowed us to place constraints not only
on the Mg stellar production by stellar sources and on the evo-
lutionary scenarios describing the solar vicinity, but also to
describe the influence of stellar migration within a few hundred
parsecs of the Sun. In this way we also test which histories of
chemical evolution the inner and outer Galactic regions should
have experienced. The main results of this work can be sum-
marised as follows:

1. The adoption of different sets of massive star stellar yields
have a crucial impact on the predicted chemical evolution.
To recover a good agreement with Santos-Peral et al. (2020,
2021) data, we have still to rely on the semi-empirical
yields by Francois et al. (2004). Acceptable results are still
obtained using the Kobayashi et al. (2006) yield set, even
though a steeper [Mg/Fe] trend at high metallicity is pre-
dicted relative to the new abundance data, claiming either
a revision of CC-SN yields or further biases in the abun-
dance determination (despite the optimised derivation shown
in Santos-Peral et al. 2020). Instead, the various nucleosyn-
thesis results proposed by Limongi & Chieffi (2018) have
severe problems in recovering the observed [Mg/Fe] both at
low and high metallicity, even adopting the most Mg-rich
yield sets. The robustness of these results relative to model
parameter variations suggests that we should take with cau-
tion the choice of the yield set when dealing with Mg and
that further work must be done in the context of the stellar
nucleosynthesis for this element;

2. Both the delayed two-infall and the parallel scenarios of
chemical evolution satisfactorily reproduce the bulk of the
Santos-Peral et al. (2020, 2021) data in the [Mg/Fe] versus
[M/H] plane for both the high-a and the low-@ sequences.
However, they both encounter problems in explaining the
metal-rich tail of the data ([M/H] > 0.1-0.2 dex) as well as
the most metal-poor stars of the low-a sequence. In order
to test these results on firmer bases, we compare our mod-
els to the Santos-Peral et al. (2021) MSTO subsample with
stellar ages. Even applying an a posteriori error on the chem-
ical evolution tracks (see Sect. 4.2), the models struggle to
reproduce the metal-rich and metal-poor tails of the low-«
sequence, indicating that these stars have experienced radial
migration from their original birthplace;

3. We tested the origin of the migrated stars in the light of
the one-infall and delayed two-infall scenarios by taking
advantage of the prescriptions by Grisoni et al. (2018) and
Palla et al. (2020b) for inner and outer disc chemical tracks.
We find that low-, low-metallicity stars are likely to be
outer disc candidates. These stars are well explained by a
two-infall model with prescription suited for the outer disc
(e.g., longer infall timescale due to inside-out, reduced star
formation efficiency) and with negligible high-a popula-
tion surface mass density at large galactocentric distances.
In particular, this latter feature can be seen in the con-
text of the lack outer disc stellar data by large surveys
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(e.g., Queiroz et al. 2020). However, we cannot exclude
higher low-a population surface densities than those pre-
dicted for the outer disc to be the cause of this behaviour.
At the high-metallicity end of the low-a sequence, we can
explain these stars in terms of stars migrated from the
inner disc. At variance with previous works (e.g., Palla et al.
2020b), we exclude that inner disc regions are formed by an
enriched gas accretion episode. However, it is worth remem-
bering that different datasets and stellar yields prescriptions
were adopted in these previous papers. We also find that the
one-infall model including migration prescriptions has prob-
lems in reproducing the shape of the stellar distribution func-
tions and in particular that of [Mg/Fe];

4. Despite the evidence found for stellar radial migration, it is
difficult to give an estimation of the fraction of stars migrated
to the solar vicinity from other part of the MW disc to explain
the sample of Santos-Peral et al. (2020, 2021). Different pre-
scriptions for radial migration have a small effect on the
overall distribution functions, with different fractions of stars
from inner and outer galactocentric rings giving similar over-
all results. Therefore, these are not good tools to impose con-
straints on migration. This leaves the door open for differ-
ent conclusions about the contribution of migration on the
MW disc (e.g., Vincenzo & Kobayashi 2020; Sharma et al.
2021). However, our results indicate that peculiar histories
of star formation, such as that of the two-infall model are
needed to explain the distribution of stars in the Galaxy, as
also suggested by several works (e.g., Mackereth et al. 2018;
Khoperskov et al. 2021, see also Vincenzo et al. 2021).

The above mentioned results highlight the importance of differ-
ent ingredients in modelling the evolution of the solar vicinity.
The choice of the stellar yields and the model star formation
history, together with the implementation of secular evolution
processes (i.e. stellar migration), have a central role in the repro-
duction of the available abundance and age constraints.
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