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ABSTRACT

Context. The analysis of the latest release of the Apache Point Observatory Galactic Evolution Experiment project (APOGEE DR16)
data suggests the existence of a clear distinction between two sequences of disc stars at different Galactocentric distances in the [α/Fe]
versus [Fe/H] abundance ratio space: the so-called high-α sequence, classically associated with an old population of stars in the thick
disc with high average [α/Fe], and the low-α sequence, which mostly comprises relatively young stars in the thin disc with low average
[α/Fe].
Aims. We aim to constrain a multi-zone two-infall chemical evolution model designed for regions at different Galactocentric distances
using measured chemical abundances from the APOGEE DR16 sample.
Methods. We performed a Bayesian analysis based on a Markov chain Monte Carlo method to fit our multi-zone two-infall chemical
evolution model to the APOGEE DR16 data.
Results. An inside-out formation of the Galaxy disc naturally emerges from the best fit of our two-infall chemical-evolution model
to APOGEE-DR16: Inner Galactic regions are assembled on shorter timescales compared to the external ones. In the outer disc (with
radii R > 6 kpc), the chemical dilution due to a late accretion event of gas with a primordial chemical composition is the main driver
of the [Mg/Fe] versus [Fe/H] abundance pattern in the low-α sequence. In the inner disc, in the framework of the two-infall model, we
confirm the presence of an enriched gas infall in the low-α phase as suggested by chemo-dynamical models. Our Bayesian analysis
of the recent APOGEE DR16 data suggests a significant delay time, ranging from ∼3.0 to 4.7 Gyr, between the first and second gas
infall events for all the analysed Galactocentric regions. The best fit model reproduces several observational constraints such as: (i)
the present-day stellar and gas surface density profiles; (ii) the present-day abundance gradients; (iii) the star formation rate profile;
and (iv) the solar abundance values.
Conclusions. Our results propose a clear interpretation of the [Mg/Fe] versus [Fe/H] relations along the Galactic discs. The signatures
of a delayed gas-rich merger which gives rise to a hiatus in the star formation history of the Galaxy are impressed in the [Mg/Fe]
versus [Fe/H] relation, determining how the low-α stars are distributed in the abundance space at different Galactocentric distances,
which is in agreement with the finding of recent chemo-dynamical simulations.
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1. Introduction

Our understanding of the formation and evolution of our Galaxy
disc is essentially based on the study and interpretation of
signatures imprinted in resolved stellar populations, such as
their chemical and kinematic properties as traced by large sur-
veys and observational campaigns. The current synergy between
the Apache Point Observatory Galactic Evolution Experiment
project (APOGEE; Majewski et al. 2017; in particular the latest
data release DR16, Ahumada et al. 2020) and the Gaia mission
(DR2; Gaia Collaboration 2018) offers an unparalleled opportu-

nity to simultaneously rely on accurate spectroscopic and kine-
matic properties to constrain models of Galactic chemical evo-
lution.

The analysis of the APOGEE DR16 data (Ahumada et al.
2020; Queiroz et al. 2020) suggests the existence of a clear
distinction 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. This dichotomy in the chemical abundance
ratio space has also been confirmed by the Gaia-ESO survey
(e.g., Recio-Blanco et al. 2014; Rojas-Arriagada et al. 2016,
2017), the Archéologie avec Matisse Basée sur les aRchives de
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l’ESO project (AMBRE; Mikolaitis et al. 2017), and the Galac-
tic Archaeology with HERMES survey (GALAH; Buder et al.
2019).

By analysing the APOKASC (APOGEE+ Kepler Astero-
seismology Science Consortium) sample for the solar neighbour-
hood, Silva Aguirre et al. (2018) were able to pointed out that
the two sequences are characterised by two different ages: the
high-α stars have ages of ∼11 Gyr, while the low-α sequence
peaks at ∼2 Gyr. Several theoretical models of the evolution of
Galactic discs evolution have suggested that the bimodality may
be strictly connected to a delayed gas accretion episode of pri-
mordial composition. By revising the classical two-infall chem-
ical evolution model by Chiappini et al. (1997), Grisoni et al.
(2017), and Spitoni et al. (2019a, 2020) have shown that a sig-
nificant delay ranging from 4.5 to 5.5 Gyr between two consecu-
tive episodes of gas accretion is needed to explain the dichotomy
in the local APOKASC sample (Silva Aguirre et al. 2018). In
particular, they predict that the star formation rate (SFR) has
a minimum at an age of ∼8 Gyr. A similar quenching of star
formation around the 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. Moreover, Mor et al. (2019) found indications of a possible
double-peaked star formation history with a minimum around
6 Gyr from the analysis of Gaia colour-magnitude diagrams. By
analysing the High Accuracy Radial velocity Planet Searcher
(HARPS) spectra of local solar twin stars, Nissen et al. (2020)
found that the age-metallicity distribution has two distinct popu-
lations 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 star for-
mation in between them, which is in agreement with the scenario
proposed by Spitoni et al. (2019a, 2020).

In a cosmological framework, the existence of a double
sequence was predicted for the first time by Calura & Menci
(2009) who, by means of a semi-analytic model based on the
extended Press and Schechter (Bond et al. 1991), modelled in
post-processing the abundance pattern of a sample of model
galaxies selected as Milky Way analogues. A second accretion
phase after a prolonged period with a quenched star forma-
tion has been suggested by the dynamical models of Noguchi
(2018) in which a first infall episode rapidly builds up the high-α
sequence, but then the star formation is starved from the lack of
gas supply from the intergalactic medium (IGM) until the shock-
heated gas in the Galactic dark matter halo has radiatively cools
down and is accreted by the Galaxy giving rise to a delayed sec-
ond gas infall episode. In this framework, Noguchi (2018) found
that the SFR of the Galactic disc is characterised by two distinct
peaks separated by ∼5 Gyr. Moreover, the AURIGA simulations
presented by Grand et al. (2018) clearly point out that a bimodal
distribution in the [Fe/H]−[α/Fe] plane may be a consequence of
a significantly lowered gas accretion rate at ages between 6 and
9 Gyr. In the framework of cosmological hydrodynamic simu-
lations of Milky Way-like galaxies, Buck (2020) for example
found that a dichotomy in the α-sequence is a generic conse-
quence of a gas-rich merger occurred at a certain epoch in the
evolution of the Galaxy, which destabilised the gaseous disc at
high redshift.

The significant delay in the two-infall model of Spitoni et al.
(2019a, 2020) has been discussed by Vincenzo et al. (2019) in
the context of the stellar system accreted by the Galactic halo,
AKA Gaia-Enceladus (Helmi et al. 2018; Koppelman et al.
2019). It was proposed that the mechanism that quenched the
Milky Way star formation at high redshift was a major merger

event with a satellite like Enceladus (by heating up the gas in
the dark matter halo). This proposed scenario is in agreement
with the recent Chaplin et al. (2020) study. They constrained the
merging time with the observations of the very bright, naked-eye
star ν Indi, finding at 68% confidence that the earliest the merger
could have started was 11.6 Gyr ago.

As outlined by Hayden et al. (2015) and Queiroz et al.
(2020), the two sequences in the [α/Fe] versus [Fe/H] abun-
dance ratio relation from APOGEE have different features and
trends throughout the Galactic disc. While the low-α sequence
is distributed at increasingly lower metallicity towards the outer
disc, it is found at super-solar values in the inner disc. More-
over, it is worth noticing that the ratio between the number of
low-α and high-α stars increases when moving from the inner
to the outer Galactic disc. Hence, the formation of the low-α
sequence in the entire Galaxy seems to be more complex than
a simple sequential process as assumed in the model of Spitoni
et al. (2020) for the solar vicinity and may be driven by different
physical processes. For instance, in the cosmological simulations
presented by Agertz et al. (2020) and Renaud et al. (2020a,b),
they concluded that the low-α sequence has been assembled
through different physical process that interplay together in the
whole disc. Two distinct channels of gas infall fuel the Galac-
tic disc; a chemically enriched gas accretion event (by outflows
from a massive galaxy with ∼1/3 of the Galactic mass at the
time of the interaction) feeds the inner Galactic region, whereas
a different one fuels the outer gas disc, which is inclined with
respect to the main Galactic plane and has significantly poorer
chemical content. However, their predicted low-α sequence is
shifted towards larger [α/Fe] values than the APOGEE sample
by ∼0.3 dex.

Recently, Palla et al. (2020) presented a revised Galactic
chemical evolution model for the disc formation based on the
two-infall scenario in order to reproduce the observed [Mg/Fe]
versus [Fe/H] of APOGEE (Hayden et al. 2015) at different
Galactocentric distances. Palla et al. (2020) proposed that a delay
of tmax = 3.25 Gyr between the two gas infall events invoking an
enriched gas infall to properly reproduce the inner disc [Mg/Fe]
versus [Fe/H] abundance ratio. Khoperskov et al. (2021) found
that in the infalling gas during inner thin disc formation phase
is not primordial because the gaseous halo has been signifi-
cantly polluted during the formation of the thick disc, providing
a tight connection between chemical abundance patterns in the
two Galactic disc components.

In this article, we present a multi-zone two-infall chemical
evolution model with the aim to extend the results of Spitoni
et al. (2019a, 2020) for the solar vicinity to the whole disc. We
quantitatively infer the free parameters by fitting the APOGEE
DR16 (Ahumada et al. 2020) abundance ratios at different Galac-
tocentric distances using a Bayesian technique based on Markov
chain Monte Carlo (MCMC) methods. The Bayesian analysis is
now being widely used in testing the Galactic chemical evolution
models (see e.g., Côté et al. 2017; Rybizki et al. 2017; Philcox
et al. 2018; Frankel et al. 2018; Belfiore et al. 2019; Spitoni et al.
2020). In fact, thanks to the wealth of information from large
surveys, large datasets are currently being exploited by means of
statistic methods to constrain the parameters of Galactic chemi-
cal evolution models.

The paper is organised as follows. In Sect. 2, the obser-
vational data used in the Bayesian analysis are presented. In
Sect. 3, we present the main characteristics of the multi-zone
chemical evolution model adopted in this work, and describe the
fitting method. In Sect. 4, we present our results, and finally in
Sect. 5, we draw our conclusions.
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Fig. 1. Observed stellar [Mg/Fe] versus [Fe/H] abundance ratios from APOGEE DR16 (Ahumada et al. 2020) for three bins of different Galacto-
centric distances. The regions are 4 kpc-wide centred at 4 kpc (left panel), 8 kpc (middle panel) and 12 kpc (right panel), respectively. The contour
lines enclose fractions of 0.90, 0.75, 0.60, 0.45, 0.30, 0.20, 0.05 of the total number of observed stars. Details on the data selection are reported in
the text.

2. The APOGEE DR16 sample

Here, following Spitoni et al. (2020), we use a Bayesian frame-
work based on MCMC methods to fit a multi-zone Galactic
chemical evolution model to the observed chemical abundances
for Mg and Fe provided by APOGEE DR16 (Ahumada et al.
2020) and related Galactocentric distances and vertical heights
above the Galactic plane, as found by the Gaia mission (DR2;
Gaia Collaboration 2018).

Different methods have been introduced to compute proper
Galactocentric distances. Luri et al. (2018) highlighted that the
estimation of distances from parallaxes has to be addressed as
a fully Bayesian inference problem, as shown in Bailer-Jones
et al. 2018 for Gaia data. Moreover, in the Bayesian frame-
work Queiroz et al. (2018) presented spectro-photometric dis-
tances estimated with the StarHorse tool which, in the case of
APOGEE DR16, are derived from a set of photometric bands,
APOGEE spectra and Gaia parallaxes. In this paper, we adopt
the Galactocentric distances computed by Leung & Bovy (2019)
and reported in the astroNN1 catalogue for APOGEE DR16
stars. To obtain precise distances for distant stars, Leung & Bovy
(2019) designed a deep neural network, and trained it using pre-
cisely measured parallaxes of nearby stars in common between
Gaia and APOGEE to determine the spectro-photometric dis-
tances for APOGEE stars. They included a flexible model to cal-
ibrate parallax zero-point biases in Gaia DR2 in order to avoid
the propagation of systematic uncertainties present in the train-
ing data set to the inferred distances. On top of the versatility
of the neural network, they employed a robust way of Bayesian
deep learning that takes data uncertainties in the training set
into account and also estimates uncertainties in predictions made
with the neural network using the drop out variational inference.
One major limitation of the method is the size of the training
set it rests upon. Fortunately, the amount of data to train their
algorithm will increase in the future thanks to new APOGEE
1 https://data.sdss.org/sas/dr16/apogee/vac/
apogee-astronn

and Gaia data releases and other spectroscopic surveys such as
GALAH.

The Galactocentric positions and velocities used in the com-
putation of the orbital properties are calculated assuming that the
Galactocentric distance R� from the Sun to the Galactic centre is
8.125 kpc (GRAVITY Collaboration 2018) and located 20.8 pc
above the Galactic midplane (Bennett & Bovy 2019).

Stars that are part of the Galactic disc have been chosen with
the same quality cuts suggested in Weinberg et al. (2019) assum-
ing signal-to-noise ratio (S/N) > 80, logarithm of surface grav-
ity between 1.0 < log g < 2.0 and vertical height |z| < 1 kpc to
have cleaner trends in the [α/Fe] vs [Fe/H] abundance patterns at
different radii for the MCMC fitting, since we adopt a one-zone
chemical evolution model for each radial range of Galactocentric
distances, which does not account for the small displacements
observed in the APOGEE abundance distributions of the high-α
and low-α sequences at high |z| (Hayden et al. 2015).

The uncertainties in metallicity reported in this compilation
correspond to the internal precision, which are of the order of
∼0.01 dex. In the effort to better estimate systematic uncertain-
ties, we added, as in Silva Aguirre et al. (2018), the median
difference between APOGEE results for clusters and the stan-
dard literature values as reported in Table 3 of Tayar et al. (2017;
∼0.09 dex) in quadrature.

We have split the data into 3 concentric annular Galactic
regions, each 4 kpc-wide, spanning the range between 2 and
14 kpc. In Fig. 1, it is clear that the further out stars (right panel,
10−14 kpc region) preferentially populate the low-α sequence in
the [Mg/Fe] versus [Fe/H] relation, and few stars are located in
the high-α population. Moreover, the more the regions are exter-
nal, the more the locus of the low-α sequence is shifted towards
lower metallicity. On the contrary, in the annular region enclosed
between 2 and 6 kpc (left panel of Fig. 1), the low-α phase peaks
at super-solar metallicity, however a clear bimodality is still evi-
dent as highlighted by the isodensity contours.

We did not consider innermost regions with R < 2 kpc,
because there the Galactic bulge is the dominant component and
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different Galactic chemical assumptions and prescriptions need
to be applied (Matteucci et al. 2019, 2020; Griffith et al. 2020).
The recent analysis of large samples from APOGEE DR16 data
(Queiroz et al. 2020; Rojas-Arriagada et al. 2020) suggested that
bulge structure could extend up to Galactocentric distances of
3−3.5 kpc. Hence, a partial contamination of bulge stars could
in principle affect the region enclosed between 2 and 6 kpc.
However, we checked that stars with Galactocentric distances
selected in the range between 2 and 6 kpc give place to an almost
identical distribution in the [Mg/Fe] versus [Fe/H] abundance
ratio space as the ones enclosed in a region between 3 and 6 kpc.

The numbers of stars in the considered different annular
regions are the following ones: 7440 in the zone centred at
4 kpc, 9169 in the one at 8 kpc, and 10 081 in the outermost
region centred at 12 kpc. We believe that in these three zones the
main trends of the Galactic disc in terms of the [Mg/Fe] versus
[Fe/H] abundance as a function of the Galactocentric distance
are imprinted. We have checked that the 4 kpc-wide region cen-
tred at 16 kpc has only 882 stars, almost all of which are in the
low-α sequence.

3. Multi-zone chemical evolution model for the
Galactic disc

In this section we present the main assumptions and characteris-
tics of the multi-zone chemical evolution model which extends
the previous ones introduced by Spitoni et al. (2019a, 2020) for
the solar neighbourhood. After a brief explanation of the reasons
for neglecting stellar migration effects, we describe the adopted
MCMC methods.

3.1. Chemical evolution model prescriptions

We extend the chemical evolution model designed for the solar
neighbourhood presented by Spitoni et al. (2019a, 2020) to dif-
ferent Galactocentric regions centred at 4 kpc, 8 kpc, and 12 kpc.
Retaining the assumption that the Milky Way disc has been
formed by two distinct accretion episodes of gas, we assume
that the gas infall rate is a function of the Galactic distance R
(Chiappini et al. 2001; Grisoni et al. 2018; Spitoni et al. 2009,
2019b) and is expressed by the following expression,

Ii(t,R) = X1,i(R)N1(R) e−t/τ1(R)

+ θ(t − tmax,R)X2,i(R)N2(R) e−(t−tmax,R)/τ2(R), (1)

where τ1(R) and τ2(R) are the timescales of gas accretion for the
formation of the high-α and low-α disc phase, respectively. The
quantity θ in the Eq. (1) is the Heaviside step function. X1,i(R)
and X2,i(R) are the abundance by mass of the element i in the
infalling gas for the first and second gas infall, whereas tmax,R
is the time of the maximum infall rate on the second accretion
episode, that is to say it indicates the delay of the beginning of
the second infall. Spitoni et al. (2019a) underlined the impor-
tance of a consistent delay of tmax ∼ 4 Gyr in the solar vicinity
(defined as an annular region 2 kpc-wide centred at R = 8 kpc) in
order to properly reproduce in the solar neighbourhood the stel-
lar abundances and asteroseismic ages of the APOKASC data
sample (Silva Aguirre et al. 2018). This finding was confirmed
later by Spitoni et al. (2020) using a Bayesian analysis based on
MCMC methods (see also Palla et al. 2020).

Finally, the coefficients N1(R) and N2(R) are obtained by
imposing a fit to the observed current total surface mass density

at different radii R with the following relations:

N1(R) =
σ1(R)

τ1(R)
(
1 − e−tG/τ1(R)) , (2)

N2(R) =
σ2(R)

τ2(R)
(
1 − e−(tG−tmax,R)/τ2(R)) , (3)

where σ1(R) and σ2(R) are the present-day total surface mass
density of the high-α and low-α sequence stars, respectively, and
tG is the age of the Galaxy.

Following Spitoni et al. (2020), we use the value of total sur-
face density (sum of high-α and low-α) in the solar neighbour-
hood of 47.1± 3.4 M� pc−2 as provided by McKee et al. (2015).
In Spitoni et al. (2020) it was assumed that in the solar neigh-
bourhood the total surface mass densities (σtot,� = σ1,� + σ2,�)
is constant, as given by McKee et al. (2015). The present-day
total surface mass density at a certain Galactocentric distance R
can be written as

σtot(R) = σtot,� e−(R−R�)/Rd , (4)

after having imposed that the total mass declines with the radius
through an exponential law and the scale-length of the disc is
Rd = 3.5 kpc. In contrast with Palla et al. (2020) where different
scale-lengths for the thick and thin disc phases were tested and
assumed (see their Fig. 6), here we consider the ratio between
the surface gas densities as a free parameter of the model.

Recalling that σ2/σ1 is the ratio between the low-α and
high-α, the values of the present-day total surface mass densities
σ2(R) and σ1(R) to insert in Eqs. (2) and (3) are the following
ones:

σ2(R) =
σtot(R)

1 +

(
σ2
σ1

∣∣∣∣
R

)−1 , (5)

σ1(R) = σtot(R) − σ2(R). (6)

The SFR is expressed as the Kennicutt (1998) law,

ψ(t,R) ∝ ν(t,R)σg(t,R)k, (7)

where σg is the gas surface density and k = 1.5 is the expo-
nent. The quantity ν(t,R) is the star formation efficiency (SFE).
Motivated by the theory of star formation induced by spiral den-
sity waves in Galactic discs (Wyse & Silk 1989), we consider
a variable SFE as a function of the Galactocentric distance in
the low-α phase. In several chemical evolution models (Colavitti
et al. 2008; Spitoni et al. 2015; Grisoni et al. 2018; Palla et al.
2020) it has been claimed that observed abundance gradients in
the Galactic disc may be explained by assuming higher SFE val-
ues in the inner regions than in the outer ones (along with the
‘inside-out’ formation scenario and radial gas flows).

Moreover, different infall episodes in principle could be char-
acterised by different SFEs. In fact, in the classical two-infall
model (Chiappini et al. 2001; Grisoni et al. 2017, 2019, 2020;
Spitoni et al. 2020) the SFEs associated with the high-α and
low-α sequences are different: ν1 = 2 Gyr−1 and ν2 = 1 Gyr−1

for the solar vicinity. We adopt the Scalo (1986) initial stellar
mass function (IMF), constant in time and space.

Although an important ingredient of the Nidever et al. (2014)
chemical evolution model to reproduce the APOGEE data was
the inclusion of Galactic winds proportional to the SFR cou-
pled to a variable loading factor, in this paper we do not con-
sider outflows. In fact, while studying the Galactic fountains
originated by the explosions of Type II SNe in OB associations,
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Melioli et al. (2008, 2009) and Spitoni et al. (2008, 2009) found
that the ejected metals fall back close to the same Galactocentric
region where they are delivered and thus do not modify signifi-
cantly the chemical evolution of the disc as a whole.

As in Spitoni et al. (2019a, 2020), we adopt the same nucle-
osynthesis prescriptions as proposed by François et al. (2004)
for Fe, Mg and Si. The authors artificially increased the Mg
yields for massive stars from Woosley & Weaver (1995) to repro-
duce the solar Mg abundance. Mg yields from stars in the range
11−20 M� have been increased by a factor of 7, whereas yields
for stars with mass >20 M� are on average a factor ∼2 larger.
No modifications are required for the yields of Fe, as com-
puted for solar chemical composition. Concerning Si, only the
yields of very massive stars (M > 40 M�) are increased by a
factor of 2. Concerning Type Ia SNe, in order to preserve the
observed [Mg/Fe] versus [Fe/H] pattern, the yields of Iwamoto
et al. (1999) for Mg were increased by a factor of 5.

This set of yields has been widely used in the literature
(Cescutti et al. 2007; Spitoni et al. 2014, 2015, 2017, 2019b;
Mott et al. 2013; Vincenzo et al. 2019) and turned out to be able
to reproduce the main features of the solar neighbourhood. We
adopt the photospheric values of Asplund et al. (2005) as our
solar reference abundances, in order to be consistent with the
APOGEE DR16 release.

3.2. Stellar migration and Galactic chemical evolution

The existence of stellar radial migration is established beyond
any doubts (see, e.g., Roškar et al. 2008; Schönrich & Binney
2009; Loebman et al. 2011; Minchev et al. 2012; Kubryk et al.
2013). The main physical mechanisms responsible for stellar
migration are churning and blurring (e.g., Sellwood & Binney
2002; Minchev et al. 2011), as well as the overlap of the spiral
and bar resonances on the disc (Minchev et al. 2011). However,
the real impact of radial migration on the chemical evolution of
the Galactic disc is still under debate.

Nidever et al. (2014) and Sharma et al. (2020) presented
chemical evolution models where the dichotomy in the abun-
dance space is entirely explainable only in terms of stellar migra-
tion. They concluded that the high-α disc has been built by
migrator stars and gas of the thin disc.

In particular, the model presented by Sharma et al. (2020)
assumed empirical tracks for the evolution of [α/Fe] and [Fe/H]
as a function of time at different radii. These empirical age-
metallicity relations may be inconsistent with their assumed
empirical relations for the SFR as a function of time at differ-
ent radii, which did not require a hiatus in the star formation
between the high-α and low-α sequences, as predicted by the
two-infall chemical evolution model and chemo-dynamical sim-
ulations. Finally, we note that stellar migration in Sharma et al.
(2020) follows a parametric diffusion approach (e.g., Schönrich
& Binney 2009).

On the contrary, the analysis of recent results from chemo-
dynamical simulations has raised important doubts about the
importance of stellar migration in the evolution of chemical
abundance ratios, such as [α/Fe] versus [Fe/H], in the Galac-
tic disc. For instance, 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 (the dis-
tribution is slightly smoothed by migrators from the inner and
outer disc regions), suggesting the α-dichotomy is strictly linked
to different star formation regimes over the Galaxy’s life.

Similar results are found by the cosmological simulation of
Vincenzo & Kobayashi (2020). The authors concluded that the
two main gas accretion episodes occurred 0−2 and 5−7 Gyr ago,
determinant for the rise of the double sequence in the [α/Fe] ver-
sus [Fe/H] plot. In their Fig. 13, it is remarkable that the abun-
dances in stars with ages smaller than 8 Gyr in the solar neigh-
bourhood perfectly trace the gas phase abundances in the same
region. They concluded that the signature impressed in the chem-
ical abundances of the stars may be linked to infalling of primor-
dial or poorly enriched gas. Supported by these results, we can
safely assume that the stellar migration did not alter or affect
much the [Mg/Fe] versus [Fe/H] evolution in our analysis which
adopts Galactic annular regions 4 kpc-wide.

Although stellar migration has played an important role in
Galactic evolution, i.e. in flattening of the radial metallicity
profiles and affecting the [α/Fe]-age relation of thin-disc stars
(Vincenzo & Kobayashi 2020), we investigate a complementary
scenario with respect to that proposed by Sharma et al. (2020), in
which the radial variation in the [α/Fe] versus [Fe/H] abundance
have been entirely caused by the stellar migration.

3.3. Fitting the data with MCMC methods

As in Spitoni et al. (2020), we use a Bayesian analysis based on
Markov chain Monte Carlo (MCMC) methods to find the best-fit
chemical evolution models at different Galactocentric distances,
R. Here, we briefly recall the main assumptions and refer the
reader to Spitoni et al. (2020) for a more detailed description of
the fitting method.

At a fixed R, the set of observables is xR =
{[Mg/Fe], [Fe/H]} while the set of model parameters is
ΘR = {τ1, τ2, tmax, σ2/σ1}. The adopted likelihood, L , used to
compute the posterior probability distribution can be written as

ln L = −

N∑
n=1

ln

(2π)d/2
d∏

j=1

σn, j

 − 1
2

N∑
n=1

d∑
j=1

(
xn, j − µn, j

σn, j

)2

, (8)

where N is the number of stars in a Galactic region correspond-
ing to R. The quantities xn, j and σn, j are respectively the mea-
sured value of jth observable and its uncertainty for nth star.
µn, j is the model value of the jth observable for the nth star. As
underlined in Spitoni et al. (2020), the curve predicted by the
two-infall model in the plane [Mg/Fe] versus [Fe/H] is multi-
valued (see their Fig. 1). As a result, an observed data point in
the [Fe/H]−[α/Fe] plane cannot be associated unambiguously to
a point on the curve. To get through this problem they associated
a data point to the closest value on the curve given a data point
xn, j, defining the following ‘distance data-model’ function D,

Dn,i ≡

√√√ d∑
j=1

(
xn, j − µn, j,i

σn, j

)2

(9)

where i runs over a set of discrete values on the curve. Hence,
the closest point on the curve is µn, j = µn, j,i′ which fulfils the
following relation:

S n ≡ min
i

{
Dn,i

}
=

√√√ d∑
j=1

(
xn, j − µn, j,i′

σn, j

)2

· (10)

Here, we present the priors on ΘR = {τ1, τ2, tmax, σ2/σ1}.
We use uniform priors for all parameters, which are indepen-
dent of the Galactocentric distances (i.e. priors are the same for
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Fig. 2. Corner plot showing the posterior PDFs of the chemical evo-
lution model parameters for the region at 8 kpc. For each parameter,
the median and the 16th and 84th percentiles of the posterior PDF
are shown with dashed lines above the marginalised PDF. The SFEs
are fixed at values of 2 and 1 Gyr−1 for the high- and low-α phases,
respectively.

all model runs at different R). In the classical two-infall model
(Chiappini et al. 1997; Spitoni et al. 2020), the first gas infall is
characterised by a short timescale of accretion in the solar neigh-
bourhood, fixed at the value of τ1 = 1 Gyr. More recently, Grisoni
et al. (2017, in order to reproduce the AMBRE thick disc), and
Spitoni et al. (2019a) suggested a smaller value, τ1 = 0.1 Gyr.
In the current study, we set a uniform prior on τ1 exploring the
range 0 < τ1 < 7 Gyr. The second infall timescale, τ2, is con-
nected to a slower accretion episode. We set a uniform prior on
τ2 exploring the range 0 < τ2 < 14 Gyr. For the delay tmax we set
a uniform prior exploring the range 0 < tmax < 14 Gyr.

Concerning the present-day ratio between the total surface
mass densities σ2/σ1, we recall that Fuhrmann et al. (2017)
derived in the solar vicinity a local mass density ratio between
the thin and thick disc stars of 5.26, which becomes as low as
1.73 after correction for the difference in the scale height. While
studying APOGEE stars, Mackereth et al. (2017) found that the
relative contribution of low- to high-α is 5.5. In the solar annulus,
Spitoni et al. (2020) found that the best models span the range
between 3.2 and 4.3. In this work, studying different Galactic
regions, we set this prior in the range, 0.1 < σ2/σ1 < 50.

The affine invariant MCMC ensemble sampler, “emcee: the
mcmc hammer” code2, proposed by Goodman & Weare (2010),
Foreman-Mackey et al. (2013) has been used to sample the pos-
terior probability distribution.

4. Results

Here, we show predictions of chemical evolution models of the
Galactic disc computed at different Galactocentric distances. In

2 https://emcee.readthedocs.io/en/stable/;
https://github.com/dfm/emcee

Sect. 4.1 we present and discuss our findings for chemical evo-
lution models computed at 8 and 12 kpc, whereas the innermost
region centred at 4 kpc is presented in Sect. 4.2. In Sect. 4.3 we
interpret our results in terms of the “inside-out” formation sce-
nario and we show a comparison between our predictions and
some of the most important observables of the Galactic disc. In
Sect. 4.4 the metallicity and the [Mg/Fe] distributions will be
presented. Finally, in Sect. 4.5 we compare our findings with the
chemical evolution predictions of the recent study presented by
Palla et al. (2020).

4.1. Outer disc evolution: a tale of gas accretion and dilution

First, in this section we present the results of the best-fit chem-
ical evolution model at 8 kpc, which was obtained by fitting the
abundance ratios [Mg/Fe] and [Fe/H] of stars in the APOGEE
DR16 sample using our Bayesian technique based on the MCMC
methods. This model assumes infall episodes with primordial
chemical composition for both high-α and low-α sequences (X1
and X2 quantities in Eq. (1)) and different SFE: ν1 = 2 Gyr−1

and ν2 = 1 Gyr−1 (Chiappini et al. 1997; Grisoni et al. 2018;
Spitoni et al. 2020; Palla et al. 2020). In Fig. 2 we show the pos-
terior probability density function (PDF) of the chemical evo-
lution model parameters, Θ� = {τ1, τ2, tmax, σ2/σ1}, for our
model at a Galactocentric distance of 8 kpc. We find a significant
delay in the start of the second gas infall tmax = 4.085+0.021

−0.032 Gyr,
confirming the previous results of Spitoni et al. (2019a, 2020).
The best model predicts a value of 5.635+0.214

−0.162 for the σ2/σ1
ratio, in accordance with the findings of Mackereth et al. (2017),
Fuhrmann et al. (2017), Spitoni et al. (2020). Predicted infall
timescales τ1 = 0.103+0.007

−0.007 Gyr and τ2 = 4.110+0.143
−0.127 Gyr are

shorter than the ones of Spitoni et al. (2020). We recall that in
that work the model was compared with the APOKASC sam-
ple by Silva Aguirre et al. (2018), which consisted of 1180 red
giants in a narrower region in the solar vicinity (2 kpc-wide).
The APOKASC sample has measured solar-like oscillations,
allowing asteroseismic determination of stellar ages. In Spitoni
et al. (2020), the determined stellar ages were used as additional
constraint. Recall that here we adopt different selection crite-
ria for stars following Weinberg et al. (2019) and Vincenzo &
Kobayashi (2020).

In fact, while the APOKASC sample shows absence of stars
with [α/Fe]<−0.05 dex (see Fig. 1 in Spitoni et al. 2020), the
sample adopted here has a significant fraction of low-α stars with
[Mg/Fe]<−0.05 dex. Hence, the differences in the best-fit values
for the infall timescales can be attributed to the differences in the
data used in the two studies.

In Fig. 3 we compare the best-fit model computed at 8 kpc
with the [Mg/Fe] versus [Fe/H] abundance ratios. The colour
coding with the cumulative number of stars formed during the
Galactic evolution shows that the bulk of the stars are formed
during the low-α sequence. Moreover, the surface stellar mass
density ∆M? formed in different age bins as a function of age
(see the inset plot of Fig. 3), clearly shows the existence of a
low-α and high-α bimodality.

For the sake of clarity, in response to a question posed in
Lian et al. (2020) we underline that this bimodality was already
present in the best fit model of Spitoni et al. (2019a) who did
not show the variation of the stellar mass content along with the
chemical evolution tracks in their figures.

As illustrated in Spitoni et al. (2020, 2019a), the gas dilu-
tion originated by a strong second gas infall is a key process
to explain APOKASC abundance ratios with our model. In par-
ticular, the second accretion event of pristine gas decreases the
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Fig. 3. Observed [Mg/Fe] versus [Fe/H] abundance ratios from
APOGEE DR16 (Ahumada et al. 2020; grey points with associated
errors) in the Galactocentric region between 6 and 10 kpc compared
with the best-fit chemical evolution model (thick curve) in that region.
As in Fig. 1, the contour lines enclose fractions of 0.90, 0.75, 0.60, 0.45,
0.30, 0.20, 0.05 of the total number of observed stars. The colour cod-
ing represents the cumulative number of stars formed during the Galac-
tic evolution normalised to the total number Ntot. The open circles mark
the model abundance ratios of stellar populations with different ages.
In the inset we show the surface stellar mass density ∆M? formed in
different age bins as a function of age, where the bin sizes are delimited
by the vertical dashed lines and correspond to the same age values as
indicated in the [Mg/Fe] vs [Fe/H] plot.

Table 1. Observed solar chemical abundances compared with model
predictions.

Abundance Observations Model
log(X/H)+12 Asplund et al. (2005) R = 8 kpc

[dex] [dex]

Fe 7.45± 0.05 7.40
Mg 7.53± 0.09 7.51
Si 7.51± 0.04 7.49

metallicity of the stellar populations born immediately after
keeping a roughly constant [Mg/Fe] ratio since the accretion
involves H and He but basically no metals. When star forma-
tion resumes, Type II SNe produce a steep bump in [Mg/Fe],
which subsequently decreases at higher metallicities due to iron
from Type Ia SNe (Matteucci et al. 2009; Bonaparte et al. 2013).
This sequence produces a loop feature in the chemical evolution
track of [Mg/Fe] versus [Fe/H]. We notice from the inset plot of
Fig. 3 that a negligible mass fraction of low-α stars is formed
during the dilution phase of the loop, with ages in the range
between 9.7 and 9.2 Gyr (∆M? = 0.42 M� pc−2, corresponding
to ∼1.49% of the stellar mass formed during the second infall
episode). In the ascending part of the loop with ages between
9.2 and 8.7 Gyr, the formed stellar mass is ∆M? = 1.46 M� pc−2

(∼5.18% of the predicted low-α sequence stellar mass). Finally,
almost the totality of stellar mass is produced in the age inter-
val between 8.7 Gyr and 0.2 Gyr, namely ∆M? = 26.31 M� pc−2,
corresponding to ∼93.3% of the entire stellar mass produced dur-
ing the second gas infall.

The ascendant part of the loop seems to pass through a region
without many stars. We underline that the availability of addi-
tional observables in the MCMC analysis, as for instance pre-
cise asteroseismic ages, can potentially alleviate this apparent
tension, leading to a smaller loop in the [α/Fe] versus [Fe/H]
space, as shown in Spitoni et al. (2020).

We stress that, as shown in Spitoni et al. (2019a), it is likely
that the loop feature is hidden inside the observational errors.
Using a “synthetic” model (at each Galactic time a random error
was assigned to the ages and metallicities of the stellar popula-
tions), Spitoni et al. (2019a) were capable to reproducing the
data spread in the low-α sequence of the APOKASC sample
(Silva Aguirre et al. 2018) in the [α/Fe] versus [Fe/H] abundance
ratio space.

In Table 1, we compare the solar abundances of Fe, Mg, and
Si predicted by our best fit model in the solar neighbourhood
with Asplund et al. (2005) photospheric values. In the model,
solar abundances are determined from the composition of the
ISM at the time of the formation of the Sun (after 9.5 Gyr from
the Big Bang). It is evident that our model is able to reproduce
well the solar abundance ratios for these elements.

In Figs. 4 and 5 we show the results for the external region
centred at 12 kpc. For this model we also assume primordial
infall for both the high- and low-α sequences and different SFEs
for the high- and low-α phases, ν1 = 2 Gyr−1 and ν1 = 0.5 Gyr−1,
respectively. As we stated in Sect. 3.1, a lower SFE in outer
Galactic regions has been assumed by several chemical evolu-
tion models (Colavitti et al. 2008; Spitoni et al. 2015; Grisoni
et al. 2018; Palla et al. 2020) in order to reproduce abundance
gradients (see Sect. 4.3).

Comparing the best fit model parameters for the Galactic
region centred at 8 kpc with those at 12 kpc, we note that longer
timescales of gas accretion τ1(R) and τ2(R) are associated to
more external region. Hence, the ‘inside-out’ formation scenario
invoked by the classical two-infall model of Chiappini et al.
(2001) in our model is a natural consequence of the fit to the
APOGEE DR16 abundance ratio, as we shall discuss it thor-
oughly in Sect. 4.3.

4.2. Inner disc evolution: enriched gas infall and starbursts

Concerning the evolution of the inner disc, we consider the pres-
ence of an enriched gas infall for the low-α phase (X2 quan-
tity in Eq. (1)). In Palla et al. (2020), it was already pointed out
that a primordial infall for the inner thin disc cannot explain the
observed behaviour of the [α/Fe] versus [Fe/H] in the APOGEE
data.

Different physical reasons may be associated with this
enriched gas infall event. For instance, Palla et al. (2020) dis-
cussed that an enriched infall could partly be due to gas lost from
the formation of the thick disc, Galactic halo or the Galactic bar
which then gets mixed with a larger amount of infalling primor-
dial gas as proposed by Gilmore & Wyse (1986). In Khoperskov
et al. (2021), the infalling gas during inner thin disc formation
phase is not primordial because the gaseous halo has been sig-
nificantly polluted during the high-α disc formation, providing
a tight connection between chemical abundance patterns in the
high-α and low-α discs. Alternatively, as already mentioned in
the Introduction, Renaud et al. (2020b) proposed that the Galaxy
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Fig. 4. Same as Fig. 2, but for the annular region enclosed between
10 and 14 kpc. The SFEs are fixed at values of 2 and 0.5 Gyr−1 for the
high-α and low-α phases, respectively.

Fig. 5. Same as Fig. 3, but for the observed abundance [Mg/Fe] versus
[Fe/H] ratio for stars with Galactocentric distances between 10 kpc and
14 kpc and the corresponding best-fit chemical evolution model.

disc is fueled by two distinct gas flows and that the one respon-
sible for the formation of the inner α sequence is enriched by
outflows from massive galaxies (with ∼1/3 the Milky Way mass
at the time of the interaction).

Following the best model prescriptions of Palla et al. (2020)
for the inner thin disc, we impose that for the second gas infall
(low-α), a chemical enrichment must be obtained from the model

Fig. 6. Same as Fig. 2, but for the annular region enclosed between 2
and 6 kpc. For the second gas accretion episode, an enriched infall with
[Fe/H] =−0.5 dex is considered. The SFEs are fixed at values of 3 and
1.5 Gyr−1 for the high-α and low-α phases, respectively.

Fig. 7. Same as Fig. 3, but for stars of APOGEE DR16 (Ahumada et al.
2020) sample with Galactocentric distances between 2 and 6 kpc and the
corresponding best fit chemical evolution model. Here, we considered a
pre-enriched second gas infall with metallicity, [Fe/H] =−0.5 dex. The
SFEs are fixed at values of 3 and 1.5 Gyr−1 for the high- and low-α
phases, respectively.

of the high-α disc phase corresponding to [Fe/H] =−0.5 dex. In
Figs. 6 and 7 we present the chemical evolution model predic-
tions for the region centred at 4 kpc assuming, for the high-α
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Table 2. Main properties of our best-fit model at various Galactocentric
distances.

Models
4 kpc 8 kpc 12 kpc

X1 Primordial Primordial Primordial

X2 [Fe/H] =−0.5 dex Primordial Primordial

ν1 [Gyr−1] 3.0 2.0 2.0

ν2 [Gyr−1] 1.5 1.0 0.5
MCMC results Range

τ1 [Gyr] 0.115+0.005
−0.005 0.103+0.007

−0.006 0.449+0.023
−0.044 0.097−0.472

τ2 [Gyr] 3.756+0.093
−0.130 4.110+0.145

−0.127 10.986+0.504
−0.367 3.626−11.490

σ2/σ1 3.805+0.078
−0.113 5.635+0.214

−0.162 10.348+0.188
−0.171 3.692−10.536

tmax [Gyr] 4.647+0.059
−0.033 4.085+0.021

−0.032 3.059+0.030
−0.056 3.003−4.706

Notes. In the upper part of the table we show the chemical composition
of the two gas infall episodes (X1 and X2) and the star formation effi-
ciencies (ν1 and ν2) for the high-α and low-α sequences assumed in our
model at various Galactocentric distances. In the lower part of the table
we show the accretion timescales (τ1 and τ2), the present-day total sur-
face mass density ratio (σ2/ σ1) and delay tmax computed for our best fit
models at 4 kpc, 8 kpc, and 12 kpc (see text for model details). In the last
column on the right, we also provide the ranges admitted by our study
computed from our best-model estimates at all Galactocentric radii.

sequence, an SFE fixed at the value of ν1 = 3 Gyr−1. This higher
value compared to external regions could be motivated by star-
burst episodes, as suggested by Agertz et al. (2020), Renaud
et al. (2020a,b). The timescale τ2 of the second gas accretion
episode and the ratio between low-α and high-α surface mass
density σ2/σ1 are smaller compared to the external parts, in
perfect agreement with the inside-out formation scenario (see
Sect. 4.3 for a detailed discussion).

We also explore the possibility of an SFE fixed at the value
of 2 Gyr−1 which as the same as in the outer regions. Although
we found a similar [Mg/Fe] versus [Fe/H] relation, an extremely
short (and maybe unrealistic) infall timescale of τ1 = 0.007 Gyr
is required. We underline that such timescale is too small even
compared to the Galactic bulge accretion timescale (Matteucci
et al. 2019, 2020). Hence, a higher SFE (ν1 ∼ 3 Gyr−1) in the
high-α disc phase provides more reasonable results in the two-
infall framework.

4.3. Inside-out formation scenario and global properties of
the Galactic disc

In Table 2 we summarise the best fit model parameters at differ-
ent Galactocentric distances: the delay tmax, surface density ratio
σ2/σ1, and infall timescales τ1 and τ2 values. The presence of
a significant delay between the two infall episodes is a robust
result, confirming the previous results of the works focusing on
the solar neighbourhood (Spitoni et al. 2019a, 2020).

In Fig. 8 we show that our model predictions are in favour
of the ‘inside-out’ formation scenario: inner Galactic regions
are assembled faster compared to the external one (Matteucci
& Francois 1989; Chiappini et al. 2001; Schönrich & McMillan
2017; Frankel et al. 2019). In Fig. 1 data show that in the outer
regions the locus of the low-α sequence shifts towards lower
metallicity and in Fig. 8 we find that external Galactic regions
are formed on longer accretion timescales τ2, hence the chemi-
cal enrichment is weaker and less efficient than the inner Galactic

Fig. 8. Timescale τ2 for the gas accretion in the low-α phase and the
ratio σ2/σ1 between the low-α and high-α total surface mass densities
as a function of the Galactocentric distance are drawn with red and blue
points, respectively.

regions, leading to a lower metallicity. We recall that we imposed
also a radial variation of the SFE.

Moreover, in Fig. 1 the radial bin between 10 and 14 kpc has
fewer high-α stars and we associate the more prominent low-
α sequence to a larger surface density ratio σ2/σ1 compared to
the innermost regions in agreement with Palla et al. (2020). An
important result of this study is that extending the predictions
for σ2/σ1 to the whole Galactic disc, we predict a clear and
neat trend: the ratio increases with the Galactocentric distance
(Fig. 8).

The Galactic ‘inside-out’ formation is well motivated by the
dissipative collapse scenario (Larson 1976; Cole et al. 2000) and
it has been a widely adopted assumption coupled with a variable
SFE and the radial gas flows in order to reproduce the observed
abundance gradients (Spitoni et al. 2015; Grisoni et al. 2018;
Palla et al. 2020).

We have shown that the two-infall model of Spitoni et al.
(2019a, 2020) can be extended to the whole disc admitting a
more complex nature of the Galactic disc evolution instead of
a simple sequential scenario, with the coexistence of different
physical processes and different gas infall enrichment as a func-
tion of the Galactocentric distance. Moreover, with a quantita-
tive estimation of the model free parameters using a Bayesian
approach, we confirm the results of the chemical evolution
model proposed by Palla et al. (2020), where an enriched gas
infall has been invoked to reproduce the chemical evolution of
the inner Galactic disc (see Sect. 4.5 for a detailed compari-
son with Palla et al. 2020 predictions). The proposed multi-zone
chemical evolution model based on the MCMC methods to fit
the abundance distributions of [Mg/Fe] versus [Fe/H] ratios from
the APOGEE DR16 sample is also able to reproduce the other
important observables of the Galactic disc.

In Fig. 9 we compare the observed abundance gradient for
magnesium of Luck & Lambert (2011) and Genovali et al.
(2015) with the one predicted by our best model computed at
the present-day. To be consistent with these data sets, the model
abundance ratios are referred to the solar value of Grevesse et al.
(1996). It is clear that our model prediction well reproduces the
observed abundance gradient.

It is clear from Fig. 10 that also the observed surface gas
density profiles are well reproduced by our model. Concerning
the present-day surface stellar mass density (see Fig. 11), the
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Fig. 9. Observed and predicted radial [Mg/H] present-day abundance
gradient. The prediction of the best-fit models are indicated with big
filled circles, connected with a yellow line. The observational data are
the Cepheid observations from Luck & Lambert (2011; blue circles) and
Genovali et al. (2015; blue diamonds with red edges). With the empty
circles we report the average values and associated errors of the full data
sample.

Fig. 10. Observed and predicted radial gas surface density gradient. The
black dashed curve is the average between the Dame (1993) and Nakan-
ishi & Sofue (2003, 2006) data sets. The grey shaded region represents
the typical uncertainty at each radius, for which we adopt either 50% of
the average (see Nakanishi & Sofue 2006) or half the difference between
the minimum and maximum values in each radial bin (if larger). The big
filled circles show the model predictions.

predicted value at 8 kpc is 34.2 M� pc−2 in very good agreement
with the observed local value of 33.4±3 M� (McKee et al. 2015).
Assuming that the stellar surface density decreases exponen-
tially outwards with a characteristic length-scale of R? = 2.7 kpc
(Kubryk et al. 2015), our model reproduces reasonably well this
profile as shown in Fig. 11.

In the left panel of Fig. 12 we show that the predicted
present-day SFR profile is in agreement with the observations
by Rana (1991) and the following analytical fit of SN remnants
compilation by Green (2014):

SFR(R)/SFR� =

( R
R0

)b
e−c

( R−R0
R0

)
, (11)

where R0 = 8 kpc, b = 2 and c = 5.1 (see Palla et al. 2020 for
more details). In the temporal evolution of the predicted SFR at

Fig. 11. Radial stellar surface stellar density profile of our model (big
circles connected by a yellow line). The observed local stellar density
is 33.4 ± 3 M� pc−2 (McKee et al. 2015, small black dot and associated
error bar). In our model we assume that the stellar profile decreases
exponentially outwards with a characteristic scale-length of 2.7 kpc
(Kubryk et al. 2015). The blue and grey shaded areas indicate zones
within 1σ and 2σ, respectively.

Fig. 12. Left panel: observed and predicted radial SFR density gradient
relative to the solar neighbourhood. The model results are the big solid
circles connected by a solid yellow line. The black line is the analytical
form suggested by Green (2014) for the Milky Way SFR profile. The
open circles with error bars are observational data from Rana (1991).
Right panel: SFR evolution predicted by our best fit models computed
at 4, 8, and 12 kpc. The dark green shaded area indicates the present-day
measured range in the solar annulus by Prantzos et al. (2018).

different Galactocentric distances reported in the right panel of
Fig. 12, the two star formation phases (high-α and low-α stars)
and the hiatus in between are evident. The delay tmax between the
two infall gas episodes is longer as we move towards the inner
region. Such a variation is statistically significant (see Table 2),
and tmax values span the range between 3.0 and 4.7 Gyr. Longer
cooling timescales due to a more intense star formation activ-
ity and stronger feedback are expected for the innermost Galac-
tic regions at early times. Hence, we propose that in the inner
(outer) regions the ISM gas needed more (less) time to cool
down in order to begin the SF activity associated with the low-α
sequence, leading to larger (smaller) values for tmax. This sce-
nario is supported by several chemo-dynamical simulations in
a cosmological framework where a hot gas phase is already in
place at early times and the halo tends to inhibit gas filaments
to penetrate into the central regions (Kereš et al. 2005; Dekel &
Birnboim 2006; Brooks et al. 2009; Fernández et al. 2012; Grand
et al. 2018).
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Fig. 13. Upper panels: observed and predicted Type II SN rates (left)
and Type Ia SN rates (right) as a function of the Galactic age. The SN
rates predicted for the whole disc are reported with the black solid lines,
and they represent the sum of the contributions from different Galactic
regions indicated with coloured dashed lines. The observed present-day
Type II SN rate of Li et al. (2011, left panel) for the whole Galaxy is
reported with the solid star (1σ and 2σ errors are indicated with grey
and yellow bars, respectively) whereas the solid star in the right panel
stands for Type Ia SN rate of Cappellaro & Turatto (1997) with the
associated 1σ error bar. Lower panel: infall rate evolution predicted by
our best fit models computed at 4 (red line), 8 (green line), and 12 kpc
(light-blue line). The dark green shaded area indicates the present-day
values in the solar annulus suggested by Matteucci (2012).

In Fig. 13, 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 model is 0.93/[100 yr], a
smaller value (but within 2σ error) than the observations of Li
et al. (2011) which yield a value of 1.54± 0.32/[100 yr]. The
predicted present-day Type Ia SN rate in the whole Galactic
disc is 0.27/[100 yr], in good agreement with the value pro-
vided by Cappellaro & Turatto (1997) of 0.30± 0.20/[100 yr].
In the lower panel of Fig. 13 we also show the time evolu-
tion of the infall rate. We note that the present day value com-
puted at 8 kpc is 1.01 M� pc−2 Gyr−1, consistent with the range
0.3−1.5 M� pc−2 Gyr−1 suggested by Matteucci (2012).

In Fig. 14 the time evolution of the metallicity [M/H] and
the [α/Fe] ratios computed at 4, 8, and 12 kpc are compared
with the local APOKASC sample by Silva Aguirre et al. (2018).
Here, α is computed by means of the sum of the abundances
of Mg and Si. The metallicity [M/H] is computed, as in Silva
Aguirre et al. (2018), using the following expression introduced
by Salaris et al. (1993):

[M/H] = [Fe/H] + log
(
0.638 × 10[α/Fe] + 0.362

)
. (12)

We combine the abundance ratios [Fe/H] and [α/Fe] predicted by
our model using this formulation to be consistent with the data.

Fig. 14. Evolution of the [M/H] (left panel) and [α/Fe] (right panel)
abundance ratios of our best-fit models computed at 4, 8, and 12 kpc
compared with the abundances observed in a stellar sample in the
solar annulus (Silva Aguirre et al. 2018). Magenta points depict the
high-α population, whereas green points indicate the low-α one. As
in Spitoni et al. (2019a, 2020), we have not taken into account young
α-rich stars.

We notice that the best fit model at 8 kpc is very similar to the
best model in Spitoni et al. (2019a) constrained by APOKASC
abundance ratios and asteroseismic ages. Spitoni et al. (2019a)
showed that the steep drop in [M/H] and bump in [α/Fe] associ-
ated with the second accretion episode (not obvious in the obser-
vations), are hidden behind the observational uncertainties.

The highest metallicity values are reached at any Galactic
time by the innermost region. Different slopes in the [M/H] and
[α/Fe] ratios characterize the evolution of the low-α sequences at
different Galactcocentric distances. This is due to the interplay
of different best-fit model values for timescale of accretion τ2,
SFEs, and gas infall enrichment in diverse Galactic regions.

4.4. Metallicity and [Mg/Fe] distribution functions

In Fig. 15, it is shown that the predicted [Fe/H] distribution func-
tions at different Galactocentric distances are generally in agree-
ment with the data. To highlight once more the low-α and high-α
bimodality, in Fig. 16 we show the [Mg/Fe] distributions, where
we see that the APOGEE DR16 data in the annular region cen-
tred at 8 kpc exhibit two neat peaks. Although the best-fit model
accounts for the observed bimodality and the median distribution
value is consistent with the data, the predicted peaks are shifted
towards higher [Mg/Fe] values. In the right panel of Fig. 16, we
draw the same distribution but only for stars with [Fe/H] in the
range between −0.2 and 0 dex (see the highlighted region in the
enclosed plot). In this case, the predictions are in better agree-
ment with the data.

The reason why the full data set seems in contrast with
model is largely due to the large uncertainty in the assumed
stellar nucleosynthesis yields of Mg from massive stars, which
cause the model to have higher [Mg/Fe] ratios (∼0.45 dex) at
low [Fe/H] than the observations from APOGEE. Moreover, our
assumption of a bottom-heavy IMF (Scalo 1986) slows down the
time evolution of the [Fe/H] abundances in the ISM, creating a
bias towards higher [Mg/Fe] ratios after each infall event. Addi-
tionally, since two-infall model is an approximate representation
of the truth, significantly larger number of stars in the low-alpha
sequence compared to the high-alpha can compromise the fit for
the high-α sequence (as it gets less weight in the optimisation
process presented in Sect. 3.3). A better agreement is achieved
for the external region centred at 12 kpc as shown in Fig. 17,
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Fig. 15. Metallicity distributions predicted by the best-fit models
(coloured histograms) computed at 4 kpc (upper panel), 8 kpc (middle
panel), and 12 kpc (lower panel). The observed APOGEE DR16 dis-
tributions are shown by the black empty histograms. The vertical lines
indicate the median values of each distribution. In each plot, the distri-
butions are normalised to the corresponding maximum number of stars,
Nmax.

where the position of two peaks and the median value of the dis-
tribution are in good agreement with the data.

In Fig. 18 the observed and predicted [Mg/Fe] distribution
for the region centred at 4 kpc are compared. Once again, we
see that the median value and the location of the two peaks are
quite different from the data. In order to understand this dis-

crepancy, we ran a new model with the same best-fit parame-
ters as in Table 2 for the 4 kpc case, but with a smaller sur-
face mass density σ2/σ1 ratio. In Fig. 19, we show the pre-
dicted [Mg/Fe] versus [Fe/H] relation and the [Mg/Fe] distribu-
tion function imposing σ2/σ1 = 1. In the upper panel of Fig. 19,
we note that, as expected, the maximum [Mg/Fe] value reached
in the low-α sequence is smaller compared to the one in Fig. 7
(with σ2/σ1 = 3.8) because of the smaller mass associated with
the low-α phase as clearly shown in the inset plots of Figs. 7
and 19. In fact, the model with the lowest σ2/σ1 ratio presents
the highest increase on stellar mass ∆M? in the high-α phase.

In the lower panel of Fig. 19, we can appreciate that the
model reproduces better the data than the results reported in
Fig. 18 given also the intrinsic uncertainties due to the Mg stel-
lar yields from massive stars and IMF. In fact, the median values
of the predicted [Mg/Fe] and observed data are pretty similar.
In conclusion, a smaller σ2/σ1 has a double effect: (i) the peak
of the [Mg/Fe] abundance associated with the low-α is shifted
towards smaller values, and (ii) an increase on the number of
the high-α stars (the second peak in the distribution has a higher
number of stars with larger [Mg/Fe] values than in Fig. 18).

4.5. Comparison with Palla et al. (2020)

Recently, Palla et al. (2020) presented a revised Galactic chem-
ical evolution model for the disc formation based on the two-
infall scenario. In agreement with our findings, their best model
suggests that a variable SFE should be acting together with the
‘inside-out’ mechanism for the low-α disc formation. In addi-
tion, they claimed that radial gas inflows can help to create
an abundance gradient confirming the findings of Spitoni et al.
(2015) and Grisoni et al. (2018).

In order to reproduce the observed [Mg/Fe] versus [Fe/H] of
APOGEE (Hayden et al. 2015) at different Galactocentric dis-
tances, Palla et al. (2020) proposed a delay of tmax = 3.25 Gyr
between the two gas infall events, in agreement with the work
presented here and Spitoni et al. (2019a, 2020). In particular,
they invoked an enriched gas infall to properly reproduce the
inner disc [Mg/Fe] versus [Fe/H] abundance ratio, in accordance
with our study (see Sect. 4.2).

Differences in the chemical evolution tracks in the innermost
disc region are primarily due to the different stellar nucleosyn-
thesis prescriptions. Here, we adopt the yield collection pro-
posed by François et al. (2004), whereas Palla et al. (2020)
used those from Romano et al. (2010). Moreover, our results are
based on a Bayesian analysis to fit the latest APOGEE DR16
data (Ahumada et al. 2020). Finally, Palla et al. (2020) impose
a different length-scale for the two disc components instead of a
variable ratio between the low-α and high-α surface mass den-
sities. Notwithstanding all these differences, our model and the
one of Palla et al. (2020) share a similar growth of the Galactic
disc following the ‘inside-out’ scenario and predict pretty similar
metallicity distribution functions.

5. Conclusions

We have presented a multi-zone chemical evolution model
designed for the whole Galactic disc constrained by chemical
abundance ratios of APOGEE DR16 (Ahumada et al. 2020) data
using the Bayesian analysis presented in Spitoni et al. (2020).
In this study, we have considered four free parameters: accretion
timescales τ1 and τ2, delay tmax and present-day surface mass
density ratio σ2/σ1.

Our main conclusions can be summarised as follows.
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Fig. 16. Left panel: [Mg/Fe] distribution predicted by our best-fit model computed at 8 kpc (green histogram) compared with the APOGEE data in
stars with Galactocentric distances between 6 and 10 kpc. Black and green vertical dashed lines indicate the median values of the data and model,
respectively. Distributions are normalised to the corresponding maximum number of stars, Nmax. Right panel: same as the left panel, but computed
for a limited metallicity range, −0.2 dex≤ [Fe/H]≤ 0 dex, as highlighted by the green shaded area in the inset.

Fig. 17. [Mg/Fe] distribution predicted by our best-fit model com-
puted at 12 kpc (blue histogram) compared with the APOGEE data in
stars with Galactocentric distances between 10 and 14 kpc. Black and
blue vertical lines indicate the median values of the data and model,
respectively.

1. The Bayesian analysis based on the recent APOGEE DR16
data (Ahumada et al. 2020) suggests the presence of a sig-
nificant delay time between the two gas infall episodes for
the thick-disc and thin-disc formation in all analysed Galac-
tocentric regions. We find that the best values for the delay
times are in the range between 3 and 4.7 Gyr, confirming the
findings of Spitoni et al. (2019a, 2020) for the solar neigh-
bourhood based on the APOKASC data.

2. An inside-out formation of the thin-disc of our Galaxy nat-
urally emerges from the best fit of our multi-zone chemical-
evolution model to APOGEE-DR16 data: inner Galactic
regions are assembled on shorter timescales than external
Galactic zones. Moreover, our best-fit model predicts larger
σ2/σ1 (ratio of low-α to high-α surface mass densities) val-
ues towards outer Galactic regions (see Fig. 8), in agreement

Fig. 18. [Mg/Fe] distribution predicted by our best-fit model computed
at 4 kpc (red histogram) compared with the APOGEE data in a stel-
lar sample with Galactocentric distances between 2 and 6 kpc. Black
and red vertical lines indicate the median values of the data and model,
respectively.

with the fact that as we move towards external regions, the
APOGEE DR16 data sample presents less and less stars in
the high-α phase compared to the low-α sequence (Queiroz
et al. 2020).

3. In outer disc regions with Galactocentric distances R >
6 kpc, the chemical dilution originating from a late gas accre-
tion event with primordial chemical composition is the main
driver of the [Mg/Fe] versus [Fe/H] abundance pattern in the
low-α phase, extending the findings of the models presented
by Spitoni et al. (2019a, 2020) for the solar neighbourhood.

4. In the inner disc, for the two-infall model to work, an
enriched gas infall for the formation of low-α sequence stars
is required to reproduce the observed data as suggested by
Palla et al. (2020). Different physical explanations could be
invoked: the gas might be enriched with metals from out-
flows originated in massive galaxies (Agertz et al. 2020;
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Fig. 19. APOGEE DR16 data in the region 2−6 kpc compared with
model predictions computed at 4 kpc with the same best-fit parame-
ters as in the first column of Table 2 but with the surface mass den-
sity ratio σ2/σ1 fixed at the value of 1. Upper panel: [Mg/Fe] versus
[Fe/H] abundance ratios. As in Fig. 1, the contour lines enclose frac-
tions of 0.90, 0.75, 0.60, 0.45, 0.30, 0.20, 0.05 of the total number of
observed stars. The colour coding represents the cumulative number of
stars formed during the Galactic evolution normalised to the total num-
ber Ntot. The open circles mark the model abundance ratios of stellar
populations with different ages. In the inset we show the surface stellar
mass density ∆M? formed in different age bins as a function of age,
where the bin sizes are delimited by the vertical dashed lines and cor-
respond to the same age values as indicated in the [Mg/Fe] vs [Fe/H]
plot. Lower panel: [Mg/Fe] distributions. Black and red vertical lines
represent the median values of the data and model, respectively.

Renaud et al. 2020a,b), or it could be due to gas lost from
the formation of the thick disc, which then gets mixed with a
larger amount of infalling primordial gas (Gilmore & Wyse
1986).

5. Our model reproduces important observational constraints
for the chemical evolution of the whole disc reasonably well,
such as the present-day profiles of the SFR, the stellar and

gas surface densities. Moreover, the predicted abundance
gradient is in good agreement with the observations, thanks
to the longer timescales of accretion in the outer regions and
to a variable SFE for the low-α sequence. In the solar neigh-
bourhood, the model is able to reproduce the solar photo-
spheric abundance values of Asplund et al. (2005).

The above mentioned results suggest that the signatures of a
delayed gas-rich merger giving rise to a hiatus in the star forma-
tion history are impressed in the [Mg/Fe] versus [Fe/H] relation
and determine the distribution of the low-α stars in the abun-
dance space at different Galactocentric distances.
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