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A B S T R A C T 

Using a semi-analytical model of the evolution of the Milky Way, we sho w ho w secular evolution can create distinct o v erdensities 
in the phase space of various properties (e.g. age versus metallicity or abundance ratios versus age) corresponding to the thin and 

thick discs. In particular, we show how key properties of the Solar vicinity can be obtained by secular evolution, with no need 

for external or special events, like galaxy mergers or paucity in star formation. This concerns the long established double-branch 

behaviour of [alpha/Fe] versus metallicity and the recently found non-monotonic evolution of the stellar abundance gradient, 
e v aluated at the birth radii of stars. We extend the discussion to other abundance ratios and we suggest a classification scheme, 
based on the nature of the corresponding yields (primary versus secondary or odd elements) and on the lifetimes of their sources 
(short-liv ed v ersus long-liv ed ones). The latter property is critical in determining the single- or double- branch behaviour of 
an elementary abundance ratio in the Solar neighbourhood. We underline the high diagnostic potential of this finding, which 

can help to separate clearly elements with sources evolving on different time-scales and help determining the site of e.g. the 
r-process(es). We define the ‘abundance distance’ between the thin and thick disc sequences as an important element for such a 
separation. We also show how the inside-out evolution of the Milky Way disc leads rather to a single-branch behaviour in other 
disc regions. 

Key words: Galaxy: general – Galaxy: abundances – Galaxy: disc – Galaxy: evolution – Galaxy: formation – Galaxy: Solar 
neighbourhood. 
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 I N T RO D U C T I O N  

owadays there is an exponential increase in the amount of in-
ormation regarding the stellar populations of our Galaxy. This
s due to several large-scale surv e ys that started during the last
ecade, like RAVE (Steinmetz et al. 2020 ), APOGEE (Abdurro’uf
t al. 2022 ), GALAH (Buder et al. 2021 ), LAMOST (Li et al.
022 ), Gaia-ESO (Randich et al. 2022 ), and last but not least, the
esults of ESA’s Gaia mission (Gaia Collaboration et al. 2022 ).
hose surv e ys pro vided information for hundreds of thousands of
tars in the 6D space of stellar positions and velocities and in
he multidimensional space of elemental abundances, mostly for
iants but also for dwarf stars. The determination of another key
tellar property, namely stellar ages, still suffers from considerable
 E-mail: prantzos@iap.fr (NP); cabia@ugr.es (CA) 
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ncertainties, but the situation is expected to improve soon due to
rogress in asteroseismology (as illustrated in e.g. Miglio et al.
021 ). 
Those observations shed new light on our understanding of the

tructure of the Milky Way (MW, e.g. Bland-Hawthorn & Gerhard
016 , and references therein). In particular, they have revealed
tructures in the kinematic and chemical phase space, attributed to
ebris from old collisions/mergers of various galactic sub-systems
ith the Galaxy; despite some o v erlap in their properties, such

tructures provide important hints on the past history of our Galaxy
nd the links between its various components (see Helmi 2020 , for a
ecent o v erview). 

Among the main baryonic components of the MW (bulge, bar,
tellar halo, and discs), the thick disc remains the most enigmatic.
ince its identification as a distinct entity through observations of its
ertical density profile (Gilmore & Reid 1983 ), its various properties
ave been extensively studied, both locally and across the whole
© 2023 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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alaxy. It is now clear that it differs from the thin disc in all aspects
f its stellar population: spatial, kinematic, metallicity, elemental 
bundance ratios, and stellar ages. The thick disc is, on average, older
han the thin disc (age ∼10 Gy compared to ∼4 −5 Gy), less metallic,
ith a mean [Fe/H]. 1 ∼ −0.6 dex compared to ∼0 dex, it has higher

 α/Fe] at a given metallicity, larger velocity dispersion, and larger 
cale height. Ho we ver, in each one of those properties there is an
 v erlap with the thin disc and it is difficult to identify unambiguously
he stars of the two discs. As discussed in Kawata & Chiappini ( 2016 ),
here is no clear definition for the thin and thick discs, even in the
ase of the MW where ample information is available; the answer 
epends a lot on how the discs are defined (chemically , kinematically ,
eometrically, or by age). As a result of this ambiguity, there is still
onsiderable uncertainty on the contribution of the thin and thick 
iscs to the MW mass budget (Anguiano et al. 2020 ; Everall et al.
022 ; Vieira et al. 2022 ). 
An early attempt to model the formation of thick and thin discs

f the MW was made by Burkert, Truran & Hensler ( 1992 ), who
ound that it naturally results as a consequence of the gravitational 
ettling and self-regulated chemical and dynamical evolution of an 
nitially hot, gaseous protodisc (top-down formation with high early 
tar formation rate). On the other hand, Quinn, Hernquist & Fullagar 
 1993 ), studying N -body simulations of halo-disc systems colliding 
ith satellite galaxies found that the kinematical heating induced by 

uch mergers may lead to the formation of thick discs with properties
scale height, vertical velocity distribution, and asymmetric drift) 
imilar to those observed in the MW. Using a semi-analytical, 
ultizone model, Chiappini, Matteucci & Gratton ( 1997 ) assumed 

wo periods of star formation, a short and early one (thick disc with
igh SFR) separated by ∼2 Gy hiatus from a longer one (thin disc
ith low SFR); their scheme produced a small loop in the [O/Fe]
ersus [Fe/H] relation at 4 kpc, but did not modify that relation in the
uter disc or the Solar neighbourhood. Kroupa ( 2002b ) suggested that 
he high early SFR (induced by external mergers or perturbations) 
roduced more massive star clusters and high mass stars than the 
ater, low SFR period; the subsequent relaxation of and gas expulsion 
rom those clusters left a characteristic kinematic signature, namely 
he observed high velocity dispersion of the stars of the thick 
isc. 
Sell w ood & Binney ( 2002 ) showed that, in the presence of

ecurring transient spirals, stars in a Galactic disc could undergo 
mportant radial displacements. Stars found at corotation with 
 spiral arm may be scattered to different galactocentric radii 
inw ards or outw ards), a process called c hurning that preserv es
 v erall angular momentum distribution and does not contribute 
o the radial heating of the stellar disc, in contrast to simple
picyclic motion ( blurring ), which does heat the disc radially. 
ch ̈onrich & Binney ( 2009 ) introduced a parametrized prescription 
f radial migration (distinguishing epicyclic motions from migration 
ue to transient spirals) in a semi-analytical chemical evolution 
ode. They suggested that radial mixing could also explain the 
ormation of the Galaxy’s thick disc, by bringing a kinematically 
hot’ stellar population from the inner disc to the Solar neigh- 
ourhood. That possibility was subsequently investigated with N - 
ody models, but contro v ersial results hav e been obtained. While
o ̌skar et al. ( 2008 ) and Loebman et al. ( 2011 ) found that sec-
lar processes (i.e. radial migration) are sufficient to explain the 
 We adopt here the usual notation [X/H] = log (X/H) � − log (X/H) �, where 
X/H) � is the abundance by number of the element X in the corresponding 
tar. 
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inematic properties of the local thick disc, Minchev et al. ( 2012 )
ound this mechanism insufficient and suggested that an external 
gent, like early mergers, is required for that (see also Minchev
016 ). 
Despite the large number of studies o v er the years, it still remains

nclear the role played by the various processes invoked to explain
he morphological, kinematic, and chemical properties of the thick 
nd thin discs of the MW: a clumpy and turbulent early galaxy (e.g.
gertz, Teyssier & Moore 2009 ; Bournaud, Elmegreen & Martig 
009 ; Agertz et al. 2021 ; Beraldo e Silva et al. 2021 ; Renaud
t al. 2021 ); radial stellar migration, accompanied or not by gas
igration (e.g. Sch ̈onrich & Binney 2009 ; Loebman et al. 2011 ;
ubryk, Prantzos & Athanassoula 2015a ; Sharma, Hayden & Bland- 
awthorn 2021b ); internal ‘heating of the disc’ (Kroupa 2002b );
arious types of mergers, ‘dry’ or ‘wet’, minor or major ones, (e.g
illalobos & Helmi 2008 ; Bekki & Tsujimoto 2011 ; Navarro et al.
011 ; Wilson et al. 2011 ; Brook et al. 2012 ; Forbes, Krumholz &
urkert 2012 ; Bird et al. 2013 ; Athanassoula et al. 2016 ; Grand
t al. 2018 , 2020 ; Belokurov & Kravtsov 2022 ); major episodes of
nfall and/or star formation (Noguchi 2018 ; Buck 2020 ; Vincenzo &
obayashi 2020 ; Khoperskov et al. 2021 ; Conroy et al. 2022 ) or
arious combinations of the abo v e. F or instance, Athanassoula et al.
 2016 , and in preparation) used high-resolution hydrodynamic N -
ody simulations to follow intermediate, or even major, gas-rich 
ergers and the corresponding formation and evolution of the thick 

nd thin discs; they found two periods of star formation: an early
ne, intense and short, and a late one, extended in time but of low
mplitude. 

On the other hand, using mono-abundance populations (i.e. defined 
n the plane of [O/Fe] versus [Fe/H]), Bovy et al. ( 2012 ) concluded
hat the thick disc is not really a distinct component of the MW,
see also Rix & Bovy 2013 , for a re vie w). The study of Park et al.
 2021 ) with high-resolution cosmological simulations of 19 large- 
isc galaxies finds that thick and thins discs are commonly formed
s ‘two parts of a single continuous disc component that evolves with
ime as a result of the continued star formation of thin disc stars and
isc heating’. Ho we ver, in a recent data analysis of Gaia eDR3 and
amost (DR7), Xiang & Rix ( 2022 ) find distinctive signatures in the
W age −metallicity relation, suggesting that the major merger with 
aia-Enceladus played a significant role in the thick disc formation. 

t is not clear, ho we ver, whether such major events contributed to
nhance or rather to inhibit star formation in those early epochs,
hus initiating or terminating the thick disc formation (e.g. Ciuc ̆a
t al. 2023 ; Conroy et al. 2022 ). Furthermore, it is not clear whether
he formation of the thick disc preceded the one of the thin disc, as
ommonly assumed, or whether the two were co-e v al as suggested
n recent studies (Beraldo e Silva et al. 2021 ; Gent et al. 2022 ). 

The double-branch behaviour of [ α/Fe] ratio in the local disc
Fuhrmann 1998 ; Bensby et al. 2005 ; Bensby, Feltzing & Oey 2014 )
ttracted a lot of attention, being one of the clearest signatures
elping to differentiate observationally the thick from the thin disc 
e.g. Adibekyan et al. 2012 ). This dichotomy has been investigated
ith both semi-analytical models and chemodynamical ones (with 
 small fraction of the latter class being referenced in the previous
aragraphs). Semi-analytical models can be broadly classified in two 
ategories: 

(i) one class of models invok es tw o periods of star formation in
he MW, one corresponding to the thick and one to the thin disc.
hose periods are characterized by distinct star formation histories, 
 shorter early one with intense star formation and a longer late one
ith a lower star formation, separated by a pause (‘hiatus’) of several
y (Grisoni et al. 2017 ; Noguchi 2018 ; Lian et al. 2020 ; Spitoni et al.
MNRAS 523, 2126–2145 (2023) 
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Figure 1. Top panel: adopted infall time-scale (green) and resulting average 
stellar age (solid magenta) at the end of the simulation. Second panel: final 
surface density mass profile of gas (green), ‘young’ stars (age < 9 Gy, blue), 
‘old’ stars (age > 9 Gy, red), and all stars (magenta). Third panel: Fe abundance 
profiles in the gas, 9 Gy ago (red), at Sun’s formation (4.56 Gy ago, green), 
and today (blue). Bottom: gaseous [ α/Fe] profiles, colour coded as in the 
previous panel. 
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021 ). In those models, the double-branch of [ α/Fe] versus [Fe/H]
s obtained by assuming that at the end of the first phase a strong,
etal-poor infall dilutes the gas abundances to considerable amounts

by a factor of 3 at least) and the subsequent star formation creates
nother [ α/Fe] versus [Fe/H] sequence, more or less parallel to the
rst and starting from lower metallicities and lower [ α/Fe] ratios. 
(ii) the second class is composed of ‘hybrid’ models: multizone

emi-analytical models of chemical evolution with radial migration
ntroduced in various ways (Sch ̈onrich & Binne y 2009 ; K ubryk et al.
015a ; Weinberg et al. 2019 , 2022 ; Johnson et al. 2021 ; Sharma et al.
021b ); in most cases the dynamics are not treated self-consistently
ith the chemical evolution and various approximations are made.
he two branches of [ α/Fe] versus [Fe/H] in the Solar neighbourhood

esult then from the presence of stars formed not only locally but also
n the inner Galaxy, where intense star formation takes place early on.
n contrast to the previous case, this is obtained by secular evolution.
o we v er, to e xplain the different dynamics of the thick disc still some
ifferent physical processes in the early Galaxy need to be invoked,
ike e.g. an early highly turbulent or bursty phase, or perturbations
y mergers (as in Minchev, Chiappini & Martig 2013 ; Minchev et al.
018 ). 
The evolutionary scheme of category (i) seems to be supported by

he analysis of Vincenzo et al. ( 2021 ), based on the abundances of a
ample of red giants from APOGEE DR16. They conclude that the
bserved bimodality of [ α/Fe] versus [Fe/H] probably requires one or
ore sharp transitions in the disc’s gas accretion, star formation, or

utflow history in addition to radial mixing of stellar populations.
imilarly, Lu et al. ( 2022a ) analyse ∼80 000 sub-giant stars in
AMOST and find a non-monotonic behaviour of the [Fe/H] gradient
ith age around 8–11 Gy ago. They associate it to the last major
erger (Gaia Sausage/Enceladus event) and they claim that this

ransition plays a major role in shaping the [ α/Fe] versus [Fe/H]
ichotomy. 
The evolutionary scheme of category (ii) is supported by the

onclusion of Hayden et al. ( 2017 ), based on the orbital and chemical
roperties of ∼500 stars from the AMBRE surv e y, that ‘ the high-
 α/Fe] and low-[ α/Fe] sequences are most likely a reflection of the
 hemical enric hment history of the inner and outer disc populations,
espectively; radial mixing causes both populations to be observed
n situ at the Solar position ’. 

In this work, we present a model in line with Hayden et al.
 2017 ), an updated version of the one presented in Kubryk et al.
 2015a ) (Section 2.1 ). We present in some detail its main properties
n Section 3 , showing how secular evolution can create distinct
 v erdensities, corresponding to the thin and thick discs, in the phase
pace of various properties (e.g. age versus metallicity or abundance
atios versus age). We also show how the non-monotonic behaviour
f the stellar [Fe/H] gradient of stars – e v aluated at their birth
lace – with age by Lu et al. ( 2022a ) can be explained by secular
volution and we identify the conditions for that. In Section 4 , we
ocus on the [ α/Fe] versus [Fe/H] diagram obtained for the Solar
eighbourhood and we sho w ho w the double-branch behaviour can
lso be obtained by secular evolution. Then, in Section 5 , we extend
he discussion to other abundance ratios and we suggest that in all
tudies of that kind, the ‘distance’ in chemical space between thin
nd thick discs should be quantified in order to clearly identify a
ingle- or double-branch behaviour for a given element. We further
uggest a classification scheme of the chemical elements, based on
he nature of the corresponding yields (primary versus secondary
r odd elements) and on the lifetimes of their sources (short-lived
 ersus long-liv ed ones). We argue that the latter property is critical in
etermining the single- or double- branch behaviour of an elementary
NRAS 523, 2126–2145 (2023) 
bundance ratio in the Solar neighbourhood. We underline the high
iagnostic potential of this finding, which can help to separate clearly
lements with sources evolving on different time-scales; it would
e interesting, in that respect to have a precise e v aluation of the
bundance distance between the thin and thick disc sequences for the
 -elements, which ha ve been suggested to originate either in short-
ived sources (collapsars) or long-lived ones (neutron star mergers;
.g. Wanajo, Hirai & Prantzos 2021 and references therein). We also
ho w ho w the inside-out e volution of the MW disc leads rather to
 single-branch behaviour in other disc regions, dominated either
y the ‘high’ [ α/Fe] branch (inner disc) or the ‘low’ [ α/Fe] branch
outer disc). In Section 5.3 , we discuss other recent studies and we
ummarize our results in Section 6 . 

 T H E  M O D E L  

.1 Model 

e summarize here the main features of the Kubryk et al. ( 2015a )
odel and the new ingredients adopted in this work. 

.1.1 Stars and gas 

he Galactic disc is gradually built up by infall of primordial gas
n the potential well of a dark matter halo with mass of 10 12 M �,
he evolution of which – mass growing with time – is obtained from
umerical simulations (from Li et al. 2007 ). The one-dimensional
1D) disc is built ‘inside-out’ through infall of gas of primordial
omposition. The infall time-scales are fairly short (0.5 Gy) in the
nner regions and increase progressively outwards, reaching 7.5 Gy
t 8 kpc and staying nearly constant after that (see top panel in
ig. 1 ). The star formation rate depends on the local surface density

art/stad1551_f1.eps
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f molecular gas � H 2 , the latter being calculated from the total gas
hrough the prescription of Blitz & Rosolowsky ( 2006 ). 

The disc is split in concentric annuli of radial width � R = 0.5 kpc,
nteracting through radial motions of their stars. Stars mo v e radially
rom their birthplace due to epicyclic motions around their guiding 
adius (blurring) and to changes of their guiding radius (churning), as
xplained below. The innov ati ve aspect of the model is that it accounts 
or the fact that radial migration mo v es around not only ‘passive
racers’ of chemical evolution (i.e. long-lived low-mass stars, keeping 
n their photospheres the chemical composition of the gas at the 
ime and place of their birth), but also ‘active agents’ of chemical
volution, i. e. long-lived nucleosynthesis sources (such as SNIa 
roducing Fe and low mass stars producing s-process elements), 
hich may release their products away from their birth place. The 
robabilistic formalism for radial migration takes into account the 
nite lifetime of stars (see Kubryk et al. 2015a ). In practice, stars
ore massive than 4 M � (with lifetimes < 0.3 Gy), do not live long

nough to participate in such motions and die in their birth zone
here taken to be 0.5 kpc wide). This also applies to giant molecular
louds, their lifetime being comparable to those of massive stars, of
he order of 10 −30 Ma (Jeffreson et al. 2021 ). 

In the Kubryk et al. ( 2015a , b ) model, the thick disc is assumed to
e the oldest part of the Galactic disc, older than ∼9 Gy (see Binney &
anders 2014 ), while the thin disc is younger than 9 Gy. In this work,

he thin and thick discs appear naturally as o v erdensities in the phase
pace of various properties of stars in the Solar neighbourhood (age, 
etallicity, and abundance ratios) as we discuss in the next sections, 

nd they do not result from a pause in star formation. Instead, they are
roduced in a continuous inside-out formation process, as suggested 
y the recent simulations of Park et al. ( 2021 ). These simulations
ave unprecedentedly high spatial resolution (aimed to reach � x ∼
4 pc at redshift z = 0), making them ideal to investigate the detailed
tructures of galaxies. Park et al. ( 2021 ) find that spatially defined
hin and thick discs are not entirely distinct components in terms of
ormation process, but rather two parts of a single continuous disc 
omponent that evolves with time as a result of the continued star
ormation of thin-disc stars and disc heating. 

The radial displacements of stars due to blurring and churning 
re calculated statistically, with prescriptions adopted on the basis of 
 -body SPH simulations (Kubryk, Prantzos & Athanassoula 2013 , 
015a ). Blurring is calculated by using the stellar radial velocity 
ispersion, which is assumed to evolve with time as σ r ∝ τβ , but
n contrast to Kubryk et al. ( 2015a ) where β = 0.33, here we adopt
= 0.25, based on analysis of numerical simulations of the heating 

f MW-type discs by Aumer, Binney & Sch ̈onrich ( 2016 ) and of
W observations from GALAH, LAMOST, APOGEE, the NASA 

epler and K2 missions, and Gaia DR2 from Sharma et al. ( 2021a ).
e assume that the old disc (age > 9 Gy today) inherited a large

adial velocity dispersion of σ r ( R ) = 50e −(R − 8)/11) km s −1 , where
 is the radius in kpc and 11 kpc is the characteristic scale of the
ecline of radial dispersion of the thick disc (see Bland-Hawthorn & 

erhard 2016 , and references therein 2 ). Such a high dispersion can
e acquired either during an initial, highly turbulent phase of the 
as (e.g. Bournaud et al. 2009 ; Brucy et al. 2020 ), through a major
erger around 8–9 Gy ago, like Gaia-Enceladus (Helmi 2020 , and 

eferences therein), or through some combination of various physical 
rocesses. 
 See Mackereth et al. ( 2019 ) for a more detailed analysis of velocity 
ispersions of the MW. 

d  

w  

3

L

Indeed, the recent analysis by Yan et al. ( 2019 ) of a sample of 307
46 A, F, G, K-type giant stars from the LAMOST spectroscopic
urv e y and Gaia DR2 surv e y concludes that the formation of the
hick disc could be affected by more than one process: the accretion
odel seems to have played a prominent role, but other formation
echanisms, such as radial migration or disc heating could also 

ave a contribution. Also, Beraldo e Silva et al. ( 2021 ), analysing
he kinematics and orbits of 23 795 turnoff and giant stars with 6-
 phase-space coordinates from Gaia-DR2 find that in the Solar 
eighbourhood, about half of the old thin disc stars can be classified
s migrators, while for the thick disc this migrating fraction could be
s high as ∼1/3. 

.1.2 Nucleosynthesis sources 

he Kubryk et al. ( 2015a , b ) version of the model uses the metallicity-
ependent yields of Nomoto, Kobayashi & Tominaga ( 2013 ) for
assive stars with no mass loss, and Karakas ( 2010 ) for low and

ntermediate masses (LIMS), which are calculated up to a metallicity 
f Z = 2 Z �, and are appropriate for the study of the inner Galactic
isc. Ho we ver, in Karakas ( 2010 ) the s-process is not considered.
rantzos et al. ( 2018 , 2020 ) adopted for LIMS the yields of Cristallo
t al. ( 2015 ), which include the s-process and are calculated up to Z =
 × 10 −2 ∼ 1.45 Z �, and for massive stars those of Limongi & Chieffi
 2018 ), which include the effect of mass loss and stellar rotation but
o only up to Z �. Here, we use the same yields augmented by a new
et of models at Z = 3 × 10 −2 ∼ 2 Z �, calculated for this study by the
ame authors and available in the corresponding data bases; 3 indeed, 
he study of the inner disc, which may reach metallicities as high as
–3 Z �, requires the use of model yields from superSolar metallicity
tars. Also, in contrast to all previous studies of radial migration plus
hemical evolution in the Galactic disc, this is the first study using
tellar yields from massive stars dependent on rotational velocity. The 
DROV (Initial Distribution of ROtational Velocities) is presented in 
rantzos et al. ( 2018 ) for a 1-zone model, where it was ‘calibrated’
s function of metallicity in order to reproduce key observables and
t is also adopted here. We note that a comparative study of Philcox,
ybizki & Gutcke ( 2018 ) found that the yields and IDROV adopted

n Prantzos et al. ( 2018 ) reproduce best the proto-solar abundances
compared to other sets of yields – for a large number of elements. 
The initial mass function (IMF) of Kroupa ( 2002a ) with a slope

.3 for the high masses, is considered. A phenomenological rate 
f SNIa is adopted, based on observations of extragalactic SNIa 
aoz & Graur ( 2017 ) while their metallicity-dependent yields are

rom Iwamoto et al. ( 1999 ). In order to calculate the rate of ejecta
both for stars and SNIa) as a function of time, the formalism of
ingle particle population is used because it can account for the
adial displacements of nucleosynthesis sources and in particular of 
NIa, as discussed in Appendix C in Kubryk et al. ( 2015a ). 

 GALACTI C  DISC  PROPERTIES  O F  T H E  

O D E L  

.1 Overall properties 

ome key features of the model, rele v ant to our discussion, are
isplayed in Fig. 1 . The inner regions (here taken to be as those
ith Galactocentric distance R G < 4 kpc) are formed quite rapidly,
MNRAS 523, 2126–2145 (2023) 

 ht tp://fruity.oa-abruzzo.inaf.it and ht tp://orfeo.iaps.inaf.it /index.html for 
IMS and massive stars; respectively. 

http://fruity.oa-abruzzo.inaf.it
http://orfeo.iaps.inaf.it/index.html
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ince the adopted characteristic time-scale of gas infall is of the
rder of ∼1 Gy (upper panel), while intermediate regions (4 < R G 

 10 kpc) are formed within a few Gy and the outer regions after
everal Gy. As a result, the average age of stars today is ∼9 Gy for
he inner disc, 6–8 Gy for the intermediate disc, and < 5 Gy for the
uter disc. 
The final stellar surface density profiles, at T = 12 Gy (second from

op panel in Fig. 1 ) are quasi-exponential, with characteristic scale
engths of R T ∼ 1.9 kpc for the old disc (age > 9 Gy), ∼2.8 kpc for
he young disc ( < 9 Gy), and 2.6 kpc for the total disc. These values
hould be compared to Bland-Hawthorn & Gerhard ( 2016 ), who
uggest R T = 2.0 ± 0.2 kpc for the thick disc and R T = 2.6 ± 0.5 kpc
or the thin disc, which are, ho we ver, defined chemically in their case.
he resulting present day gas surface density profile is essentially
at, going through a broad maximum at R G < 5 kpc, and slowly
eclining outwards, again in fair agreement with observations (see
.g. Appendix A in Kubryk et al. 2015a ). 

The Fe abundance profiles in the gas (third panel from the top in
ig. 1 ) are displayed for ages 0 (today), 4.56 Gy (Sun’s formation),
nd 9 Gy. They are exponentially decreasing with galactocentric
istance at all ages. The abundance gradient is getting smaller (in
bsolute value) with time, as a consequence of the adopted inside-
ut star formation scheme. The present day gradient is d[Fe/H]/dR
−0.06 dex/kpc in the range 4 < R < 12 kpc, again in fair agreement
ith observed values (e.g. Minniti et al. 2020 ; Spina, Magrini &
unha 2022 , and references therein). It is approximately zero in

he innermost regions, where the gas fraction is extremely small
nd chemical evolution has reached a steady state: metal-poor gas
eturned from old low-mass stars dilutes the fresh metal content
eleased by the few young massive stars. We note the flat metallicity
rofile in the inner 3–4 kpc of the disc at early times (the 9 Gy
urve) due to the short infall time-scale assumed for those regions
nd the resulting uniformly high SFR; this is in agreement with the
ecent finding of Xiang & Rix ( 2022 ) that the star forming gas in
he old disc of the MW had small metallicity variations (less than
.2 dex), otherwise the resulting [Fe/H]–age relation would display
arger scatter than what they infer from their data analysis of Gaia
DR3 and LAMOST DR7 surv e ys. 

Finally, the bottom panel of Fig. 1 displays the [ α/Fe] profiles,
ecreasing inwards, again as a consequence of inside-out star
ormation: SNIa, which are the main Fe source, enrich the inner
egions with Fe for a larger fraction of the time than the outer ones,
hich form their stars later. Thus, their time-integrated Fe ejecta per
nit mass of gas processed is higher in the inner Galaxy and the
 α/Fe] ratio is lower there. 

Fig. 2 displays some of the properties of the model and their
onsequences for the final stellar distributions as function of Galac-
ocentric radius. In the top panel is displayed the evolution of the
dopted profiles of radial dispersion of stars as function of time. For
he first 3 Gy of Galactic evolution (the thick disc), stars are assumed
o be born with a time-independent radial velocity dispersion σ r ( R ) =
0e −(R −8)/11) km s −1 (see Section 2.1.1 ), here shown by a red dashed
urv e. F or the subsequent 9 Gy (the thin disc), stars are assumed to
nherit at their birth the velocity dispersion of the ‘settled’ gas (flat
rofile at σ r ( R ) = 10 km s −1 , corresponding to the gas dispersion
oday), then σ r increases proportionally to τ 0.25 , as shown here for
imes τ = 3, 6, and 9 Gy after stellar birth; the latter curve corresponds
o the present-day σ r ( R ) profile of the MW disc. 

The two other panels of Fig. 2 indicate the fraction of stars
resent today in the annuli centered at Galactocentric radii R =
, 8, and 13 kpc (blue, red, and green histograms, respectively) as a
unction of the corresponding birth radii. For the ‘old’ stars ( > 9 Gy),
NRAS 523, 2126–2145 (2023) 
ere qualified as the thick disc (middle panel), the largest fraction
riginates in the inner disc (2–4 kpc) where most stars are formed
uite early; at such early times, there are very few stars formed
utside 4–5 kpc, as can be seen from the adopted infall time-scales
n the top panel of Fig. 1 . Of particular importance is the resulting
istribution for the stars in the Solar neighbourhood (red histogram
n the middle panel of Fig. 2 ): an increasingly large fraction comes
rom the inner disc and ∼ 15 per cent–20 per cent of all local old
tars are formed at R G ∼3–4 kpc. This is in excellent agreement, both
ualitatively and quantitatively, with the findings of Minchev et al.
 2013 , their fig. 3, left-hand panel) or Sharma et al. ( 2021a , their
g. 10, 3d column), where they display the fractional contribution
f various birth radii to the Solar neighbourhood population of stars
lder than 10 Gy. In contrast, the outer disc receives only a small
ontribution of its old stars from the inner disc (green histogram in
he middle panel). 

On the other hand, most of the ‘young’ stars ( < 9 Gy, thin disc,
ottom panel in Fig. 2 ) are formed close to their present position,
ut they may receive substantial contributions from regions further
way, mostly from the inner disc. This is particularly true for the
olar neighbourhood in a Galactocentric distance of R = 8 kpc (red
istogram), which receives a contribution from stars born at R birth =
 kpc. As noticed long ago (e.g. Chiappini 2009 ; Minchev et al.
013 , and so on), this contribution from the inner disc explains the
xistence of superSolar metallicity stars in the Solar neighbourhood
oday (see next sub-sections). 

The results regarding the radial displacement of the disc stars
f our model are summarized in Fig. 3 , displaying the distribution
f birth radii versus final radii for all the star particles of the
imulation. Outside R G = 3 kpc, the average birth radius of ‘young’
tars (blue curve) is found to be up to ∼2 kpc inwards of their

art/stad1551_f2.eps
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Figure 3. Isocontours of star numbers ( N max = 1) in the plane of birth radius 
versus final radius at the end of the simulation (T = 12 Gy). The average 
birth radius of stars at each final radius is indicated by the blue curve for the 
‘young’ disc (age < 9 Gy) and by the red curve for the ‘old’ disc (age > 9 
Gy). In the insert box are depicted the isocontour levels, also adopted in all 
subsequent figures (unless otherwise stated). 
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Figure 4. [Fe/H] versus age. Top: evolution of [Fe/H] in the gas in each radial 
zone. Inner disc ones ( R < 4 kpc) are in red, outer disc ones ( R > 10 kpc) in 
green, and intermediate ones in blue; the dotted curve corresponds to R � = 

8 kpc. The thick portions of each curve correspond to a local star formation 
rate higher than the average one for that zone (see text). Middle: [Fe/H] of 
stars present in the Solar cylinder [7.5 < R (kpc) < 8.5] at the end of the 
simulation. Isocontours correspond to star number counts (colour coded as in 
Fig. 3 ), while the blue and red curves indicate the average [Fe/H] for ‘young’ 
and ‘old’ stars, respectively, and data from Miglio et al. ( 2021 ) are displayed 
as grey points (see text). Bottom: number distribution of stars present today 
in the ‘Solar cylinder’. 
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resent day position. In particular, the average birth radius of Solar 
eighbourhood stars is at R G = 6 kpc, again in agreement with e.g.
inchev et al. ( 2013 ) or Kubryk et al. ( 2015a ). For ‘old’ stars, the

verage birth radius (red curve) is found further inwards, as discussed
n the previous paragraph. As found in Beraldo e Silva et al. ( 2021 ),
tars can visit the Solar Neighbourhood by oscillating around their 
uiding radius (blurring, most rele v ant for eccentric orbits) or via
adial migration (churning). 

Feltzing, Bowers & Agertz ( 2020 ) performed a bold and thorough
nvestigation of the amount of radial migration in the MW disc, using
ata for red giant branch stars from APOGEE DR14, parallaxes 
rom Gaia, and stellar ages based on the C and N abundances. In
rder to estimate the birth radii of the stars, they used results of
he ISM abundances in various epochs, as obtained in the models 
f Minchev et al. ( 2018 ), Frankel et al. ( 2018 ), Sanders & Binney
 2015 ), and Kubryk et al. ( 2015a ). They e v aluated the fractions of
tars that mo v ed radially, either through blurring or churning and
ound that half of the stars have experienced some sort of radial
igration, 10 per cent likely have suffered only from churning, and a
odest 5 per cent–7 per cent have never experienced either churning 

r blurring. They found that their results depend little on the radial
bundance profiles of the adopted models, despite the differences 
mong the latter. They also found that the Sun likely formed between
.5 and 7 kpc from the Galactic centre in all the aforementioned
imulations, again in agreement with our results in the previous 
aragraph; see, ho we v er, ne xt sub-section for a smaller Solar R B 

nvoked by Lu et al. ( 2022a ). 

.2 Age versus metallicity in the local disc 

ig. 4 displays the evolution of [Fe/H]. The upper panel shows the
volution in the gas of all the radial zones of the simulation. The
ones are colour-coded according to their position: red (inner disc, 
ith same short infall time-scales of ∼1 Gy), green (outer disc, same
arge infall time-scales of ∼8 Gy), and blue (intermediate disc, with
idely varying infall time-scales). The corresponding star formation 

ctivity in the various zones is depicted by the thick portions of
he curves, denoting star formation rates higher than the average 
f each zone. For the inner zones, that period occurs early on (in
he first ∼4 Gy), while for the outer zones star formation activity
s strongest in the last 5 −6 Gy and an intermediate situation holds
or the intermediate (blue) zones. In all the cases, the star formation
cti vity is ne ver high at superSolar metallicities, which suggests a
ather small fraction of Galactic stars with such metallicities. 

Solar metallicity is reached only fairly recently in the gas of
he Solar neighbourhood in our model. This is in agreement with
bservations of local gas, showing that the abundances of several 
lements within ∼1 kpc from the Sun are Solar to within ±0.04 dex
Cartledge et al. 2006 ). It is also in agreement with observations of
oung B-stars both in the field and in the nearby star forming region
f Orion (Nie v a & Przybilla 2012 ), displaying Solar abundances. The
traightforward implication of those observations is that, either (i) 
he Sun was formed in its current Galactocentric radius of R G = 8 kpc
nd the local gas metallicity has varied very little since then, or (ii)
he Sun was formed in the inner disc, a couple of kpc inwards from its
nner position. The former option implies that, for about half the age
f the thin disc, there is an implausibly perfect equilibrium between
etal enrichment of the gas from various nucleosynthesis sources 

even those evolving on different time-scales, like α-elements from 

assive stars and Fe from SNIa) and metal dilution (from ejecta
f metal poor old low-mass stars or late infall). Option (ii) implies
MNRAS 523, 2126–2145 (2023) 
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Figure 5. Age versus metallicity. Top: relation for the radial zones of the 
model, colour code as in Fig. 4 . Middle: isodensity contours in the age 
versus [Fe/H] plane in the Solar cylinder, colour coded as in Fig. 3 , while 
the blue and red curves indicate the average [Fe/H] for ‘young’ and ‘old’ 
stars, respectiv ely; the y are compared to observational data from Feuillet 
et al. ( 2019 , violet curv e,v ertical bars) and Miglio et al. ( 2021 , grey points). 
Bottom: metallicity distributions for Solar neighbourhood for thick (red) and 
thin (blue) discs; the latter is compared to red giant data from Miglio et al. 
( 2021 , grey dotted histogram). 
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hat the Sun migrated to its present-day position from its birth place,
ocated a couple of kpc inwards in the disc (e.g. Nie v a & Przybilla
012 ; Minchev et al. 2013 ; Kubryk et al. 2015a ). This is what we
ound also here: [Fe/H] becomes zero 4.56 Gy ago in the gas of the
one at Galactocentric radius R G ∼ 6 kpc. 

The middle panel of Fig. 4 shows the situation for the stars now
resent in the ‘Solar neighbourhood’, taken as an annulus of width
 R = 1 kpc centered at Galactocentric radius R 0 = 8 kpc. We also

isplay the data of Miglio et al. ( 2021 ), showing a disagreement
ith the model for the oldest ages, which is explainable by the still

mportant uncertainties (of ±20 per cent at least) currently affecting
he e v aluation of stellar ages. The coloured iso-density contours of
he model show two regions of enhanced stellar populations: an early
ne in the first ∼3 Gy with rapidly increasing [Fe/H] and a late one,
 xtended o v er the past ∼7 Gy with very slowly increasing [Fe/H].
omparison to the upper panel suggests that the early enhancement

esults from stars formed mainly in the inner disc in the first ∼3 Gy
nd brought in the Solar neighbourhood due to the assumed high
adial velocity dispersion at early epochs. The late enhancement of
tellar population with [Fe/H] ∼0 dex corresponds to stars formed at
ate times mostly locally, i.e. in the 7–9 kpc region. 4 

The gap between the two densely populated regions, namely
he paucity of stars around 8–9 Gy is due to the combination
f tw o f actors: (i) our assumption of a very rapid and efficient
arly star formation in the inner disc (due to the very short infall
ime-scale of ∼1 Gy for R G < 4 kpc), while at larger radii stars
re formed at a slower rate; and (ii) the assumption of a highly
urbulent gaseous disc in the first 3 Gy, which makes possible the
resence of a large number of old stars from the inner disc at 8 kpc.
tars from intermediate regions (4–8 kpc) are also present in the
olar neighbourhood now, but they have been formed with largely
ifferent star formation efficiencies and their [Fe/H] distribution
characterizing the metallicity dispersion at a given age) is fairly
ide at ages 8–9 Gy; it becomes less wide at younger ages, because
ounger stars have less time to migrate up to the Solar vicinity.
n summary, the Solar neighbourhood is found to be less densely
opulated with stars 8–9 Gy old, an age which marks the change in the
egime of both radial displacement and time-scale of star formation.

We note that similar well-defined o v erdensities in the age-
etallicity plane are found in the recent analysis of ∼250 000 sub-

iant stars from LAMOST DR7 spectroscopic surv e y and Gaia EDR3
ission by Xiang & Rix ( 2022 ). The two o v erdensities are separated

y a gap at age 8–9 Gy, as in our case. Ho we ver, the ages of the
ldest stars in Xiang & Rix ( 2022 ) extend up to 15 Gy (instead to 12
y in our case), making the duration of the thick disc phase much

onger than usually assumed. 
Those two enhancements of the stellar density in the age–
etallicity plane, are reproduced also in the phase-space of other

bservables, like the abundance metallicity ratios, as we shall see
n subsequent sections. This concerns in particular the [ α/Fe] versus
Fe/H] relation and the chemical differentiation of the thin and thick
iscs. 
In the bottom panel of the same figure, we display the number

istribution of stars present today in the Solar neighbourhood. Since
NRAS 523, 2126–2145 (2023) 

 We note that both the middle and bottom panels concern the stars that are 
live today and not all the stars ever formed. This means that their numbers 
epend on the SFR of the various radial zones, but for older ages, the upper 
art of the IMF is missing; e.g. for an 11-Gy-old population, only stars below 

.9 M � currently remain, i.e. ∼30 per cent of the initial mass of stars formed 
n that period and 10 per cent of the initial number are missing. 
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ur model is a 1D and assumes azimuthal symmetry (no vertical
imension), it is more appropriate to refer to this region as ‘Solar
ylinder’. We emphasize that this distribution is not representative
f the local star formation rate, since the fraction of migrated stars
ncreases with age; this concerns stars born elsewhere that migrated to
he Solar cylinder, as well as stars formed locally that have migrated
o other zones. 

Fig. 5 displays another important feature of disc models with
adial migration. The previous relation is now shown as age versus
etallicity. In the middle panel, the model results show again the

ouble-branch behaviour already discussed in the previous para-
raphs. The results are compared to those of Feuillet et al. ( 2019 ),
ho used a sample of 81 000 stars from SDSS and APOGEE data
ith Gaia DR2 parallax measurements to derive the age–metallicity

elation in sev eral re gions of the Galactic disc; their study co v ered
he inner, local and outer disc, as well as the regions near the plane
nd away from it. The results shown are those for 7 < R(kpc) < 9
nd 0 < z(kpc) < 0 . 5 in fig. 3 of Feuillet et al. ( 2019 ) (shown with
ertical bars and corresponding average values in our Fig. 5 ). 

At low metallicities ([Fe/H] < −0.5) the data suggest a plateau
or old ages, which corresponds well to the flat shape of the upper
 v erdensity of our model; these are obviously stars of the ‘old’
 = thick) disc. At higher metallicities, the average age of the
bserv ations declines slo wly with increasing metallicity, reaching
 value of ∼3 Gy at [Fe/H] ∼0, abo v e which it increases again and
eaches a plateau around 4 Gy at [Fe/H] ∼0.5. As noticed in Feuillet
t al. ( 2019 ), the age upturn at ∼Solar metallicity was predicted by
he model of Kubryk et al. ( 2015a ) and it is a clear sign of radial

igration. While young stars with [Fe/H] ∼0 are formed in the Solar
ing (and adjacent regions), higher metallicity stars are formed in
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Figure 6. Birth radius versus stellar metallicity. Top: evolution of gaseous 
[Fe/H] in all the radial zones of the model, with colour coding as in Fig. 4 . 
Middle: isodensity contours for the birth radii of stars present today in the 
Solar cylinder, colour coded as in Fig. 3 , while the blue and red curves 
indicate the average [Fe/H] for ‘young’ and ‘old’ stars, respectively; the thick 
solid curves indicate averages at a given metallicity for the old ( > 9 Gy, red) 
and young ( < 9 Gy, blue) discs. Bottom: metallicity distributions for Solar 
neighbourhood for thick (red) and thin (blue) discs; the latter are compared 
to red giant data from Miglio et al. ( 2021 , grey dotted histogram). 
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he inner disc and transported in our vicinity by radial migration 
see upper panel). As discussed in Kubryk et al. ( 2013 ), this process
roceeds at an average speed of υr ∼ 1 kpc Gy −1 in the radial
irection. Stars with superSolar metallicities have been formed at 
alactocentric radii of 3–6 kpc and have travelled to our vicinity on

ime-scale of ∼� R / υr ∼ 4 −5 Gy. Our results in this work reproduce
uite well the observations (the decline and rise of the average age
s function of metallicity) although the model average age is by ∼1
y older. A further sign of downturn is observed in the data as well

s in our model around [Fe/H] = 0.3–0.4 dex. Feuillet et al. ( 2019 )
rgue that this feature represents the few most metal-rich stars that 
ere formed rather recently in the innermost disc ( R < 2 −3 kpc) and
ad time to migrate to the Solar neighbourhood. Our results (upper 
nd middle panel in Fig. 5 ) confirm their conclusion. 

Similar results are obtained in the recent study of Johnson et al.
 2021 ) who use a ‘hybrid’ model: radial migration with positions
nd kinematics of star particles is taken from a N -body + SPH code,
s in Minchev et al. ( 2013 ), and different star formation histories
re explored. As in Kubryk et al. ( 2015a ), the stars may release
heir nucleosynthesis products away from their birthplace. 5 Johnson 
t al. ( 2021 ) obtain a similar age versus metallicity relation (see
heir fig. 16 bottom) to the one displayed in our Fig. 5 (middle):
lightly larger average ages than the observations of Feuillet et al. 
 2019 ) at sub-Solar and superSolar metallicities and approximately 
he same average age as in Feuillet et al. ( 2019 ) at Solar metallicity;

ost importantly, the U-turn shape around Z � (indicative of radial 
igration as discussed in the previous paragraph) accompanied by 
 downturn at the highest metallicities. Despite the very different 
ssumptions of the two models, the similarity of the results between 
he two studies and the observations suggest that the adopted inside-
ut scheme of star formation, accompanied by radial migration, 
rovides a rather realistic description of the evolution of the thin disc.
In a recent work, Dantas et al. ( 2022 ) report the identification of a

et of old super metal-rich ( + 0.15 ≤ [Fe/H] ≤ + 0.50) dwarf stars
ith low eccentricity orbits that reach a maximum height from the 
alactic plane between 0.5 and 1.5 kpc and have median ages 7–9 Gy. 
hey suggest that most stars in this population originated in the inner

egions of the Milky Way (inner disc and/or bulge) and later migrated
o the Solar neighbourhood, mostly through churning. An inspection 
f our Fig. 5 shows that, in our model, such stars would be formed in
alactocentric distances around 2–3 kpc during the transition phase 

rom thick to thin disc. They are considerably older (by several Gy)
han most stars of similar metallicities currently present in the Solar 
eighbourhood. The detailed analysis of their abundance patterns, 
hich are presented in Dantas et al. ( 2022 ), would provide further

nsight into the nucleosynthesis in those remote Galactic regions and 
ill be the topic of future work. 
In the lower panel of Fig. 5 we display the metallicity distribution

f stars for the thin and thick discs in the local cylinder. We compare
he one for our thin disc (all stars with ages < 9 Gy) with data
or the thin disc obtained recently by Miglio et al. ( 2021 ) for
300 giant stars with available Kepler light curves and APOGEE 

pectra. In that study, stellar masses and ages are obtained from a
ombination of seismic indices and photospheric constraints, and the 
uthors emphasize that those properties depend on the observational 
onstraints via power laws, which lead to ‘ a blurred view at older
tellar a g es ’. For that reason, and because that surv e y obtains quite
ld ages (up to 14 Gy), which are substantially higher than the 12
 This is an important implication of radial migration for long-lived nucle- 
synthesis sources, as first pointed out in Kubryk et al. ( 2013 ). 

a  

i  

o  

i

y of our oldest stars, we chose to compare our results only with
he thin disc data of Miglio et al. ( 2021 ), which we consider to
orrespond to stellar age < 9Gy (in agreement with our definition).
n the bottom panel of Fig. 5 we find a fairly good agreement in most
f the metallicity range between model and data, except in the lowest
etallicities where our model displays a rather extended tail down 

o [Fe/H] ∼ −1, while the Miglio et al. ( 2021 ) thin disc does not go
elow [Fe/H] ∼ −0.5. 
Fig. 6 illustrates clearly the spatial origin of the stars present today

n the Solar neighbourhood for the various metallicity ranges. The 
tar formation activity throughout the disc has been more intense at
ub-Solar metallicities (top panel), although this occurred at fairly 
arly times in the inner zones and at late times for the outer zones,
s discussed in previous paragraphs. The bulk of the stars in the
olar cylinder is around [Fe/H] ∼0 and originates from the 5 −9 kpc
egion. The high metallicity tail of the distribution of stars younger
han 9 Gy (blue histogram in lower panel) originates from zones
t the interior of 4 kpc, and on average in the zone at R = 3 kpc
blue curve in middle panel). The low metallicity tail of the young
 = thin) disc has an important contribution from the outer zones at
 −10 kpc, as already suggested in Haywood ( 2008 ) and Sch ̈onrich &
inney ( 2009 ), on the basis of observational and theoretical analysis,

espectively. The old ( = thick) disc extends up to quasi-Solar values
nd its stars originate mostly from radii < 6 kpc as already illustrated
n Figs 2 and 3 . This is also valid for the superSolar metallicity stars
f the thin disc, as already discussed in the previous paragraphs and
n Dantas et al. ( 2022 ). 
MNRAS 523, 2126–2145 (2023) 
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M

Figure 7. Top: metallicity profile of open clusters (ages in the 0–6 Gy range) 
as observed by Gaia DR3 (Gaia Collaboration et al. 2022 ), with the average 
value indicated by the grey dashed curve; they are compared to model results 
(blue curves), with the shaded areas indicating the 1-sigma and 2-sigma 
density contours. Bottom: same as in previous panel, for the [ α/Fe] profile. 
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2022 ); field red giants (bottom, dotted curve with uncertainties within the 
shaded aerea from Anders et al. 2017 ). The age bins adopted in the latter 
study are also used to e v aluate the stellar gradient of the model. 
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.3 Abundance profiles and their evolution 

bundance profiles constitute a major probe of the physics of the
isc evolution, since they are connected to the radial dependence of
ev eral ke y ingredients, like star formation, infall and stellar yields,
nd various tracers have been explored (Luck & Lambert ( 2011 ;
agrini et al. 2017 , 2023 ). 
The abundance profiles of our model appear in Fig. 7 , where they

re compared to the recent data of Gaia DR3 (Gaia Collaboration
t al. 2022 ), based on Gaia/RVS chemical data from Recio-Blanco
t al. ( 2023 ). The data concern open clusters with ages < 5.5 Gy
ound today in the Galactocentric radial range R G = 5 −11 kpc.
ur model results are displayed for the same radial and age ranges.
e notice, ho we ver, that the data do not correspond exactly to the

ame quantities, although sometimes such ‘proxies’ are used in the
iterature. Thus, we provide [Fe/H] values, whereas Gaia data concern
M/H] values (M referring to the average abundance of several iron-
eak elements), and we use Si as proxy for the α elements 6 provided
y Gaia DR3. Furthermore, our mean values are for all stars younger
han 5.5 Gy found in a given radial bin, while the Gaia DR3 mean
alues depend obviously on the ages of the observed open clusters
ound in each radial bin, which are on average considerably lower
han 5.5 Gy. 

In the top panel of Fig. 7 , the average value of the model
Fe/H] in the Solar vicinity ( R = 8 kpc) is slightly higher than
he one of the [M/H] of the observational data. Also, the slope of
he metallicity profile of the model, d[Fe/H]/dR = −0.069 dex/kpc
solid curve) is slightly steeper than the data slope of d[M/H]/dR =
0.054 ± 0.008 dex/kpc (dashed curve). Both values are consistent
ith those recently reported in other surv e ys of open clusters (see
NRAS 523, 2126–2145 (2023) 

 The evolution of [Si/Fe] versus [Fe/H] is well-reproduced in the 1-zone 
odel of the Solar neighbourhood of Prantzos et al. ( 2018 ) with the yields 

dopted here. 

s  

b  

2
 

g  
eferences in Gaia Collaboration et al. 2022 ; Spina et al. 2022 ),
lbeit with much smaller samples. The 1 σ and 2 σ ranges of the
odel [Fe/H] values (shaded aereas) include most of the data points.
In the bottom panel of Fig. 7 are displayed the corresponding

 α/Fe] ratios for the same age and radial ranges. Here, the slope
f the model profile ( + 0.014 dex/kpc) is in excellent agreement
ith the one of the data (0.013 ± 0.007 dex/kpc), but there is an

mportant o v erall offset of 0.1 dex: the model results an average
alue of [ α/Fe] ∼0 in the Solar vicinity, whether Gaia DR3 data
nalysis suggests a value 0.1 dex lower. 

At this point, we note that the profiles presented in Fig. 7
orrespond to all the stars of our model, whereas Gaia DR3 data
oncern open clusters. It is not clear whether such massive objects
re affected to the same extend as single stars by radial migration,
o a direct comparison may not be appropriate. Indeed, open clusters
rom the inner disc, interacting strongly with inhomogeneities of the
ravitational potential, may dissolve in rather short time-scales and
ot undergo the same amount of radial migration as field stars (An-
ers et al. 2017 ; Spina et al. 2021 ). Thus, despite the precision with
hich their ages, Galactocentric distances and chemical abundances

re measured, the comparison with our model is not straightforward.
The evolution of the abundance profile has been a key issue in

tudies of the MW disc. Most models predict a flattening of the
bundance profile of the disc gas with time, and thus a steepening of
he corresponding profile of stars with age, although few ones predict
he opposite effect (see Hou, Prantzos & Boissier 2000 ; Pilkington
t al. 2012 ; Moll ́a et al. 2019 , and references therein). Ho we ver, the
tellar abundance profile of the disc, as observed today, can be altered
y radial migration, as already noticed in e.g. Minchev et al. ( 2013 ,
014 ) or Kubryk, Prantzos & Athanassoula ( 2015b ). 
In the top panel of Fig. 8 , we show the evolution of the [Fe/H]

radient in the gas, in the range of Galactocentric distance R G from
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Figure 9. Top: evolution of abundance gradient � [Fe/H]/ � R B of stars 
presently found in the Solar neighbourhood, e v aluated from their birth radii 
R B (red squares from Lu et al. 2022a ) and corresponding model results 
(brown solid curve). Second from top: metallicities of stars presently found 
in Solar neighbourhood as function of their ages (mean and ±2 σ values), 
corresponding to the middle panel of Fig. 4 . Third from top: range of [Fe/H] 
values (in dex) used to evaluate the gradient � [Fe/H]/ � R B in the upper 
panel; data (red points) from Lu et al. ( 2022a ) and our model (brown curve). 
Bottom: evolution of the range of birth radii � R B of stars presently found in 
the Solar neighbourhood (mean and 2 σ values); the solid curve corresponds 
to the average R B value. The ranges of � [Fe/H] and � R B of the two bottom 

panels are used to e v aluate the � [Fe/H]/ � R B of the upper panel. 
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 to 11 kpc, which decreases from −0.05 dex/kpc today to −0.12
ex/kpc ∼11 Gy ago, i.e. with a rate of −0.007 dex/kpc/Gy. Blue
ymbols with error bars correspond the Gaia DR3 analysis of Gaia 
ollaboration et al. ( 2022 ) for open clusters younger than 5.5 Gy
resent in the same fixed range of Galactocentric radii. Despite the 
arge error bars, the gradient clearly decreases with age, at a rate
lightly larger than in our model. As emphasized before, the variation 
f the open cluster properties during radial migration do not allow 

or a straightforward comparison with our model results. 
In the bottom panel of Fig. 8 , we show the evolution of the

Fe/H] gradient in stars, as obervable today in the same range of
alactocentric distance R G from 5 to 11 kpc. As already shown by
inchev et al. ( 2013 ) or Kubryk et al. ( 2015b ), the stellar gradient

s affected by radial migration and is flattened with respect to the
aseous one, because of the radial mixing of stellar populations. The 
ffect is amplified with stellar age, since older stars have more time
o migrate. This is seen in the CoRoT + APOGEE data analysed by
nders et al. ( 2017 ), showing a slight early decrease of the slope for
oung stars, followed by a steady increase after a few Gy. 
The corresponding behaviour of our model gradient is qualitatively 

imilar, but the decrease period lasts ∼5 Gy, taking the stellar gradient 
o v alues lo wer than the observed ones in that period. The subsequent
ise of the gradient is also seen but it is faster than in the observations
n the last age bin. In fact, the evolution of the stellar gradient in
ig. 7 (middle panel) of Kubryk et al. ( 2015b ) is in better agreement
ith the data of Anders et al. ( 2017 ); the two models are similar
ut differ in the prescriptions of radial migration in the early Galaxy
nd in the stellar yields, as presented in Sections 2.1.1 and 2.1.2 ,
espectively. At this point, we notice that in our model the gradient
s e v aluated by considering all the stars of a given age that are still
live today, while observations consider red giants; since the fraction 
f red giants in a given stellar population is a function of age and
etallicity, obviously the two gradients displayed in the bottom panel 

f Fig. 8 are not directly comparable. More work in that respect is
eeded in our modelling. 

As already mentioned, radial migration makes it difficult to trace 
ack the evolution of the true abundance gradient in the gas of the
isc. Based on an idea formulated in Minchev et al. ( 2018 ) and
xplored with numerical simulations in Lu et al. ( 2022b ), Lu et al.
 2022a ) tried recently to circumvent that difficulty. They use ∼80
00 subgiant stars of LAMOST presently found in the Galactocentric 
istance range R G = 6–12 kpc, with an average age and metallicity
ncertaint as small as 0.32 Gy and 0.03 de x, respectiv ely. At each age
in they take the difference � [Fe/H] = [Fe/H] max −[Fe/H] min of the
ost and least metallic stars of their sample born at the given a g e bin

nd they assume that there exists a time-dependent linear relationship 
etween this metallicity range and the metallicity gradient, which 
hey normalize to the present day gradient � [Fe/H]/ � R (Age =
) = –0.07 de x/kpc. The y find a steepening of the [Fe/H] gradient
ith age, up to 8–11 Gy ago, at which time the trend is inversed

red squares in top panel of Fig. 9 ). Lu et al. ( 2022a ) associate that
eature to the last major merger (Gaia Sausage/Enceladus event) and 
hey claim that this transition plays a major role also in shaping the
 α/Fe] versus [Fe/H] dichotomy (see Section 4.3 ). It is interesting to
ote that the analysis of Lu et al. ( 2022a ) concludes that the stars
ormed during that transition period have birth radii around 4–5 kpc, 
ndicating the extend of the disc 8–11 Gy ago; indeed, the mean birth
adius of the local thick disc stars in our model is around 4 kpc, as
isplayed in Fig. 2 (bottom panel). 
Following the work of Lu et al. ( 2022a ), we evaluate the maximum

nd minimum metallicity of 95 per cent of the stars currently present
n the Solar neighbourhood, and the corresponding birth radii, as 
hown in the three lower panels of Fig. 9 . The second from top panel
isplays the ±2 σ values of metallicity (upper and lower limits of
haded aerea) around the mean (solid curve). The 3d panel from top
anel displays the difference � [Fe/H] = [Fe/H] max −[Fe/H] min for 
ach age, and we find an excellent agreement with the data points of
u et al. ( 2022a ). The bottom panel shows the corresponding range
f birth radii � R B , between the 5th and 95th percentile (shaded
erea). The abundance gradient is then obtained for each age as
 [Fe/H]/ � R B . We plot our result (brown solid curve) in the top

anel of Fig. 9 . The gradient steepens with age in agreement with
he results of Lu et al. ( 2022a ), but it differs by 0.01–0.02 dex/kpc.

e note that Lu et al. ( 2022a ) infer the range of birth radii of their
AMOST sample by calibrating it as to get a present day gradient of
0.07 dex/kpc, which its lower than ours by ∼0.01 dex/kpc. Had they 

dopted a different calibration, their data points in Fig. 9 (top panel)
ould be found 0.01 dex/kpc higher and would then be in much
etter agreement with our model. Moreo v er, taking into account the
arious uncertainties involved in the observational estimate of birth 
adii, discussed in detail in Lu et al. ( 2022b ), we find the agreement
o be quite satisfactory. 

The most important feature, ho we ver, is that the model curve also
oes through a broad minimum around 9 Gy ago and then increases
y 0.03 dex/kpc at the oldest ages. This change in the slope of the
radient evolution is obtained in our model because in the oldest ages
he birth radii of the stars now present in the Solar neighbourhood
re mostly located in the inner Galaxy: in those inner regions the
bundance profile becomes flat quite early on, since they evolve 
n similarly short time-scales (see third panel from top panel in
MNRAS 523, 2126–2145 (2023) 
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Figure 10. [Si/Fe] versus stellar age. Top: evolution of gaseous abundances 
in all the radial zones of the model, with colour coding as in Fig. 4 . Bottom: 
abundances of stars present today in the thin and thick discs in the Solar 
cylinder (see discussion in the text); abundance data for [ α/Fe] from HARPS 
spectra (grey points, Adibekyan et al. 2012 ; Delgado Mena et al. 2019 ). 
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ig. 1 ). Outside the 4 kpc region, the gradient is quite steep early
n and flattens with time. The stars that we observe locally today
s a mixture of different ages and regions: old stars mostly from
he inner disc (small gradient), stars of intermediate ages mostly
rom intermediate regions (steep gradient) and finally young stars
f regions closer to the Solar neighbourhood (again smaller gradient
ecause the abundance profile flattens with time). This evolution of
he range of birth radii is displayed in the bottom panel of Fig. 9 ,
here the average birth radius is also shown: it goes from ∼4 kpc 11
y ago, to ∼7 kpc at Sun’s birth and ∼8 kpc today. 
In summary, we find that the sample of stars locally observed

s weighted in a time-dependent way that reflects the inside-out
ormation of the disc (more stars from the inner disc early on).
n that respect, we fully agree with the conclusions of Moll ́a et al.
 2019 ), namely that ‘ the use of a variable radial rang e , which tak es
nto account the growth of the disc along the time or redshift, is an
mportant caveat for estimating the correct evolution of the disc
 adial gr adient. The evolution of the stellar abundance gradient
bserved today results from the synergy of the aforementioned
actors and goes through a minimum which corresponds to the
ransition, of the thick to the thin disc. Ho we ver, in our case, this
ransition does not require some e xternal ev ent, as advocated in Lu
t al. ( 2022a ), but it is made ‘softly’ through secular evolution. 

Overall, we may distinguish three types of abundance gradients: 
(i) the ‘true’ abundance gradient in the gas, observable only today;
(ii) the abundance gradient in stars, as observed in their current

alactocentric position; its evolution is observable with sufficiently
ood stellar ages; 
(iii) the abundance gradient that the stars currently observed in

ome Galactocentric position had at their birth place. 
In the absence of radial migration, gradients (i) and (ii) evolve

n the same way, provided that short age bins are used for (ii).
urthermore, if the gradients are characterized by a unique slope
cross the whole Galactic disc, then gradient (iii) also evolves as
radient (i). With radial migration, the evolution of gradients (i) and
ii) is different – gradient (ii) being more and more flatter for older
ges –, but gradient (iii) evolves still the same as gradient (i) in the
ase of a unique slope over the whole disc at each time; this latter
roperty was assumed and explored in the work of Lu et al. ( 2022a )
ho inferred the evolution of (i) by reconstructing first the evolution
f (iii). Ho we v er, if the slope of gradient (i) is not the same all o v er the
hole disc at a given time, then radial migration makes the evolution
f gradient (iii) different from both (i) and (ii); this last case was
xplored in this section and illustrated in Figs 8 and 9 . 

The properties of the Galactic disc discussed in this section, i.e. age
nd space distribution (resulting from the adopted scheme of inside-
ut disc formation and stellar radial migration through blurring and
hurning) affect straightforwardly the elemental abundance ratios of
he corresponding stellar populations in the Solar neighbourhood, as
e discuss in more detail in the next sections. 

 T H E  [  α/FE]  R AT I O S  IN  T H E  THIN  A N D  

H I C K  DISCS  

.1 [ α/Fe] versus age 

ig. 10 displays the evolution of the ratio [X/Fe] for a typical α-
lement, like Si. The evolution of [ α/Fe] depends mostly on the
istory of star formation in each radial zone (upper panel). [ α/Fe]
ecreases monotonically, because of the delayed release of Fe (about
wo-thirds of Solar Fe) by SNIa. The decrease is more rapid in the
nner regions, where the early intense star formation produces a rapid
NRAS 523, 2126–2145 (2023) 
ncrease of both CCSN and SNIa, and of the abundances of both Si
nd Fe, which reach their quasi-equilibrium values within a few Gy.
n contrast, the evolution of the outer regions proceeds at much slower
ace and a large fraction of their SNIa appears only at late times;
s a result, their [Si/Fe] decreases slowly but steadily. The absolute
alue of the final [Si/Fe] ratio depends on the time integrated rates of
CSN and SNIa. The integral 

∫ 12 Gy 

0 R(CCSN)/R(SNIa) dt is smaller
n the inner regions than in the outer ones, and so is the corresponding
nal [Si/Fe] ratio: it is sub-Solar in the inner zones, but superSolar

n the outer ones. 
The evolution of the gas in the Solar cylinder is intermediate

etween the two extreme regimes, but the stars present today locally
re affected in different ways: the stars born at late times (younger
han the Sun) have [Si/Fe] ratios similar to those of the gas in the
 −9 kpc range, while the old stars have ratios similar to those of the
as of the early disc in the 3 −4 kpc range. Thus, the change of the
lope of [Si/Fe] versus age of local stars around ∼9 Gy marks indeed a
ransition between two regimes of star formation, but not necessarily
ecause of a ‘hiatus’ in star formation, as sometimes claimed (Snaith
t al. 2014 ): it simply reflects the fact that stars formed in different
egions with different (but smooth) star formation histories and
ifferent kinematics are found today in the same location. In other
erms, the adopted gradual inside-out formation of the disc provides
aturally the transition between the large early slope (dominated
y stars from the inner disc) and the almost flat late slope of the
hin disc (dominated by local stars). This is also reflected in other
hemical properties of the stars in the Solar cylinder, as we discuss
n subsequent sections. But, in any case, a simple inspection of
ig. 10 suggests that, by itself, [ α/Fe] cannot be considered as a
eliable proxy for the age of star, although its variation is of course
maller than the one of [Fe/H], which is usually considered as such
 proxy (compare the upper panels of Figs 4 and 10 ). Finally, as
lready discussed in the previous sections, the lower panel of the
atter figure also shows how a ‘hiatus’ in the number density of stars
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Figure 11. Same as in Fig. 4 , for [Si/Fe] versus [Fe/H]. Two isochrones 
are displayed in the top panel, for age equal 9 Gy (dashed curve) separating 
the ‘old’ from the ‘young’ disc, and for age equal 4.5 Gy (dotted curve, 
see discussion in the text). In the bottom panel, two overdensities appear 
clearly through the isocontours, corresponding to those appearing in the two 
previous figures and representing the thick (old) and thin (young) discs. The 
magenta and blue points are HARPS data for [ α/Fe] versus [M/H], chemically 
separated into thick and thin discs, respectively (Adibekyan et al. 2012 ). 
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round 8–9 Gy can be obtained without any pause in SFR or infall in
ny of the radial zones of the model, but simply due to the adopted
nside-out scheme of disc formation. 

The corresponding data in the bottom panel of Fig. 10 (grey points)
rom HARPS (High Accuracy Radial velocity Planet Searcher) 
pectra show indeed a smooth decline of [Si/Fe], but the stellar
ges suffer from considerable uncertainties, preventing a meaningful 
omparison to the old disc of our model. 

.2 [ α/Fe] versus metallicity 

ig. 11 displays the relation between [Si/Fe] versus [Fe/H], for all 
he zones of the model (top panel) and for the Solar cylinder (bottom
anel). The isochrones in the top panel indicate snapshots at times of
 Gy after the beginning of star formation (dashed curve, current age
 9 Gy) and 8 Gy after star formation (dotted curve, current age = 4
y). The former corresponds to the end of the thick disc formation,
hile the latter approximately to the period of Sun’s formation; at 

hat time, the metallicity in the inner zones was already ∼2 −3 times
olar and [Si/Fe] ∼ −0.1, where in the Solar vicinity ( R G ∼ 7 −9 kpc)
oth quantities were close to Solar. 
In the bottom panel, the two sequences corresponding to the thin 

nd thick discs are clearly separated, for the same reason as described
or Figs 4 , 5 , and 10 : the ‘gap’ in that region of the [Si/Fe] versus
Fe/H] diagram corresponds to a low – albeit not necessarily null –
ensity of star formation (see top panel) and this is reflected also in
he stars that populate today the Solar vicinity, after migration. 

The results of the model are compared to data from HARPS 

pectra (Adibekyan et al. 2012 ; Delgado Mena et al. 2017 ) for the
hin and thick discs. The agreement is quite satisfactory, at least for
etallicities up to approximately Solar; for superSolar metallicities, 
he model [Si/Fe] ratio continues to decrease with metallicity, in 
ontrast to observations. The reason is that in the inner disc regions,
ate SFR is negligible and so is the production rate of alpha elements
rom CCSN; but SNIa, with progenitors formed in the early period of
ntense star formation, continue to enrich the ISM with Fe. As a result,
he [ α/Fe] ratio continues decreasing in the inner disc, and some of
he stars formed there are found in the Solar vicinity through radial

igration. It is difficult at this point to decide whether the mismatch
etween model and observations at the highest [Fe/H] values is due
o an e xcessiv e late SNIa rate in the inner disc, or to an e xcessiv e
igration of stars from that region into the Solar vicinity, caused

y the adopted radial migration scheme. We note that, as shown by
antos-Peral et al. ( 2020 ) the flattening of the [ α/Fe] abundance trend
t superSolar metallicities could be an observational artefact due to 
ncertainties in the continuum placement. A specific normalization 
reatment as that of Santos-Peral et al. ( 2020 )can help to reco v er a
ecreasing trend with metallicity in agreement with our model. 
Finally, a comparison of the top and bottom panels of Fig. 11 shows

hat in our scheme the so-named High-Alpha Metal-Rich (HAMR) 
tars observed in the local disc can be attributed to intermediate-age 
tars (between 9 and 5 Gy) of the inner disc, which migrated radially
o the Solar neighbourhood, as suggested already in Adibekyan et al.
 2012 ). 

.3 Discussion on [ α/Fe] versus [Fe/H] and the [Fe/H] gradient 

he double sequence of [ α/Fe] in the thin and thick discs of the Solar
icinity is fairly well-established by now (e.g. Adibekyan et al. 2011 ;
erdigon et al. 2021 ; Sharma et al. 2021b ; Weinberg et al. 2022 , and
eferences therein) although its extent varies a lot, depending on 
he chosen samples and biases: number of stars, volume limit of
he sample, (mixture of) elements adopted as alpha, precision of 

easurements, and so on. The difference in [ α/Fe] for a given value
f [Fe/H] between the two sequences may vary from less than 0.1
ex to more than 0.2 dex, 7 the highest metallicity of the thick-disc
equence is not well-constrained, and neither is the lowest metallicity 
f the thin disc. 
The origin of this double sequence is not yet elucidated, and

arious suggestions have been made in the literature (see Section 1 ).
n this work, we confirm, as already argued in the study of Sharma
t al. ( 2021a ) that secular evolution can produce naturally such a
ouble sequence. In our model this results as a consequence of: 
(i) inside-out disc formation, with a short time-scale for the inner

isc and a longer one for the outer disc. 
(ii) ratio of two elements with sources evolving on widely different

ime-scales: α-elements from massive stars evolving in ∼10 Ma, 
ersus Fe from SNIa evolving in ∼1 Gy time-scale. 

(iii) coexistence in the Solar cylinder of stars with appropriate 
istories of star formation, formed in the inner disc and locally. 
The consequence of the abo v e is that in the inner disc there is a large

umber density of stars in the [ α/Fe] versus [Fe/H] plane that have
arge [ α/Fe] values for low [Fe/H], while in the Solar neighbourhood
he opposite happens. In intermediate regions, number density of 
tars per unit area of the [ α/Fe] versus [Fe/H] plane is smaller,
s shown in Fig. 11 . Radial motions of stars through blurring and
hurning lead to point (iii). In summary, the adopted radial profile
or the infall rate in our model (see Fig. 1 , top panel), is at the origin
f the gap between the thin and thick disc in the [ α/Fe] versus [Fe/H]
lane. 
MNRAS 523, 2126–2145 (2023) 
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Figure 12. Observational data of [X/Fe] from the AMBRE project. Thin 
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disc, respectively) on the basis of their [ α/Fe] versus [Fe/H]behaviour (see 
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In their semi-analytical model, which has several different pre-
criptions than ours (in particular, parametrized chemical evolution)
harma et al. ( 2021a ) suggest a slightly different interpretation,
ttributing ‘the gap between the two sequences to the sharp transition
f [ α/Fe] from a high value to a low value within a span of a few
y, the transition being due to time delay in the on-set of SNIa

xplosions.’ 
In contrast, we note that the hybrid model of Johnson et al. ( 2021 ),

dopting several ingredients similar to our model and successful in
eproducing several observables of the MW disc, fails to reproduce
he observed bi-modality of [ α/Fe] versus [Fe/H] in the Solar
eighbourhood. They suggest that a supplementary ingredient, like
 two-phase star formation, would help in that respect. 

At this point, we note that the recent study of Scott et al. ( 2021 )
nds, through stellar population synthesis model fitting, that the
alaxy UGC 10 738 (a nearby, edge-on MW-like galaxy) contains
lpha-rich and alpha-poor stellar populations with similar spatial
istributions to the same components of our Galaxy. They point out
hat if such features are found to be generic of MW-like galaxies, this

ay pose a challenge for the merger-triggered starburst theory of the
rigin of the Milky Way’s thick disc, because simulations suggest
uch events to be rare. 

This conclusion is in contrast with the recent work of Lu et al.
 2022a ) who analyse ∼80 000 subgiant stars of LAMOST and find
 non-monotonic of the [Fe/H] gradient – taken in the birth places
f stars – around 8–11 Gy ago (see Section 3.3 and Fig. 9 ). They
ssociate it to the last major merger (Gaia Sausage/Enceladus event)
nd they claim that this transition plays a major role in shaping the
 α/Fe] versus [Fe/H] dichotomy. We show here and in Section 3.3
hat this may not necessarily be the case, and that secular evolution
an also reproduce both those features. 

 OTH ER  ELEMENTA RY  R AT I O S  

n this section, we explore the consequences of secular evolution for
he ratios of other elements. 

.1 [X/Fe] ratios 

he case of [ α/Fe] versus [Fe/H]ratio is a clear one because of
he large difference between the time-scales of massive stars and
NIa. Ho we ver, the situation is less clear in other cases. From the
bservational point of view it is important to identify to what extent
 given element X displays a simple or a double sequence (thick
ersus thin disc) when plotted as [X/Fe] versus [Fe/H]. For that
urpose, large samples of stars with precise spectroscopically defined
bundances are required. 

For the present study, we adopted the AMBRE project data
hat is described in De Lav ern y et al. ( 2013 ) and consist in the
utomatic parametrization of large sets of ESO high-resolution
rchived spectra. Within the AMBRE project, the stellar atmosphere
arameters (in particular, T eff , log g, [Fe/H], and [X/Fe] together with
heir associated errors) were derived using the MATISSE algorithm
Recio-Blanco, Bijaoui & de Lav ern y 2006 ). In particular, the [X/Fe]
atios for the elements Mg, Mn, Ni, Cu, and Zn were collected from
he study by Mikolaitis et al. ( 2017 ); Santos-Peral et al. ( 2021 ), those
or S from Perdigon et al. ( 2021 ) and, those for Ba, Eu, and Dy from
uiglion et al. ( 2018 ). All these studies are based on HARPS and/or
EROS high resolution and high signal-to-noise spectra within the
MBRE project. This ensures that the abundances adopted here were
erived in a homogeneous way using identical spectroscopic analysis
ools and method (atmosphere models, spectral line lists, and spectral
NRAS 523, 2126–2145 (2023) 
ynthesis code) to derive the stellar parameters. We note that a similar
nalysis with the HARPS data and e v aluation of the uncertainties
er metallicity bin was performed by Delgado Mena et al. ( 2017 ),
ho also discussed some of the nucleosynthetic implications of the

esults. Then, we divided the selected stars according to their thin
r thick disc membership following the criteria adopted by Recio-
lanco et al. ( 2014 ) based on their [ α/Fe] ratio. The data for these
ine elements from AMBRE analysis are displayed in Fig. 12 . For
ach element, the chemically separated thick and thin discs are shown
ith red and blue colours, respectively. The common portions of the

wo curves are used to calculate distances in [X/Fe] between the thin
nd thick discs sequences, according to the Z-test (e.g. Sprinthall
011 ), as follows: 
At each [Fe/H] bin, the average values of [X/Fe] are determined,

 T and Y t for the thick and thin discs, respectively, as well as the
orresponding dispersion ( σ ). Then, the ‘distance’ between the two
istributions is calculated as D = 

1 
N 

∑ 

(( Y T − Y t ) /u ), where N is
he number of [Fe/H] bins, which are common between the thin and

hick disc stars (usually four), and u is given by u = 

√ 

σ 2 
T + σ 2 

t ;

T and σ t are the standard deviation of the mean ( σ/ 
√ 

m ) in the
orresponding metallicity bin. Here m = min( n T , n t ), where n T and
 t are the number of stars in each metallicity bin for the thick and
hin disc samples, respectively. 

Values of D larger than 3 indicate that the two sequences are
ufficiently distant (more than one sigma) and therefore, different. On
he contrary, values of D significantly lower than 2 indicate that the
wo data sets cannot be distinguished. Values intermediate between
 and 3 means that the samples are marginally different (D < 2.5),
r significantly different (2.5 ≤ D < 3). These numbers are indicated
n Fig. 12 . Mg and S display small dispersion in all their metallicity
ins and the sequences of their mean values are clearly separated,
o the corresponding o v erall Z-distances are high (around four):

art/stad1551_f12.eps
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Figure 13. Model counterpart of Fig. 12 . Colour coding as in Fig. 11 , with 
the red and blue curves indicating average values for the thick and thin discs, 
respectively: see text for discussion of individual elements. 
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bservationally, these two elements have clearly different [X/Fe] 
equences in the local thin and thick discs. In other cases, (Mn and
i), the sequences of mean values are very close and despite the small
ispersion the corresponding Z-distances are close to 1, implying that 
hese elements have a single sequence. For the remaining elements, 
ow Z-distances are obtained, and this is due either to very close
equences of mean values (for Cu and Ba) or to large dispersion
for Zn and Dy). Eu appears to be a kind of intermediate case,
ith two clearly separated sequences (as for S), but the dispersion

s rather large and leads to an intermediate value for the final Z-
istance. Observationally, it is impossible with the available data to 
ay whether Eu displays a double sequence or not. 

In Fig. 13 we present our model results for the same elements.
olour-coded isocontours separate clearly the thin from thick disc 

equences in the cases of some elements: alpha elements, like Mg and
i (as discussed in Section 4.2 ), or r-elements, like Eu and Dy. The

atter is due to the fact that we adopted here, for illustration purposes,
ollapsars (rotating massive stars) as the sources of r-elements, with 
heir yields scaled to the ones of oxygen (see equation 2 in Prantzos
t al. 2018 ); the behaviour of those r-elements follows then naturally
he one of oxygen in our model. 

In contrast, there are cases where distinct sequences of abundance 
atios [X/Fe] in the thin and thick discs do not appear. The clearest
ne is the case of Ni, which behaves exactly as Fe, since both of them
ave the same sources: they are produced in the same proportions by
uclear statistical equilibrium in the explosions of CCSN (for about 
0 per cent–50 per cent of the corresponding Solar abundances) and 
NIa (for the remaining 70 per cent–50 per cent). 
Manganese behaves as a pseudo-secondary element in the thick 

isc in our model, in qualitative agreement with the observations, 
ut with a more enhanced secondary-like behaviour than observed. 
his is due to the metallicity dependent yields of massive stars
dopted here, which are also found in the case of the yields from
 oosley & W eaver ( 1995 ) and Nomoto et al. ( 2013 ) (see discussion

n Prantzos et al. 2018 ). Because of the strong Fe production by
NIa, the [Mn/Fe] ratio of our model flattens in the late thin disc,
n fairly good agreement with observations. It should be emphasized 
hat the role of SNIa in the production of Mn is not yet completely
nderstood (see discussions in Badenes, Bra v o & Hughes 2008 ;
obayashi, Karakas & Lugaro 2020 ). Our model suggests a very
eak double sequence behaviour of [Mn/Fe] in the thick and early

hin discs, compatible with a single sequence. 
The [Cu/Fe] rises rapidly in the thick and thin discs of our model

nd displays a single sequence in Fig. 13 . The observations of Fig. 12
how indeed a single sequence, but there is no significant rise of
Cu/Fe]. The rising of the Cu abundance of the model is due to the
econdary-like nature of the dominant isotope 63 Cu, produced mainly 
y neutron captures in the He-core for metallicities higher than 
Fe/H] ∼ −2 (see also discussion in Romano & Matteucci ( 2007 ). 

In the case of Zn, our model fails to reproduce the observed trend
f [Zn/Fe] > 0 in the thick disc, as well as in the halo (Prantzos et al.
018 ). A supersolar ratio in the early Galaxy can be explained by
nvoking a considerable amount of hyperno va e xplosions (Nomoto 
t al. 2013 ; Kobayashi et al. 2020 ), which we did not introduce here.
t would be interesting to see whether hypernovae could produce a
ingle or double-branch trend in the Galactic disc and whether their
n yields depend as strongly on metallicity as the ones of massive
tars adopted here. The massive star yields of Zn are mostly due
o the weak s-process occurring hydrostatically in the He-core and 
his is the reason of their metallicity dependence, leading to a rising
Zn/Fe] at [Fe/H] < −0.5. At higher metallicities, the rising of Zn
s somewhat compensated by the rising Fe from SNIa, leading to
 flat profile of [Zn/Fe] with metallicity. We note that Zn is also
roduced in large amounts in the explosions of low-mass supernova 
 ∼8–10 M �) through electron capture (Wanajo 2013 ); ho we ver, the
mpact of those sources is expected to be small, in view of their small
umber with a normal IMF. 
The case of Ba is different. At low metallicities ([Fe/H] < −1) it is

he r-component of Ba that matches the evolution of Fe produced by
assive stars and the [Ba/Fe] ratio remains quasi-constant. Around 

Fe/H] ∼ −1, the efficiency of the main s-process from AGB is at its
aximum (Cristallo et al. 2015 ), but Fe production from SNIa starts

ecoming important and the [Ba/Fe] ratio barely increases in the 
ate thick and early thin discs. At even higher metallicities (late thin
isc), the efficiency of the main s-process is considerably reduced 
Cristallo et al. 2015 ; Prantzos et al. 2018 ), while Fe production from
NIa continuous and thus the [Ba/Fe] ratio slightly decreases. The 
esult of the operation of all these sources (AGB with metallicity
ependent Ba yields and lately appearing SNIa with constant Fe 
ields) produce a quasi-constant [Ba/Fe] ratio o v er the whole history
f the disc (except for the highest metallicities) and lead to a single-
ranch behaviour, as seen in both observations and model. 
Summarizing the discussion of the models versus observations of 

his section we may say that for the [X/Fe] ratios in the thin and
hick discs – there are cases with double sequences (Mg and S) and
ingle ones (Ni), which are sufficiently established observationally 
nd well understood theoretically; Mn could be also put in that class,
espite some uncertainties on the role of SNIa. 
(i) The large dispersion in the abundance data does not allow yet

o establish the existence of a single or double sequence for Ba,
u, or Dy observationally. Our models predict a single sequence 

or the s-element Ba and a double one for the r-elements Eu and
y, but the latter result depends on the adopted assumption that r-

lements are produced by collapsars (short-lived progenitors, as for 
he α-elements). 

(ii) The observed approximately flat trend of [X/Fe] with [Fe/H] for 
u and Zn is not well-reproduced by our models, but the uncertainty
n the sources/yields of those elements and their behaviour with 
MNRAS 523, 2126–2145 (2023) 
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Table 1. Expected 1-branch (1-B) or 2-branch (2-B) behaviour of abundance 
ratios of elements belonging to classes A, B, C, and D (as defined below) in 
the local thick and thin discs. 

A: SL-MI B: SL-MD C: LL-MI D: LL-MD 

Mg Na Fe Ba 

A: SL-MI 1-B, s = 0 1-B, s < 0 2-B, s < 0 2-B? 
S [S/Mg] [S/Na] [S/Fe] [S/Ba] 
B: SL-MD 1-B, s > 0 1-B, s ∼0 2-B, s ∼0 2-B? 
Al [Al/Mg] [Al/Na] [Al/Fe] [Al/Ba] 
C: LL-MI 2-B, s > 0 2-B, s ∼0 2-B, s = 0 1-B 

Ni [Ni/Mg] [Ni/Na] [Ni/Fe] [Ni/Ba] 
D: LL-MD 2-B B ? 1-B 1-B, s ∼0 
La [La/Mg] [La/Na] [La/Fe] [La/Ba] 

Notes. Lifetimes of nucleosynthesis sources . SL: short lived ( ∼10 My, CCSN); 
LL: long lived ( ∼1 Gy, SNIa, AGB and perhaps NSM). 
Source nucleosynthesis yields . MI: metallicity independent (primaries, even); 
MD: metallicity dependent (secondaries, odd). 
s is the slope of the relation [X/Y] versus [Fe/H], with X on the left-hand 
column and Y in the top row. 
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etallicity leaves a lot of room for improvement. In that respect,
t would help to have a clear picture of whether a single or
ouble sequence exists for those elements. In the next subsection,
e made our ideas for the importance of such sequences more

xplicit. 

.2 [X/Y] ratios 

rying to interpret the sequence(s) of [X/Fe] versus [Fe/H] in the
revious subsection, we invoked two reasons related to the sources
f the elements involved: 
(i) the age of the system at the time of the enrichment of the

SM with the considered elements (because different ages allow for
ifferent types of sources to operate); and 
(ii) the initial metallicity of the sources, which affects in different

ays the ejected amounts of the considered elements (primaries ver-
us secondaries or pseudo-secondaries, or odd versus even elements).

One might conceive other causes affecting the evolution of a given
lement, e.g. a variable IMF (either in its slope or in its upper limit),
ut we stick here to the simplest case of two confirmed causes; thus
e distinguish – sources: short-lived (SL) versus long-lived (LL)
nes; in the former case belong CCSN and collapsars (characteristic
ime-scales ∼10 Ma) and in the latter AGB stars, SNIa and NSM
time-scales 100 Ma to a few Gy) – yields: metallicity independent
MI) for primary or even elements (alpha elements, Fe, r-elements?);
nd metallicity dependent (MD) for secondary elements (e.g. Ba) or
dd elements (e.g. Na, Al). 
This scheme provides four combinations for a given element,

epending on its source and nature of its yield: (i) SL-MI; (ii) SL-
D; (iii) LL-MI, and (iv) LL-MD. For the ratio of two elements
e get then 16 combinations, as illustrated in Table 1 . For each
ne of the cases (i)–(iv), two elements (X and Y) belonging to
hat class are selected: (S, Mg), (Al, Na), (Ni, Fe), and (La, Ba),
espectively; the first one serves in the nominator and the second one
n the denominator of [X/Y]. The results of our simulations for [X/Y]
ersus [Fe/H] appear in Fig. 14 . The simplest case is obviously when
oth X and Y have same sources and metallicity dependence of their
ields. This is illustrated by the case of [S/Mg] (primary elements
roduced in CCSN) and [Ni/Fe] (primaries produced first in CSSN
nd later also in SNIa, at the same rate). The resulting sequences are
he same (one branch or 1-B) and are flat (slope = 0). 
NRAS 523, 2126–2145 (2023) 
In the same case (same sources and metallicity dependence of
ields) belong the couples (Al, Na) produced by CCSN and (La,
a) made mainly by AGBs. Here, we also get a single sequence.
o we ver, the dif ference with the pre vious case is that the metallicity
ependence of the yields obviously is not exactly the same for the two
embers of each couple. As a result, the single sequence has a slight
etallicity dependence. Note that the position of the members of

ach couple is arbitrary: in the chosen cases, the slopes are ne gativ e,
ut by inverting the position of X and Y the slopes would be positive.

The next simplest case is when the two elements X and Y have the
ame source, but their yields have substantially different metallicity
ependence (MD), like a primary versus a secondary (or an odd)
lement. Then a single sequence is also obtained, because of the
ame time-scale of the evolution of sources, but it has a strong slope,
ither ne gativ e (when the MD element is in the denominator, like
S/Na]) or positive (when the MD element is in the nominator, as in
he case of [Al/Mg]). 

The next case is the one most e xtensiv ely analysed, namely two
rimary elements with sources evolving on different time-scales (SL
nd LL). This is typically the case of [ α/Fe] ratio, discussed in
ection 4.2 . It leads to 2 quasi-parallel branches (2-B), as illustrated
ere for [S/Fe]: its slope is ne gativ e because the LL element (Fe) is in
he denominator. The ‘mirror’-case is [Ni/Mg], with two sequences
nd a positive slope, since the LL element (Ni) is in the nominator. 

The previous cases involve elements having at least one common
eature, either source lifetime or yield metallicity dependence,
r both. The situation becomes more complicated when the two
lements have no common feature. It is well-known that the effects
f metallicity dependence of the yields may mimic to some extent
hose of a source with long lifetime. 

Those effects are illustrated in the case of [Al/Fe]. Al is a SL-MD
lement (see Table 1 ), while Fe is a LL-MI. In Fig. 14 , a 2-branch
ehaviour appears for the thin and thick discs, due to the difference
n source lifetimes. On the other hand, the metallicity dependence of
l yields from CCSN compensates somewhat for the late production
f Fe in SNIa and leads to a rather flat curve in the late thick disc
nd in the thin disc. The behaviour of [Ni/Na] is the mirror image of
hat, since the SL-MD element (Na) is now in the denominator. 

The s-elements Ba and La are displayed here only for illustration
urposes, since their case is even more complex than the previous
nes. They start with an r-component the importance of which is
educed at later times, because of the rising s-component from the
ain s-process in LL AGBs. This matches to some extent the rising

ontribution of Fe-peak elements from SNIa and, along with the long
ifetime of AGBs, contribute to produce a single branch behaviour.
n the superSolar metallicity regime of the thin disc, the efficiency
f the s-process is reduced and the ratio of those s-elements to Fe
eclines. These results are illustrated in the behaviour of [La/Fe] and
ts mirror image of [Ni/Ba]. 

Although our results on [La/Mg] and [La/Na] (as well as their
irror images of [S/Ba] and [Al/Ba]) seem to suggest a 2-branch

ehaviour, we refrain from any conclusions, since the corresponding
 v erdensities in the [X/Fe] versus [Fe/H] plane for the early thin disc
re fairly weak. 

Finally, in the cases of [La/Fe] and [Ni/Ba], we observe that the
ate increase of the SNIa products (Fe and Ni), combined with the
ecrease of the efficiency of main s-process production (for Ba
nd La) at high metallicity, leads to a decrease of [La/Fe] and a
orresponding increase of [Ni/Ba] for [Fe/H] > 0. This result depends
n both the adopted AGB yields at high metallicity and the rate of
NIa in the inner disc regions, where the superSolar metallicity stars
re assumed to be formed. 
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Figure 14. Model results for the Solar cylinder and for [X/Y] abundance ratios versus [Fe/H], for couples of elements X and Y arranged as in Table 1 . 
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Figure 15. Same as in Fig. 14 , but this time for the inner disc, in the radial 
range of 2–3.5 kpc. 
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We remind that in the simulation studied here we assumed, for
llustration purposes, production of the r-component of all heavy 
lements in collapsars evolving on short time-scales. Those elements 
ehav e then ob viously as alpha elements in our calculations, as
lready shown in Fig. 13 for Eu and Dy. Ho we ver, since the source(s)
f those elements still remain uncertain and they may evolve on 
 range a time-scales, we prefer to post-pone a more thorough 
iscussion of that topic for a future paper. 
It is interesting to notice that whenever a ‘2-branch’ behaviour is

btained in our scheme, the two branches are reversed in the ‘mirror
mage’: if the [X/Y] sequence of the thick disc is higher than the
ne of the thin disc for a given metallicity, it appears below it in
he mirror image, as e.g. in the cases of [Ni/Mg] versus [Si/Fe] or
Ni/Na] versus [Al/Fe]. 

The results displayed in Fig. 14 and discussed in the previous 
aragraphs concern the local disc, and more precisely, the Solar 
 ylinder (a re gion of width of � R ∼ 1 kpc center at Galactocentric
istance of ∼8 kpc). Results are different for other disc regions, as
llustrated in Figs 15 and 16 . 

In Fig. 15 , we show the results for the region 2–3.5 kpc. In this
ase the duality is very strongly diminished, so that one could say
hat there is a single sequence (albeit with a finite width) for all
lement ratios. The reason is obviously that those inner regions 
volved on similarly short time-scales, and thus have a common 
 volution, while they recei ved little contribution from the outer disc,
hich evolved on long time-scales. A comparison with Fig. 14 

eveals two more features. First, at subSolar metallicities, the unique 
equence of Fig. 15 corresponds to the thick-disc sequence of the 
ocal disc (the red-coloured sequence in Fig. 14 ). This is a clear
ignature that the local thick disc has a common origin with the
nner disc. Secondly, there is an o v erdensity of stars at superSolar

etallicities [Fe/H] ∼+ 0.3 − + 0.5 dex, which corresponds to the
ate saturation of metallicity in the inner disc (see the two bottom
anels of Fig. 1 ). Such an o v erdensity does not exist in the local
isc, but clearly its superSolar metallicity stars come from those 
MNRAS 523, 2126–2145 (2023) 
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M

Figure 16. Same as in Fig. 14 , but this time for the outer disc, in the radial 
range of 12–15 kpc. 
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8 For similar reasons, Goswami & Prantzos ( 2000 ) suggested to replace Fe by 
an alpha-element like O or Ca (see their section 5.7 and Fig. 8 ). 
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nner disc regions through radial migration, as discussed in Sec-
ion 3.2 . 

In Fig. 16 , we display the same results for the outer disc, in
he region 12–14 kpc. Again, no double sequence is obtained for
ny element ratio. Those regions evolve on similarly long time-
cales and receive very little contribution from the inner disc through
adial migration, thus they display again a single sequence in their
lementary abundance ratios. In contrast to the previous case of the
nner disc, this single sequence is close to the thin disc sequence of
he Solar cylinder (the blue curves in Fig. 14 ). Furthermore, there are
asically no superSolar metallicity stars in those outer disc regions;
ery few of the large numbers of such stars formed in the inner disc
anage to reach the outer disc through radial migration, since the

equired time to cross ∼10 kpc is ∼10 Gy. 
We note that a direct comparison of our results with observations

s not al w ays feasible, since our model is a 1D and provides results
or a given Galactocentric radius, but not as a function of distance
rom the plane. On the other hand, because of dust extinction in the
alactic plane, existing observations provide results for the inner and
uter discs mostly at high galactic latitudes, which are representative
ssentially of the thick disc. For instance Lian et al. ( 2020 ) select ∼40
00 stars from Sloan Digital Sky Survey (SDSS) DR16 with high
ignal to noise ratio and chose to define the thick disc geometrically,
s stars at distances d > 1 kpc from the mid-plane of the Galactic
isc. When the ensemble of all stars in the region 4 < R (kpc) < 8 is
onsidered (left-hand panel in their Fig. 2 ), two o v erdensities appear
n the [ α/Fe] versus [Fe/H] diagram, in the top left (high [ α/Fe], low
Fe/H]) and bottom right (low [ α/Fe] and superSolar [Fe/H]). Both
hose features appear also in our Fig. 15 for the inner disc. They
re due to the fact that at late times the abundances of most zones
n the inner disc reach a ‘saturation equilibrium’, where the metals
roduced by the few stars newly formed are diluted by the metal-poor
as ejected by the numerous stars formed in these zones during the
arly times; for that reason, the number density of stars is high in
hat region of the [ α/Fe] versus [Fe/H] plane. 

.3 Discussion on [X/Y] ratios 

n the previous section, we attempted a classification of the various
bundance patterns that are expected to arise in the thin and thick
iscs of the Galaxy, on the basis of the properties of the corresponding
ucleosynthesis sources and yields. Indeed, in view of the large
NRAS 523, 2126–2145 (2023) 
umber of existing and forthcoming data, some classification scheme
s required for the expectations to be compared to observations. We
iscuss here two recent attempts in that direction. 
Weinberg et al. ( 2019 ) used ∼20 000 stars of the upper red giant

ranch from APOGEE DR14 surv e y to map the trends of elemental
bundance ratios across the Galactic disc, spanning the radial range
 = 3 −15 kpc and mid-plane distance | z| = 0 −2 kpc for 15 elements:
, Na, Mg, Al, Si, P, S, K, Ca, V, Cr, Mn, Co, and Ni. In view of

he uncertainties on Fe production and evolution (due to mass cut
nd explosion energy in SNII, or to the uncertain evolution of the
ate of SNIa), instead of using Fe as a reference element (i.e. [Fe/H]
s a proxy for time) they chose Mg, which is well-measured by
POGEE and is solely produced by CCSN. 8 Separating the stars

n two populations according to their [Fe/Mg] ratio, the work of
einberg et al. ( 2019 ) revealed that the median trends in the [X/Mg]

ersus [Mg/H] plane in each population are almost independent
f location in the Galaxy, and that the observed trends can be
xplained with a semi-empirical ‘two-process’ model that describes
oth the ratio of CCSN and Type Ia contributions to each element
nd the possible metallicity dependence of the supernova yields.
hey conclude that these observationally inferred trends can provide
trong tests of supernova nucleosynthesis calculations, at least in
he simple framework they consider (i.e. neglecting variations of
he IMF or the CCSN range with time or metallicity). They do not
ttempt, ho we ver, to characterize those observed patterns in terms of
he existence of single or double abundance sequences. 

More recently, Sharma et al. ( 2022 ) studied the dependence of
lemental abundances on stellar age and metallicity among a sample
f about 50 000 main-sequence turn off (MSTO) and ∼3700 giants
alactic disc stars from the GALAH DR3 surv e y (Buder et al.
021 ). Ages and distances of the stars were computed from observed
arameters by making use of stellar isochrones and parallax in the
ase of MSTO stars, or asteroseismic observables in the case of giant
tars (see Sharma et al. 2018 , for details). These authors found that
lemental abundances for 23 elements show trends with both age and
etallicity. They studied the relation between the variation of [X/Fe]
ith metallicity and age separately. The relation and the relationship

s well-described by a simple model in which the dependence
f the [X/Fe] ratio on age and [Fe/H] are additively separable.
hen, elements can be grouped in the age–[Fe/H] plane and the
ifferent groups can be associated with different nucleosynthetic
ites: massiv e stars, e xploding white dwarfs, and AGB stars. Since the
tars studied co v er a large range in Galactocentrinc ( R , | z| ) locations,
nd the trends found are similar to both MSTO and giant stars, the
uthors suggested that their results may be valid o v er the whole
isc of the Galaxy. This result may have significant implications
or Galactic archaeology since it makes possible to estimate the
ge and birth radius of the stars using abundances, and from this
ynamical processes like radial migration and star formation histories
t different radial zones can be explored. 

The project of Sharma et al. ( 2022 ) is attractive, because it is
ased on simple assumptions: the composition of a star is uniquely
haracterized by its formation time and radial position and that
he interstellar medium is fully homogeneous (chemically) at any
ime in a given place. This may indeed apply, at least to a first
rder, as discussed in Sharma et al. ( 2022 ) and suggested by
bservational arguments and semi-analytical models, which show
hat the trajectories of various radial zones in the planes of age–
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etallicity or [X/Fe]–metallicity are monotonic and do not mix with 
ach other (e.g. Sch ̈onrich & Binney 2009 ; Kubryk et al. 2015a ;
ohnson et al. 2021 ; Sharma et al. 2021a , and this work). Ho we ver,
t may not apply in cases where the star formation did not evolve
moothly, e.g. through episodes of intense star formation like those 
ecently reported for the Galactic disc (Mor et al. 2019 ; Ruiz-Lara
t al. 2020 ; Sahlholdt, Feltzing & Feuillet 2022 ): depending on their
ntensity and spatial extension, such episodes may lead to a mixing 
f the aforementioned trajectories and to de generac y in determining 
he time and place of birth of a star from its composition. Similar
ffects – albeit less important – could result from localized intense 
pisodes of infall. 

Independently of the aforementioned complications, Sharma et al. 
 2022 ) use the slopes of the observed [X/Fe] versus age or metallicity
elations for rather large ranges of those parameters (3–11 Gy for ages 
nd −0.6–0.2 in [Fe/H]). The derived unique slopes are then used to
roup the various elements X in the plane of � [X / Fe] /� [Fe / H]
ersus � [X / Fe] /� (log(Age) . Ho we ver, the large ranges of the 
dopted parameters may mask important variations of the adopted 
lopes and lead to spurious results in the classification of the elements
n that plane. For instance, an inspection of fig. 9 in Sharma et al.
 2022 ) shows that Na appears to be the element with the closest
ehaviour to Fe, much closer than Ni, while on the other hand Ba
nd La appear to behave in quite different ways, although they both
elong to the second peak of the s-process. 
Our approach is less ambitious than the one of either Weinberg 

t al. ( 2019 ) or Sharma et al. ( 2022 ), because it does not aim to
rovide a quantitative classification of the elements in terms of their 
ucleosynthetic origin, but only a qualitative one: the existence of 
ne or two branches in [X/Fe] (or [X/Y]) versus [Fe/H] relation. 

 SU M M A RY  A N D  C O N C L U S I O N S  

n this study, we present an updated version of the 1D semi-analytical
odel of Kubryk et al. ( 2015a , b ), describing the evolution of the
ilky way disc. The model includes a parametrized treatment of 

adial migration inspired by N -body + SPH simulations, which 
ccounts both for ‘passive tracers’ of chemical evolution and ‘active 
ong-lived agents’ of nucleosynthesis (like SNIa and AGB stars). 

The model reproduces fairly well several observed features of the 
resent day MW disc, like the recently observed gradients of [Fe/H] 
nd [ α/Fe] from Open Clusters (Gaia Collaboration et al. 2022 , Gaia-
R3 results) or the up-turn in the local age-metallicity relation for

uperSolar metallicity stars, anticipated in Kubryk et al. ( 2015a ) 
nd observed by Feuillet et al. ( 2018 , 2019 ), which it believed to
onstitute a clear signature of radial migration in the thin disc (see
ection 3 ). 
A key feature of the model is the formation of the thick disc

y secular evolution. In our case this occurs as a consequence of
Section 4 ): 

(i) inside-out disc formation, with a short time-scale for the inner 
isc and a longer one for the outer disc. 
(ii) ratio of two elements with sources evolving on widely different 

ime-scales: α-elements from massive stars evolving in ∼ 10 My, 
ersus Fe from SNIa evolving in ∼1 Gy time-scale. 

(iii) coexistence in the Solar cylinder of stars with appropriate 
istories of star formation, the thick disc being made from stars
ormed early on in the rapidly evolved inner disc. 

This scenario for the formation of the thick disc can explain 
ts chemical properties, like the long established double-branch 
ehaviour of [ α/Fe] versus [Fe/H] in the Solar neighbourhood. It can
lso explain the recently e v aluated non-monotonic e volution with 
ge of the metallicity gradient, as inferred by Lu et al. ( 2022a ) for
he birth radii of stars currently present in the Solar neighbourhood:
fter a steady decrease, the gradient becomes flatter at the oldest ages,
 behaviour remotely reminiscent of the one concerning not the birth
adii, but the current Galactocentric radii of stars. In contrast to Lu
t al. ( 2022a ) who fa v our early mergers as an explanation of that
ehaviour, we argue here that it may result from a combination of
adial migration and a variable (non-unique) slope of the abundance 
rofiles across the Galactic discs (Section 3.3 ). 
Ho we ver, these successes do not imply that secular evolution was

he only factor shaping the thick and thin discs. The high velocity
ispersion of old stars can be attributed to an early highly turbulent
hase – as assumed here – but also to early mergers, as advocated in
arious studies (see Section 1 for references). Our scenario, in line
ith e.g. Sch ̈onrich & Binney ( 2009 ), Loebman et al. ( 2011 ), Hayden

t al. ( 2017 ), and Sharma et al. ( 2021a , 2022 ), does not require some
articular event (a merger, or the paucity of star formation on Gy
ime-scales and/or intense episodes of infall) to explain the chemical 
roperties of the thick disc. 
In Section 5 , we explore the consequences of our model for other

bundance ratios [X/Y] in the MW disc. We suggest that a key
arameter in such studies is the ‘abundance distance’ separating 
he thick from the thin disc sequences of [X/Y]. We illustrate that
uggestion by adopting a simple Z −test to measure that distance
n the case of a set of high resolution observations analysed in the
MBRE project (De Lav ern y et al. 2013 ) for a handful of elements

Mg, S, Mn, Ni Cu, Zn, Ba, Eu, and Dy). We show that, barring
bservational uncertainties, that technique has a high diagnostic 
otential, since it separates clearly elements with sources evolving 
n different time-scales, like e.g. α-elements from Fe. In that respect,
t would be interesting to have a precise e v aluation of the abundance
istance between the thin and thick discs for r-elements, their main
ource being poorly known at present. If collapsars are the main
ource, then a double branch would be expected, as displayed in
ig. 12 for [Eu/Fe]; in contrast, if the main source is neutron star
ergers, the thick and thin disc branches would be expected to be

ery close. 
Finally, we generalize that method to the ratios of any two elements 
 and Y, with nucleosynthesis sources differing either in one or both
f their two key properties, namely time-scale of their evolution and
etallicity dependence of their yields. We find that it is the time-

cale difference that plays al w ays the k ey role in producing distinct
X/Y] sequences for the thin and the thick discs, while the metallicity
ependence of the corresponding yields plays rather a minor role. 
We emphasize that the abo v e conclusions/predictions are obtained 

ithin the adopted framework of the formation of the thick disc.
ther modes of thick disc formation, e.g. through the action of early
alaxy mergers, may lead to different chemical signatures and should 
e investigated as well. 
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