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A B S T R A C T 

An ensemble of chemical abundances probing different nucleosynthetic channels can be leveraged to build a comprehensive 
understanding of the chemical and structural evolution of the Galaxy. Using GALAH DR3 data, we seek to trace the enrichment 
by the supernovae Ia, supernovae II, asymptotic giant branch stars, and neutron-star mergers and/or collapsars nucleosynthetic 
sources by studying the [Fe/H], [ α/Fe], [Ba/Fe], and [Eu/Fe] chemical compositions of ∼50 000 red giant stars, respectively. 
Employing small [Fe/H]–[ α/Fe] cells, which serve as an ef fecti ve reference-frame of supernovae contributions, we characterize 
the abundance-age profiles for [Ba/Fe] and [Eu/Fe]. Our results disclose that these age–abundance relations vary across the 
[Fe/H]–[ α/Fe] plane. Within cells, we find ne gativ e age–[Ba/Fe] relations and flat age–[Eu/Fe] relations. Across cells, we see 
the slope of the age–[Ba/Fe] relations evolve smoothly and the [Eu/Fe] relations vary in amplitude. We subsequently model our 
empirical findings in a theoretical setting using the flexible Chempy Galactic chemical evolution (GCE) code, using the mean 

[Fe/H], [Mg/Fe], [Ba/Fe], and age values for stellar populations binned in [Fe/H], [Mg/Fe], and age space. We find that within 

a one-zone framework, an ensemble of GCE model parameters vary to explain the data. Using present day orbits from Gaia 

EDR3 measurements we infer that the GCE model parameters, which set the observed chemical abundance distributions, vary 

systematically across mean orbital radii. Under our modelling assumptions, the observed chemical abundances are consistent 
with a small gradient in the high-mass end of the initial mass function (IMF) across the disc, where the IMF is more top heavy 

towards the inner disc and more bottom heavy in the outer disc. 

Key words: Galaxy: abundances – Galaxy: disc – Galaxy: evolution – Galaxy: formation – Galaxy: general – Galaxy: kinematics 
and dynamics. 
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 I N T RO D U C T I O N  

hemical abundances of stars encode properties of the environment 
n which they form and can be used to characterize the formation of
he Milk y Way. Be ginning with the pioneering studies of the Sun and
earby stars (Payne 1925 ; Russell 1929 ), the pursuit of a complete
lement genesis remains as a fundamental question, rele v ant to both
strophysics and nuclear physics (e.g. Fowler, Burbidge & Burbidge 
955 ; Burbidge et al. 1957 ; Wallerstein et al. 1997 ). Significant
rogress has been made o v er the last half-century, and we can
lassify most elements into a small subset of primary groups, based 
n the their dominant formation nucleosynthetic channels. Broadly 
peaking, elements can be organized into the α, odd-Z, iron-peak, 
nd neutron capture groups, and into further subgroups within each. 
he analysis of these different elemental classifications in different 
hemical planes can subsequently be used to connect the relative 
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onditions in which a stellar population is formed to the way the
alaxy has formed and evolved over time. 
Progress in our understanding of chemical element distributions in 

tars in the Milky Way has been driven by large spectroscopic stellar
urv e ys. These include APOGEE: Majewski et al. 2017 , GALAH:
artell et al. 2017 ; Buder et al. 2020 , LAMOST: Zhao et al. 2012 ,
AVE: Steinmetz et al. 2020 , SEGUE: Yanny et al. 2009 , Gaia -ESO:
ilmore et al. 2012 , amongst others. The ability to determine precise

hemical abundances from spectra for > 10 5 –10 6 stars in the Galaxy
s providing a wealth of data to be explored. Chemical abundance 
easurements, when coupled with precise phase space information 

rom the Gaia mission (Gaia Collaboration 2020 ), and stellar ages
e.g. Ness et al. 2016 ; Leung & Bovy 2019 ; Hayden et al. 2020 ;
harma et al. 2022 ), permit a full chemo-dynamical-age exploration 
f stellar populations, especially in the most massive Galactic stellar 
omponent: the Milky Way’s disc (e.g. Gratton et al. 1996 ; Fuhrmann
998 , 2004 ; Adibekyan et al. 2011 ; Bovy, Rix & Hogg 2012a ; Bovy
t al. 2019 , 2012b ; Minchev, Chiappini & Martig 2013 , 2014 ; Bensby,
eltzing & Oey 2014 ; Hayden et al. 2015 , 2020 ; Martig et al. 2016 ;
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ess et al. 2016 , 2019 ; Mackereth et al. 2017 ; Minchev et al. 2017 ;
ntoja et al. 2018 ; Ciuc ̌a et al. 2018 , 2021 ; Gaia Collaboration 2018 ;
lancato et al. 2019 ; Bland-Hawthorn et al. 2019 ; Buder et al. 2019 ;
ackereth et al. 2019b ; Yuxi et al. 2021 ). 1 

Chemodynamical studies of the Galactic disc have revealed its
ultifaceted nature. Chemically, the disc is dominated in character

y a bimodality observed in the [Fe/H]–[ α/Fe] plane, that correlates
ith its orbital and spatial distribution properties. The origin of the
-bimodality is uncertain, and can be explained under different mech-
nisms seen in simulations (e.g. Grand et al. 2018 , 2020 ; Mackereth
t al. 2018 ; Buck 2019 ; Agertz et al. 2021 ; Khoperskov et al. 2021 ).
ecent observations suggest that it is perhaps a not uncommon
henomenon (Scott et al. 2021 ), although some theoretical results
ropose the contrary (Mackereth et al. 2018 ). From a nucleosynthetic
tandpoint, the [Fe/H]–[ α/Fe] plane represents two source production
ites. The α-elements are understood to be produced primarily
n massive star progenitors via core-collapse supernovae (SNII;
.g. Timmes, W oosley & W eaver 1995 ; Kobayashi, Karakas &
ugaro 2020b ) and iron-peak elements are produced via white dwarf
etonations (SNIa). The [Fe/H]–[ α/Fe] plane has served as a critical
iagnostic of the evolutionary history of various components of our
alaxy. Here, our goal is to take a next step in understanding the

hemical signatures in the Milky Way disc. We set out to characterize
nd interpret the abundance–age relations of the little studied neutron
apture elements in Galactic disc populations. We do this using the
atest data release from the GALAH surv e y (DR3; Buder et al. 2020 ).

e reason that exploration of abundance relations as a function of age
s pertinent to addressing questions of the formation, and evolution,
f the Galactic disc which occur o v er time. We wish to undertake
s controlled an experiment as possible. Therefore, we examine the
istribution of the neutron-capture abundances conditioned on other
ariables; i.e. keeping other chemical properties of the stars fixed.
pecifically, we examine the neutron-capture element abundances
 v er time in small chemical cells (or MAPS; e.g. Bovy et al. 2012a ;
ackereth & Bovy 2020 ; Yuxi et al. 2021 ) across the [Fe/H]–

 α/Fe] plane. This grid across the well studied [Fe/H]–[ α/Fe] plane
our chemical cells) allows us to control for the dependency on
he contribution from two (dominant) types of supernovae within
hemical cells (namely, the main drivers of the chemical evolution of
he Galaxy) when interpreting the behaviour of the neutron-capture
lements at different ages. We utilize this approach to study Barium
Ba) and Europium (Eu) as representative s - and r -process neutron
apture elements, respectively. These neutron capture elements are
f particular interest, as recent studies have suggested that the r -
rocess elements may originate in significant amounts from exotic
eutron star mergers (e.g. Metzger et al. 2010 ; Kasen et al. 2017 ;
iegel & Metzger 2017 ; Tanaka et al. 2017 ; Siegel 2019 ; Watson et al.
019 ), whilst the s -process are important tracers of the contribution
rom stellar winds of evolved asymptotic giant branch (AGB) stars
e.g. Sneden, Cowan & Gallino 2008 ; Kobayashi, Leung & Nomoto
020a ). 
The empirical characterization of abundances o v er time in a

eference plane of supernovae contributions, as enabled by large
urv e y data, is the first step of our study. The next is interpreta-
ion of the trends identified within a theoretical framework. The
nsemble data that we examine are compared to the predictions of
NRAS 513, 5477–5504 (2022) 

 This is of course an incomplete list (and highlights only some of the 
ost recent work). For a comprehensive review on studies undertaken on 

nravelling the Milky Way disc, we refer the reader to section 5 from Bland- 
awthorn & Gerhard ( 2016 ) and references therein. 
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2  
alactic Chemical Evolution models (GCE), which describe the star
ormation and chemical enrichment of the interstellar medium in
erms of a set of mass conservation equations. This technique has
een adopted e xtensiv ely (e.g. Tinsle y 1980 ; Matteucci & Francois
989 ; Prantzos, Casse & Vangioni-Flam 1993 ; Timmes et al. 1995 ;
hiappini, Matteucci & Gratton 1997 ; McWilliam 1997 ; Pagel 1997 ;
obayashi, Tsujimoto & Nomoto 2000 ; Matteucci 2016 , 2021 ;
obayashi et al. 2020b ). It has also led to the development of

ophisticated and publicly available software packages (e.g. Andrews
t al. 2017 ; Rybizki, Just & Rix 2017 ; Philcox & Rybizki 2019 ;
ohnson et al. 2021 ), making this method accessible to many studies
imed at interpreting the chemical evolution of the Milky Way. 

Chemical evolution modelling is challenging. There are many
ncertainties and even the Solar abundances cannot be reproduced
nder the most flexible of approaches, indicative of inaccuracies in
he yields (e.g. Rybizki et al. 2017 ; Blancato et al. 2019 ). Detailed
nd complex multizone frameworks with prescriptions of migration
ffer perhaps the most theoretically complete approach to reconciling
heory with observations (e.g. Johnson et al. 2021 ). Yet, under fixed
nvironmental model parameters or simple star formation histories,
hese do not reproduce the observed distribution of the Galactic
isc in the [Fe/H]–[ α/Fe] plane. Only multizone prescriptions with
omplex star formation histories can reproduce mean chemical trends
n the Milky Way’s disc and bulge. For example, those that include
as infall events, or optimize for star formation delay times and a
rescription of bursty star formation (e.g. Matteucci et al. 2019 , 2020 ;
ian et al. 2020 ; Spitoni et al. 2021 ; Sharma et al. 2022 ). 
Here, we adopt a flexible one-zone modelling approach using

he Chempy GCE software (e.g. Chempy : Rybizki et al. 2017 ). A
exible framework is core to our goals, which are to identify what
CE model parameters the data are consistent with (e.g. Gutcke &
pringel 2019 ). Understanding what relations exist both elucidates

nsight into the source genesis of the elements and quantifies how
nvironmental parameters might vary o v er the Galaxy’s spatial and
emporal architecture. The chemical abundances that we model are
Fe/H], [Mg/Fe], and [Ba/Fe], at different ages. The parameters that
e set out to constrain are the number of type Ia progenitors, the
eak in the star formation rate (SFR), the star formation efficiency
SFE) and the high-mass slope of the initial mass function (IMF). By
odelling our abundance data for three representative and dominant

ucleosyntheic channels (namely, SNIa, SNII, and AGB winds)
ithin a flexible GCE framework, and then exploring the GCE model
arameters o v er time, we hope to learn about the chemical evolution
istory of the Galaxy. This in turn can serve as a test bed for current
alaxy formation models. 

Characterizing the star formation environment across the Milky
ay disc connects directly to the broader extra-galactic context. Nu-
erous theoretical predictions and interpretations of extra-galactic

bservations rely on stellar population parameters. The SFR and
FE hav e been e xtensiv ely studied. Variation between and within
alaxies is reported for these parameters (e.g. Schaefer et al. 2017 ;
rumholz et al. 2018 ; L ́opez Fern ́andez et al. 2018 ; Medling et al.
018 ; Rowlands et al. 2018 ; Spindler et al. 2018 ). The IMF is less well
irectly constrained by the data, but is fundamental to understanding
he mass assembly of galaxies. First introduced by Salpeter ( 1955 ),
he IMF provides a convenient way of parametrizing the relative
umbers of stars as a function of their mass. Its functional form is
nput as an assumption to many astrophysical works. Until recent
ears, studies have favoured the scenario of a universal IMF (e.g.
alpeter 1955 ; Miller & Scalo 1979 ; Scalo 1986 ; Hawkins & Bessell
988 ; Kroupa, Tout & Gilmore 1993 ; Scalo 1998 ; Kroupa 2001 ,
002 ; Reid, Gizis & Ha wle y 2002 ; Bastian, Co v e y & Meyer 2010 ;
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alirai et al. 2013 ), despite the contention of its exact functional
orm. Ho we ver, in the last few decades there has been accumulating
 vidence for v ariations in the IMF, both in external galaxies (e.g.
o v ersten & Glazebrook 2008 ; Treu et al. 2010 ; Cappellari et al.
012 , 2013 ; Conroy & van Dokkum 2012 ; Ferreras et al. 2013 ;
yubenova et al. 2016 ; Davis & McDermid 2017 ; van Dokkum et al.
017 ; Parikh et al. 2018 ; Dom ́ınguez S ́anchez et al. 2019 ), and in
he Milky Way (e.g. Ballero, Kroupa & Matteucci 2007 ; Brandner 
t al. 2008 ; Espinoza, Selman & Melnick 2009 ; Lu et al. 2013 ;
allakoun & Maoz 2020 ; Griffith et al. 2021b ), suggesting that the

MF varies in a complicated manner with environment or alternative 
nterpretations of extragalactic observations must be explored (e.g. 
uszejnov, Hopkins & Graus 2019 ). 
The paper is organized as follows: Section 2 reports the data em-

loyed in this study and the main selection criteria used to determine
ur parent working sample. Section 3 describes the methods used to 
nalyse and model the data. It also includes a description of the GCE
odels utilized to model the observational data. In Section 4 , we

resent the empirical abundance–age relations for Ba and Eu within 
hemical cells (Section 4.1 ) and their correlation with orbital radius.
n Section 5 , we show the results from modelling our empirical
ndings using GCE models. We then discuss the implications of our 
esults in the context of previous work in Section 6 , and finalize by
resenting our conclusions in Section 7 . 

 DATA  

e use data from the second edition of the third data release (DR3)
f the GALactic Archaeology with HERMES (GALAH) surv e y 
Martell et al. 2017 ; Buder et al. 2020 ). GALAH measures chemical
lement abundances and radial velocities using high-resolution ( R 

28 000) optical spectra collected by the HERMES spectrograph 
Sheinis et al. 2015 ) with 2dF fibre positioning system (Lewis
t al. 2002 ) mounted on the 3.9-m Anglo-Australian Telescope at 
iding Spring Observatory, Australia. GALAH DR3 was constructed 
y combining the 2MASS (Skrutskie et al. 2006 ) catalogue of
nfrared photometry with the UCAC4 (Zacharias et al. 2013 ) proper 
otion catalogue. It contains data for four main projects (GALAH- 
ain, GALAH-faint, K2-HERMES, and TESS-HERMES), each 
ith its own selection function. The main GALAH surv e y comprises
4 per cent of the GALAH DR3 catalogue. GALAH-main targets 
re all stars with 12.0 < V < 14.0, δ < + 10 ◦, and | b | > 10 ◦ in
egions of the sky that have a minimum of 400 targets in π squared
egrees (the 2dF field of view), and all stars in the same sky region
ith 9.0 < V < 12.0 and at least 200 stars per 2dF field of view.
2-HERMES (16 per cent of the surv e y) aims to observ e targets

rom the NASA K2 mission, and observes stars in the range 10 <
 < 13 or 13 < V < 14 with ( J − K s ) > 0.5. TESS-HERMES
bservations (7 per cent of the surv e y) focused on stars in the TESS
pparent magnitude range (10.0 < V < 13.1) and Southern viewing 
one, within 12 deg of the Southern ecliptic pole. The remaining 

3 per cent consists of targets focused on open/globular clusters. 
All data from HERMES were reduced with the iraf pipeline (see 

os et al. 2017 , for details), and is analysed with the Spectroscopy
ade Easy ( SME ) software (Piskunov & Valenti 2016 ), which

erforms spectrum synthesis for 1D stellar atmosphere models. The 
ARCS theoretical 1D hydrostatic models (Gustafsson et al. 2008 ) 
re used with spherically symmetric stellar atmosphere models for 
og g ≤ 3.5 and plane-parallel models otherwise. For its radiative 
ransfer calculations, SME can take into account departures from 

ocal thermodynamic equilibrium (LTE) through grids of departure 
oef ficients. These are kno wn to be significant for several elements
ike lithium (Lind et al. 2009 ). 1D Non-LTE departure coefficients
or the eleven 11 elements H, Li, C, O, Na, Mg, Al, Si, K, Ca, Ti,

n, Fe, and Ba were taken into account (for more details see Amarsi
t al. 2020 ). 

In addition to the main GALAH DR3 catalogue, we use the
alue added catalogues of stellar ages and orbital information. Here, 
tellar ages were determined using the Bayesian Stellar Parameter 
stimation code (BSTEP; Sharma et al. 2018 ). BSTEP provides 
 Bayesian estimate of intrinsic stellar parameters from observed 
arameters by making use of stellar isochrones, adopting a flat prior
n age and metallicity (see Sharma et al. 2018 and Buder et al. 2020
or details). Conversely, the orbital information was determined by 
ombining stellar distances [from BSTEP where possible and from 

rior-informed values by Bailer-Jones et al. ( 2018 ) when not] and 5D
strometric information from Gaia EDR3 (Gaia Collaboration 2020 ). 
ere, orbits of stars were estimated employing the publicly available 
alpy (Bovy 2015 ; Mackereth & Bovy 2018 ) software package 
ssuming a McMillan ( 2017 ) Milky Way potential, and adopting a
olar radius of 8.21 kpc (consistent with the latest measurement of
.178 ± 0.013 (stat) ± 0.022 (sys) kpc Gravity Collaboration 2019 ), 
 solar vertical position abo v e the Galactic plane of 25 pc (Juri ́c et al.
008 ), and a circular velocity at this radius of 233.1 km s −1 . 
For more information on the targets, data reduction methods, 

nd value added catalogues used to obtain the final GALAH DR3
atalogue, see Buder et al. ( 2020 ). 

.1 Selecting a parent disc sample 

or this work, we concern ourselves with a parent sample comprised
f Red Giant Stars (RGB) from the second edition of the GALAH
ata Release 3 catalogue of stellar parameters and abundances. Stars 

ormed part of the parent sample if they satisfied the following
election criteria: 

(i) 4000 < T eff < 6000 (K) and log g < 3.6, 
(ii) flag sp = 0 and flag X Fe = 0 (for Mg, Fe, Ba, and Eu),
(iii) ruwe < 1.4 and parallax −over −error > 5, 
(iv) snr −c3 −iraf > 50. 

The T eff and log g cuts were employed to remo v e an y stars with
emperature values too hot/cold for the abundances to be affected 
y, and to select giant stars, respectively. The flag-sp and 
lag-X-Fe flags were set to obtain a sample of stars for which

eliable abundances were determined o v er all, and specifically for
he elements of upmost importance in this study (namely, Mg, Fe,
a, and Eu). The ruwe and parallax −over −error cuts were
mployed to determine stars with reliable orbital parameters. The 
nr −c3 −iraf cut was performed to only select stars with a good
ignal-to-noise ratio in GALAH. 

In addition to the quality cuts, we further remo v e an y stars in
he vicinity of the Large and Small Magellanic (L/SMC) clouds 
ollowing the methodology in Martell et al. ( 2020 ). To do so, we
emo v ed stars with: 

(i) 73 < α < 83 ( ◦), −73 < δ < −63 ( ◦), 0.3 < pm α < 3.3
mas yr −1 ), −1.25 < pm δ < 1.75 (mas yr −1 ), and v helio > 215 (kms −1 )
or potential LMC star candidates. 

(ii) 7 < α < 17 ( ◦), −79 < δ < −69 ( ◦), −1.35 < pm α < 2.35
mas yr −1 ), −2.7 < pm δ < 0.3 (mas yr −1 ), v helio > 80 (kms −1 ), and
 < 0.08 (arcsec) for potential SMC star candidates. 

This remo v ed a total of 137 LMC and 87 SMC potential star
andidates, respectively. The resulting parent sample resulted in a 
otal of 56 927 stars. 
MNRAS 513, 5477–5504 (2022) 
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M

Figure 1. 2D histogram of the full GALAH DR3 data in the spectroscopist’s 
Hertzprung–Russell diagram. The red dashed lines indicate the region 
containing the parent RGB sample of 52 057 disc stars employed in this 
study. 

Figure 2. 2D histogram illustrating the spatial distribution of the parent 
sample (i.e. stars in the red box in Fig. 1 ) in the R –z plane. The sample is 
primarily contained within | z| � 2 kpc and 4 � R � 12 kpc. 
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Since the aim of this work is to study the s - and r - process abun-
ance profiles as a function of age for Galactic disc populations, we
mpose a further metallicity cut of [Fe/H] > −1 and an eccentricity
ut of e < 0.4 in order to remo v e an y contamination from metal-poor
primarily halo) populations, and stars on highly eccentric orbits,
espectively, as these populations are likely to not belong to the
isc of the Galaxy. These further selection criteria remo v e a total of
870 stars. The resulting parent working sample is illustrated in the
pectroscopist’s HR diagram in Fig. 1 and spatially in Fig. 2 . We also
isplay the parent sample chemically in the [Mg/Fe], [Eu/Fe], and
Ba/Fe] versus [Fe/H] planes in Fig. 3 , where we further show the
Ba/Eu] of each star in Fig. 4 . The final parent sample is comprised
f 52 057 stars. 

 M E T H O D S  

ur analysis approach is two-pronged. We first undertake an em-
irical examination of the neutron-capture abundance trends with
NRAS 513, 5477–5504 (2022) 
ge in the disc of the Milky Way. Second, we use a chemical
volution modelling framework to understand what parameters of
he GCE model are consistent with the data. Specifically, for our
mpirical analysis, we examine the age–[Ba/Fe] trends and age–
Eu/Fe] trends using chemical cells (or MAPs: Bovy et al. 2012a ;

ackereth & Bovy 2020 ; Yuxi et al. 2021 ) defined in the [Fe/H]-
 α/Fe] plane (where we use Mg as the α-element), to probe the
 - and r -process nucleosynthetic channels as a function of age
cross a SNII–SNIa reference frame. Following, we utilize the mean
[Fe/H], [Mg/Fe], [Ba/Fe], age) value for stellar populations binned
cross [Fe/H], [Mg/Fe], and age space as representative stars and
ndertake chemical evolution modelling, with the aim of learning
hat parameters in the GCE model are consistent with the data. 
A core and reasonable assumption in this work, that moti v ates

he chemical cells framework of our approach, is that the three
easurements of ([Fe/H], [Mg/Fe], age) provide a link to the birth

adius of stars in the Milky Way (e.g. Frankel et al. 2018 , 2019 , 2020 ;
inchev et al. 2018 ; Ness et al. 2019 , 2022 ; Feltzing, Bowers &
gertz 2020 ; Yuxi et al. 2021 ). This assumption has additional

mpirical support not only in observed radial gradients in [Fe/H]
oday, but also in analyses of stars of common ([Fe/H], [X/Fe]),
hich shows that stars clustered using their chemical abundances
roup in present-day spatial properties and age (Ratcliffe et al.
020 ). Cosmological simulations also show that birth radius can be
redicted with a simple regression model using predictors of ([Fe/H],
ge) alone (see Ratcliffe et al. 2020 ) and that in the [Fe/H]–[Mg/Fe]
lane, birth radius, and age are ordered in their distribution across this
lane (see fig. 3 in Buck 2020 ). This assumption moti v ates the way
e have dissected the data (i.e. figs 4–7) and why we have selected

o employ representative stars, in bins of ([Fe/H], [Mg/Fe], age), in
rder to undertake our chemical evolution modelling procedure. 
We note that we do not seek to lay out any analytical formalism

or the ([Fe/H], [Mg/Fe], age) relationship with birth radius. Instead,
e use this philosophy to guide our modelling approach. In the

ollowing sections, we will go through our method for determining
epresentative stars that will later model utilizing the chemical cells
or MAPS) method. 

.1 Empirical mapping of neutron capture trends 

e adopt a no v el approach to study and interpret the age-neutron
apture element abundance relations in the Milky Way disc using
 grid of chemical cells in the [Fe/H]–[Mg/Fe] plane. In detail our
rocedure is as follows: 

(i) We dissect our parent sample of stars into 5 × 5 grid of chemical
ells in the [Fe/H]–[Mg/Fe] plane (where Mg is our representative α-
lement) in order to study the abundance-age profiles of Galactic disc
opulations with similar SNII-to-SNIa ratio contributions. While we
elect a 5 × 5 grid across the [Fe/H]–[Mg/Fe] plane, we find that the
umber of cells could be increased/decreased to select more/fewer
tellar populations. Ho we ver, we v alidate that employing a 3 × 3
nd/or 10 × 10 grid, finding that our results remain unchanged. To
uantify the precision of our chemical abundance results we run a
ampling of the data given the errors, assuming Gaussian distributed
istributions: 

(1) F or ev ery star observ ed in our parent sample, we dra w
200 samples of their respective [Mg/Fe] and [Fe/H] abundances
from a normal distribution that is centred at the observed value,
and whose standard deviation equates to the uncertainty in the
abundance measurement (provided by the GALAH catalogue).
This sampling procedure yields the equi v alent of 200 [Fe/H]–
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Figure 3. 2D density distribution of our parent sample in the [Mg/Fe] (left), [Eu/Fe] (centre), and [Ba/Fe] (right) versus [Fe/H] planes. 

Figure 4. Binned distribution of the parent sample in the [Fe/H]–[Mg/Fe] 
plane, colour coded by [Ba/Eu]. Here, high [Ba/Eu] indicates stars that are 
more s -process enhanced relative to the r -process, and vice versa. Dashed 
black lines indicate the boundaries of the grid of 9 cells into which we 
divide our parent sample in this plane and model their chemical evolution in 
Section 5 . As can be seen, the low- α disc is more s -process enhanced, whilst 
the high- α disc is more r -process enhanced. 
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[Mg/Fe] chemical composition planes for every star observed, 
and permits one to assess the impact of the measurement 
uncertainties in the abundances, and to account for stars moving 
between different cells in our fixed grid. The resampling is, in 
effect, a test of the stability of our results given our bin edges. By
resampling the points in their errors, we can test the sensitivity
to the uncertainties of the points lying near the bin boundaries. 
We utilized N = 200 here as a large enough number do this
test thoroughly (although far fewer would have revealed if our 
results were sensitive to our bin boundaries given the data). 
The typical standard deviation on the mean value of ([Fe/H], 
[Mg/Fe]) in a bin from 200 samples is (0.0008, 0.0007) dex. 
Therefore, our results are clearly stable and insensitive to the 
bin edges. Nevertheless, we include this for completeness. 

(2) For each of the 200 samples of every star (thus each of the
200 [Fe/H]–[Mg/Fe] realizations of the chemical composition 
plane), we dissect the chemical plane into a 5 × 5 grid and
loop o v er ev ery chemical cell. This grid co v ers a range in
metallicity from −1 < [Fe/H] < 0.5, and a range in [ α/Fe]
of −0.4 < [Mg/Fe] < 0.6. For every iteration in the loop, we
only select those stars that reside within each individual cell as
our individual chemical cell samples. 

(3) Upon selecting the stars in each chemical cell (for every 
200 sample iterations of the [Fe/H]–[Mg/Fe] plane), we divide 
the populations by stellar age into seven equally spaced bins, 
ranging from 0 to 14 Gyr (each co v ering a range of 2 Gyr). The
mean age uncertainty is of the order of 2-3Gyr. Therefore, for
every sample and every chemical cell, we have seven samples 
of stars binned by age. The 200 draws of the data given
the measurement uncertainties per cell are used to determine 
the mean values along the age–abundance relations and the 
confidence around these trends. These ([Fe/H], [Mg/Fe], age) 
bins are also utilized to report the mean orbital properties across
the age–abundance relations and to select the mean abundance 
values for three age samples per cell, that we will use later for
our chemical modelling procedure. 

(ii) We subsequently examine the age–abundance relations for 
Ba/Fe] and [Eu/Fe] in each cell; [Ba/Fe] is our s -process tracer
lement, and [Eu/Fe] is our r -process tracer. In each cell, we fit a
unning mean through the age–[Ba/Fe] and age–[Eu/Fe] data. We 
se the mean and 1 − σ standard deviation around the mean, for
ach of our 200 samples, to report the o v erall mean age-abundance
rends and the 1 σ dispersion around these trends (and return the
orresponding confidence intervals). We note that the standard error 
n the mean age-abundance trends is negligible and is smaller than
he width of the mean trend. We also determine the slope of the
elation for the running mean for stars with an age between 2 and
0 Gyr, and calculate its associated uncertainty by determining the 
lope for every one of the 200 samples and determining the standard
eviation. 
(iii) We explore how the chemical signatures of stellar populations 

inned in ([Fe/H], [Mg/Fe], age) space connect to the spatial 
istribution of these stellar populations by examining the relationship 
etween the age–[Ba/Fe] gradients and the mean orbital radius of 
tars across chemical cells (Section 4.2 ). 

.2 Modelling the data with Chempy: a flexible Galactic 
hemical evolution model 

e model the observational results using flexible GCE models 
namely, Chempy: Rybizki et al. 2017 ), and use our empirical
MNRAS 513, 5477–5504 (2022) 
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ndings to constrain our theoretical understanding of the origin
ource of neutron capture elements and the chemical evolution
f the Galactic disc. Broadly speaking, Chempy (Rybizki et al.
017 ) is a flexible Galactic chemical evolution (GCE) model that
erves as a link between the parameters of a chemical evolution
odel θ (e.g. the IMF or SNIa explosion rate) together with

nderlying hyperparameters λ (e.g. a specific yield set) to the
ikelihood of observations O (such as stellar abundances) via its
odel predictions δ. Therefore, the goal of Chempy is to be able to

redict observed abundance patterns of stars throughout cosmic time
y inferring, via Bayesian inference, key GCE model parameters
y employing physically moti v ated models of star formation and
tellar evolution together with a parametrization of galactic ISM
hysics. 
In more detail, Chempy is a one-zone GCE model with seven free

arameters. Three of these are linked to stellar physics, and include
he high-mass slope of the IMF ( αIMF ), a normalization constant for
he number of SNIa explosions (log 10 (SNIa)), and a parameter for
he time delay of SNIa enrichment (log 10 ( τI a )). The remaining four
arameters are related to the interstellar medium (ISM), and include
 parameter that go v erns the star formation efficiency (log 10 (SFE),
efined as SFE = m SFR / m 

n Schmidt = 1 
ISM 

), where m SFR is the mass formed
rom a star formation rate (within a given time), and m 

n Schmidt = 1 
ISM 

is the
ass of the ISM assuming a linear Schmidt law n Schmidt = 1 infall of

as needed to sustain a certain star formation rate; but see also the
efinition given in Prantzos et al. ( 2018 ), a parameter that controls
he peak of the star formation rate (SFR peak ), the fraction of stellar
ields which outflow to the surrounding gas reservoir ( χout ), and the
nitial mass of the gas reservoir (log 10 ( f corona )). With these parameters
ontrolling the GCE model, Chempy calculates the enrichment of
he ISM through cosmic time utilizing a set of yield tables that
escribe the enrichment from three nucleosynthetic channels: SNII,
NIa, and AGB stars. Of these, the SNII and AGB yields are mass
nd metallicity dependent, and in Chempy these yields are ejected
mmediately following stellar death. Conversely, SNIa enrichment is

ass and metallicity independent, so yields are deposited into the
SM according to the Maoz, Sharon & Gal-Yam ( 2010 ) delay time
istribution. 
For an in-depth description of the intricacies of Chempy, a

omplete description of its model parameters, and the assumptions
ade in the models, we refer the reader to Rybizki et al. ( 2017 ). 
One of the main advantages of Chempy is the ability to constrain

he parameters from the GCE model using a set of observational
easurements. This is achieved by inferring the posterior distribution

f the GCE model parameters in a defined parameter space, given the
ata, using MCMC sampling [using the emcee package (Foreman-
ackey et al. 2013 )]. The MCMC implementation enables an

nitialization of a collection of w alk ers for every parameter fitted in
he model, using an e v aluated logarithmic prior value for the current
arameter configuration. Each w alk er then e v aluates the posterior at
very step of its random walk, and compares the current e v aluation
f the logarithmic likelihood with that of its previous step in order
o assess if the step has helped impro v e the fit to the data, where
he proposed step is then either accepted or rejected with some
robability. Then, keeping a record of the chemical abundances at
ach time-step, the Chempy GCE is run with these parameter values
rom t = 0 to the provided estimated time of stellar birth of the star
eing modeled. The log-likelihood is calculated using a χ2 procedure
y comparing the predicted abundances to that of the model given
he best-fitting parameters, and the posterior is computed by adding
he log-prior to the log-likelihood. 
NRAS 513, 5477–5504 (2022) 
For this work, we use Chempy to individually fit the measurements
f ([Fe/H], [Mg/Fe], [Ba/Fe], age) for 27 representative stars. To
efine these representative stars, we first construct a grid of nine
ells in the [Fe/H]–[Mg/Fe] plane, as shown in Fig. 4 . The [Fe/H]–
Mg/Fe] cells contain the majority of our disc sample, and span a
ange in [Mg/Fe] of −0.2 < [Mg/Fe] < 0, 0 < [Mg/Fe] < 0.2, and
.2 < [Mg/Fe] < 0.4, and a metallicity range of −0.7 < [Fe/H] <
0.4, −0.4 < [Fe/H] < −0.1, and −0.1 < [Fe/H] < 0.2. The [Fe/H]

nd [Mg/Fe] measurements of the representative stars are the means
f each bin. We further break this up into three age ranges, and take
he mean of each bin as the age of each representative star. These
hree bins comprise an old (i.e. 8 < age < 10 Gyr), an intermediate
i.e. 5 < age < 7 Gyr), and a young (i.e. 2 < age < 4 Gyr). We
alculate the mean [Ba/Fe] in each bin of [Fe/H], [Mg/Fe], and age.
e could have instead selected individual stars, or made bins in

our dimensions (so including [Ba/Fe]). Ho we ver, with our ordered
pproach, we (i) systematically sample the extent of the environment
ii) leverage the large sample of data and isolate regions of similar
irth environment using [Fe/H], [Mg/Fe], and age alone. For a typical
epresentative star there are between ∼50 to ∼5000 real stars that
all within the boundary limits. Within each chemical cell, there are
rom ∼200 to ∼14 000 stars. 

We highlight that because we are fitting individual Chempy models
or each representative star in ([Fe/H], [Mg/Fe], [Ba/Fe], age) space,
e are closer to the one-zone model concept. This is because our
rid of cells in ([Fe/H], [Mg/Fe], age) is intended to each isolate
ndividual birth environments. The stellar populations in these cells
an be presumed to have been born in similar regions of the Galaxy
e.g. Frankel et al. 2018 ; Minchev et al. 2018 ; Ness et al. 2019 , 2022 ).
herefore, our approach is designed not to mix populations, but to

solate populations of common birth time and radius to input to the
hemical evolution model. 

To summarize, as inputs into the Chempy model we use mean
alues of [Mg/Fe], [Fe/H], [Ba/Fe], and age, as the representative
alues of the corresponding cell, determined using the sampling
echnique described abo v e. F or the uncertainties on these values, we
tilize the mean value of the measurement errors (namely, [Mg/Fe] err ,
Fe/H] err , [Ba/Fe] err , and Age err ). The ability to fit the chemical
bundance data in small bins of ages and chemical space brings
ur methodology closer to the one-zone GCE model concept. Using
hese measurements, Chempy optimizes for four parameters of the
nvironment; type Ia progenitors, the SFR, the SFE, and the high-
ass slope of the IMF. 
Each run in Chempy is performed assuming the same initial

onditions for the ISM (see fig. 1 from Rybizki et al. 2017 for
etails), assuming a τ start = 13.5 Gyr. Thus, Chempy attempts to
atch the observed abundance data by running the GCE for a time

f τ = τ start –age. It does this by searching the parameter space to get
he most likely set of model parameters that fit the data, quantified by

inimizing a χ2 value. For each run of the Bayesian inference of the
odel parameters, we adopt the same parameter priors, limits, and

umber of w alk ers/steps. A summary of these values can be found
n Table 1 . In brief, we fit every stellar population by initializing
n MCMC routine with 20 w alk ers, and run the MCMC procedure
or 1000 steps. At the beginning of the routine, the w alk ers start
rom the default Chempy prior values, and explore a wide range
f parameter space before converging and yielding the resulting
ptimized model parameters. We find that on average, each stellar
opulation fitted converges to the resulting optimized parameter
alues after approximately 300 steps in the chain. An example of the
esulting MCMC samples for all three age bins within the chemical
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Table 1. Chempy parameter priors and limits used in this work. Each MCMC run was performed using 20 w alk ers o v er 1000 steps. 
The definitions of the parameters are taken from Rybizki et al. ( 2017 ). 

Parameter Name Definition θprior Limits Optimized 

αIMF High-mass slope of the Chabrier ( 2001 ) IMF − 2.29 ± 0.2 [ −10, 10] Yes 
log 10 (SNIa) Number of SN Ia exploding per M � over 15 Gyr − 2.75 ± 0.3 [ −10, 10] Yes 
log 10 ( τ I a ) SN Ia delay time in Gyr for Maoz et al. ( 2010 ) distribution − 0.8 ± 0.3 [ −5, −1] No 
log 10 (SFE) Star formation efficiency governing the infall and ISM gas mass − 0.3 ± 0.3 [ −10, 10] Yes 
log 10 (SFR peak ) Peak of star formation rate in Gyr 0.55 ± 0.3 [ −10, 10] Yes 
χout Fraction of stellar feedback outflowing to the corona 0.5 ± 0.2 [0, 1] No 
log 10 ( f corona ) Corona mass factor times total SFR gives initial corona mass 0.3 ± 0.3 [–∞ , ∞ ] No 

c  

s

4

4
r

T
o
c  

0  

<

[
s  

a
c
(
f
t
[
n

c  

c
a  

i  

I  

r  

a
(
d
W
a
b  

f

l  

a  

c  

b  

h  

a  

r
w
a
a  

i  

e
o

4

F  

w
t  

s
r  

a  

r
a
e  

2  

Z  

a  

G  

r  

w  

a
t

 

s  

s  

2  

(  

t  

H  

h  

m  

M
(  

h  

u

a  

a  

s  

Z  

a

a
b
a  

a  

t  

a
<  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/513/4/5477/6584862 by guest on 01 N
ovem

ber 2022
ell spanning −0.1 < [Fe/H] < 0.2 and −0.2 < [Mg/Fe] < 0 is
hown in Appendix E . 

 RESULTS  

.1 Mapping neutr on-captur e abundances in a superno v ae 
 efer ence plane 

he [Fe/H]–[Mg/Fe] is a familiar reference frame for the exploration 
f additional abundances. The grid across this plane comprises our 
hemical cells: this grid spans a range in [Fe/H] of −1 < [Fe/H] <
.5, increasing in steps of 0.3 dex, with a range in [Mg/Fe] from −0.4
 [Mg/Fe] < 0.6, increasing in 0.2 dex steps. Across the [Fe/H]–

Mg/Fe] plane, an individual chemical cell represents a group of 
tars with the same total ratio of enrichment by SNII and SNIa. The
bility to isolate stellar populations that likely formed under similar 
onditions in this manner enables the opportunity to study properties 
such as abundance–age relations and orbits) that are independent 
rom the main source production sites of the elements comprising 
he chemical abundance plane grid. For the case of the [Fe/H]–
Mg/Fe] plane, it provides the opportunity to study properties that do 
ot depend on the amount of enrichment due to SNII and SNIa. 
The mean age–[Ba/Fe] and age–[Eu/Fe] profiles in the chemical 

ell plane are shown in Figs 5 and 6 , respectively, where only cells
ontaining more than 20 stars are shown. The age-abundance trends 
re shown as a running mean of the data, and the shaded band
s the confidence on this mean (calculated as the 1 σ dispersion).
n addition, we also show the slope value obtained when fitting the
unning mean with linear regression for stars between 2 and 10 Gyr of
ge and its associated uncertainty, calculated using the running mean 
abundance, age) values and by calculating the mean of the standard 
eviation of the slope computed in the 200 iterations, respectively. 
e ensured our age–abundance relationships were not affected by 

ny unforeseen systematic effects due to trend in stellar parameters 
y checking the abundance–age profiles in a very narrow T eff , and
ound that the results remained consistent. 

Connecting the assumption of ([Fe/H], [Mg/Fe], age) being a 
ink to birth radius back to Figs 5 and 6 , this means that moving
long age within a cell, as well as at fixed age and moving between
ells, is equi v alent to looking at populations formed at a different
irth radius in the Milky W ay. W e make no quantitative assumptions
ere about the precise form of this relation (see Frankel et al. 2018
nd Minchev et al. 2018 for this), as our goal is not to infer birth
adius quantitatively. Rather, we want to isolate groups of stars that 
ere presumably born together in order to undertake an empirical 

ssessment of what the neutron-capture abundances are for stars that 
re born at the same radius (with some presumably small dispersion,
.e. at fixed ([Fe/H], [Mg/Fe], age). This is what is captured in
xamining the age–[Ba/Fe] and age–[Eu/Fe] trends in small bins 
f ([Fe/H], [Mg/Fe]). 

.1.1 The s -process element: Barium 

ocusing on the mean age–[Ba/Fe] relations that are shown in Fig. 5 ,
e see clear [Ba/Fe]–age trends in all [Fe/H]–[Mg/Fe] cells across 

he disc of the Galaxy. Here, only cells containing more than 20
tars are illustrated. For every chemical cell displaying a [Ba/Fe]–age 
elation in the grid, we observe stars across all age bins (namely, from
n age of ∼1 to ∼13 Gyr) and therefore report an age–abundance
elation in every one of these cells. We report that the young high- α
nd [Fe/H]-poor stars identified and studied previously in the Galaxy 
xist in our sample (e.g. Chiappini et al. 2015 ; Silva Aguirre et al.
018 ; Hekker & Johnson 2019 ; Miglio et al. 2021 ; Zhang et al. 2021 ;
inn et al. 2022 ). Chiappini et al. ( 2015 ) have postulated that these
re formed close to the Galactic Centre, likely close to the end of the
alactic bar. We find these stars in our sample to have a mean orbital

adius between 4 and 6 kpc (see Fig. 7 ). Ho we ver, we note that recent
ork argues that these young high- α stars are likely intrinsically old

nd have anomalous surface abundances and properties that make 
hem only appear young (Zhang et al. 2021 ). 

In a similar fashion, we also observe old low–[Mg/Fe] stars in our
ample. We note that these stars are similarly found in the APOGEE
urv e y (see Bo vy et al. 2019 ; Hasselquist et al. 2019 ; Sit & Ness
020 ) as well as in the high-fidelity Kepler asteroseismic sample
e.g. Silva Aguirre et al. 2018 ; Miglio et al. 2021 ). These stars appear
o originate from the inner Galaxy (see the [Fe/H]–[ α/Fe] plane in
ayden et al. 2015 and Eilers et al. 2021 ), and are expected to
av e mo v ed into the present-day bin via radial migration, which is
easured to be significant in the Milky Way (Frankel et al. 2018 ;
inchev et al. 2018 ) and predicted from cosmological simulations 

Yuxi et al. 2021 ). We note that if we were to exclude these young
igh- α stars, as well as the old low- α stars, our results would remain
nchanged. 
Within each cell studied, the [Ba/Fe] decreases with increasing 

ge: old stars show lower [Ba/Fe] abundances than young stars. The
mplitude of the slope of the relation is consistent with previous
tudies (Nissen 2015 ; Bedell et al. 2018 ; Sales-Silva et al. 2022 ;
inn et al. 2022 ), and has a mean value of ∼−0.05 dex Gyr −1 across
ll cells for stellar populations with an age between 2 and 10 Gyr. 

Across cells, the slope of the age–[Ba/Fe] relations changes in 
 smooth and ordered way. When comparing the [Ba/Fe] relations 
etween chemical cells at fixed [Fe/H], we see that the abundance–
ge relations undergo a slight ‘shift’ to higher [Ba/Fe] values across
ll ages with decreasing [Mg/Fe]. This can be clearly observed in
he −0.4 < [Fe/H] < −0.1 column of cells, where we find that the
ge–[Ba/Fe] relation for stellar populations in the 0.4 < [Mg/Fe] 
 0.6 is lower than the relation displayed in the −0.4 < [Mg/Fe]
MNRAS 513, 5477–5504 (2022) 
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M

Figure 5. Age–[Ba/Fe] relations for stars in the chemical cells gridded in the [Fe/H]–[Mg/Fe] plane. Here solid line is the running mean value, and shaded 
regions correspond to the 1 σ dispersion around the line. Abundance–age profiles for cells containing fewer than 20 stars are remo v ed. Also shown in each cell is 
the number of stars contained and the slope of the abundance–age relation between 2 and 10 Gyr. Across all cells, stellar populations at fixed ([Mg/Fe], [Fe/H]) 
that are younger present higher [Ba/Fe] values than their older counterparts. The numbers in the top right corner corresponding to a matrix index for each cell in 
the grid. We note that even when excluding the (contentious) young high-alpha stars from cell (1,1), and the old low alpha stars from cells (4,5) and (5,4), our 
results survive. 
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 −0.2 counterpart cell, shifted down by approximately 0.2 dex
cross all ages. We also find that on average, for fixed [Mg/Fe], the
ge–[Ba/Fe] relation slope becomes slightly flatter with increasing
Fe/H]. Here, the old populations across cells display a similar Ba
alue of [Ba/Fe] ∼ 0.15 for an age of ∼10 Gyr. Ho we ver, the young
opulations show a sharper drop in [Ba/Fe] with increasing [Fe/H].
his is clearly seen in the middle row (namely, at 0 < [Mg/Fe] <
.2), where the [Ba/Fe] abundances of stellar populations with an
ge of ∼ 2.5 Gyr drop from a value of [Ba/Fe] ∼ 0.6 at −1 < [Fe/H]
 −0.7 to a value of [Ba/Fe] ∼ 0.2 at 0.2 < [Fe/H] < 0.5. 
NRAS 513, 5477–5504 (2022) 
In addition to the clear differences between the age–[Ba/Fe]
elations (both within each individual cell and across cells), there
s a clear upturn of [Ba/Fe] at the oldest ages in most of the chemical
ells. This feature implies an an ele v ated amount of Ba almost
t the beginning of the Milky Way’s chemical evolution history,
hich is unexpected given that Ba is an s -process element primarily

ynthesized by AGB stars that have a late onset time. We note that
his upturn feature at the oldest ages has also been reported in an
nalysis of GALAH DR3 red giant data by Hayden et al. ( 2020 ) and
inn et al. ( 2022 ). Hayden et al. ( 2020 ) suggest that this upturn at the
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Figure 6. Same as Fig. 5 but now for the age–[Eu/Fe] relations. In contrast to the results from Fig. 5 , the age–[Eu/Fe] profiles are approximately flat for the majority 
of the chemical cells (with the exception of the lowest [Fe/H] and [Mg/Fe] cells, likely due to contamination from accreted populations at the oldest age bins). 
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ldest ages is due to difficulties in determining s -process elements 
or very old metal-poor stars in the high- α disc. It is possible that the
pturn in [Ba/Fe] at the oldest ages could be due to underlying effects
n the determination of Ba for very old red giant stars. Ho we ver, we
nd that this upturn in [Ba/Fe] at old ages is present in almost all

he chemical cells studied, not just in the metal-poor and [ α/Fe]
nhanced cells. Given this striking result, we hypothesize another 
ossible explanation to explain this sharp feature. We speculate that 
he clear upturn in [Ba/Fe] at old ages in Fig. 5 could be due to
he contribution of AGB winds (namely, the main nucleosynthetic 
rocess of Ba) having a more delayed onset when compared to SNIa
nd SNII. In this scenario, the primordial [Ba/Fe] at the oldest ages
s decreased by the Fe contribution of SNIa, which has a slightly
arlier onset time than the contribution from AGB winds. This 
ould lead to a decrease in the [Ba/Fe] value at the oldest ages
ithin a window of [Fe/H], as observed in Fig. 5 . The decrease

n [Ba/Fe] would then last for the time frame between the onset
f SNIa and AGB winds. After this, Ba begins to be synthesised
n the winds of low/intermediate AGB stars, leading to an increase
n [Ba/Fe] towards younger ages as observed in our [Ba/Fe]–age 
rofiles. While this scenario is speculative, it is possible to reconcile
he trends observed in Fig. 5 under this hypothesis. Moreo v er, recent
heoretical results predict such a behaviour in the evolution of [Ba/Fe] 
t the oldest ages (Kobayashi et al. 2020a ), reinforcing the notion
hat this feature is likely physical. Furthermore, we also speculate 
hat the reason for this abrupt upturn in [Ba/Fe] at the oldest ages
MNRAS 513, 5477–5504 (2022) 
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Figure 7. Same as Fig. 5 , but now colour coded by mean orbital radius. It is evident that the mean orbital radius of a stellar population directly affects the 
number of contributions a stellar population receives from the winds of low/intermediate-mass AGB stars (namely, the amount of Ba). 
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cross all cells may indicate that the oldest disc stars (age > 10 Gyr)
ay not have formed with the same radius–[Fe/H] gradients as the

est of the disc (Sales-Silva et al. 2022 ). 
In any case, we note that such features do not affect our modelling

rocedure when fitting the data with the Chempy GCE model (see
ection 5 ) as we choose to only utilize [Ba/Fe] and age measurements
or stars with ages between 2 and 10 Gyr in our analysis. Thus, we
uggest that this unexpected upturn at the oldest ages should be
urther investigated in future studies. 
NRAS 513, 5477–5504 (2022) 
The age–[Ba/Fe] gradients in Fig. 5 indicate that the Ba nucle-
synthetic sources yield different amounts of [Ba/Fe] at different
imes, at fixed SN contributions (which provide the majority of

g and Fe abundances). This is not unexpected, as Ba is primarily
ynthesized via the accretion of stellar winds from low-/intermediate-
ass asymptotic giant branch (AGB) stars (e.g. Sneden et al. 2008 ;
arakas & Lugaro 2016 ; Escorza et al. 2020 ; Kobayashi et al. 2020a ).
herefore, the genesis of this element is primarily independent of SN
ontributions. 
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In Appendix B , we also show the scatter around the mean age–
bundance relations σ [Ba/Fe] –age relations for every [Fe/H]–[Mg/Fe] 
hemical cell in Fig. B1 . Our results show that the mean σ [Ba/Fe] –
ge relations are predominantly flat across all chemical cells. The 
mplitude of this scatter and its (lack of) variance o v er age is
resumably a constraint on to the chemical evolution history of the 
alaxy disc: whatever sets the amplitude of the slope as well as the

catter around it is fairly insensitive to stellar age. 

.1.2 The r -process element: Europium 

ollowing our detailed inspection of the age–[Ba/Fe] profiles, we 
ow draw the reader’s attention to Fig. 6 , where we show the
Eu/Fe]–age relations for disc populations in the same [Fe/H]–
Mg/Fe] chemical cells grid from Fig. 5 . The [Eu/Fe]–age relations 
how an almost flat profile across all chemical cells, that can be
uantified given the small slope value determined across all cells 
tudied (namely, of ∼0.004). Note there are some small variations 
or old ages at the lowest [Fe/H] (and [Mg/Fe]) cells, possibly caused
y the contamination of the most metal-rich populations belonging 
o the accreted debris from the Gaia -Enceladus/Sausage accretion 
v ent (Belokuro v et al. 2018 ; Haywood et al. 2018 ; Helmi et al.
018 ; Mackereth et al. 2019a ), which has been recently shown to host
tellar populations with enhanced r -process elements (e.g. Aguado 
t al. 2021 ; Matsuno et al. 2021 ), or other accreted populations
ecently disco v ered (e.g. Myeong et al. 2019 ; Horta et al. 2021 ).
he completely different profile of [Eu/Fe] compared to [Ba/Fe] 

s indicative that these two elements are synthesized in different 
ays. This result is somewhat not unexpected, as Eu is an r -process
eutron capture element, whereas Ba is an s -process element. The 
at [Eu/Fe]–age relations across all chemical cells from Fig. 6 
uggests that Eu must be synthesized similarly to Mg and/or Fe via
he detonation of SNII/SNIa, for the disc population. This result 
orroborates the hypothesized origin source of Eu in exploding 
assive stars (Kobayashi et al. 2020a ). 
Fig. 6 shows that while the age–[Eu/Fe] relations are flat, they 

ary in amplitude at fixed [Mg/Fe], across [Fe/H]. The overall 
Eu/Fe] abundance shifts to lower values across all ages in a cell
ith increasing [Fe/H]. This can be clearly seen by focusing on the
.2 < [Mg/Fe] < 0.4 row, where we find that the [Eu/Fe] values
cross all ages in the −1 < [Fe/H] < −0.7 cell have [Eu/Fe] ∼ 0.3.
his is approximately ∼0.3 dex higher than the [Eu/Fe] ∼ 0 value 

n the 0.2 < [Fe/H] < 0.5 cell, despite these displaying an almost
dentical flat [Eu/Fe]–age profile. We postulate that the reason for 
his observed behaviour is due to Eu having no strong dependence 
n SNIa contributions. This would imply that with increasing [Fe/H] 
he ratio of [Eu/Fe] gets diluted (although at a different rate to which
Fe/H] increases, as there will still be Eu being produced, in different
mounts), making the o v erall [Eu/Fe] abundance value drop equally 
cross all ages, as is observed in Fig. 6 . Conversely, we find that
Eu/Fe] varies − at fixed [Fe/H] – with [Mg/Fe]. For example, at 
0.7 < [Fe/H] < −0.4, the mean value of [Eu/Fe] drops from ∼0.3

t 0.2 < [Mg/Fe] < 0.4 to ∼0.1 for 0 < [Mg/Fe] < 0.2. We speculate
his is likely due to the exploding massive star origin source, from
hich Mg is also primarily produced. 
In an identical fashion to Fig. B1 , we show the scatter in the

ge–[Eu/Fe] relations in Fig. B2 in Appendix B . 

.2 Orbital properties across the grid of age–[Ba/Fe] relations 

e hav e e xamined the [Ba/Fe] and [Eu/Fe] abundances with age
cross the [Fe/H]–[Mg/Fe] plane. To explore the empirical relations 
etween the chemical to the structural architecture of the disc we
xamine the [Ba/Fe] relations, for which we see gradients with age
ithin cells, as a function of mean orbital radius. Fig. 7 shows

he same age–[Ba/Fe] abundance profiles for the [Fe/H]–[Mg/Fe] 
hemical cells presented in Fig. 5 , but now colour coded by their
ean orbital radius value. This is defined as the sum of the pericentric

nd apocentric distances divided by two, namely, ( R apo + R peri )/2.
t is evident from Fig. 7 that there are remarkable gradients in the
ean orbital radius across the [Fe/H]–[Mg/Fe] plane (i.e. also see 
ayden et al. 2015 ), and, within some cells, along the age–[Ba/Fe]

elations. The structure that we see here is an integration of the birth
ocation of the stars and their migration (and vertical heating) o v er
ime (e.g. Ness et al. 2019 ; Buck 2020 ; Yuxi et al. 2021 ). We find
ooking across the plane, that stellar populations of a given age and
Fe/H] decrease in mean orbital radius with increasing [Mg/Fe]. For 
hemical cells with [Mg/Fe] > 0.2, [Fe/H] and [Mg/Fe] alone are
ndicative of the present day guiding radius. However, in some cells,
ith [Mg/Fe] < 0.2 and −0.7 > [Fe/H] > 0.2, the Ba abundance and

ge are correlated with the mean guiding radius; younger and more
Ba/Fe]-rich stellar populations typically have larger orbital radius 
alues than their older counterparts (see Fig. C1 in the Appendix C
or further details). 

 C H E M I C A L  E VO L U T I O N  M O D E L L I N G  O F  

H E  AG E–[BA/FE]  R E L AT I O N S  AC RO SS  T H E  

ISC  

o far, we have studied the empirical age–[Ba/Fe] and age–[Eu/Fe] 
elations of Galactic disc populations in different [Fe/H]–[Mg/Fe] 
hemical cells. Empirically, we see in Figs 5 and 6 , that across
he chemical grid of ([Fe/H], [Mg/Fe]), when we examine the age–
Ba/Fe] and age–[Eu/Fe] relations, the slope and/or amplitude of 
hese relations changes with both [Fe/H] and [Mg/Fe]. From the 
ono-abundance plane of Bovy et al. ( 2012a ) showing the different

cale-lengths and heights for stars in the Galactic disc as a function of
heir ([Fe/H]–[Mg/Fe]) cell, as well as our own work which shows the 
ge–abundance relations changing at different locations in [Fe/H], 
Mg/Fe] (see also Ness et al. 2019 and Yuxi et al. 2021 ) we believe
hat it is a reasonable and sound assumption that a cell (or small bin)
n ([Fe/H], [Mg/Fe], age) isolates a population of stars that likely
ere born together at a particular radius and time in the Milky Way
isc. In more detail, we see from Figs 5 and 6 that the age–[Ba/Fe]
elations flatten in slope with increasing [Fe/H] across chemical cells 
f fixed [Mg/Fe], and increase in amplitude with [Mg/Fe] across 
ells with fixed [Fe/H]. Conversely, abundance gradients across age 
ithin chemical cells are not observed in the [Eu/Fe]–age profiles. 
oreo v er, in Fig. 7 , we have seen that for some of the chemical

ells, the [Ba/Fe]–age profiles also have a noticeable relation with 
rbital radius. In cells with [Mg/Fe] < 0.2, the younger populations
f a given chemical cell typically have higher mean orbital radii
alues when compared to their older counterparts (see also Fig. C1 in
ppendix C ). For example, in the cell containing stellar populations

o v ering 0 < [Mg/Fe] < 0.2 and −0.7 < [Fe/H] < −0.4, we see that
he oldest populations show a [Ba/Fe] ∼ 0 and an orbital radius of
 R apo + R peri )/2–7 kpc. The youngest populations show a [Ba/Fe]

0.65 and a ( R apo + R peri )/2–9.5 kpc. Conversely, for chemical
ells with [Mg/Fe] > 0.2, we find that these orbital radius–[Ba/Fe]
elations are flat. 

In light of all these results, and under the assumption that Ba
s primarily released in the winds of low-/intermediate-mass AGB 

tars, we reason that the variation in the [Ba/Fe] abundance with age
ithin and between the [Fe/H]–[Mg/Fe] chemical cells is likely due 
MNRAS 513, 5477–5504 (2022) 
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Figure 8. Observed (predicted) chemical abundances in black (yellow) for 
the chemical cell with −0.1 < [Fe/H] < 0.2 and −0.2 < [Mg/Fe] < 0 (i.e. cell 
(4, 4)) in the old (top), intermediate (middle), and young (bottom) age bins 
used (where the uncertainty is the mean error in age for such populations). 
The predicted abundances outputted from modelling the data in Chempy 
agree well with the chemical abundance measurements from GALAH DR3 
when considering all four parameters we vary as independent. Conversely, 
when fitting the same abundances in the same cell under a fixed IMF (with 
αIMF = −2.29, shown in red), Chempy is unable to predict abundances that 
match the observations. 
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o a difference in the total number of low-/intermediate-mass AGB
tars, that contribute s -process (Ba) to the ISM. This enrichment in
a is a function of stellar age, but is also a function of birth radius
cross the disc, given that we see the [Ba/Fe]–age relations change
or different [Fe/H]–[Mg/Fe] cells. Stars of different ages have either
ifferent formation pathways or form in different environments at a
ifferent time from different gas. This enables the same ([Fe/H],
Mg/Fe]) but different [Ba/Fe] values to be reached. 

As highlighted by Ting & Weinberg ( 2022 ), there is a marginal
mount of additional information in individual abundances [X/Fe]
t fixed ([Fe/H], [Mg/Fe]). The marginal additional information
rovided by additional chemical abundances potentially are a key
arker or discriminator of the environment in which a stellar

opulation in born in the Galaxy. Here, we access this marginal
ut key information in using the corresponding [Ba/Fe] abundance at
xed ([Fe/H], [Mg/Fe], age) to examine what GCE model parameters
re consistent with each of the different points in the chemical-age
yperplane. As we are utilizing [Fe/H], [Mg/Fe], and [Ba/Fe] as our
nput abundances (as well as age) for stellar populations contained
ithin different [Fe/H]–[Mg/Fe] cells, we are able to tap into the
ucleosynthetic sources of SNIa, SNII, and AGB across different
irth times and radii in the Galaxy. Thus, we analyse the full range
f the ([Fe/H], [Mg/Fe], age) plane of the Milky Way disc. 
To interpret the empirical data we use the flexible evolution code

hempy (Rybizki et al. 2017 ; see Section 3.2 for further details).
n brief, Chempy is a Bayesian approach to infer the posterior
istribution of the GCE model parameters in a defined space given
he data using an MCMC procedure. Using Chempy, we determine
f we can fit the observed joint [Ba/Fe], [Fe/H], and [Mg/Fe] element
bundances, as well as age, by allowing the GCE model parameters
o vary. We note that as the r -process nucleosynthesis channel
s not included in the current Chempy models, we are unable to
odel the [Eu/Fe]–age profiles. Of the set of Chempy’s GCE model

arameters, we explore and optimize the following: the high-mass
lope of the IMF ( αIMF ), the normalization constant for the number
f SNIa explosions (log 10 (SNIa)), the star formation efficiency
log 10 (SFE)), and the peak in the star formation rate (log 10 (SFR peak )).
he parameters we chose to exclude from the optimization routine
re the time delay of SNIa enrichment (log 10 ( τ I a )), the fraction
f stellar yields which outflow to the surrounding gas reservoir
 χout ), and the initial gas reservoir (log 10 ( f corona )). As discussed
n Blancato et al. ( 2019 ), the three non-fitted parameters (namely,
og 10 ( τ I a ), χout , and log 10 ( f corona )) have been shown to be relatively
ninformative. Additionally, as described in Rybizki et al. ( 2017 ),
bservational constraints on these three parameters are less certain.
herefore, for this work we do not attempt to constrain these GCE
odel parameters during the MCMC routine (namely, log 10 ( τ I a ),
out , and log 10 ( f corona )), and instead adopt the default prior values
nd associated errors from Rybizki et al. ( 2017 ) as our posterior
arameter values and uncertainties. 
Utilizing the mean ([Fe/H], [Mg/Fe], [Ba/Fe], age) values

or stellar populations binned in ([Fe/H], [Mg/Fe], age) space
s a representative star, we model the mean abundance data
cross nine [Fe/H]–[Mg/Fe] cells (see Fig. 4 ) and three different
old/intermediate/young) ages, for which the majority of our data is
ontained. We choose to model three independent ages within each
ell because we suggest this is a better representation of a single
one GCE model, as stars formed at a particular interval of time will
ave undergone less gas and stellar population mixing o v er time.
he nine cells that we model span a range in the α-Fe plane of
0.7 < [Fe/H] < 0.2 to −0.2 < [Mg/Fe] < 0.4. The uncertainties

n the [Mg/Fe], [Fe/H], and [Ba/Fe] abundances, as well as the age
NRAS 513, 5477–5504 (2022) 
alues, are inputted by utilizing the mean error for stars in that
ell, computed as the mean on the uncertainty of the measurement
s reported by the GALAH catalogue. For the mean values, we
tilize the method described in Section 3 to determine the mean
Mg/Fe], [Fe/H], [Ba/Fe], and age values, taking into account the
ncertainties in the measurements by sampling the errors 200 times
nder a Gaussian distribution. 

.1 Model inferences 

or each run of the fitting procedure, Chempy delivers the best-fitting
CE model parameters as well as the goodness of fit of the Chempy
odel to the data given these optimized GCE model parameters.
ig. 8 shows some example predictions of the elemental abundances
utputted from Chempy given the best-fitting posterior GCE model
arameters. In Fig. 8 , the observed mean and mean error of the
hemical abundances from GALAH DR3 are illustrated in black
nd the predicted abundances outputted from Chempy are shown in
ellow, for stars in the chemical cell defined by −0.1 < [Fe/H] <
.2 and −0.2 < [Mg/Fe] < 0 (the same cell for which we show
he posterior sample distributions in Appendix E ). The top panel of
ig. 8 shows those observed/predicted abundances for stars in the old
ge bin (i.e. 8 < age < 10 Gyr), the middle panel shows the results

art/stac953_f8.eps


Neutron-capture elements in the Galactic disc 5489 

Figure 9. [Fe/H]–[Mg/Fe] distribution of the young (top), intermediate (middle), and old (bottom) disc sample. Overplotted as dashed black lines are the 9 
cells we model from the 5 × 5 chemical cell grid, each of which display the resulting αIMF , log 10 (SNIa), log 10 (SFE), and log 10 (SFR peak ) values outputted from 

the Chempy model fits. As can be seen, the model parameters vary across [Fe/H], [Mg/Fe], and age. 
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or the intermediate age bin (i.e. 5 < age < 7 Gyr), and the bottom
anel shows those in the young age bin (i.e. 2 < age < 4 Gyr). 

It is evident that for this chemical cell Chempy is able to accurately
etermine and optimize the best fitting GCE model parameters to best 
eproduce the set of observed chemical abundances, suggestive that 
he model is able to fit the data. We find that Chempy’s generated
bundance model and GCE model parameter optimization is a good 
t to the data for the majority of the chemical cells we model. We

ypically find agreement between the observed/predicted abundances 
ithin the 1 σ uncertainties. Ho we ver, we do note that for some

ells and age bins, the models are unable to match the observed
bundance of [Ba/Fe] by ∼0.1 dex. This is suggestive that more 
ntricate nucleosynthetic prescriptions are required by the Chempy 
odel in order to explain the observed [Ba/Fe] chemical abundance. 

n order to quantify how well different [Fe/H] and [Mg/Fe] cells are
ble to model the data, we compute the RMS value of the differences
etween the observed and predicted abundances for every cell in 
ig. D1 in Appendix D . 
To validate that we do not obtain similarly good fits when we fix

he Chempy parameters, we show in Fig. 8 the predicted abundances 
utputted from fitting the observed ([Fe/H], [Mg/Fe], [Ba/Fe], age) 
ata within the same chemical cells, adopting a fixed value of the
igh-mass slope of the IMF ( αIMF = −2.29). It is evident that
he Chempy model is unable to fit and optimize the GCE model
arameters as well when fixing the αIMF parameter, indicating that 
he Chempy model requires this parameter to vary in order to match
he observed chemical abundances. 

.2 Chempy’s GCE model parameters 

roceeding from our comparison between the observed chemical 
bundances from GALAH with those predicted from the Chempy 
odels, we now turn our attention towards analysing the resulting 

osterior distribution values of the GCE model parameters we fit. We 
ecall that we have modelled an old, intermediate, and young sample
f stellar populations in nine different chemical cells, yielding a total
f 27 posterior distribution values of the model parameters fitted 
namely, the αIMF , log 10 (SNIa), log 10 (SFE), and log 10 (SFR peak )). 

We summarize the Chempy parameter outputs in the chemical 
lane in Fig. 9 . This is a striking summary of the variation of each
arameter across the chemical plane. There are gradients in each 
arameter at fixed age − across [Fe/H] and [Mg/Fe] –, and across
ge, at fixed ([Fe/H], [Mg/Fe]). 

.3 Chempy’s galactic parameters and correlations with stellar 
bundances and ages 

o interpret the variations in the GCE model parameters seen in the
aps of Fig. 9 , we explore the correlations between these parameters

nd [Fe/H], [Mg/Fe], and age. Fig. 10 shows how the resulting
osterior values for the GCE model parameters fitted in Chempy for
ifferent chemical cells vary systematically with [Fe/H], [Mg/Fe], 
nd age. The size of the circle marker in Fig. 10 indicates the age of
he sample being illustrated, as noted in the legend. Here, each point
s coloured by the median [Mg/Fe] abundance ratio of their respective
hemical cell, as marked by the colour bar. We note that the [Fe/H]
alues displayed are not the true mean values of the chemical cells,
ut are the median values within the [Fe/H] range of those cells, to
llow for easier data visualization. Fig. 11 shows the same relation
ut now as a function of [Mg/Fe] and colour coded by [Fe/H]. 

Together, Figs 10 and 11 are demonstrative of the ordered change
n some of the underlying GCE model parameters that are consistent
ith the data in a one-zone model framework. Focusing in more detail 
n each model parameter independently, we report the following: 

(i) For the αIMF parameter, we find an interesting difference when 
xamining how the αIMF slope value varies around [Mg/Fe]. For 
ifferent [Mg/Fe], we see that the high-mass end of the IMF slope
hanges significantly at fixed age and [Fe/H]. We note that this
MNRAS 513, 5477–5504 (2022) 
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M

Figure 10. Mean posterior parameter values determined from running the flexible GCE model from Chempy on the stellar populations selected from the nine 
chemical cells studied as a function of [Fe/H], colour coded by [Mg/Fe], and classified by age as demarked by the legend. We note here that the [Fe/H] value is 
an approximate value of the mean [Fe/H] for the stellar population plotted (for illustrative purposes). It is evident that the model parameters vary across [Fe/H], 
[Mg/Fe], and age. The mean error bars inferred on each model parameter are indicated in the bottom corner of each panel. See text for further details. 

Figure 11. The same as Fig. 10 , but now as a function of [Mg/Fe] and colour coded by [Fe/H]. The [Mg/Fe] value is an approximate value of the mean [Mg/Fe] 
for the stellar population plotted (for illustrative purposes). 
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ifference is strikingly large, ranging from a value of αIMF ∼ −2.7
t the most [Mg/Fe]-poor cell to a value of αIMF ∼ −2.2 at the
ost [Mg/Fe]-rich one (for an age of ∼3 Gyr and [Fe/H] ∼ −0.6).
e also find that the variation of αIMF as a function of [Mg/Fe] is

teeper for the most [Fe/H]-poor cells, where the difference at fixed
ge can range up to ∼0.6. Conversely, for the most [Fe/H]-rich cells,
his difference is much smaller, of the order of ∼0.3. Furthermore,
hen pivoting around age at fixed [Fe/H] and [Mg/Fe], we find that

he older populations display o v erall a higher αIMF value than their
ounger counterparts. Here, the older populations have, on average,
n ∼0.1 higher value than younger populations of the same [Fe/H]
nd [Mg/Fe]. In a similar vein, we also see a positive correlation
f αIMF slope with [Fe/H] across chemical cells with [Mg/Fe] <
.2, where those cells that contain the most metal-poor populations
ave a more bottom-heavy IMF for fixed age and [Mg/Fe] than
ore metal-rich counterparts. Conversely, we find that for the most

Mg/Fe]-rich cells (namely, [Mg/Fe] > 0.2), this positive slope turns
nto a ne gativ e one with decreasing [Fe/H] and fixed age. At this
Mg/Fe] value, the most [Fe/H]-poor cell displays αIMF ∼ −2 and
he most [Fe/H]-rich a value of αIMF ∼ −2.2. However, within the
ncertainties, the differences in the αIMF with [Fe/H] are negligible
or the intermediate [Mg/Fe] cells. In a similar vein, we also note that
he mean of the values obtained for the exponent of the high-mass
lope of the IMF, across the cells, is consistent with Chabrier ( 2003 )
 αIMF, Chabrier = −2.3 ± 0.3) and Salpeter ( 1955 ) ( αIMF, Salpeter = −2.3).
n summary, we find that at fixed age and [Fe/H], chemical cells with
NRAS 513, 5477–5504 (2022) 
igher [Mg/Fe] have a more top-heavy IMF than their lower [Mg/Fe]
iblings (in terms of the high-mass end of the IMF slope). We find that
ithin the uncertainties, the αIMF parameter does not vary with [Fe/H]

for fixed [Mg/Fe] and age) and age (for fixed [Fe/H] and [Mg/Fe]). 
(ii) For the log 10 (SNIa) parameter, we find that, within the uncer-

ainties, it has no dependence on [Fe/H] or [Mg/Fe]. Ho we ver, we
o find that it depends on age. At fixed [Mg/Fe] and [Fe/H], we find
hat older stellar populations have a higher contribution of SNIa than
heir younger counterparts. This is likely due to the delayed onset of
NIa. 
(iii) When examining the values of the log 10 (SFE) parameter, we

ee that this parameter depends strongly on [Fe/H] and negligibly
n [Mg/Fe] and/or age. We find that stellar populations of the same
ge and [Mg/Fe] in more metal-poor cells display lower SFE values
han their metal-rich counterparts, although we note that within the
ncertainties, this relation becomes much weaker. Furthermore, for
 given chemical cell, intermediate populations require the lowest
FE value and older populations require the highest. 
(iv) For the log 10 (SFR peak ) parameter, we report that more [Fe/H]-

oor populations are fit on average by a model with a higher peak star
ormation rate than the [Fe/H]-rich counterparts. At fixed [Fe/H] and
ge, higher [Mg/Fe] populations have higher log 10 (SFR peak ). Within
 chemical cell, younger populations have higher log 10 (SFR peak )
arameter v alues. Ho we ver, we find that the uncertainty on the
alues of this model parameter are too large to make any conclusive
tatements. 
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Figure 12. The same values from Fig. 10 , but now as a function of mean orbital radius and colour coded by mean [Mg/Fe]. There is a clear link between the 
mean posterior values of the model parameters and the mean orbital radius of a stellar population. See main body of text for more details. 
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.4 Chempy’s GCE model parameters and correlations with 

tellar orbits 

e have seen clear correlations between the GCE model parameter 
alues and [Fe/H], [Mg/Fe], and age. This result calls for the 
xploration of these relations in more detail in terms of the orbital
roperties of the stars. We use the orbital radius 2 and mean vertical
eight abo v e the Galactic disc (i.e. z max ) for old/intermediate/young
tellar populations in each chemical cell, in order to examine if
he posterior values of the GCE model parameters fitted vary with 
verage position in the Galaxy. We note that the orbital radius
uantities were calculated utilizing the same sampling chemical cells 
ethod used to determine the [Ba/Fe]–age relation values (i.e. by 

ampling 200 times the [Fe/H]–[Mg/Fe] plane and determining the 
ean for every cell and age bin). 
Fig. 12 shows the same results from Fig. 10 but with respect to the

rbital radius for old/intermediate/young stars in every chemical cell. 
imilarly to when examining the resulting posterior GCE parameter 
alues with respect to ([Fe/H], [Mg/Fe], age), we find correlations 
etween each model parameter and 〈 ( R apo + R peri )/2 〉 , where it is
he αIMF parameter that shows the strongest correlation. These are 
ar less structured in orbital space compared to the trends with the
Fe/H], [Mg/Fe], and age, with the notable exception of the αIMF 

arameter. 
Fig. 12 shows that for stars of a given age and [Mg/Fe], those

opulations with larger orbital radius values (i.e. further away from 

he Galactic centre and up to ∼10 kpc) show a more bottom-heavy
IMF value ( ∼−2.7) than those stellar populations closer to the inner 
alaxy ( ∼7 kpc and αIMF ∼ −2.1). This result is also observed as
 trend with [Mg/Fe], where more [Mg/Fe]-rich populations present 
 more top-heavy αIMF value than their lower [Mg/Fe] counterparts. 
urthermore, the scatter around the mean trend is consistent with the 
ize of the error bar on the IMF parameter, indicative of the tightness
f this relation. This finding is suggestive of a possible spatially 
radially) varying high-mass slope of the IMF in the Milky Way. 
long those lines, for fixed age and [Fe/H], those stellar populations 

hat orbit closer to the Galactic centre on average endure a higher
umber of SNIa contributions than stellar populations at larger mean 
alactocentric distances. With regards to the SFE value, we find no 

lear relation between ( R apo + R peri )/2, [Mg/Fe], and age. We find that
tellar populations at fixed orbital radii show a range in SFE across all
 Computed as ( R apo + R peri )/2, where R apo and R peri correspond to the 
pogalacticon and perigalacticon values of each stars orbit, respectively. 

g
r
t
t

ges, for which the scatter becomes smaller at larger orbital radii. In
erms of the peak of the star formation rate, we find that on average,
tellar populations that are older have lower log 10 (SFR peak ) values
han their younger, irrespective of [Mg/Fe]. However, we note that 
or this model parameter, the uncertainties are too large to make any
uantitative conclusion. 
In summary, in this Section we have set out to model our

bservational measurements of [Fe/H], [Mg/Fe], [Ba/Fe] for old, 
ntermediate, and young stellar populations in nine different chemical 
ells ranging in [Fe/H] and [Mg/Fe]. In doing so, we have been
ble to estimate the best-fitting posterior distribution values for key 
arameters go v erning the Chempy GCE model, those being the
igh-mass slope of the IMF [ αIMF , the number of SNIa explosions
log 10 (SNIa)], the SFE (log 10 (SFE)), and the peak in the SFR
log 10 (SFR peak )), as well as study their relation with respect to
Fe/H], [Mg/Fe], age, and (average) position in the Galaxy. The 
esults presented in this Section, which show a smooth variation of
ome of the Chempy GCE model parameters with age, chemical 
ompositions, and average orbital radii, suggest that the chemical 
volution of the Galaxy can be described by GCE model parameters
hat change systematically with birth place and time. In the next
ection, we will frame our findings in the context of current work,
nd discuss the implications of our results with respect to our current
nderstanding of the formation of the Milky Way. 

 DI SCUSSI ON  

.1 Age–abundance profiles of neutron capture elements in the 
alactic disc 

cross the well studied [Fe/H]–[ α/Fe] plane, chemical cells [or 
mono-abundance populations (MAPS)’ (e.g. Bovy et al. 2012a , b ;

artig et al. 2016 ; Mackereth et al. 2017 , 2019b )] have set a new
ourse for exploration in many avenues of Galactic archeology. The 
bility to select stellar populations with the same number of SNII
nd SNIa contributions is also, ho we ver, of particular utility from a
ucleosynthetic standpoint to study chemical elements synthesized 
n independent processes. In this paper, we use chemical cells to
tudy the age–abundance relations of the s - and r -process neutron
apture elements, of [Ba/Fe] and [Eu/Fe], respectively, across a 
rid in [Fe/H]–[Mg/Fe] space. Within cells, this illuminates the 
elationship between SNII/SNIa and neutron capture yields o v er 
ime. Between cells, the age–abundance profiles are an imprint of 
he architectural assembly of the galaxy, as ([Fe/H], [Mg/Fe], age) 
MNRAS 513, 5477–5504 (2022) 
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re a direct link to birth radius (e.g. Frankel et al. 2018 ; Minchev
t al. 2018 ; Ness et al. 2019 ), thus linking the neutron capture
nd SNII/SNIa nucleosynthetic sources o v er space and time in the
alaxy. 
Section 4 maps the age–abundance relations for [Ba/Fe] and

Eu/Fe], across the [Fe/H]–[ α/Fe] plane. The o v erall mean relations
etween age–[Ba/Fe] and age–[Eu/Fe] reported in this study broadly
atch that from previous work focusing both on stellar populations

n the field (e.g. da Silva et al. 2012 ; Reddy & Lambert 2015 ; Nissen
016 ; Nissen et al. 2017 ; Bedell et al. 2018 ; Hayden et al. 2020 ; Grif-
th et al. 2021a ; Zinn et al. 2022 ) and in open/globular clusters (e.g.
’Orazi et al. 2009 ; Maiorca et al. 2011 ; Magrini et al. 2018 ). These

uggest that younger stellar populations manifest on average higher
ontributions from the s -process nucleosynthetic channel (although
ossibly not in the same amounts for different s -process elements,
ee D’Orazi, De Silva & Melo 2017 and Reddy & Lambert 2017 ). 

In stepping through individual chemical cells, we see remarkably
tructured age–[Ba/Fe] relations, that vary neatly across in slope and
mplitude. The age–[Ba/Fe] relations show a ne gativ e slope across
ll cells for stars younger than 10 Gyr, of approximately ∼ −0.05
ex Gyr −1 (i.e. in agreement with previous work e.g. Bedell et al.
018 ). Conversely, for the oldest ages ( > 10 Gyr) we see an increase
n the [Ba/Fe] value. This could be due to either or the combination
f tw o f actors: (i) the difference in the onset of AGB-wind and SNIa
ontributions, leading to a high primordial Ba that decreases with Fe
roduction until onset of AGB-winds; (ii) an issue in the GALAH
Ba/Fe] determination for the oldest RGB stars (see Hayden et al.
020 for a discussion). We see that the abundance ratio between the
 -process element Eu, and the iron-peak element Fe, is constant with
ge within each of our chemical cells. Ho we ver, the mean [Eu/Fe]
alue changes primarily as a function of [Mg/Fe], but also to some
xtent in [Fe/H]. 

Furthermore, we note that the high enhancement in [Ba/Fe]
t young ages has been argued to be an artefact of the LTE
pproximation in making the [Ba/Fe] measurement (see Reddy &
ambert 2017 ). Ho we ver, other s -process elements (e.g. Ce, La)
ho w qualitati vely similar gradients, albeit reaching lo wer o v erall
nhancements at young ages, with correspondingly flatter gradients
Bedell et al. 2018 ; Baratella et al. 2021 ). This is indicative of
 chemical enrichment mechanism that decreases the s -process
bundances with respect to iron o v er time (also see Banerjee, Qian &
eger 2018 ; Prantzos et al. 2018 ). 
The correlations between spatial location and the resulting [Fe/H]-

 α/Fe] abundances of stars in the Galactic disc have emerged in the
ast few decades thanks to the large number of spectroscopic studies
e.g. Bensby et al. 2014 ; Hayden et al. 2015 ; Bovy et al. 2016 ;

ackereth et al. 2017 ). Stars with higher [ α/Fe] are concentrated to
he inner regions of the Galaxy, at larger heights from the plane, and
tars with lower [ α/Fe] to the outer Galaxy, and nearer to the mid-
lane. Furthermore, there is an o v erall decreasing mean [Fe/H] with
alactic radius. Our finding on the different age–[Ba/Fe] relations
bserved for different stellar populations in the Galactic disc selected
n chemical cells of [Fe/H] and [Mg/Fe] is presumably a chemical
ignature of the relationship between the orbital architecture of disc
tars and their birth place in the Galaxy (given that [Fe/H], [Mg/Fe],
nd age link to birth radius). In Section 4.2 , we see that within
ome chemical cells, there is a gradient of mean orbital radius
long the age–[Ba/Fe] relations. Moreo v er, across the chemical cells
tudied, there is a gradient of mean orbital radius at fixed age with
Fe/H] and [Mg/Fe]. It is non-trivial to interpret these results; they
nvolve correlations across multiple dimensions of (Fe, Mg, Ba, and
ge) and the orbital radius values are subject to change o v er time
NRAS 513, 5477–5504 (2022) 
ue to radial migration (e.g. Minchev et al. 2018 ; Frankel et al.
018 , 2019 , 2020 ). Qualitatively, however, we can consider that
rom a nucleosynthetic standpoint, the higher [Ba/Fe] abundances
t lower ages for stars at fixed ([Fe/H]–[Mg/Fe]) are not directly
o v erned by the total number of SN contributions. Presumably, the
Ba/Fe] abundances within cells are a direct consequence of where
hose stellar populations are positioned (and, moreo v er, born) in
he Galactic disc. Thus, at each fixed [Fe/H]–[Mg/Fe] and age bin,
e have a group of stars born at a particular time, and place – as

nformed by their [Ba/Fe] abundance. The present-day correlations
hat we observe with orbital radius, and the smooth variation of the
orrelations across the [Fe/H]–[Mg/Fe] plane, indicate the assembly
f the disc was ordered. Furthermore, under the assumption of
etallicity dependent Ba yields, at fixed [Fe/H], the nucleosyntheic

onsequences are striking in that our results suggest that different
egions of the Galactic disc host a different total number of low-
intermediate-mass AGB stars (at fixed SNII/SNIa contributions and
ge). The correlations we measure indicate fewer low-/intermediate-
ass AGB stars in the inner regions of the Galactic disc, and a higher

atio in the outer re gions. Quantitativ ely, we can use GCE modelling
o reduce these variables to a set of underlying model parameters that
escribe the chemical evolution of the Galaxy. 
We note that recent work (e.g. Zhang et al. 2021 ) suggests that

igh [Ba/Fe] ratios for young α-rich stars is consistent with the stars
eing old, and products of binary e volution. Ho we v er, if we e xclude
he high- α stars from our analysis ([Mg/Fe] > 0.2, rows 3 and 4 in
g. 5 ), our results and conclusions do not change. 

.2 Modelling stellar populations in the Galactic disc with 

hempy 

n contrast to some of the most recent work (e.g. Johnson et al. 2021 ;
pitoni et al. 2021 ), in this paper we attempt to model chemical
bundances o v er time in the Milk y Way disc using the simple and
exible Chempy GCE model (see also Philcox & Rybizki 2019 ).
riefly, the method employed in this paper deviates from more
lassical approaches in three main ways: (i) we employ narrow ranges
f [Mg/Fe], [Fe/H], and age, in order to study [Ba/Fe] at different
imes, for populations with very similar SNII/SNIa contributions.
n doing so, we conduct an analysis that enables us to connect the
bservational abundance data (Fe, Mg, Ba) and age to chemical
volution theory. Essentially we can then ask, how and why does
ne element abundance vary o v er time in a small neighbourhood
f chemical sub-space; (ii) because we model stellar populations in
hemical cells in bins of stellar age, our approach is suitable for a
ne-zone model framework. An alternative approach, for example,
s to combine stars of different ages across large regions in chemical
pace (for example, the high- and low- α sequences), and assume
ifferent zones of evolution. Indeed our biggest restriction rests upon
ur assumption of a one-zone model framework; the parametrization
hat we find is of course tied to this model description. Ho we ver,
ecause we are modelling stellar populations in bins of stellar age,
e believe that this assumption is well moti v ated; (iii) we ultimately
av e v ery few assumptions; the underlying set of parameters that
escribe the GCE model (namely, αIMF , log 10 (SNIa), log 10 (SFE),
nd log 10 (SFR peak )) are allowed to vary to find the best fit to the data.

Under our assumptions, we find that our model can reproduce the
bundance measurements (Fig. 8 ). The results of our modelling of
he observed [Fe/H], [Mg/Fe], [Ba/Fe], and age of 27 different stars
representing an underlying stellar population) in the Galactic disc
at three ages) are as follows: 
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(i) There is a smooth and gradual change in the estimated values of
ll the GCE model parameters fit for the different stellar populations 
cross chemical cells that varies with age, [Fe/H], and [Mg/Fe]. 
o we ver, the uncertainties on the log 10 (SFE) and log 10 (SFR peak )
arameters are large and restrict us from being able to make any
uantitative constrain on any possible relation. Given our results, it 
s likely that the Chempy model is primarily only able to constrain
he αIMF and log 10 (SNIa) parameters. 

(ii) Within the uncertainties, the high-mass slope of the IMF 

arameter varies with [Mg/Fe], but not with [Fe/H] or age. At lower
Mg/Fe] the IMF is more bottom heavy, and vice versa at higher
Mg/Fe]. 

(iii) At fixed [Fe/H] and [Mg/Fe], older populations have system- 
tically smaller αIMF parameter values than younger populations. 
o we ver, this difference is negligible within the uncertainties. 
(iv) The SNIa parameter shows a weak [Mg/Fe] dependence, with 

 decrease to more ne gativ e values at higher [Mg/Fe]. 
(v) The SFE increases significantly as a function of [Fe/H], with 

he scatter at a fixed [Fe/H] being smaller than the uncertainty on the
easurement (across all [Mg/Fe] and age). 
(vi) The peak of the SFR decreases as a function of [Fe/H], with

he scatter at a fixed [Fe/H] being smaller than the uncertainty on the
easurement (across all [Mg/Fe] and age). 
(vii) The IMF high-mass slope parameter shows a tight correlation 

ith mean orbital radius. The scatter around the mean of this orbiting
adius- αIMF relation is of the order of the uncertainty of this parameter 
as seen from Fig. 12 ). Stars around the solar neighbourhood have a
ore top-heavy αIMF value. 

Overall, stars in the inner Milky Way have a more top-heavy 
IMF , a higher number of SNIa contributions, and a range of star

ormation efficiencies and peak star formation values (the latter two 
re dependent on age and [Fe/H]). 

An important question that falls out explicitly from our procedure 
s: by fitting the data with our GCE model, do we learn about the
odel or about the data, or both? With regards to the model, we have

earned that we can satisfactorily fit the set of observed chemical 
bundances under a variable set of GCE model parameters. This 
uggests that the yield tables used likely work reasonably well except 
or the lowest metallicity regime. This hypothesis is supported by 
he higher RMS value obtained for more [Fe/H]-poor cells when 
omparing the observed and predicted ([Fe/H],[Mg/Fe],[Ba/Fe]) 
bundances (see Fig. D1 in Appendix D ). With regards to the data, we
ave learned that the GCE model parameters vary with the physical 
roperties of the stars (namely, [Fe/H], [Mg/Fe], [Ba/Fe], age, ( R apo 

 R peri )/2, z max ). This suggests that there is an intimate link between
he physical properties of stars from the data with the underlying 
hemical evolution model. Given all our findings, we discuss the 
mplications of these results in the context of other Galactic chemical 
volution models approaches and results further in the following 
ubsection. 

.3 Our results in the context of Galactic chemical evolution 

odels 

he question of how the Milky Way has chemically evolved through- 
ut cosmic time and reached its current form has been a longstanding
nd non-trivial question to answer. In order to tackle this, many 
revious works have sought to interpret the chemical abundance 
istribution of stellar populations in the Galaxy via the use of Galactic 
hemical evolution models. Beginning with the pioneering work by 
insley ( 1980 ), 3 there have been many papers that have attempted
o decipher how the Milky Way disc has reached its current form
nd chemical compositions using a plethora of different chemical 
volution models (e.g. Matteucci & Francois 1989 ; Rana 1991 ;
hiappini et al. 1997 ; Travaglio et al. 1999 ; Kobayashi et al. 2006 ;
ch ̈onrich & Binney 2009 ; Pilkington et al. 2012 ; Minchev et al.
013 ; Nomoto, Kobayashi & Tominaga 2013 ; Kobayashi et al. 2020a ;
atteucci 2021 ). 
In order to explain abundance–age relations for Ba, GCE models 

ave been proposed suggesting Ba is primarily released in the winds
f low/intermediate mass AGB stars (e.g. Maiorca et al. 2012 ;
ristallo et al. 2015 ; Karakas & Lugaro 2016 ; Choplin et al. 2018 ;
izzuti et al. 2019 ; Kobayashi et al. 2020a ). Under this assumption,

t is plausible to conceive that those lower mass and more long-lived
GB stars have polluted the ISM with higher doses of Ba that younger
enerations of stars used in order to form, resulting in the increased
 -process abundances observed for these populations. Ho we ver, of
articular importance is the no v el result obtained in this work:
he ne gativ e age–[Ba/Fe] relations for Galactic disc populations 
ersist (and vary) for stellar populations selected in a SNII and
NIa reference frame. Under the assumption that Ba is primarily 
eleased in the winds of low/intermediate AGB stars, our findings 
rom Fig. 5 at face value suggest that there is a different total number
f low-/intermediate-mass AGB stars in Milky Way disc populations 
elected based on their ([Fe/H], [Mg/Fe], age) values. 

The number of low-mass stars present in a stellar population is
irectly linked to the IMF. Although there is a general consensus
or a universal IMF amongst the Galactic community (see Bastian 
t al. 2010 , and references therein), in recent years there have been
everal works that argue for variations in this key GCE parameter
or different Galactic and extra-Galactic stellar populations (Ballero 
t al. 2007 ; Brandner et al. 2008 ; Espinoza et al. 2009 ; Lu et al. 2013 ;
allakoun & Maoz 2020 ), suggesting that the universally claimed 
alue of the IMF should be revised to accommodate observational 
esults of low-mass stars (Romano et al. 2005 ), or that it should be
onsidered to vary in a more complex manner (Guszejnov et al. 2019 ). 
ariations in the IMF have also been postulated given integrated field
pectroscopic results for stellar populations in external galaxies (e.g. 
o v ersten & Glazebrook 2008 ; Treu et al. 2010 ; Cappellari et al.
012 , 2013 ; Conroy & van Dokkum 2012 ; Ferreras et al. 2013 ;
yubenova et al. 2016 ; Davis & McDermid 2017 ; van Dokkum
t al. 2017 ; Parikh et al. 2018 ; Dom ́ınguez S ́anchez et al. 2019 ).
ur findings on the link between orbital radius and the age–

Ba/Fe] relations of different Galactic disc populations selected in 
hemical cells of [Mg/Fe] and [Fe/H] therefore do not seem totally
nreasonable given these recent contentious results. Ho we ver, before 
rriving to any conclusion based on our findings, it is pivotal to
iscuss our empirical results in the context of Galactic chemical 
volution models. 

The IMF has been explored previously within the Milky Way: 
hiappini, Matteucci & Padoan ( 2000 ) attempted to impel varying

MF models to try and reproduce the observed chemical distribution 
f stars in the field of the Galaxy, reaching the conclusion that, under
he assumption of the tw o-inf all model (Chiappini et al. 1997 ), a
niversal IMF yielded a better prescription to the data. Conversely, 
n a more recent study Guszejnov et al. ( 2019 ) utilized a range
f simulated galaxies (including MW-like galaxies) and implement 
CE models with varying IMF. The results from Guszejnov et al.

 2019 ) showed that no IMF models currently in the literature
MNRAS 513, 5477–5504 (2022) 
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ere able to reproduce the claimed IMF variation in early-type
alaxies (ETGs) and/or dwarf galaxies without severely violating
bservational constraints in the MW, suggesting that a more complex
orm of the IMF is required. These two examples clearly illustrate
ow much we still have to learn about this fundamental GCE model
arameter. 
Recent work has set out to interpret the chemical evolution of

he Galaxy by either studying the ratio of elemental abundances
n stars whose element genesis are well constrained (e.g. Weinberg
t al. 2019 ; Griffith et al. 20121a , b ), or by invoking multizone GCE
odels (e.g. Johnson et al. 2021 ). In more detail, Weinberg et al.

 2019 ) showed that by studying the ratio of elemental abundances
n different Galactic components with respect to [Mg/H] instead of
he usual [Fe/H], a deeper insight into the chemical evolution of
he Galactic disc could be reached, and suggested that the chemical
ompositions of the high- and low- α sequences observed in the MW
re independent of spatial location. Following this study, Griffith et al.
 2021b ) showed that this result could be expanded, to a lesser extent,
hen comparing the chemical compositions of high- and low-alpha

equences in the Galactic bulge. Ho we ver, the authors also suggested
hat the differences in the chemical compositions of bulge and disc
opulations could be linked to a small, yet noticeable, variation
n the exponent of a power-law IMF of the Galaxy (on the order
f � 0.3). Along those lines, the results presented in Johnson et al.
 2021 ) revealed that, under the framework of a hybrid multizone GCE
odel that accounts for stellar migration (informed by cosmological

imulations) and a universal IMF, the characteristic α-bimodality
bserved in the MW disc could not be reproduced; the authors
uggested that more dramatic evolutionary pathways are required.
onversely, results from cosmological simulations seem to arrive to

he α-bimodality under a universal Chabrier IMF (Grand et al. 2018 ).
Given that in our simple modelling framework we can describe

he abundance data, the next natural step is to ask what other models
an describe these data. We anticipate that simultaneous fitting of
an y elements o v er time using fle xible multizone GCE models, that

llow for particular parameters in the model to be fixed/free (e.g.
hilcox & Rybizki 2019 ), will be a very promising avenue for future
xploration. 

.4 Caveats and assumptions in the models 

n this work, we have modelled the chemical abundance data with
 flexible one-zone GCE model, which in turn has enabled us to
uantitatively assess the chemical abundance data of Galactic disc
opulations. Ho we ver, it is critical to recognize that we are restricted
y the assumptions made in our model. It therefore behoo v es us
o discuss qualitatively alternative theoretical explanations for our
bservational results. As stated in Section 4.1.1 , our results indicate
hat it is not simply o v er time that low-mass stars contribute in greater
mounts Ba to older stellar populations. Rather, at a fixed chemical
ub-space in the SNII/SNIa reference frame (i.e. [Fe/H]–[Mg/Fe]),
tars of different ages have either different enrichment pathways or
nderlying GCE model parameters that enable the same ([Mg/Fe],
Fe/H]), but different [Ba/Fe] mean values to be reached. Moreo v er,
cross the SNII/SNIa reference plane, the mean value and slope of the
ge–[Ba/Fe] relations vary smoothly, with mean [Ba/Fe] decreasing
t fixed age across [Fe/H] and increasing across [Mg/Fe]. 

Ho we ver, two important caveats in our model are: (i) the lacking
ngredient and framework that allows stellar and gas exchange
etween different model zones (ii) a possibly missing delay time
arameter that enables the onset of the initial star formation at later
NRAS 513, 5477–5504 (2022) 
imes for stars formed in the outer regions of the disc (presumably at
 later time under inside-out formation).’ 

The flexible one-zone model we use enables us to examine the
CE model parameters that best explain the data. Ho we ver, if

he trends we measure empirically from the data turn out to be a
irect consequence of, and are dominated by, the process of gas
ixing/exchange across the MW disc, then we need to employ
 flexible multizone framework moving forward (e.g. Philcox &
ybizki 2019 ; Johnson et al. 2021 ). Note, we specifically refer to

he utility of a multizone model of chemical enrichment that can
o v e gas between any two zones within a flexible time frame –

s per the VICE approach (Johnson et al. 2021 ) – which includes
 prescription of radial migration. Ho we ver, we propose that to test
 v er the full parametrization of the star formation history of the Milky
ay, this modelling framework should also include the flexiblity

f Chempy, so as to enable an understanding of the role of the
ariation of the different environmental parameters. Presumably, the
igh dimensional data and stellar ages will enable us to discriminate
ithin the model in solving how data inform quantitative enrichment
istory. The data indicate that the underlying variance in the chemical
bundance space is smoothly distributed across the [Fe/H]–[Mg/Fe]
lane. This suggests that this may be tied to stellar birth location and
r/time of formation. We assess, qualitatively, if our observations
ould be explained simply by gas exchange in an galactic disc that
as a decreasing star formation rate with radius, and which forms
nside-out with a decreasing metallicity gradient. We ask ourselves:
 Could the smooth trends we observe in Fig. 5 arise due to gas
xchange between zones (across Galactic radii) in the presence of
oth gas and stellar migration? ’. We expect that, on average, the
ldest stars are born in the inner disc, which one might assume
as experienced the fastest SFR, whilst the youngest stars form in
he outer regions (i.e. inside-out formation Minchev et al. 2017 ).
resumably this imputes the oldest stars – on average – with lower
Ba/Fe] at fixed [Fe/H]. At the same time, the metallicity gradient
s ne gativ e from the oldest to youngest stars, so gas exchange from
ifferent radii would feed (on average) younger star-forming regions
ore metal-rich gas and older star-forming regions more metal-poor

as. This could potentially enable the same ([Fe/H]–[Mg/Fe]) value
o be reached in young and old populations under different SFRs
hat give rise to different [Ba/Fe] ratios; whereby the older stars in
he inner region might have higher [Ba/Fe], and the younger star
ormed in the outer region would have lower [Ba/Fe] (driven by the
elationship between star formation rate and metal-rich/metal-poor
as e xchange). Giv en that we can model the data with a one-zone
odel allowing parameters like the αIMF , log 10 (SNIa), log 10 (SFE),

nd log 10 (SFR peak ) to vary, the logical next step is to move to a more
exible model to assess how and if these vary under gas exchange
cross radius (Johnson et al. 2021 ). 

In a similar vein, in this work we have fitted 3 data points
ith 4 free parameters. Given the large uncertainties obtained for

he SFE and the SFR parameters, it is likely that we essentially
eproduce the priors for these (i.e. the data do not constrain these,
nd only the αIMF and the log 10 (SNIa) parameters are being shifted
nd determined more precisely than from the prior). The model
arginalizes o v er these parameters and at the same time the y hav e

he physically reasonable correlations with the other GCE model
arameters. The main leverage of the model are the fits to the αIMF 

nd log 10 (SNIa) parameters. These fix the [Mg/Fe], as the more top
eavy the αIMF parameter, the more high mass SNII explosions and
g being synthesized, and thus in order to reach the correct [Mg/Fe]

atio, the more SNIa explosions and Fe production. This is likely why
oth the αIMF and log 10 (SNIa) are positively correlated. Along those
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ines, the log 10 (SFE) parameter can still shift the [Fe/H] ratio slightly,
ut it likely does not force the log 10 (SFE) parameter to reduce its
rior range by a significant amount. Thus, the correlation of αIMF 

nd log 10 (SNIa) parameters usually settle where the [Fe/H] ratio is
n line with the data. Conversely, the log 10 (SFR peak ) parameter is
uite complex, as it forces the chemical enrichment to be stronger
arlier on so that the [Fe/H]-dependent yields are introduced to the 
odels in a slightly different manner. In other words: the total yields

ave different fractions of high- and low-[Fe/H] yields incorporated 
hich can actually induce specific changes in the abundance patterns, 
ut these are much weaker than the general SNII and SNIa trends. As
 result, the log 10 (SFE) and log 10 (SFR peak ) model parameters are still
t work, but to a lesser degree. Furthermore, although the predictions 
btained yield good agreement between the observed and predicted 
bundances when using the default set of nucleosynthetic yields 
ssumed by the Chempy model, it may be possible that different yield
ets are a better match to the data. We note that Rybizki et al. ( 2017 )
ested this hypothesis when comparing the observed abundances of 
 proto-star, Arcturus, and B-stars with their default yield set, and 
n alternative one (see their fig. 14). The authors found that, Mg
nd Fe specifically, were better predicted using the set of default 
ield tables in the Chempy model when compared to the alternatives 
rom the literature. Thus, while it still may be possible that a unique
ombination of yield sets could lead to better agreement between the 
bserved and predicted abundances, given the good agreement found 
ith the default Chempy yield set, we are confident that the Chempy
odel is able to yield reliable results. 
In a final remark, every analysis choice involves a trade-off be- 

ween accuracy and complexity. The one-zone model approximation 
s somewhat in detail inaccurate, but it is simple; one could build a
adial mixing model for the gas (e.g. Johnson et al. 2021 ) and then
o better (in principle), but at the cost of making more assumptions
nd having more parameters. We ef fecti vely use Chempy as it was
ntended, to model individual stars. Howev er, a ke y insight we make
s that we can divide the chemical abundance space up, so as to
se the many stars in large surveys to obtain a set of ‘representative
tars’ of common birth environment (radius and age) and thereby 
xplore the GCE model parameters that are consistent with a large 
hemical space of the data. One-zone models are incomplete, in 
etail, to model together simultaneously stars born at different birth 
adii and with different ages, because there is probably also radial 
ixing of gas and supernova and A GB ejecta. However , one-zone
odels are straightforward to use and examine when modelling 

tellar populations of similar age, without the need of building a 
as-exchange mixing model. Here, we model stellar populations 
inned in ([Fe/H], [Mg/Fe], age) space, employing representative 
tars, individually – one at a time – from presumed similar birth radii 
nd age. This assumption allows us to make appropriate use of such
 one-zone model framework. 

 C O N C L U S I O N S  

n this paper we have utilized the latest GALAH DR3 and Gaia
DR3 catalogues in order to statistically study the abundance–age 

elations of neutron capture elements in multiple chemical cells 
cross a [Fe/H]–[Mg/Fe] grid. We then used our empirical findings 
n combination with the flexible one-zone Chempy GCE model in 
rder to fit the αIMF , log 10 (SNIa), log 10 (SFE), and log 10 (SFR peak )
CE model parameters and examined how these vary with [Fe/H], 

Mg/Fe], age, ( R apo + R peri )/2, and z max . Below we list the main
onclusions obtained in this paper: 
(i) We measure the age–[Ba/Fe] and age–[Eu/Fe] profiles of 
alactic disc populations within a grid of 25 [Fe/H]–[Mg/Fe] 

hemical cells (only showing those cells containing more than 20 
tars). We find that there is a clear trend of [Ba/Fe] with age, where
oung (old) stellar populations within a chemical cell have higher 
lower) [Ba/Fe] abundances. This result corroborates findings from 

revious work focused on the entire Galactic disc (e.g. Bedell et al.
018 ; Magrini et al. 2018 ; Casamiquela et al. 2021 ; Zinn et al. 2022 ),
nd implies that the genesis source of Ba is primarily produced in a
ucleosynthetic channel that is independent of SN. Conversely, we 
nd that the age–[Eu/Fe] profiles across chemical cells are flat. This
uggests that Eu has a stronger dependence on SN contributions, for
isc stars [Fe/H] > −1.0 dex. 
(ii) We find that both the age–[Ba/Fe] and age–[Eu/Fe] relations 

ary across the grid of chemical cells. Specifically, we find that
or fixed [Mg/Fe], the age–[Ba/Fe] relations become flatter with 
ncreasing [Fe/H], and that for fixed [Fe/H], these relations increase 
n amplitude (at all ages) with decreasing [Mg/Fe]. Along similar 
ines, we show that the [Eu/Fe]–age relations decrease in amplitude 
at all ages) with increasing [Fe/H]. Further, for fixed [Fe/H] 
hese abundance–age relations increase in amplitude with increasing 
Mg/Fe]. 

(iii) We note that at the oldest ages (namely, > 10 Gyr), the age–
Ba/Fe] relations present an upturn that suggests an increase in 
Ba/Fe] across all chemical cells. We note that this upturn could be
xplained in two ways: (i) the onset of AGB-winds (that contribute
a) has a slighly longer delay time than SNIa (that contribute
rimarily Fe). This would result in the primordial [Ba/Fe] ratio 
eing diluted with SNIa explosions until Ba is synthesized in the
inds of AGB stars, leading to an upturn at the oldest ages; (ii)
ALAH is not able to reliable determine [Ba/Fe] for the oldest RGB

tars (see also Hayden et al. 2020 ). Moreo v er, we also point out the
ncreasing [Eu/Fe] abundance for the older stellar populations in the 

ost [Fe/H]-poor and [Mg/Fe]-poor chemical cells, and suggest it is 
ikely due for contamination in our sample from accreted populations 
hat have been shown to present high [Eu/Fe] abundances. 

(iv) We fit the mean [Ba/Fe], [Fe/H], [Mg/Fe], and age measure- 
ents for a total of 27 different stellar populations contained within

ine chemical cells that span a range in [Fe/H]–[Mg/Fe] space of
0.7 < [Fe/H] < 0.2 and −0.2 < [Mg/Fe] < 0.4, and span an age

ange of 2 < age < 10 Gyr (where most of our data is contained and
or which we obtain the most reliable [Ba/Fe] abundances), using the
exible one-zone Chempy GCE model. In doing so, we have let the
IMF , log 10 (SNIa), log 10 (SFE), and log 10 (SFR peak ) model parameters
e free, and have set out to find the optimized parameter values that
est describe the data. Given the results from these fits, we find that
he one-zone model adopted by Chempy is able to fit the data in
he majority of cases, but suggests that the GCE model parameters
ptimized vary across the dimensions of age, [Mg/Fe], and [Fe/H] 
see Figs 10 and 11 ). 

(v) As the model predicts that the parameters vary with [Fe/H], 
Mg/Fe], and age, and these measured quantities have been recently 
hown to be good proxy’s for the birth radius of stars in the disc (e.g.
ess et al. 2019 , 2022 ; Buck 2020 ; Yuxi et al. 2021 ), we explore

he dependence of the optimized GCE model parameters with the 
ean Galactocentric position of the stellar populations fitted. More 

pecifically, we explore the relation between mean orbital radius for 
he stellar populations fitted (Fig. 12 , but see also the results for when
xamining the mean maximum vertical height abo v e the plane of the
alaxy (Fig. A1 ). We find that these two measured quantities also

orrelate with the optimized GCE model parameters, and find one 
triking result that comes out from this e x ercise (see the left-hand
MNRAS 513, 5477–5504 (2022) 
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anel of Fig. 12 ): stellar populations at ∼7 kpc are better fit by a GCE
odel with a more top-heavy high-mass slope of the IMF ( αIMF ∼
2.2), whereas those stellar populations at a larger Galactocentric

adius ( ∼10 kpc) prefer a more bottom-heavy IMF ( αIMF ∼ −2.7).
his result is more pronounced for the metal-poor populations (i.e.

Fe/H] < −0.1, but it also observed for the more metal-rich ones),
nd suggests that there is possibly a spatially (radially) varying IMF
n the disc of the Galaxy. We note that this variation is only observed
or the high-mass slope of this key GCE parameter. 

(vi) We explore the dependence of orbital radius in the measured
ge–[Ba/Fe] relations in Fig. 7 . We see that at fixed age, the mean
rbital radius value changes with varying [Mg/Fe] and [Fe/H]. At
igh [Mg/Fe] > 0.2, [Fe/H] and [Mg/Fe] alone are indicative of the
resent day radius (the [Ba/Fe]–radius relations are flat). Ho we ver,
t [Mg/Fe] < 0.2 dex, there is a strong dependence of the mean
rbital radius within a cell, on the [Ba/Fe], and correspondingly, age
f the stars. Here, stellar populations that reside in a neighbourhood
f ([Mg/Fe], [Fe/H]) space and have higher [Ba/Fe] values (and
ounger ages) have, on average, a larger mean orbital radius than
hose populations with lower [Ba/Fe] abundances (and are older).

e suggest that these correlations arise because (Fe, Mg, age), and
dditionally, Ba for [Mg/Fe] < 0.2 dex stars, are a link to birth radius,
nd we are seeing an imprint of the correlation between current day
adius and birth radius – traced by abundances and age – in this plane
e.g. Ness et al. 2019 ; Buck 2020 ). 

This paper attempts to frame empirical abundance–age relations of
eutron capture elements across a no v el superno vae reference frame
ia Galactic chemical evolution modelling. Using the assumptions of
 flexible single-zone chemical evolution model, we have been able
o successfully interpret our observational results in a theoretical
etting. Future works aiming at modelling the chemical evolution of
he Galactic disc will require more sophisticated multizone GCE

odels that also enable the flexibility of Chempy, allowing the
ptimization of the model parameters. 
Software: ASTROPY (Astropy Collaboration 2013 ; Price-Whelan

t al. 2018 ), CHEMPY : (Rybizki et al. 2017 ), NUMPY (Oliphant 2006 ),
ATPLOTLIB (Hunter 2007 ), GALPY (Bovy 2015 ; Mackereth & Bovy
018 ). 
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Figure A1. Same as Fig. 12 , but now as a function of mean maximum v ertical e xcursion abo v e the Galactic plane. As for orbital radius, we also see a link 
between the maximum position of a star abo v e the Galactic disc and the model parameters estimated. 

Figure A2. Mean vertical height versus mean orbital radius for the 27 stellar populations fitted with Chempy in the nine chemical cells containing the majority 
of our sample. Each plot is colour coded by the resulting best-fitting parameters from the Chempy GCE models. 

Figure A3. Summary of the results determined from fitting the 27 different stellar populations (within nine chemical cells) with Chempy. Here, the [Fe/H] and 
age values are approximate values to the true age and [Fe/H] values for the stellar populations plotted (used for illustrative purposes). The model parameters 
vary smoothly across the three pivot parameters: [Fe/H], [Mg/Fe], and age. 
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Figure B1. Same as Fig. 5 but for the 1 σ di
spersion values in the chemical cells. 
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Figure B2. Same as Fig. B1 but for [Eu/Fe]. 
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PPENDIX  C :  [BA/FE]–ORBITAL  R A D I U S  

E L AT I O N S  
NRAS 513, 5477–5504 (2022) 

igure C1. 5 × 5 grid of chemical cells as in Fig. 5 , but now plotting the mean or
ach cell binned by age (i.e. the colour bar). There is a clear relation between orbit
ore [Mg/Fe]-rich cells. 
bital radius as a function of the mean [Ba/Fe] for every stellar population in 
al radius and [Ba/Fe] for the [Mg/Fe] < 0.2 cells, which becomes flat for the 
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PPENDIX  D :  ASSESSING  H OW  WELL  

HEMPY  M O D E L S  T H E  C H E M I C A L  

BU N D  A N C E  D  ATA  IN  C H E M I C A L  CELLS  
igure D1. 2D density distribution of the parent sample binned b
sing the flexible Chempy GCE model. Each cell is colour c

MS = 

√ 

( [Fe / H] obs − [Fe / H] pred ) 2 + ( [Mg / Fe] obs − [Mg / Fe] pred ) 2 + ( [Ba / Fe

t of the model to the data. All our chemical cell fits are relatively well modelled
etal-poor cells (i.e. −0.7 < [Fe/H] < −0.4) are less well fitted by the Chempy mo
PPENDI X  E:  SAMPLES  F RO M  T H E  M O N T E  

A R L O  M A R KOV- C H A I N  RO U T I N E  O N  T H E  

H E M I C A L  CELLS  
MNRAS 513, 5477–5504 (2022) 

y age and gridded into the nine chemical cells we model 
oded by the root-mean-squared (RMS) value, computed as: 

] obs − [Ba / Fe] pred ) 2 . A low(high) RMS value signifies a better(worse) 

 within the 1 σ uncertainties. Ho we ver, we find that on average, those more 
del. 
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Figure E1. Resulting abundance predictions from Chempy compared to the 
observed abundances for the old stellar population in cell (4,4). 

Figure E2. Resulting posterior distribution of the model parameters for the 
old population in cell (4,4) outputted from Chempy. The numbers on top of 
each parameter are the correlation values outputted from Chempy between 
each of the model parameters. 

Figure E3. Same as Fig. E1 but for the intermediate age bin. 

Figure E4. Same as Fig. E2 but for the intermediate age bin. 

Figure E5. Same as Fig. E1 but for the young age bin. 

Figure E6. Same as Fig. E2 but for the young age bin. 
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