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A B S T R A C T 

The relative enrichment of s -process to α-elements ([ s / α]) has been linked with age, providing a potentially useful avenue in 

exploring the Milky Way’s chemical e volution. Ho we ver, the age–[ s / α] relationship is non-universal, with dependencies on 

metallicity and current location in the Galaxy. In this work, we examine these chemical clock tracers across birth radii ( R birth ), 
reco v ering the inherent trends between the variables. We derive R birth and explore the [ s / α]–age–R birth relationship for 36 652 

APOGEE DR17 red giant and 24 467 GALAH DR3 main-sequence turn-off and subgiant branch disc stars using [Ce/Mg], 
[Ba/Mg], and [Y/Mg]. We disco v er that the age–[ s / Mg] relation is strongly dependent on birth location in the Milky Way, with 

stars born in the inner disc having the weakest correlation. This is congruent with the Galaxy’s initially weak, ne gativ e [ s / Mg] 
radial gradient, which becomes positive and steep with time. We show that the non-universal relations of chemical clocks is 
caused by their fundamental trends with R birth o v er time, and suggest that the tight age–[ s / Mg] relation obtained with solar-like 
stars is due to similar R birth for a given age. Our results are put into context with a Galactic chemical evolution model, where we 
demonstrate the need for data-driven nucleosynthetic yields. 

Key words: stars: abundances – Galaxy: abundances – Galaxy: disc – Galaxy: evolution. 
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 I N T RO D U C T I O N  

hemical abundances are connected to a star’s age and place of birth
Freeman & Bland-Hawthorn 2002 ; Ratcliffe et al. 2022 ), providing
n ef fecti ve tool in analysing the Milky Way’s evolutionary history.
n particular, recent works have utilized the link between abundances
nd age to estimate stellar ages for large samples of red giant branch
tars (Hayden et al. 2022 ; Anders et al. 2023 ; Ciuc ̆a et al. 2023 ; Leung
t al. 2023 ), where traditional methods fail or only provide ages for
mall samples in select fields. While these abundance-driven ages
av e impro v ed our understanding of important e volutionary e vents,
ome of the models can be quite complex, and may not capture the
recise nature of the abundance–age relationship. 
Over the past few years, the ratio between s -process and α-

lements ([ s / α]) has been found to be linearly related with age
n Milky Way solar-like stars (Nissen 2015 ; Nissen et al. 2020b )
 E-mail: bratcliffe@aip.de 
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nd giants (Slumstrup et al. 2017 ), as well as in other galaxies
Sk ́ulad ́ottir et al. 2019 ). Understanding this link between [ s / α] and
ge could provide a way to examine chemical evolution by omitting
he dependencies in modelling age. The ne gativ e correlation between
 s / α] and age is driven by the differing time scales to synthesize
he two elements, as α-elements are created during supernovae II
SNII) which happen on fast time-scales, while s -process elements
re produced in the asymptotic giant branch (AGB) phase of low-
nd intermediate-mass stars which happens on a slower time-scale
Karakas & Lattanzio 2014 ; Matteucci 2021 , and references within).
he relative differences in the time-scales suggests the possibility

hat the [ s / α] 1 abundance can be an age indicator, or chemical clock
Nissen 2015 ; Spina et al. 2016 ; Tucci Maia et al. 2016 ). 

Using only 25 solar-like stars, da Silva et al. ( 2012 ) found a
orrelation between [ s / α] and age, which has successfully been
 The most common chemical clock is [Y/Mg] or [Y/Al], though similar trends 
re found across other s -process and α-elements. 
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eplicated with more stars in other works using solar-type stars in 
he solar neighbourhood (Nissen 2015 , 2016 ; Tucci Maia et al. 2016 ;
itarenko et al. 2019 ; Jofr ́e, Jackson & Tucci Maia 2020 ; Nissen
t al. 2020b ). Ho we v er, its dependenc y on location in the Galaxy
Casali et al. 2020 ; Casamiquela et al. 2021 ; Viscasillas V ́azquez
t al. 2022 ) and metallicity (Delgado Mena et al. 2017 ; Feltzing et al.
017 ; Sales-Silva et al. 2022 ) is an ongoing question. Quantifying
his radial dependency is a non-trivial task, as stars radially migrate 
way from their birth sites (Sellwood & Binney 2002 ; Ro ̌skar et al.
008 ; Sch ̈onrich & Binney 2009 ; Minchev & Famaey 2010 ; Frankel
t al. 2020 ), blurring fundamental chemical relations (e.g. Ratcliffe 
t al. 2023 ). 

Recently, works have utilized the homogeneity of birth clusters 
Bland-Hawthorn, Krumholz & Freeman 2010 ) to estimate stellar 
irth radii ( R birth ) directly from their metallicities and ages. In
rder to assign a specific [Fe / H] and age to a birth location, the
elationship between age, birth radius, and [Fe / H] o v er time needs
o be known. While this relationship can be modelled (Frankel et al.
018 ), more recent works have proposed methods which require less
ssumptions. In order to deri ve R birth , Minche v et al. ( 2018 ) reco v ered
he metallicity evolution in the Galactic disc o v er time by enforcing
he resulting R birth distributions to remain physically meaningful. 

ore recently, Lu et al. ( 2022 ) disco v ered a linear relation between
he scatter in [Fe / H] for a given age and the [Fe / H] gradient evolution
ith time, allowing for the evolution of the metallicity gradient to 
e reco v ered with minimal assumptions (see Ratcliffe et al. 2024
or limitations). Applying this method to Apache Point Observatory 
alactic Evolution Experiment (APOGEE; Majewski et al. 2017 ) 
R17, Ratcliffe et al. ( 2023 ) derived R birth for 145 447 red giant

tars to reco v er the time evolution of chemical abundances across the
ilky Way disc, revealing the information lost when only consider- 

ng the radial gradient evolution estimated using current radius. That 
ork put in context (and quantified) the expectation from models 

nd simulations that radial mixing has significantly distorted present- 
ay chemo–kinematical relations used for inferring the Milky Way 
ormation history (e.g. Minchev et al. 2012 ; Pilkington et al. 2012 ;
ubryk, Prantzos & Athanassoula 2013 ; Minchev, Chiappini & 

artig 2014 ; Vincenzo & Kobayashi 2020 ). 
In this work, we explore the universality of chemical clocks 

cross birth radii for giants and main-sequence turn-off and subgiant 
ranch (MSTO + SGB) disc stars in the Milky Way. In particular,
e examine how the age–[ s / Mg] relationship differs across the
alaxy after minimizing the effect of radial migration. Section 2 
resents the data sets used in this analysis. Section 3 gives the
esults and discussion of our findings in relation to previous works. In
articular, the radial [ s / Mg] gradient across time and the enrichment
f [ s / Mg] o v er time at different birth radii are given in Sections 3.1
nd 3.2, respectively. Section 3.3 illustrates why tight age–[ s / Mg]
elations are found in solar twins, and we interpret our results
n Section 3.4 using a Galactic chemical evolution model that is
ndependent of our R birth estimates. Our conclusions are given in 
ection 4 . 

 DATA  

e examine three s -process elements – Ce, Ba, and Y – to study
he relationship between [ s /Mg], age, and birth radii. We use the
Ce/Fe] abundance from the Brussels Automatic Code for Charac- 
erizing High-accuracy Spectra (BACCHUS; Masseron, Thibault, 
nd Hawkins 2016 ) Analysis of Weak Lines in APOGEE Spectra 
BAWLAS; Hayes et al. 2022 ) catalogue, and pair it with [Fe / H] and
Mg / Fe] abundances from APOGEE DR17 (Majewski et al. 2017 ;
bdurro’uf et al. 2022 ) of the fourth phase of the Sloan Digital Sky
urv e y (SDSS-IV; Blanton et al. 2017 ), which are processed using

he APOGEE Stellar Parameter and Chemical Abundance Pipeline 
ASPCAP; Holtzman et al. 2015 ; Garc ́ıa P ́erez et al. 2016 ; J ̈onsson
t al. 2020 ). We partner these abundances with spectroscopic stellar
ges from Anders et al. ( 2023 ) and guiding radii ( R guide ) calculated
s 

 guide = R gal V φ/V 0 , 

here V φ and R gal are the Galactocentric azimuthal velocity and 
alactocentric cylindrical radius from the astroNN catalogue (Le- 
ng & Bovy 2019 ), and V 0 = 229.76 km s −1 is the Milky Way
otation curve at solar radius (Sch ̈onrich, Binney & Dehnen 2010 ;
ovy et al. 2012 ). To ensure that we select a high quality sample,
e use APOGEE red giant (2 < log g < 3 . 6, 4 250 ≤ T eff ≤ 5 500
) disc ( | z| < 1 kpc, eccentricity < 0.5, | [Fe / H] | < 1) stars with
nflagged abundances, [Fe / H] err < 0 . 015, age err < 1.5 Gyr, SNR >

00, age < 12 Gyr, | [Ce/Fe] | ≤ 1, and [Ce/Fe] err < 0.07 dex. 
We additionally use the [Y/Fe], [Ba/Fe], [Mg / Fe], and [Fe / H]

bundance measurements provided in Galactic Archaeology with 
ERMES (GALAH; De Silva et al. 2015 ) DR3 (Buder et al. 2021 ),
ith ages from the STARHORSE value-added catalogue (Queiroz et al. 
023 ), which was recently corrected in a new version 2 R guide is again
alculated from cylindrical rotational velocity, with kinematics from 

he dynamics value-added catalogue. For our GALAH MSTO + 

GB disc ( | [Fe / H] | < 1, eccentricity < 0.5, | z| < 1 kpc) sample, we
erform similar cuts as abo v e; we keep stars with unflagged abun-
ances, | [X / Fe] | < 1, [Fe / H] err < 0 . 1, age 84 − age 16 < 2.5 Gyr,
nr c2 iraf > 50, 2 < age < 12 Gyr, and [X/Fe] err < 0.1 dex. 
We estimate a star’s birth radius directly from their [Fe / H] and

ge measurements 

 birth ( age , [Fe / H] ) = 

[Fe / H] − [Fe / H]( R = 0 , τ ) 

∇[Fe / H]( τ ) 
, (1) 

sing the birth metallicity gradient ( ∇[Fe / H]( τ )) and central metal-
icity evolution o v er cosmic time τ ([Fe / H]( R = 0 , τ )) from Ratcliffe
t al. ( 2023 ). Equation ( 1 ) results from the recently disco v ered
mpirical relation that reco v ers the Milk y Way disc metallicity
volution with radius and cosmic time directly from the data, which
s inverted to recover stellar birth radii as a function of age and
Fe / H], with no use of Galactic chemical evolution modelling
Lu et al. 2022 ; Ratcliffe et al. 2023 ). As described in those
orks, the derived gas metallicity gradient starts relatively flat and 

teepens strongly to ≈−0.15 dex kpc −1 during the Gaia–Sausage–
nceladus ev ent (Belokuro v et al. 2018 ; Helmi et al. 2018 ); o v er

he next nine or so Gyr, the gradient flattens to today’s value, while
xhibiting small oscillations possibly due to gas accretion events 
Buck et al. 2023 ; Ratcliffe et al. 2023 ). While reco v ered directly
rom the data using [Fe/H] and age measurements only, this tem-
oral gradient evolution is consistent with inside-out disc formation 
odels, as known since the seminal work by Matteucci & Francois 

 1989 ). 
We correct for the 0.05 dex systematic offset in [Fe / H] between

ALAH and APOGEE (Buder et al. 2021 ) before calculating R birth 

or our GALAH sample. Since the main goal of this work is to look at
 v erall trends with R birth between [ s / Mg] and age, and not to directly
ompare the numerical relationships between catalogues, we do not 
orrect for other potential offsets. To get the [ s / Mg] abundance, we
imply subtract [Mg / Fe] from [ s /Fe]. After performing the quality
MNRAS 528, 3464–3472 (2024) 
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uts listed abo v e and removing stars with R birth < 0, we are left with
6 652 APOGEE giants and 24 467 GALAH MSTO + SGB stars. 

 RESU LTS  A N D  DISCUSSION  

ith estimates of stellar ages and birth radii for large samples of stars,
e can analyse the properties of chemical clocks o v er lookback time
which is not the same as age, see e.g. Ratcliffe et al. ( 2023 ) – and

ssess the effect of radial migration by comparing these properties
o observed trends with guiding radii. 

.1 Radial gradient evolution 

sing our R birth estimates, we find distinct trends between [ s / Mg]
nd R birth in the top panels of Fig. 1 , where the R birth –[ s / Mg]
elation illustrates the time evolution of [ s / Mg] abundance gradients.
n particular, we find that for all three of our [ s / Mg] relations,
he youngest mono-age populations have a steep positive radial
radient, while the oldest mono-aged populations have a weaker
adial gradient. In fact, the three oldest age groups correspond to the
igh- α sequence (see Anders et al. 2023 ; Queiroz et al. 2023 ), which
ppear to have a slightly negative [ s / Mg] radial birth gradient. 

Once the low- α sequence began forming, the [ s / Mg] radial
radient began quickly steepening with time. This steepening in
he radial gradient visualized in the top panels of Fig. 1 can be
nterpreted as a rapid increase in the enrichment with Galactic radius.

hile variations in star formation efficiency, radial gas flows, and a
ariable initial mass function can contribute to abundance gradient
evelopment, this steepening can be explained as an effect of radial
igration. The production of the s -process elements occurs during

he AGB phase, which gi ves suf ficient time for migration to proceed.
he larger fraction of s -process elements at larger radius is then due

o low- and intermediate-mass AGB stars migrating before polluting
he interstellar medium. Indeed, it is well-established (Minchev,
hiappini & Martig 2014 ; Frankel et al. 2020 ) that outside ∼1
isc scale length ( ∼3.5 kpc; Bland-Hawthorn & Gerhard 2016 ),
tars migrate larger distances outward and contribute more to a given
adius. The steep [ s / Mg] radial gradient for the youngest populations
lso explains the scatter in [ s / Mg] found in young ( < 2 Gyr) open
lusters (Pe ̃ na Su ́arez et al. 2018 ; Casali et al. 2020 ), as there is a
ange of [ s / Mg] values throughout the disc for a given (younger)
ge. 

The bottom row of Fig. 1 presents the R guide –[ s / Mg] plane for
ono-age populations, illustrating the differences in measuring the

adial [ s / Mg] gradients with R birth (top row) and R guide (bottom row).
imilar to Ratcliffe et al. ( 2023 ), we find that the observed radial
radients with R guide are weaker than the radial birth gradients,
howing the level to which radial migration masks fundamental
rends. Particularly for [Ba/Mg] and [Y/Mg] (GALAH sample),
he R guide –[ s / Mg] relation has a minor correlation o v erall. [Ce/Mg]
APOGEE sample) shows similar trends, however due to the larger
patial co v erage, the younger aged populations show a positive radial
lope which is only hinted at in the GALAH sample. 

.2 Enrichment with cosmic time 

hile the [ s / Mg] radial gradient can provide insights into how the
elative fraction of s -process to α-elements varies across the disc with
ime, the age–[ s / Mg] relation is potentially a useful tool in estimating
tellar age that needs better understanding. Previous works have
ound that the age–[ s / α] relation changes as a function of current
NRAS 528, 3464–3472 (2024) 
adius, suggesting that the differences arise from the strong, non-
onotonic dependence of the s -process yields with metallicity and

ifferent star formation histories (Casali et al. 2020 ). Ho we ver, due to
adial mixing processes, a given location in the Galaxy is comprised
f stars born in a range of Galactic radii (depending on the age; see
.g. Minchev et al. 2018 ; Agertz et al. 2021 ). 

The top panels of Fig. 2 show the age–[ s / Mg] relation for stars
orn at different locations in the Galaxy. We find that most mono-
 birth populations increase in [ s / Mg] before flattening out and seeing
inimal differences in [ s / Mg] at later times. The flattening occurs

t increasingly younger age for larger radii, which can be linked to
he disc inside-out growth. In our data sets, the larger R birth bins do
ot show a weakening in the age–[ s / Mg] gradient due to the lack of
ounger stars. This trend is consistent across red giants ([Ce/Mg]) and
STO + SGB stars ([Ba/Mg], [Y/Mg]), and is in disagreement with

revious work that found the age–[ s / Mg] relation to be weaker in
eld giants and stronger in dwarfs (Katime Santrich et al. 2022 ). This
hows that once working with R birth , the differences among different
tellar evolutionary states is minimized. Given that each birth radius
as a similar trend in enrichment of [ s / Mg], this suggests that the
ffect of star formation is simply to shift the trends to larger radii as
he disc grows with time. 

In contrast to the top panels of Fig. 2 , the bottom row shows the
ge–[ s / Mg] relation for stars in different guiding, rather than birth,
adial bins. We find that the well-defined self-similar trends seen
or the mono- R birth populations are now strongly blurred and largely
 v erlapping. In particular, the flattening for younger ages at a given
adius is almost completely lost, especially for [Ba/Mg] and [Y/Mg],
xcept for a hint in the innermost R guide bin. 

Using open clusters, Viscasillas V ́azquez et al. ( 2022 ) found that
Ba/Mg] and [Y/Mg] have respectively a weak and inverted trend
ith age in the inner disc. Using birth radii, we find that both [Ba/Mg]

nd [Y/Mg] have a weakly positive relation with age for smaller
 birth . In fact, we find the mono- R birth populations behave similarly

or all three elements (albeit with different slopes) in the [ s / Mg]–age
lane, which differs from previous findings reporting that [Y/Mg]
nd [Ba/Mg] have different trends (e.g. da Silva et al. 2012 ), and
hows the additional information gained using birth radii. Recently,
asali et al. ( 2023 ) showed that stars located in outer regions of the
isc lie on steeper slopes in the age–[Ce/ α] plane than stars currently
ocated more inwards. Our work agrees with this finding, with our
ig. 1 illustrating that this is caused by a more intense enrichment of
 s / Mg] in the outer disc. 

As mentioned in Section 3.1 , the [ s / Mg] radial gradient has
een strengthening with time. In both our GALAH and APOGEE
amples, the valley between the high- and low- α sequences happens
etween 9 and 10 Gyr ago, suggesting that chemical clocks behave
ifferently for the two sequences. The validity of chemical clock
ndicators using s -process elements in the high- α sequence has
een questioned before, with arguments that AGB stars would not
ave produced enough s -process elements that quickly (Hayden
t al. 2022 ). Ho we ver, we see in Fig. 2 that these older stars have
he strongest correlation with age, showing minimal differences
cross the different mono- R birth populations. This also contrasts the
ifferences between using current and birth radius, as the age–[ s / Mg]
elation has been found to be flat for older stars (Casali et al. 2023 ).
ne way to interpret this is that as the disc evolved, factors – such

s radial migration processes – caused a variation in the production
f [ s / Mg] as a function of radius, therefore creating a spread in
 s / Mg] abundance for a given age which increased with time. We
xplore these factors in Section 3.4 using Galactic chemical evolution
odelling. 
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Figure 1. Time evolution of [ s / Mg] abundance gradients for our APOGEE ([Ce/Mg]) and GALAH ([Ba/Mg], [Y/Mg]) samples. Top : Running means of 
different mono-age populations, determined by calculating the average [ s / Mg] for R birth bins of width 0.5 kpc and then smoothed o v er 1 kpc. Note, that age 
here becomes lookback time, since we are using R birth . Bottom : Same as the top panels, but looking at the variation o v er age with R guide . [ s / Mg] has a weak 
relationship with R birth for older aged stars, which becomes positive and stronger with decreasing lookback time. Over time, the outer disc enriches in [ s / Mg] 
faster than the inner disc due to AGB stars migrating outwards before polluting the interstellar medium. 

Figure 2. The age–[ s / Mg] plane of [Ce/Mg] (APOGEE), [Ba/Mg] (GALAH), and [Y/Mg] (GALAH) o v erlaid by the running means of top : mono- R birth 

populations and bottom : mono- R guide populations. The running means are measured by calculating the average [ s / Mg] for age bins of 0.5 Gyr and smoothing 
o v er 1 Gyr. The smaller R birth tracks show a weak relationship with age while the correlation between [ s / Mg] and age becomes quite strong for larger R birth . 
Each R birth sees a similar trend with [ s / Mg] o v er time; a radius sees an initial increase in [ s / Mg] until it flattens and stays nearly constant with time until the 
present day. This trend is drastically different than looking at mono- R guide groups, which show minimal differences beyond slightly steeper slopes for outer 
radii. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/528/2/3464/7585340 by guest on 20 M
ay 2024
MNRAS 528, 3464–3472 (2024) 



3468 B. Ratcliffe et al. 

M

3
v

T  

e  

l  

s  

2  

l  

b  

2  

f  

a  

a
 

t  

d  

s  

a  

m  

p  

m  

T  

s
 

t  

a  

i  

t  

w  

R  

R  

t  

c  

b  

s
 

u  

b  

d  

3

T  

p  

u  

m  

c  

s  

e  

t  

o  

d  

s  

i  

o  

i  

s  

s  

e  

fl  

(

 

e  

f  

a  

b  

t  

o  

w
 

i  

o  

fi  

p  

(  

o  

p  

f  

d  

F  

f  

t
 

p  

m  

s  

y  

s  

f  

o  

(  

d  

a  

i  

w  

l  

b  

w  

s  

i  

e  

c  

i  

t
 

d  

p  

i  

s  

m  

a  

i  

o  

s  

C  

t  

m
 

t  

W  

t  

o  

m  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/528/2/3464/7585340 by guest on 20 M
ay 2024
.3 Tight age–[ s /Mg] relationship in solar twins is dri v en by 
arying birth radii 

he tight relation between [ s / Mg] and age found for solar twins in
.g. Nissen ( 2015 ), Tucci Maia et al. ( 2016 ), and Nissen et al. ( 2020b )
ed to the attempt of expanding this relation to larger samples. While
ome works have not found a metallicity dependence (Titarenko et al.
019 ), others have noted a dependence on [Fe / H] when examining
arger regions of the Galaxy, suggesting that the linear relation
etween age and chemical clocks is limited by [Fe / H] (Feltzing et al.
017 ; Delgado Mena et al. 2019 ). F or e xample Casali et al. ( 2020 )
ound that lower-[Fe / H] stars had a higher correlation between [Y/ α]
nd age, while the higher [Fe / H] stars had the weakest slope in the
ge–[Y/ α] plane. 

Since R birth , [Fe / H], and age are directly linked, it is natural that
he differences across metallicity described abo v e are potentially
ri ven by v arying R birth . Indeed, for a gi ven age, the higher [Fe / H]
tars have smaller R birth , which are the birth radii with the weakest
ge–[ s / Mg] relation. Another way to think of this is that the lower
etallicity stars come from a wider variety of R birth (see the right

anel of fig. 2 in Ratcliffe et al. 2023 ), and therefore run through more
ono- R birth populations in Fig. 2 faster than the higher [Fe / H] stars.
he dependency on [Fe / H] therefore seems to be due to looking at
tars born in different places of the Milky Way. 

What does this mean for the samples of solar-like stars that show
ight relations between age and [ s / Mg]? Fig. 3 shows the age–[Y/Mg]
nd age–[Sr/Mg] planes for the 72 nearby solar-type stars provided
n Nissen et al. ( 2020b ), coloured by their derived R birth . It is clear
hat there is a gradient with R birth in these planes for this sample,
ith younger stars having larger R birth and older stars having lower
 birth . The minor scatter seen about the correlation is due to varying
 birth for a given age, which is caused by the variation in [Fe / H] at

hat age. In other words, the variation in [ s / Mg] about the chemical
lock relation at a given age is due to stars being born at different
irth radii. This is especially apparent in [Sr/Mg], which does not
how as tight of a correlation with age as [Y/Mg] does. 

We find that the four stars that lie off of this tight relation partic-
larly for [Y/Mg] ( ζ 1 Ret, ζ 2 Ret, and the Na-rich stars, marked with
lack and orange squares, respectively) are born at predominantly
ifferent locations than the other stars with similar age in this sample.

.4 Comparison with Galactic chemical evolution models 

o interpret our results, we compare with the age–[ s / Mg] relationship
roduced using Galactic chemical evolution (GCE) modelling. We
se the same nucleosynthesis adopted in the chemical evolution
odel by Van der Swaelmen et al. ( 2023 ; model D), for what

oncerns magnesium and the r-process component of barium. The
 -process component of barium is the same as assumed in Rizzuti
t al. ( 2019 ), with the s -process production of AGB stars taken from
he nucleosynthesis prescriptions of Cristallo et al. ( 2015 ) and those
f massive stars from Frischknecht et al. ( 2016 ). The Galactic disc is
escribed as rings of 2 kpc, with a single episode of infall. This is a
implified assumption, compared to a possible double, or even triple,
nfall (see e.g. Spitoni et al. 2021 , 2023 ). The remaining parameters
f chemical evolution such as a radial dependent infall law with an
nside-out time-scale, initial mass function, star formation law, total
urface mass–density as a function of galactocentric distance and
tellar lifetimes are the same as the disc phase considered in Cescutti
t al. ( 2007 ). These assumptions produce a metallicity gradient
attening with time, as found in Lu et al. ( 2022 ) and Ratcliffe et al.
 2023 ). 
NRAS 528, 3464–3472 (2024) 
Unlike massive stars, AGB stars are long-lived and thus have
nough time to migrate and pollute neighbouring bins. To account
or this effect, we implement radial mixing in a simplified manner by
ssuming that at each time-step a fixed fraction of 10 per cent of the
arium in each ring is transferred to the ring outside. This mimics
he enrichment by a percentage of AGB which migrates toward the
utskirts of the disc, where they release their s -process enrichment;
e define this as Model A. 
The time evolution of the radial gradient of Model A is presented

n the left panel of Fig. 4 (dashed lines). This model captures the
 v erall trend of the [Ba/Mg] radial gradient across time that we
nd in Fig. 1 , i.e. the radial gradient be gins ne gativ e and becomes
ositive with time. However, the age–[Ba/Mg] relation for Model A
right panel of Fig. 4 , dashed lines) shows significant differences from
ur observational findings. This model predicts that after the initial
ollution the [Ba/Mg] abundance stays relatively constant with time
or the outer radii, while in the inner disc its abundance significantly
ecreases (Fig. 4 ). This is in strong disagreement with our results in
ig. 2 , where we find the [Ba/Mg] abundance in the inner disc stays
airly constant with age and the outer disc sees a steep increase with
ime. 

A possible explanation for the decrease in [Ba/Mg] with time
roduced in Model A is that the amount of Ba produced in the
odels of high-metallicity AGB stars is too low. To analyse this

olution, we run Model A with a modification to the yields; the Ba
ields for Z > 0.01 are replaced with the yields of Z = 0.01. In our
et of nucleosynthesis, the yields of barium at Z = 0.01, are about a
actor of 2 larger than the yields at Z = 0.02, depending on the mass
f the AGB considered. The expectations of this modified model
Model B) are shown as the solid lines in Fig. 4 . We see that the
iscrepancies listed abo v e are primarily resolv ed; i.e. the [Ba/Mg]
bundance at each radius stays relatively constant with time after
ts initial increase. The results of Model B also appear to agree
ith what concerns the [Ba/Mg] versus R birth plot (solid lines in

eft panel of Fig. 4 ), although in this plane the difference imposed
y the variation in the yields are less significant. We underline that
ith our data it is not trivial to disentangle possible enrichment of
 -process elements happening in binary systems. In this scenario,
f the primary ended its life at AGB, the secondary star could be
nhanced in s -process elements; at the same time, the mass transfer
an bias the determination of the age towards younger ages. Further
nvestigations are needed to understand the impact of this population
hat at this stage we consider negligible. 

The results that we found for [Ba/Mg] can be explained by a
isc with a decreasing exponential surface density where the inner
art enriches faster due to higher star formation efficiency and an
nside-out time-scale for the disc formation. This combined with a
trong metallicity dependence in the yields of s -process, with a mild
odification of the most metal-rich tail, and with a migration of

round 10 per cent of the AGB products can explain the trends found
n the data. The results of this section are robust to different values
f this migration percentage, with a smaller/larger fraction causing
maller/larger variations in [ s / Mg] across R birth for younger ages.
hoosing the optimal fraction is non-trivial and outside the scope of

his work. Ho we ver, at least with these simplified assumptions, the
igration needed is mild. 
We acknowledge that the model does not perfectly reproduce

he data as there are many parameters in modelling the Milky
ay’s e volution. Ho we ver, despite the numerous GCE models in

he literature, we are not aware of any that predict the steepening
f [ s /Mg] with time that we find. Given that AGB stars are a
ain contributor to s -process elements, and that radial migration



The [ s / Mg] –a g e–R birth relation 3469 

Figure 3. Top : The age–[Y/Mg] and bottom : age–[Sr/Mg] relation of 72 nearby solar-like stars presented by Nissen et al. ( 2020b ). Stars are coloured by their 
estimated R birth . The linear [Y/Mg] and [Sr/Mg] relations with age results from stars with different R birth across age, with the general trend of younger stars 
born at larger radii. The main deviants from this line [the components of ζRetucili (black squares; outliers with lower [Y/Mg]) and the two Na-rich stars (orange 
squares; outliers with higher [Y/Mg]) are due to their differing birth location compared to other stars at a similar age. This figure illustrates that scatter about the 
chemical clock relation is a result of a sample containing stars born at different radii at a given age. 
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s una v oidable, it is only natural that we consider this simpler model
o get a first-order estimate on the [ s /Mg] gradient evolution. Indeed,
his section shows that our simple model is able to capture the main
rends from Figs 1 and 2 and it provides us with an interpretation of
ur results. This section also shows the power of R birth , and how it
an be used to constrain GCE models. 

 C O N C L U S I O N S  

his work investigated the age–[ s / Mg] relation across R birth using
6 652 APOGEE DR17 red giant disc stars and 24 467 GALAH
R3 MSTO + SGB disc stars. Previous works found variations 

n chemical clocks with current radius, ho we ver due to stars radially
igrating away from their birth sites, these fundamental trends can be 

ifficult to interpret. In this work, we explored the relative evolution 
f s -process and α-elements across time and birth radii in the Milky
ay to reco v er the spatially dependent chemical clock relation, and

dditionally revealed why the [ s / Mg]–age relationship depends on 
he stellar sample examined. Our key findings are: 
(i) The [ s / Mg] radial birth gradient for all three elements ex-
mined started initially weakly ne gativ e, flattened around the time
f high- to low- α transition, and then became increasingly positive 
or concave do wnwards) to wards redshift zero (Fig. 1 ). The initially
eakly ne gativ e gradient could be a result of the initial mass function,
hile o v er time the outer disc enriches faster in [ s /Mg] than the

nner disc due to the migration of AGB stars before enriching the
nterstellar medium with s -process elements. 

(ii) The age–[ s / Mg] relation varies across R birth , with each radius
eeing an initial increase in [ s / Mg] before varying little with
ime (Fig. 2 ). The enrichment from AGB stars that have migrated
utwards causes the increase in [ s /Mg] abundance at a given radius.
ue to inside-out formation, eventually this additional enrichment 

lo ws do wn/stops, causing a radius to have little change in [ s /Mg]
bundance with time. This variation suggests that the scatter about 
he [ s / Mg]–age line is predominantly due to samples containing a
ariety of R birth for a given age. 

(iii) When the dispersion in R birth is small for a given age (such
s in Milky Way solar-like stars), a tight correlation between [ s / Mg]
nd age is found (Fig. 3 ). 
MNRAS 528, 3464–3472 (2024) 
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M

Figure 4. Left : [Ba/Mg] versus R birth and right : [Ba/Mg] versus age planes using a single-infall GCE model with inside out growth and simple radial migration 
as described in Section 3.4 (Model A, dashed lines). Model A fails to reproduce the observed relationship between age, [Ba/Mg], and R birth . Particularly, the 
right panel shows that mono- R birth populations see a decline in [Ba/Mg] with decreasing age – unlike the trends shown in Fig. 2 . Model B (solid lines), which 
allows for more production of Ba at higher metallicities in AGB stars, corrects this issue, and is able to capture the o v erall trends observed with our R birth . 
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(iv) Using a GCE model with standard nucleosynthetic yields, we
nd that the [Ba/Mg] abundance decreases with time for each mono-
 birth population in disagreement with the data. A simple correction

or allowing more Ba to be produced at higher metallicities, as well
s a simple model of radial migration, address this issue and is able
o reproduce the trends found using our R birth estimates (Fig. 4 ). 

Our results explicitly show that there is no universal [ s / Mg]–age
elation across the Galactic disc, in agreement with previous works
e.g. Viscasillas V ́azquez et al. 2022 ). Here, ho we ver, we re vealed
ow this correlation depends on R birth (and thus [Fe / H]), which
emonstrates the inherent relationship between [ s / Mg] abundance
nd age in the Milky Way that is not masked by radial migration.
n particular, we illustrate how radial migration affects the [ s / Mg]
adial gradient with time, which in turn creates a variation in the
 s / Mg] abundance across birth radii and causes a weaker correlation
etween age and [ s / Mg] for younger ages. 

The time evolution of the age–[ s / Mg] relation that we unco v ered
ith knowledge of birth radius was used to constrain the metallicity
ependence of the AGB yields and the radial migration strength
f a simple GCE model – which are typically constrained by only
resent-day observations with age and radius, and independent of
ur R birth estimates. Our work also highlights the utility of R birth 

n understanding the Milky Way disc’s chemical evolution, as the
ontribution from different mechanisms that can affect abundance
volution are all naturally accounted for without prior knowledge or
uantification that is needed in chemo–dynamical modelling. 
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PPENDI X  A :  E X T R A  PLOTS  

ig. A1 illustrates the metallicity distribution function of Model B 

ompared to our GALAH DR3 sample. The median ±1 standard 
e viation v alues for each radial bin for our GALAH sample are as
ollows: 

(i) 4 kpc: 0.01 ± 0.15 
(ii) 6 kpc: −0.13 ± 0.16 
(iii) 8 kpc: −0.26 ± 0.17 
(iv) 10 kpc: −0.45 ± 0.20 

The medians of Model B (4 kpc: −0.06, 6 kpc: −0.22, 8 kpc:
0.35, 10 kpc: −0.51) are within 1 standard deviation of the medians

f the GALAH sample for each of the radial bins. 
Fig. A2 gives a comparison of Model B to our GALAH DR3

ample for different birth radii bins. 

igure A1. The metallicity distribution of top : Model B and bottom : our
ALAH DR3 sample. The median values for each of the radial bins of
odel B are within 1 standard deviation of the GALAH median values. 
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Figure A2. The [Mg/Fe]–[Fe/H] plane comparing Model B to GALAH DR3 data for different birth radii bins. 
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