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A B S T R A C T 

The radial metallicity distribution of the Milky Way’s disc is an important observational constraint for models of the formation 

and evolution of our Galaxy. It informs our understanding of the chemical enrichment of the Galactic disc and the dynamical 
processes therein, particularly radial migration. We investigate how the metallicity changes with guiding radius in the thin disc 
using a sample of red giant stars with robust astrometric, spectroscopic, and asteroseismic parameters. Our sample contains 668 

stars with guiding radii 4 < R g < 11 kpc and asteroseismic ages co v ering the whole history of the thin disc with precision 

≈25 per cent . We use MCMC analysis to measure the gradient and its intrinsic spread in bins of age and construct a hierarchical 
Bayesian model to investigate the evolution of these parameters independently of the bins. We find a smooth evolution of the 
gradient from ≈−0.07 dex kpc −1 in the youngest stars to ≈−0.04 dex kpc −1 in stars older than 10 Gyr, with no break at 
intermediate ages. Our results are consistent with those based on asteroseismic ages from CoRoT, with that found in Cepheid 

variables for stars younger than 1 Gyr, and with open clusters for stars younger than 6 Gyr. For older stars we find a significantly 

lower metallicity in our sample than in the clusters, suggesting a survi v al bias fa v ouring more metal-rich clusters. We also find 

that the chemical evolution model of Chiappini ’09 is too metal poor in the early stages of disc formation. Our results provide 
strong new constraints for the growth and enrichment of the thin disc and radial migration, which will facilitate new tests of 
model conditions and physics. 

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

ver the last decade, the field of Galactic archaeology has expanded 
apidly, with many new discoveries concerning the formation and 
volution of the Milky Way (MW). These advances have been facil- 
tated by the availability of astrometry of unprecedented precision 
rom Gaia (Gaia Collaboration 2016 ) and several large spectroscopic 
urv e ys, such as the Apache Point Observatory Galactic Evolution 
xperiment (APOGEE; Majewski et al. 2017 ), Gaia -ESO (Randich 
t al. 2022 ), GALactic Archaeology with HERMES (GALAH; Buder 
t al. 2021 ), the Large Sky Area Multi-Object Fibre Spectroscopic 
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elescope (LAMOST; Deng et al. 2012 ; Zhao et al. 2012 ), and
he RAdial Velocity Experiment (RAVE; Steinmetz et al. 2020a , b ).

hen combined with stellar ages, these provide meaningful tests of 
hemo-dynamical models of the MW. 

Many such models of spiral galaxies predict that the inner part
f the disc forms earlier than the outer regions (e.g. Larson 1976 ;
atteucci & Francois 1989 ; Chiappini, Matteucci & Gratton 1997 ;

rankel et al. 2019 ), and the idea of ‘inside-out’ formation is now
idely accepted. One of the signatures of this formation scenario 

s a radial metallicity 1 gradient in the Galactic disc, with higher
 Throughout this work we use iron abundance as a tracer for metallicity: 
Fe/H] = log 10 ( N Fe / N H ) ∗ − log 10 ( N Fe / N H ) �, where N Fe and N H are the num- 
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etallicities in the centre, caused by more generations of stars
hat enrich the material from which the next generation form. This
radient might change with time as the disc expands and star
ormation proceeds unevenly. In the MW we have the opportunity
o explore this evolution by using tracers of the metallicity gradient
ith different ages, in contrast to studies of other galaxies where,

rom a given tracer, we see only a snapshot of the aggregate effect
e.g. Cresci et al. 2010 ; Magrini et al. 2016 ). 

In addition to its intrinsic interest as a property of the MW,
he radial metallicity gradient also helps to constrain dynamical
rocesses in the disc. If we expect that stars are born into the Galaxy
ith some tight relationship between their metallicity and birth

adius, R b , but the relationship in a mono-age population shows some
catter, then we may infer that some stars hav e mo v ed a way from
 b . This assumption breaks down in the presence of contaminants

rom the debris of galactic mergers of other processes, but it is an
cceptable simplification in a robustly selected in situ population.
nferring birth radii is an important step towards reco v ering the

W’s history, and therefore tight observational constraints on the
etallicity gradient are very valuable (e.g. Wielen, Fuchs & Dettbarn

996 ; Minchev, Chiappini & Martig 2013 ; Frankel et al. 2018 ;
inchev et al. 2018 ). 
There are two reasons why a star may be observed with a

alactocentric radius, R Gal �= R b . First, the eccentricity of the orbit
aturally results in a star being observed at different R Gal during the
rbit. Stars in the disc are born onto nearly circular orbits, which
ncrease in eccentricity o v er time as a result of radial heating. This
rocess increases the radial action, J R , and is referred to as ‘blurring’
Sell w ood & Binney 2002 ; Sch ̈onrich & Binney 2009a ). Importantly,
or efforts to reco v er birth radii, blurring does not change the orbital
ngular momentum, L z , so the star retains some ‘kinematic memory’
f its birth conditions. By considering the metallicity gradient with
uiding radius, R g (the radius of a circular orbit of the same angular
omentum), we can mitigate this effect in our sample. 
Second, interactions with non-axisymmetric features of the MW’s

isc (e.g. the bar or spiral arms) can cause ‘churning’ (Sell w ood &
inney 2002 ), in which an exchange of angular momentum shifts

he star into a new orbit. Frankel et al. ( 2020 ) found that this effect is
oughly an order of magnitude stronger than blurring in the Galactic
isc, shifting stars by up to ≈3 kpc o v er 6 Gyr on average. The
hange of L z means that R g �= R b and R b can only be inferred by
ndirect means, such as the combination of the metallicity gradient
nd age. Minchev, Chiappini & Martig ( 2016 ) found that churning is
ecessary in their chemo-dynamical simulation in order to reproduce
he observed spread of metallicity in stars of a given age. The same
odel also shows that the presence of churning affects the flaring of
 galactic disc in a quiescent setting or during a merger (Minchev
016 ). 
Constraints on migratory processes like churning require precise
easurements of the metallicity gradient in populations spanning the

ull history of the disc. This necessitates a large sample, co v ering a
ide range of radii, metallicities, and ages. Open clusters (OCs) have
een used in such studies (Magrini et al. 2009 ; Casamiquela et al.
017 , 2019 ; Spina et al. 2021 ; Myers et al. 2022 ; Netopil et al. 2022 ;
pina, Magrini & Cunha 2022 ; Gaia Collaboration 2023b ), ho we ver,
ynamical processes are thought to create a survi v al bias to wards
igh-metallicity OCs, obscuring the underlying chemical evolution
f the Galaxy (Lynga & Palous 1987 ; Anders et al. 2017b ; Spina
NRAS 526, 2141–2155 (2023) 

ers of iron and hydrogen nuclei per unit volume of the stellar photosphere, 
espectively. 
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t al. 2021 ). Cepheid variables can be used to probe the present-day
radient, as the y pro vide an e xcellent radial range for targets with
0 < τ < 400 Myr (Genovali et al. 2014 ). Other young tracers such
s OB stars (Kaufer et al. 1994 ; Daflon & Cunha 2004 ; Bragan c ¸a
t al. 2019 ) and H II regions (Esteban et al. 2005 ; Balser et al. 2011 )
an be used to trace the [O/H] gradient o v er large regions of the
alaxy but, as for Cepheids, they cannot reveal the evolution over its
istory. 
Low-mass field stars are ideal tracers, but there are many well-

ocumented challenges associated with obtaining reliable stellar
ges for large samples. Ages may be estimated by comparison to
sochrones, but they are sensitive to changes in model physics or
emperature scale and are generally restricted to lower luminosity
hases of stellar evolution. For red giants that exhibit solar-like
scillations, asteroseismic analysis may be used to obtain precise
nd robust (though not model independent) stellar ages (Soderblom
010 ; Chaplin & Miglio 2013 ; Lebreton, Goupil & Montalb ́an 2014 ).
nders et al. ( 2017b ) demonstrated the potential of this approach
ith the Convection, Rotation and planetary Transits ( CoRoT )–
POGEE (CoRoGEE) sample (Anders et al. 2017a ), combining

steroseismic constraints from two fields observed by CoRoT (Baglin
t al. 2006 ) with spectroscopy from APOGEE. The combination
f asteroseismology and spectroscopy offers many advantages o v er
lassical tracers, as we can probe the full history of the disc o v er
everal kpc. 

Kepler (Gilliland et al. 2010 ) represents the ‘gold standard’ in
steroseismic data, enabling ages to be determined to 10 per cent
recision (Montalb ́an et al. 2021 ). Ho we ver, while the signature of
adial migration can be seen in Kepler data (e.g. fig. 6 of Miglio
t al. 2021 ), they are restricted in spatial coverage to a single
05 deg 2 area. In this work, we utilize the results of the successor
ission K2 (Howell et al. 2014 ), which provides observations from

ll around the ecliptic, split into 20 campaigns each observed for
round 80 d. Though the observation time per campaign was much
horter in duration than Kepler for a single field, the global oscillation
requencies are sufficient to place good constraints on the stellar
ass, M ∗, with which the age of low-mass red giants is tightly

orrelated. Combining these data with chemical abundances from
POGEE Data Release 17 (DR17; Abdurro’uf et al. 2022 ) and
aia Data Release 3 (DR3; Gaia Collaboration 2023a ) unlocks the
otential of asteroseismic ages for Galactic archaeology on a large
cale. 

In this work, we compile a catalogue of K2 targets with robust
nd homogeneously determined stellar parameters from astero-
eismology. From this, we select members of the thin disc and
easure the radial metallicity gradient as a function of age with two

omplementary techniques. We introduce our sample in Section 2
nd describe our analysis in Sections 3 and 4 . Section 5 contains a
etailed discussion of our results and a comparison to the existing
iterature and theoretical predictions. Finally, our conclusions are
resented in Section 6 . 

 OBSERVATI ONA L  C O N S T R A I N T S  

n this section, we describe our sample of K2 solar-like oscillating
ed giants (Section 2.1 ), outline how the stellar and orbital parameters
ere inferred from the observables (Section 2.2 ), and how members
f the thin disc were selected, utilizing both the abundance and
inematic information (Section 2.3 ). 
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Figure 1. Location of stars in our sample in left-handed Galactocentric 
Cartesian coordinates (top) and Galactocentric cylindrical coordinates (bot- 
tom). The green points show the stars in the thin disc, and the full sample is 
shown in the background (black points). 
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Figure 2. Distribution of the uncertainty on guiding radius (top) and 
fractional uncertainty on age (bottom) in the full sample (grey line) and 
thin disc (filled green). The area under each histogram integrates to one. 

σ

n
A

2

I  

(  

D  

e  

c  

i
a  

o  

s
n  

o  

G
 

u  

p  

o  

T
t
t  

l  

s
(  

f  

 

c
i  

s  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/526/2/2141/7238481 by guest on 04 O
ctober 2023
.1 Aster oseismic, spectr oscopic, and astr ometric constraints 

ur sample is based upon the catalogue of Willett et al. (in prepara-
ion), which contains asteroseismic parameters from the pipelines of 

osser & Appourchaux ( 2009 ) and Elsworth et al. ( 2020 ), as well
s spectroscopically derived abundances and radial velocities (RVs) 
rom APOGEE DR17 (Abdurro’uf et al. 2022 ), and five-parameter 
strometric solutions from Gaia DR3 (Gaia Collaboration 2023a ). 

In order to obtain a set of homogeneously constrained stellar 
ges, in this work we consider global asteroseismic parameters νmax , 
he frequency of maximum oscillation power, and �ν, the large 
requency separation, from the pipeline of Elsworth et al. ( 2020 )
nly. This pipeline has been shown to produce fewer false positive 
etections (Mackereth et al. 2021 ) and the definition of �ν (which 
aries between pipelines) is more similar to that used in the stellar
arameter estimation code PARAM . The resulting sample is spread 
cross K2 campaigns 1–8 and 10–18 that provides good coverage 
ut to ≈3 kpc from the solar position. 
The abundances used in this work are those produced by the 

POGEE Stellar Parameters and Chemical Abundances Pipeline 
 ASPCAP ; Garc ́ıa P ́erez et al. 2016 ). A full description of this
ipeline as applied to APOGEE DR17 is given in Holtzman et al.
in preparation). We remo v e targets with ASPCAPFLAG containing 
TAR BAD or STAR WARN , and those with any RV FLAG set. 
We use five-parameter astrometric solutions [ α, δ, � , μα , μδ]

rom Gaia DR3. F ollowing Linde gren ( 2018 ), we remo v e tar-
ets with ruwe > 1.4 or which are marked as binaries by the
on single star flag. 
The final sample comprises 5885 targets, shown in Fig. 1 , with
edian metallicity uncertainty σ [Fe/H] = 0.008 dex. In practice, we 

nforce a lower limit of σ [Fe/H] > 0.05 dex and σT eff > 50 K during
he inference of the stellar parameters (Section 2.2 ) because the 
ipeline uncertainties reflect only the internal errors. In addition, 
nflating the error on T eff helps to mitigate the uncertainties asso-
iated with the descriptions of near-surface convection and outer 
oundary conditions in the stellar models. We use the ASPCAP 
[Fe/H] in our analysis of the metallicity gradient, but show the 
egligible effect on our results of inflating the [Fe/H] uncertainty in 
ppendix A . 

.2 Inferred stellar and orbital parameters 

n this work, we use the stellar parameters described in Willett et al.
in preparation), specifically the mass, M ∗, age, τ , and distance,
 . These parameters are inferred using the PARAM code (Da Silva

t al. 2006 ; Rodrigues et al. 2014 , 2017 ), which performs a Bayesian
omparison to a grid of stellar models and returns full posterior
nformation. Asteroseismic constraints are provided by �ν and νmax 

nd we use the reference model grid (labelled G2) from the work
f Miglio et al. ( 2021 ). We remo v e stars with νmax more than three
tandard deviations below 20 μHz, as asteroseismic inferences have 
ot been e xtensiv ely tested in this domain. A detailed discussion
f the asteroseismic distances and how they compare to those from
aia can be found in Khan et al. ( 2023 ). 
Orbital parameters are obtained from the same source and here we

se the guiding radius, R g , and maximum excursion from the Galactic
lane Z max . They are computed using the fast orbit estimation method
f Mackereth & Bovy ( 2018 ), implemented in GALPY (Bovy 2015 ).
hroughout this work, we adopt the simple MW potential MWPo- 
ential2014 (Bovy 2015 ) and, following this model, we assume 

he radial position of the Sun to be R Gal , � = 8 . 0 kpc , where the circu-
ar velocity is v circ = 220 km s −1 (Bovy et al. 2012 ). The additional
olar motion is given by [ U, V , W ] � = [ −11 . 1 , 12 . 24 , 7 . 25] km s −1 

Sch ̈onrich, Binney & Dehnen 2010 ), and the Sun’s vertical offset
rom the Galactic plane is Z Gal , � = 20 . 8 pc (Bennett & Bovy 2019 ).

For both the stellar and orbital parameters, we use the 68 per cent
redible interval throughout our analysis, and sometimes approx- 
mate the posteriors as Gaussian, taking half this interval as the
tandard deviation. The uncertainties on τ and R g are shown in Fig. 2 .
MNRAS 526, 2141–2155 (2023) 
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M

Figure 3. Average α element abundance [ α/M] versus [Fe/H]. The high- and 
low- α sequences were separated along the red line, with the high- α population 
(gre y) remo v ed from the analysis. Of the remaining low- α population, stars 
with Z max ≥ 0.5 kpc were also remo v ed (black). The final thin disc sample is 
shown in green. 
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.3 Thin disc selection 

n this work, we restrict our analysis to the thin disc, where the
tellar orbits have been less disturbed by dynamical processes (either
apid ‘non-adiabatic heating’ that can be caused by interactions with
ther galaxies or scattering from giant molecular clouds, or ‘adiabatic
eating’ from the secular evolution of the disc; Ting & Rix 2019 ,
nd references therein). The rest of the sample will be studied in
uture works where we explore other abundance gradients, vertical
rends, and stars from the Galactic halo. We select thin disc members
rom our sample in two stages. First, we make a cut in the [ α/M]
bundance to remo v e the α-enhanced population, which is usually
ssociated with the halo and thick disc (Fig. 3 ). We use [ α/M] as
 proxy for [ α/Fe] as the differences between them 

2 are negligible.
econd, we make a cut to retain stars with Z max < 0.5 kpc that are
n kinematically cool orbits. This cut is chosen to be slightly wider
han the scale height of the thin disc, to accommodate the flaring of
he disc in the outer galaxy (Momany et al. 2006 ). Though this cut
hanges the metallicity distribution of our sample, our results are not
 ery sensitiv e to its e xact position (see Appendix B for details). 
Our thin disc sample contains a total of 668 stars and is shown

n green in Figs 1 –3 , with median uncertainties σ [Fe/H] = 0.007,
τ / τ = 0.24, and σR g = 0 . 02 kpc – though we remind the reader of

he comment on σ [Fe/H] in Section 2.1 . 

 T H E  META LLICITY  G R A D I E N T  IN  BINS  O F  

G E  

e investigate the metallicity as a function of R g across six bins in
ge: 

τ < 1 Gyr , 1 ≤ τ < 2 Gyr , 

 ≤ τ < 4 Gyr , 4 ≤ τ < 6 Gyr , 

 ≤ τ < 10 Gyr , 10 Gyr ≤ τ, 

here we use bins of increasing width to accommodate the wider
osteriors at older ages. For ease of comparison, these bins are the
ame as those used by Anders et al. ( 2017b ). 
NRAS 526, 2141–2155 (2023) 

 Defining [ α/Fe] as an average of [X/Fe] for O, Mg, Si, S, and Ca. 

m  

p  

s

We utilize a Bayesian fitting procedure to constrain the metallicity
radient, using a ‘linear + Gaussian spread’ model. In physical terms,
his means that we expect stars to be normally distributed about
ome line intrinsically, rather than having been drawn from a narrow
elationship and subsequently scattered, so 

Fe / H] ∼ N ( mR g + c, V ) . (1) 

his model has three parameters φ = m , c , V , where m and c are the
inear gradient and offset from [Fe/H] = 0 at R g = 0, and V is the
ariance of the Gaussian, oriented perpendicular to the direction
f the linear component. Using Bayes’ theorem, the posterior
robability density function (PDF) of these model parameters given
ome data d is 

( φ| d) ∝ p( φ) p( d| φ) , (2) 

here p ( φ) is the prior PDF of the model parameters and p( d| φ) = L
s the likelihood of observing the data, given the model. 

Our fitting procedure follows Hogg, Bovy & Lang ( 2010 ) and
ccounts for uncertainty on both R g and [Fe/H] by utilizing the full
ovariance matrix of each star i , ς i , in the likelihood. In addition,
e reparametrize the problem so that we do not directly constrain m

nd c , but rather the angle to the horizontal, cos ( θ ) = 1 / 
√ 

1 + m 

2 ,
nd c ⊥ 

= c cos ( θ ), which a v oids our wide priors placing too much
mphasis on gradients close to vertical. This gives a new set of
arameters ϕ = [ θ , c ⊥ 

, V ]. Projecting ς i to an orthogonal variance
 

2 
i , we may write the log-likelihood as 

ln ( L ) ∝ −1 

2 

∑ 

i 

[
ln 
(
� 

2 
i + V 

) + 

� 

2 
i 

� 

2 
i + V 

]
, (3) 

here � i is the orthogonal displacement of star i from the line. We
hoose very wide, uniform priors on the parameters ϕ, requiring 

−π < θ < π, 

10 3 < c ⊥ 

< 10 3 , 

0 ≤ V < 10 4 . 

We explore this parameter space by sampling according to the
arkov chain Monte Carlo (MCMC) algorithm, implemented in

MCEE (F oreman-Macke y et al. 2013 ). We use 32 w alk ers that each
ake 5000 steps, with a burn-in time that is dynamically determined

o be 10 times the autocorrelation time (removing around 500 samples
er w alk er). To account for the uncertainty on τ , we perform an
 v erarching Monte Carlo (MC) analysis by repeating this procedure
or 500 realizations of τ that are generated by approximating the
osterior distribution from PARAM as Gaussian. This allows the stars
o mo v e between bins in each step of the MC. We combine all
he post-burn-in samples and report the median and 68 per cent
redible interval as the best-fitting values of the parameters. The age
ncertainty contributes approximately 30 per cent to the o v erall error
udget on these results. The lines corresponding to these values are
hown in Fig. 4 , where the filled region indicates the intrinsic spread,
 

V , and the points appear in the bin to which the median age of the
tar belongs. An example corner plot showing the joint and marginal
istributions of the fit parameters ϕ in one bin, for one realization of
is shown in Fig. 5 . 
We report the best-fitting values of the gradient, m , metallicity

ffset at 8 kpc, b = m × 8 + c , and [Fe/H] component of the spread
 = 

√ 

V cos ( θ ) in the left-hand side of Table 1 . The gradient flattens
onotonically with age, and the spread is smallest for the youngest

opulations, increasing until τ ≈ 10 Gyr. The metallicity at 8 kpc is
lightly subsolar at all ages. 
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Figure 4. [Fe/H] versus R g in six bins of age. The thin disc sample is shown in black points, binned according to the median age of each star. The green line 
shows the best-fitting radial metallicity gradient from the MCMC analysis, with a filled region representing 1 σ of the intrinsic spread. 

Figure 5. Corner plot (F oreman-Macke y 2016 ) showing the joint and 
marginalized sampled posterior distributions of the fit parameters ϕ in the 
age bin 2 ≤ τ < 4 Gyr for one step in the MC (one realization of τ ). 
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 A  H I E R A R C H I C A L  BAYESIAN  APPROACH  

educing a data set to a small number of bins can lead to misleading
nd sometimes unreliable results. In the specific context of this work, 
he intrinsic spread around the linear relationship carries essential 
nformation, so conflating it with a scatter caused by the mix of ages
n a bin makes robust inference a challenge. This is compounded by
he fact that the bins are wider, and therefore the populations are a
orse approximation of mono-age, at older ages. In this section, we 

how that, with our large data set and some simplifying assumptions,
t is possible to remo v e the need for binning altogether. 
To constrain the changes in the metallicity distribution with age we
onstructed a hierarchical Bayesian model (HBM). This allows the fit 
arameters to vary for each star (they are now the latent parameters),
onstrained by some population-level rule that describes how they 
ary with age. We reparametrize to describe the variation with log ( τ )
nstead because the increasing age uncertainty as a function of age
akes the parameter space difficult to explore. In this case, we

ssume a linear relationship for m and b with log ( τ ), and (since
he spread must have a strictly non-ne gativ e v alue) S follo ws an
xponential in log ( τ ): 

Fe / H] ∼ N 

(
mR g + ( b − 8 m ) , S 2 

)
; (4) 

 = k 1 A m 

log ( τ ) + k 2 B m 

, 

b = k 3 A b log ( τ ) + k 4 B b , 

S = exp ( k 5 A S log ( τ ) + k 6 B S ) . 

he parameters � = A m , B m , A b , B b , A S , B S are the population-
evel hyperparameters and the constants k i are introduced to rescale 
ach to be close to unity, in order to increase the efficiency of
ur sampling. These simple relationships are a pragmatic choice, 
roviding a test of the results from the binned analysis for a small
umber of hyperparameters. 
Fig. 6 shows the probabilistic graphical model corresponding to 

his analysis, where the dependencies between the hyperparameters, 
atent parameters, and observables are indicated by arrows. Bayes’ 
heorem now becomes 

 ( �, φ| d ) ∝ p ( � ) p ( φ| � ) p ( d| φ) . (5) 

e choose minimally informative priors on the hyperparameters, �, 
ith each drawn from a normal of the form N ( μ, σ 2 ) such that 

A m 

∼ N (3 , 9) , B m 

∼ N (0 , 9) , 

A b ∼ N ( −3 , 9) , B b ∼ N (0 , 9) , 

A S ∼ N (0 , 25) , B S ∼ N (0 , 25) , 

nd, because the HBM is a generative model, we also require priors
n R g and log ( τ ). We choose these to be broad and likelihood
MNRAS 526, 2141–2155 (2023) 
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M

Table 1. The median and 68 per cent credible interval for each parameter from MCMC analysis in bins of age (left) and the HBM, e v aluated at the median age, 
τmed , of each bin population (right); m is the gradient, b is the [Fe/H] offset at R g = 8 kpc, and S is the component of the intrinsic spread in the [Fe/H] direction. 

MCMC parameters HBM parameters 
Bin range [Gyr] N stars m [dex kpc −1 ] b [dex] S [dex] τmed [Gyr] m [dex kpc −1 ] b [dex] S [dex] 

τ < 1 35 −0 . 068 + 0 . 017 
−0 . 016 −0 . 039 + 0 . 022 

−0 . 023 0 . 111 + 0 . 015 
−0 . 013 0.7 −0 . 078 + 0 . 011 

−0 . 011 −0 . 022 + 0 . 016 
−0 . 015 0 . 115 + 0 . 010 

−0 . 009 

1 ≤ τ < 2 74 −0 . 065 + 0 . 013 
−0 . 013 −0 . 033 + 0 . 015 

−0 . 015 0 . 130 + 0 . 012 
−0 . 011 1.6 −0 . 068 + 0 . 008 

−0 . 007 −0 . 034 + 0 . 010 
−0 . 009 0 . 130 + 0 . 007 

−0 . 006 

2 ≤ τ < 4 183 −0 . 058 + 0 . 010 
−0 . 010 −0 . 058 + 0 . 011 

−0 . 011 0 . 157 + 0 . 008 
−0 . 008 3.0 −0 . 060 + 0 . 005 

−0 . 005 −0 . 044 + 0 . 006 
−0 . 007 0 . 145 + 0 . 005 

−0 . 005 

4 ≤ τ < 6 132 −0 . 053 + 0 . 012 
−0 . 012 −0 . 060 + 0 . 016 

−0 . 016 0 . 160 + 0 . 011 
−0 . 010 4.9 −0 . 054 + 0 . 005 

−0 . 005 −0 . 052 + 0 . 007 
−0 . 007 0 . 157 + 0 . 004 

−0 . 004 

6 ≤ τ < 10 165 −0 . 049 + 0 . 012 
−0 . 011 −0 . 048 + 0 . 016 

−0 . 016 0 . 173 + 0 . 011 
−0 . 0010 7.6 −0 . 048 + 0 . 006 

−0 . 006 −0 . 059 + 0 . 009 
−0 . 009 0 . 169 + 0 . 006 

−0 . 006 

10 ≤ τ 87 −0 . 039 + 0 . 013 
−0 . 013 −0 . 051 + 0 . 020 

−0 . 020 0 . 158 + 0 . 012 
−0 . 012 12.6 −0 . 041 + 0 . 008 

−0 . 008 −0 . 067 + 0 . 012 
−0 . 013 0 . 184 + 0 . 010 

−0 . 009 

Figure 6. A probabilistic graphical model of the hierarchical Bayesian model 
(HBM). The properties of individual stars are shown inside the rectangle, and 
the hyperparameters are shown outside. Grey nodes represent observables 
and their respective observational uncertainties are given by the small black 
nodes. 
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ominated: 

R g ∼ N (8 , 25) , 

og ( τ ) ∼ N (0 . 7 , 0 . 09) . 

We explore this new parameter space with the No-U-Turn Sampler
NUTS) variant of the MCMC algorithm (Hoffman & Gelman 2011 ),
mplemented in NUMPYRO (Bingham et al. 2019 ; Phan, Pradhan &
ankowiak 2019 ), using five chains that each make a total of 15 000
amples, 5000 of which are reserved for warm-up. We confirm model
onvergence by ensuring ˆ r < 1 . 04 for all parameters (Gelman &
ubin 1992 ). 
The results for this analysis are shown in Fig. 7 , where the line

ndicates the median value of the posterior distribution and the filled
and is the 68 per cent credible interval, which is larger for younger
nd older stars where the data are sparser. For comparison, we show
he results of the age-binned analysis, plotted against the median age
f the population in each bin, with error bars that show the 68 per cent
redible interval. The results of the HBM at the median age of each
in population are reported in Table 1 , and both sets of results are
iscussed more fully in the next section. 

 DISCUSSION  

e have shown results from two complementary methods to measure
he radial metallicity gradient o v er the history of the MW’s disc. In the
ext section, we discuss these results in more detail, as well as what
an be learned from their comparison. We give special consideration
NRAS 526, 2141–2155 (2023) 
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o the oldest stars in Section 5.2 and comment on the possible biases
resent in our work in Section 5.3 . Finally, in Section 5.4 , we compare
o predictions from theoretical models of chemo-dynamical evolution 
nd set our work in the context of the literature. 

.1 Results of this work 

ur sample of K2 oscillating red giants provides excellent coverage 
f a wide range of guiding radii and ages, which allows the
etallicity evolution of the thin disc to be investigated. Using 

ierarchical Bayesian analysis we obtain constraints that are free 
rom the additional uncertainties introduced by binning. Ho we ver, 
n this analysis, it is necessary to assume a functional form for
he evolution of the fit parameters, and therefore the HBM does 
ot have the freedom to trace all features of the data. In this way
he MCMC analysis performed on the binned data and the HBM
re complementary and it is useful to compare their results in 
etail. 
As shown in Fig. 7 and Table 1 , the two methods agree very well

within 1 σ ) at all ages for the gradient and offset at 8 kpc of the
adial metallicity relationship. The largest differences are in the stars 
ounger than 2 Gyr, which may be due to the smaller sample size
r the assumed functional forms within the HBM. We find that b is
elow solar metallicity at all ages, suggesting that the Sun was born
loser to the Galactic Centre than its current position, in agreement 
ith Wielen et al. ( 1996 ), Minchev et al. ( 2013 , 2018 ), and Frankel

t al. ( 2018 ). 
There are more significant differences between the results for 

he intrinsic spread. This is not surprising because, in the MCMC
nalysis, the spread arising from the width of each bin and the
ample size within each bin are conflated with the underlying 
hysics. Overall the agreement between the methods suggests that 
he effects of the binning do not dominate. This verification is
mportant as understanding this spread is an important step towards a 

easurement of the effects of churning (e.g. Haywood 2008 ; Kubryk, 
rantzos & Athanassoula 2015b ), though quantifying the effects of 
adial migration is beyond the scope of this study. It seems likely that
he difference in population size (Table 1 ) is the cause of the small
uctuations around the trend shown by the HBM, with slightly larger 
opulations correlating with a larger spread. The deviation is largest 
n the population older than 10 Gyr and, while the smaller sample
ize in this bin is still rele v ant, these stars merit special consideration
ecause they were likely born in an epoch prior to the formation of
he thin disc. 

.2 Stars older than 10 Gyr 

odels of the assembly history of the MW show that the Galactic disc
ormed ≈10 Gyr ago (e.g. Belokurov & Kravtsov 2022 ). Therefore 
tars older than this were not born in the thin disc as we know it today,
nd this bin contains the highest fraction of contaminants from the 
ebris of mergers or other processes in the MW before the onset of
isc formation. Since it is necessary to assume a functional form for
he evolution of S , the HBM is not able to trace all features present in
he data, so the difference between it and the binned result does not
ecessarily indicate an effect introduced by the binning. However, 
e can test the effect of the old population in the HBM by removing

t and rerunning the analysis. 
After removing stars with τ > 10 Gyr, the HBM results for the

lope and offset are consistent within their uncertainties (the blue 
ines in Fig. 7 ), but we find a significantly steeper increase in the
pread with age. This indicates that the reduced spread is, at least
artly, a physical effect because the old population flattens the fit of
he HBM o v erall. This could be a signature of the small radial extent
nd centrally concentrated star formation in that epoch of the MW.
e also test whether the difference in these HBM results could be

ue to the larger uncertainty on the age of the older stars, but find
hat the effect is independent of the size of the age uncertainty. 

There is a disagreement between these results and the intermediate 
ge bins (4 ≤ τ < 6 Gyr and 6 ≤ τ < 10 Gyr), with the HBM
redicting a larger spread, which is driven by the assumption in the
BM of linear dependence on log ( τ ) and the steep increase in spread

t young ages. 
The age prior in PARAM is deliberately wide and uninformative, 

hich means our sample contains some stars with median age greater
han 13.6 Gyr. Since the age posteriors are wide, we do not remo v e
hese stars from our analysis, but we confirm that they are not
ominating the result in the oldest bin by analysing them separately
Fig. 8 ). We find that, though these stars do have a gradient that is
ignificantly flatter than those with 10 ≤ τ < 13.6 Gyr, the final fit in
he bin is almost unaffected by their presence, being fully consistent
o the result with the very old stars removed. 

.3 Possible sources of bias 

n this work, we choose the guiding radius as our primary radial
oordinate because it provides a robust estimate of the Galactocentric 
istance of the star o v er its whole orbit. For the same sample, this
ill naturally tend to flatten the radial metallicity gradient because 
e observe a limited range of R Gal . In the inner Galaxy, it is only
ossible to observe stars with R g < R Gal , min if they are eccentric
nough that their apocentre radius R ap ≥ R Gal , min . We cannot observe 
tars on circular orbits with the same R g because they never enter
ur observable region, so we spread our sample o v er a wider range
f radii, without increasing the range in metallicity. We show this
n Appendix C , Figs C1 and C2 , where for τ > 2 Gyr we do find
 steeper gradient with R Gal . For τ < 2 Gyr the effect is reversed,
hich is likely to be because the flattening effect of R g is smaller due

o the lower eccentricities of the younger population. The irregular 
istribution of the stars in R Gal (Fig. C1 ) may then lead to a slight
attening of the gradient. 
The equi v alent argument can be made for stars with R g > R Gal , max 

nd pericentre radius R pe ≤ R Gal , max , but in our sample the two
MNRAS 526, 2141–2155 (2023) 
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ffects do not appear symmetrically: we have more stars with R g 

 R Gal, min than R g > R Gal , max . The stellar density in the outer
isc is lower, so we would see fewer of such stars in a spatially
niform sample, but we see roughly the same number of stars
lose to our radial limits ( R Gal , min ≈ 5 . 5 kpc , R Gal , max ≈ 10 kpc ).
e can moti v ate the asymmetry by considering the probability of

bserving the ‘inner’ star ( R g < R Gal , min ) while it is passing through
he observable region, compared to the ‘outer’ star. As an example,
ur sample contains one star with R g < 4 kpc – i.e. which is observed
ore than 1.5 kpc away from its guiding radius. This means it has

n eccentricity of e � 0.3. An equi v alent target in the outer disc with
 g > 11.5 kpc has e � 0.2. Since low eccentricity stars dominate the
opulation in the thin disc, it might seem surprising that we do not
bserv e an y stars with R g � 10.5 kpc. Ho we ver, when we consider the
robability of each star being in the part of its orbit where it is close
nough to the solar position to be observable, as a fraction of its full
rbit, we find that P obs , inner ≈ 2 P obs , outer . Given the small numbers
nvolved, this is enough to explain the asymmetry in our sample. 

Working in R g may also introduce a kinematic bias since higher
ccentricity stars tend to be older and thus more metal poor. This
ould mean that we miss higher metallicity stars at low R g and
eco v er an o v erly flat gradient. Examining Fig. 4 , this does not appear
o be the case, but as a test we repeat the HBM analysis, removing
argets with R g < 5.5 kpc. The result is shown in Fig. C3 , where
e see a slightly steeper gradient for stars older than 2 Gyr, but it is

till fully consistent with the results from the full sample within the
ncertainties. 

.4 Comparison to literature 

n this section, we compare the results of our analysis to those from
ther studies based on field stars, Cepheid variables, and OCs, as
ell as theoretical models. 

.4.1 Field stars and Cepheid variables 

elow we compare only to works with ages that are ‘directly’
nferred, either from comparison to isochrones or asteroseismology,
imilar to those used in this work. A comparison to the numerous
ge estimates available from machine learning methods is beyond
he scope of this work, and will be completed in a later study. 

Nordstr ̈om et al. ( 2004 ) and Casagrande et al. ( 2011 ) investigated
he radial metallicity gradient in the Gene v a–Copenhagen Surv e y
GCS). The large sample of local solar neighbourhood F and G
warfs extends to ≈0.4 kpc from the solar position and has metallicity
eterminations based on Str ̈omgren photometry and ages obtained
rom comparison to isochrones. Though the precision of the ages is
round 25 per cent, they are subject to significant uncertainties arising
rom the calibration of the metallicity and temperature scales. The
ample is dominated by young stars ( τ ≈ 2 Gyr) due to the magnitude
imits of the surv e y and its local volume, and between the works of
ordstr ̈om et al. and Casagrande et al. the ages of many stars change
y ≈1 Gyr as a result of changes to these calibrations. 
Nordstr ̈om et al. ( 2004 ) use the mean radius R m 

= 0.5 × ( R ap 

 R pe ), extending their radial range to 6 < R m 

< 9 kpc, and find a
radient of −0.076 ± 0.014 dex kpc −1 for stars younger than 1.5 Gyr,
nd a steeper gradient of 0.099 ± 0.011 dex kpc −1 in an intermediate
ge population of 4 < τ < 6 Gyr. Their oldest population ( τ >

0 Gyr) is consistent with no gradient (0.028 ± 0.036 dex kpc −1 )
nd they suggest that this indicates that these stars are not thin disc
embers. We discuss the stars older than 10 Gyr present in our

ample in Section 5.2 . 
NRAS 526, 2141–2155 (2023) 
Casagrande et al. ( 2011 ) impro v ed on the age estimates of
ordstr ̈om et al. ( 2004 ) and re-analysed the GCS sample to find
 metallicity gradient with both R m 

and R g . They found a similar
rend of a steeper gradient at intermediate ages than for the youngest
tars, before flattening with age to a positive gradient in the older
opulation. Their gradient with R m 

is 0.05–0.01 dex kpc −1 less (in
he sense of flattening a ne gativ e gradient) than Nordstr ̈om et al.
cross the age range, and the main effect of switching to R g is to
often the trend towards a steeper gradient at intermediate ages so
hat it is nearly flat. 

Anders et al. ( 2017b ) used a sample of around 400 red giants
bserved by CoRoT (from which they obtain asteroseismic age
onstraints) and APOGEE, with 6 < R Gal < 13 kpc and | Z Gal |
 0.3 kpc. After applying a correction for the selection function

derived from comparison to a chemo-dynamical simulation) they
nd a gradient with R Gal of −0.058 ± 0.008 ± 0.003 dex kpc −1 

statistical and systematic uncertainty) for τ < 1 Gyr, steepening to
0.066 ± 0.007 ± 0.002 dex kpc −1 between 1 and 4 Gyr, before
attening to ≈0.03 dex kpc −1 between 6 and 10 Gyr. 
Finally, Xiang et al. ( 2015 ), Wang et al. ( 2019 ), and Vickers,

hen & Li ( 2021 ) used large samples of main-sequence turn-off and
ubgiant stars (0.3 million, with 8 < R Gal < 11 kpc; 0.94 million,
ith 7 < R Gal < 11 kpc; and 1.3 million, with 6 < R g < 10 kpc,

espectiv ely) observ ed by LAMOST, with ages determined from
sochrone comparisons. Xiang et al. and Wang et al. selected stars
n slices of | Z Gal | and investigated the gradient with R Gal . For stars
lose to the plane, both find the steepest gradient at intermediate ages
6–8 Gyr in Xiang et al. and 4–6 Gyr in Wang et al.), with younger
nd older stars showing shallower gradients. The gradients of Wang
t al. are consistent with our results for the youngest and oldest stars,
nd steepen to ≈−0.1 dex kpc −1 in between. Vickers et al. ( 2021 )
elect stars with low Z max and α-abundance (similar to the procedure
n this work) and find that the gradient with R g flattens monotonically
ith age. Their results agree very well with this work at all ages. 
Though most of the results described abo v e agree with each other,

nd this work, within a few σ , they fall into two groups according
o how the gradient varies with age. In this work and in Vickers
t al. ( 2021 ) the gradient flattens smoothly stellar age, while the other
tudies show a steeper gradient in intermediate-age stars of τ ≈ 4 Gyr
han in the younger population (though this is least obvious in the
 g case of Casagrande et al. 2011 ). Comparisons are complicated
y the different selection functions of each sample, but below we
onsider two other possible causes of this difference: the degree to
hich the population is contaminated by thick disc stars, and the

hoice of radial coordinate. 
Considering first the contamination by thick disc stars, we refer

o the works of Anders et al. ( 2014 ) (using R g and Z max ) and
ayden et al. ( 2014 ) (using R Gal and Z Gal ), in addition to Xiang

t al. ( 2015 ), Wang et al. ( 2019 ), and Vickers et al. ( 2021 ), on the
ertical dependence of the metallicity gradient. They all found that
he radial metallicity gradient flattens with height abo v e the Galactic
lane. Including these thicker disc stars could, therefore, flatten the
 v erall gradient. This effect would be especially important in the
ounger population because the intrinsic scatter is low and, when
orking in R g or R m 

, because the radial extent tends to be reduced
ue to the generally low eccentricities compared to the older stars. We
how the effect of including stars with higher Z max in Appendix B ,
here Fig. B1 shows a flatter gradient in the youngest age bin,
ore similar to previous studies, and Vickers et al. also reco v er this

ffect for intermediate Z max (0.25 < Z max < 0.75 kpc). Though the
ontamination of the GCS sample is likely to be small due to its
mall range in R Gal and Z Gal , a few stars passing through the thin disc
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ould be enough to cause this effect. The range of the Anders et al.
 2017b ) sample is larger and the selection for thin disc members is
ased on Z Gal , so stars on kinematically hot orbits that are currently
lose to the plane of the disc are still included. Since the studies of
nders et al. ( 2014 ) and Hayden et al. ( 2014 ) do not include age

nformation, it is difficult to be sure that the flattening of the gradient
n their results is driven by the distance from the plane, rather than
n effect of the shift to older age distributions at a greater distance
rom the disc. Ho we ver, Xiang et al. ( 2015 ), Wang et al. ( 2019 ), and
ickers et al. ( 2021 ) show this effect across a range of ages, and it
ill be investigated in our sample in a future study. 
The choice of radial coordinate may also play a role: as described

n Section 5.3 , we would naively expect the change from R Gal to R g 

o flatten the observed metallicity gradient. We show the results of
ur analysis using R Gal in Appendix C , where, for stars older than
 Gyr, we do indeed see a steeper gradient. Ho we ver, the gradient
n the younger population is steeper in the R Gal results, reproducing 
he effect seen in GCS and the works of Xiang et al. ( 2015 ), Anders
t al. ( 2017b ), and Wang et al. ( 2019 ). As mentioned abo v e, almost
ll of these stars have very low eccentricity, so the flattening effect
f using R g would be reduced, and it is possible that the uneven
adial distribution (Fig. C1 ) in this small sample results in a steeper
radient o v erall. 
Cepheid variables are good tracers of the present-day metallicity 

radient as they provide a long radial baseline for targets that are
0–400 Myr old. Genovali et al. ( 2014 ) compiled a sample of 450
epheids with 4 < R Gal < 19 kpc and found a gradient of −0.05
nd −0.06 dex kpc −1 , depending on the sample used and the cut in
 Gal applied, which is consistent with our MCMC results for the bin
ontaining the youngest stars. 

.4.2 Open clusters 

here are many studies in which the radial metallicity gradient 
s constrained by observations of OCs (e.g. Magrini et al. 2009 ;
asamiquela et al. 2017 , 2019 ; Spina et al. 2021 , 2022 ; Myers
t al. 2022 ; Netopil et al. 2022 ; Gaia Collaboration 2023b ). Here
e mention just three recent examples, which benefit from advances 

n high-resolution spectroscopy, and both astrometry (for improving 
embership determination) and all-sky spectral analysis from Gaia . 
Myers et al. ( 2022 ) use a sample of 85 OCs from the Open Cluster

hemical Abundances and Mapping (OCCAM) surv e y, based on 
POGEE DR17 abundances, with a radial range of 6 < R Gal <

6 kpc. They find a break in the radial metallicity relationship at
round 12 kpc, reco v ering a gradient of −0.073 ± 0.002 dex kpc −1 

nside and −0.032 ± 0.002 dex kpc −1 outside this radius. 
Netopil et al. ( 2022 ) use 136 OCs compiled from various surv e ys

nd find that the relationship is well fit by a single line with gradient
0.058 dex kpc −1 over a similar radial range in R Gal . Their results

re supported by photometric observations of a further 10 clusters, 
nd they suggest that the appearance of a break in the relationship
s seen in Myers et al. ( 2022 ) is strongly dependent on the specific
bjects included in the study, as well as the adopted distance scale. 
Both these studies suffer to some extent from a fairly limited 

ample size, particularly in resolving the question of a break in the
elationship. Spectral analysis from Gaia may now start to resolve 
his, for example, Gaia Collaboration ( 2023b ) have a sample of
03 clusters. Ho we v er, the y restrict their analysis of the metallicity
radient to R Gal < 12 kpc, so do not probe the region in question.
hey find a gradient of −0.063 ± 0.008 dex kpc −1 with R g in the

nner disc. 
Investigating the evolution of the radial metallicity relationship 
ith OCs presents an additional challenge, as the small samples 
ust be broken into bins with few data in each, and the age range

s restricted to a few Gyr at most. Gaia Collaboration ( 2023b ) and
etopil et al. ( 2022 ) divide their samples into 4 and 5 age bins,

xtending up to ≈5 and ≈7 Gyr, respectively. In both cases, the
radient is found to increase as a function of age: the opposite
f the trend observed in field stars. As proposed by Anders et al.
 2017b ) and Spina et al. ( 2021 ), this effect could be due to a survival
ias for OCs, as high-metallicity clusters born in the inner disc
re more likely to survive if they migrate outwards to Galactic
egions where the potentials of the spiral arm and bar are weaker
see also Lynga & Palous 1987 ). Low-metallicity clusters from the
uter disc that migrate towards the Galactic Centre are more likely
o be disrupted and are, therefore, missing in the older population,
hich shows a steeper gradient as a result. We show the clusters
sed in the work of Myers et al. ( 2022 ) in Fig. 9 because they use the
ame chemical abundances as employed in this work. The metallicity 
ffset can be clearly seen in the 6 ≤ τ < 10 Gyr bin. 

.4.3 Models 

ig. 9 also shows a comparison to the chemo-dynamical simulation 
f Minchev et al. ( 2013 , 2014 , hereafter MCM) and the underlying
hemical evolution model (Chiappini 2009 ). There is a great diversity
f chemical evolution models and simulations (e.g. Sch ̈onrich & 

inne y 2009a , b ; Grand, Ka wata & Cropper 2015 ; K ubryk, Prant-
os & Athanassoula 2015a , b ; Grisoni et al. 2017 ; Grisoni, Spitoni &
atteucci 2018 ; Vincenzo & Kobayashi 2020 ; Spitoni et al. 2021 )

nd we choose the MCM simulation to facilitate easy comparison 
ith the works of Anders et al. ( 2017b ), Casamiquela et al. ( 2017 ,
019 ), and Myers et al. ( 2022 ). The model was computed in
nstantaneously mixed galactocentric annuli 2 kpc wide, and for 
his plot we interpolate between those annuli and transform from 

 Gal to R g . The metallicity is scaled to reproduce the solar value
t approximately the time and location of the Sun’s birth ( ≈4 Gyr
go and R Gal ≈ 6 kpc; Minchev et al. 2013 ). To allow a qualitative
omparison to our results, the particles from the MCM are restricted
o those with Z Gal < 1 kpc, since the scale height of the simulated
isc is larger than the MW’s thin disc. 
Our results are reasonably consistent with the chemical evolution 
odel and MCM simulation at ages below ≈4 Gyr. In the older

opulations, the simulated particles show a more rapid flattening of 
he gradient, and an of fset to wards lo wer metallicities in the model
ecomes more apparent. This is likely due to the initial conditions
f the model, as the thin disc is not pre-enriched in metals, giving a
ery metal-poor result at ages close to the start of disc formation. Our
esults, which are not subject to the metallicity bias that affects the
lder OCs, demonstrate that this very low metallicity is not a good
epresentation of the thin disc’s early state, and this effect is shown
ore clearly in comparison to the individual stars in our sample in
ig. 10 . 

 C O N C L U S I O N S  

e have used the wide spatial and temporal co v erage of the K2–
POGEE sample to study the evolution of the MW’s radial metal-

icity gradient in the range 4 < R g < 11 kpc across the whole history
f the thin disc. We find a gradient that flattens monotonically from
−0.07 dex kpc −1 in stars of τ ≈ 0.7 Gyr to ≈−0.04 dex kpc −1 at τ ≈

2.6 Gyr. The intrinsic spread around this gradient, which is primarily 
MNRAS 526, 2141–2155 (2023) 
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M

Figure 9. [Fe/H] versus R g in five bins of age. The orange and white points show the high-quality and plausible samples from the OCCAM surv e y (Myers 
et al. 2022 ), respectively. The blue points are the results of the MCM chemo-dynamical simulation (Minchev et al. 2013 , 2014 ), with the underlying chemical 
evolution model of Chiappini ( 2009 ) shown by the blue line and filled region. The green line shows the best-fitting radial metallicity gradient from the MCMC 

analysis of this work, with a filled region representing 1 σ of the intrinsic spread. 

Figure 10. Same as Fig. 9 , but for two age bins with the thin disc sample shown in black points, binned according to the median age of each star. 
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aused by churning, increases with the age of the population until
≈ 10 Gyr. In older stars, the spread is slightly reduced, which we

ttribute to this population forming before the thin disc when star
ormation in the MW was very centrally concentrated. We also find
hat the metallicity of the solar neighbourhood has increased slightly
 v er the last 5 Gyr to ≈−0.04 dex, and that it is subsolar throughout
he history of the disc, indicating that the Sun migrated out from its
irth radius to current position. 
We have compared our results to other studies of field stars and

xplained the differences in our results in terms of the more robust
election of thin disc members and choice of guiding radius as the
adial coordinate used in this work. We have also compared to recent
tudies of OCs and have shown that older clusters appear to be subject
o a survi v al bias, fa v ouring those of higher metallicity . Finally , we
av e pro vided a qualitativ e comparison to the chemical evolution
odel of Chiappini ( 2009 ) and the chemo-dynamical simulation of
inchev et al. ( 2013 , 2014 ). The most striking difference to our

esults is their much lower metallicity at ages abo v e ≈6 Gyr, which
e attribute to the assumptions about the initial conditions in the
odel. Our results will facilitate new tests of the initial conditions

nd physics in models and simulations of MW evolution. 
NRAS 526, 2141–2155 (2023) 
In the next decade the ESA PLAnetary Transits and Oscillations
f stars ( PLATO ) mission (Rauer et al. 2014 ) can potentially provide
ges with 10 per cent precision (Miglio et al. 2017 ) for a large
ample of red giants. These data, combined with astrometry and
pectroscopy from ongoing and planned surv e ys, will allow the early
volution of the MW discs to be probed in detail and give a more
recise measurement of the evolution of the metallicity gradient.
hese insights will throw new light on the open questions concerning

he origin, strength, and importance of radial migration in the Galactic
rchaeology fossil record. 

C K N OW L E D G E M E N T S  

W thanks Bill Chaplin and Daisuke Kawata for useful discussions
nd the anonymous re vie wer for their helpful comments. 

EW, AM, GC, and VG acknowledge support from the ERC
onsolidator Grant funding scheme (project ASTER OCHR ONOM-
TRY, G.A. no. 772293 http://www.asterochronometry.eu ). CC
cknowledges Fundacion Jesus Serra for its great support during
er visit to IAC, Spain, during which part of this work was
ritten. AJL acknowledges the support of the Science and Tech-

http://www.asterochronometry.eu


Evolution of the thin disc radial [Fe/H] gradient 2151 

n
S
A
g
t
U
0
N
t

o
I
t
A
N

 

(
b
/
D
i

b  

e
I
P
w
i
S
C
f
G
C
P
T  

L
P
I
E
r
U
S
i
N  

C
U
U

C  

E  

(  

e  

P

S  

a  

w

D

T
t

R

A
A
A
A
A
A
A
B  

B  

B
B
B
B
B
B

B
B
C  

C
C
C
C  

 

C
C  

D
D
D
E  

E  

F
F  

F  

F
F
G
G
G
G
G
G
G
G
G  

G
H
H
H
H
H
H
H
K  

K
K

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/526/2/2141/7238481 by guest on 04 O
ctober 2023
ology Facilities Council. This work was partially funded by the 
panish MICIN/AEI/10.13039/501100011033 and by the ‘ERDF 

 way of making Europe’ funds by the European Union through 
rant RTI2018-095076-B-C21 and PID2021-122842OB-C21, and 
he Institute of Cosmos Sciences University of Barcelona (ICCUB, 
nidad de Excelencia ‘Mar ́ıa de Maeztu’) through grant CEX2019- 
00918-M. FA acknowledges financial support from European Union 
extGenerationEU/PRTR and MCIN/AEI/10.13039/501100011033 

hrough grant RYC2021-031638-I. 
This paper includes data collected by the Kepler mission and 

btained from the MAST data archive at the Space Telescope Science 
nstitute (STScI). Funding for the Kepler mission is provided by 
he NASA Science Mission Directorate. STScI is operated by the 
ssociation of Universities for Research in Astronomy, Inc., under 
ASA contract NAS 5–26555. 
This work has made use of data from the European Space Agency

ESA) mission Gaia ( ht tps://www.cosmos.esa.int /gaia ), processed 
y the Gaia Data Processing and Analysis Consortium (DPAC, https: 
/ www.cosmos.esa.int/web/gaia/ dpac/consortium ). Funding for the 
PAC has been provided by national institutions, in particular the 

nstitutions participating in the Gaia Multilateral Agreement. 
Funding for the Sloan Digital Sky Survey IV has been provided 

y the Alfred P. Sloan Foundation, the U.S. Department of En-
rgy Office of Science, and the Participating Institutions. SDSS- 
V acknowledges support and resources from the Center for High 
erformance Computing at the University of Utah. The SDSS 

ebsite is www.sdss4.org . SDSS-IV is managed by the Astrophys- 
cal Research Consortium for the Participating Institutions of the 
DSS Collaboration including the Brazilian Participation Group, the 
arnegie Institution for Science, Carnegie Mellon University, Center 

or Astrophysics | Harvard & Smithsonian, the Chilean Participation 
roup, the French Participation Group, Instituto de Astrof ́ısica de 
anarias, The Johns Hopkins University, Kavli Institute for the 
hysics and Mathematics of the Uni verse (IPMU)/Uni versity of 
ok yo, the Korean P articipation Group, La wrence Berkele y National
aboratory, Leibniz Institut f ̈ur Astrophysik Potsdam (AIP), Max- 
lanck-Institut f ̈ur Astronomie (MPIA Heidelberg), Max-Planck- 
nstitut f ̈ur Astrophysik (MPA Garching), Max-Planck-Institut f ̈ur 
xtraterrestrische Physik (MPE), National Astronomical Observato- 

ies of China, New Mexico State University, New York University, 
niversity of Notre Dame, Observat ́ario Nacional/MCTI, The Ohio 
tate Uni versity, Pennsylv ania State Uni versity, Shanghai Astronom- 

cal Observatory, United Kingdom Participation Group, Universidad 
acional Aut ́onoma de M ́exico, University of Arizona, University of
olorado Boulder, University of Oxford, University of Portsmouth, 
ni versity of Utah, Uni versity of Virginia, University of Washington, 
niversity of Wisconsin, Vanderbilt University, and Yale University. 
Software used: ARVIZ (Kumar et al. 2019 ), ASTROPY (Astropy 

ollaboration 2013 , 2018 , 2022 ), CORNER (F oreman-Macke y 2016 ),
MCEE (F oreman-Macke y et al. 2013 ), GALPY (Bo vy 2015 ), JAX

Bradbury et al. 2018 ), MATPLOTLIB (Hunter 2007 ), NUMPY (Harris
t al. 2020 ), NUMPYRO (Bingham et al. 2019 ; Phan et al. 2019 ),
ANDAS (Wes McKinney 2010 ; The pandas development team 2020 ), 
CIPY (Virtanen et al. 2020 ), and TOPCAT (Taylor 2005 ). We also
cknowledge the use of the DAFT package to produce figures in this
ork ( https:// docs.daft-pgm.org/ en/latest/ ). 

ATA  AVAILABILITY  

he data underlying this paper will be shared on reasonable request 
o the corresponding author. 
EFERENCES  

bdurro’uf et al., 2022, ApJS , 259, 35 
nders F. et al., 2014, A&A , 564, A115 
nders F. et al., 2017a, A&A , 597, A30 
nders F. et al., 2017b, A&A , 600, A70 
stropy Collaboration , 2013, A&A , 558, A33 
stropy Collaboration , 2018, AJ , 156, 123 
stropy Collaboration , 2022, ApJ , 935, 167 
aglin A. et al., 2006, in 36th COSPAR Scientific Assembly. COSPAR, Paris,

p. 3749 
alser D. S. , Rood R. T., Bania T. M., Anderson L. D., 2011, ApJ , 738,

27 
elokurov V. , Kravtsov A., 2022, MNRAS , 514, 689 
ennett M. , Bovy J., 2019, MNRAS , 482, 1417 
ingham E. et al., 2019, J. Machine Learning Res., 20, 28:1 
ovy J. , 2015, ApJS , 216, 29 
ovy J. et al., 2012, ApJ , 759, 131 
radbury J. et al., 2018, JAX: Composable Transformations of 

Python + NumPy Programs, version 0.3.13( http:// github.com/google/ jax ) 
ragan c ¸a G. A. et al., 2019, A&A , 625, A120 
uder S. et al., 2021, MNRAS , 506, 150 
asagrande L. , Sch ̈onrich R., Asplund M., Cassisi S., Ram ́ırez I., Mel ́endez

J., Bensby T., Feltzing S., 2011, A&A , 530, A138 
asamiquela L. et al., 2017, MNRAS , 470, 4363 
asamiquela L. et al., 2019, MNRAS , 490, 1821 
haplin W. J. , Miglio A., 2013, ARA&A , 51, 353 
hiappini C. , 2009, in Andersen J., Bland-Hawthorn J., Nordstr ̈om B., eds,

Proc. IAU Symp. Vol. 254, The Galaxy Disk in Cosmological Context.
Cambridge Univ. Press, Cambridge, p. 191 

hiappini C. , Matteucci F., Gratton R., 1997, ApJ , 477, 765 
resci G. , Mannucci F., Maiolino R., Marconi A., Gnerucci A., Magrini L.,

2010, Nature , 467, 811 
aflon S. , Cunha K., 2004, ApJ , 617, 1115 
a Silva L. et al., 2006, A&A , 458, 609 
eng L.-C. et al., 2012, Res. Astron. Astrophys. , 12, 735 
lsworth Y. , Themeßl N., Hekker S., Chaplin W., 2020, Res. Notes Am.

Astron. Soc. , 4, 177 
steban C. , Garc ́ıa-Rojas J., Peimbert M., Peimbert A., Ruiz M. T., Rodr ́ıguez

M., Carigi L., 2005, ApJ , 618, L95 
 oreman-Macke y D. , 2016, J. Open Source Softw. , 1, 24 
 oreman-Macke y D. , Hogg D. W., Lang D., Goodman J., 2013, PASP , 125,

306 
rankel N. , Rix H.-W., Ting Y.-S., Ness M., Hogg D. W., 2018, ApJ , 865, 96
rankel N. , Sanders J., Rix H.-W., Ting Y.-S., Ness M., 2019, ApJ , 884, 99 
rankel N. , Sanders J., Ting Y.-S., Rix H.-W., 2020, ApJ , 896, 15 
aia Collaboration , 2016, A&A , 595, A1 
aia Collaboration , 2023a, A&A , 674, A1 
aia Collaboration , 2023b, A&A , 674, A38 
arc ́ıa P ́erez A. E. et al., 2016, AJ , 151, 144 
elman A. , Rubin D. B., 1992, Stat. Sci. , 7, 457 
enovali K. et al., 2014, A&A , 566, A37 
illiland R. L. et al., 2010, PASP , 122, 131 
rand R. J. J. , Kawata D., Cropper M., 2015, MNRAS , 447, 4018 
risoni V. , Spitoni E., Matteucci F., Recio-Blanco A., de Lav ern y P., Hayden

M., Mikolaitis ˆ S., Worley C. C., 2017, MNRAS , 472, 3637 
risoni V. , Spitoni E., Matteucci F., 2018, MNRAS , 481, 2570 
arris C. R. et al., 2020, Nature , 585, 357 
ayden M. R. et al., 2014, AJ , 147, 116 
aywood M. , 2008, MNRAS , 388, 1175 
offman M. D. , Gelman A., 2011, preprint ( arXiv:1111.4246 ) 
ogg D. W. , Bovy J., Lang D., 2010, preprint ( arXiv:1008.4686 ) 
owell S. B. et al., 2014, PASP , 126, 398 
unter J. D. , 2007, Comput. Sci. Eng. , 9, 90 
aufer A. , Szeifert T., Krenzin R., Baschek B., Wolf B., 1994, A&A, 289,

740 
han S. et al., 2023, A&A , in press ( arXiv:2304.07158 ) 
ubryk M. , Prantzos N., Athanassoula E., 2015a, A&A , 580, A126 
MNRAS 526, 2141–2155 (2023) 

https://www.cosmos.esa.int/gaia
https://www.cosmos.esa.int/web/gaia/dpac/consortium
file:www.sdss4.org
https://docs.daft-pgm.org/en/latest/
http://dx.doi.org/10.3847/1538-4365/ac4414
http://dx.doi.org/10.1051/0004-6361/201323038
http://dx.doi.org/10.1051/0004-6361/201527204
http://dx.doi.org/10.1051/0004-6361/201629363
http://dx.doi.org/10.1051/0004-6361/201322068
http://dx.doi.org/10.3847/1538-3881/aabc4f
http://dx.doi.org/10.3847/1538-4357/ac7c74
http://dx.doi.org/10.1088/0004-637X/738/1/27
http://dx.doi.org/10.1093/mnras/stac1267
http://dx.doi.org/10.1093/mnras/sty2813
http://dx.doi.org/10.1088/0067-0049/216/2/29
http://dx.doi.org/10.1088/0004-637X/759/2/131
http://github.com/google/jax
http://dx.doi.org/10.1051/0004-6361/201834554
http://dx.doi.org/10.1093/mnras/stab1242
http://dx.doi.org/10.1051/0004-6361/201016276
http://dx.doi.org/10.1093/mnras/stx1481
http://dx.doi.org/10.1093/mnras/stz2595
http://dx.doi.org/10.1146/annurev-astro-082812-140938
http://dx.doi.org/10.1086/303726
http://dx.doi.org/10.1038/nature09451
http://dx.doi.org/10.1086/425607
http://dx.doi.org/10.1051/0004-6361:20065105
http://dx.doi.org/10.1088/1674-4527/12/7/003
http://dx.doi.org/10.3847/2515-5172/abbf5a
http://dx.doi.org/10.1086/426889
http://dx.doi.org/10.21105/joss.00024
http://dx.doi.org/10.1086/670067
http://dx.doi.org/10.3847/1538-4357/aadba5
http://dx.doi.org/10.3847/1538-4357/ab4254
http://dx.doi.org/10.3847/1538-4357/ab910c
http://dx.doi.org/10.1051/0004-6361/201629272
http://dx.doi.org/10.48550/arXiv.2208.00211
http://dx.doi.org/10.48550/arXiv.2206.05534
http://dx.doi.org/10.3847/0004-6256/151/6/144
http://dx.doi.org/10.1214/ss/1177011136
http://dx.doi.org/10.1051/0004-6361/201323198
http://dx.doi.org/10.1086/650399
http://dx.doi.org/10.1093/mnras/stv016
http://dx.doi.org/10.1093/mnras/stx2201
http://dx.doi.org/10.1093/mnras/sty2444
http://dx.doi.org/10.1038/s41586-020-2649-2
http://dx.doi.org/10.1088/0004-6256/147/5/116
http://dx.doi.org/10.1111/j.1365-2966.2008.13395.x
http://arxiv.org/abs/1111.4246
http://arxiv.org/abs/1008.4686
http://dx.doi.org/10.1086/676406
http://dx.doi.org/10.1109/MCSE.2007.55
http://dx.doi.org/10.48550/arXiv.2304.07158
http://arxiv.org/abs/2304.07158
http://dx.doi.org/10.1051/0004-6361/201424171


2152 E. Willett et al. 

M

K
K  

L
L  

 

L  

 

L
M
M
M  

M
M  

M
M
M
M
M
M
M
M
M
M  

M
M
M
N  

N
P
R
R
R
R
S
S
S
S
S
S
S
S
S
S
T  

 

T  

T
V
V
V
W
W
X
Z

A
I

A  

t  

o  

s  

a  

o  

H  

u  

o  

t  

c

F  

H  

W

A

I  

Z  

r  

T  

o  

o  

d  

p  

m  

i  

t  

b

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/526/2/2141/7238481 by guest on 04 O
ctober 2023
ubryk M. , Prantzos N., Athanassoula E., 2015b, A&A , 580, A127 
umar R. , Carroll C., Hartikainen A., Martin O., 2019, J. Open Source

Softw. , 4, 1143 
arson R. B. , 1976, MNRAS , 176, 31 
ebreton Y. , Goupil M. J., Montalb ́an J., 2014, in Lebreton Y., Valls-Gabaud

D., Charbonnel C., eds, EAS Publ. Ser. Vol. 65, The Ages of Stars. EDP
Sciences, Les Ulis, France, p. 177 

indegren L. , 2018, Re-normalising the Astrometric Chi-square in Gaia DR2.
Technical Note GAIA-C3-TN-LU-LL-124, Lund Observatory. http://ww
w.rssd.esa.int /doc fet ch.php?id = 3757412 

ynga G. , Palous J., 1987, A&A, 188, 35 
ackereth J. T. , Bovy J., 2018, PASP , 130, 114501 
ackereth J. T. et al., 2021, MNRAS , 502, 1947 
cKinney W. , 2010, in van der Walt S., Millman J., eds, Proceedings of the

9th Python in Science Conference. p. 56 
agrini L. , Sestito P., Randich S., Galli D., 2009, A&A , 494, 95 
agrini L. , Coccato L., Stanghellini L., Casasola V., Galli D., 2016, A&A ,

588, A91 
ajewski S. R. et al., 2017, AJ , 154, 94 
atteucci F. , Francois P., 1989, MNRAS , 239, 885 
iglio A. et al., 2017, Astron. Nachr. , 338, 644 
iglio A. et al., 2021, A&A , 645, A85 
inchev I. , 2016, Astron. Nachr. , 337, 703 
inchev I. , Chiappini C., Martig M., 2013, A&A , 558, A9 ( MCM) 
inchev I. , Chiappini C., Martig M., 2014, A&A , 572, A92 ( MCM) 
inchev I. , Chiappini C., Martig M., 2016, Astron. Nachr. , 337, 944 
inchev I. et al., 2018, MNRAS , 481, 1645 
omany Y. , Zaggia S., Gilmore G., Piotto G., Carraro G., Bedin L. R., de

Angeli F., 2006, A&A , 451, 515 
ontalb ́an J. et al., 2021, Nat. Astron. , 5, 640 
osser B. , Appourchaux T., 2009, A&A , 508, 877 
yers N. et al., 2022, AJ , 164, 85 
etopil M. , Oralhan ̇I. A., C ¸ akmak H., Michel R., Karata s ¸ Y., 2022, MNRAS ,

509, 421 
ordstr ̈om B. et al., 2004, A&A , 418, 989 
han D. , Pradhan N., Jankowiak M., 2019, preprint ( arXiv:1912.11554 ) 
andich S. et al., 2022, A&A , 666, A121 
auer H. et al., 2014, Exp. Astron. , 38, 249 
odrigues T. S. et al., 2014, MNRAS , 445, 2758 
odrigues T. S. et al., 2017, MNRAS , 467, 1433 
ch ̈onrich R. , Binney J., 2009a, MNRAS , 396, 203 
ch ̈onrich R. , Binney J., 2009b, MNRAS , 399, 1145 
ch ̈onrich R. , Binney J., Dehnen W., 2010, MNRAS , 403, 1829 
ell w ood J. A. , Binney J. J., 2002, MNRAS , 336, 785 
oderblom D. R. , 2010, ARA&A , 48, 581 
pina L. et al., 2021, MNRAS , 503, 3279 
pina L. , Magrini L., Cunha K., 2022, Universe , 8, 87 
pitoni E. et al., 2021, A&A , 647, A73 
teinmetz M. et al., 2020a, AJ , 160, 82 
teinmetz M. et al., 2020b, AJ , 160, 83 
aylor M. B. , 2005, in Shopbell P., Britton M., Ebert R., eds, ASP Conf.

Ser. Vol. 347, Astronomical Data Analysis Software and Systems XIV.
Astron. Soc. Pac., San Francisco, p. 29 

he pandas development team , 2020, pandas-dev/pandas: Pandas
(v1.0.5). Zenodo( https:// doi.org/ 10.5281/ zenodo.3509134 ) 

ing Y.-S. , Rix H.-W., 2019, ApJ , 878, 21 
ickers J. J. , Shen J., Li Z.-Y., 2021, ApJ , 922, 189 
incenzo F. , Kobayashi C., 2020, MNRAS , 496, 80 
irtanen P. et al., 2020, Nat. Methods , 17, 261 
ang C. et al., 2019, MNRAS , 482, 2189 
ielen R. , Fuchs B., Dettbarn C., 1996, A&A, 314, 438 
iang M.-S. et al., 2015, Res. Astron. Astrophys. , 15, 1209 
hao G. , Zhao Y., Chu Y., Jing Y., Deng L., 2012 Res. Astron. Astrophys., 

12, 723 
NRAS 526, 2141–2155 (2023) 
PPENDI X  A :  EFFECT  O F  [FE/H]  E R RO R  

NFLATI ON  

s described in Willett et al. (in preparation), during the PARAM runs
o constrain the stellar parameters used in this work, the uncertainty
n [Fe/H] from APOGEE DR17 was inflated to 0.05 dex for all
tars with a reported uncertainty below this value. In our subsequent
nalysis of the metallicity gradient, we use the published values
f uncertainty, but here we show the results obtained from the
BM if we follow the same inflation procedure. The evolution and
ncertainties for the gradient and offset are almost unchanged from
ur original analysis and are not shown here, and Fig. A1 shows
hat, though the intrinsic spread is slightly decreased, it is still fully
onsistent within uncertainties. 

igure A1. The [Fe/H] component of the intrinsic spread constrained by our
BM using the published [Fe/H] uncertainties (green) or inflating them as in
illett et al. (in preparation, dashed blue). 

PPENDI X  B:  SENSITIVITY  TO  T H E  Z max C U T  

n this section, we show the sensitivity of our results to the cut in
 max used to identify thin disc members. Fig. B1 summarizes the
esults of the MCMC and HBM analysis under different conditions.
he gradient (top panel) reco v ered with a wider ( Z max ≤ 1.0 kpc)
r narrower ( Z max ≤ 0.3 kpc) range of Z max is consistent with our
riginal analysis within the uncertainties. Decreasing the Z max range
oes not significantly change the [Fe/H] offset at 8 kpc (middle
anel), but the result from the wider cut shows significantly lower
etallicity. This is consistent with the wider range of metallicities

n this sample (Fig. B2 ). The intrinsic spread (bottom panel) of the
hree samples is more sensitive to the Z max cut, but the relationship
etween the MCMC and HBM result is the same in a given sample. 
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Evolution of the thin disc radial [Fe/H] gradient 2153 

Figure B1. Evolution of the fit parameters as a function of stellar age. The 
grey points and green line and filled region show the best-fitting value and 
68 per cent credible interval in each bin from the MCMC analysis (plotted 
against the median age of the population in the bin) and the result and 
68 per cent credible interval from the HBM from the original analysis. The 
black points and short-dashed orange line and filled region show the same 
but for a sample including stars with a wider range of Z max . The long-dashed 
blue line and filled region show the HBM result for a narrower Z max range. 
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igure B2. [Fe/H] distributions for samples including stars with a wider
short-dashed orange) or narrower (long-dashed blue) range of Z max than the
riginal analysis (green). The area under each histogram integrates to one. 

PPENDI X  C :  EFFECT  O F  R g O R  R Gal 

n this section, we provide further detail on the sensitivity of our
esults to the radial coordinate and range used in the analysis. 

First, we show the results of our analysis using R Gal rather than
 g . Fig. C1 shows the results in bins of age, where the uneven radial
istribution caused by the K2 field placement can be clearly seen.
ig. C2 summarizes the results from the MCMC and HBM analysis,
here in general all parameters agree within their uncertainties. The 

xception is the HBM result for the [Fe/H] offset at 8 kpc, which is
ikely a result of the populations clumping up in R Gal . 

We also test the sensitivity of our result to stars with R g < R Gal , min 

see Section 5.3 for details). Excluding these stars does result in
 slightly steeper gradient at τ > 1 Gyr, but the two results are
onsistent within uncertainties (Fig. C3 ). The offset and intrinsic 
pread are almost unchanged in the new samples and are not shown
ere. This indicates that our results are not biased by the choice of
 g as the radial coordinate in our analysis. 
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Figure C1. [Fe/H] versus R Gal in six bins of age. The thin disc sample is shown in black points, binned according to the median age of each star. The dashed 
blue line and filled region show the results from the MCMC analysis using R Gal . For comparison, the green line and filled region show the results using R g 

(plotted against R g ). 
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Figure C2. Evolution of the fit parameters as a function of stellar age. The 
grey points and green line and filled region show the best-fitting value and 
68 per cent credible interval in each bin from the MCMC analysis (plotted 
against the median age of the population in the bin) and the result and 
68 per cent credible interval from the HBM from the original analysis using 
R g . The black points and dashed blue line and filled region show the same 
using R Gal . 

Figure C3. Evolution of the gradient with age for the full sample (green) 
and excluding stars with R g < R Gal , min (dashed blue). 
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