
MNRAS 535, 392–405 (2024) https://doi.org/10.1093/mnras/stae2364 
Advance Access publication 2024 October 16 

There is no place like home – finding birth radii of stars in the Milky Way 

Yuxi (Lucy) Lu , 1 , 2 , 3 ‹ Ivan Minchev , 3 Tobias Buck , 4 , 5 Sergey Khoperskov, 3 Matthias Steinmetz, 3 

Noam Libeskind, 3 Gabriele Cescutti , 6 , 7 Ken C. Freeman 

8 and Bridget Ratcliffe 

3 

1 Department of Astronomy, Columbia University, 550 West 120th Street, New York, NY 10027, USA 

2 American Museum of Natural History, Central Park West, Manhattan, NY 10024, USA 

3 Leibniz Institute for Astrophysics Potsdam, An der Sternwarte 16, 14482 Potsdam, Germany 
4 Inter disziplin ̈ar es Zentrum f ̈ur Wissensc haftlic hes Rec hnen, Universit ̈at Heidelber g, Im Neuenheimer Feld 205, Heidelber g, Germany 
5 Institut f ̈ur Theoretische Astrophysik, Zentrum f ̈ur Astronomie, Universit ̈at Heidelberg, Albert-Ueberle-Straße 2, 69120 Heidelberg, Germany 
6 INAF, Osservatorio Astronomico di Trieste, via G.B. Tiepolo 11, I-34143 Trieste, Italy 
7 Dipartimento di Fisica, Sezione di Astronomia, Universit. di Trieste, via G.B. Tiepolo 11, 34127 Trieste, Italy 
8 Researc h Sc hool of Astr onomy & Astr ophysics, Austr alian National University, ACT 2611, Canberr a, Austr alia 

Accepted 2024 October 4. Received 2024 September 18; in original form 2023 June 19 

A B S T R A C T 

Stars mo v e a way from their birthplaces o v er time via a process known as radial migration, which blurs chemo–kinematic 
relations used for reconstructing the Milky Way (MW) formation history. To understand the true time evolution of the MW, one 
needs to take into account the effects of this process. We show that stellar birth radii can be derived directly from the data with 

minimum prior assumptions on the Galactic enrichment history. This is done by first reco v ering the time evolution of the stellar 
birth metallicity gradient, d [Fe / H] ( R , τ ) / d R , through its inverse relation to the metallicity range as a function of age today, 
allowing us to place any star with age and metallicity measurements back to its birthplace, R b . Applying our method to a large 
high-precision data set of MW disc subgiant stars, we find a steepening of the birth metallicity gradient from 11 to 8 Gyr ago, 
which coincides with the time of the last massive merger, Gaia–Sausage–Enceladus (GSE). This transition appears to play a 
major role in shaping both the age–metallicity relation and the bimodality in the [ α/Fe]–[Fe/H] plane. By dissecting the disc into 

mono-R b populations, clumps in the low-[ α/Fe] sequence appear, which are not seen in the total sample and coincide in time 
with known star-formation bursts, possibly associated with the Sagittarius Dwarf Galaxy. We estimated that the Sun was born at 
4 . 5 ± 0 . 4 kpc from the Galactic centre. Our R b estimates provide the missing piece needed to recover the Milky Way formation 

history. 

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

alactic Archaeology aims to understand the formation history of
he Milky Way (MW) either via observing high-redshift galaxies
r by inferring the history from the current-day MW data. While
bserving galaxies at different lookback times can help us understand
he physical processes that go v ern the formation of galaxies, the
nique and detailed formation history of the MW can only be inferred
rom itself. 

In order to understand the MW formation history from just
he present-day data, it is crucial to have accurate and precise

easurements of abundances and ages of stars in the Galaxy. Stellar
bundances can act as fossils as it is believed that most of the element
omposition of a star does not change much o v er its lifetime. If this is
rue, by combining stellar ages and abundances, we can gain insight
nto the formation and evolution of the Galaxy (e.g. Freeman &
land-Hawthorn 2002 ; Ratcliffe et al. 2020 ; Horta et al. 2022 ; Lu
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t al. 2022a ), as well as the nucleosynthetic channels of chemical
nrichments (e.g. Ting et al. 2012 ; Weinberg et al. 2019 ; Griffith
t al. 2021 ; Ratcliffe & Ness 2023 ). 

Recent large spectroscopic surv e ys, such as the Apache Point
bservatory Galactic Evolution Experiment (APOGEE) (Majewski

t al. 2017 ), Large Sky Area Multi-Object Fibre Spectroscopic
elescope (LAMOST) (Cui et al. 2012 ), GALactic Archaeology with
ERMES (GALAH) (De Silva et al. 2015 ; Buder et al. 2019 ), and
aia -ESO (Gilmore et al. 2012 ) have provided an enormous amount
f spectra for stars in our Galaxy. Detailed element abundances have
een derived from these spectra and contributed greatly to the field
f Galactic Archaeology. Ho we ver, due to the lack of understanding
f the interstellar medium, Earth’s atmosphere, instrumental noise,
nd the star itself, it is hard to achieve abundance precision less
han ∼ 0 . 01 dex for large samples (e.g. Asplund 2005 ; Asplund
t al. 2009 ). Even more, Anguiano et al. ( 2018 ) pointed out that
etallicities derived from APOGEE and LAMOST disagree on

he order of 0.1 dex. As a result, man y data-driv en approaches
ave been used to impro v e the abundance measurements and show
romising results (e.g. Bedell et al. 2014 ; Ness et al. 2015 ; Xiang
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t al. 2019 ). On the other hand, the age of a star is not a direct
bservable but an estimation of its evolutionary stage. This requires 
n understanding of its complex structure and thus, most age-dating 
ethods have uncertainties above ∼ 20 per cent (for a detailed 

e vie w on stellar ages, see Soderblom 2010 ). Ho we ver, within these
ethods, isochrone fitting for main-sequence turn-off stars (MSTO) 

r sub-giants is able to provide accurate ages for stars with precise and
ccurate abundance and photometric measurements. For example, 
iang & Rix ( 2022 ) were able to measure ages for a large sample of

ub-giant stars in LAMOST with a median uncertainty of only 7.5 
er cent. 

Unfortunately, even with precise and accurate age and abundance 
easurements, inferring the MW formation history from only the 

urrent-day data is still difficult, as stars have moved away from
heir birth location o v er time via radial migration. During this
rocess, angular momenta of stars are permanently changed due 
o their interactions with resonances caused by the spiral arms (e.g. 
ell w ood & Binney 2002 ; Ro ̌skar et al. 2008 ) and the central bar
e.g. Minchev & F amae y 2010 ; Di Matteo et al. 2013 ; Khoperskov
t al. 2020 ). Stars that have migrated cannot be distinguished from
ocal ones by their kinematics alone, and thus the process has been
dentified from the scatter in the age–metallicity relation in local 
tars and the increasing scatter with age in the radial gradient of
ono-age populations (e.g. Anders et al. 2017 ). This process has 

een shown to flatten the intrinsic radial abundance gradient, or the 
irth gradient, in the disc significantly o v er time (Minchev et al.
012 ; Minchev, Chiappini & Martig 2013 ; Vincenzo & Kobayashi 
020 ) and erases formation signatures, especially for older stars. This
eans that trends in stellar age do not reflect the true evolution with

ookback time; thus inferring the MW formation history from the 
ono-age population without taking into account radial migration 

s likely to provide misleading conclusions (e.g. Anders et al. 2017 ;
atcliffe et al. 2023b ). 
The most straightforward approach to take into account radial 
igration would be to estimate the stellar birth radii, R b . Minchev

t al. ( 2018 ) presented a largely model-independent approach for
stimating R b based only on precise metallicity and age estimates, 
hich was applied to the local AMBRE:HARPS (de Lav ern y et al.
013 ) and HARPS-GTO (Adibekyan et al. 2012 ) samples. This
echnique relied on the following assumptions: (1) the gas is well 

ixed azimuthally, (2) stars are born with a narrow metallicity 
ange at a certain radius at any given time, (3) the MW disc formed
nside-out, and (4) the ISM [Fe/H]( τ , R) evolved smoothly with both
alactic disc radius, R, and cosmic time, τ . One way to test whether

hese assumptions are true is to analyse simulations. 
Unlike observations, simulations provide the exact formation 

istory with no measurement uncertainties. Many simulations have 
uccessfully reproduced key observations in MW-like disc galaxies 
e.g. Aumer et al. 2013 ; Stinson et al. 2013 ; Marinacci, Pakmor &
pringel 2014 ; Martig, Minchev & Flynn 2014 ; Wang et al. 2015 ;
rand et al. 2017 ; Hopkins et al. 2018 ; Buck, Dutton & Macci ̀o 2019 ;
uck et al. 2020 ). Although feedback mechanisms and parameter 

elections can greatly affect the results (e.g. Blancato et al. 2019 ;
utton et al. 2019 ; Keller et al. 2019 ; Munshi et al. 2019 ; Buck et al.
020 ), simulations can provide important insights on the formation 
istory of the MW. For example, in Lu et al. ( 2022b ), we tested
he assumptions in Minchev et al. ( 2018 ) using the NIHAO-UHD
imulations (Buck et al. 2018 ) and found that assumptions (1), (2),
nd (3) are indeed satisfied once a rotationally supported stellar 
isc has started to form, while (4) can be violated during gas-rich
ergers. More specifically, during such events, metal-poor gas from 

 merging satellite can quickly dilute the gas in the host disc and
ause the o v erall metallicity in the outskirts to decrease. This would
hen result in steepening of the metallicity gradient disrupting its 

onotonic evolution (for a detail analysis on how this can happen,
ee Buck et al. 2023 ). Naturally, taking into account the effects of
atellite infall in estimating R b is the obvious next step, considering
hat the MW likely experienced a massi ve merger e vent (the Gaia–
ausage–Enceladus, hereafter GSE) ∼8–10 Gyr ago (e.g. Belokurov 
t al. 2018 ; Helmi et al. 2018 ; Gallart et al. 2019 ; Grunblatt et al.
021 ; Borre et al. 2022 ; Buck et al. 2023 ). 
We introduce here a new empirical method for reco v ering both

he evolution of the MW disc metallicity with radius and time,
 [Fe / H] ( R , τ ) / d R , and the birth radius, R b , of stars, simply based
n their age and metallicity measurements. The observational and 
imulation data used are described in Section 2 . The method to derive
he metallicity time evolution is presented in Section 3 . Discussion
n the formation of the MW age–metallicity relation (AMR) and of
he [ α/Fe] bimodality can be found in (Section 4 ). Section 5 points
ut the limitation of this work and we conclude in Section 6 . 

 DATA  

.1 Obser v ational data 

n order to infer the history of the MW, both accurate and precise
bundances and ages are needed. We use the largest and most precise
ample of isochrone stellar ages to date (median age uncertainty of
.5 per cent) provided by Xiang & Rix ( 2022 ). These authors esti-
ated ages for ∼250 000 subgiant stars from the LAMOST surv e y,

o v ering an extended Galactic disc area (about 6 < R < 12 kpc, with
ost of the stars between 7 < R < 10 kpc), with isochrone fitting. 
For this study, we selected stars satisfying the following criteria: 

(i) [Fe/H] > −1 & eccentricity < 0.5 & | z| < 1 kpc, to select disc
tars. 

(ii) age uncertainty < 1 Gyr, to select stars with age error smaller
han the width of the age bin that will be used to infer the metallicity
volution. 

(iii) [Fe/H] uncertainty < 0.05 dex, to select stars with good 
etallicity measurements. 
(iv) age < 13 Gyr, as a rotationally supported MW disc most likely

id not exist before that time (Belokurov & Kravtsov 2022 ; Conroy
t al. 2022 ; Rix et al. 2022 ). 

After applying these cuts, we are left with 77 475 subgiant stars
ith an average age and metallicity uncertainty of 0.32 Gyr and
.03 de x, respectiv ely. 

.2 Simulation data 

he simulated galaxies studied in this work are from the NIHAO-
HD (Buck et al. 2018 , 2020 ) and HESTIA (Libeskind et al.
020 ; Khoperskov et al. 2022 ) projects, both of which present high-
esolution cosmological hydrodynamical simulations of MW-mass 
alaxies. 

The NIHAO-UHD galaxy model was calculated using a modi- 
ed version of the smoothed particle hydrodynamics (SPH) solver 
ASOLINE2 (Wadsley, Keller & Quinn 2017 ) and the simulation 

s calculated from cosmological initial conditions and star formation 
nd feedback are modeled following the prescriptions in (Stinson 
t al. 2006 , 2013 ). Details about these simulations can be found in
able 1 by Buck et al. ( 2020 ). 

The HESTIA simulations are M31/MW pairs produced using 
he code AREPO (Springel 2010 ; Pakmor et al. 2016 ; Weinberger,
MNRAS 535, 392–405 (2024) 
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pringel & Pakmor 2020 ) and the galaxy formation model from
URIGA (Grand et al. 2017 ). Details of this simulation suite can be

ound in Libeskind et al. ( 2020 ). 
For this study, we focus on the g2.79e12 simulation from NIHAO-

HD and the 17 11 M31/MW pair from HESTIA, as they are the
ighest resolution simulations in each simulation suite, both are
ble to reproduce MW-like properties and have undergone MW-
ike merger histories (Buck 2019 ; Libeskind et al. 2020 ; Khoperskov
t al. 2022 ). To mimic the data, we selected only disc stars ([Fe/H] >
1, eccentricity < 0.5 kpc, | z | < 1 kpc) with radii between 7–10 kpc

t redshift zero. We have chosen a radial range a bit smaller than the
ata ( ∼ 6 –12 kpc) because only a small number of stars are found
utside that. 

 ME THODS:  R E C O N S T RU C T I O N  O F  T H E  

ETA LLICITY  E N R I C H M E N T  HISTORY  

o reconstruct the MW metallicity evolution with radius and time,
e make the following sensible assumptions: (1) the gas is well
ixed in Galactic azimuth as observed in the MW (Arellano-C ́ordova

t al. 2021 ; Esteban et al. 2022 ) and external galaxies (Kreckel et al.
019 ), as well as seen in cosmological simulations throughout the
isc formation (Lu et al. 2022b ), (2) the MW disc formed from the
nside out, meaning the scale length increases in time, which is now
ell established (Matteucci & Francois 1989 ; Sharma, Hayden &
land-Hawthorn 2021 ), and (3) there is a well-defined linear relation
etween metallicity and R b , as seen in simulations of galactic disc
ormation (Lu et al. 2022b ). 

While our method is similar to that used in a recent work (Minchev
t al. 2018 ), the impro v ement here, besides the much larger data
et with excellent age estimates, is that the time evolution of the
etallicity slope is reco v ered from the AMR, rather than from the

istribution of birth radii of mono-age populations, as described
elow. 
In the following section, we test our method on the simulations, and

n Section 3.2 , we apply it to the data, to reco v er the time evolution
f the central metallicity and the MW metallicity gradient. 

.1 Insights from simulations: [Fe/H] range today as a tracer of
he birth gradient evolution 

ven though the birth metallicity gradient as a function of cosmic
ime in the MW is now lost, we can gain insights from cosmological
imulations of MW-like galaxies on how it may relate to current-day
bservables. We propose here that the metallicity scatter, or range,
s a function of age, correlates well with the time evolution of the
irth metallicity gradient, ∇[Fe / H] ( τ ). 
Such an inverse correlation can be expected. An extreme example

ould be a completely flat radial birth metallicity gradient, in which
ll stars formed would have the same [Fe/H], thus causing the range
n [Fe/H] to be 0. On the other hand, stars forming along a steeper
etallicity gradient would create a larger range of [Fe/H], since the

tars throughout the disc are forming with many different values of
Fe/H]. 

We tested this idea using four simulations of disc galaxies in
he cosmological context from two simulation suites (see Section
.2 ), including barred and non-bared galaxies, and obtained very
imilar results. Two of these simulations, both similar to the MW,
re presented in Fig. 1 . In the top row, we show galaxy g2.79e12
rom the NIHAO-UHD project (Buck 2019 ), which has been studied
 xtensiv ely. In this galaxy, the steepening of the gradient between
–10 Gyr is due to the rapid increase of the cold gas disc caused
NRAS 535, 392–405 (2024) 
y the gas brought in by a GSE-like merger (Buck et al. 2023 ).
he bottom row of Fig. 1 presents the MW analog from the 17 11
ESTIA simulation (Libeskind et al. 2020 ; Khoperskov et al. 2022 ).
One may question whether the linear relation between the ISM
etallicity and radius holds during a massive merger. Lu et al.

 2022b ) show that the linear relation is preserved in simulations
or GSE-like mergers, as long as the stellar disc has started to form.
here do exist a maximum of 2.5 kpc increase in the uncertainty of
 b estimation during the merger, but R b for stars in the outer disc

hould still be reliable. Test on reco v ering R b for the g2.79e12 from
he NIHAO-UHD simulation (Section 2.1 ) shows that we are able to
eco v er R b despite the mergers. 

For each simulation shown in Fig. 1 , we use age bins of width
 Gyr, (as in the data) and only select stellar particles that have
resent-day radii between 7 and 10 kpc, in order to mimic the radial
ange of the data where most stars are. We used 1 Gyr as the age bin
ize for the data and simulation not only because we only selected
tars with age uncertainty < 1 Gyr, but also because when a merger
omes in, it disrupts the linearity of the metallicity–R b relation for
200–400 Myr based on simulations (Lu et al. 2022a ). We account

or the measurement uncertainties by perturbing the metallicity and
ge for each star particle 100 times, based on the typical uncertainty of
he data ( σ[Fe / H] = 0 . 03 dex; στ = 0 . 50 Gyr; see below). To account
or outliers, we approximate the [Fe/H] range as the 95 per cent–5
er cent-tile of the metallicity distribution in a given age bin, namely
ange[Fe/H] = 95 per cent[Fe/H]–5 per cent[Fe/H], for stars in each
 Gyr age bin. 
We estimate the error in this measurement (given the imposed

ge and [Fe/H] error), by making the same calculation but using the
erturbed metallicity and age within their uncertainties 100 times.
ange[Fe/H] and its uncertainty are reported as the average and

tandard deviation of these 100 runs, respectively. 
The true birth metallicity gradient ∇[Fe / H] is calculated using an
 

2 minimization for all the stars born in situ (by selecting stars with
Fe/H] > −1 dex and excluding those with eccentricity > 0.5 and
alactic height > 1 kpc) within a lookback time equal to that age bin.
e see in Fig. 1 (a) and (c) that for both simulations the Range[Fe / H]

ariation with age (blue curve) and the ∇[Fe / H] variation with
ookback time (red solid curve) anticorrelate very well. In panels
b) and (d), we find a strong linear relation (Pearson’s Correlation
oefficient, PCC = −0 . 97 and −0 . 98 for the NIHAO-UHD and the
ESTIA simulations, respectively) between the two functions. 

The tilde sign in Range ˜ [Fe / H] indicates that the Range[Fe/H] has
een normalized to lie between 0 and 1, which now represents the
radient shape function , and is unitless. The linear relation seen in
ig. 1 (b) and (d) can be written as 

[Fe / H] ( τ ) = a Range ˜ [Fe / H] (age) + b, (1) 

here the scale factor a controls the o v erall strength of the
radient and b gives the present day value; for example, a =
0 . 09 dex kpc −1 and b ≡ ∇[Fe / H] ( τ = 0) = −0 . 02 dex kpc −1 for
IHAO-UHD, as seen in panel (b). The steepest ∇[Fe / H] value is
 + b = −0 . 11 dex kpc −1 , agreeing with the minimum of the red
urve in panel ( a). 

The abo v e equation illustrates how a variable dependent on age
Range[Fe/H]) is transformed into a variable dependent on lookback
ime ( ∇[Fe / H] ). It is worth stressing again that the metallicity
radient at lookback time, τ , is not the same as the metallicity
radient measured from that mono-age population (hence why we
istinguish τ and age in equation 1 ), as radial migration flattens the
irth gradient at lookback time significantly (see Section 1 ). 
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Figure 1. Relation between Range[Fe/H](age) and ∇[Fe / H]( τ ) in two cosmological MW-like simulations. The sample selection from both simulations matches 
that of our LAMOST sample, including uncertainties in [Fe/H] and age, as indicated in the left panels. Panel a : The Range[Fe/H](age) (95 per cent–5 per cent-tiles 
in metallicity; blue line) and the birth gradient, ∇[Fe / H]( τ ) (solid red line) estimated for the NIHAO-UHD g2.79e12 galaxy (Buck 2019 ) show a well-defined 
anticorrelation, which is linear in nature (PCC = −0 . 97), as shown by the black line fit in panel b . Inferring ∇[Fe / H]( τ ) directly from the line fit results in 
an error of about 9 per cent, on average, of the true birth metallicity gradient (see red dashed line in panel a). Similarly to the data (Fig. 2 a), a steepening in 
the gradient is seen early on, associated with a GSE-like merger prior to that (Buck et al. 2023 ). This lends credibility to our interpretation that the gradient 
fluctuation we find in the data is related to the GSE merger. Panels c,d: Same as panels a,b but for the HESTIA 17 11 MW analogue (Libeskind et al. 2020 ; 
Khoperskov et al. 2022 ). The inferred birth ∇[Fe / H]( τ ) is, on average, within 7 per cent of the true one, and the line fit has a PCC = −0 . 98. 
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To find out what uncertainty results from imposing an exact linear 
elation between the range and the radial birth gradient, we calculate 
he inferred birth gradient by shifting the points in Fig. 1 (b) and (d)
ertically to lie exactly along the red line. The result is plotted as the
ashed red curve in panels (a) and (c), showing that the uncertainty
s, on average, 9 per cent (NIHAO-UHD) and 7 per cent (HESTIA) of
he true gradient (solid red curve). We also checked that changing the
tellar particle radial range from 7–10 kpc to 8–9 kpc or to 6–11 kpc
ffects our results minimally. 

In a recent work, Ratcliffe et al. ( 2024 ) analysed 179 disc galaxies
rom the TNG50 simulations, examining the key assumption in the R b 

eri v ation method we use here. The authors showed that assuming
inear variation, ∇[Fe / H] ( τ ) can be reco v ered in most galaxies to
ithin 22 per cent from the [Fe/H] range variation with age, with
etter accuracy for more massive and stronger barred galaxies (e.g. 
he MW). Lu et al. ( 2023 ) also analysed the rest of the NIHAO
imulations and found that MW-mass galaxies in NIHAO all exhibit 
imilar linear relations. This is reassuring since we use exactly the 

ame method here. 

t  
.2 Reco v ering the MW birth metallicity gradient evolution 

ith time 

ith the abo v e insights from the simulations, we can no w deri ve
he Galactic birth metallicity gradient evolution with cosmic time, 
Fe / H] ( R b , τ ), in a relatively straightforward manner directly from
he data. 

We start by calculating the metallicity range as we did for the
imulations. This is shown as the blue curve in Fig. 2 (a), while
he red curve is the [Fe/H] birth gradient estimated from its inverse
elation to the range, as shown in Fig. 2 (b) and modeled as follows. 

If [Fe/H] is al w ays linear in R, we can write for any lookback time
, 

Fe / H] ( R b , τ ) = ∇[Fe / H]( τ ) R b + [Fe / H] (0 , τ ) 

= ( a Range ˜ [Fe / H] (age) + b) R b + [Fe / H] (0 , τ ) , 

(2) 

here in the second line, we have substituted equation ( 1 ) for the
ime evolution of the gradient. Here the constant b ≡ ∇[Fe / H] ( τ =
MNRAS 535, 392–405 (2024) 
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M

Figure 2. Reco v ering the birth metallicity gradient directly from the data. a: The metallicity range of our sample (blue curve) as a function of stellar age 
in 1-Gyr-wide bins. The time evolution of the birth ∇[Fe / H] (red curve) is expected to anticorrelate with the current day Range[Fe/H]. The grey vertical 
strip indicates the steepening of the gradient, which coincides with the time of the MW’s last massive merger, GSE. b: We impose a linear relation between 

Range ˜ [Fe / H] (normalized Range[Fe/H]) and ∇[Fe / H] , in agreement with cosmological simulations of disc formation (see Fig. 1 ). The y -intercept in the line 
equation shown in this panel is fixed by the present-day gradient ∇[Fe / H]( τ = 0) = −0 . 07 dex kpc −1 (Bragan c ¸a et al. 2019 ). The line slope of −0 . 08 dex kpc −1 

defines the o v erall gradient steepness and is set by requiring that the youngest stars in the solar neighbourhood are born locally. See Section 3 for more details. 

Figure 3. Estimating the central metallicity time evolution. Scatter shows 
the AMR of stars currently found at R g < 5 kpc. The metallicity enrichment 
of the central disc region, [Fe / H] (0 , τ ) (last term in equation 2 ) for ages 
> 7 Gyr, is estimated from the upper boundary of the AMR (red curv e). F or 
age < 7 Gyr, we increase monotonically [Fe / H] (0 , τ ) o v er time, using a log 
function, at a rate that matches the ∼0.1 dex metallicity of the youngest stars 
at the solar neighborhood (Nie v a & Przybilla 2012 ). 
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) ≈ −0 . 07 dex is the present day radial metallicity gradient in the
W (Bragan c ¸a et al. 2019 ), and the scale factor a is a constant

efining the o v erall gradient steepness, and is to be determined.
astly, [Fe / H] (0 , τ ) is the time evolution of the metallicity at the
alactic centre, which is also to be determined. 

.2.1 Inferring the central metallicity time evolution in the MW 

o estimate [Fe / H] (0 , τ ) – the last term in equation ( 2 ), in Fig. 3 ,
e plot the AMR for stars currently found in the inner MW disc,
ith guiding radii R g < 5 kpc. The exponential density drop with

adius and inside-out formation of disc galaxies suggest the central
egion should have the highest star formation rate and therefore has
he highest metallicity at all lookbak times. As a result, the upper
NRAS 535, 392–405 (2024) 
nvelope in this selection should represent the central metallicity
volution with time, assuming the metallicity gradient was always
e gativ e (Hemler et al. 2021 ). 
The red curve in the same plot traces the AMR upper boundary for

ge > 7 Gyr, estimated as the 95 per cent-tiles in metallicity for stars
n 1-Gyr wide bins. Due to the lack of younger stars in this central
egion, for age < 7 Gyr, we fit a log function so that [Fe / H] (0 , τ )
onotonically increases with time at a rate that matches the ∼0.1 dex
etallicity of the youngest stars (Nie v a & Przybilla 2012 ) in the

olar neighbourhood, [Fe / H] (8 . 2 , 0) = 0 . 1 dex. In the future, the
rue central metallicity evolution can be estimated (especially for
tars < 7 Gyr) as more ages and metallicity measurements become
vailable from SDSS-V (Kollmeier et al. 2017 ). 

.2.2 ∇[Fe / H] strength determination 

e constrain the o v erall gradient steepness – the scale factor a 
n equation ( 2 ), via an iterative process by examining its effect
n our birth radius estimates. In Fig. 4 , we show the R b distri-
utions of mono-age groups for the solar neighbourhood sample,
sing different values for a in equation ( 2 ). In the second panel,
e can see the results for a = −0 . 08 dex kpc −1 , corresponding to
in( ∇[Fe / H] ) ∼ −0 . 15 dex kpc −1 , for which the youngest mono-

ge population peaks very close to its current position (as seen from
he guiding radius distributions in the leftmost panel). The slightly
nward shift is expected (Minchev et al. 2018 ) given the very few stars
ith age < 1 . 5 Gyr in our LAMOST sample. In contrast, changing

he scale factor so that the steepest gradient is ∼ −0 . 1 dex kpc −1 

third panel) results in very wide R b distributions for all ages; this
s unphysical, especially for the oldest stars, as it is unlikely the
adius distributions tighten o v ertime from the R b distribution. This
eans the birth radii distribution for stars of a mono-age population
ill peak at a smaller radius than the current day radii distribution.
inally, setting min( ∇[Fe / H] ) ∼ −0 . 2 dex kpc −1 shifts the youngest
 b distribution more than a kpc inward (rightmost panel), which
annot be justified, keeping in mind that stars require time to migrate
e.g. Frankel et al. 2020 ). The scale factor determines how fast stars
re migrating, a larger value of a corresponds to a faster migration.
he migration time-scale is still not fully determined for the MW
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Figure 4. The effect of gradient strength on derived R b . First panel: Distribution of guiding radius R g for stars in the solar vicinity (7.7 kpc < R < 8.7 kpc) in 
bins of age. The area under each curve is normalized to one. Second panel: R b distributions for mono-age populations, as derived from equation ( 2 ) using a scale 
factor a = −0 . 08 dex kpc −1 , which results in min( ∇[Fe / H] ) ∼ −0 . 15 dex kpc −1 . Making this shallower ( −0 . 1 dex kpc −1 ; Third panel) results in very wide R b 

distributions, while a steeper gradient ( −0 . 2 dex kpc −1 ; Fourth panel panel) suggests the distribution peak of the youngest population has shifted outwards by 
about 1.5 kpc. Both of these are not expected (Minchev et al. 2018 ). 

Table 1. Time evolution of the birth radial metallicity gradient and the central 
disc metallicity. 

τ [Gyr] ∇[Fe / H] ( τ ) [dex kpc −1 ] [Fe/H](0, τ ) [dex] 

0 −0.070 0 .624 
0.5 −0.075 0 .618 
1.5 −0.084 0 .604 
2.5 −0.092 0 .588 
3.5 −0.104 0 .570 
4.5 −0.124 0 .549 
5.5 −0.135 0 .524 
6.5 −0.143 0 .493 
7.5 −0.152 0 .451 
8.5 −0.150 0 .396 
9.5 −0.140 0 .283 
10.5 −0.132 0 .018 
11.5 −0.131 −0 .147 
12.5 −0.133 −0 .297 
13.0 −0.130 −0 .315 
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Figure 5. R b versus the R b error, σR b for 217 672 subgiant stars from our 
data set (Xiang & Rix 2022 ), for age < 13 Gyr and [Fe/H] > −1 dex. The 
median error is 14 per cent or 0.72 kpc and the uncertainty is estimated using 
bootstrapping. 
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ue to difficulties in incorporating the selection function and the lack 
f a calibration sample (i.e. we do not know R b for any stars in the
W) so the value of a can only be estimated. Changing the scale

actor does not change any major conclusions presented in the paper, 
o we ver, a larger scale factor will enhance any effect from radial
igration as stars will have migrated more with a larger value of
. Our final value agrees with what is expected in simulations for
W-mass galaxies (see Fig. 1 that the steepest metallicity gradient 

or the two MW-like galaxies from NIHAO and HESTIA simulations 
s ∼−0.15 dex kpc −1 ). Future constraints on migration strength from

W data can help determine the actual value of a. 
The blue curve in Fig. 2 (a) shows the present-day metallicity 

ange, Range[Fe/H], measured from our sample, as a function of age. 
he red curve shows the derived birth radial metallicity gradient, 
[Fe / H] ( τ ), as a function of lookback time using the method 

escribed in this Sec. Table 1 lists the ∇[Fe / H] ( τ ) and [Fe / H] (0 , τ )
alues in 1-Gyr bins. 

.3 Estimating R b for the LAMOST sample 

o estimate the birth radius, we simply express R b in terms of the
easured stellar age and [Fe/H] in our sample, using equation ( 2 ): 

 b (age , [Fe / H]) = 

[Fe / H] − [Fe / H] (0 , τ ) 

−0 . 08 Range ˜ [Fe / H] (age) − 0 . 07 
. (3) 
n the abo v e, the functional form of [Fe / H] (0 , τ ) can be found in
able 1 , we have set for the scale factor a = −0 . 08 dex kpc −1 as
eriv ed abo v e, the constant b = −0 . 07 de x kpc −1 is giv en by the
resent day gradient derived using OB stars from Bragan c ¸a et al.

 2019 ), and the Range ˜ [Fe / H] (age) was measured from the data. 
o check the effect of the current day MW metallicity gradient
easurement, instead of −0.07 dex kpc −1 (the constant b from 

quation 1 ), we used −0.04 dex kpc −1 and found an o v erall shift
n absolute R b , but no significant change in its relative value. We
ound therefore no major changes to the main results. 

We use equation ( 3 ) to estimate R b for 217 672 subgiant stars
iang & Rix ( 2022 ) with age < 13 Gyr and [Fe/H] > −1 dex.
he uncertainties σR b are estimated by perturbing the age and 
etallicity within their errors and recalculating R b . We performed 

his bootstrapping 100 times and used the standard deviation as the
 b error. The stellar distribution as a function of R b and σR b is shown

n Fig. 5 . The majority of stars are seen to have σR b < 0 . 5 kpc, or a
edian uncertainty of 13 per cent. 
To test how well this method works, in Section A , we applied it

o the g2.79e12 simulation by using just the last snapshot, finding
hat we could reco v er R b within 20 per cent (Fig. A1 ), as well as the
tructure of the AMR and the [ α/Fe]–[Fe/H] plane in terms of R b 

Fig. A2 ). 
MNRAS 535, 392–405 (2024) 
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 RESU LTS  

.1 Time evolution of the MW metallicity gradient 

nlike in conventional forward chemo-dynamical modelling, our
mpirically derived time evolution of the MW metallicity gradient
aturally takes into account the net effect of any and all physical
rocesses affecting the disc’s chemical evolution, e.g. the effects of
ast merger events, such as GSE (e.g. Belokurov et al. 2018 ; Helmi
t al. 2018 ) and the Sagittarius dwarf galaxy (Ibata, Gilmore &
rwin 1994 ), as well as gas flows (Lacey & Fall 1985 ) and Galactic
ountains (Fraternali 2017 ; Marasco et al. 2022 ). Fig. 2 (a) shows that
he MW exhibits a significant radial metallicity gradient (red curve)
arly on, as often seen in simulations after a MW-like disc has just
tarted to form (Hemler et al. 2021 ; Lu et al. 2022b ), which for the
alaxy can be as early as 12–13 Gyr ago (Conroy et al. 2022 ; Rix

t al. 2022 ). Interestingly, we find a steepening of the gradient from
0 . 13 to −0 . 15 dex kpc −1 , o v er a period of about 3 Gyr (from 11 to
 Gyr ago; vertical grey strip). Simulation study of a GSE-like merger
Buck et al. 2023 ) shows this steepening is most likely caused by
he significant merger event in MW’s history – the GSE merger that
appened 8–10 Gyr ago (Belokurov et al. 2018 ; Helmi et al. 2018 ) or
ven one Gyr earlier (Xiang & Rix 2022 ). At a lookback time of less
han 8 Gyr, we mostly reco v er a monotonically decreasing gradient
p to the present-day value. The slow-down in steepening around
–3 Gyr likely associate with the Sagittarius merger, and this feature
s even more significant in larger data samples from APOGEE and
ALAH (Ratcliffe et al. 2023b ). 

.2 Formation of the MW age–metallicity relation (AMR) 

ith the addition of R b to our sample, we can now better understand
he structure of the AMR, which tells us how the Galactic disc is
nriched with iron o v er time. Fig. 6 (a) shows the density distribution
f the total sample, with a darker colour corresponding to a higher
ensity. Two well-defined ridges with ne gativ e slopes are apparent
or younger and older stars as seen in (e.g. Sahlholdt, Feltzing &
euillet 2022 ; Xiang & Rix 2022 ). In Fig. 6 (b)–(d), we show the
tars with current guiding radius R g near the Sun, in the inner disc,
nd the outer disc, respectively. It is remarkable that the bimodal
tructure seen in the total sample splits cleanly, in that the older ridge
elongs to the inner disc (panel c) and the younger one to the outer
isc (panel d), while the Sun falls in the transitional region (panel b).
his already indicates that the prominent o v erdensities found in the

otal sample are in fact due to a smooth transition from the inner to
he outer disc, rather than two independent disc components. 

To find out exactly where the AMR ridges originated, in Fig. 6 (b)–
d), we o v erlay the running mean of stars born at different R b , as
olour-coded. The R b curves match remarkably well the slopes of
he two o v er-densities – steeper for the old ridge and shallower
or the younger. Indeed, the two structures are associated with very
ifferent disc radii. A strong star-formation rate early on can naturally
xplain the older ridge overdensity (Xiang & Rix 2022 ), reaching the
aximum [Fe/H] values in our sample at the end of the ∇[Fe / H]

teepening period ( ∼ 8 Gyr, left edge of the grey strip). Thanks to
ur R b estimates, we can see that these stars have formed in the inner
–5 kpc, indicating the extent of the disc 8–10 Gyr ago. On the other
and, the younger ridge starts forming at the end of the ∇[Fe / H]
teepening period at age < ∼8 Gyr and at R b > 5–6 kpc. This ridge
s possibly formed from gas brought in by the GSE merger (e.g.
uck et al. 2023 ). The slower metallicity increase with time in this

eature indicates a dynamically quiescent Galactic disc formation
NRAS 535, 392–405 (2024) 
poch (also pointed out in Xiang & Rix 2022 ). The o v erdensity of
he young ridge can be explained by the densely spaced R b curves
long this ridge, assuming a relatively constant star formation with
adius following the last massive merger. 

Another interesting feature in Fig. 6 is the decrease in the
etallicity of the AMR upper boundary, which can be misinterpreted

s a chemical dilution in the last 8 Gyr. A more natural explanation,
n light of the R b estimates, is that the decrease results from the
uperposition of different R b tracks. Due to the selection effect, the
oungest most metal-rich stars born in the inner Galaxy have not had
ime to migrate to the solar vicinity, and thus, are not observed. This
s an example of Simpson’s paradox – a commonly encountered sta-
istical phenomenon in the field of Galactic Archaeology (Minchev
t al. 2019 ). 

.3 The [ α/Fe] bimodality 

ne of the most intriguing findings in spectroscopic data is the
ichotomy of the stellar distribution in the [ α/Fe]–[Fe/H] plane
Hayden et al. 2015 ; Queiroz & et al. 2020 ). This is shown for our
ata in Fig. 7 a as the grey-scale 2D histogram of the stellar number
ensity. The high-[ α/Fe] sequence (clump abo v e [ α/Fe] ∼ 0 . 15 de x
ut extending to lower values at higher [Fe/H]), is mostly old, while
he low-[ α/Fe] sequence is known to have a large spread in age. 

Many models of how the bi-modality of the [ α/Fe]–[Fe/H] was
ormed make sets of specific predictions. One example is the two-
nfall model (e.g. Chiappini, Matteucci & Gratton 1997 ; Spitoni et al.
021 , 2022 ). This model consists of two main infall episodes where
he thick disc forms fast by a fast gas accretion event, and the thin
isc forms by a second accretion episode on a longer time-scale.
he tw o-inf all model is able to predict the bi-modality of [ α/Fe]–

Fe/H], age–metallicity relation, stellar metallicity distribution, and
any other features present in the observ ations. Ho we ver, the two-

nf all model f ailed to explain the most metal enriched high- αstars in
he [ α/Fe]–[Fe/H] plane (e.g. Grisoni et al. 2017 ; Matteucci 2021a ).
hese stars can be explained only as stars migrated from the inner
alactic regions. Simulations from both Agertz et al. ( 2020 ) and
uck ( 2019 ) resemble the tw o-inf all model and suggest that the α-
imodality is a generic consequence of gas-rich mergers diluting the
etallicity of the gas in the high- α disc, forming the low- α disc. 
One other model is the parallel model, where the high- and low-
discs are treated as two distinct evolutionary phases that evolve

eparately with separate star formation rates (SFR). The clumpy
tar formation scenario closely resembles such a scenario (e.g.
larke et al. 2019 ; Debattista et al. 2019 ). Star-forming clumps
ominate in many galaxies and MW progenitors for redshift >
 (e.g. Cowie, Hu & Songaila 1995 ; van den Bergh et al. 1996 ;
lme green & Elme green 2005 ; Elme green et al. 2007 ). In the clumpy
tar formation model, the high- α disc stars are formed from clumps
ith high SFR, and the low- α disc stars are created via low SFR gas.
ther scenarios are also proposed such as radial migration (Sharma

t al. 2021 ). For a detailed re vie w, see section 5 from Matteucci
 2021a ). 

By adding the dimension of R b to the age and abundance
easurements of our data, we are now able to fully understand this

elation. The colour-coded curves in Fig. 7 (a) trace the time evolution
f stars born in mono-R b bins in the [ α/Fe]–[Fe/H] plane. 
We find that the high-[ α/Fe] sequence has formed mostly at R b <

 kpc. It then extends to higher [Fe/H] and lower [ α/Fe] along the
nnermost R b tracks (blue curves), and the transition takes place
efore and partly during the ∇[Fe / H] steepening period (shown
y the white segments of the R b tracks). These attributes indicate
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Figure 6. Assembly of the MW age–metallicity relation (AMR). a: Stellar density distribution of the full data set, shown as a 2D histogram in bins of 
� [Fe/H] = 0.05 dex and � age = 0.37 Gyr. Darker colours correspond to higher density. The sample is further split into stars with guiding radius, R g , currently 
located in the solar vicinity (b), the inner disc (c), and the outer disc (d). The curves overlaid on top of panels b, c, d show the AMR of different birth radii using 
a bin of � R b = 0.5 kpc. It now becomes clear that the ridge of old stars originated in the inner 5 kpc, while the younger ridge is composed of stars mostly born 
outside 6 kpc. Because of radial migration and asymmetric drift, both of these are present in the solar vicinity. Given the Sun’s age and metallicity (yellow dot 
in panel b), we estimate that it was born at R = 4 . 5 ± 0 . 4 kpc. See Section 3.3 for more details. 
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trongly that the high-[ α/Fe] sequence is composed of the same stars
hat form the older [Fe/H] ridge in the AMR (Fig. 6 ; also shown
n Chiappini et al. 1997 ; Matteucci 2021b ; Sahlholdt et al. 2022 ).
iven the fast chemical enrichment over a very short time-scale, 
oth of these features must have formed in a gas-rich medium with
ery efficient star formation, in agreement with the previous work 
Chiappini et al. 1997 ; Sharma et al. 2021 ). Here, ho we ver, we can
rack in detail their evolution with both birth radius and lookback time 
irectly from the data. On the other hand, the low-[ α/Fe] sequence
an in turn be matched to the younger ridge in the AMR seen in
ig. 6 , given the common R b extent, time span, and metallicity range
f these two structures. The wider gap between the two ridges in the
MR compared to the [ α/Fe]–[Fe/H] plane, and the strong o v erlap of
irth radii in the low-[ α/Fe] sequence, are both due to the convoluted
elation between age and [ α/Fe], as they correlate well only for
ono-R b populations (see e.g. Minchev et al. 2017 ; Ratcliffe et al.

023b ). 
A remarkable feature in Fig. 7 (a) is the fast transition between the

igh- to low-[ α/Fe] discs seen for the innermost ∼ 6 kpc (blue/purple
urves). The gap between the two sequences originates from the quick 
ime transition between them – the dots, regardless of colour, are 
eparated by 1.4 Gyr and the spacing across the gap is significantly
arger than the rest. This presents evidence for inside-out formation, 
lready taking place within this very concentrated disc very early 
n (about 5 kpc in radius and 11 Gyr ago) – star formation in the
nnermost few kpc starts earlier, thus reaching sooner the Type Ia
upernov a dominated e volutionary phase that causes the fast drop in
 α/Fe]. Moreo v er, the white segment in each R b track indicates the
ime period during which ∇[Fe / H] steepens (grey strips in Figs 2 
nd 6 ). This means, the transition between the high- and low-[ α/Fe]
isc could be a combination of Type Ia Supernova delay and the GSE
erger. 
The R b tracks of the inner 5–6 kpc transition smoothly from the

igh- to the low- α sequence, but only stars born in the outer radii
 > ∼8 kpc) contribute to the very metal-poor end of the low- α disc
at [Fe/H] � −0 . 4 dex). These stars are born during or after the GSE
erger, indicating that the most metal-poor low- α disc stars are most

ikely born directly from the gas brought in from the GSE merger.
o establish this further work is required. 
We reco v er v ery similar R b tracks across the [ α/Fe]–[Fe/H] plane

s those expected from the analytical chemo-dynamical model by 
harma et al. ( 2021 ), but without any modelling of the disc chemical
MNRAS 535, 392–405 (2024) 
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M

Figure 7. Formation of the [ α/Fe]–[Fe/H] bimodality. The background in each panel shows the stellar number density for the full sample. a, The colour-coded 
curves trace the time evolution of stars born in mono-R b bins, as indicated in the colour bar on top. Each curve is produced by binning a mono-R b population 
( � R b = 1 kpc) by age and estimating the mean [ α/Fe] and [Fe/H] values in each age bin, � age = 1.4 Gyr. Note that, when working with R b , age becomes 
lookback time, τ . The white segment in each R b track corresponds to the time during which ∇[Fe / H] is found to steepen (from 11 to 8 Gyr ago; grey strip in 
Figs 2 and 6 ), coinciding in time with the GSE merger impact. This period of time outlines well the gap between the two sequences, thus suggesting that the 
GSE is responsible for its formation. The dots along each curve are separated uniformly in time (every 1.4 Gyr) with the largest distance travelled across the 
white segment. This indicates that the gap results from the quick drop in [ α/Fe] on a Gyr time-scale. b–f, coloured contours show the [ α/Fe]–[Fe/H] relation 
for a 1-kpc-wide R b bin, for five different radii, as indicated in the bottom of each panel. The red curves track the time evolution as in panel a. For R b � 6 kpc 
(panels d, e, f), we find two well-defined clumps of mean age (cyan dots) very similar to a recent estimate of enhanced star formation episodes (Ruiz-Lara et al. 
2020 ). Although the clumps shift position in this plane for different R b , they are still found at the same mean age. This figure shows the power of having R b at 
our disposal, as the structure we see is washed out in the total population. 
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volution or assumptions on radial migration efficiency. The curves
f constant R b in the AMR shown in our Fig. 6 , however, al w ays
 xhibit a ne gativ e slope, unlike those adopted by Sharma et al. ( 2021 ),
hich are mostly flat for age < 8 Gyr, indicating a constant radial birth
radient. 
NRAS 535, 392–405 (2024) 
To test how uncertainty can affect the robustness of our results
rom Figs 6 and 7 , we convolved synthetic error into R b , drawing
rom a Gaussian distribution with different widths. We found that
he features remained significant until the R b uncertainty reached

30 per cent . 
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.4 Disco v ery of coeval clumps in the [ α/F e]–[F e/H] plane 

n Fig. 7 (b)–(f), we show the 2D stellar density in the [ α/Fe]–[Fe/H]
lane for five mono-R b populations. Smooth variation is found in the 
nner ∼ 6 kpc, ho we ver, two well-defined clumps appear in each
f the three outer disc bins, including the solar vicinity. These 
 v erdensities hav e the same mean ages in all three R b bins (marked
y the cyan dots), which are very similar to the times of two known
tar -formation b usts associated with the Sagittarius dwarf galaxy 
Laporte et al. 2018 ; Ruiz-Lara et al. 2020 ). For the first time, we
re here able to see structure in the low-[ α/Fe] sequence, which is
therwise washed out by radial migration. 
To check the robustness of the described features abo v e, we

onsidered the effect of the uncertainty that can result in the 
etermination of ∇[Fe / H] . To this end, we perturbed the inferred 
etallicity gradient (see Fig. 2 ) by 10 per cent with Monte Carlo

ampling 100 times and recalculating R b . We then estimated the R b 

ncertainty as the standard deviation of these 100 outcomes. It was 
ound that Figs 6 and 7 were mostly unchanged, ensuring that our
ain conclusions are robust. 

.5 The solar birth radius 

he Sun has been suggested to originate from inside the solar circle
ince the work by Wielen, Fuchs & Dettbarn ( 1996 ), given its higher
etallicity compared to local stars of similar age. Using [Fe/H] 
 0 ± 0 . 05 dex (Asplund et al. 2009 ) and age = 4 . 56 ± 0 . 11 Gyr

Bonanno, Schlattl & Patern ̀o 2002 ) in equation ( 3 ), we estimate
 �, b = 4 . 5 ± 0 . 4 kpc. This value is one of the lowest estimates in

he literature (Wielen et al. 1996 ; Minchev et al. 2013 ; Baba, Saitoh &
sujimoto 2023 ; Ratcliffe et al. 2023b ). 
Most birth radius estimations for the Sun are based on chemo- 

ynamical models that do not take into account the effect of mergers.
ince our model predicts a steepening of ∇[Fe / H] , which we 

nterpret as the result of the infalling gas of GSE, the metallicity
radient becomes steepest after the merger takes place. At the time 
f Sun formation, ∼ 3 Gyr later, ∇[Fe / H] is still steeper compared to 
ost other chemo-dynamical models. As a result, our model predicts 

he Sun has migrated more significantly than previous estimates. 

 LIMITATIONS  

lthough the three simulation suites we have used to show that this
ethod is feasible have been shown to match well under a range of

bservational constraints, we allow for the possibility that the MW 

ay be different, in which case our results are also incorrect. 
Our assumption that the birth metallicity gradient has a small 

catter is supported by the observational result of H II regions and
eutral clouds (Esteban et al. 2022 ), but not by those of Cepheids and
BAF stars (e.g. Luck 2018 ; Bragan c ¸a et al. 2019 ; Hawkins 2023 ).
e also assume the ISM metallicity gradient is consistent with a 

traight line as found by Daflon & Cunha 2004 , but acknowledge
hat some studies of young stars find breaks in the radial profiles
f Cepheids just outside the solar radius (S ́anchez et al. 2014 ).
t should be noted that the large scatter and non-linearity can be
aused temporarily by a passing spiral arm and that Cepheids are not
epresentative of the birth metallicity gradient because of their ages 
n the range 30–200 Myr (about a rotation at the solar radius), which,
ccording to simulations, is enough time for stars to drift from their
irth radii. There is evidence from observations that stellar migration 
an play an effect even on a short time-scale: measurements of the
ocal ISM seem to have a linear metallicity gradient with a small
catter on the order of the measurement uncertainty, and Cepheids, 
hich the study by Luck ( 2018 ) used, have ages of 50–300 Myr, and

lready exhibit more scatter than OB stars, as reported by Bragan c ¸a
t al. ( 2019 ). Ho we ver, we do note that the linearity of the metallicity
radient and the scatter associated with the gradient is still an ongoing 
ebate, and it is possible that our assumption that the scatter is small
nd the gradient being linear could be not entirely correct. This would
hen result in a larger uncertainty in our derived R b . 

Moreo v er, since the detailed formation history of the MW is
nknown, simulations and high-redshift MW-like galaxies are the 
nly few pathways to understand that. While disc formation sim- 
lations in the cosmological context provide important insights 
nto the MW e volution, unkno wn subgrid physics, limitations in
esolution, different feedback mechanisms, and chemical enrichment 
rescriptions (e.g. yields) may affect our results. 
Notwithstanding these limitations, the fact that two different 

uites of simulations in this paper and other recent studies on
imulations and chemical evolution models (e.g. Lu et al. 2023 ;
atcliffe et al. 2024 , Johnson et al. 2024 ) both produce similar

esults, suggests that the metallicity enrichment is less subjective 
o the subgrid prescriptions, providing supporting evidence for the 
ethod developed in this work. 
Finally, we would like to mention that this method requires precise

nd accurate ages for stars spanning a large Galactic disc radius.
he sample used here does not include many stars in the inner disc,
hich may introduce a bias in our deri v ation of the central metallicity

volution. Future impro v ement in age and metallicity measurements 
ill eventually provide better calibration of equation ( 2 ) and the

entral metallicity evolution. 

 C O N C L U S I O N S  

n this work, we showed that stellar birth radii can be derived
irectly from the data with minimum prior assumptions on the 
alactic enrichment history. We first developed an empirical method 

o reco v er the time evolution of the MW metallicity gradient,
[Fe / H](r, τ ) , through its inverse relation to the metallicity range 

s a function of age today, using a high-precision large data set of
W disc subgiant stars from the LAMOST surv e y. Using the age

nd metallicity measurements in our sample, we could place stars 
ack to their birth radius, R b . Our main findings can be summarized
s follows: 

(i) We found a steepening of the birth metallicity gradient from 

1 to 8 Gyr ago (Fig. 2 ), which coincides with the time of the MW’s
ast massive merger, GSE. 

(ii) The decrease in metallicity with age of the AMR upper 
oundary (Fig. 6 ), which can be misinterpreted as a chemical dilution
n the last 8 Gyr, is a result of the superposition of different R b 

racks, reversing the well-defined negative slopes of the underlying 
ono-R b AMRs. This is an example of Simpson’s paradox –
 commonly encountered statistical phenomenon in the field of 
alactic Archaeology (Minchev et al. 2019 ). 
(iii) We found a faster decrease in [ α/Fe] for the innermost R b bins

 ∼ 6 kpc, see Fig. 7 a), which can be explained if star formation in
he innermost few kpc started earlier, thus reaching sooner the Type
a Supernova dominated evolutionary phase that causes the fast drop 
n [ α/Fe]. This suggests that inside-out formation was already taking
lace within this very concentrated disc very early on (about 5 kpc
n radius and 11 Gyr ago). 

(iv) The most metal-poor stars in the low- α disc (at [Fe/H] �
0 . 4 dex) formed in the outer disc, during or after the GSE merger,
MNRAS 535, 392–405 (2024) 
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ndicating that these stars could be formed directly from the gas
rought in by the merger (also see Buck et al. 2023 ). 
(v) The gap between the high- and the low-[ α/Fe] sequences

riginates from the quick time transition between them. This may
e associated with the GSE merger, as the time of crossing the gap
or each R b track in Fig. 7 (a) coincides with the time period during
hich ∇[Fe / H] steepens. 
(vi) By dissecting the disc into mono-R b populations, we find

lumps in the low-[ α/Fe] sequence (Fig. 7 ), which coincide in
ime with star-formation bursts associated with the Sagittarius dwarf
alaxy (Ruiz-Lara et al. 2020 ). 

(vii) We estimated that the Sun was born at 4 . 5 ± 0 . 4 kpc from
he Galactic centre. 

Our data-driven technique not only recovers the trends in chemo–
inematic relations expected from detailed forward modelling (Mat-
eucci & Francois 1989 ; Chiappini et al. 1997 ; Minchev et al. 2013 ;
uck 2019 , 2020 ; Frankel et al. 2020 ; Hemler et al. 2021 ; Sharma
t al. 2021 ; Lu et al. 2022b ), but also paints a detailed picture of the
W disc formation, and in a completely different, simpler approach.
pplying our method to larger data sets can help with the calibration
f chemical evolution models, by providing the detailed evolution
ith birth radius and cosmic time for many elements (e.g. Ratcliffe

t al. 2023a , b ). 
A challenge for future work will be to account for all the physical

rocesses that ha ve contrib uted to the evolution of the metallicity as
 function of radius and time that we reco v er in this work. 
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PPENDI X  A :  TESTING  O U R  M E T H O D  O N  T H E  

I H AO - U H D  

o test the robustness of our approach, we apply the method
eveloped in Section 3.2 to infer R b for the NIHAO-UHD g2.79e11
imulation. We already showed in Fig. 1 that we could reco v er the
adial birth gradient within 9 per cent for this model. We now use the
Fe/H] and age from the last snapshot to reco v er R b as we did for the
ata. 
We first rescale the simulation to match the MW for better

omparison, by multiplying all the positions ( x , y , z) in the simulation
y the ratio of the MW radial scale-length to the simulation scale-
ength, 3.5/5.6, and the all velocities ( v x , v y , v z ) by ratio of the MW
otation curve to the that of the simulation, 240/340. 

The birth metallicity gradient is inferred using the metallicity range 
f mono-age populations, as we did for the MW and described in
ection 3.2 . Similar to the data, we use equation ( 2 ) to derive the

ime evolution of the radial metallicity gradient by setting b to be
he metallicity gradient measured today (at the final simulation time) 
nd adjusting the scaling factor, a, so that the maximum gradient
atches up with that of the simulation. To infer the central metallicity

volution, we use the upper envelope of the AMR as described in
ection 3.2 (using 95 per cent [Fe/H] of the central region, same
election as in the data). 

Applying the same method we applied to the data, we were able
o infer birth radii for this galaxy just from the last snapshot, for stars
orn once a rotationally supported disc has started to form ∼10 Gyr
go (Buck 2019 ), with an average scatter of 1.84 kpc and a bias of
.24 kpc (Fig. A1 ). 
MNRAS 535, 392–405 (2024) 
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igure A1. Comparing true R b with inferred R b for the NIHAO-UHD
2.79e12 simulation. We can reco v er R b within ∼ 20 per cent for stars in
he solar neighbourhood and beyond. 
NRAS 535, 392–405 (2024) 
It is worth pointing out that the uncertainty is almost constant
cross all radii, meaning the percentage uncertainty is smaller for
tars that are born in the outer disc. In this particular simulation, we
re able to reco v er R b within 20 per cent uncertainty for stars in the
olar neighbourhood and beyond. 

In Fig. A2 , we show the AMR (top row) and [ α/Fe]–[Fe/H] plane
bottom row) coloured by inferred R b (left column) and true R b (right
olumn). The major features in the AMR and [ α/Fe]–[Fe/H] plane
re nicely captured by the inferred R b . For example, the dilution of
he metallicity in mono-R b populations shown in the AMR at ∼3–
 Gyr, and the enhancement of [ α/Fe] around the transition between
igh- to low- α ([ α/Fe] ∼ 0.15) for stars in mono-R b populations
hown in the [ α/Fe]–[Fe/H] plane. 

This test provides strong supporting evidence that our method is
obust, especially for stars born in the outer disc. Given that the
imulated disks are in general kinematically hotter, the intrinsic
catter around the metallicity gradient is expected to be larger
ompared to that of the MW (Lu et al. 2022b ). As a result, using
his method to infer birth radii in the MW disc should yield an even
maller uncertainty. 
adem
ic.oup.com
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Figure A2. Age–metallicity relation (AMR; top row) and [ α/Fe]–[Fe/H] plane (bottom row) coloured by inferred R b (left column) and true R b (right column). 
We are able to reco v er the general trend of the AMR and [ α/Fe]–[Fe/H] in different R b . For example, the smaller range in R b in the AMR for stars born 
between 8–10 Gyr ago compared to that for a more recent time due to the steepening in the metallicity gradient; the slight dip in the AMR 3–4 Gyr ago; the 
impressive resembling of the evolution in mono-R b populations, especially for stars born in the outer disc, in the [ α/Fe]–[Fe/H] plane. It is worth noting that a 
merger plunged into the disc for this simulation ∼5 Gyr ago, which disrupted the linear relation between the metallicity gradient at that lookback time and the 
Range[Fe/H] at the same mono-age population (see Fig. 1 top left plot). Since this most likely did not happen in the MW, we do not expect a deviation as larger 
as that seen in this simulation. 
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