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ABSTRACT

Stars move away from their birthplaces over 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 recovering the time evolution of the stellar
birth metallicity gradient, d[Fe/H](R, 7)/dR, 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;,. 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 [«/Fe]-[Fe/H] plane. By dissecting the disc into
mono-R;, populations, clumps in the low-[a/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;, estimates provide the missing piece needed to recover the Milky Way formation
history.

Key words: Galaxy: abundances — Galaxy: evolution — Galaxy: kinematics and dynamics.

et al. 2022a), as well as the nucleosynthetic channels of chemical

1 INTRODUCTION enrichments (e.g. Ting et al. 2012; Weinberg et al. 2019; Griffith

Galactic Archaeology aims to understand the formation history of
the Milky Way (MW) either via observing high-redshift galaxies
or by inferring the history from the current-day MW data. While
observing galaxies at different lookback times can help us understand
the physical processes that govern the formation of galaxies, the
unique and detailed formation history of the MW can only be inferred
from itself.

In order to understand the MW formation history from just
the present-day data, it is crucial to have accurate and precise
measurements of abundances and ages of stars in the Galaxy. Stellar
abundances can act as fossils as it is believed that most of the element
composition of a star does not change much over its lifetime. If this is
true, by combining stellar ages and abundances, we can gain insight
into the formation and evolution of the Galaxy (e.g. Freeman &
Bland-Hawthorn 2002; Ratcliffe et al. 2020; Horta et al. 2022; Lu

* E-mail: lucylulu12311@gmail.com

et al. 2021; Ratcliffe & Ness 2023).

Recent large spectroscopic surveys, such as the Apache Point
Observatory Galactic Evolution Experiment (APOGEE) (Majewski
et al. 2017), Large Sky Area Multi-Object Fibre Spectroscopic
Telescope (LAMOST) (Cui et al. 2012), GALactic Archaeology with
HERMES (GALAH) (De Silva et al. 2015; Buder et al. 2019), and
Gaia-ESO (Gilmore et al. 2012) have provided an enormous amount
of spectra for stars in our Galaxy. Detailed element abundances have
been derived from these spectra and contributed greatly to the field
of Galactic Archaeology. However, due to the lack of understanding
of the interstellar medium, Earth’s atmosphere, instrumental noise,
and the star itself, it is hard to achieve abundance precision less
than ~ 0.01dex for large samples (e.g. Asplund 2005; Asplund
et al. 2009). Even more, Anguiano et al. (2018) pointed out that
metallicities derived from APOGEE and LAMOST disagree on
the order of 0.1dex. As a result, many data-driven approaches
have been used to improve the abundance measurements and show
promising results (e.g. Bedell et al. 2014; Ness et al. 2015; Xiang
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et al. 2019). On the other hand, the age of a star is not a direct
observable but an estimation of its evolutionary stage. This requires
an understanding of its complex structure and thus, most age-dating
methods have uncertainties above ~ 20 per cent (for a detailed
review on stellar ages, see Soderblom 2010). However, within these
methods, isochrone fitting for main-sequence turn-off stars (MSTO)
or sub-giants is able to provide accurate ages for stars with precise and
accurate abundance and photometric measurements. For example,
Xiang & Rix (2022) were able to measure ages for a large sample of
sub-giant stars in LAMOST with a median uncertainty of only 7.5
per cent.

Unfortunately, even with precise and accurate age and abundance
measurements, inferring the MW formation history from only the
current-day data is still difficult, as stars have moved away from
their birth location over time via radial migration. During this
process, angular momenta of stars are permanently changed due
to their interactions with resonances caused by the spiral arms (e.g.
Sellwood & Binney 2002; Roskar et al. 2008) and the central bar
(e.g. Minchev & Famaey 2010; Di Matteo et al. 2013; Khoperskov
et al. 2020). Stars that have migrated cannot be distinguished from
local ones by their kinematics alone, and thus the process has been
identified from the scatter in the age—metallicity relation in local
stars and the increasing scatter with age in the radial gradient of
mono-age populations (e.g. Anders et al. 2017). This process has
been shown to flatten the intrinsic radial abundance gradient, or the
birth gradient, in the disc significantly over time (Minchev et al.
2012; Minchev, Chiappini & Martig 2013; Vincenzo & Kobayashi
2020) and erases formation signatures, especially for older stars. This
means that trends in stellar age do not reflect the true evolution with
lookback time; thus inferring the MW formation history from the
mono-age population without taking into account radial migration
is likely to provide misleading conclusions (e.g. Anders et al. 2017;
Ratcliffe et al. 2023b).

The most straightforward approach to take into account radial
migration would be to estimate the stellar birth radii, R,. Minchev
et al. (2018) presented a largely model-independent approach for
estimating R, based only on precise metallicity and age estimates,
which was applied to the local AMBRE:HARPS (de Laverny et al.
2013) and HARPS-GTO (Adibekyan et al. 2012) samples. This
technique relied on the following assumptions: (1) the gas is well
mixed azimuthally, (2) stars are born with a narrow metallicity
range at a certain radius at any given time, (3) the MW disc formed
inside-out, and (4) the ISM [Fe/H](z, R) evolved smoothly with both
Galactic disc radius, R, and cosmic time, t. One way to test whether
these assumptions are true is to analyse simulations.

Unlike observations, simulations provide the exact formation
history with no measurement uncertainties. Many simulations have
successfully reproduced key observations in MW-like disc galaxies
(e.g. Aumer et al. 2013; Stinson et al. 2013; Marinacci, Pakmor &
Springel 2014; Martig, Minchev & Flynn 2014; Wang et al. 2015;
Grand et al. 2017; Hopkins et al. 2018; Buck, Dutton & Maccio 2019;
Buck et al. 2020). Although feedback mechanisms and parameter
selections can greatly affect the results (e.g. Blancato et al. 2019;
Dutton et al. 2019; Keller et al. 2019; Munshi et al. 2019; Buck et al.
2020), simulations can provide important insights on the formation
history of the MW. For example, in Lu et al. (2022b), we tested
the assumptions in Minchev et al. (2018) using the NIHAO-UHD
simulations (Buck et al. 2018) and found that assumptions (1), (2),
and (3) are indeed satisfied once a rotationally supported stellar
disc has started to form, while (4) can be violated during gas-rich
mergers. More specifically, during such events, metal-poor gas from
a merging satellite can quickly dilute the gas in the host disc and
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cause the overall metallicity in the outskirts to decrease. This would
then result in steepening of the metallicity gradient disrupting its
monotonic evolution (for a detail analysis on how this can happen,
see Buck et al. 2023). Naturally, taking into account the effects of
satellite infall in estimating R,, is the obvious next step, considering
that the MW likely experienced a massive merger event (the Gaia—
Sausage—Enceladus, hereafter GSE) ~8-10 Gyr ago (e.g. Belokurov
et al. 2018; Helmi et al. 2018; Gallart et al. 2019; Grunblatt et al.
2021; Borre et al. 2022; Buck et al. 2023).

We introduce here a new empirical method for recovering both
the evolution of the MW disc metallicity with radius and time,
d[Fe/H](R, t)/dR, and the birth radius, R, of stars, simply based
on their age and metallicity measurements. The observational and
simulation data used are described in Section 2. The method to derive
the metallicity time evolution is presented in Section 3. Discussion
on the formation of the MW age—metallicity relation (AMR) and of
the [a/Fe] bimodality can be found in (Section 4). Section 5 points
out the limitation of this work and we conclude in Section 6.

2 DATA

2.1 Observational data

In order to infer the history of the MW, both accurate and precise
abundances and ages are needed. We use the largest and most precise
sample of isochrone stellar ages to date (median age uncertainty of
7.5 per cent) provided by Xiang & Rix (2022). These authors esti-
mated ages for ~250 000 subgiant stars from the LAMOST survey,
covering an extended Galactic disc area (about 6 < R < 12 kpc, with
most of the stars between 7 < R < 10kpc), 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
stars.

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

(iii) [Fe/H] uncertainty <0.05dex, to select stars with good
metallicity measurements.

(iv) age < 13 Gyr, as arotationally supported MW disc most likely
did not exist before that time (Belokurov & Kravtsov 2022; Conroy
et al. 2022; Rix et al. 2022).

After applying these cuts, we are left with 77475 subgiant stars
with an average age and metallicity uncertainty of 0.32 Gyr and
0.03 dex, respectively.

2.2 Simulation data

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

The NIHAO-UHD galaxy model was calculated using a modi-
fied version of the smoothed particle hydrodynamics (SPH) solver
GASOLINE2 (Wadsley, Keller & Quinn 2017) and the simulation
is calculated from cosmological initial conditions and star formation
and feedback are modeled following the prescriptions in (Stinson
et al. 2006, 2013). Details about these simulations can be found in
table 1 by Buck et al. (2020).

The HESTIA simulations are M31/MW pairs produced using
the code AREPO (Springel 2010; Pakmor et al. 2016; Weinberger,
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Springel & Pakmor 2020) and the galaxy formation model from
AURIGA (Grand et al. 2017). Details of this simulation suite can be
found in Libeskind et al. (2020).

For this study, we focus on the g2.79¢12 simulation from NIHAO-
UHD and the 17_11 M31/MW pair from HESTIA, as they are the
highest resolution simulations in each simulation suite, both are
able to reproduce MW-like properties and have undergone MW-
like merger histories (Buck 2019; Libeskind et al. 2020; Khoperskov
et al. 2022). To mimic the data, we selected only disc stars ([Fe/H] >
—1, eccentricity < 0.5 kpc,|z| < 1kpc) with radii between 7-10 kpc
at redshift zero. We have chosen a radial range a bit smaller than the
data (~ 6-12 kpc) because only a small number of stars are found
outside that.

3 METHODS: RECONSTRUCTION OF THE
METALLICITY ENRICHMENT HISTORY

To reconstruct the MW metallicity evolution with radius and time,
we make the following sensible assumptions: (1) the gas is well
mixed in Galactic azimuth as observed in the MW (Arellano-Cérdova
et al. 2021; Esteban et al. 2022) and external galaxies (Kreckel et al.
2019), as well as seen in cosmological simulations throughout the
disc formation (Lu et al. 2022b), (2) the MW disc formed from the
inside out, meaning the scale length increases in time, which is now
well established (Matteucci & Francois 1989; Sharma, Hayden &
Bland-Hawthorn 2021), and (3) there is a well-defined linear relation
between metallicity and R, as seen in simulations of galactic disc
formation (Lu et al. 2022b).

While our method is similar to that used in a recent work (Minchev
et al. 2018), the improvement here, besides the much larger data
set with excellent age estimates, is that the time evolution of the
metallicity slope is recovered from the AMR, rather than from the
distribution of birth radii of mono-age populations, as described
below.

In the following section, we test our method on the simulations, and
in Section 3.2, we apply it to the data, to recover the time evolution
of the central metallicity and the MW metallicity gradient.

3.1 Insights from simulations: [Fe/H] range today as a tracer of
the birth gradient evolution

Even though the birth metallicity gradient as a function of cosmic
time in the MW is now lost, we can gain insights from cosmological
simulations of MW-like galaxies on how it may relate to current-day
observables. We propose here that the metallicity scatter, or range,
as a function of age, correlates well with the time evolution of the
birth metallicity gradient, V[Fe/H]().

Such an inverse correlation can be expected. An extreme example
would be a completely flat radial birth metallicity gradient, in which
all stars formed would have the same [Fe/H], thus causing the range
in [Fe/H] to be 0. On the other hand, stars forming along a steeper
metallicity gradient would create a larger range of [Fe/H], since the
stars throughout the disc are forming with many different values of
[Fe/H].

We tested this idea using four simulations of disc galaxies in
the cosmological context from two simulation suites (see Section
2.2), including barred and non-bared galaxies, and obtained very
similar results. Two of these simulations, both similar to the MW,
are presented in Fig. 1. In the top row, we show galaxy g2.79¢12
from the NIHAO-UHD project (Buck 2019), which has been studied
extensively. In this galaxy, the steepening of the gradient between
8—10 Gyr is due to the rapid increase of the cold gas disc caused
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by the gas brought in by a GSE-like merger (Buck et al. 2023).
The bottom row of Fig. 1 presents the MW analog from the 17_11
HESTIA simulation (Libeskind et al. 2020; Khoperskov et al. 2022).

One may question whether the linear relation between the ISM
metallicity and radius holds during a massive merger. Lu et al.
(2022b) show that the linear relation is preserved in simulations
for GSE-like mergers, as long as the stellar disc has started to form.
There do exist a maximum of 2.5 kpc increase in the uncertainty of
R, estimation during the merger, but R, for stars in the outer disc
should still be reliable. Test on recovering R;, for the g2.79¢12 from
the NIHAO-UHD simulation (Section 2.1) shows that we are able to
recover R, despite the mergers.

For each simulation shown in Fig. 1, we use age bins of width
1Gyr, (as in the data) and only select stellar particles that have
present-day radii between 7 and 10 kpc, in order to mimic the radial
range of the data where most stars are. We used 1 Gyr as the age bin
size for the data and simulation not only because we only selected
stars with age uncertainty <1 Gyr, but also because when a merger
comes in, it disrupts the linearity of the metallicity—R,, relation for
~200-400 Myr based on simulations (Lu et al. 2022a). We account
for the measurement uncertainties by perturbing the metallicity and
age for each star particle 100 times, based on the typical uncertainty of
the data (otre/u) = 0.03 dex; o = 0.50 Gyr; see below). To account
for outliers, we approximate the [Fe/H] range as the 95 per cent—5
per cent-tile of the metallicity distribution in a given age bin, namely
Range[Fe/H] = 95 per cent[Fe/H]-5 per cent[Fe/H], for stars in each
1 Gyr age bin.

We estimate the error in this measurement (given the imposed
age and [Fe/H] error), by making the same calculation but using the
perturbed metallicity and age within their uncertainties 100 times.
Range[Fe/H] and its uncertainty are reported as the average and
standard deviation of these 100 runs, respectively.

The true birth metallicity gradient V[Fe/H] is calculated using an
L? minimization for all the stars born in situ (by selecting stars with
[Fe/H] > —1dex and excluding those with eccentricity >0.5 and
galactic height > 1 kpc) within a lookback time equal to that age bin.
We see in Fig. 1(a) and (c) that for both simulations the Range[Fe/H]
variation with age (blue curve) and the V[Fe/H] variation with
lookback time (red solid curve) anticorrelate very well. In panels
(b) and (d), we find a strong linear relation (Pearson’s Correlation
Coefficient, PCC = —0.97 and —0.98 for the NIHAO-UHD and the
HESTIA simulations, respectively) between the two functions.

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

V[Fe/H](r) = a Range[Fe/H](age) + b, (1)

where the scale factor a controls the overall strength of the
gradient and b gives the present day value; for example, a =
—0.09dexkpc™! and b = V[Fe/H](tr = 0) = —0.02dexkpc™! for
NIHAO-UHD, as seen in panel (b). The steepest V[Fe/H] value is
a+b=—0.11dexkpc™!, agreeing with the minimum of the red
curve in panel (a).

The above equation illustrates how a variable dependent on age
(Range[Fe/H]) is transformed into a variable dependent on lookback
time (V[Fe/H]). It is worth stressing again that the metallicity
gradient at lookback time, 7, is not the same as the metallicity
gradient measured from that mono-age population (hence why we
distinguish t and age in equation 1), as radial migration flattens the
birth gradient at lookback time significantly (see Section 1).

Gz0z Aenuer zz uo 1senb Aq §EH1Z8//26E/1/SES/20NIE/SeIuW /W00 dno olwapede//:sdiy WoJl PapEojuMO(]



a T T T T T _
@ ol *._ NTHAO-UHD ¢2.79¢12 8
s }—0.04
T 08}
E Olre/H] = 005\(‘1'9_)(-\ —0.06
L 06f o, = 0.50 Gyr !
) ; -0.08
=
S 04f |
o -0.10

a ' ' ' ' J_0.12

0 2 4 6 8 10
Age [Gyr]
(c) L ; T 0,06
HESTIA 17_11 Milky Way
— i ~0.08
)
[h]
o 12} -0.10
E O[Fe/H] = 0.03 dex =012
~
o 101 g, =0.50 Gyr
= -0.14
S 08
q -0.16
<
R o6l -0.18
.4 ; ; =020

0‘ I é I 4 6 8 10 12
Age [Gyr]

Finding stellar birth radii 395

o)) | L T S N R L O ™
() ‘e~ —-0.09 Rangel[Fe/H1-0.02 | 710
o[
o, 8
= |
T —
b =
o [ >
S 63
T L S
T 4 <
£ |
D -

2

0.00 025 050 075 1.00
Range[Fe/H]
d ET LIRS S (N B IR BN S LR O NG S |
D 513 Range[Fe/H1-0.07 § {12
e X

O L 10
o, f
— ——
5L =S
= 9‘
—_ L 6 g’
E [ <
2 i
B E

2

000 025 050 075 1.00
Range[Fe/H]

Figure 1. Relation between Range[Fe/H](age) and V[Fe/H](7) 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, V[Fe/H](t) (solid red line) estimated for the NIHAO-UHD g2.79¢12 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 V[Fe/H](7) directly from the line fit results in
an error of about 9 percent, on average, of the true birth metallicity gradient (see red dashed line in panel a). Similarly to the data (Fig. 2a), 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 ¢,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 V[Fe/H](7) is, on average, within 7 per cent of the true one, and the line fit has a PCC = —0.98.

To find out what uncertainty results from imposing an exact linear
relation between the range and the radial birth gradient, we calculate
the inferred birth gradient by shifting the points in Fig. 1(b) and (d)
vertically to lie exactly along the red line. The result is plotted as the
dashed red curve in panels (a) and (c), showing that the uncertainty
is, on average, 9 per cent (NIHAO-UHD) and 7 per cent (HESTIA) of
the true gradient (solid red curve). We also checked that changing the
stellar particle radial range from 7-10kpc to 8-9 kpc or to 611 kpc
affects our results minimally.

In a recent work, Ratcliffe et al. (2024) analysed 179 disc galaxies
from the TNGS50 simulations, examining the key assumption in the R,
derivation method we use here. The authors showed that assuming
linear variation, V[Fe/H](t) can be recovered in most galaxies to
within 22 percent from the [Fe/H] range variation with age, with
better accuracy for more massive and stronger barred galaxies (e.g.
the MW). Lu et al. (2023) also analysed the rest of the NIHAO
simulations and found that MW-mass galaxies in NIHAO all exhibit
similar linear relations. This is reassuring since we use exactly the
same method here.

3.2 Recovering the MW birth metallicity gradient evolution
with time

With the above insights from the simulations, we can now derive
the Galactic birth metallicity gradient evolution with cosmic time,
[Fe/H](R;, T), in a relatively straightforward manner directly from
the data.

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

If [Fe/H] is always linear in R, we can write for any lookback time
T,

[Fe/HI(Ry., 7) = V[Fe/H](t)R; + [Fe/H](0, 7)
= (a Range[Fe/H](age) + b)R,, + [Fe/H](0, 1),
@)

where in the second line, we have substituted equation (1) for the
time evolution of the gradient. Here the constant b = V[Fe/H](r =
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Figure 3. Estimating the central metallicity time evolution. Scatter shows
the AMR of stars currently found at Ry < 5kpc. The metallicity enrichment
of the central disc region, [Fe/H](0, ) (last term in equation 2) for ages
> 7 Gyr, is estimated from the upper boundary of the AMR (red curve). For
age < 7 Gyr, we increase monotonically [Fe/H](0, t) over time, using a log
function, at a rate that matches the ~0.1 dex metallicity of the youngest stars
at the solar neighborhood (Nieva & Przybilla 2012).

0) &~ —0.07 dex is the present day radial metallicity gradient in the
MW (Braganca et al. 2019), and the scale factor a is a constant
defining the overall gradient steepness, and is to be determined.
Lastly, [Fe/H](0, ) is the time evolution of the metallicity at the
Galactic centre, which is also to be determined.

3.2.1 Inferring the central metallicity time evolution in the MW

To estimate [Fe/H](0, 7) — the last term in equation (2), in Fig. 3,
we plot the AMR for stars currently found in the inner MW disc,
with guiding radii R, < Skpc. The exponential density drop with
radius and inside-out formation of disc galaxies suggest the central
region should have the highest star formation rate and therefore has
the highest metallicity at all lookbak times. As a result, the upper
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envelope in this selection should represent the central metallicity
evolution with time, assuming the metallicity gradient was always
negative (Hemler et al. 2021).

The red curve in the same plot traces the AMR upper boundary for
age > 7 Gyr, estimated as the 95 per cent-tiles in metallicity for stars
in 1-Gyr wide bins. Due to the lack of younger stars in this central
region, for age < 7 Gyr, we fit a log function so that [Fe/H](0, 7)
monotonically increases with time at a rate that matches the ~0.1 dex
metallicity of the youngest stars (Nieva & Przybilla 2012) in the
solar neighbourhood, [Fe/H](8.2, 0) = 0.1dex. In the future, the
true central metallicity evolution can be estimated (especially for
stars <7 Gyr) as more ages and metallicity measurements become
available from SDSS-V (Kollmeier et al. 2017).

3.2.2 V[Fe/H] strength determination

We constrain the overall gradient steepness — the scale factor a
in equation (2), via an iterative process by examining its effect
on our birth radius estimates. In Fig. 4, we show the R, distri-
butions of mono-age groups for the solar neighbourhood sample,
using different values for a in equation (2). In the second panel,
we can see the results for @ = —0.08 dex kpc ™!, corresponding to
min(V[Fe/H]) ~ —0.15 dex kpc™!, for which the youngest mono-
age population peaks very close to its current position (as seen from
the guiding radius distributions in the leftmost panel). The slightly
inward shift is expected (Minchev et al. 2018) given the very few stars
with age < 1.5 Gyr in our LAMOST sample. In contrast, changing
the scale factor so that the steepest gradient is ~ —0.1 dex kpc™!
(third panel) results in very wide R, distributions for all ages; this
is unphysical, especially for the oldest stars, as it is unlikely the
radius distributions tighten overtime from the R, distribution. This
means the birth radii distribution for stars of a mono-age population
will peak at a smaller radius than the current day radii distribution.
Finally, setting min(V[Fe/H]) ~ —0.2 dex kpc™"! shifts the youngest
R, distribution more than a kpc inward (rightmost panel), which
cannot be justified, keeping in mind that stars require time to migrate
(e.g. Frankel et al. 2020). The scale factor determines how fast stars
are migrating, a larger value of a corresponds to a faster migration.
The 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. First panel: Distribution of guiding radius R, for stars in the solar vicinity (7.7kpc < R < 8.7kpc) in
bins of age. The area under each curve is normalized to one. Second panel: R;, distributions for mono-age populations, as derived from equation (2) using a scale
factor a = —0.08 dex kpc~!, which results in min(V[Fe/H]) ~ —0.15 dex kpc~!. Making this shallower (—0.1 dex kpc™!; Third panel) results in very wide Ry,
distributions, while a steeper gradient (—0.2 dex kpc™!; 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.

7 [Gyr] V[Fe/H](7) [dex kpc’l] [Fe/H](0, ) [dex]
0 —0.070 0.624
0.5 —0.075 0.618
1.5 —0.084 0.604
2.5 —0.092 0.588
35 —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

due to difficulties in incorporating the selection function and the lack
of a calibration sample (i.e. we do not know R, for any stars in the
MW) so the value of a can only be estimated. Changing the scale
factor does not change any major conclusions presented in the paper,
however, a larger scale factor will enhance any effect from radial
migration as stars will have migrated more with a larger value of
a. Our final value agrees with what is expected in simulations for
MW-mass galaxies (see Fig. 1 that the steepest metallicity gradient
for the two MW-like galaxies from NIHAO and HESTIA simulations
is ~—0.15 dex kpc™'). Future constraints on migration strength from
MW data can help determine the actual value of a.

The blue curve in Fig. 2(a) shows the present-day metallicity
range, Range[Fe/H], measured from our sample, as a function of age.
The red curve shows the derived birth radial metallicity gradient,
V[Fe/H](t), as a function of lookback time using the method
described in this Sec. Table 1 lists the V[Fe/H](z) and [Fe/H](0, 7)
values in 1-Gyr bins.

3.3 Estimating R, for the LAMOST sample

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

[Fe/H] — [Fe/H](0, 7)
—0.08 Range[Fe/H](age) — 0.07

Ry(age, [Fe/H]) = 3

207 T oamee g ot DT T 300
250
1.5F
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Figure 5. R, versus the R;, error, og, for 217 672 subgiant stars from our
data set (Xiang & Rix 2022), for age < 13 Gyr and [Fe/H] > —1dex. The
median error is 14 per cent or 0.72 kpc and the uncertainty is estimated using
bootstrapping.

In the above, the functional form of [Fe/H](0, t) can be found in
Table 1, we have set for the scale factor a = —0.08 dexkpc™! as
derived above, the constant b = —0.07 dexkpc~! is given by the
present day gradient derived using OB stars from Braganga et al.

(2019), and the Range[Fe/H](age) was measured from the data.
To check the effect of the current day MW metallicity gradient
measurement, instead of —0.07 dexkpc~! (the constant b from
equation 1), we used —0.04dexkpc~! and found an overall shift
in absolute R, but no significant change in its relative value. We
found therefore no major changes to the main results.

We use equation (3) to estimate R, for 217672 subgiant stars
Xiang & Rix (2022) with age < 13Gyr and [Fe/H] > —1 dex.
The uncertainties ok, are estimated by perturbing the age and
metallicity within their errors and recalculating R,. We performed
this bootstrapping 100 times and used the standard deviation as the
Ry, error. The stellar distribution as a function of R, and o, is shown
in Fig. 5. The majority of stars are seen to have o, < 0.5kpc, or a
median uncertainty of 13 per cent.

To test how well this method works, in Section A, we applied it
to the g2.79e12 simulation by using just the last snapshot, finding
that we could recover R, within 20 per cent (Fig. A1), as well as the
structure of the AMR and the [«a/Fe]-[Fe/H] plane in terms of R,
(Fig. A2).
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4 RESULTS

4.1 Time evolution of the MW metallicity gradient

Unlike in conventional forward chemo-dynamical modelling, our
empirically derived time evolution of the MW metallicity gradient
naturally takes into account the net effect of any and all physical
processes affecting the disc’s chemical evolution, e.g. the effects of
past merger events, such as GSE (e.g. Belokurov et al. 2018; Helmi
et al. 2018) and the Sagittarius dwarf galaxy (Ibata, Gilmore &
Irwin 1994), as well as gas flows (Lacey & Fall 1985) and Galactic
fountains (Fraternali 2017; Marasco et al. 2022). Fig. 2(a) shows that
the MW exhibits a significant radial metallicity gradient (red curve)
early on, as often seen in simulations after a MW-like disc has just
started to form (Hemler et al. 2021; Lu et al. 2022b), which for the
Galaxy can be as early as 12-13 Gyr ago (Conroy et al. 2022; Rix
et al. 2022). Interestingly, we find a steepening of the gradient from
—0.13 to —0.15 dex kpc™!, over a period of about 3 Gyr (from 11 to
8 Gyr ago; vertical grey strip). Simulation study of a GSE-like merger
(Buck et al. 2023) shows this steepening is most likely caused by
the significant merger event in MW’s history — the GSE merger that
happened 8-10 Gyr ago (Belokurov et al. 2018; Helmi et al. 2018) or
even one Gyr earlier (Xiang & Rix 2022). At a lookback time of less
than 8 Gyr, we mostly recover a monotonically decreasing gradient
up to the present-day value. The slow-down in steepening around
2-3 Gyr likely associate with the Sagittarius merger, and this feature
is even more significant in larger data samples from APOGEE and
GALAH (Ratcliffe et al. 2023b).

4.2 Formation of the MW age—metallicity relation (AMR)

With the addition of R, to our sample, we can now better understand
the structure of the AMR, which tells us how the Galactic disc is
enriched with iron over time. Fig. 6(a) shows the density distribution
of the total sample, with a darker colour corresponding to a higher
density. Two well-defined ridges with negative slopes are apparent
for younger and older stars as seen in (e.g. Sahlholdt, Feltzing &
Feuillet 2022; Xiang & Rix 2022). In Fig. 6(b)—(d), we show the
stars with current guiding radius R, near the Sun, in the inner disc,
and the outer disc, respectively. It is remarkable that the bimodal
structure seen in the total sample splits cleanly, in that the older ridge
belongs to the inner disc (panel ¢) and the younger one to the outer
disc (panel d), while the Sun falls in the transitional region (panel b).
This already indicates that the prominent overdensities found in the
total sample are in fact due to a smooth transition from the inner to
the outer disc, rather than two independent disc components.

To find out exactly where the AMR ridges originated, in Fig. 6(b)—
(d), we overlay the running mean of stars born at different R, as
colour-coded. The R, curves match remarkably well the slopes of
the two over-densities — steeper for the old ridge and shallower
for the younger. Indeed, the two structures are associated with very
different disc radii. A strong star-formation rate early on can naturally
explain the older ridge overdensity (Xiang & Rix 2022), reaching the
maximum [Fe/H] values in our sample at the end of the V[Fe/H]
steepening period (~ 8 Gyr, left edge of the grey strip). Thanks to
our R, estimates, we can see that these stars have formed in the inner
4-5 kpc, indicating the extent of the disc 8—10 Gyr ago. On the other
hand, the younger ridge starts forming at the end of the V[Fe/H]
steepening period at age <~8 Gyr and at R,> 5-6kpc. This ridge
is possibly formed from gas brought in by the GSE merger (e.g.
Buck et al. 2023). The slower metallicity increase with time in this
feature indicates a dynamically quiescent Galactic disc formation
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epoch (also pointed out in Xiang & Rix 2022). The overdensity of
the young ridge can be explained by the densely spaced R, curves
along this ridge, assuming a relatively constant star formation with
radius following the last massive merger.

Another interesting feature in Fig. 6 is the decrease in the
metallicity of the AMR upper boundary, which can be misinterpreted
as a chemical dilution in the last 8 Gyr. A more natural explanation,
in light of the R, estimates, is that the decrease results from the
superposition of different R, tracks. Due to the selection effect, the
youngest most metal-rich stars born in the inner Galaxy have not had
time to migrate to the solar vicinity, and thus, are not observed. This
is an example of Simpson’s paradox — a commonly encountered sta-
tistical phenomenon in the field of Galactic Archaeology (Minchev
et al. 2019).

4.3 The [«a/Fe] bimodality

One of the most intriguing findings in spectroscopic data is the
dichotomy of the stellar distribution in the [«/Fe]-[Fe/H] plane
(Hayden et al. 2015; Queiroz & et al. 2020). This is shown for our
data in Fig. 7 a as the grey-scale 2D histogram of the stellar number
density. The high-[«/Fe] sequence (clump above [«/Fe]~ 0.15 dex
but extending to lower values at higher [Fe/H]), is mostly old, while
the low-[«/Fe] sequence is known to have a large spread in age.

Many models of how the bi-modality of the [«/Fe]-[Fe/H] was
formed make sets of specific predictions. One example is the two-
infall model (e.g. Chiappini, Matteucci & Gratton 1997; Spitoni et al.
2021, 2022). This model consists of two main infall episodes where
the thick disc forms fast by a fast gas accretion event, and the thin
disc forms by a second accretion episode on a longer time-scale.
The two-infall model is able to predict the bi-modality of [«/Fe]—
[Fe/H], age—metallicity relation, stellar metallicity distribution, and
many other features present in the observations. However, the two-
infall model failed to explain the most metal enriched high-astars in
the [a/Fe]-[Fe/H] plane (e.g. Grisoni et al. 2017; Matteucci 2021a).
These stars can be explained only as stars migrated from the inner
Galactic regions. Simulations from both Agertz et al. (2020) and
Buck (2019) resemble the two-infall model and suggest that the «-
bimodality is a generic consequence of gas-rich mergers diluting the
metallicity of the gas in the high-« disc, forming the low-« disc.

One other model is the parallel model, where the high- and low-
o discs are treated as two distinct evolutionary phases that evolve
separately with separate star formation rates (SFR). The clumpy
star formation scenario closely resembles such a scenario (e.g.
Clarke et al. 2019; Debattista et al. 2019). Star-forming clumps
dominate in many galaxies and MW progenitors for redshift >
2 (e.g. Cowie, Hu & Songaila 1995; van den Bergh et al. 1996;
Elmegreen & Elmegreen 2005; Elmegreen et al. 2007). In the clumpy
star formation model, the high-« disc stars are formed from clumps
with high SFR, and the low-« disc stars are created via low SFR gas.
Other scenarios are also proposed such as radial migration (Sharma
et al. 2021). For a detailed review, see section 5 from Matteucci
(2021a).

By adding the dimension of R, to the age and abundance
measurements of our data, we are now able to fully understand this
relation. The colour-coded curves in Fig. 7(a) trace the time evolution
of stars born in mono-R,, bins in the [a/Fe]-[Fe/H] plane.

We find that the high-[«/Fe] sequence has formed mostly at R, <
Skpc. It then extends to higher [Fe/H] and lower [«a/Fe] along the
innermost R, tracks (blue curves), and the transition takes place
before and partly during the V[Fe/H] steepening period (shown
by the white segments of the R, 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
A[Fe/H] = 0.05 dex and Aage = 0.37 Gyr. Darker colours correspond to higher density. The sample is further split into stars with guiding radius, R, currently
located in the solar vicinity (b), the inner disc (c), and the outer disc (d). The curves overlaid on top of panels b, ¢, d show the AMR of different birth radii using
a bin of AR, = 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.

strongly that the high-[«/Fe] sequence is composed of the same stars
that form the older [Fe/H] ridge in the AMR (Fig. 6; also shown
in Chiappini et al. 1997; Matteucci 2021b; Sahlholdt et al. 2022).
Given the fast chemical enrichment over a very short time-scale,
both of these features must have formed in a gas-rich medium with
very efficient star formation, in agreement with the previous work
(Chiappini et al. 1997; Sharma et al. 2021). Here, however, we can
track in detail their evolution with both birth radius and lookback time
directly from the data. On the other hand, the low-[«/Fe] sequence
can in turn be matched to the younger ridge in the AMR seen in
Fig. 6, given the common R, extent, time span, and metallicity range
of these two structures. The wider gap between the two ridges in the
AMR compared to the [a/Fe]-[Fe/H] plane, and the strong overlap of
birth radii in the low-[«/Fe] sequence, are both due to the convoluted
relation between age and [«a/Fe], as they correlate well only for
mono-R;, populations (see e.g. Minchev et al. 2017; Ratcliffe et al.
2023b).

A remarkable feature in Fig. 7(a) is the fast transition between the
high- to low-[«/Fe] discs seen for the innermost ~ 6 kpc (blue/purple
curves). The gap between the two sequences originates from the quick
time transition between them — the dots, regardless of colour, are

separated by 1.4 Gyr and the spacing across the gap is significantly
larger than the rest. This presents evidence for inside-out formation,
already taking place within this very concentrated disc very early
on (about 5 kpc in radius and 11 Gyr ago) — star formation in the
innermost few kpc starts earlier, thus reaching sooner the Type Ia
Supernova dominated evolutionary phase that causes the fast drop in
[a/Fe]. Moreover, the white segment in each R, track indicates the
time period during which V[Fe/H] steepens (grey strips in Figs 2
and 6). This means, the transition between the high- and low-[«/Fe]
disc could be a combination of Type la Supernova delay and the GSE
merger.

The R, tracks of the inner 5-6 kpc transition smoothly from the
high- to the low-o sequence, but only stars born in the outer radii
(>~8kpc) contribute to the very metal-poor end of the low-o disc
(at [Fe/H] < —0.4 dex). These stars are born during or after the GSE
merger, indicating that the most metal-poor low-« disc stars are most
likely born directly from the gas brought in from the GSE merger.
To establish this further work is required.

We recover very similar R, tracks across the [a/Fe]-[Fe/H] plane
as those expected from the analytical chemo-dynamical model by
Sharma et al. (2021), but without any modelling of the disc chemical
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Figure 7. Formation of the [a/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;, bins, as indicated in the colour bar on top. Each curve is produced by binning a mono-R;, population
(ARp, = 1kpc) by age and estimating the mean [«/Fe] and [Fe/H] values in each age bin, Aage = 1.4 Gyr. Note that, when working with R, age becomes
lookback time, t. The white segment in each Ry, track corresponds to the time during which V[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 [«/Fe] on a Gyr time-scale. b—f, coloured contours show the [«/Fe]-[Fe/H] relation
for a 1-kpc-wide R;, 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, 2> 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 Ry, they are still found at the same mean age. This figure shows the power of having R; at
our disposal, as the structure we see is washed out in the total population.

evolution or assumptions on radial migration efficiency. The curves To test how uncertainty can affect the robustness of our results
of constant R, in the AMR shown in our Fig. 6, however, always from Figs 6 and 7, we convolved synthetic error into R;,, drawing
exhibit a negative slope, unlike those adopted by Sharma et al. (2021), from a Gaussian distribution with different widths. We found that
which are mostly flat for age <8 Gyr, indicating a constant radial birth the features remained significant until the R, uncertainty reached
gradient. ~ 30 per cent.
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4.4 Discovery of coeval clumps in the [«/Fe]-[Fe/H] plane

In Fig. 7(b)—(f), we show the 2D stellar density in the [«a/Fe]-[Fe/H]
plane for five mono-R; populations. Smooth variation is found in the
inner ~ 6 kpc, however, two well-defined clumps appear in each
of the three outer disc bins, including the solar vicinity. These
overdensities have the same mean ages in all three R;, bins (marked
by the cyan dots), which are very similar to the times of two known
star-formation busts associated with the Sagittarius dwarf galaxy
(Laporte et al. 2018; Ruiz-Lara et al. 2020). For the first time, we
are here able to see structure in the low-[«a/Fe] sequence, which is
otherwise washed out by radial migration.

To check the robustness of the described features above, we
considered the effect of the uncertainty that can result in the
determination of V[Fe/H]. To this end, we perturbed the inferred
metallicity gradient (see Fig. 2) by 10 percent with Monte Carlo
sampling 100 times and recalculating R,,. We then estimated the R,
uncertainty as the standard deviation of these 100 outcomes. It was
found that Figs 6 and 7 were mostly unchanged, ensuring that our
main conclusions are robust.

4.5 The solar birth radius

The Sun has been suggested to originate from inside the solar circle
since the work by Wielen, Fuchs & Dettbarn (1996), given its higher
metallicity compared to local stars of similar age. Using [Fe/H]
= 040.05dex (Asplund et al. 2009) and age = 4.56 = 0.11 Gyr
(Bonanno, Schlattl & Paternd 2002) in equation (3), we estimate
Rebp = 4.5 £ 0.4kpc. This value is one of the lowest estimates in
the literature (Wielen et al. 1996; Minchev et al. 2013; Baba, Saitoh &
Tsujimoto 2023; Ratcliffe et al. 2023b).

Most birth radius estimations for the Sun are based on chemo-
dynamical models that do not take into account the effect of mergers.
Since our model predicts a steepening of V[Fe/H], which we
interpret as the result of the infalling gas of GSE, the metallicity
gradient becomes steepest after the merger takes place. At the time
of Sun formation, ~ 3 Gyr later, V[Fe/H] is still steeper compared to
most other chemo-dynamical models. As a result, our model predicts
the Sun has migrated more significantly than previous estimates.

5 LIMITATIONS

Although the three simulation suites we have used to show that this
method is feasible have been shown to match well under a range of
observational constraints, we allow for the possibility that the MW
may be different, in which case our results are also incorrect.

Our assumption that the birth metallicity gradient has a small
scatter is supported by the observational result of HII regions and
neutral clouds (Esteban et al. 2022), but not by those of Cepheids and
OBAF stars (e.g. Luck 2018; Bragancga et al. 2019; Hawkins 2023).
We also assume the ISM metallicity gradient is consistent with a
straight line as found by Daflon & Cunha 2004, but acknowledge
that some studies of young stars find breaks in the radial profiles
of Cepheids just outside the solar radius (Sanchez et al. 2014).
It should be noted that the large scatter and non-linearity can be
caused temporarily by a passing spiral arm and that Cepheids are not
representative of the birth metallicity gradient because of their ages
in the range 30-200 Myr (about a rotation at the solar radius), which,
according to simulations, is enough time for stars to drift from their
birth radii. There is evidence from observations that stellar migration
can play an effect even on a short time-scale: measurements of the
local ISM seem to have a linear metallicity gradient with a small
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scatter on the order of the measurement uncertainty, and Cepheids,
which the study by Luck (2018) used, have ages of 50-300 Myr, and
already exhibit more scatter than OB stars, as reported by Braganca
etal. (2019). However, we do note that the linearity of the metallicity
gradient and the scatter associated with the gradient is still an ongoing
debate, and it is possible that our assumption that the scatter is small
and the gradient being linear could be not entirely correct. This would
then result in a larger uncertainty in our derived R,.

Moreover, since the detailed formation history of the MW is
unknown, simulations and high-redshift MW-like galaxies are the
only few pathways to understand that. While disc formation sim-
ulations in the cosmological context provide important insights
into the MW evolution, unknown subgrid physics, limitations in
resolution, different feedback mechanisms, and chemical enrichment
prescriptions (e.g. yields) may affect our results.

Notwithstanding these limitations, the fact that two different
suites of simulations in this paper and other recent studies on
simulations and chemical evolution models (e.g. Lu et al. 2023;
Ratcliffe et al. 2024, Johnson et al. 2024) both produce similar
results, suggests that the metallicity enrichment is less subjective
to the subgrid prescriptions, providing supporting evidence for the
method developed in this work.

Finally, we would like to mention that this method requires precise
and accurate ages for stars spanning a large Galactic disc radius.
The sample used here does not include many stars in the inner disc,
which may introduce a bias in our derivation of the central metallicity
evolution. Future improvement in age and metallicity measurements
will eventually provide better calibration of equation (2) and the
central metallicity evolution.

6 CONCLUSIONS

In this work, we showed that stellar birth radii can be derived
directly from the data with minimum prior assumptions on the
Galactic enrichment history. We first developed an empirical method
to recover the time evolution of the MW metallicity gradient,
V[Fe/H](r, t), through its inverse relation to the metallicity range
as a function of age today, using a high-precision large data set of
MW disc subgiant stars from the LAMOST survey. Using the age
and metallicity measurements in our sample, we could place stars
back to their birth radius, R;,. Our main findings can be summarized
as follows:

(i) We found a steepening of the birth metallicity gradient from
11 to 8 Gyr ago (Fig. 2), which coincides with the time of the MW'’s
last massive merger, GSE.

(ii) The decrease in metallicity with age of the AMR upper
boundary (Fig. 6), which can be misinterpreted as a chemical dilution
in the last 8 Gyr, is a result of the superposition of different R,
tracks, reversing the well-defined negative slopes of the underlying
mono-R, AMRs. This is an example of Simpson’s paradox —
a commonly encountered statistical phenomenon in the field of
Galactic Archaeology (Minchev et al. 2019).

(iii) We found a faster decrease in [«/Fe] for the innermost R, bins
(~ 6kpc, see Fig. 7a), which can be explained if star formation in
the innermost few kpc started earlier, thus reaching sooner the Type
Ia Supernova dominated evolutionary phase that causes the fast drop
in [o/Fe]. This suggests that inside-out formation was already taking
place within this very concentrated disc very early on (about 5 kpc
in radius and 11 Gyr ago).

(iv) The most metal-poor stars in the low-a disc (at [Fe/H] <
—0.4 dex) formed in the outer disc, during or after the GSE merger,

MNRAS 535, 392405 (2024)

Gz0z Aenuer zz uo 1senb Aq §EH1Z8//26E/1/SES/20NIE/SeIuW /W00 dno olwapede//:sdiy WoJl PapEojuMO(]



402 Y Luetal.

indicating that these stars could be formed directly from the gas
brought in by the merger (also see Buck et al. 2023).

(v) The gap between the high- and the low-[w/Fe] sequences
originates from the quick time transition between them. This may
be associated with the GSE merger, as the time of crossing the gap
for each R, track in Fig. 7(a) coincides with the time period during
which V[Fe/H] steepens.

(vi) By dissecting the disc into mono-R;, populations, we find
clumps in the low-[a/Fe] sequence (Fig. 7), which coincide in
time with star-formation bursts associated with the Sagittarius dwarf
galaxy (Ruiz-Lara et al. 2020).

(vii) We estimated that the Sun was born at 4.5 + 0.4 kpc from
the Galactic centre.

Our data-driven technique not only recovers the trends in chemo—
kinematic relations expected from detailed forward modelling (Mat-
teucci & Francois 1989; Chiappini et al. 1997; Minchev et al. 2013;
Buck 2019, 2020; Frankel et al. 2020; Hemler et al. 2021; Sharma
et al. 2021; Lu et al. 2022b), but also paints a detailed picture of the
MW disc formation, and in a completely different, simpler approach.
Applying our method to larger data sets can help with the calibration
of chemical evolution models, by providing the detailed evolution
with birth radius and cosmic time for many elements (e.g. Ratcliffe
et al. 2023a,b).

A challenge for future work will be to account for all the physical
processes that have contributed to the evolution of the metallicity as
a function of radius and time that we recover in this work.
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APPENDIX A: TESTING OUR METHOD ON THE
NIHAO-UHD

To test the robustness of our approach, we apply the method
developed in Section 3.2 to infer R, for the NIHAO-UHD g2.79%¢11
simulation. We already showed in Fig. 1 that we could recover the
radial birth gradient within 9 per cent for this model. We now use the
[Fe/H] and age from the last snapshot to recover R, as we did for the
data.

We first rescale the simulation to match the MW for better
comparison, by multiplying all the positions (x, y, z) in the simulation
by the ratio of the MW radial scale-length to the simulation scale-
length, 3.5/5.6, and the all velocities (v,, vy, v;) by ratio of the MW
rotation curve to the that of the simulation, 240/340.

The birth metallicity gradient is inferred using the metallicity range
of mono-age populations, as we did for the MW and described in
Section 3.2. Similar to the data, we use equation (2) to derive the
time evolution of the radial metallicity gradient by setting b to be
the metallicity gradient measured today (at the final simulation time)
and adjusting the scaling factor, a, so that the maximum gradient
matches up with that of the simulation. To infer the central metallicity
evolution, we use the upper envelope of the AMR as described in
Section 3.2 (using 95 percent [Fe/H] of the central region, same
selection as in the data).

Applying the same method we applied to the data, we were able
to infer birth radii for this galaxy just from the last snapshot, for stars
born once a rotationally supported disc has started to form ~10 Gyr
ago (Buck 2019), with an average scatter of 1.84 kpc and a bias of
0.24 kpc (Fig. Al).
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Figure Al. Comparing true R, with inferred R, for the NIHAO-UHD
22.79¢e12 simulation. We can recover R; within ~ 20 per cent for stars in
the solar neighbourhood and beyond.
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It is worth pointing out that the uncertainty is almost constant
across all radii, meaning the percentage uncertainty is smaller for
stars that are born in the outer disc. In this particular simulation, we
are able to recover R, within 20 per cent uncertainty for stars in the
solar neighbourhood and beyond.

In Fig. A2, we show the AMR (top row) and [«/Fe]-[Fe/H] plane
(bottom row) coloured by inferred R;, (left column) and true R,, (right
column). The major features in the AMR and [«/Fe]-[Fe/H] plane
are nicely captured by the inferred R,. For example, the dilution of
the metallicity in mono-R;, populations shown in the AMR at ~3—
4 Gyr, and the enhancement of [«/Fe] around the transition between
high- to low-a ([w/Fe] ~ 0.15) for stars in mono-R, populations
shown in the [a/Fe]-[Fe/H] plane.

This test provides strong supporting evidence that our method is
robust, especially for stars born in the outer disc. Given that the
simulated disks are in general kinematically hotter, the intrinsic
scatter around the metallicity gradient is expected to be larger
compared to that of the MW (Lu et al. 2022b). As a result, using
this method to infer birth radii in the MW disc should yield an even
smaller uncertainty.
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Figure A2. Age—metallicity relation (AMR; top row) and [o/Fe]-[Fe/H] plane (bottom row) coloured by inferred R;, (left column) and true Ry, (right column).
We are able to recover the general trend of the AMR and [«/Fe]-[Fe/H] in different R;,. For example, the smaller range in R, 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;, populations, especially for stars born in the outer disc, in the [«/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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