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Potential impact of the Sagittarius dwarf
galaxy on the formation of young
O-rich stars

Tiancheng Sun 1,2,3, Shaolan Bi 1,2 , Xunzhou Chen4,5 , Yuqin Chen 1,3,6,
Yuxi Lucy Lu 7,8,9, Chao Liu 1,3,6, Tobias Buck 10,11, Xianfei Zhang 1,2,
Tanda Li1,2, Yaguang Li12, Yaqian Wu3, Zhishuai Ge 13 & Lifei Ye 1,2

The Milky Way underwent significant transformations in its early history,
characterised by violent mergers and satellite galaxy accretion. However,
recent observations reveal notable star formation events over the past 4 Gyr,
likely triggered by perturbations from the Sagittarius dwarf galaxy. Here, we
present chemical signatures of this accretion event, using the [Fe/H] (metal-
licity) and [O/Fe] (oxygen abundance) ratios of thin-disc stars. In the normal-
ised age-metallicity plane, we identify a discontinuous V-shape structure at
zmax (maximum vertical distance from the disc plane) < 0.4 kpc in the local
disc, interrupted by a star formation burst between 4 and 2Gyr ago. This event
is characterised by a significant increase in oxygen abundance, resulting in a
distinct [O/Fe] gradient and the formation of young O-rich stars. These stars
have larger birth radii, indicating formation in the outer disc followed by radial
migration to the Solar neighbourhood. Simulations of late satellite infall sug-
gest that the passage of the Sagittarius dwarf galaxy may have contributed to
the observed increase in oxygen abundance in the local disc.

Recent studies using data from the European Space Agency (ESA) Gaia
mission1,2 and the Galactic Archaeology with HERMES (GALAH)3–5 sur-
vey have identified an enhanced star formation rate in theGalactic disc
over the past 2–4Gyr6–9, corroborating earlier findings fromHipparcos
data10. This star formation burst is likely linked to the pericentric
passages of the Sagittarius dwarf galaxy (Sgr)11–13, which have poten-
tially influenced the radial abundance gradient14 and the age-
metallicity relation in the Milky Way disc15.

Main-sequence turn-off (MSTO) and subgiant stars serve as reli-
able tracers of Galactic populations16–18. With precise parallaxes from

Gaia DR32, the ages of these stars can be determined with an uncer-
tainty of less than 10percent9. Herewe investigate the impact of recent
accretion events on the star formation history of the Milky Way disc,
using an oxygen-enhanced stellar model9 to determine the ages of
MSTO and subgiant stars from the Third Data Release of GALAH5

(GALAH DR3). Our approach utilises a Bayesian methodology19,
incorporating spectroscopic chemical abundances, specifically metal-
licity ([Fe/H]), α abundance ([α/Fe], where α refers to Mg, Si, Ca, and
Ti), and oxygen abundance ([O/Fe]), alongside effective temperature
Teff and luminosity20. The application of the oxygen-enhanced stellar
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model together with precise luminosity from Gaia and reliable abun-
dance measurements from GALAH enable us to ascertain the age-
abundance relations and track the evolution of the abundance gra-
dient in the Galactic disc with high precision.

Results
Age-abundance distribution of the Milky Way disc
Figure 1 shows the Rguide (guiding radius) versus zmax (maximum ver-
tical distance from the disc plane) diagram and the derived age dis-
tributions of spatially selected subsamples. There are clear differences
in age distributions (Fig. 1b, c) with Rguide and zmax. The ages of disc
components (inner, local, and outer disc) at low-zmax region are gen-
erally younger than those at high-zmax regions, with the majority of
stars being younger than 8Gyr. Figure 1c shows a young peak at
approximately 3Gyr in the age distributions of local and outer disc at
low-zmax region, which is more prominent for local disc. This bump
nearly disappears in the high-zmax region (Fig. 1b). In addition, most of
subsamples have an age peak at 5–6Gyr, except for the inner disc at
high-zmax region, which has a flat age distribution. The young peak of
age distributions indicate that there is a recent burst of star formation
in the local and outer disc 3 Gyr ago, while the intermediate-aged peak
at 5–6Gyr is thought to be the star formation triggered by the first
pericentric passages of Sgr (about 5.5 Gyr ago)12.

The distributions of six spatially selected subsamples in age-[Fe/H]
and age-[O/Fe] planes are presented in Figs. 2 and 3. Figure 3a, b, d, e
shows that there is an increasing trend of [O/Fe] with decreasing age in
young (age < 3Gyr) and intermediate (4Gyr < age < 6Gyr) populations.
The oxygen-enhancement of young populations (hereafter youngO-rich
stars) is most prominent in local age-[O/Fe] relations (Fig. 3e), which
correspond to the overdensities in local age-[Fe/H] relations (Fig. 2e).
This result is consistent with the prediction of the late-burst and outer-
burst galactic chemical evolution models from previous work21, which
suggest a approximately 0.1 dex uptick of [O/Fe] at ages of 2Gyr and a
V-shape form of age-metallicity relation. According to their models,
there is an enhanced star formation rate 2Gyr ago.

To better investigate the chemical enrichment history of the
local disc, we employ a normalization procedure for the distribution
p(τ,[Fe/H]) (the distribution of stellar age τ and metallicity [Fe/H]) of
local disc stars to obtain p(τ∣[Fe/H])18, the age distribution at a spe-
cified [Fe/H]. As shown in Fig. 4a, b, the resulting p(τ∣[Fe/H])

distribution of local disc exhibit a gradual variation with zmax, from a
so called V-shape9,15,18,21–24 (at age < 8Gyr) at high-zmax to a less dis-
continuous structure at low-zmax region. This feature implies that the
previously identified V-shape structure9,18 depends on the location in
the Milky Way disc, confirming early results23,24 based on APOGEE
(Apache Point Observatory Galactic Evolution Experiment)25 red
giant star sample. For the local disc at high-zmax region, the dis-
tribution of p(τ∣[Fe/H]) exhibits a V-shape. In the low-zmax region, the
V-shape structure becomes discontinuous, and this discontinuity
corresponds to a decrease (Fig. 4b) in iron abundance and an sharp
increase (Fig. 4d) in oxygen abundance, suggesting that a fresh gas
interrupted the secular evolution of the Milky Way disc26.

Some of previous studies18,22,23 have suggested that V-shape
structure is mainly caused by radial migration, i.e., the metal-rich
stars likely migrated from the inner disk to the Solar neighbourhood,
while the metal-poor branch arises from stars that were born in the
outer disc and have migrated inwards. However, other works15,21,24

based on both the observations and simulations indicated that the late
satellite infall as the cause of the V shape. In this scenario, the late
satellite infall could triggers star formation burst in the outer disc, and
the radial migration subsequently brings the stars born from the
infallen gas into the local disc. A direct approach for studying the effect
of radialmigrationon theV-shape structure is to infer the birth radii27,28

(see methods, subsection Calculation of Birth Radius) of the stars, and
the results are presented in Figs. 5 and 6.

Figure 5 shows that the sub-solar metallicity stars with age < 6
Gyr have Rbirth (birth radius) large than 12 kpc, suggesting a outer
disc formation and subsequent radial migration to the Solar neigh-
bourhood. In the same epoch, the birth radii of metal-rich stars are
less than 6 kpc, indicating that they are born in the inner disc.
Intriguingly, the most of young O-rich stars found in Fig. 3 have Rbirth

large than 12 kpc (Fig. 6), which means the stars migrated from the
outer disc are oxygen-enhanced as well. This result seems to be
consistent with the outer-burst galactic chemical evolution model21,
which assumes that local and outer disc experience a starburst 2 Gyr
ago, with inner regions following the inside-out star formation his-
tories. Additionally, Lu et al. (2022)15 examined the impact of a
Sagittarius-like galaxy passage on the V-shaped structure of Milky
Way analogues. We compare their simulated age-[Fe/H]/[O/Fe] dis-
tributions in the Solar neighbourhood (vertical distance from the

Fig. 1 | The age distributions of our star sample. a Rguide (guiding radius)-zmax

(maximum vertical distance from the disc plane) distributions of sample stars,
colour-coded by stellar ages. The vertical dashed lines in the top panel indicate the
division into three Rguide bins (inner, local, and outer) at Rguide = 7 and 9 kpc. The
horizontal dashed line indicates the division of each Rguide bin into two zmax bins

(high-zmax and low-zmax) at zmax = 0.4 kpc. b The age distributions (density dis-
tributions, based on the kernel density estimates) of spatially selected subsamples
(inner, local, and outer) in high-zmax region. c The age distributions (density dis-
tributions) of spatially selected subsamples (inner, local, and outer) in low-zmax

region. Source data are provided as a Source Data file.
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disc plane ∣ZGal∣< 0.4 kpc and 7 kpc < RGal < 9 kpc, where RGal

represents the Galactocentric radius) with our results. As shown in
Fig. 7a, b, according to the simulations, the lower envelope of age-
[Fe/H] distribution and the upper envelope of age-[O/Fe] distribution
arise from the stars born in the outer disc, which is similar with our
results in Figs. 5 and 6. The simulations reveal a notable discontinuity

in the age-[Fe/H] relation at 4 Gyr, attributable to the influence of a
Sagittarius-like galaxy merger event15. This event reduces the metal-
licity of the interstellar medium (ISM), causing stars formed after
4 Gyr ago to inherit lower metallicity than older stars. Figure 7d
shows that the increasing trend of [O/Fe] with younger age at age
< 4Gyr is in reasonable agreement with our results. Compared with

Fig. 2 | Age-[Fe/H] distributions of the six spatially selected subsamples.
a–f Arranged according to the division in Fig. 1a, colour-coded by the stellar
number density, N. The first row of the figure corresponds to the high-zmax region,
while the second row represents the low-zmax region. From left to right, the col-
umns depict the inner, local, and outer regions, respectively. As shown in Fig. 1a,

high-zmax refers to zmax> 0.4 kpc, while low-zmax indicates zmax< 0.4 kpc. Inner
represents Rguide < 7 kpc, local corresponds to 7 kpc < Rguide < 9 kpc, and outer
refers to Rguide > 9 kpc. The numbers of stars in each bin are shown in the top-right
corner of each panel. Source data are provided as a Source Data file.

Fig. 3 | Age-[O/Fe] distributions of the six spatially selected subsamples.
a–f Arranged according to the division in Fig. 1, colour-coded by the stellar number
density, N. The first row of the figure corresponds to the high-zmax region, while the
second row represents the low-zmax region. From left to right, the columns depict
the inner, local, and outer regions, respectively. As shown in Fig. 1a, high-zmax refers

to zmax> 0.4 kpc, while low-zmax indicates zmax< 0.4kpc. Inner represents
Rguide < 7 kpc, local corresponds to 7 kpc < Rguide < 9 kpc, and outer refers to
Rguide > 9 kpc. The numbers of stars in each bin are shown in the bottom-right
corner of each panel. The black dashed lines represent the fitting result by local
nonparametric regression. Source data are provided as a Source Data file.
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the simulations, our sample focuses on the more metal-rich disc
stars, resulting in an overall lower oxygen abundance than the
simulations. The comparison between our results and the
simulations15 suggests that the passage of the Sagittarius dwarf
galaxy may have contributed to an elevated star formation rate in the
outer disc. This increase in star formation rate likely led to the
emergence of newly formedO-rich stars in this region. Subsequently,
radial migration guiding these newly formed stars to the Solar
neighbourhood.

Temporal evolution of radial abundance gradient
Previous studies on the Gaia-Enceladus/Sausage (GSE) have high-
lighted the significant role of massive mergers in shaping the Galactic
disc and altering the radial metallicity gradient in the past 8–11 Gyr
ago14,28–30. To study the influence of potentialminormerger events (Sgr
accretion) on the radial metallicity gradient during the later stages of
Galaxy evolution. We examine the temporal evolution of the radial
abundance gradient in the Milky Way disc by utilising precise stellar
ages from our stellar models.

Figure 8a, b presents the radial profiles of [Fe/H] and [O/Fe] for
disc stars with respect to the guiding-center radius Rguide, divided into
eight age bins. Notably, the [Fe/H] profile (Fig. 8a) undergoes a sub-
stantial transformation, transitioning from a positive gradient at
12–14Gyr to a negative gradient at 6–8Gyr, and subsequently main-
taining a relatively steady negative gradient until 3 Gyr ago. A sig-
nificant departure from this stable gradient occurs at 2–3Gyr, as the
[Fe/H] profile becomes flatter compared to the 3–8Gyr period and
resembles the gradient observed at 8–10Gyr.

The radial [Fe/H] profile at 10–12 Gyr exhibits a break at about
7.5 kpc, featuring a positive slope within the break radius and a nega-
tive slope beyond it. Similarly, the radial [Fe/H] profile at 8–10Gyr ago
shows a break at approximately 6.5 kpc, with a flat slope within the
break radius and a negative slope beyond it. These break radii is con-
sistentwith the break radius observed in the radial profile of integrated
stellar metallicity using red giant branch stars31. Moreover, leveraging
the high precision in age, we identify that these breaks primarily occur
within the 8–12 Gyr, which was not apparent in the metallicity profiles
of mono-age populations in previous studies31.

The radial [O/Fe] profile (Fig. 8b) exhibits a transition from a
negative gradient at 12–14 Gyr to a positive gradient at 6–8Gyr, fol-
lowed by a relatively stable positive gradient until 3 Gyr ago. Similar to
the radial [Fe/H] profile, a significant departure from this stable radial
[O/Fe] profile occurs at 2–3Gyr, with aflatter gradient compared to the
3–8Gyr period. Overall, the flattened radial [Fe/H] and radial [O/Fe]
profiles imply that an accretion event has diluted the metallicity of the
disc and led to an enhancement of oxygen abundance.

Since the guiding radius (Rguide) is just an approximation to the
birth radius of a star, it cannot remove the effect of churning that
moves stars across the disc without significantly changing their
orbital eccentricities32. We now investigate the radial abundance
gradients in terms of birth radius Rbirth, to better record the time
evolution of [Fe/H] and [O/Fe] in the Milky Way disc. In Fig. 8c, the
youngest population (2–3 Gyr) exhibits a slight narrow metallicity
range (from about − 0.5 dex to 0.2 dex) compared with older
populations. This population also shows a clear signature of oxygen-
enhancement in Fig. 8d. As seen in the figure, from 14Gyr ago to

Fig. 4 | Stellar age-abundance relationof local disc revealed byour star sample.
a, b Age-[Fe/H] distributions of the local disc stars at high-zmax and low-zmax

regions, according to the division in Fig. 1a. c,dAge-[O/Fe] distributions of the local
disc stars at high-zmax and low-zmax regions. The red dashed box indicates the
young O-rich stars. a Probability distribution of stellar age p(τ∣[Fe/H]), normalised

to the peak value for each [Fe/H], for local disc stars at high-zmax region.b Similar to
(a) but for local disc stars at low-zmax region. c Probability distribution of stellar age
p(τ∣[O/Fe]), normalised to the peak value for each [O/Fe], for local disc stars at high-
zmax region. d Similar to (c) but for local disc stars at low-zmax region. Source data
are provided as a Source Data file.
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Fig. 5 | Age-[Fe/H] distributions of the six spatially selected subsamples, colour-
coded by birth radius Rbirth. a–f Arranged according to the division in Fig. 1a. The
first row of the figure corresponds to the high-zmax region, while the second row
represents the low-zmax region. From left to right, the columns depict the inner, local,
and outer regions, respectively. As shown in Fig. 1a, high-zmax refers to zmax> 0.4 kpc,

while low-zmax indicates zmax< 0.4 kpc. Inner represents Rguide < 7 kpc, local corre-
sponds to 7 kpc < Rguide < 9 kpc, and outer refers to Rguide > 9 kpc. The numbers of
stars in each bin are shown in the top-right corner of each panel. Source data are
provided as a Source Data file.

Fig. 6 | Age-[O/Fe] distributions of the six spatially selected subsamples,
colour-coded by birth radius Rbirth. a–f Arranged according to the division in
Fig. 1. The first row of the figure corresponds to the high-zmax region, while the
second row represents the low-zmax region. From left to right, the columns depict
the inner, local, and outer regions, respectively. As shown in Fig. 1a, high-zmax refers

to zmax> 0.4 kpc, while low-zmax indicates zmax< 0.4 kpc. Inner represents
Rguide < 7 kpc, local corresponds to 7 kpc < Rguide < 9 kpc, and outer refers to
Rguide > 9 kpc. The numbers of stars in each bin are shown in the bottom-right
corner of each panel. The black dashed lines represent the fitting result by local
nonparametric regression. Source data are provided as a Source Data file.
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4Gyr ago, the oxygen abundance of mono-age populations decrease
with lookback time. However, from 4Gyr ago to 2 Gyr ago, there is a
increase of oxygen abundance with lookback time, and the most
oxygen-rich stars born in outer disc, supporting the results in Fig. 6.

The Bayesian linear fitting33 are performed to the radial [Fe/H]/[O/Fe]
profiles in 1 Gyr age bins (Fig. 9) to present the distinctive characteristics
of them. Figure 9a contrast the [Fe/H]/[O/Fe] gradient with Rbirth to the
gradient with Rguide. The present-day abundance gradients of mono-age
populations in terms of Rguide are shown in black and blue solid lines,
while the gradients in terms of Rbirth are shown in black and blue dashed
lines. The difference between the solid and dashed curves results from
radialmigration (churning), which flattens the observed radial abundance
gradient from 8 to 2 Gyr ago. In Fig. 9b, the enhanced dispersion in the
radial [O/Fe] gradient after 4 Gyr, relative to the 6-4 Gyr period, suggests
that an accretion event influenced the oxygen abundance of the thin disc
via radial migration. However, there is no obvious feature of enhanced
dispersion about radial [Fe/H] gradient. The difference between the dis-
persionof [Fe/H] and [O/Fe] indicates that this accretion event introduced
a small dispersion of [Fe/H] (the overdensity in Fig. 2e). Furthermore, at
the early stage (8-11 Gyr) of Milky Way, there is a sharp rise in the dis-
persion of [Fe/H]/[O/Fe] gradient, linked to the effect of the GSE merger
event14,28, slighter later (by about0.5Gyr, see Fig. 10) than the epochbased
on the LAMOST (Large Sky Area Multi-Object Fiber Spectroscopic
Telescope)34,35 and APOGEE25,36 data28,30. These discrepancies could be

attributed to differentmethods of age determination. Comparedwith the
scaled-solarmixture stellarmodel, theα-enhanced stellarmodel37–40 yields
significantly younger age estimates for thick disc stars. Moreover,
Sun et al. (2023)9 found that using O-enhanced stellar model further
reduces the age estimates of thick disc stars by approximately 5% if
[O/α] = 0.2 dex.

In thiswork,we confirmthat theV-shape age-[Fe/H] relation varies
across different regions of the Galactic disc. This structure is disrupted
at zmax< 0.4 kpc, characterised by a decrease inmetallicity ([Fe/H]) and
a pronounced increase in oxygen abundance ([O/Fe]) between 4 and
2Gyr ago. Based on the birth radii of the sample stars, we identify that
these young O-rich stars predominantly originate from the outer disc
and have migrated to the Solar neighbourhood through radial migra-
tion. These results are consistent with the simulations that attribute
such features to the late infall of a satellite galaxy, likely resembling the
Sagittarius dwarf, into the Milky Way. Additionally, we find that this
satellite infall generates distinct radial [Fe/H] and [O/Fe] profiles
compared with earlier epochs, along with a significant increase in the
dispersion of the radial [O/Fe] gradient for younger stars formed
during the same period (2–4Gyr ago). These findings suggest that the
infall of the Sagittarius dwarf galaxy can trigger star formation burst in
the outer disc, contributing to the formation of youngO-rich stars and
reshaping the chemical composition of the Milky Way disc via radial
migration.

Fig. 7 | The effect of radialmigration after the satellite infall on the age-[Fe/H]/
[O/Fe] in the simulation, restricted to the solar neighbourhood (vertical dis-
tance from the disc plane ∣ZGal∣< 0.4 kpc and 7 kpc < RGal < 9 kpc, where RGal

represents the Galactocentric radius). a, b Colour-coded by birth radius Rbirth.

c, d Colour-coded by the stellar number density. The blue solid lines represent the
fitting result by local nonparametric regression, and the blud dashed lines (the
fitting results for local disc at low-zmax region, shown in Figs. 5e and 6e) are over-
plotted for comparison. Source data are provided as a Source Data file.
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Fig. 8 | Radial abundance profile in bins of age. a Radial [Fe/H] profile in bins of
age, with respect to guiding radius Rguide, each line represent the local nonpara-
metric regression fitting to the distribution of sample stars in this age bins. The
shaded regions indicate the 95% confidence interval around the fitting result by

performing bootstrap resampling. b Similar to (a) but for radial [O/Fe] profile in
bins of age. c Radial [Fe/H] profile in bins of age, with respect to birth radius Rbirth.
d Similar to (c) but for radial [O/Fe] profile. Source data are provided as a Source
Data file.

Fig. 9 | Age dependence of the radial abundance gradient (∂[Fe/H]/∂R) and the
corresponding abundance dispersion (σ[Fe/H]) around the gradient. The uncer-
tainties (error bars) in each panel are derived using MCMC (Markov Chain Monte
Carlo) fitting, employing the Python code emcee69. a Age dependence of the radial
[Fe/H] (∂[Fe/H]/∂Rguide, black solid line) gradient and radial [O/Fe] (∂[O/Fe]/∂Rguide,
blue solid line) gradient, in terms of guiding-centre radius Rguide. Each point was
obtained by 3-parameter (slope, intercept, and dispersion) Bayesian fits to the [Fe/
H]/[O/Fe]-Rguide distribution, using only data in the respective age bin. The black
and blue dashed lines represent the radial [Fe/H]/[O/Fe] gradients (∂[Fe/H]/∂Rbirth

and ∂[O/Fe]/∂Rbirth) in terms of birth radius Rbirth, calculated for the same age bins.
The difference between the dashed lines and the solid lines can be attributed the
influence of radial migration (churning). b Age dependence of the [Fe/H]
(σ½Fe=H�, Rguide

, black) and [O/Fe] (σ½O=Fe�, Rguide
, blue) dispersion around the radial [Fe/

H]/[O/Fe] gradient (a), in terms of Rguide. The grey-shaded area marks the age
interval in which we expect to see signatures from the Gaia Sausage/Enceladus
(GSE) merger event, while the red-shaded area marks the age interval for the effect
of Sagittarius dwarf galaxy (Sgr) passage. Source data are provided as a Source
Data file.
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Methods
GALAH data and sample selection
This work is based on the data from the Third Data Release of the
Galactic ArchaeologywithHERMES survey (GALAHDR3)5. GALAHDR35

provides stellar parameters (effective temperature Teff, surface gravity
log g, metallicity [Fe/H], microturbulence velocity Vmic, broadening
velocityVbroad, radial velocityVrad) and up to 30 elemental abundances
for 588,571 stars, derived fromoptical spectra at a typical resolution of
R about 28,000. The metallicity [Fe/H], oxygen abundance [O/Fe],
magnesium abundance [Mg/Fe], silicon abundance [Si/Fe], and cal-
cium abundance [Ca/Fe] from GALAH DR3 was calculated based on a
non-LTE method (LTE: local thermodynamic equilibrium)41. The data
set used in this work is mainly from Sun et al. 20239. We extended this
sample9 to cover a Teff range of 4800–6500K, and a logg range of
3.2–4.1. Following the recommendations in GALAH DR3, we apply
stringent selection criteria to ensure reliable stellar parameters,
including iron, α-elements, and oxygen abundances (stellar parameter
quality flag flag_sp = 0, quality flag for the overall iron abundance
flag_fe_h = 0, the α abundance flag_alpha_fe = 0, and the oxygen
abundance flag_o_fe = 0), requiring an signal-to-noise ratio SNR > 30,
and a chi2_sp < 4 (Chi2 value of stellar parameter fitting). Binary sys-
tems identified by Traven et al. 202042 and Yu et al. 202320 are exclu-
ded. Additionally, we apply a single cut based on the Gaia DR3
parameters by selecting stars with a Gaia re-normalised unit weight
error (RUWE) of less than 1.2. Giant stars are excluded by applying the
absolute magnitude cut8:

MKs
=mKs

� AKs
� 5 log 10½ð100masÞ=ϖ�>8:5 � Teff=ð700KÞ ð1Þ

The extinction values AKs
and the 2MASSmKs

magnitudes43 used here
are taken from the GALAH catalogue. The parallax ϖ come from GAIA
DR3 catalogue44. In addition, we remove all stars with absolute mag-
nitude MK brighter than 0.5mag to avoid contamination from He-
burning horizontal branch stars18. To focus on disc stars, we select
samples with [Fe/H] > − 1, eccentricity < 0.5, and ∣ZGal∣< 1 kpc,
excluding the halo starsmentioned in Sun et al. 20239. To ensure result
accuracy, stars with relative age uncertainties exceeding 30 per cent
were removed. Additionally, we exclude 2 stars with significant model
systematic bias, whose inferred ages are 2 σ larger than the age of the

Universe (13.8Gyr)45. After applying these cuts, our final sample
consisted of 43,590 MSTO and subgiant stars, with a median relative
age uncertainty of 9.7 per cent across the age range of 1–13.8 Gyr, as
shown in Supplementary Fig. 1. We obtain the luminosities of sample
stars by cross-match them with the catalogue from Yu et al. 202320,
which provides the luminosity of 1.5 million stars using astrometric
data from GAIA DR344 and improved interstellar extinction
measurements.

We utilised the orbital parameters (eccentricity) and velocities
(Galactic rectangular x-velocity U, Galactic rectangular y-velocity V,
Galactic rectangular z-velocity W, and Galactocentric vertical velocity
VZ) from the GALAH DR3 value-added catalogue (VAC)5. These values
are calculated from the astrometry provided by Gaia EDR3 and radial
velocities determined from the GALAH spectra46. The orbital para-
meters in this catalogue are calculated using the Python package
Galpy47, with the assumed Milky Way potential and solar kinematic
parameters detailed in Buder et al. 20215. We calculated the guiding
radii Rguide with the same input parameters (distance, right ascension
(ra), declination (dec), radial velocity, propermotion in right ascension
direction (pmra), proper motion in declination direction (pmdec)),
Milky Way potential, and solar kinematic parameters presented in
Buder et al. 20215.

Age Estimation based on Oxygen-enhanced Stellar Models
The stellar ages used in this study aremainly from Sun et al. 20239 (Teff
range of 5000-6500 K, and a log g range of 3.5–4.1). For stars with Teff
range of 4800–5000K, or a logg range of 3.2–3.5, ages are estimated
using the fitting method described in the Methods, subsection Fitting
method.

We use oxygen-enhanced stellar evolution models to estimate
ages of sample stars. The oxygen-enhanced stellar models use an
individualOenhancement factor, thereby allowing theOabundance to
be specified independently. The other α-elements (i.e., Ne, Mg, Si, S,
Ca, and Ti) are maintained with the same enhancement factor.
Neglecting to account for the independent enhancement of oxygen
abundance in age determination would result in significant age biases,
which would obscure the age-[O/Fe] relation48. Therefore, the oxygen-
enhanced models could accurately characterising the age-[O/Fe] rela-
tion of sample stars.

Fig. 10 | Comparison of the radial [Fe/H] gradient (∂[Fe/H]/∂Rguide, in terms of
guiding-centre radius Rguide) and the corresponding [Fe/H] dispersion (σ[Fe/H])
around the gradient in this work, with the results from LAMOST and APOGEE.
Theuncertainties (error bars) in eachpanel arederived usingMCMC (MarkovChain
Monte Carlo) fitting, employing the Python code emcee69. a, b The black lines in
each panel represent the result of this work, using the GALAH subgiant and MSTO

stars; the blue and green lines represent the results from the LAMOST data
(LAMOST DR7 subgiant sample from Xiang & Rix 202218) and literature (based on
APOGEE DR17 red giant sample from Anders et al. 202330), respectively. The grey-
shaded area marks the age interval in which we expect to see signatures from the
Gaia Sausage/Enceladus (GSE) merger event. Source data are provided as a Source
Data file.
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The ages of the MTSO and subgiant sample stars are determined
by matching the Gaia Luminosity20, the GALAH spectroscopic stellar
parameters Teff, [Fe/H], [α/Fe], and [O/Fe], with the Oxygen-enhanced
stellar models9 using a Bayesian approach19.

Fitting method. In this study, we utilize five observed quantities,
namely Teff, luminosity, [Fe/H], [α/Fe], and [O/Fe], to determine
stellar age. For each star, we use a set of stellar models with the
corresponding [α/Fe] and [O/Fe] (the models with [α/Fe] and [O/Fe]
values closest to the observed value of the star) to calculate stellar
age. To find the most probable stellar models from evolutionary
tracks, we adopt a 3-sigma error (i.e., three times the observational
error) to define the likelihood that matches the observed constraints
(Teff, [Fe/H], luminosity).

Following the fitting method introduced by19, we compare model
predictions with their corresponding observational properties D to
calculate the overall probability of the model Mi with posterior prob-
ability I,

p Mi jD, I
� �

=
p Mi j I
� �

p D jMi, I
� �

pðD j IÞ ð2Þ

where p(Mi∣I) represents the uniform prior probability for a specific
model, and p(D ∣Mi, I) is the likelihood function:

p D jMi, I
� �

= LðTeff , ½Fe=H�, lumÞ
= LTeff

L½Fe=H�Llum
ð3Þ

LTeff
, L[Fe/H], and Llum represent the likelihood functions corresponding

to the effective temperature Teff, metallicity [Fe/H], and luminosity,
respectively. The p(D∣I) in Eq. 2 is a normalization factor for the specific
model probability:

pðD j IÞ=
XNm

j = 1

p Mj j I
� �

p D jMj, I
� �

ð4Þ

where Nm is the total number of selected models. The uniform priors
p(Mi∣I) can be cancelled, giving the simplified Eq. 2 as :

p Mi jD, I
� �

=
p D jMi, I
� �

PNm
j = 1 p D jMj, I

� � : ð5Þ

Weobtain the probability distribution for each star with Eq. (5) andfit a
Gaussian function to the likelihood distribution. The centre and stan-
darddeviationof theGaussianprofile are the estimate anduncertainty,
respectively.

Age-velocity relation. Since our age estimates are independent from
kinematics of sample stars. As an test for our age estimation, we show
the age-velocity relation (AVR) of sample stars in Supplementary Fig. 2.
Supplementary Fig. 2a shows the AVR of our sample in local region,
with a Galactocentric distance between 7 kpc and 9 kpc. Since the age
range of our sample does not cover the youngest stars,we also plot the
AVR recently obtained by Tarricq et al. 202149 using a sample of 418
Gaia-confirmed OCs (open clusters) in the solar neighbourhood. We
note that the AVR at age < 7Gyr can be well described with a power
law50–53, which is different from the power-law fitting of OC sample.
Supplementary Fig. 2b shows the AVR of local disc stars with a guiding
radius between 7 kpc and 9 kpc. Compared with the result based on
APOGEE DR17 red giants, our result is more consistent with the result
from open clusters49. Moreover, the AVR of our sample stars at age
< 7Gyr is in good agreement with those of LAMOST subgiants18, indi-
cating a good age precision of our sample stars.

Calculation of birth radius
The birth radius Rbirth is calculated following the method of Lu et al.
202228, an enhancement of the approach introduced by Minchev et al.
201827. Lu et al. 202228 established a linear relation between the ISM
metallicity gradient at a given lookback time ( ∇ [Fe/H](τ)) and the
metallicity range of coeval stars (Range g½Fe=H�ðageÞ), based on two
suites of cosmological simulations. Assuming a linear metallicity gra-
dient, the birth radii for a star is expressed as:

Rbðage , ½Fe=H�Þ=
½Fe=H� � ½Fe=H�ð0, τÞ

∇½Fe=H�ðτÞ : ð6Þ

where [Fe/H](0, τ) and ∇ [Fe/H](τ) are interpolated fromTable A1 of Lu
et al. 202228.

Despite potential disruptions of Interstellar Medium (ISM)
metallicity caused by merger events, the calculation of birth radii
remains robust. It is found that birth radii can still be inferred even
during such events, as the disruption of ISM metallicity is temporary
and settles within 200Myr54, allowing for integration into the Galaxy’s
ISM. Furthermore, recovery tests for galaxies that experienced mer-
gers in theNIHAO (Numerical Investigation of aHundredAstronomical
Objects)55 and TNG5056 simulations show that birth radii can be accu-
rately reconstructed, even during periods of enhanced star formation
triggered by major mergers. This supports the validity of using birth
radii to study radial migration, even in the presence of complex
dynamical processes.

The simulations
The galaxy simulation employed in this work originates from the
NIHAO-UHD project57,58, a suite of high-resolution cosmological
hydrodynamical simulations of MW-mass galaxies. The model was
generated using the GASOLINE2 smoothed particle hydrodynamics
solver59, with cosmological initial conditions and physical processes,
including star formation and feedback, implemented following the
methods of Stinson et al. 200660 and Stinson et al. 201361. The simu-
lated galaxy has a total stellarmass of 1.59 × 1011M⊙ and is resolvedwith
8.2 × 106 star particles, 2.2 × 106 gas particles, and 5.4 × 106 dark matter
particles, achieving a baryonic mass resolution of 3 × 104M⊙ per star
particle (approximately 9 × 104M⊙ gas particle mass) and a force
softening length of 265 pc.

For this study, we first scaled the simulation to the MW scale for
better comparison.We do this bymultiplying all the position values (x,
y, z, Rbirth) and the velocity values (vx, vy, vz) in the simulation by the
ratio of theMWscale length to the simulation scale length,which is 3.5/
5.6, and the MWorbital velocity to the simulation orbital velocity after
the velocity curve becomes flat, which is 240/340, respectively. To
mimic the spacial extent of the data, we selected star particles that are
within 7–9 kpc with ∣ZGal∣< 0.4 kpc.

Bayesian linear fits to the radial abundance profiles
In Fig. 9 and 10, we shown the results of Bayesian fits to the radial [Fe/
H]/[O/Fe] abundance distributions in age bins of 1 Gyr, using the
Bayesian fitting code from Anders et al. 202330 (https://github.com/
fjaellet/xgboost_chem_ages). We present the detailed results of these
fits for age bins of 2–3Gyr in Supplementary Fig. 3 and Supplemen-
tary Fig. 4.

The oxygen abundance of young stars
To verify that our findings are not caused by artefacts due to selection
effects, we plot the Kiel diagram of the stars from the GALAH DR3 in
Supplementary Fig. 5a, color-codedbyoxygen abundance. As shown in
the Supplementary Fig. 5, the high temperature MSTO stars with
6200K < Teff < 7000 K behave oxygen-enhancement compared with
stars at lower temperature end. Most of these oxygen-enhanced stars
at high temperature end have ages less than 4Gyr, which is consistent
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with our result in Section Age-abundancedistribution of theMilkyWay
disc. Consequently, the oxygen-enhancement in young disc stars in
Fig. 4 is not due to selection effects, but is directly observed by GALAH
survey, and the precise ages of our sample stars allow us to accurately
characterise the variation in oxygen abundance of disc stars. In addi-
tion, we have examine the oxygen abundance of about 15,000 com-
mon stars from GALAH DR3 and APOGEE DR17, finding no significant
systematic differences in oxygen abundances up to 7000K.

Impact of the selection functionof GALAH
Sahlholdt et al. (2022)8 has discussed the impact of the GALAH sam-
ple’s selection function, which enhances the young peak at an age of
3 Gyr. Since young stars are brighter on average than older stars, the
magnitude limit of GALAH can skew the age distribution towards the
young end, especially for the distant populations. However, in our
study, we divided the sample stars into spatial bins based on Rguide and
zmax. The key findings focus on the age-abundance relations of the
local disc at low-zmax region, whichmitigates selection effects from the
GALAH survey’s magnitude limit.

Data availability
We made use of publicly available data in this work. GALAH data are
available at https://cloud.datacentral.org.au/teamdata/GALAH/public/
GALAH_DR3/, Gaia data at https://cdn.gea.esac.esa.int/Gaia/gdr3/. The
simulation data used in this work are available at http://tobias-buck.
de/#sim_data. The luminosities of sample stars fromYuet al. 202320 are
available at https://cdsarc.cds.unistra.fr/viz-bin/cat/J/ApJS/264/41#/
browse. This work has made use of data from Anders et al. 2023
(https://github.com/fjaellet/xgboost_chem_ages)30 The stellar ages,
guiding radii, and birth radii of sample stars are available at https://
zenodo.org/records/14326332. Source data are provided with this
paper, including all data used to produce Figs. 1–10 and Supplemen-
tary Figs. 1–5. The datasets generated during and/or analysed during
the current study are available from the corresponding author upon
request.

Code availability
This work is made possible by the following open-source software:
NumPy62, SciPy63, Matplotlib64, Astropy65,66, Galpy47, Seaborn67,
Pandas68, Emcee69, and Statsmodels70. This work has made use of
analysis code from Anders et al. 202330 (https://github.com/fjaellet/
xgboost_chem_ages). The GASOLINE2 code is publicly available at
https://gasoline-code.com, with the modified version used in this
study is hosted at https://github.com/N-BodyShop/gasoline. No new
codes are developed in this paper.
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