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A B S T R A C T 

Stellar radial migration plays an important role in reshaping a galaxy’s structure and the radial 
distribution of stellar population properties. In this work, we revisit reported observational 
evidence for radial migration and quantify its strength using the age–[Fe/H] distribution of 
stars across the Milky Way with APOGEE data. We find a broken age–[Fe/H] relation in the 
Galactic disc at r > 6 kpc, with a more pronounced break at larger radii. To quantify the strength 

of radial migration, we assume stars born at each radius have a unique age and metallicity, and 

then decompose the metallicity distribution function (MDF) of mono-age young populations 
into different Gaussian components that originated from various birth radii at r birth < 13 kpc. We 
find that, at ages of 2 and 3 Gyr, roughly half the stars were formed within 1 kpc of their present 
radius, and very few stars ( < 5 per cent) were formed more than 4 kpc away from their present 
radius. These results suggest limited short-distance radial migration and inefficient long- 
distance migration in the Milky Way during the last 3 Gyr. In the very outer disc beyond 15 kpc, 
the observed age–[Fe/H] distribution is consistent with the prediction of pure radial migration 

from smaller radii, suggesting a migration origin of the very outer disc. We also estimate intrin- 
sic metallicity gradients at ages of 2 and 3 Gyr of −0.061 and −0.063 dex kpc −1 , respectively. 

Key words: Galaxy: abundances – Galaxy: evolution – Galaxy: formation – Galaxy: stellar 
content – Galaxy: structure. 
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1  I N T RO D U C T I O N  

The radius of a disc star’s orbit can vary substantially o v er time when 
subjected to perturbations, a general process usually referred to as 
radial migration (e.g. Lynden-Bell & Kalnajs 1972 ; Sell w ood & 
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Binney 2002 ). There are two dominant modes of this orbital 
variation: change of a star’s guiding radius (i.e. change of orbit 
angular momentum) and change of oscillation amplitude around the 
orbital guiding radius, which are dubbed churning or cold torquing, 
and blurring or kinematic heating, respectively (Sell w ood & 

Binney 2002 ; Daniel et al. 2019 ). Theoretical and numerical 
studies suggest that a star might migrate away from its birth 
guiding radius for a variety of reasons, including non-resonance 
interactions with an infalling satellite galaxy (Quillen et al. 2009 ) 
or giant molecular clouds in the disc (Sch ̈onrich & Binney 2009 ), or 
resonance interactions with non-axisymmetric patterns like the bar 
(e.g. Brunetti, Chiappini & Pfenniger (e.g. Brunetti, Chiappini & 

Pfenniger 2011 ; Di Matteo et al. 2013 ; Kubryk, Prantzos & 

Athanassoula 2013 ; Halle et al. 2015 ; Khoperskov et al. 2020 ), 
spiral arms (e.g. Sell w ood & Binney 2002 ; Ro ̌skar et al. 2008b ; 
Daniel & Wyse 2015 ; Loebman et al. 2016 ), or o v erlap between 
the two (Minchev & F amae y 2010 ; Daniel et al. 2019 ). 

While radial mixing is commonly seen in numerical simulations 
(e.g. Ro ̌skar et al. 2008b ; Di Matteo et al. 2013 ; Grand, Kawata & 

Cropper 2015 ; El-Badry et al. 2016 ; Buck 2020 ; Vincenzo & 

Kobayashi 2020 ), unambiguous observational evidence for radial 
migration is limited. One of the major effects of radial migration 
is mixing stars born at different radii with potentially different 
chemical abundances, which results in a highly complex age–
metallicity distribution at a single present-day radius. Many reported 
lines of observational evidence for radial migration are therefore 
found in the age–chemistry plane. For example, Haywood ( 2008 ) 
found high metallicity dispersion in the age–metallicity distribution 
at the solar neighbourhood and that the dispersion increases with 
age, which can both be explained by radial migration (Ro ̌skar et al. 
2008a ). Such high dispersion in age–metallicity distribution is also 
seen in other stellar spectroscopic surv e ys (e.g. Bergemann et al. 
2014 ; Anders et al. 2017 ; Xiang et al. 2017 ; Lin et al. 2018 ). A 

broader radial profile of older populations found in Mackereth et al. 
( 2017 ) is also a possible signal of radial migration. Another recently 
disco v ered feature in the age–metallicity distribution that is possibly 
caused by radial migration is the younger age of solar metallicity 
stars compared to stars with supersolar metallicity (Anders et al. 
2017 ; Feuillet et al. 2018 ; Silva Aguirre et al. 2018 ; Hasselquist 
et al. 2019 ; Lian et al. 2020a ), which suggests an interrupted age–
metallicity relation. This feature is further confirmed with different 
observations from LAMOST surv e y (Xiang et al. 2017 ; Wu et al. 
2018 ). A positive age gradient is observed in the outskirts of local 
galaxies, as opposed to a more common ne gativ e age gradient in 
the inner regions (Ro ̌skar et al. (Bakos, Trujillo & Pohlen 2008 ; 
Ro ̌skar et al. 2008b ; Yoachim, Ro ̌skar & Debattista 2012 ; Ruiz-Lara 
et al. 2017 ), which is also believed to be a possible observational 
signature of radial migration. Whether such a positive age gradient 
is present in the outer disc of the Milky Way is still unclear and will 
be explored in this paper. 

In addition to the features in the age-metallicity distribution and a 
positive age gradient, additional possible observational evidence for 
radial migration comes in the form of the radially variant metallicity 
distribution function (MDF), thanks to the advent of numerous 
massive stellar spectroscopic surveys that map a large portion of 
the Galaxy (e.g. LAMOST, APOGEE, GALAH). Hayden et al. 
( 2015 ) studied the MDF at different radial and vertical positions 
in the disc and found that the MDF of the low- α population in the 
disc plane shows clear radial variation, with ne gativ e skewness in 
the inner disc and positi ve ske wness in the outer disc beyond the 
solar radius. They further showed that this change of skewness can 
be explained by radial migration alone. 

Attempts have been made to build connections between some of 
the observational features mentioned abo v e and radial migration 
in theoretical models. When combined with a radially variant 
monotonic chemical enrichment history across the disc, radial 
migration is believed to be one of the possible explanations for the 
observ ed comple x age-distribution. In this picture, the relativ ely 
old, metal-rich stars at the solar neighbourhood originated from 

the inner Galaxy where the early enrichment process was more 
efficient, while the younger, lower metallicity stars either formed 
locally or migrated from the outer disc (e.g. Minchev, Chiappini & 

Martig 2013 ). Ho we ver , another scenario that in vokes a later , metal- 
poor gas accretion event has also been shown to be able to explain 
the complex age-metallicity distribution with an interrupted age–
metallicity relation (e.g. Spitoni et al. 2019 , 2020 ; Lian et al. 2020a , 
b ; Renaud et al. 2021 ). Such a delayed gas accretion has long 
been considered in the literature to explain the stellar evolution 
track in [ α/Fe]–[Fe/H] in the solar neighbourhood (e.g. Chiappini, 
Matteucci & Gratton 1997 ; Calura & Menci 2009 ; Haywood 
et al. 2019 ; Spitoni et al. 2019 ). Radial migration is also shown 
to be responsible for the radially variant MDF, as illustrated in 
Loebman et al. ( 2016 ) using galaxy dynamical simulations, Frankel 
et al. ( 2018 ) and Sharma, Hayden & Bland-Hawthorn ( 2021 ) with 
analytical models, and Johnson et al. ( 2021 ), which used a hybrid 
model that combines the tw o. Frank el et al. ( 2018 ) further derived 
the radial migration strength by fitting their empirical model to the 
observed age–[Fe/H] distribution of red clump stars across the disc. 
One caveat in these empirical models is that a relatively simple 
star formation history is generally assumed while the MDFs under 
consideration comprise stars formed o v er a long period of time, such 
that the shape of the MDF is v ery sensitiv e to the local star formation 
and chemical enrichment history as well (Johnson et al. 2021 ). A 

possibility that a scenario with a radially variant complex multiphase 
SFH without radial migration can explain the radial change of the 
MDF shape cannot be excluded (Lian et al. in preparation). 

In this paper, we revisit the reported observational signatures of 
radial migration in age–chemistry space and explore more direct 
and stringent observational constraints using the latest observations 
from the APOGEE surv e y (Majewski et al. 2017 ). Among all stellar 
chemistry surv e ys to date in the Milk y Way, APOGEE pro vides the 
most comprehensiv e co v erage in radius, particularly at low vertical 
height. This enables us for the first time to inspect the radial trends 
of stellar age and chemical abundance, with a homogeneous data 
set, continuously from the bulge region to the outer disc (as far as 
∼20 kpc from the Galactic Centre). In addition to the wide radial 
co v erage, another impro v ement in this work is that we restrict the 
MDF analysis to mono-age populations that exhibit relatively steep 
radial metallicity gradient at formation, which minimizes the effect 
of star formation history. 

This paper is organized as follows: We briefly introduce the data 
and sample selection in Section 2, and in Section 3, we present 
the distribution of our sample in age–[Fe/H] space and discuss its 
behaviour with radius. In Section 4, we describe the quantitative 
constraints on the radial migration strength obtained by performing 
a detailed analysis of mono-age MDFs across the Galaxy. We then 
compare our results with previous works and discuss potential 
biases in our analysis in Section 5. Finally, a brief summary is 
included in Section 6. 

2  SAMPLE  SELECTI ON  

The stellar sample in this work is selected from APOGEE observa- 
tions contained in SDSS-IV Data Release 16 (DR16; Ahumada et al. 
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2020 ; J ̈onsson et al. 2020 ), plus a post-DR16 APOGEE internal data 
release that includes data from observations through 2020 March, 
reduced with a very slightly updated version of the DR16 pipeline 
(r13). 1 APOGEE is a near-infrared, high-resolution spectroscopic 
surv e y (Blanton et al. 2017 ; Majewski et al. 2017 ) that primarily tar- 
gets evolved giant stars in the Milky Way and Local Group satellites 
(Zasowski et al. 2013 , 2017 ; Beaton et al. 2021 ; Santana et al. 2021 ). 
This surv e y is performed using custom spectrographs (Wilson et al. 
2019 ) with the 2.5-m Sloan Telescope and the NMSU 1-m Telescope 
at the Apache Point Observatory (Gunn et al. 2006 ; Holtzman, 
Harrison & Coughlin 2010 ), and with the 2.5-m Ir ́en ́ee du Pont 
telescope at Las Campanas Observatory (Bowen & Vaughan 1973 ). 

We use chemical abundances ([Fe/H], [Mg/Fe]) and stellar pa- 
rameters (i.e. log( g ) and T eff ) derived by custom pipelines described 
in Nidever et al. ( 2015 ) and Garc ́ıa P ́erez et al. ( 2016 ) and line list in 
Smith et al. ( 2021 ), and spectro-photometric distances based on the 
procedure described in Rojas-Arriagada et al. ( 2017 ). We note that 
the usage of [Fe/H] instead of [M/H] implicitly excludes some cool 
( T eff < 4000 K) metal-rich ([Fe/H] > 0.1) stars that have [Fe/H] and 
[M/H] measurements differ greater than 0.1 and therefore do not 
have [Fe/H] populated in the released catalogue. Since these stars 
mostly have intermediate ages (ages > 5 Gyr), which is not the 
main sample of the analysis here, the results of this paper would not 
be affected significantly by this selection effect. As we focus on the 
radial migration caused by churning (i.e. a change in guiding radius), 
we use guiding radius ( r guide , the radius of a circular orbit with equiv- 
alent angular momentum) instead of the Galactocentric radius ( r GC ) 
to represent the position of a star in the Galaxy. The guiding radius is 
obtained by integrating orbits using the galpy PYTHON package with 
the MWPotential2014 model for Milky Way gravitational potential 
(Bovy 2015 ; Rojas-Arriagada et al. 2020 ), adopting our distances, 
APOGEE radial velocities, and Gaia DR2 proper motions. 

We use the recommended stellar ages in the DR16 astroNN Value 
Added Catalogue (Mackereth et al. 2019 ), 2 which are derived by 
training a Bayesian neural network model (Leung & Bovy 2019 ) 3 

with asteroseismic ages derived from Kepler and APOGEE com- 
bined observations (Pinsonneault et al. 2018 ). We note that astroNN 

spectroscopic ages rely on the correlation between [C/N] abundance 
ratio and stellar age for red giant stars. Ho we ver, for lo w-gravity, 
low-metallicity (log( g ) < 2, [Fe/H] < −0.4) giants, the surface [C/N] 
is further affected by extra mixing after the first dredge-up, with a 
stronger effect at lower gravity and lower metallicity (Shetrone et al. 
2019 ). For this reason, the spectroscopic ages of lo w-gravity, lo w- 
metallicity stars based on [C/N], without explicitly considering this 
extra mixing, should be used with caution. 

According to Shetrone et al. ( 2019 ), for α-rich stars, the effects of 
extra mixing start to appear at [Fe / H] ∼ −0 . 4. As we will show in 
Section 3, the age–[Fe/H] relation of our high- α stars shows a break 
at [Fe / H] ∼ −0 . 5, with younger ages for stars with [Fe / H] < −0 . 5. 
This unphysical trend is likely due to the lack of considering extra 
mixing effects in the age determination of metal-poor stars. Unlike 
the high- α stars, ho we ver, the age–[Fe/H] relation of low- α stars 
e xtends consistently, without an y break, to [Fe / H] ∼ −0 . 7. We 
also confirm that the high- and low-gravity (log( g ) > 2.7 and log( g ) 
< 1) low- α stars follow the same age–[Fe/H] relation at a given 
radius, suggesting no dependence of age on surface gravity. These 
findings indicate that the extra-mixing effect may occur at lower 

1 The allStar catalogue used is allStar-r13-l33-58932beta.fits. 
2 https:// data.sdss.org/ sas/ dr16/apogee/ vac/ apogee-astronn . 
3 https:// github.com/henrysky/ astroNN . 

[Fe/H] for low- α stars. We note that the training set of the astroNN 

neural network does not include low- α stars at [Fe / H] < −0 . 5. The 
astroNN ages of these stars are obtained by extrapolation from more 
metal-rich stars and could potentially be subject to unaccounted- 
for systematic errors. In this paper, we use the astroNN-derived 
ages for the whole of our low- α sample, which extends down to 
[Fe / H] ∼ −0 . 7. We recommend that readers treat the results of the 
outer disc (Section 4.2) as preliminary, pending future confirmation 
with updated ages that are calibrated to asteroseismic observations 
of stars with [Fe / H] < −0 . 5. 

To select a sample of giant stars with reliable measurements, 
follo wing our pre vious works (e.g. Lian et al. 2021 ), we apply the 
following selection criteria to the parent APOGEE catalogue: 

(i) Signal-to-noise ratio (S/N) > 70, 
(ii) T eff > 3500 K, 
(iii) log ( g ) < 3.3, 
(iv) Vertical height | z| < 2 kpc, 
(v) Orbital eccentricity less than 0.5, 
(vi) EXTRATARG == 0, 
(vii) APOGEE TARGET1 and APOGEE2 TARGET1 bit 

9 == 0, 
(viii) STARFLAG bits 4, 9, 16, and 17 = = 0, and 
(ix) ASPCAPFLAG bits 19 and 23 = = 0, no flag for BAD metals 

and BAD o v erall for star. 

The EXTRATARG bitmask indicates a number of targeting 
considerations; EXTRATARG = = 0 identifies main surv e y stars 
and remo v es duplicated observations. APOGEE TARGET1 or 
APOGEE2 TARGET1 bit 9 are set for targets that are possible 
star cluster members. The STARFLAG bitmask describes things 
worth noting in the spectrum, and the ASPCAPFLAG includes all 
kinds of warnings in the determination of stellar parameters. For 
more detailed descriptions of the APOGEE bitmasks, we refer the 
reader to https:// www.sdss.org/dr16/ algorithms/bitmasks/ . Our final 
sample contains 232 166 stars. We discuss potential selection biases 
of the stellar parameter criteria in Section 4.1. 

3  OBSER  V E D  A  GE–[FE/ H]  DI STRI BU TI O N  

AC RO SS  T H E  G A L A X Y  

In this section, we present a short empirical o v erview of the data, 
to highlight the qualitative patterns and trends that guided our 
assumptions and methods used in the later quantitative analyses. 

Fig. 1 shows the stellar distributions in the age–[Fe/H] plane at 
different guiding radii ( � r guide = 2 kpc, except for the innermost 
bin with � r guide = 3 kpc). The age–[Fe/H] distribution varies 
dramatically with radius. In the inner Galaxy (top row: panels a, 
b, and c), most stars are older than 5 Gyr and fall along a clear age–
[Fe/H] relation that occupies the relatively old, metal-rich quadrant 
in the age–[Fe/H] plane. The nearly vertical distribution in the first 
panel of Fig. 1 reflects rapid chemical enrichment in the bulge. 
Stars in the outer disc, beyond the solar radius (panels e through 
i), follow an age–[Fe/H] relation distinct from the inner Galaxy, 
with systematically younger age and lower [Fe/H]. Near the solar 
radius (panel d), both of these age–[Fe/H] sequences contribute 
to a complex age–[Fe/H] distribution. This complex pattern in the 
solar neighbourhood has been seen in many recent works, based on 
different data sets and different age determination methodologies 
(e.g. Nissen et al. 2020 ; Jofre 2021 ; fig. 3 in Feuillet et al. 2019 ; 
fig. 20 in Wu et al. 2019 ; and fig. 6 in Sahlholdt, Feltzing & Feuillet 
2022 ). 
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Figure 1. Age–[Fe/H] distribution as a function of guiding radius, from the top left (panel a) for the bulge region to the bottom right (panel i) for the very 
outer disc. Note the presence of two dominant age–[Fe/H] sequences, with complementary age co v erage at intermediate radii (e.g. panel d). 

These two age–[Fe/H] sequences are related, but not identical, 
to the two branches in the [ α/Fe]–[Fe/H] plane. Fig. 2 shows the 
distribution of solar neighbourhood stars (7 < r guide < 9 kpc) in 
[Mg/Fe]–[Fe/H] (left-hand panel) and in age–[Fe/H] (right-hand 
panel, c.p. to Fig. 1 d). We adopt the demarcation between the high- 
and low- α branches from Lian et al. ( 2020b ), which was adapted 
to APOGEE observations from the separation curve in Adibekyan 
et al. ( 2011 ). It can be seen in the right-hand panel of Fig. 2 that the 
high- α population occupies the lower right portion of the older age–
[Fe/H] sequence, while the low- α stars span both the entire younger 
age–[Fe/H] sequence and the most metal-rich portion of the older 
sequence. In comparison, the bulge’s stars, though lying along a 
single single age–[Fe/H] sequence (Fig. 1 a), show similar gradients 
in [ α/Fe]; gradients are also seen along this sequence in kinematics, 
the old metal-poor stars having higher velocity dispersion and the 
younger metal-rich stars having colder, more bar-like kinematics 
(e.g. Babusiaux et al. 2010 ; Hill et al. 2011 ; Schultheis et al. 2017 ; 
Rojas-Arriagada et al. 2019 ; Queiroz et al. 2020 ). 

The radial variations in both age–[Fe/H] and [ α/Fe]–[Fe/H] are 
signatures of radial variations in the Milky Way disc’s star formation 
history and of subsequent rearrangement of the stars. Prior to the 
more e xtensiv e modeling in later sections, we show here a simple 
experiment of disentangling the ex situ and in situ scenarios by 

comparing the position of stars in the age–[Fe/H] plane located at 
different Galactic radii. The basic idea is that stars born at the same 
radius but currently located at different radii should still follow the 
same a g e–[Fe/H] relation. 

Fig. 3 shows the median stellar metallicity as a function of age and 
guiding radius. The error bars indicate the uncertainty in the median 
[Fe/H] at a given age bin, estimated via bootstrapping. The median 
age–[Fe/H] relations at r guide = 6 kpc and beyond deviate from a 
single, monotonic age–[Fe/H] relation and have broken profiles, 
possibly as a result of dilution induced by a late metal-poor gas 
accretion event (Haywood et al. 2019 ; Spitoni et al. 2019 ; Lian et al. 
2020a , b ). At ages < 6 Gyr, stars at smaller radii have systematically 
higher [Fe/H], indicating a ne gativ e metallicity gradient not (yet) 
erased by significant radial mixing in these young stars. This is one 
basis for the assumption that the majority of young stars observed 
at each present radius formed locally and reflect the recent chemical 
gradient of the ISM (e.g. Minchev et al. 2018 ). At age > 6 Gyr, 
ho we ver, the radial variation of [Fe/H] becomes negligible at most 
radii, and we cannot exclude a non-local (i.e. migration) origin for 
these stars based on chemistry alone. 4 

4 It is interesting to note that, given an age of 4.6 Gyr (Bonanno, Schlattl & 

Patern ̀o 2002 ) and [Fe/H] = 0, the position of the Sun in age–[Fe/H] plane 
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Figure 2. Left-hand panel: [Mg/Fe]–[Fe/H] distribution at the solar radius (7 < r guide < 9 kpc). The grey shading indicates the stellar density, with grey 
contours at 5, 30, 60, and 90 per cent of the peak density. The dashed line denotes the demarcation line between the high- and low- α branches (adapted from 

Adibekyan et al. 2011 ). Right-hand panel: age–[Fe/H] distribution of the stars shown in the left-hand panel, separated into the high- and low- α subsamples 
(coloured in red and blue, respectively). Each set of density contours indicates 30, 60, and 90 per cent of the respective peak density. 

Figure 3. Median [Fe/H] as a function age at different guiding radii. Error 
bars indicate the uncertainty of the median [Fe/H] at a given age, estimated 
by bootstrapping. 

Unlike the majority of the disc, the outermost radial bins (from 

13 to 19 kpc; panels g, h, and i in Fig. 1 ) show a pattern in which 
the age–[Fe/H] distribution is more concentrated towards lower 
[Fe/H] and older age as radius increases. This trend is unlikely 
to be caused by a lack of disc plane co v erage at larger radii or a 
selection bias with age. The APOGEE main surv e y targets stars 
with Galactic coordinates on a semi-regular grid with preference 
on the disc plane (Zasowski et al. 2013 , 2017 ). We also inspect 

is best consistent with the disc at 5 < r guide < 7 kpc, suggesting that the Sun 
w as lik ely born at smaller radii and migrated outw ard to the present location 
( r � = 8.2 kpc; Bland-Hawthorn & Gerhard 2016 ), which is qualitatively 
consistent with previous result in Minchev et al. ( 2018 ). 

the age–[Fe/H] distribution at different radii after resampling the 
log ( g )–T eff distribution to that of the outermost radial bin at 17 
< r guide < 19 kpc and confirm the existence of this trend. The 
interesting behaviour of age–[Fe/H] distribution suggests that the 
Milky Way also likely exhibits a positive gradient of mean age in 
the very outer disc, similar to the pattern found in other galaxies 
that has been argued to be a signature of radial migration (Ruiz-Lara 
et al. 2017 ). 

Based on the patterns described here, in the following sections 
we will analyse the age–[Fe/H] distribution in the regions with 
r guide < 13 kpc (Section 4.1) and with r guide > 13 kpc (Section 4.2) 
separately. 

4  RESULTS  

4.1 Quantifying radial migration within r < 13 kpc 

In this section, we quantitatively measure the strength of radial 
migration in the Milky Way by analysing the MDF of mono-a g e 
populations. The approach is based on the findings that the young 
stars in the Galaxy formed at different radii have significantly 
different [Fe/H] (Section 3.2), which allows us to use the [Fe/H] of 
a young star to trace its birth radius. A similar approach was used by 
Minchev et al. ( 2018 ) to reco v er the birth radius distribution of solar 
neighbourhood stars and the evolution of metallicity gradient. Once 
the birth radius distribution of stars at a given present position is 
known, we can quantify the relative contribution of local formation 
and radial migration at that position in the Milky Way’s disc. Since 
the stars in the first age–[Fe/H] sequence have indistinguishable 
[Fe/H] at different radii for a given age as discussed in Section 3.2, 
this approach is not applicable to infer the radial migration effect at 
the early evolution stage of the Milky Way. 

4.1.1 Mono-a g e MDFs 

Fig. 4 shows the MDF of stars with ages around 2 (left-hand panel), 
3 (middle panel), and 5 Gyr (right-hand panel), with a width of 
1 Gyr for each age bin. The coloured lines in each panel correspond 
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Figure 4. Normalized metallicity distribution functions of stars in age bins of �τ = 1 Gyr, at ages of 2 (left-hand panel), 3 (middle panel), and 5 Gyr 
(right-hand panel). Each panel contains one mono-age group of stars sorted by guiding radius, denoted by colours as in the legend in the right-hand panel. The 
clearly skewed and broadened mono-age MDFs within solar radius are strong evidence for radial migration, while the narrow symmetric MDF at 11 < r guide 

< 13 kpc indicates least contamination by radial migration at this radius. 

to stars of that age in different bins of guiding radius, as indicated 
by the legend in the right-hand panel. The stars at 5 Gyr are used to 
demonstrate the upper age limit beyond which the mono-age MDF 

analysis conducted in this work is not applicable. 
The mono-age MDFs vary dramatically with guiding radius, in 

both peak metallicity and MDF shape. The peak [Fe/H] of the 
mono-age MDFs shifts systematically towards lower values at larger 
radii. In the outer disc, the MDFs of the mono-age stars are single- 
peaked Gaussian profiles, with relatively narrow distributions. At 
intermediate radial bins, such as the solar radius, the MDFs are much 
broader, indicative of some level of mixing due to radial migration. 

In the inner Galaxy, the mono-age MDFs exhibit clear ne gativ e 
skewness, with extended tails towards low [Fe/H]. These broad, 
skewed mono-age MDFs cannot be easily explained by chemical 
evolution models without invoking, for example, tuned and inho- 
mogeneous star formation. While fine-tuning the ISM metallicity 
gradient or the strength of inhomogeneous (stochastic and/or 
azimuthally-varying) star formation as a function of radius might 
be able to explain these observations, a more natural explanation is 
radial migration combined with radially-varying SFHs that mixes 
stars born at the same time but at different radii with different 
chemical abundances. The strength of local stochastic star formation 
is still unclear. For the variation in azimuthal direction, a mixture of 
results have been reported in the literature. Some works have found 
no significant large-scale azimuthal variation in the metallicity of 
gas and young stars in the Milky Way (e.g. Luck & Lambert 2011 ; 
Bovy et al. 2014 ) and other disc galaxies (e.g. Li, Bresolin & 

Kennicutt 2013 ; Kreckel et al. 2020 ), while many other studies 
reported differences in the ISM and stellar metallicity gradient 
along different azimuth angles (Milky Way: Davies et al. 2009 ; 
Balser et al. 2015 ; Wenger et al. 2019 ; other galaxies: S ́anchez et al. 
2015 ; Ho et al. 2017 ). 

4.1.2 Mono-a g e MDF decomposition 

To identify migrated stars and their contribution to the observed 
MDF at their present radius, we need to understand the birth MDF 

of locally formed stars in each age and radial bin. Here we make 
a small number of important assumptions about the birth MDFs of 
mono-age populations, including: 

(i) a Gaussian profile for the birth MDFs, 

(ii) same width of the birth MDFs at various radii, 
(iii) the peak of the observed MDF the same as the that of the 

birth MDF. 

The first assumption we make is that the mono-age MDF of 
locally formed stars has a Gaussian profile. In principle, at a given 
spatial position and moment in time, new stars should share the same 
[Fe/H] and elemental abundance pattern. Ho we ver, in practise, the 
observational uncertainties in both Galactic radius and stellar age 
would broaden the observed MDF of even mono-age populations, 
with the width of broadening depending on the magnitude of 
observational uncertainties, the metallicity gradient, inhomogeneity 
in the local star formation, and the size of the age/radial bins chosen. 
We test this assumption with a mock stellar sample from a simple 
chemical evolution model (Lian et al. 2020c ). The MDF of the mock 
stars in a narrow age bin indeed presents a Gaussian-like profile. 
As no evidence for strong dependence of observational errors on 
radius has been reported for APOGEE and the metallicity gradient 
is generally linear (e.g. Anders et al. 2017 ), given the same size 
of radial bins used, we assume the width of the Gaussian MDF 

does not change with radius. Note that this assumption also relies 
on a precondition that azimuthal variations of chemical enrichment 
do not change with radius, which has not been e xtensiv ely studied 
and needs to be confirmed with further studies. Since the outer 
disc presents the narrowest mono-age MDFs, suggesting least 
contamination from radial migration, we fit the observed MDF at 
11 < r guide < 13 with a Gaussian profile and consider the width 
to represent the mono-age birth MDFs at other radial bins. The 
fitted 1 σ widths for the three age bins at 2, 3, and 5 Gyr are 
0.088, 0.104, and 0.119 de x, respectiv ely. The wider birth MDF 

at older ages is likely due to a steeper intrinsic metallicity gradient 
of older stellar populations (see more discussion in Section 5.3). 
We also assume azimuthal symmetry in the SFH, such that birth 
spatial location can be collapsed to a 1-D radial coordinate. This 
assumption is supported by some recent observational results that 
suggest insignificant azimuthal variations in chemical abundances 
in the Milky Way (Luck & Lambert 2011 ; Bovy et al. 2014 , but see 
a different result in Davies et al. 2009 ; Balser et al. 2015 ; Wenger 
et al. 2019 ). 

One additional critical assumption we make is that the peak of 
the birth MDF at each radius is the same as the peak of the observed 
MDF of stars in that age bin. This assumption is based on the fact that 
our young stars that formed at different radii have disparate [Fe/H]. 
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Table 1. Peak [Fe/H] of the observed MDF in each age and radial bin. 

Radial bins Age = 2 Gyr Age = 3 Gyr Age = 5 Gyr 

r guide = [1,3] 0.312 ± 0.064 0.318 ± 0.038 0.261 ± 0.072 
r guide = [3,5] 0.233 ± 0.032 0.233 ± 0.023 0.231 ± 0.019 
r guide = [5,7] 0.083 ± 0.023 0.067 ± 0.017 0.158 ± 0.014 
r guide = [7,9] − 0.095 ± 0.017 − 0.143 ± 0.007 − 0.097 ± 0.018 
r guide = [9,11] − 0.168 ± 0.003 − 0.252 ± 0.005 − 0.415 ± 0.016 
r guide = [11,13] − 0.233 ± 0.005 − 0.328 ± 0.005 − 0.466 ± 0.024 

Therefore, at any present radius, stars migrated from other radii will 
have different [Fe/H] from locally formed stars and thus broaden 
and skew the full observed MDF. As long as the migrated population 
from a single radial bin are not a large fraction of stars in the local 
radial bin, the mode of the observed MDF will not be significantly 
affected. As discussed abo v e, the significant radial variation of the 
age–[Fe/H]relation at age < 6 Gyr implies the radial migration 
effect, if present, is not prominent. Some simulation works also 
suggest that stars that have migrated more than 2 kpc away from 

the birth radius comprise only 25 per cent of the whole disc stellar 
population (e.g. Ro ̌skar et al. 2008a ; Loebman et al. 2016 ). 

Given these assumptions, we decompose the mono-age MDFs in 
a sum of 6 Gaussians representing the birth MDFs spanning 1 < r birth 

< 13. To estimate the peak position, we fit each observed MDF with 
a skewed Gaussian profile; the fitted peak [Fe/H] values are listed in 
Table 1 . As described abo v e, the width of each birth MDF is fixed 
to be the same as that of the outer radial bin (11 < r guide < 13 kpc) 
at the given age. For each component, then, only its amplitude is a 
free parameter. Therefore, to decompose each observed mono-age 
MDF, we have six free parameters corresponding to the amplitudes 
of the six radial components considered. At each radius and age 
bin, the MDF decomposition can be described as 

f observed ( [Fe / H] | R guide , age ) = 

6 ∑ 

i= 1 

αi f birth ( [Fe / H] | R birth ,i , age ) , 

with the mode in each radial bin i empirically determined in the 
present-day data. We fit for the αi (where 

∑ 6 
i= 1 αi = 1). 

Fig. 5 shows the best-fitted result for the age = 2-Gyr MDFs 
in our six radial bins. The solid coloured line in each panel is 
the observed MDF at each present radius, along with a shaded 
region indicating Poisson errors. The dashed coloured lines are 
the best-fitting birth MDFs from each birth radius (with matching 
colours) and the black line is the sum of these birth MDFs. The 
multicomponent fitted MDFs match well the observed ones at each 
present radius, with the largest contribution coming from the stars 
that formed locally. The noisy observed MDF at the innermost radial 
bin (1 < r guide < 3 kpc) is due to the small number of stars there 
in this age range. The age distributions of both super- and subsolar 
metallicity stars at 1 < r guide < 3 kpc show clear extended tails at 
young ages, suggesting that these young stars are not likely scatter 
from old populations given symmetric log(age) uncertainties. The 
presence of a small fraction of young (age < 5 Gyr), metal-rich stars 
in the bulge region ( r guide < 3 kpc) has been confirmed with many 
independent observations (Bensby et al. 2013 ; Buell 2013 ; Gesicki 
et al. 2014 ; Schultheis et al. 2017 ; Bernard et al. 2018 ; Hasselquist 
et al. 2020 ). The number of young, metal-poor stars are even much 
lower (11 subsolar metallicity bulge stars in the 2-Gyr-age bin) and 
their presence need to be confirmed with further observations. In 
this work, for completeness, we include all of our young bulge stars 
in the analysis. 

Figs 6 and 7 show the comparable best-fitted decompositions for 
the observed mono-age MDFs at ages of 3 and 5 Gyr, respectively. 

It is interesting to note that, compared to the mono-age population 
at 2 Gyr, the decomposition at age of 3 Gyr requires a larger 
contribution from stars born at other radii – i.e. a larger radial 
migration effect. This is qualitatively consistent with the expectation 
that older stars have more time to migrate away from their birth radii, 
which is indeed seen in simulations (e.g. Halle et al. 2015 ; Johnson 
et al. 2021 ). 

In contrast to the observed MDFs of 2- and 3-Gyr-old stars, the 
MDFs of the 5-Gyr populations (Fig. 7 ) are not well reproduced 
by the best-fitting simulated MDFs, particularly at intermediate 
radial bins (e.g. 7 < r guide < 9 kpc and 9 < r guide < 11 kpc). 
The simulated MDFs at these radial bins exhibit a clear density 
valley at [Fe / H] ∼ −0 . 3, while the observed MDFs show broad, 
monomodal distributions with no sign of density dip. This mismatch 
suggests that at least one of our assumptions described abo v e does 
not hold at lookback time of 5 Gyr. One likely possibility is that 
the birth mono-age MDF at age of 5 Gyr at intermediate radius 
is not a single Gaussian profile as narrow as the outer disc but a 
broadened distribution that co v ers a wide range of [Fe/H]. Such a 
broad distribution in [Fe/H] is consistent with the predictions of 
a late accretion scenario proposed to explain the more complex 
age-chemistry structure of the disc, when other dimensions are 
considered (e.g. Lian et al. 2020a , b ). In this scenario, the Galactic 
disc experienced a recent significant gas accretion event ∼6 Gyr ago 
that rapidly diluted the abundances in the interstellar medium (ISM) 
from supersolar to subsolar values, on a short time-scale of order 
1 Gyr. During this period, many stars were formed with a narrow 

range in age but a wide range in [Fe/H], resulting in a complex mono- 
age birth MDF, instead of the simple Gaussian profiles assumed 
abo v e. With current typical age uncertainties (e.g. δage ∼ 2 Gyr 
at age = 6 Gyr), the observed sample at quoted age ∼ 4 –8 Gyr 
would contain a notable fraction of these stars with an intrinsically 
complex MDF. Therefore, we focus below on the results of the 
decompositions at ages of 2 and 3 Gyr. To expand the decomposition 
to the stars at age around ∼6 Gyr, we would need more precise stellar 
ages (with uncertainties much smaller than 1 Gyr) to sufficiently 
resolve stellar populations formed at different stages of the accretion 
event. 

4.1.3 Radial migration strength 

Fig. 8 shows the decomposed fraction (i.e. αi ) from different birth 
radii at each present-day radius (left-hand panel: 2-Gyr stars; right- 
hand panel: 3-Gyr stars). The decomposition results are also listed 
in Table 2 . The y -axis of each plot indicates the fraction of stars 
with a given current r guide that were ‘contributed’ from each r birth 

bin, indicated by the colour of the lines. This contributed fraction 
al w ays peaks at the local radial bin (i.e. r guide = r birth ) and drops 
rapidly in- and outwards. This result suggests a generally minor 
radial migration effect of young stars, with decreasing impact from 

migration o v er larger distances. 
Fig. 9 expands on Fig. 8 to show the cumulative fraction of stars 

that hav e mo v ed some distance � r from their birth radius to their 
present-day r guide , indicated by lines of the same colours used in 
Figs 5 –7 . That is, the first point ( � r = 0 kpc) indicates the fraction 
of stars formed locally at each present-day r guide , and the second 
point ( � r = 2 kpc) denotes the fraction of stars formed up to one 
of our radial bins away, and so on. The inserted panel presents the 
contributed fraction at each present radius and age bin as a function 
of migration distance. It is clearly seen here that radial migration 
only contributes a minor fraction of the young stars at any present 
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Figure 5. Decomposition of mono-age MDFs (age of 2 Gyr) at different guiding radii. Each panel indicates one radial bin, with that bin’s observed MDF 
denoted by the solid coloured line. The shaded region indicates uncertainty of the distribution, assuming Poisson noise. The dashed colourful lines are the 
best-fitting birth MDFs from different birth radii as illustrated in the bottom right-hand legend and the black line is the sum of these birth MDFs (see 
Section 4.1.2). The colour scheme is the same as in Fig. 4 . 

radius. At an age of 2 Gyr (left-hand panel), the local contributions 
at most present radii are higher than 60 per cent, i.e. more than 
half of the 2-Gyr stars we observe today were formed locally. This 
fraction even goes above 95 per cent for the bin at 11 < r guide 

< 13 kpc (80 per cent for 3-Gyr-old stars). These fractions reach 
> 95 per cent ( > 90 per cent) after including stars that have migrated 
less than 4 kpc in 2 Gyr (3 Gyr), suggesting highly inefficient long- 
distance radial migration. 

Interestingly, the innermost radial bin shows a systematically 
lower contribution from local and nearby components, indicating 
relatively more contribution from stars migrated from larger birth 
radii. This is broadly consistent with the inactive local star formation 
in the bulge region in the recent Universe (Zoccali et al. 2003 ; Grieco 
et al. 2012 ; Nataf 2016 ; Hasselquist et al. 2020 ; Lian et al. 2020c ). 
Ho we ver, the lo wer fraction of local and nearby contribution at age 
of 2 Gyr compared to the 3-Gyr age bin is opposite to the trend seen 
in other radial bins. This is likely due to the noisy mono-age MDF 

of innermost radial bin at age of 2 Gyr that shows an unconfirmed 
excess of metal-poor stars as discussed in Section 4.1.2. 

To summarize, at young ages ( < 3 Gyr), comparing to migrated 
populations, a large fraction ( > 80 per cent) of disc stars we observe 
today were formed within 2 kpc of their present radius, and around 
half of them were formed locally (within 1 kpc). Very few young 
stars have migrated more than 4 kpc away from their birth radii. 
These results suggest that radial migration played a limited role in 
the recent evolution history of the Galactic disc comparing to the 
local star formation. 

4.2 Origin of the very outer stellar disc beyond r > 13 kpc 

In Section 4.1, we analysed the age–[Fe/H] distribution at r guide 

< 13 kpc. Here we focus on the very outer disc regions at r guide > 

13 kpc. As no artificial break is seen in the age–[Fe/H] distribution of 
outer disc stars (Section 2), in this section we consider the full range 
of [Fe/H] of the low- α stars in the very outer disc. As mentioned 
in Section 2 that the ages of low- α stars with [Fe/H] < −0.5 are 
determined by extrapolation from more metal-rich stars, and thus 
we consider the results in this section preliminary but nevertheless 
interesting to explore. 

As discussed in Section 3.1, the very outer disc beyond 13 kpc 
presents a very different radial variation pattern in the age–[Fe/H] 
plane than the majority of the disc, with a higher concentration of 
older, lower metallicity stars along the young age–[Fe/H] sequence 
at increasingly larger radii (Fig. 1 ). This implies that the Milky Way 
galaxy also presents a positive age gradient in the outer skirt that has 
been observed in many other disc galaxies (e.g. Ro ̌skar et al. 2008a ; 
Ruiz-Lara et al. 2017 ). This pattern is qualitatively consistent with 
the prediction of a scenario in which the very outer disc is populated 
via radial migration from inner regions. Older stars, born before 
those inner regions had enriched to their present-day values, have 
more time to migrate and therefore can reach larger distances. In 
addition to radial migration, a finely-tuned ‘outside-in’ quenching 
scenario (Schaefer et al. 2017 ; Lin et al. 2019 ), with an earlier 
cessation of star formation at larger radii, could also potentially be 
able to explain the change in shape of the age–[Fe/H] distribution 
at r guide > 13 kpc. It is worth noting that this radial pattern of 
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Figure 6. Similar to Fig. 5 but for mono-age MDFs at age of 3 Gyr. 

age–[Fe/H] distribution persists, although being less significant, if 
restricted to the log( g ) range of stars in the outermost bin (0 < log( g ) 
< 2). To minimize possible contribution from selection effect that 
may alter the log( g ) distribution, in the following analysis we focus 
on very outer disc stars with 0 < log( g ) < 2. 

In this paper, we explore the radial migration scenario by 
simulating the age–[Fe/H] distribution in the very outer disc as 
predicted by radial migration and comparing with the observations. 
We choose the radial bin at 13 < r guide < 15 kpc as the innermost 
bin that contributes stars to larger radii, and we simulate the 
resulting age–[Fe/H] distribution beyond this radius, considering 
purely radial migration effects (i.e. zero local star formation). This 
choice of starting radius takes advantage of its broad span in age 
distribution and minimal contamination of stars not on the young 
age–[Fe/H] sequence. 

At any given time, we assume that a certain fraction, λ, of stars 
formed in the donor radial bin migrate to its adjacent larger radial 
bin. This translates into the differential equation for the donor radial 
bin: 

d N 1 

d t 
= −λN 1 ( t) , (1) 

where N 1 ( t ) is the observed number of stars of age t in the donor 
radial bin. The solution of this equation is 

N 1 ( t) = N 0 e 
−λt . (2) 

Here N 0 represents the number of stars of age t born in the donor 
radial bin. For the intermediate radial bin, there are stars both 
coming from the donor radial bin and leaving to the outer radial bin. 
Assuming the fraction λ independent of radius and zero local star 

formation, we can write the differential equation for the intermediate 
radial bin as 

d N 2 

d t 
= λN 1 ( t) − λN 2 ( t) , (3) 

where N 2 ( t ) is the number of stars in the intermediate radial bin. 
The first term in the right part of the equation describes the stars 
moving from the donor radial bin and the second represents those 
migrating to the outer radial bin. The solution of equation (3) is 

N 2 ( t) = λN 0 te 
−λt . (4) 

Finally, for the outer radial bin, we only consider stars moving from 

intermediate radial bin without leaving to larger radii and therefore 
the differential equation can be written as 

d N 3 

d t 
= λN 2 ( t) , (5) 

with the solution of 

N 3 ( t) = N 0 − N 0 e 
−λt − λN 0 te 

−λt . (6) 

Fig. 10 shows the results of our simulation with migration fraction 
of 6 per cent per Gyr (bottom panels) and the comparison with 
observations (top panels) in the age–[Fe/H] plane. The simulation 
well reproduces the increasing concentration of stars towards older 
age with increasing radius. Note that the normalized age–[Fe/H] 
distribution of simulation is not sensitive to the absolute value of 
the migration fraction. 

Fig. 11 compares the simulated and observed distributions from 

Fig. 10 separately in [Fe/H] (top row) and age (bottom row). 
The observed distributions are indicated with solid lines, while 
the simulated distributions are shown as dashed lines. It can be 
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Figure 7. Similar to Fig. 5 but for mono-age MDFs at age of 5 Gyr. 

Figure 8. The contributed fraction of stars born at different birth radii (indicated by the colour of the lines) to bins of present-day guiding radii, derived from 

the decomposition of mono-age MDFs described in Section 3.2.2. The left-hand panel shows the results for the stars of age = 2 Gyr, and right-hand panel for 
age = 3 Gyr. 

seen that the simulated distribution well matches the observed 
age distributions at 15 < r guide < 19 kpc with continuous shift 
towards older age at larger radii (i.e. positive age gradient). The 
predicted [Fe/H] distribution shifts slightly to wards lo wer [Fe/H] 

at larger radii, qualitatively consistent with the observed trend but 
quantitatively not sufficient to explain the data. This discrepancy is 
possibly related to the relatively more uncertain age measurements 
for metal-poor stars (Section 2). A more significant shift in [Fe/H] 
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Table 2. Contributed fraction of stars born at different birth radii to each present radius (shown in Fig. 8 ). 

Age Birth radius Present radius 
[1,3] [3,5] [5,7] [7,9] [9,11] [11,13] 

[1,3] 0.605 ± 0.276 0.0 ± 0.083 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.001 
[3,5] 0.0 ± 0.144 0.681 ± 0.12 0.287 ± 0.027 0.0 ± 0.003 0.0 ± 0.001 0.002 ± 0.001 

2 Gyr [5,7] 0.347 ± 0.195 0.16 ± 0.073 0.401 ± 0.031 0.253 ± 0.016 0.043 ± 0.007 0.0 ± 0.001 
[7,9] 0.0 ± 0.006 0.14 ± 0.072 0.276 ± 0.047 0.422 ± 0.036 0.0 ± 0.004 0.0 ± 0.0 
[9,11] 0.0 ± 0.0 0.02 ± 0.044 0.0 ± 0.04 0.326 ± 0.03 0.938 ± 0.03 0.0 ± 0.021 

[11,13] 0.048 ± 0.056 0.0 ± 0.001 0.036 ± 0.017 0.0 ± 0.0 0.019 ± 0.022 0.998 ± 0.034 

[1,3] 0.562 ± 0.175 0.102 ± 0.059 0.0 ± 0.014 0.0 ± 0.002 0.0 ± 0.0 0.0 ± 0.0 
[3,5] 0.108 ± 0.159 0.426 ± 0.09 0.236 ± 0.027 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

3 Gyr [5,7] 0.163 ± 0.098 0.291 ± 0.06 0.391 ± 0.027 0.283 ± 0.011 0.074 ± 0.007 0.01 ± 0.006 
[7,9] 0.121 ± 0.079 0.161 ± 0.035 0.271 ± 0.034 0.476 ± 0.025 0.283 ± 0.021 0.065 ± 0.031 
[9,11] 0.046 ± 0.044 0.0 ± 0.008 0.03 ± 0.041 0.144 ± 0.037 0.437 ± 0.041 0.122 ± 0.063 

[11,13] 0.0 ± 0.018 0.021 ± 0.017 0.073 ± 0.021 0.097 ± 0.023 0.206 ± 0.026 0.803 ± 0.048 

Figure 9. Cumulative fraction of stars formed at different distances from their current radii. Each line indicates one present-day radial bin as illustrated in the 
legend in the left-hand panel. The first point on each line indicates the fraction of stars formed locally. Data points at larger � r include stars that migrated from 

larger distances to the present radius. Inserted panel: contributed fraction at each present radius and age bin as a function of migration distance. The colour 
scheme is the same as the main plot. 

distribution is expected if the ages of the metal-poor stars and 
therefore the number of these stars migrated to larger radii are 
underestimated. 

Note that for simplicity we assume migration only comes from a 
single radial bin at 13 < r guide < 15 kpc. In reality there will also 
have migrated stars from < 13 kpc, which need to be considered 
when to quantify the migration strength in the very outer disc. 
To achieve that, a numerical simulation that considers the density 
distribution o v er a wide radial range is probably needed. Since the 
goal of this section is to qualitatively illustrate that the observed 
age–[Fe/H] distribution in the very outer disc at r > 15 kpc can 
be explained with radial migration, we do not explore the more 
realistic and complex model in this work. 

5  DI SCUSSI ON  

5.1 Potential obser v ational bias 

The results of this work rely on the radial comparison of stellar 
distributions in the age–[Fe/H] plane, which may be affected by 
potential bias in the sample selections at various radii. Here we 
discuss two potential sources of bias in the sample selection: the 
stellar parameters and the definition of radius. 

It has been shown that radial variations in APOGEE’s stellar 
parameter distributions could introduce artificial variations in the 
stellar chemical abundance distributions (due to the surv e y’s ob- 
serv ational design; e.g. Grif fith et al. 2021 ). To verify our results 
against this potential bias, we resample the log( g )–T eff distribution 
at all radii to match that of the radial bin at 3 < r guide < 5 kpc. 
Fig. A1 shows the median trend of the median age–[Fe/H] relations 
at different radii, after this resampling. The radial variation of these 
two sequences are consistent with that of the original sample shown 
in Fig. 3 – i.e. little radial dependence at age > 6 Gyr within solar 
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Figure 10. Comparison between the observed (top row) and simulated distributions (bottom row) in the age–[Fe/H] plane at different radii. The simulation 
starts with the distribution at 13 < r guide < 15 kpc, and then predicts the distribution at larger radial bins considering only radial migration processes. 

radius and significant radial variation at age < 6 Gyr. We have also 
conducted mono-age MDF decompositions for the sample after 
resampling in the log( g )–T eff space and found the fraction of locally 
formed and migrated stars to remain in line with the results presented 
in Section 4.1. This suggests that our results are robust against the 
dependence of chemical abundances on stellar parameters. 

We also inspect the dependence of our results on our choice of 
Galactic radius. The guiding radius of a star represents the circular 
orbit that has the same angular momentum of the star, which could 
be significantly different from its instantaneous Galactocentric 
radius when the star’s orbit has non-zero eccentricity and/or strong 
epicycle motion. The determination of a star’s guiding radius relies 
on the knowledge of its position in the Galaxy and the Galactic 
gravitational potential well. Thus the measurement of a star’s 
present location (e.g. Galactocentric radius) is more direct and 
precise compared to the measurement of the star’s average location 
(e.g. the guiding radius). To verify whether the radial trend reported 
here is dependent on the choice of the radius definition, we select 
our sample using Galactocentric radius and show the comparison 
of the age–[Fe/H] sequences at various radii in Fig. A2 . The 
radial variations of the two age–[Fe/H] sequences are remarkably 
consistent with the sample selected by guiding radius shown in 
Fig. 3 . A similar mono-age MDF analysis (Section 4.1) is also 
performed for this sample selected by Galactocentric radius. The 
obtained strength of radial migration is in good consistency with 
our previous results. Therefore our results are not significantly 
dependent on the usage of either guiding or Galactocentric radius. 

5.2 Comparison to other studies 

While widely regarded as an important process shaping the disc 
structure within the Milky Way and other galaxies, constraining 
the strength of radial migration from observations is difficult. 
Current measurements of radial migration strength are mostly made 
in simulated galaxies. One of the first detailed quantifications of 
radial migration strength in numerical simulations was conducted 
by Halle et al. ( 2015 ). By examining an N -body simulation of an 
Sb-type disc galaxy, Halle et al. ( 2015 ) estimated the migration 
fraction (number of migrators compared to the entire population) 
as a function of both radius and time. In this bar-dominated 
simulated galaxy, the migration strength peaks at radius of the 
bar cororation resonance. Outwards migration is generally more 
efficient than inwards migration, except at the innermost region, 
owing to the ne gativ e density profile, and the outward migration 
distance increases with birth radius. Within 3 Gyr, 68 per cent 
stars have migrated by 1.8 kpc in Galactocentric radius. Only a 
small fraction ( ∼5 per cent) of stars mo v ed farther than 4 kpc 
away in terms of guiding radius from their birth places. Over an 
longer evolution time of 9 Gyr, the migration distance increases to 
2.9 kpc and fraction of long-distance migration ( > 4 kpc) is less 
than 20 per cent. These results are in good consistency with our 
estimates obtained from observations described in Section 4.1. 

A comparable strength of radial migration was reported in a Milky 
Way-like simulation by Ro ̌skar et al. ( 2008b ) (see also Loebman 
et al. 2011 ). In this simulation, while 25 per cent of the entire disc 
stellar population migrated more than 2 kpc o v er an evolution time 
of 10 Gyr, more than half of the stars in the solar cylinder today (7.5 
< r GC < 8.5 kpc) mo v ed at least 2 kpc from their birth radius (Ro ̌skar 
et al. 2008a ). Assuming a Gaussian profile for the migration distance 
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Figure 11. Comparison between the observed and simulated distributions in [Fe/H] (top row) and age (bottom row). Each column indicates one radial bin. 
The solid line in each panel denotes the observed [Fe/H] or age distribution, and the shaded region represent Poisson errors. In the two outer radial bins, the 
dotted line denotes the observed distribution in the donor radial bin for reference and the dashed line represents the simulated distribution. 

distribution, this suggests an average migration distance of 2.4 kpc 
and 68 per cent stars migrated by up to 3.0 kpc. A similar strength of 
radial migration is also found in other simulations (Beraldo e Silva 
et al. 2021 ; Khoperskov et al. 2021 ). Beraldo e Silva et al. ( 2021 ) 
reported a fraction of 55 and 35 per cent in the old thin and thick disc 
stars migrated from their birth radii by more than 2 kpc. A stronger 
radial migration was found by Kubryk et al. ( 2013 ) in a simulated 
disc galaxy with a strong and long bar. Adopting an empirical 
correction to account for the difference in bar strength between 
this simulated galaxy and the Milk y Way, the av erage migration 
distance of stars born at solar radius and 3 Gyr ago is 2.8 kpc 
(Kubryk et al. 2015 ). Interestingly, the radial migration distance 
in this simulated galaxy decreases with birth radius and time, 
which are qualitatively consistent with the findings in our work. 
Khoperskov et al. ( 2021 ) found a fraction of 50 per cent stars in their 
simulated galaxies mo v e up to 2 kpc from their birth radii and about 
10 per cent stars are extreme migrators with migration distance 
greater than 5 kpc. Interestingly, they found that the bimodal [ α/Fe]–
[Fe/H] distribution is mainly established by the local star formation 
and chemical enrichment process during the thick and thin disc 
formation and the global chemical pattern is not strongly reshaped 
by the radial migration (see also in Grand et al. 2018 , but a different 
result in Sharma et al. 2021 )). Using N -body simulations, Minchev 
et al. ( 2011 ) found that a strong radial migration in churning mode 
(i.e. efficient exchange of angular momentum) can be induced by 
resonance o v erlap of multiple patterns (e.g. bars and spiral arms). 

To enable a rough but direct comparison between the radial 
migration strength measured in different works, we convert the 
various references to migration strength to the same definition, 

Table 3. Migration distance estimates from simulations or observations in 
previous works. 

Reference Mean (Std) Comment 
migration distance 

kpc 

Ro ̌skar et al. ( 2008b ) 2.4 (3.0) a Simulation 
Kubryk, Prantzos & Athanassoula ( 2015 ) 2.8 (3.6) b Simulation 
Halle et al. ( 2015 ) 1.4 (1.8) b Simulation 
Frankel et al. ( 2018 ) 1.7 (2.2) b Observation 
Frankel et al. ( 2020 ) 1.4 (1.8) b Observation 
Beraldo e Silva et al. ( 2021 ) 2.1 (2.7) a Simulation 
Khoperskov et al. ( 2021 ) 2.4 (3.0) a Simulation 

All estimates are in Galactocentric radius. The migration distance distri- 
bution is assumed to follow a half normal distribution to convert different 
migration distance estimates to the same basis and enable direct comparison 
between them. a Migration distance o v er 10 Gyr. 
b Migration distance o v er 3 Gyr. 

i.e. mean migration distance of the whole population. A Gaussian 
migration distance distribution is assumed for this conv ersion. F or 
reference, we also calculate the standard deviation of migration 
distance distribution, which is the distance that 68 per cent stars 
have stayed within their birth radii. Table 3 includes the converted 
mean and standard deviation of migration distance reported in the 
simulation and observation works mentioned abo v e. Note that all 
estimates are in Galactocentric radius and in some simulations only 
the migration distance o v er a long evolution time of 10 Gyr is avail- 
able. Interestingly, after considering the different time-scale of these 
estimates, the strength of radial migration measured in different 
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Table 4. Mean (standard deviation of) migration distance at each present 
radius and age bin. 

Age Present radius Migration distance 
(Gyr) (kpc) (kpc) 

1 < r guide < 3 2.17 (2.71) 
3 < r guide < 5 1.34 (1.67) 

2 5 < r guide < 7 1.54 (1.92) 
7 < r guide < 9 1.37 (1.71) 

9 < r guide < 11 0.68 (0.85) 
11 < r guide < 13 0.51 (0.64) 

1 < r guide < 3 2.24 (2.80) 
3 < r guide < 5 1.81 (2.25) 

3 5 < r guide < 7 1.76 (2.20) 
7 < r guide < 9 1.48 (1.85) 

9 < r guide < 11 1.49 (1.86) 
11 < r guide < 13 0.96 (1.20) 

simulated galaxies, except for that in Kubryk et al. ( 2013 ), is roughly 
consistent. 

Unlike the direct measurements from simulation, quantification 
of radial migration strength from observations is much more 
difficult, due to the complex interplay of multiple astrophysical 
processes (e.g. gas accretion, star formation, and radial migration) 
and observational uncertainties and systematics that all shape the 
observations. Thanks to the advancements in observations in the 
last decade, we are now able to obtain robust stellar chemistry and 
age information across a large portion of the Galaxy, which greatly 
impro v es our ability to infer properties of radial migration from the 
data. 

Based on an empirical model that allows radial migration to vary, 
Frankel et al. ( 2018 ) quantitatively fit the observed age–[Fe/H] 
distribution of red clump stars (from the APOGEE surv e y) as a 
function of radius within 5 < r GC < 15 kpc. The best-fitted radial 
migration parameter suggests 68 per cent stars have migrated within 
a distance of 3.6 

√ 

τ/ 8 Gyr kpc, where τ indicates the length of 
the evolution time. The migration distance was assumed to follow 

a Gaussian distribution. It is implied that stars at age of 3 Gyr 
hav e mo v ed systematically, either in- or outwards, by 1.7 kpc 
on average (or up to 2.2 kpc for 68 per cent stars). A lower 
value of average migration distance (1.4 kpc) was suggested by 
Frankel et al. ( 2020 ) using more recent data (APOGEE DR14) 
and updated models with more complex form of metallicity radial 
profile. 

At an age of 3 Gyr, we find half of the stars at most present 
radii were formed locally, with average radial displacement less 
than 1 kpc, and another one-third formed nearby with an average 
displacement of 2 kpc. If assuming an average displacement of 
0.5 kpc for the stars formed in the local radial bin, we calculate 
mean and standard deviation of migration distance for each present 
radius and age bin, which are listed in Table 4 . Except for the inner 
most radial bin, the average migration distance is 0.5–1.6 kpc at 
age of 2 Gyr and 1.0–1.8 kpc at age of 3 Gyr. These results are in 
good agreement with the estimate in the Milky Way in Frankel et al. 
( 2020 ) as well as in simulated galaxies as summarized in table 3. 
Our estimates of migration distance at the inner disc within solar 
radius are higher than that in the disc beyond, suggesting that the 
bar might be more ef fecti ve than the spiral arm in driving radial 
migration. 

Figure 12. Radial values of the intrinsic [Fe/H] (filled symbols, solid lines) 
and average [Fe/H] (open symbols, dashed lines) for mono-age populations 
at 2 (blue circles) and 3 Gyr (orange squares). 

5.3 Radial migration’s effect on the Galactic metallicity 
gradient 

The assumption adopted here that the peak [Fe/H] of the observed 
MDF is the same as the birth MDF allows us to map the radial 
distribution of the [Fe/H] of the ISM at a given look-back time. 
From the observed MDF we derive the mean [Fe/H], whose radial 
distribution incorporates the effect of radial migration. Fig. 12 
shows the radial distribution of the intrinsic and average [Fe/H] 
for mono-age populations at 2 and 3 Gyr. We calculate the radial 
gradients of the intrinsic and present average [Fe/H] for each mono- 
age population, which are shown in the top right-hand legend. It is 
interesting to note that the metallicity gradient seems to be steepest 
at intermediate radial bins and flattens at both smaller and larger 
radii. 

The intrinsic metallicity gradient at an age of 2 Gyr is 
−0.061 dex kpc −1 , which is comparable or slightly flatter than the 
metallicity gradient of young stars reported in Bergemann et al. 
( 2014 ) ( −0.076 dex kpc −1 for stars with ages < 7 Gyr and | z | 
within 300 pc), Anders et al. ( 2017 ) ( −0.066 dex kpc −1 at age 
between 1 and 2 Gyr), OB stars in Bragan c ¸a et al. ( 2019 ) ( −0.07–
0.09 dex kpc −1 at 8 < r GC < 16 kpc), Hasselquist et al. ( 2019 ) 
( −0.06 dex kpc −1 ), Feuillet et al. ( 2019 ) ( −0.059 dex kpc −1 ), young 
open clusters in Zhang, Chen & Zhao ( 2021 ) ( −0.074 dex kpc −1 ), 
and of Cepheids in Genovali et al. ( 2014 ) ( −0.06 dex kpc −1 ) and 
Minniti et al. ( 2020 ) ( −0.062 dex kpc −1 ), but is steeper than that of H 

II re gions deriv ed by Balser et al. ( 2011 ) ( ∼−0.03–0.04 dex kpc −1 ), 
OB stars in Daflon & Cunha ( 2004 ) ( −0.042 dex kpc −1 ), and of 
young (age < 1 Gyr) planetary nebulae in Stanghellini & Haywood 
( 2018 ) ( −0.027 de x kpc −1 ). F or both the peak and average [Fe/H], 
the radial gradient is flatter at younger ages. Such flattening of 
metallicity gradient with time in the past few Gyr is also reported 
in Anders et al. ( 2017 ),Minchev et al. ( 2018 ), and Hasselquist et al. 
( 2019 ). It is likely a result of a faster enrichment in the recent past 
(leading to a steeper slope of the age–[Fe/H] relation at young ages) 
in the outer disc, compared to the inner regions. Compared to the 
peak [Fe/H], the radial gradient of average [Fe/H] is flatter, a result 
of extra mixing caused by radial migration. Such flattening of the 
metallicity gradient due to radial migration is also predicted by 
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Galaxy evolution models and simulations (e.g. Kubryk et al. 2013 ; 
Minchev, Chiappini & Martig 2014 ; Vincenzo & Kobayashi 2020 ). 

6  SU M M A RY  

In this work we investigate observational constraints on the radial 
migration process using age–[Fe/H] distributions across the Galaxy. 
We find that the Milky Way’s stars fall in two distinct age–[Fe/H] 
sequences: an early sequence that dominates the inner Galaxy and 
a late one most pre v alent in the outer Galaxy. At intermediate solar 
radius, these age–[Fe/H] sequences o v erlap, resulting in a complex 
age–[Fe/H] pattern that implies a complex star formation history 
in the solar neighbourhood. By comparing the median age–[Fe/H] 
relation at different radii, we find that the disc at r > 6 kpc presents a 
broken age–[Fe/H] relation with a more pronounced break at larger 
radii, which is possibly a result of a metal-poor gas accretion event. 
At a given age, the metallicity is systematically lower at larger radii 
at age < 6 Gyr, but nearly constant with radius at age > 6 Gyr. We 
have confirmed that these results are robust against the systematic 
dependence of abundances on stellar parameters and against our 
choice of guiding or Galactocentric radius. 

To obtain observational constraints on the radial migration and 
minimize the effect of a radially variant star formation history, we 
perform a detailed analysis of the MDFs of mono-age populations 
at different radii within 13 kpc of the Galactic center. From the outer 
disc to the inner Galaxy, the mono-age MDFs become significantly 
broader, with more pronounced tails at low [Fe/H]. This trend can 
be explained by radial migration ef fects. Gi ven the radial variation 
of [Fe/H] at a given age for young stars, we use [Fe/H] as a tracer of 
a star’s birth radius and decompose the mono-age MDFs at 2, 3, and 
5 Gyr at each present-day radius into different Gaussian components 
originating from various birth radii. The reconstructed MDFs match 
well the observed ones at 2 and 3 Gyr, but are inconsistent with the 
observations at 5 Gyr. The discrepancy at 5 Gyr implies that the 
birth MDF at this age may not be a narrow symmetric Gaussian 
profile but rather span a wide range in [Fe/H], likely due to a recent 
dilution process triggered by a late gas accretion event that occurred 
around ∼6 Gyr ago (Lian et al. 2020a ). The radial distribution of 
the peak [Fe/H] of the mono-age MDF is steeper than that of the 
average [Fe/H] for both mono-age populations at age of 2 and 
3 Gyr, indicative of a flattening of the metallicity gradient due to 
radial migration. 

The decomposition results suggest that, for stars with age of 2 
and 3 Gyr, about half of them were formed locally (within 1 kpc 
of their present radius) and the majority (abo v e 80 per cent) formed 
within 2 kpc on average. Very few stars (fewer than 5 per cent) were 
formed farther than 4 kpc away from their present radius, suggesting 
inefficient long-distance migration in the recent past of the Milky 
Way. Assuming a migration distance of 0.5 kpc for stars remained 
in the birth radial bin, we obtain an average migration distance of 
0.5–1.6 and 1.0–1.8 kpc at age of 2 and 3 Gyr, respectively, which 
are in good consistence with other estimates of radial migration 
strength measured in simulated galaxies and our Milky Way on the 
same time-scale (Halle et al. 2015 ; Frankel et al. 2020 ). 

At radii beyond 13 kpc, there is a clear trend of increasing 
concentration of stars in the old, low-metallicity regime with 
increasing radius. This radial trend results in a ne gativ e metallicity 
gradient and a positive age gradient in the very outskirts of the 
Galactic disc. To test whether this radial trend can be explained by 
radial migration, we conduct a simple test that takes the observations 
at 13 < r guide < 15 kpc and mimics the distribution in age–[Fe/H] at 
larger radii considering radial migration under the assumption that 

no stars are formed locally at those radii during this period. We find 
that the observed age–[Fe/H] distribution, especially the age distri- 
bution, beyond 15 kpc can be well explained by radial migration 
alone. 

The results presented in this paper impose strong constraints on 
the radial migration strength in the Milky Way, which could also be 
useful references for Milky-Way-like galaxy simulations. 
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DATA  AVA ILA BILITY  

The data underlying this paper is from an internal incremental 
release of the SDSS-IV/APOGEE surv e y, following the SDSS-IV 

public Data Release 16 (using reduction pipeline version r13). This 
incremental catalogue is anticipated to be made public in a future 
post-DR17 release. 
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APPEN D IX  A :  TESTING  T H E  EFFECT  O F  

STELLAR  PA R A M E T E R S  A N D  C H O I C E  O F  

G A L AC TO C E N T R I C  R A D I U S  

Figure A1. Same as Fig. 3 but showing the sample after resampling in 
log( g )–T eff to the radial bin at 3 < r guide < 5 kpc. 
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Figure A2. Same as Fig. 3 but showing the sample selected using Galactocentric radius. 
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