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ABSTRACT
Metallicities of both gas and stars decline toward large radii in spiral galaxies, a trend known as the radial

metallicity gradient. We quantify the evolution of the metallicity gradient in the Milky Way as traced by
APOGEE red giants with age estimates from machine learning algorithms. Stars up to ages of ∼9 Gyr follow
a similar relation between metallicity and Galactocentric radius. This constancy challenges current models of
Galactic chemical evolution, which typically predict lower metallicities for older stellar populations. Our results
favor an equilibrium scenario, in which the gas-phase gradient reaches a nearly constant normalization early in
the disk lifetime. Using a fiducial choice of parameters, we demonstrate that one possible origin of this behavior
is an outflow that more readily ejects gas from the interstellar medium with increasing Galactocentric radius.
A direct effect of the outflow is that baryons do not remain in the interstellar medium for long, which causes
the ratio of star formation to accretion, ¤Σ★/ ¤Σin, to quickly become constant. This ratio is closely related to the
local equilibrium metallicity, since its numerator and denominator set the rates of metal production by stars and
hydrogen gained through accretion, respectively. Building in a merger event results in a perturbation that evolves
back toward the equilibrium state on ∼Gyr timescales. Under the equilibrium scenario, the radial metallicity
gradient is not a consequence of the inside-out growth of the disk but instead reflects a trend of declining ¤Σ★/ ¤Σin
with increasing Galactocentric radius.

Keywords: Galaxy chemical evolution, Milky Way disk, Milky Way evolution, Chemical enrichment, Chemical
abundances, Galactic winds

1. INTRODUCTION
Spiral galaxies are metal-rich at small radii and metal-poor

at large radii. The metal mass fraction 𝑍 in both gas (e.g.,
Wyse & Silk 1989; Zaritsky 1992) and stars (e.g., Chen et al.
2003; Daflon & Cunha 2004; Cheng et al. 2012) declines
exponentially with Galactocentric radius (more commonly

Corresponding author: James W. Johnson
jjohnson10@carnegiescience.edu

∗ NSF Astronomy and Astrophysics Postdoctoral Fellow

expressed as a linear relation in log 𝑍; e.g., with [O/H] or
[Fe/H]), a correlation known as the radial metallicity gra-
dient. Thanks to the success of spectroscopic surveys, mea-
surements are now available for thousands of external galaxies
out to increasingly high redshift (e.g., Maiolino & Mannucci
2019; Sánchez 2020). First quantified through nebular emis-
sion lines in HII regions (Aller 1942; Searle 1971; Shaver
et al. 1983), the presence and ubiquity of gradients are often
interpreted as evidence of “inside-out” disk growth, in which
the inner disk assembles first and the outskirts follow suit on
longer timescales (e.g., Matteucci & Francois 1989; White &
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Frenk 1991; Kauffmann 1996; Bird et al. 2013). In this view,
the outer regions of spirals have not reached high metallicity
because they have not had enough time to do so. In this pa-
per, we propose an alternative view, namely that metallicity
evolves toward an equilibrium state (Finlator & Davé 2008;
Andrews et al. 2017; Weinberg et al. 2017), and this equilib-
rium abundance declines with Galactocentric radius (Johnson
et al. 2021; hereafter J21).

A common approach to constrain the evolution of the metal-
licity gradient in the Milky Way (MW) is to analyze mono-
age stellar populations. This methodology is based on the
expectation that stars inherit the chemical composition of the
local interstellar medium (ISM) when they form (to within
≲0.02 − 0.03 dex; De Silva et al. 2006; Bovy 2016; Liu et al.
2016; Casamiquela et al. 2020). Application of this procedure
is limited to the MW where large samples of resolved stars
are feasible. Despite the wealth of observationally accessible
targets, the evolution in the ISM metallicity gradient is only
weakly constrained. One source of uncertainty is radial mi-
gration (e.g., Sellwood & Binney 2002), which can carry stars
several kpc from their birth radius where their abundances no
longer reflect the Galactic region in which they formed. An-
other source is the difficulty associated with precision age
measurements for stars (see, e.g., the reviews by Soderblom
2010 and Chaplin & Miglio 2013). Many investigations thus
far have used spectral types that coarsely trace underlying
populations at young, intermediate, and old ages, such as OB
stars (e.g., Daflon & Cunha 2004), Cepheid Variables (e.g.,
Andrievsky et al. 2004; Luck et al. 2006, 2011; Luck & Lam-
bert 2011; Yong et al. 2006), open clusters (e.g., Friel 1995;
Chen et al. 2003; Magrini et al. 2009), and planetary nebulae
(e.g., Maciel et al. 2003; Henry et al. 2010; Stanghellini &
Haywood 2010; Magrini et al. 2016).

Precise age measurements for red giants are particularly
valuable for constraining the enrichment history of the MW
disk, since they are accessible at large distances due to their
high luminosities. Of the current methods for measuring
stellar ages, asteroseismology is the most reliable for red gi-
ants. Modeling their photometric variability constrains their
masses and evolutionary states (e.g., De Ridder et al. 2009;
Bedding et al. 2010, 2011; Hekker & Christensen-Dalsgaard
2017), which enables an age inference based on the mass-
lifetime relation (e.g., Larson 1974; Maeder & Meynet 1989;
Padovani & Matteucci 1993; Kodama & Arimoto 1997; Hur-
ley et al. 2000). Joint catalogs of seismic ages and metal abun-
dances from spectroscopic surveys (e.g. APOKASC; Pinson-
neault et al. 2014, 2018, 2024) are therefore highly valuable.
Some authors have trained neural networks on these catalogs
in order to predict the asteroseismic data from the spectrum
and construct large samples of ages (e.g., Ness et al. 2016;
Mackereth et al. 2019; Leung et al. 2023; Stone-Martinez
et al. 2024).

The combination of asteroseismology and spectroscopy has
been a popular choice in recent investigations of the age-
abundance structure of the Galactic disk (e.g., Anders et al.
2017; Silva Aguirre et al. 2018; Spitoni et al. 2019; Lian
et al. 2020a,b; Matsuno et al. 2021). A result of particular
interest to this paper is that old and intermediate-aged stars at
fixed Galactocentric radius are not significantly more metal
poor than young stars. Willett et al. (2023) demonstrate that
conventional models of Galactic chemical evolution (GCE)
underpredict the metallicities of old populations. Gallart et al.
(2024) showed that stellar metallicity does not correlate sig-
nificantly with age up to ∼10 Gyr in six different age catalogs
(see their Figure 13; Xiang & Rix 2022; Queiroz et al. 2023;
Kordopatis et al. 2023). The relationship between metallic-
ity and Galactic radius also does not correlate significantly
with age in the latest catalogs of open clusters and Cepheid
variables (Spina et al. 2022; da Silva et al. 2023). Some
investigations have found variations in gradient slopes with
stellar age (e.g., Carbajo-Hijarrubia et al. 2024), but the result
we highlight here is that these variations occur at roughly
constant normalization in the metallicity-radius plane.

The apparent lack of decline in stellar metallicities across
such a broad range of age demands a theoretical explanation.
Such a result is not naturally predicted by “classical” GCE
models, which imply that metallicities should decline toward
old ages because ongoing star formation leads to ongoing
metal production (see, e.g., the reviews by Tinsley 1980 and
Matteucci 2021). To provide this explanation, this paper ad-
vocates for an equilibrium scenario as the origin of radial
metallicity gradients. The defining feature of the equilibrium
scenario is that the ISM metallicity 𝑍 at fixed radius does not
evolve significantly with time after the first ∼few Gyr of disk
evolution. Instead, 𝑍 rapidly evolves toward a local equilib-
rium abundance 𝑍eq, which declines with radius in a manner
that tracks the observed gradient. The roots of equilibrium
chemical evolution can be traced back to Larson (1974), who
showed that in the presence of ongoing accretion, the ISM
metallicity evolves toward an equilibrium at which metal pro-
duction by stars is balanced by losses to star formation and
dilution by metal-poor accreted gas.

Variations in the equilibrium abundance have played a cen-
tral role in models of the mass-metallicity relation (MZR)
for galaxies over the past ∼15 years. High mass galaxies
tend to be more metal-rich than their low mass counterparts
in terms of both gas (e.g., Tremonti et al. 2004; Andrews &
Martini 2013; Zahid et al. 2012; Blanc et al. 2019) and stel-
lar populations (e.g., Gallazzi et al. 2005; Kirby et al. 2013;
Simon 2019). This trend is often attributed to low mass
galaxies more readily ejecting gas in a wind due to their weak
gravitational fields (e.g., Finlator & Davé 2008; Peeples &
Shankar 2011; Zahid et al. 2012; Lilly et al. 2013; Sanders
et al. 2021; Chartab et al. 2023). Sánchez-Menguiano et al.
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𝑡 → 𝑡 + Δ𝑡

Outflow
−16 H
−2 Z

Star Formation
−8 H
−1 Z

Dying Stars
+3 H recycled
+3/8 Z previously produced
Enrichment: +13/8 Z

Accretion
+13 HZISM = 1:8 ZISM = 1:8

Net change in Z
Net change in H

=
−1 Z
−8 H

= 𝑍𝑒𝑞

Figure 1. A cartoon of the equilibrium scenario in our models. We depict the ISM fluid as discrete units, each one unit of metals (Z, blue) and
eight units of H (red), so that the composition is countable by eye. Over the course of one timestep (left to right), a region of the ISM loses one
unit to star formation and two to outflows. Simultaneously, dying stars return three H’s and two Z’s, while 13 H’s are gained through accretion.
The result is a net loss of one fluid element. The defining feature of equilibrium chemical evolution is that the mixture is unaffected.

(2024a,b) recently showed that the scatter in the MZR de-
creases when quantified in terms of gravitational potential
instead of stellar mass, suggesting that metallicity is more
sensitive to the local gravity field than just the amount of
mass present. One might therefore expect similar effects if
outflows become more efficient as the disk surface density
drops with increasing Galactocentric radius. While the MZR
literature invokes variations in chemical equilibrium between
galaxies, our proposed equilibrium scenario invokes these
variations within individual spirals.

Figure 1 shows a cartoon of the equilibrium state that arises
in the models in this paper. Over a small time interval, the
ISM undergoes an episode of star formation. The resultant
feedback from massive stars and SNe launches an outflow.
At the same time, the ejected envelopes of dying stars are
incorporated into the star forming ISM, and some amount of
metal-poor gas is accreted. In the equilibrium state, these pro-
cesses lead to net changes in the surface densities of metals
and hydrogen that are in the same proportion as the metal-
licity itself. The composition of this region of the ISM is
unaffected, despite a change in mass. The equilibrium state
is self-stabilizing, since the H gained through accretion fuels
star formation, which then produces metals to compensate
for the effect of dilution. The stable equilibrium is therefore
noticeable on ≳1 Gyr timscales, since stars are expected to
re-enrich the ISM quickly following an accretion event (e.g.,
Dalcanton 2007; Johnson & Weinberg 2020). This paper is
centered around these central themes, as well as how the rel-

ative rates of accretion, star formation, and ejection induce
variations in the equilibrium metallicity with Galactocentric
radius.

Our GCE models build on the approach of J21. For any
study of stellar metallicity gradients, the radial migration of
stars is a potentially important process (e.g., Sellwood & Bin-
ney 2002; Schönrich & Binney 2009; Minchev et al. 2013,
2014). Following J21, we incorporate stellar migration us-
ing a recipe calibrated to the predictions of a hydrodynamic
simulation of a MW-like galaxy. Radial gas flows may also in-
fluence metal abundances across the Galactic disk, but their
treatment is uncertain (e.g., Lacey & Fall 1985; Spitoni &
Matteucci 2011; Bilitewski & Schönrich 2012). For simplic-
ity, we ignore radial gas flows in this paper; the primary factor
that governs metallicity gradients, as in J21, is the gas outflow
efficiency. We will examine models incorporating radial gas
flows in future work.

In Section 2 below, we present evidence in support of the
argument that stellar metallicities are age-independent up to
at least ∼9 − 10 Gyr. In Section 3, we construct a set of
GCE models that illustrate the equilibrium scenario and con-
trast them with models in which stellar abundances do not
reflect an equilibrium state. In Section 4, we compare the
predictions of these models with our sample of MW stars and
highlight the key differences between parameter choices. We
discuss our models in the context of previous GCE models in
the literature as well as the broader scope of galactic astro-
physics in Section 5. We summarize our findings in Section
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6. In Appendix A, we present additional measurements of the
Galactic abundance gradient in mono-age populations using
a second age catalog as an additional test. In Appendix B,
we describe how we determine input parameters for our GCE
models in detail.

2. EMPIRICAL AGE AND METALLICITY GRADIENTS
2.1. The Sample

There are many spectroscopic surveys to choose from to
characterize the age-abundance structure of the Galactic disk,
such as LAMOST (Luo et al. 2015), GALAH (De Silva et al.
2015; Martell et al. 2017), Gaia-ESO (Gilmore et al. 2012),
and APOGEE1 (Majewski et al. 2017). APOGEE is par-
ticularly conducive to this task, since it targets luminous
evolved stars accessible at large distances and is less sus-
ceptible to dust obscuration with spectra taken at near-IR
wavelengths (𝜆 = 1.51 − 1.70 𝜇m; Wilson et al. 2019). In
this paper, we focus on the AstroNN value added catalog2 for
APOGEE’s seventeenth data release (DR17; Abdurro’uf et al.
2022). In making the age measurements for the original value
added catalog, Mackereth et al. (2019) used AstroNN (Le-
ung & Bovy 2019a) to train a Bayesian convolutional neural
network on APOGEE DR14 spectra and asteroseismic ages
from APOKASC-2 (Pinsonneault et al. 2018). Retrained on
DR17 spectra, the new catalog improves the performance at
low metallicity by incorporating additional asteroseismic data
from Montalbán et al. (2021) and provides individual stellar
abundances (Leung & Bovy 2019a) and distances (Leung &
Bovy 2019b) through Gaia-eDR3 (Gaia Collaboration et al.
2021). We discuss the differences between AstroNN and the
recent Leung et al. (2023) catalog in Section 2.4 below.

We filter the sample based on the following selection crite-
ria:

• STAR BAD == 0

• EXTRATARG == 0

• S/N ≥ 80

• log 𝑔 = 1 − 3.8

• 𝑇eff = 3400 − 5500 K

• log 𝑔 < 3 or 𝑇eff > 4000 K

The final criterion excludes the lower-right corner of the Kiel
diagram (see Figure 2 below) to avoid potential contamination
by the main sequence. Age uncertainties in the AstroNN
catalog become substantial for stars older than 𝜏 ≳ 8 − 10

1 LAMOST: Large sky Area Multi-Object fibre Spectroscopic Telescope
GALAH: GALactic Archaeology with Hermes
ESO: European Southern Observatory
APOGEE: Apache Point Observatory Galaxy Evolution Experiment

2 https:/www.sdss.org/dr18/data access/value-added-catalogs/?vac id=85

Gyr (Leung et al. 2023). Since we are most interested in thin
disk populations, we impose additional cuts on age, radius,
and midplane distance of:

• 𝜏 ≤ 10 Gyr

• 𝑅 ≤ 15 kpc

• |𝑧 | ≤ 0.5 kpc,

respectively. These criteria yield a final sample of 𝑁 = 94,387
red giant and red clump stars.

The left panel of Figure 2 shows the Kiel diagram of our
sample color coded by stellar age. Young populations are
preferentially located in the red clump, whereas the oldest
stars distribute themselves more evenly along the red giant
branch. This effect is primarily driven by actual changes in
the distribution of stars along the giant branch as a function
of population age (e.g., Girardi 2016). However, systematic
uncertainties in APOGEE abundances tend to present as spu-
rious correlations with𝑇eff and log 𝑔 (e.g., Jönsson et al. 2018;
Eilers et al. 2022). Our main conclusions could be affected
by systematics if 𝑇eff and log 𝑔 act as confounding variables
in metallicity and age, but this potential issue is not a concern
(see discussion in Section 2.4 below).

The right panel of Figure 2 shows the Galactocentric radii
and ages of each star along with the associated 1-D distribu-
tions. Our sample achieves excellent radial coverage of the
disk, particularly in the 𝑅 = 5 − 12 kpc range, where 81,580
of the 94,387 stars in our full sample reside. Coverage is
best in the solar annulus, with 30,201 stars found between
𝑅 = 7 and 9 kpc. Unless otherwise noted, we focus on bins
of Galactocentric radius and age that are 1 kpc and 1 Gyr
wide throughout this paper. A consequence of this choice
is that neighboring age bins trace truly distinct populations
more reliably for young stars than old stars, since the uncer-
tainties tend to be log-normal in shape. For example, the
distributions of the actual ages of stars in our 7 − 8 and 8 − 9
Gyr bins likely overlap to a greater extent than our 1 − 2 and
2 − 3 Gyr bins. We therefore color code the right panel of
Figure 2 by the overall age uncertainty 𝜎𝜏 as opposed to the
fractional uncertainty 𝜎𝜏/𝜏 to illustrate the extent to which
stars in neighboring bins reliably differ from one another.

The reported age uncertainties reach 𝜎𝜏 ≈ 1 Gyr or bet-
ter across much of the Galactic disk for young populations
(𝜏 ≲ 3 − 4 Gyr) and up to 𝜏 ≈ 10 Gyr near the Sun. Stellar
abundances have median uncertainties of 𝜎[Fe/H] = 0.0087
and 𝜎[O/Fe] = 0.017, which is sufficiently precise for our pur-
poses. We discuss sources of uncertainty further in Section
2.4 below.

2.2. Radial Gradients

The top panels of Figure 3 show age and abundance distri-
butions in our sample in 2-kpc bins of Galactocentric radius.

https:/www.sdss.org/dr18/data_access/value-added-catalogs/?vac_id=85


Chemical Equilibrium in the Galactic Disk 5

35004000450050005500

Teff [K]

1.0

1.5

2.0

2.5

3.0

3.5

lo
g

1
0
g

[c
m

s−
2
]

N = 94, 387

0

2

4

6

8

10

A
ge

[G
y
r]

0 5 10

R [kpc]

0

2

4

6

8

A
ge

[G
y
r]

0

1

2

N
[×

10
4
]

0 1 2

N [×104]

0

1

2

3

σ
A

g
e

[G
y
r]

Figure 2. Our sample: the AstroNN value added catalog (Mackereth et al. 2019) restricted to stars within |𝑧 | ≤ 0.5 kpc of the disk midplane
and the ranges of stellar parameters and Galactocentric radius visualized in these panels (see discussion in Section 2.1). Left: The Kiel diagram,
color coded by stellar age according to the colorbar. Right: The Galactocentric radii and ages of each star, color coded by the reported age
uncertainties according to the colorbar. Top and right panels show distributions in radius and age, respectively. Summary: By drawing stars
from across the red giant branch, we construct a large sample with excellent coverage of the Galactic disk (see discussion in Section 2.1).

We have not made any corrections for the survey selection
function, so these are distributions of observed APOGEE stars
satisfying our selection cuts as opposed to mass-weighted
distributions. In agreement with previous work (see dis-
cussion in Section 1), stars tend to be young in the outer
Galaxy and old in the inner Galaxy, with tails toward old and
young populations, respectively. The metallicity distribu-
tion function (MDF) follows a similar pattern, shifting from a
metal-rich mode to a metal-poor mode with increasing radius.
The change in the MDF shape, from positively to negatively
skewed with radius, was first noted by Hayden et al. (2015)
and interpreted as a sign of stellar migration. The age dis-
tribution shown here exhibits a similar change in shape with
radius.

We quantify the strength of these radial gradients by com-
puting summary statistics of each distribution in 1-kpc bins
of Galactocentric radius. The bottom left panel of Figure 3
shows the median age and the 16th and 84th percentiles of the
age distribution as a function of radius. A linear regression
indicates a median trend of ∇𝜏1/2 = −0.375 ± 0.036 Gyr/kpc
with an intercept of 8.21 ± 0.31 Gyr. The observed median
age closely follows this line of best-fit within 𝑅 ≲ 9 kpc,
beyond which ages begin to increase slightly with radius.

While we quantify the radial age gradient in terms of a
median trend, we use the mode to quantify the metallicity
gradient. We discuss our motivation behind this choice in
Section 5.3 below. In short, our GCE models suggest that the
mode is less susceptible to modification by stellar migration
than the mean and median. As a result, the peak of the MDF

is a better proxy for the ISM abundance at a given radius
and lookback time. To mitigate noise in the inferred mode
introduced by poisson fluctuations, we first fit a skew normal
distribution to the MDF in each radial bin and determine the
positions of the peaks with optimization.

The bottom right panel of Figure 3 shows the resultant
gradients in [O/H] and [Fe/H].3 As expected, stars tend
to decline in metallicity with increasing radius. Linear
regressions indicate slopes of ∇[O/H] = −0.062 ± 0.001
kpc−1 and ∇[Fe/H] = −0.070 ± 0.003 kpc−1, in reasonable
agreement with previous measurements from APOGEE (e.g.,
Frinchaboy et al. 2013; Myers et al. 2022). For compari-
son, we additionally plot Méndez-Delgado et al.’s (2022) fit
to the gas-phase O gradient traced by Galactic HII regions
including their estimated correction for temperature inhomo-
geneities. The two O gradients are consistent within their 1𝜎
uncertainties. For stars, the [O/H] and [Fe/H] gradients are
similar because populations near the midplane typically have
[O/Fe] ≈ 0.

2.3. Evolution of the Abundance Gradient

In this section, we quantify the evolution of the disk abun-
dance structure by repeating our measurements in Section 2.2
above in 1 Gyr bins of stellar age. After sorting based on
both age and radius, we fit for the mode of the MDF only

3 We follow conventional notation where [X/Y] ≡ log10 (𝑁X/𝑁Y ) −
log10 (𝑁X/𝑁Y )⊙ .
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to within 1𝜎.

if the bin contains at least 200 stars. We estimate statistical
uncertainties using jackknife resampling.

The top panels of Figure 4 show the resulting relationship
between metallicity and Galactocentric radius for mono-age
populations. While there are some noticeable variations be-
tween age bins, the result that is of particular importance to
this paper is that the normalization of this relationship does
not obviously change across such a broad range of ages. To
demonstrate this point further, the lower left panel shows the
[O/H] distributions in the solar annulus (𝑅 = 7 − 9 kpc) in

the same 1-Gyr age bins. There is little to no variation in the
peak of the MDF with age. If anything, the tail of the distri-
bution shifts toward slightly super-solar abundances for old
populations, which would only strengthen the argument that
old stars are more metal-rich than predicted by conventional
GCE models (see discussion in Section 1).

We apply linear regressions to these [O/H] − 𝑅 and
[Fe/H] − 𝑅 trends. The lower middle and lower right pan-
els of Figure 4 show the slopes and values at 𝑅 = 8 kpc as
functions of the age bin, which we also report in Table 1. Our
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[O/H] (left) and [Fe/H] (right) distributions in 1-kpc bins of radius, color-coded by stellar age, with young populations in cool colors and old
populations in warm colors, according to the legend in the top-left panel. Shaded regions denote the statistical uncertainty in the mode of the
MDF estimated through jackknife resampling (see discussion in Section 2.3). Bottom: The distribution in [O/H] in the solar annulus (𝑅 = 7− 9
kpc; left) in the same age bins as the top panels. Middle and right panels show the slope and value at 𝑅 = 8 kpc, respectively, inferred from
linear regressions to the metallicity gradients in each age bin, parameters of which are reported in Table 1. The error bar in the right panel marks
0 ± 0.05, broadly consistent with Wenger et al.’s (2019) measurement of the non-axisymmetric variations in Galactic HII regions. Summary:
In terms of both slope and normalization, variations in the Galactic disk radial metallicity gradient with stellar population age are minimal up
to ∼9 Gyr, within some dispersion of a time-averaged trend.

measurements indicate that, to first order, both the normaliza-
tion and slope of this relationship were established ∼8−9 Gyr
ago. For comparison, the error bar in the lower-right panel
shows [O/H] = 0 ± 0.05, which corresponds to the level of
non-axisymmetric variations in ISM abundances predicted by
simulations (Grand et al. 2016) and observed in HII regions
(Wenger et al. 2019). The variations in stellar metallicities
up to ages of ∼8−10 Gyr are comparable to this intrinsic dis-
persion in ISM abundances. This apparent lack of change in
stellar metallicities with age, even for old populations, is our
primary motivation in constructing the equilibrium scenario
of metallicity gradients.

Variations in the slope with stellar population age are also
small. Old populations indicate that the gradient first held

steady at ∇[O/H] ≈ ∇[Fe/H] ≈ −0.05 kpc−1 from ∼9 to
∼6 Gyr ago. Intermediate-aged populations follow a steeper
relation of ∇[O/H] ≈ −0.07 kpc−1 and ∇[Fe/H] ≈ −0.09
kpc−1, with the steepest slope occurring at an age of ∼5 Gyr.
The gradient then slowly trends back toward its original value
of ∇[O/H] ≈ ∇[Fe/H] ≈ −0.05 kpc−1 toward young ages.
Inspection of the top panels of Figure 4 indicates that this
steepening is coincident with a decline in stellar metallici-
ties at 𝑅 ≳ 10 kpc centered on ∼6 Gyr old populations. In
sections 4 and 4.3 below, we argue that these variations are
accurately described by an equilibrium state that is perturbed
by a merger event. Increases in the metal abundance with time
across all radii predict larger differences between mono-age
populations than observed in the MW disk. Given systematic



8 J.W. Johnson et al.

Table 1. A summary of the linear regressions applied to radial
metallicity and age gradients in Figures 3 and 4 (see discussion in
Sections 2.2 and 2.3). We use a pivot point at 𝑅gal = 8 kpc in all
regressions (i.e., 𝑦 = 𝑚(𝑅 − 𝑅⊙) + 𝑏).

Age Range Slope Value at 8 kpc

[O/H]

All Stars −0.062 ± 0.001 kpc−1 0.028 ± 0.006
≤ 9 Gyr −0.062 ± 0.002 kpc−1 0.028 ± 0.007

0 − 1 Gyr −0.055 ± 0.011 kpc−1 0.018 ± 0.022
1 − 2 Gyr −0.056 ± 0.005 kpc−1 0.028 ± 0.013
2 − 3 Gyr −0.059 ± 0.005 kpc−1 0.026 ± 0.016
3 − 4 Gyr −0.066 ± 0.004 kpc−1 0.014 ± 0.012
4 − 5 Gyr −0.079 ± 0.004 kpc−1 0.030 ± 0.012
5 − 6 Gyr −0.080 ± 0.007 kpc−1 0.051 ± 0.021
6 − 7 Gyr −0.055 ± 0.008 kpc−1 0.073 ± 0.025
7 − 8 Gyr −0.049 ± 0.002 kpc−1 0.125 ± 0.007
8 − 9 Gyr −0.049 ± 0.007 kpc−1 0.103 ± 0.030
9 − 10 Gyr −0.001 ± 0.005 kpc−1 0.029 ± 0.018

[Fe/H]

All Stars −0.070 ± 0.003 kpc−1 −0.019 ± 0.013
≤ 9 Gyr −0.068 ± 0.003 kpc−1 −0.023 ± 0.014

0 − 1 Gyr −0.068 ± 0.010 kpc−1 0.045 ± 0.020
1 − 2 Gyr −0.072 ± 0.005 kpc−1 0.028 ± 0.014
2 − 3 Gyr −0.077 ± 0.006 kpc−1 −0.006 ± 0.017
3 − 4 Gyr −0.083 ± 0.005 kpc−1 −0.044 ± 0.015
4 − 5 Gyr −0.096 ± 0.007 kpc−1 −0.032 ± 0.020
5 − 6 Gyr −0.097 ± 0.012 kpc−1 −0.028 ± 0.035
6 − 7 Gyr −0.066 ± 0.012 kpc−1 0.012 ± 0.036
7 − 8 Gyr −0.051 ± 0.004 kpc−1 0.082 ± 0.014
8 − 9 Gyr −0.061 ± 0.008 kpc−1 0.013 ± 0.031
9 − 10 Gyr 0.038 ± 0.006 kpc−1 −0.207 ± 0.022

Age

All Stars −0.375 ± 0.036 Gyr kpc−1 5.21 ± 0.16 Gyr

uncertainties (see discussion in Section 2.4 below), it is diffi-
cult to determine which of the variations between mono-age
populations are significant. The most visually obvious differ-
ences, such as these signatures in ∼4−6 Gyr populations, are
the most likely to be real.

2.4. Sources of Uncertainty

Because the AstroNN ages were inferred by modeling the
APOGEE spectra (see discussion in Section 2.1), the values
may be biased by correlations between stellar age and metal
abundances (e.g., the age-[O/Fe] relation; Feuillet et al. 2018,
2019). To assess the impact of this potential systematic un-
certainty, we replicate our measurements in Figure 4 using the
Leung et al. (2023) ages in Appendix A. They demonstrate

that their ages are not sensitive to alpha and iron-peak ele-
ment abundances, making their catalog a useful benchmark
for verification. We find similar results with both catalogs,
suggesting that these biases in AstroNN are not at a level
that would alter our main conclusions. Although the Leung
et al. (2023) ages are likely more reliable (see discussion in
Appendix A), this catalog is a factor of ∼2.5 smaller due to
the narrower range of surface gravities in the training set. We
therefore focus on the AstroNN ages in this paper, which are
reliable in the age range we are most interested in anyway
(𝜏 ≲ 8 − 10 Gyr; see Figure 11 of Leung et al. 2023 and
discussion in their Section 7.1).

Stellar ages themselves, including those that are not based
on neural networks, are also a significant source of uncer-
tainty (e.g., Soderblom 2010; Chaplin & Miglio 2013). If
the uncertainties are particularly large, then the apparent lack
of relationship with age seen in Figure 4 could arise because
different age bins do not actually trace distinct populations.
However, in order for uncertainties to drive this conclusion,
the measurements must be sufficiently imprecise to not tell
the difference between ∼1 − 3 and ∼7 − 9 Gyr old stars.
With or without machine learning, asteroseismology can at
least reliably distinguish between young, intermediate, and
old populations (e.g., Leung et al. 2023; Stone-Martinez et al.
2024). The result that metallicity does not decline substan-
tially with age across this broad range should therefore be
statistically significant even with the uncertainties involved.
Our confidence in this conclusion is also supported by related
investigations using ages estimated with different methods,
which have found similar results (Spina et al. 2022; da Silva
et al. 2023; Gallart et al. 2024; see discussion in Section 1).

Although we have not accounted for target selection in
APOGEE (which is described in detail in Zasowski et al.
2013, 2017, Beaton et al. 2021, and Santana et al. 2021),
these effects also should not affect our main empirical result.
At a given distance, selection effects are introduced into our
sample by the metallicity dependence of red giant lifetimes
and luminosities, which is minimal at disk-like abundances
(e.g., Hurley et al. 2000). A representation such as Figure 4
should therefore be relatively robust. In support of this argu-
ment, we note that Imig et al. (2023) did account for selection
effects. Their measurements in mono-age populations also
do not show an obvious decline in metallicity toward old ages
across most of the Galactic disk (see their Figure 17).

Systematic uncertainties in APOGEE abundances may be
a concern if 𝑇eff or log 𝑔 act as confounding variables in age
or metallicity (e.g., Jönsson et al. 2018; Eilers et al. 2022).
The log 𝑔 distribution in our sample changes significantly
with Galactocentric radius, since low surface gravity stars
tend to be more luminous. This spatial dependence could
introduce correlations between metallicity and radius that do
not reflect the underlying stellar populations in the thin disk.
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These systematics should not affect our main conclusions for
two reasons. First, our conclusions are primarily driven by
comparisons between mono-age populations at fixed Galacto-
centric radius, whose log 𝑔 distributions should be similarly
affected by distance and selection. Second, the corrective
factors applied to APOGEE abundances to account for these
issues are small (≲0.1 dex; Sit et al. 2024). We also focus on
O and Fe throughout this paper, which are not the elements
most affected by systematics.

3. GALACTIC CHEMICAL EVOLUTION MODELS
Our GCE models are adapted from J21, which we inte-

grate using the publicly available Versatile Integrator
for Chemical Evolution4 (VICE; Johnson & Weinberg
2020). Following previous models with similar motivations
(e.g. Schönrich & Binney 2009; Minchev et al. 2013, 2014),
these models discretize the Galactic disk into 𝛿𝑅 = 100 pc
annuli from 𝑅 = 0 to 20 kpc. By predicting abundances
for multiple regions simultaneously, these so-called “multi-
zone” models are a more realistic description of the Galactic
disk than conventional one-zone GCE models (see e.g. the
reviews by Tinsley 1980 and Matteucci 2021) and are sig-
nificantly less computationally expensive than hydrodynamic
simulations. A full detailed description of the framework
can be found in section 2 of J21, with a shorter summary
in section 3 of Johnson et al. (2023b). In this section, we
review the model components relevant to this paper. Table 2
summarizes the key parameters.

These models follow 2,047,550 stellar populations that
form over a disk lifetime of 𝜏disk = 13.2 Gyr. We refrain from
detailed fits to the disk age-abundance structure observed by
APOGEE, instead sticking to a handful of illustrative cases.
We are motivated not by the precision of inferred parameter
values but by proof of concept of the equilibrium scenario.
The models we construct are somewhat idealized, treating
the assembly history of the MW as one continuous episode of
star formation. This choice allows us to highlight the defin-
ing characteristics of equilibrium chemical evolution in disk
galaxies. Simulations predict SFHs to be bursty on ∼100 Myr
timescales (e.g., Hopkins et al. 2014; Sparre et al. 2017; Feld-
mann et al. 2017; Ma et al. 2018), but these features would be
washed out on ∼Gyr timescales. This behavior may increase
the width of MDFs in mono-age stellar populations (see dis-
cussion near the end of Section 5.3.2). Merger events often
lead to departures from a smooth SFH sustained on longer
timescales, and we investigate one such model in this paper
(see discussion in sections 3.3 and 4.3).

4 Install: https://pypi.org/project/vice
Documentation: https://vice-astro.readthedocs.io/en/latest
Source code: https://github.com/giganano/VICE.git

Following our measurements in Section 2, we focus on
alpha and iron-peak elements, taking O and Fe as representa-
tive cases thereof. Production of these metals is dominated by
core collapse supernovae (CCSNe) and Type Ia supernovae
(SNe Ia; Johnson 2019). Our yields are defined as the net
mass production of either element in units of the mass of
the progenitor stellar population. For example, a value of
𝑦𝑥 = 0.001 would imply that a hypothetical 1000 M⊙ star
cluster would produce 1 M⊙ of some element 𝑥. In the case
of CCSNe, new metals are ejected to the ISM instantaneously,
so the rate of change in the surface density of 𝑥 due to CCSNe
follows according to

¤ΣCC
𝑥 = 𝑦CC

x ¤Σ★, (1)

where 𝑦CC
x is the population-averaged yield from massive stars

and ¤Σ★ is the local surface density of star formation. In the
case of SNe Ia, production is spread out over the course of
the delay-time distribution (DTD) 𝑅Ia according to

¤ΣIa
𝑥 = 𝑦Ia

x

∫ 𝑡

0
¤Σ★(𝑡′)𝑅Ia (𝑡 − 𝑡′)𝑑𝑡′∫ ∞

0
𝑅Ia (𝑡′)𝑑𝑡′

, (2)

where 𝑦Ia
x is the population-averaged yield from SNe Ia. This

quantity can be expressed as the product of the mean mass pro-
duced by a single SN Ia event and the mean number of events
per unit mass of star formation. We retain the 𝑅Ia ∝ 𝑡−1.1 sin-
gle power-law prescription from J21 based on comparisons
between SN Ia rates as a function of redshift and the cosmic
SFH (e.g., Maoz & Mannucci 2012).

Table 3 presents our adopted yield values. With these
choices, 35% (65%) of Fe arises from CCSNe (SNe Ia) at
solar [O/Fe], nearly the same breakdown as J21. This choice
places the low [Fe/H] “plateau” in [O/Fe] at [O/Fe] ≈ +0.45,
broadly consistent with the abundance distribution observed
in APOGEE (e.g., Hayden et al. 2015). All of our GCE
models follow one of two overall yield normalizations but
with the same ratios of yields. We refer to these two choices
collectively as 𝑦/𝑍⊙ = 1 and 𝑦/𝑍⊙ = 2, because the total
yields of O and Fe are either equal to their solar abundances5
or a factor of two higher. We show in sections 4 and 5.2.1
below that the overall scale of stellar yields is related to the
timescale on which the disk reaches the equilibrium state.

These choices of stellar yields are based on a mix of the-
oretical and empirical considerations. Griffith et al. (2021)
demonstrate that plausible variations in the amount of black
hole formation can account for a factor of ∼3 difference in
alpha element production. If most massive stars explode as

5 We use the measurements of O and Fe in the solar photosphere from Asplund
et al. (2009).

https://pypi.org/project/vice
https://vice-astro.readthedocs.io/en/latest
https://github.com/giganano/VICE.git
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Table 2. A summary of our GCE models. Our naming scheme references the functional form or constant value of the mass loading factor
𝜂 (see Equation 6) and the overall normalization of stellar yields 𝑦/𝑍⊙ (see Table 3). The primary set (top section; see discussion in Section
3.1) differs first and foremost in its treatment of outflows, with 𝜂⊙ and 𝑅𝜂 setting the functional form of 𝜂 as a function of radius (see Equation
7). We select 𝜂Exp-𝑦2 as a fiducial equilibrium scenario model, from which we construct informative comparison cases (bottom section; see
discussion in Section 3.3). The 𝜂 ∝ 𝑒𝑅 models are calibrated to both the observed age and metallicity gradients, while the 𝜂 = constant models
are calibrated only to the metallicity gradients (see discussion in Section 3.2), though the latter approximately reproduce the age gradient anyway
(see Figure 5). This difference arises because the 𝜂 ∝ 𝑒𝑅 models have an additional free parameter (𝑅𝜂) that separates the two gradients, while
both are determined by the same parameters in the 𝜂 = constant models (i.e., radial variations in the shape of the SFH).

Model Name 𝜂⊙ 𝑅𝜂 𝑦/𝑍⊙ Star formation History Calibrated to Reproduce

Primary Set
𝜂Exp-𝑦2 1.4 7 kpc 2 𝑓rise-fall (𝑡) 𝜏1/2 (𝑅) and [O/H]ISM (𝑅)
𝜂Exp-𝑦1 0.4 7 kpc 1 𝑓rise-fall (𝑡) 𝜏1/2 (𝑅) and [O/H]ISM (𝑅)
𝜂0.4-𝑦1 0.4 ∞ (𝜂 = constant) 1 𝑓rise-fall (𝑡) [O/H]ISM (𝑅)
𝜂0-𝑦1 0 ∞ (𝜂 = constant) 1 𝑓rise-fall (𝑡) [O/H]ISM (𝑅)

Variations of the 𝜂Exp-𝑦2 model
𝜂Exp-𝑦2-steep 1.4 4.3 kpc (∇eq = −0.04 kpc−1) 2 𝑓rise-fall (𝑡) N/A

𝜂Exp-𝑦2-shallow 1.4 10.9 kpc (∇eq = −0.1 kpc−1) 2 𝑓rise-fall (𝑡) N/A
𝜂Exp-𝑦2+burst 1.4 7 kpc 2 𝑓rise-fall (𝑡) (1 + 𝐴𝑏Φ(𝑡 |𝑡𝑏 , 𝜎𝑏 , 𝛼𝑏)) N/A

Table 3. A summary of the stellar yields in our GCE models (see
Table 2 and discussion in Section 3 for details).

Yield 𝑦/𝑍⊙ = 1 𝑦/𝑍⊙ = 2

𝑦CC
O 0.0057 0.0114

𝑦Ia
O 0 0

𝑦CC
Fe 4.5 × 10−4 9.0 × 10−4

𝑦Ia
Fe 8.4 × 10−4 16.8 × 10−4

CCSNe, then the predictions of typical models (e.g. Limongi
& Chieffi 2018; Sukhbold et al. 2016) imply 𝑦/𝑍⊙ = 2 − 3.
Rodrı́guez et al.’s (2023) recent measurement of the mean
56Ni yield from Type II SNe using the radioactive tails of their
lightcurves provides one of the few empirical anchors on the
scale of stellar yields. Their measurements imply 𝑦/𝑍⊙ ≈ 1
with a modest amount of black hole formation (Weinberg
et al. 2024). We discuss the normalization of stellar yields
further in Section 5.2.1 below.

Following J21, our models assume a fiducial choice of SFH
given by

¤Σ★ ∝ 𝑓rise-fall (𝑡) ≡
(
1 − 𝑒−𝑡/𝜏rise

)
𝑒−𝑡/𝜏sfh , (3)

where 𝜏rise and 𝜏sfh control the timescales on which the
SFR rises at early times and falls at late times, respectively.
Their values differ between models (see discussion in Section
3.2 and Appendix B). This prescription allows more control
over the detailed shape of the SFH than a linear-exponential
𝑡𝑒−𝑡/𝜏sfh form at the expense of an additional free parame-
ter. The normalization of the SFH is set at each radius such
that the predicted stellar mass and surface density gradient
at the present day are consistent with the findings of Licquia

& Newman (2015) and Bland-Hawthorn & Gerhard (2016),
respectively. Combined with our assumed star formation law
(see discussion below), this prescription also ensures that the
gas surface density profile reasonably resembles that of the
MW (e.g., Kalberla & Kerp 2009). In Section 3.3 below, we
describe a model in which we impose an accretion-induced
burst of star formation atop the functional form of Equation
(3).

VICE computes the accretion rates at each timestep. The
solution is unique given mass conservation and the prescrip-
tions for outflows and star formation efficiency described be-
low. Mathematically, accretion rates work out to simply make
up the difference between what is lost to star formation and
outflows and what is required to fuel the specified level of
star formation at the next timestep. We assume accreting
material to have zero metallicity, which we relax in Section
5.2.1 below. It is inconsequential to instead run VICE in
“infall mode,” directly specifying the accretion history and
letting the SFH be computed by the code. That is, similar
predictions arise if we use the accretion histories computed
by VICE (shown in the bottom row of Figure 6 below) as
input to a separate set of models run in infall mode.

Previous iterations of the J21 GCE models have imple-
mented the radial migration of stars (e.g. Sellwood & Binney
2002) by “tagging” stellar populations with star particles from
the h277 hydrodynamic simulation (Christensen et al. 2012)
that formed at similar radii and times. Such an approach can
be understood as enforcing the dynamical history of h277
on the GCE model. Here, we use the updated version pre-
sented in Dubay et al. (2024; see their Appendix C). Present-
day Galactocentric radii are determined by sampling from a
normal distribution centered on the birth radius of a stellar
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population, while mid-plane distances |𝑧 | are determined by
sampling from a sech2 function (Spitzer 1942). This approach
closely approximates the distributions of final radius and mid-
plane distance seen in h277 for mono-age populations formed
in different Galactic regions. The advantage over the original
tagging approach is that stellar populations born in the outer
disk at early times were subject to sampling noise due to the
rarity of these populations in the simulation.

We have also updated the star formation law used in these
GCE models. In J21, we used a three-component power-law
relationship between the surface densities of gas Σ𝑔 and star
formation ¤Σ★ based on observations by Bigiel et al. (2010)
and Leroy et al. (2013; see Figure 2 of Krumholz et al. 2018).
The three component power-law complicates our parameter
calibration, which determines 𝜏rise and 𝜏sfh as a function of
Galactocentric radius in each of our GCE models (see dis-
cussion in Section 3.2 and Appendix B). We therefore use a
more classical single power-law prescription ¤Σ★ ∝ Σ𝑁

𝑔 with
𝑁 = 1.5 based on Kennicutt (1998) with a transition to a
linear star formation law above 108 M⊙ kpc−2. In detail, we
implement this relationship by computing the star formation
efficiency (SFE) timescale 𝜏★ ≡ Σ𝑔/ ¤Σ★ (referred to as the
“depletion time” by some authors) according to

𝜏★ =


𝜏mol (Σ𝑔 ≥ 108 M⊙ kpc−2)

𝜏mol

(
Σ𝑔

108kpc−2

)−1/2
(Σ𝑔 < 108 M⊙ kpc−2),

(4)

where 𝜏mol is the value of 𝜏★ when all of the hydrogen is in
the molecular state. We retain the prescription for 𝜏mol from
J21, which takes 𝜏mol = 2 Gyr at the present day (Leroy et al.
2008; Blanc et al. 2009) and a 𝑡1/2 time-dependence based on
variations in the Σ𝑔 − ¤Σ★ relation with redshift (Tacconi et al.
2018). By imposing a floor at 𝜏★ = 𝜏mol, our models do not
allow the ISM to form stars more efficiently than observed in
molecular gas.

We choose this threshold of Σ𝑔 = 108 M⊙ kpc−2 because
our model reaches these surface densities only in the inner
∼1 kpc where the central molecular zone is found (Morris &
Serabyn 1996; Dahmen et al. 1998; Pierce-Price et al. 2000;
Hatchfield et al. 2020) and therefore where 𝜏★ = 𝜏mol would
most plausibly occur. As a consequence of this recipe, our
models generally have less efficient star formation than J21
(𝜏★ ≈ 6 Gyr versus ∼3 Gyr at 𝑅 = 8 kpc at the present
day). Observationally, the molecular fraction, H2/(H2 + HI),
reaches unity near 106 M⊙ kpc−2 (Bigiel et al. 2008; Blanc
et al. 2009), which is two orders of magnitude lower than
our prescription. However, such models predict the ISM
to be in the molecular phase across most of the Galactic
disk. Empirically calibrated star formation laws based on
population-averaged trends led to similarly large molecular
gas fractions in J21 (see Figure 5 and discussion in Section
2.6 therein), potentially in tension with the observed presence

of HI as close to the Galactic center as ∼500 pc (e.g., Kalberla
& Kerp 2009). Modifications to this prescription, however,
do not significantly alter our model predictions, so we do
not pursue this question further. We elect to present models
placing the transition at 108 M⊙ kpc−2, since this choice leads
to variations in SFE across the range of Galactocentric radius
where most of our sample is found (see discussion in Section
2.1).

3.1. The Primary Set

Our “primary set” of GCE models is so-named because they
highlight the difference between equilibrium and evolution
scenarios. In the evolution scenario, metallicity grows with
time until the present day as opposed to reaching some steady
state early in the disk lifetime. However, the equilibrium
metallicity is still well defined even in the evolution scenario
(see Equation 5 below). The key difference between the two
is not in regards to the existence of an equilibrium state, but
whether or not it is reached within the disk lifetime.

Following models of the MZR in the literature (e.g. Finlator
& Davé 2008; Peeples & Shankar 2011; see discussion in
Section 1), the models in our primary set differ first and
foremost in their prescription for outflows from the Galactic
disk. Weinberg et al. (2017) demonstrate that the equilibrium
abundance of O in a one-zone GCE model is given by

𝑍O,eq =
𝑦CC

O
1 + 𝜂 − 𝑟 − 𝜏★/𝜏sfh

, (5)

where 𝜂 is the mass loading factor relating the outflow and
star formation surface densities:

𝜂 ≡
¤Σout
¤Σ★

. (6)

The corrective term 𝑟 accounts for the return of stellar en-
velopes back to the ISM, which can be approximated as a
constant in most cases (𝑟 ≈ +0.4 for a Kroupa 2001 IMF). If
the rates of accretion and ejection are significant compared
to star formation, then the factor of 𝜏★/𝜏sfh is a small correc-
tion, and the value of 𝑍O,eq is determined by stellar yields and
the outflow mass loading 𝜂. In the limit of zero accretion,
Equation (5) is inaccurate. 𝑍O,eq instead diverges because all
of the H is eventually processed by stars and converted into
metals (similar to classical “closed box” models of GCE; see
the review by Tinsley 1980).

Equation (5) indicates that if 𝜂 scales exponentially with
radius, then the equilibrium abundance will decline roughly
(though not exactly) exponentially with radius, tracking the
observed metallicity gradient shape (e.g. Wyse & Silk 1989;
Zaritsky 1992). We therefore adopt the following parameter-
ization in two of our primary set models:

𝜂 = 𝜂⊙𝑒
(𝑅−𝑅⊙ )/𝑅𝜂 , (7)
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where 𝜂⊙ sets the value of 𝜂 at the solar radius (𝑅⊙ = 8 kpc).
If 𝜂 dominates denominator of Equation (5), then the scale
radius 𝑅𝜂 sets the slope of the equilibrium gradient according
to

∇[O/H]eq ≈ −1
𝑅𝜂 ln 10

. (8)

We use 𝑅𝜂 = 7 kpc as a fiducial value. Under the above
approximation, this choice corresponds to a slope consistent
with our measurement of ∇[O/H] = −0.062 ± 0.001 kpc−1.
However, the quantity 1− 𝑟 − 𝜏★/𝜏sfh also influences the equi-
librium abundance as a function of radius. We discuss the
consequences of our 𝜂 ∝ 𝑒𝑅 formalism below. Although 𝜂

is highest in the outer disk, these models still predict the sur-
face density of the outflowing material to be highest at 𝑅 = 0
because ¤Σ★ declines with radius faster than 𝜂 increases.

This paper presents two models with the 𝜂 ∝ 𝑒𝑅 scaling,
which we refer to as 𝜂Exp-𝑦1 and 𝜂Exp-𝑦2 based on their
assumptions regarding 𝜂 and the scale of stellar yields. The
former assumes the 𝑦/𝑍⊙ = 1 normalization, while the latter
uses the 𝑦/𝑍⊙ = 2 scale. These models also use a different
normalization of the exponential scaling of 𝜂 with radius,
namely 𝜂⊙ = 0.4 and 𝜂⊙ = 1.4, but both use the fiducial scale
radius of 𝑅𝜂 = 7 kpc. This additional parameter difference is
necessary, because the overall scale of stellar yields is strongly
degenerate with the strength of mass loading in GCE models
(e.g. Cooke et al. 2022; Johnson et al. 2023c; Sandford et al.
2024). These choices of 𝜂⊙ imply 𝑍O,eq = 𝑍O,⊙ at 𝑅 = 8 kpc
in the limit of a constant SFH (i.e. 𝜏sfh → ∞; see Equation
5).

As comparison cases in the evolution scenario, we also
follow models with 𝜂 = 0 and 𝜂 = 0.4 at all radii (i.e. the limit
that 𝑅𝜂 → ∞). Both of these models assume the 𝑦/𝑍⊙ = 1
scale of stellar yields. Following the same naming scheme,
we refer to these models as 𝜂0-𝑦1 and 𝜂0.4-𝑦1. We highlight
the 𝜂 = 0 scenario as a particularly interesting comparison,
because many GCE models of the MW assume no outflows
(e.g. Minchev et al. 2013, 2014; Spitoni et al. 2019, 2021;
Palla et al. 2020, 2022, 2024; Gjergo et al. 2023). We discuss
mass loading in GCE models of the MW further in Section
5.1 below.

We demonstrate in Section 4 below that the 𝜂Exp-𝑦2 model
is a prototypical example of equilibrium chemical evolution
because it predicts ISM metallicities to reach a steady state
nearly 10 Gyr ago. This prediction makes this model use-
ful for highlighting the defining features of the equilibrium
scenario. We therefore select 𝜂Exp-𝑦2 as our fiducial set of
parameters. We define a few simple variations of this base
model in Section 3.3 below.

Our simple exponential scaling of 𝜂 as a function of radius
described above leads to some minor discrepancies with our
sample. Both the 𝜂Exp-𝑦1 and 𝜂Exp-𝑦2 models underpredict
abundances by ∼0.1 − 0.2 dex in the gas-phase across the

Galactic disk and in stars at 𝑅 ≲ 7 kpc (see Figures 5 and 8).
The difference at small radii is caused by a slight flattening
of the equilibrium gradient toward the Galactic center, where
other terms in the denominator of Equation (5) are more
significant. The underprediction of the ISM abundance across
the disk arises becaues the local equilibrium metallicity is
not perfectly static and instead slowly increases due to star
formation becoming less efficient (i.e. 𝜏★ increasing; see
discussion following Equation 5), but the evolution is small
over the disk lifetime. Neither of these shortcomings affect
our main conclusions. The key prediction by our fiducial
model is that it best explains the lack of evolution in the
stellar metallicity gradient with age.

3.2. Parameter Calibration for the Primary Set

Each model in our primary set closely approximates the
present-day O abundance in the ISM by construction. In the
𝜂0-𝑦1 and 𝜂0.4-𝑦1 models, we tune the parameters 𝜏rise and
𝜏sfh describing the shape of the SFH (see Equation 3) such that
this observational result is reproduced. With other parameters
held fixed, longer values of 𝜏rise or 𝜏sfh lead to lower [O/H]
at 𝑡 = 𝜏disk = 13.2 Gyr. We describe this procedure in detail
in Appendix B. In short, we first assume 𝜏rise = 2 Gyr as in
J21 and search for a value of 𝜏sfh between 100 Myr and 200
Gyr that predicts the observed ISM abundance in an analytic
one-zone GCE model. If no solution is found, we hold 𝜏sfh
fixed at 200 Gyr and search for a value of 𝜏rise between 2 Gyr
and 2𝜏disk = 26.4 Gyr. If still no solution is found, we simply
use the values 𝜏sfh = 200 Gyr and 𝜏rise = 26.4 Gyr, which
corresponds to an SFH that rises approximately linearly with
time up to the present day. We apply this parameter fitting
procedure in each radial zone.

In the 𝜂Exp-𝑦1 and 𝜂Exp-𝑦2 models, the present-day ISM
abundances are much more sensitive to the exponential scal-
ing of 𝜂 with radius than they are to the shape of the SFH
(see discussion in Section 3.1 above). These models there-
fore have more freedom than the 𝜂 = constant models in this
regard, but at the expense of an additional free parameter. We
therefore assign 𝜏rise and 𝜏sfh in the 𝜂Exp-𝑦1 and 𝜂Exp-𝑦2
models such that they reproduce the observed median stellar
age as a function of Galactocentric radius. We describe this
procedure in detail in Appendix B as well. A given combina-
tion of 𝜏rise and 𝜏sfh is accepted if the integral of the implied
SFH up to the observed median age is equal to half of the
integral up to the disk lifetime. Otherwise, we follow the
same strategy as with the 𝜂0-𝑦1 and 𝜂0.4-𝑦1 models, starting
with 𝜏rise = 2 Gyr and searching for a value of 𝜏sfh between
100 Myr and 200 Gyr. Although the observed age gradient is
likely affected by selection effects in APOGEE, which we do
not account for in this paper (see discussion in Section 2.4),
this uncertainty is not a major concern for our investigation.
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Figure 5. Calibration of our primary set of GCE models (see Table 2 as well as discussion in Section 3 and Appendix B). Left: The predicted
[O/H] gradients in the ISM at the present day (colored and styled lines marked by the legend). The black dashed line marks Méndez-Delgado
et al.’s (2022) measurements in HII regions. The bottom panel shows the differences between the predicted and observed abundances as a
function of radius. Right: The same as the left panel, but for the stellar age gradient. The black dashed line marks our linear regression in the
bottom left panel of Figure 3 (see fit parameters in Table 1). Summary: All models are calibrated to reproduce the observed ISM abundances
at the present day, which they achieve sufficiently accurately for our purposes. Only the models invoking 𝜂 ∝ 𝑒𝑅 are calibrated to reproduce the
observed age gradient, but the other models still reasonably reproduce it.

We aim to construct models that predict a plausible MW-like
stellar disk but not necessarily a detailed match to the data.

Figure 5 shows the results of this parameter calibration:
the predicted ISM metallicities (left) and median stellar ages
(right) as functions of Galactocentric radius for each model
in our primary set. As intended, each model approximately
reproduces the observed metal abundances in the ISM. The
𝜂 ∝ 𝑒𝑅 models undershoot the observed gradient slightly be-
cause the quantity 1 − 𝑟 − 𝜏★/𝜏sfh also influences the local
equilibrium abundance (see Equation 5). As a consequence,
the equilibrium state predicted by these models is slightly
more metal-poor than present-day ISM abundances, but this
discrepancy does not affect our main conclusions (see dis-
cussion in Section 3.1 above). Since the shape of the SFH
is tuned to reproduce the observed stellar age in the 𝜂Exp-𝑦1
and 𝜂Exp-𝑦2 models, any deviations should be a consequence
of radial migration. In our case, the relation was altered from
a purely linear trend to one that is slightly concave up. The
observed age gradient is also reasonably approximated by
the 𝜂0-𝑦1 and 𝜂0.4-𝑦1 models, even though they were not
explicitly calibrated to agree with this trend.

In our equilibrium scenario models, our parameter cali-
bration procedure finds a solution for neither 𝜏rise nor 𝜏sfh at
𝑅 ≳ 10.5 kpc (see Figure 18 in Appendix B). For these cases,
we simply adopt (𝜏rise, 𝜏sfh) = (26.4, 200) Gyr. This failure

arises because the observed median age is low in the outer
disk, and it is challenging to parameterize a single-epoch SFH
using Equation (3) that begins 𝜏disk = 13.2 Gyr ago but forms
most of its stars at late times. This discrepancy between
these models and the data is not a concern because we are
much more interested in their predicted metallicity gradients,
which are much more sensitive to the mass loading factor
𝜂. Our parameter calibration does not face such issues with
the evolution scenario models. The 𝜂0.4-𝑦1 model finds a
solution at all radii, and the 𝜂0-𝑦1 model resorts to adopting
(𝜏rise, 𝜏sfh) = (26.4, 200) Gyr only at 𝑅 ≳ 13.5 kpc.

3.3. Variations of the Fiducial Equilibrium Model

We show below that ISM abundances in the 𝜂Exp-𝑦2 model
rise quickly to equilibrium values, while those in the other
models climb steadily over time. The 𝜂Exp-𝑦2 model there-
fore achieves the best agreement with the slow evolution
shown in Figure 4, so we adopt it as our fiducial model.
We examine several variations of this model in addition to the
others in our primary set discussed above.

These variants start from the 𝜂Exp-𝑦2 model parameters
and lead to informative comparisons. Two of these varia-
tions have different equilibrium slopes, ∇[O/H]eq, which we
achieve by simply adjusting the value of 𝑅𝜂 (see Equation
7 and discussion in Section 3.1 above). The 𝜂Exp-𝑦2-steep
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but evolves to that point differently due to differences in GCE parameters.

model has a lower value of 𝑅𝜂 = 4.3 kpc, which corre-
sponds to a steeper gradient of ∇[O/H]eq = −0.1 kpc−1. The
𝜂Exp-𝑦2-shallow is the opposite case, with a higher value
𝑅𝜂 = 10.9 kpc and a shallower slope of ∇[O/H]eq = −0.04
kpc−1. In Section 5.3 below, we also present models in which
we adjust the speed of radial migration.

Our final comparison case is the 𝜂Exp-𝑦2+burst model,
which imposes a burst of star formation in the outer disk ∼6
Gyr ago. The SFH in this model is given by

¤Σ★ ∝ 𝑓rise-fall (𝑡)
[
1 + 𝐴𝑏Φ(𝑡 |𝑡𝑏, 𝜎𝑏, 𝛼𝑏)

]
, (9)

where Φ is a skew-normal function of time 𝑡 centered on 𝑡𝑏

with standard deviation 𝜎𝑏 and skewness 𝛼𝑏, and 𝐴𝑏 is a
dimensionless parameter describing the strength of the burst.
The model we present uses 𝑡𝑏 = 7 Gyr, 𝜎𝑏 = 1 Gyr, and

𝛼𝑏 = 3, with 𝐴𝑏 given by

𝐴𝑏 =


0 (𝑅 ≤ 4 kpc)
min

[
2, 𝑒 (𝑅−4 kpc)/5 kpc − 1

]
(𝑅 > 4 kpc).

(10)

The burst starts small in amplitude at 𝑅 = 4 kpc and grows
in strength with radius, stopping at a factor of 3 increase
in the SFR at 𝑅 ≳ 9 kpc. These choices are ad hoc; we
isolated the values by trial and error, choosing them because
they approximately reproduce the scale and timing of the
variations in abundances seen in intermediate aged stars at
𝑅 ≳ 10 kpc in Figure 4. We discuss this model along with
potential origins of a burst of star formation in the outer disk
in Section 4.3 below.

4. RESULTS
Figure 6 shows the enrichment, star formation, and accre-

tion histories predicted by our primary set of models (see
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Figure 7. Comparing metallicity gradients in O (top) and Fe (bottom) for different ages of stellar populations (color coded according to the
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Summary: While agreement is not perfect, the 𝜂Exp-𝑦2 model best reproduces the observed lack of evolution in the metallicity-radius relation
with stellar age.

Table 2 and discussion in Section 3.1). Each model reaches
similar metal abundances in the ISM at the present day (see
discussion in Section 3.2 and Appendix B). What sets the
models apart is that they reach these abundances on different
timescales, which leaves observable signatures in the metal-
licities of mono-age populations.

In the 𝜂0-𝑦1 model, the late-time SFH is gently declining
in the inner disk, nearly flat at 𝑅 = 8 kpc, and slightly rising
at large radii. A declining SFH leads to higher metallicity be-
cause stellar enrichment is deposited in a declining gas supply.
The trend of SFH shape with radius is stronger in the 𝜂0.4-𝑦1
model so that this gas supply effect can compensate for the
loss of metals in outflows. The 𝜂Exp-𝑦1 and 𝜂Exp-𝑦2 models
have the same SFH by construction, and these histories are
similar to the 𝜂0-𝑦1 model. However, the gas accretion rates
are higher in the 𝜂Exp-𝑦2 model because the outflows are
stronger (𝜂⊙ = 1.4 versus 0.4), so more accretion is required
to maintain the gas supply required to fuel the stellar mass
budget.

To test these models against the observed metallicity-radius
relation in mono-age populations, we apply the same proce-
dure described in Section 2.3 to our model predictions. The
only difference is that we must weight the metallicity distri-
butions in each bin of radius and age by the mass of each

stellar population before computing the position of the mode.
This additional step is necessary, because the mass of each
stellar population determines the number of stars that would
be available in an APOGEE-like survey.

Figure 7 shows the results of this procedure for both O and
Fe. The 𝜂Exp-𝑦2 model best reproduces the empirical result
that populations of different ages follow a similar relation
between metallicity and Galactocentric radius. The agree-
ment is not perfect; most notably, this model predicts some
subtle differences in [Fe/H] between age bins at 𝑅 ≲ 5 kpc,
but it performs sufficiently well for a qualitative reproduc-
tion. The 𝜂0.4-𝑦1 and 𝜂Exp-𝑦1 models perform reasonably
well at 𝑅 ≳ 10 kpc, but at smaller radii, there are signifi-
cant variations between age bins that are not present in the
observations. The 𝜂0-𝑦1 model performs the worst in this
comparison. While this model has poor agreement with the
observed gradient slope, we consider its more serious short-
coming to be predicting a global increase in the normaliza-
tion of the metallicity-radius relation by ∼0.3 − 0.4 dex over
this age range, contrary to the observations. The model-to-
model differences in Figure 7 follow the expectations from
the enrichment histories in Figure 6, but Figure 7 includes the
impact of radial migration on the stellar metallicity gradients.
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In Figure 8, we compare the predicted metallicity-radius
relation for all stars (i.e., without sorting into age bins) with
our measurements from the lower-right panel of Figure 3.
Because our models are calibrated to reproduce the present-
day ISM abundances, it is not guaranteed that they will also
reproduce the stellar gradient. This comparison therefore
isolates the model that best reproduces the observed consis-
tency between the metallicities of gas and stars as a function
of radius (see discussion in Section 2.2). Once again, the
𝜂Exp-𝑦2 model performs the best. The 𝜂0-𝑦1 model is a
close second, with a slope that is only slightly shallower than
that of 𝜂Exp-𝑦2. The 𝜂Exp-𝑦1 and 𝜂0.4-𝑦1 models fail most
noticeably in the inner disk, where they underpredict stellar
abundances significantly more than the 𝜂Exp-𝑦2 and 𝜂0-𝑦1
models.

Holistically, our 𝜂Exp-𝑦2 model offers the best agreement
with the data when Figures 7 and 8 are both considered, but
agreement is not perfect. This model underpredicts stellar
metallicities at 𝑅 ≲ 7 kpc by ∼0.1 dex, largely due to subtle
differences in shape between the equilibrium gradient and the
observed gradient (see discussion at the end of Section 3.1).
This discrepancy does not affect our main conclusions. For
the sake of the present paper, the key result is that the 𝜂Exp-𝑦2
model successfully reproduces the age independence of stellar
population metallicities. This success is most obvious in
[O/H], but the model still predicts some evolution toward
high [Fe/H] at 𝑅 ≲ 5 kpc across the age range shown in
Figure 7. This prediction arises in all of our models due to
SN Ia time delays slowing the approach to equilibrium (see
the dotted curves in the top row of Figure 6).

We have also construcated an 𝜂Exp-𝑦3 model with 𝑦/𝑍⊙ =

3 (not shown) and a higher 𝜂⊙ = 2.4 to compensate for

the larger yield normalization. As expected, this parame-
ter choice leads to a more rapid approach to equilibrium, less
evolution between the age bins in the stellar metallicity gradi-
ent, and better agreement with APOGEE. We do not explore
this model in detail because the high yield normalization ap-
pears incompatible with the empirical constraints laid out by
Weinberg et al. (2024). The differences can also be com-
pensated by non-zero metallicity accretion and/or an overall
metallicity dependence to SN rates (see discussion in Section
5.2.1). Such prescriptions may also help the 𝜂Exp-𝑦2 reach
[Fe/H] ≳ 0.3 at 𝑅 ≲ 5 kpc earlier, improving its agreement
with the data in Figure 7.

4.1. The Equilibrium Gradient

In this subsection, we discuss the physical origin of radially
dependent equilibrium metallicities in the ISM by comparing
between models. In Section 4.2 below, we demonstrate that
the decline in 𝑍eq with radius tracks a decline in the ratio of
star formation to accretion, ¤Σ★/ ¤Σin, on long timescales. This
result can be understood as ¤Σ★ setting the metal production
rate while ¤Σin sets the rate at which fresh H is added to
the ISM. This relationship arises in the limit that infalling
material is zero metallicity, but it should remain accurate as
long as accretion is sufficiently below the ISM metallicity.

Figure 9 shows the predicted O abundance in the ISM as a
function of radius in two recent snapshots and at the present
day. We also plot the equilibrium abundance [O/H]eq as
defined by Equation (5) (using the values of 𝜏★ at the final
snapshots). In the 𝜂0-𝑦1 and 𝜂0.4-𝑦1 models, the equilibrium
gradient flattens at the radii beyond which our parameter cal-
ibration assumes 𝜏sfh = 200 Gyr (see Figure 18, Equation
5, and discussion in Section 3.2). Our fiducial equilibrium
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model, 𝜂Exp-𝑦2, shows little to no evolution across this time
interval, because it approaches the steady state early in the
disk lifetime (see discussion below). The other models in
our primary set exhibit more significant evolution in the ISM
abundances over this time interval. As expected, each model
tends to predict faster evolution in the ISM metallicity when
it is further below the local equilibrium abundance.

The left and middle panels of Figure 10 show the predicted
O and Fe abundances in the ISM at 𝑅 = 8 kpc as a function
of lookback time. The models differ most importantly in the

time dependence of the abundance evolution. The 𝜂Exp-𝑦2
model predicts metal abundances to change only minimally
over the last ∼8 − 10 Gyr of disk evolution. Other models in
our primary set predict the ISM metallicity to increase more
gradually until the present day. This difference is more obvi-
ous in [O/H] than [Fe/H], because alpha elements reach the
local equilibrium abundance earlier than iron-peak elements
due to the SN Ia DTD (Weinberg et al. 2017).

For comparison, we include the values of [O/H] and [Fe/H]
determined by our linear regressions applied to mono-age
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populations in Figure 4 (reported in Table 1). Our models
predict the ISM metallicity at 𝑅 = 8 kpc to be marginally
(∼0.1 dex) lower than observed in stars, with the exception of
the 𝜂0-𝑦1 model ≲ 4 Gyr ago. This systematic offset could be
corrected by a similar (∼0.1 dex) increase in our metal yields
in all models, which would be comfortably within the range
allowed by the uncertainties in stellar nucleosynthesis (see
discussion in Section 3). Alternatively, the strength of out-
flows could be lowered by a similar amount (see dicussion in
Section 5.2.1). Radial migration should also slightly increase
characteristic abundances by ∼0.1 − 0.2 dex (see Figure 15
and discussion in Section 5.3.1) and may be related to the
“bump” seen in the stellar abundances at age ≈ 7−8 Gyr. Al-
though each model provides a reasonable explanation for the
metallicities observed in young stars, the data indicate that the
age dependence is minimal at most up to populations as old
as ∼8−10 Gyr. This realization was also highlighted recently
by Gallart et al. (2024). The stability of ISM abundances
predicted by the 𝜂Exp-𝑦2 model plays a key role in holding
stellar metallicities fixed between mono-age populations.

In the right panel of Figure 10, we plot the “processing
timescale6,” defined as

𝜏proc ≡
𝜏★

1 + 𝜂 − 𝑟
, (11)

as a function of radius at the present day. This quantity
describes the average time interval that a given ISM fluid
element will remain present before being incorporated into
new stars or ejected in an outflow. In a one-zone model with
a constant SFH, Weinberg et al. (2017) demonstrate that the
ISM reaches the equilibrium alpha element abundance on this
timescale:

𝑍O (𝑡) = 𝑍O,eq

(
1 − 𝑒−𝑡/𝜏proc

)
. (12)

The corrective factor for most other forms of the SFH is small,
except in the “gas starved” regime where accretion falls far
below the star formation and outflow rates. The process-
ing timescale can be qualitatively understood as setting the
rate of approach to equilibrium, because the ISM loses some
memory of its initial chemical composition every time it is
effectively replaced with new matter. Consequently, an equi-
librium arises after a handful of “generations” of baryons in
the ISM, the duration of which is set by 𝜏proc.

The important connection illustrated by Figure 10 is that the
𝜂Exp-𝑦2 model reaches high abundances more quickly than
the other models because it predicts the shortest processing
timescales. There is a relationship between the value of 𝜏proc
and the slope of [X/H] as a function of time in the ISM, with
shorter processing timescales corresponding to more constant

6 In Weinberg et al. (2017) and Johnson et al. (2021), we refer to this timescale
as the “depletion time.” We change nomenclature in this paper, because
this term has other meanings in the literature.
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Figure 11. The star formation per unit infall at 𝑅 = 8 kpc as
a function of lookback time predicted by our primary set of GCE
models. For visual clarity, we have box-car smoothed the trend with
a window width of 200 Myr. The ISM reaches the local equilibrium
abundance only after this ratio has reached some constant value (see
discussion in Section 4.2). Summary: This ratio quickly becomes
flat in the 𝜂Exp-𝑦2 model due to a short processing timescale (see
also Figure 10).

abundances. The trend in 𝜏proc with radius is sometimes non-
monotonic, since inefficient star formation slows down ISM
processing at large radii but strong outflows speed it up (see
Equation 11).

4.2. The Ratio of Star Formation to Accretion

Figure 11 shows the ratio of star formation per unit infall
as a function of time at 𝑅 = 8 kpc in our primary set of GCE
models (see discussion in Section 3.1). The maximum al-
lowed value for a constant SFH is 1/(1+ 𝜂 − 𝑟) (see Equation
13 below), so each model asymptotically approaches a dif-
ferent value. The 𝜂Exp-𝑦2 model reaches its maximum early
in the disk lifetime, while other models follow suit on longer
timescales.

There is information in both the time dependence of this
ratio and its final value. In combination with the scale of
stellar yields, the final value sets the local equilibrium abun-
dance (see discussion below). The 𝜂Exp-𝑦2 model predicts
¤Σ★/ ¤Σin to be lower than the other models, but it reaches sim-
ilar metallicities because the scale of stellar yields is also
a factor of 2 higher. Once ¤Σ★/ ¤Σin becomes time indepen-
dent, the ISM reaches the local equilibrium metallicity. The
𝜂Exp-𝑦2 model reaches the equilibrium state so early in the
disk lifetime because this ratio is nearly constant for ∼10 Gyr.

It is straightforward to demonstrate this connection math-
ematically. From Equation (B1) in Appendix B, it follows
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all three models. Summary: The equilibrium gradient traces variations in the time-averaged ratio of star formation per unit infall ¤Σ★/ ¤Σin with
radius (see discussion in Section 4.2).

algebraically that ¤Σ★/ ¤Σin can be expressed in terms of our
GCE parameters as

¤Σ★

¤Σin
=

[
1 + 𝜂 − 𝑟 + 𝜏★

¤Σ𝑔

Σ𝑔

]−1

, (13)

where we have also substituted in the SFE timescale 𝜏★ ≡
Σ𝑔/ ¤Σ★. The rate of change in the O abundance (see Equation
B3) can then be expressed as

¤𝑍O =
𝑦CC

O
𝜏★

− 𝑍O
𝜏★

( ¤Σin
¤Σ★

)
. (14)

Furthermore, if 𝜏★ is constant and the late-time SFH declines
exponentially, then ¤Σ𝑔/Σ𝑔 = −1/𝜏sfh, and the quantity in
square brackets in Equation (13) is equivalent to the denom-
inator of Equation (5) for 𝑍O,eq. The equilibrium abundance
can then be expressed as

𝑍O,eq = 𝑦CC
O

¤Σ★

¤Σin
. (15)

We emphasize that this expression is only accurate at 𝑍ISM ≈
𝑍eq. Otherwise, ¤Σ★/ ¤Σin does not reflect the equilibrium state.
Equation (5) is a more reliable expression for 𝑍eq, because it
is written in terms of the input GCE parameters.

The equilibrium gradient slope then follows by taking the
logarithm of Equation (15) and differentiating with respect to
radius:

∇eq =
1

ln 10

[
𝜕 ln ¤Σ★

𝜕𝑅
− 𝜕 ln ¤Σin

𝜕𝑅

]
. (16)

This expression neglects changes in the mass fraction of H,
because it is typically a small correction (∼0.01 dex). Due
to the short lifetimes of massive stars (e.g., Larson 1974;
Maeder & Meynet 1989; Henry et al. 2000), this relation is
most accurate for alpha elements. The broad nature of the
SN Ia DTD introduces an additional sensitivity to the shape
of the SFH in the equilibrium abundance of Fe (Weinberg
et al. 2017), which is likely related to why ∇[Fe/H] is slightly
steeper than ∇[O/H] (see Figure 3 and Table 1).

To demonstrate this relationship in action, we compare the
𝜂Exp-𝑦2 model to the 𝜂Exp-𝑦2-steep and 𝜂Exp-𝑦2-shallow
variations (see discussion in Section 3.3). Each of these mod-
els has the same value of 𝜂⊙ , but with different scale radii 𝑅𝜂

describing how quickly the mass loading factor increases with
radius. The left panel of Figure 12 shows the present-day O
abundance in the ISM as a function of radius in comparison
to the equilibrium gradients predicted by these models (com-
puted by evaluating Equation 5 at all radii). Each model is
near its equilibrium state at the present day by construction,
but the equilibrium gradients have different slopes.

The right panel of Figure 12 shows the predicted star forma-
tion and accretion rates as a function of radius at the present
day. The SFR is the same between all three models, because
it is specified as an input (see discussion in Section 3). The
inferred accretion rates differ as a consequence of changes
in the mass loading factor. Relative to the fiducial model, an
increase in the mass loading factor is accompanied by a larger
accretion rate, since more mass is required to fuel star forma-



20 J.W. Johnson et al.

tion and fulfill the stellar mass budget of the Galactic disk
when more ISM material is ejected. The 𝜂Exp-𝑦2-shallow
model at 𝑅 < 8 kpc and the 𝜂Exp-𝑦2-steep model at 𝑅 > 8
kpc are examples of this prediction. Conversely, 𝜂Exp-𝑦2-
shallow at 𝑅 > 8 kpc and 𝜂Exp-𝑦2-steep at 𝑅 < 8 kpc have
lower accretion rates due to weaker mass loading than the
fiducial model.

There is a clear inverse relation in the local accretion rate
and metallicity at fixed SFR, which is a direct consequence
of this connection. These 𝜂Exp-𝑦2-shallow and 𝜂Exp-𝑦2-
steep models predict higher (lower) [O/H] than the fiducial
model if the accretion rate is lower (higher). The effect of
mass loaded outflows on metal enrichment rates, as described
by Weinberg et al. (2017) and supported by Figure 12, is
to remove metal-rich material from the ISM and replace it
with metal-poor gas through accretion. This ongoing dilution
lowers the equilibrium abundance. If this process happens
in a radially dependent manner, then a radial gradient in the
equilibrium metallicity arises. We note that we have found
similar predictions when holding the accretion rate ¤Σin fixed
between models, in which case the surface density of star
formation ¤Σ★ varies as a consequence of different choices in
𝜂.

4.3. Perturbations due to Major Mergers

As an additional exploration of the parameter space, the
𝜂Exp-𝑦2+burst model is defined by a burst in star formation
𝜏 ≈ 6 Gyr ago in the central and outer disk but is otherwise the
same as our 𝜂Exp-𝑦2 model (see Equation 9 and discussion
in Section 3.3). The top and middle panels of Figure 13 show
the star formation and accretion histories at a selection of
Galactocentric radii. In the outer disk, the accretion rates
increase by a factor of a few for ∼1 − 2 Gyr in order to
fuel the enhanced star formation activity. The “jitter” in
these predictions arises due to minor, stochastic fluctuations
in the rate of return of stellar envelopes back to the ISM
introduced by stellar migration, which affects the inferred
level of accretion required to fuel the specified level of star
formation (see discussion in Section 4.2 above).

The bottom panel of Figure 13 shows the O abundance in
the ISM as a function of radius at a handful of snapshots
covering the duration of the starburst. The ISM metallicity
first decreases due to the dilution associated with the enhanced
accretion rates. Following this time period, re-enrichment
from star formation elevates the gas-phase abundances back
to their pre-burst values within ∼2 Gyr. The inset shows
this prediction as a function of time at 𝑅 = 8 kpc. The
effects of this accretion induced burst of star formation can
be understood as a perturbation that evolves back to the initial
equilibrium state on ∼Gyr timescales, in line with previous
theoretical arguments about dilution and re-enrichment (e.g.,
Dalcanton 2007; Johnson & Weinberg 2020).
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Figure 13. Our 𝜂Exp-𝑦2+burst GCE model (see Table 2 and
discussion in Section 3.3). Top/Middle: The input SFH (top) and
predicted infall history (middle) at a selection of six Galactocentric
radii, color coded according to the legend in the top panel. Bottom:
[O/H] in the ISM as a function of Galactocentric radius, marked by
the lookback time of the snapshot according to the legend. Inset:
[O/H] in the ISM at 𝑅 = 8 kpc as a function of lookback time.
Summary: This model predicts the metallicity gradient to vary
with a scale and timing that is broadly consistent with the ∼4−6 Gyr
populations in our sample (see Figure 4 and discussion in Section
2.3).
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The parameters of the 𝜂Exp-𝑦2+burst model are ad hoc,
chosen simply because they qualitatively explain the metal-
licity variations in intermediate aged populations in the outer
disk seen in Figure 4. Based on the lookback time to the en-
hanced accretion, this event could plausibly be associated with
the first pericentric passage of the Sagittarius dwarf spheroidal
(e.g., Law & Majewski 2010; Ruiz-Lara et al. 2020). It is also
possible that the MW experienced a burst of star formation
that was coincident but unassociated with Sagittarius. Simu-
lations predict that merger events fuel bursts of star formation
that are centrally concentrated as opposed to localized to the
outer disk due to gas flows induced by global torques (e.g.,
Hopkins et al. 2013). Whether or not Sagittarius induced
these large scale flows is a question of whether or not it was
massive enough to do so. However, in observations, the con-
nection between merger events, enhanced star formation, and
the radial dependence thereof is unclear on a galaxy-by-galaxy
basis (see discussion in, e.g., Pearson et al. 2019 and Thorp
et al. 2024).

We have also explored variations in which the value of 𝑅𝜂

changes suddenly at some point in the disk lifetime, leading
to a shift in the equilibrium gradient. As expected, the metal
abundances evolve from the original values at the time of the
shift and settle onto the new equilibrium gradient on ∼Gyr
timescales. These models underscore the notion that the
equilibrium scenario allows for changes in the slope over
time, which the 𝜂Exp-𝑦2+burst model indicates should be
expected from major mergers anyway. In general, some level
of evolution should be expected if the equilibrium is disrupted
or perturbed.

5. DISCUSSION
5.1. Mass-Loaded Outflows

Our most successful model is 𝜂Exp-𝑦2 because it reaches
an equilibrium metallicity gradient early in the disk lifetime.
This prediction plays a key role in reproducing the observed
lack of evolution in metallicity with the ages of stellar popu-
lations across the Galactic disk (see Figure 7 and discussion
in section 4). An outflow that ejects ISM material more
efficiently with increasing Galactocentric radius is what ul-
timately enables the equilibrium behavior of this model (see
discussion in section 3.1).

Many previous GCE models of the MW disk omit outflows,
using 𝜂 = 0 and implicitly assuming that the gravitational po-
tential is too strong to launch a substantial wind (e.g., Minchev
et al. 2013, 2014; Spitoni et al. 2019, 2021; Palla et al. 2020,
2022, 2024; Gjergo et al. 2023). Some models deposit a por-
tion of stellar yields directly into an outflow, but ambient ISM
material is not ejected (e.g., Schönrich & Binney 2009; Chen
et al. 2023). These arguments are often based on hydrody-
namic simulations in which ejected metals are re-accreted on
short timescales (≲100 Myr; Spitoni et al. 2008, 2009) near

the SN that produced them (≲0.5 kpc; Melioli et al. 2008,
2009; Hopkins et al. 2023). However, feedback is both ex-
tremely uncertain and sensitive to the implementation of the
simulation (e.g., Li et al. 2020; Hu et al. 2022). Mass-loaded
outflows emerge in other simulations of MW-like galaxies
with different prescriptions (e.g., Brook et al. 2011; Gutcke
et al. 2017; Nelson et al. 2019; Peschken et al. 2021; Kopen-
hafer et al. 2023).

From a purely empirical perspective, outflows with substan-
tial mass loading have not yet been observed from MW-like
galaxies, but the predicted column densities are below the
detection thresholds of current instruments (see discussion
in, e.g., the reviews by Veilleux et al. 2020 and Thompson &
Heckman 2024). To date, evidence of mass-loading is largely
limited to nearby starbursting systems (e.g., M82, Lopez et al.
2020; NGC 253, Lopez et al. 2023; Mrk 1486, Cameron et al.
2021). However, results in recent years suggest that galaxies
forming stars under more MW-like conditions may still eject
ISM material in outflows. Reichardt Chu et al. (2022a) report
the detection of outflows at 500 pc resolution in regions of
low star formation surface density in otherwise strongly star
forming galaxies. Avery et al. (2022) also argue based on
NaI lines that at least some disk galaxies have much larger
neutral outflows than ionized outflows. Feedback-driven out-
flows have also been observed across cosmic time (locally:
Chen et al. 2010; Reichardt Chu et al. 2022a,b; Avery et al.
2021, 2022; at 𝑧 ∼ 1: Rubin et al. 2010; at 𝑧 ∼ 2: Davies
et al. 2019; Concas et al. 2022). Rudie et al. (2019) showed
that ∼70% of 𝑧 ∼ 2 galaxies with detected metal absorption
contain some amount of metal-enriched gas whose line-of-
sight velocity exceeds the 3D escape velocity. Based on these
results, it is not unlikely that the MW has ejected a substantial
outflow at some point in its evolutionary history, even if it is
only producing fountain flows at the present day.

Our prescription for outflows in this paper is ad hoc, how-
ever, since we chose the 𝜂 ∝ 𝑒𝑅 formalism because it would
produce an equilibrium gradient of approximately the cor-
rect shape (see discussion in section 3.1). Observationally,
mass loading appears to increase with the surface density of
both stars and star formation (e.g., Reichardt Chu et al. 2024),
which would suggest that 𝜂 should be highest in the inner disk
as opposed to the outer disk. If our 𝜂 ∝ 𝑒𝑅 prescription is
inaccurate, then a potential alternate origin for equilibrium
chemical evolution in the MW is radial gas flows (e.g., Lacey
& Fall 1985; Portinari & Chiosi 2000; Spitoni & Matteucci
2011; Di Teodoro & Peek 2021; Trapp et al. 2022; Dutta
Chowdhury et al. 2024). These flows are thought to be di-
rected inward because the angular momentum of accreting
material is generally lower than that of the disk (Bilitewski
& Schönrich 2012). This process may play a role in regu-
lating the ISM abundance through dilution by incorporating
low metallicity gas from larger radii into the ambient ISM in
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Figure 14. Variations in the 𝜂Exp-𝑦1 model (all shown in red),
which are intended to quicken its approach to equilibrium (see dis-
cussion in section 5.2.1), with the 𝜂Exp-𝑦2 model shown in blue.
All curves show the ISM [O/H] abundance as a function of lookback
time at 𝑅 = 8 kpc. The red dashed line shows a model in which
the metallicity of accreting material is initially metal free but ap-
proaches [O/H]CGM ≈ −0.7. The red dotted line shows a case in
which we let all SN yields increase toward low metallicity with a
1/
√
𝑍 dependence based on recent arguments about SN event rates.

The black dashed line shows the [O/H] values inferred from our
linear regressions reported in Table 1 and is identical to the red line
in the lower right panel of Figure 4. Summary: Non-zero metallic-
ity accretion, metallicity dependent SN rates, or some combination
thereof can account for the differences of a factor of ∼2 in metal
yields within the age range we focus on in this paper.

a given region of the disk. We plan to investigate the role of
radial gas flows in future work, along with more empirically
motivated prescriptions for 𝜂. For any model of the origin
of the metallicity gradient in the MW, the lack of evolution
in stellar metallicities across the last ∼9 Gyr is an important
empirical constraint.

5.2. Stellar Yields
5.2.1. The Normalization

For many purposes in GCE, there is a degeneracy between
stellar yields and the strength of outflows (e.g., Cooke et al.
2022; Johnson et al. 2023c; Sandford et al. 2024). We demon-
strated in section 4 that strong outflows lower the processing
timescale of the ISM, enabling an equilibrium gradient to be
reached early in the disk lifetime. This difference is the pri-
mary reason why 𝜂Exp-𝑦1 and 𝜂Exp-𝑦2 do not predict simi-
lar enrichment histories, despite both reaching the abundances
observed in the ISM at the present day. Simply ejecting metals
in a hot outflow without much mass loading leads to a longer

processing timescale and thus a slow approach to equilibrium.
However, a potential problem with the 𝜂Exp-𝑦2 model is that
the yields are large compared to the empirical estimates from
Weinberg et al. (2024), which are anchored to the mean Fe
yield of CCSNe measured by Rodrı́guez et al. (2023). We
therefore investigate two variations of the 𝜂Exp-𝑦1 model in
this section to see if a faster approach to equilibrium can be
achieved. We focus on the predicted O abundances because
the results for Fe are similar.

In our first variation, the metallicity of the circumgalactic
medium (CGM) is initially zero but follows a 1−𝑒−𝑡/𝜏 depen-
dence, reaching a value of [O/H]CGM = [Fe/H]CGM = −0.7
on a 𝜏 = 3 Gyr timescale. Neither the metallicity of accret-
ing material nor its evolution with cosmic time are well con-
strained. Between redshift 𝑧 ∼ 0 and∼1, the CGM metallicity
is observed to vary by over an order of magnitude between
sightlines in individual halos (e.g., Zahedy et al. 2019, 2021;
Cooper et al. 2021; Haislmaier et al. 2021; Kumar et al. 2024;
Sameer et al. 2024). These results indicate that the CGM is
not well-mixed, so pinning down a mass weighted metallic-
ity is challenging. By extension, how the CGM composition
varies across cosmic time is similarly unconstrained. Future
constraints may show that this model’s prescription with only
two free parameters is inaccurate.

In our second variation, we let the yields of all elements
follow a 1/

√
𝑍 dependence on metallicity. Johnson et al.

(2023a) argue that this dependence, which follows the close
binary fraction observed in APOGEE (Badenes et al. 2018;
Moe et al. 2019), can explain the high SN Ia rates observed in
dwarf galaxies (e.g., Brown et al. 2019; Wiseman et al. 2021).
Pessi et al. (2023) showed that CCSN rates also follow a strong
inverse dependence on metallicity. Their inferred scaling is
stronger than 1/

√
𝑍 , so it would possibly be more accurate

to use different scalings for different SN types. However, the
key question is whether or not higher overall event rates at low
metallicity can make up the difference between our 𝜂Exp-𝑦1
model and the abundances observed in old stellar populations.

Figure 14 compares the predicted [O/H] abundances at
𝑅 = 8 kpc as a function of time between these variations,
our 𝜂Exp-𝑦1 and 𝜂Exp-𝑦2 models, and the mode of the MDF
in mono-age The differences between the model predictions
and the stellar abundances in APOGEE could be due to radial
migration, but could also be compensated by slight modifi-
cations to our stellar yields or the strength of outflows (see
discussion in section 4.1). Our 𝑍-dependent SN rate model
matches the 𝜂Exp-𝑦2 model almost exactly. The metal-rich
accretion model evolves more slowly, but it still reaches [O/H]
≈ −0.2 by a lookback time of ∼9 Gyr. Despite their simpli-
fied nature, both variations are in broad agreement with the
𝜂Exp-𝑦2 model across the range of stellar ages that we have
focused on in this paper. Metal-rich accretion and metallic-
ity dependent SN rates are not mutually exclusive, so both
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effects could play a role in raising the metallicities of old stel-
lar populations. It is also possible that the thin disk simply
started with a non-zero metallicity, since it was preceded by
the halo and thick disk epochs. Our models begin with no
mass in the ISM by construction, so we refrain from investi-
gating these models as they would require re-parameterizing
the evolutionary history of our fiducial model. Nonetheless,
building in an initial metal abundance should also act to raise
the metallicities of old stellar populations relative to a model
that starts with no metals.

5.2.2. Empirical Constraints

If the equilibrium scenario is accurate, then trends in abun-
dance ratios should trace trends in stellar yields. This implica-
tion can be seen by inspecting Equation (5) and the equivalent
for Fe from section 2.4 of Weinberg et al. (2017). The abun-
dance ratio of some element X relative to O or Mg can be
expressed as:

[X/𝛼]eq = log10

(
𝑍X,eq

𝑍𝛼,eq

)
− log10

(
𝑍X,⊙
𝑍𝛼,⊙

)
(17a)

= log10

(
𝑦CC

X + 𝑦Ia
X𝛽Ia

𝑦CC
𝛼

)
− log10

(
𝑍X,⊙
𝑍𝛼,⊙

)
, (17b)

where we use 𝛼 to generically refer to O, Mg, or any element
whose production is dominated by CCSNe. Most importantly,
the denominator of Equation (5), which depends on GCE
parameters, has cancelled. The factor 𝛽Ia arises due to the
time delays of SNe Ia and is defined as an integral over the
SFH weighted by the DTD 𝑅Ia in units of the present-day
SFR:

𝛽Ia ≡

∫ 𝜏disk

0
¤Σ★(𝑡)𝑅Ia (𝜏disk − 𝑡)𝑑𝑡

¤Σ★(𝜏disk)
∫ ∞

0
𝑅Ia (𝑡)𝑑𝑡

. (18)

SNe Ia require some minimum time delay (i.e., 𝑅Ia (𝑡) = 0
for small 𝑡), so Weinberg et al. (2017) equivalently define this
expression to omit recent star formation. In detail, 𝛽Ia is only
approximately constant with time, so the [Fe/H] gradient is
not a perfectly stationary equilibrium.

Weinberg et al. (2019) noted that trends in observed [X/Mg]
ratios with [Mg/H] do not vary with spatial location in the
MW. They interpreted this result as an indication that these
trends are nucleosynthetic in origin. Variations with radius
would be expected due to the inside-out growth of the disk
if [X/Mg] were set by the SFH. Equations 17b and 18 indi-
cate that a lack of variation in abundance sequences between
Galactic regions is expected under the equilibrium scenario,
since 𝛽Ia should theoretically be the same from element to
element (unless different elements trace different epochs of
the DTD).

In principle, 𝛽Ia should vary with Galactocentric radius as
a consequence of variations in the shape of the SFH. This

spatial dependence is likely related to why ∇[Fe/H] is slightly
steeper than ∇[O/H] (see Figure 3 and Table 1). Variations
in gradient slopes between elements ∇[X/H] should there-
fore be sensitive to different yield ratios between CCSNe and
SNe Ia, 𝑦CC

X /𝑦Ia
X , as long as certain elements are not preferen-

tially ejected in outflows. We plan to pursue these potential
empirical constraints on stellar yields in future work.

5.3. Radial Migration
5.3.1. The Effect on Metallicity Distribution Functions

The left panel of Figure 15 shows distributions in [O/H]
predicted by our 𝜂Exp-𝑦2 model in three different ranges of
Galactocentric radius. For comparison, we include variations
of this model with different rates of migration. We make this
change by adjusting the parameter 𝜎RM8, which quantifies
the width of the distribution in orbital displacement Δ𝑅 for 8
Gyr old stellar populations (see discussion in section 3 and
in Appendix C of Dubay et al. 2024 for details). Our fiducial
model uses the value of 𝜎RM8 = 2.7 kpc from Dubay et al.
(2024), which we adjust to 𝜎RM8 = 2.0 kpc (∼25% slower)
and 𝜎RM8 = 3.6 kpc (∼25% faster; consistent with the value
inferred by Frankel et al. 2018). We also include a model in
which we hold every star at its birth radius, which removes
the effects of radial migration (i.e., 𝜎RM8 = 0).

In each model, the position of the peak of the MDF is
largely unaffected at all radii. Migration significantly en-
hances the wings of the distribution by contributing metal-
poor stars from large radii and metal-rich stars from small
radii. This prediction is in line with the chemodynamic simu-
lations by Grand et al. (2014). The stability of the MDF peak
is our motivation for choosing to quantify the observed radial
metallicity gradient in terms of the mode rather than the mean
or median. In our GCE models, the mode of the abundance
distribution of a mono-age population at fixed radius is typi-
cally no more than ∼0.1 − 0.2 dex above the ISM abundance
at the corresponding time and place. This prediction arises
in all of our models, including 𝜂0-𝑦1 and 𝜂0.4-𝑦1. The mode
of the MDF becomes a slightly worse proxy for faster migra-
tion speeds, but it traces the underlying ISM abundance more
closely than the mean or median in all cases because these
summary statistics are sensitive to the tails of the distribution.

It may seem counterintuitive that migration does not sub-
stantially affect the mode of the MDF. At fixed present day
radius, there are many more stars that have migrated outward
than inward due to the radial surface density gradient. It may
be natural to expect old populations to shift toward higher
metallicity as a consequence. We do indeed see these effects
in the left panel of Figure 15 (most clearly in the 𝑅 = 11− 13
kpc bin with 𝜎RM8 = 3.6 kpc), but the effect is minimal.

We address this point in the right hand panel of Figure 15,
which shows distribution in [O/H] and birth radius broken
down by age in two of the radial bins from the left panel. The
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Figure 15. The impact of radial migration on abundance distributions. Left: Distributions in [O/H] in our 𝜂Exp-𝑦2 model with different
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black line in the top panels shows the total [O/H] distribution. Summary: In the equilibrium scenario, stellar migration enhances the tails of the
metallicity distribution but has only a minimal impact on the position of the peak, since the metallicity gradient is shallow compared to typical
radial migration displacements (see Equation 19).

shift in 𝑃(𝑅birth |𝑅, 𝜏) toward smaller radii with increasing
age is comparable to the predictions of the h277 simulation
by construction (for comparison, see Figure 1 in J21). The
[O/H] distributions are much less sensitive to stellar age. The
two distributions are approximately related by the local slope
of the ISM metallicity gradient at the corresponding lookback
time according to

𝑃(𝑅birth |𝑅, 𝜏) ≈ 𝑃([O/H]|𝑅, 𝜏) 𝜕[O/H]
𝜕𝑅birth

, (19)

but only approximately because all of these variables are cor-
related. This expression indicates that the mode of the MDF
is minimally affected by migration because the metallicity
gradient is shallow compared to typical migration distances.
In other words, a significant excursion in radius does not cor-
respond to a significant excursion in metallicity. Based on
our measurement of ∇[O/H] = −0.06 kpc−1, a star that mi-
grates Δ𝑅 = 3 kpc outward is on average only 0.18 dex more
metal-rich than the stars that formed there.

5.3.2. Birth Radius Inferences

Recent work has sought to quantify the strength of ra-
dial migration in the Galactic disk by combining stellar ages
and abundances with GCE models (e.g., Frankel et al. 2018;
Minchev et al. 2018). However, the adopted GCE models

generally fall under the evolution scenario with ISM abun-
dances that rise continually with time until the present day.
The success of of the equilibrium scenario in reproducing
observations in section 4 therefore challenges the validity of
the models these birth radius inferences are based on. In-
terestingly, however, the equilibrium scenario implies that
estimates of migration distances should become less model
dependent. Under the equilibrium scenario, 𝑍 (𝑅, 𝜏) ≈ 𝑍 (𝑅),
relatively insensitive to the star’s age, making metallicity a
proxy for birth radius on its own.

Recently, Lu et al. (2022) constructed a new and novel
method for determining birth radii. Their method uses the
width of the MDF in a mono-age population as a proxy for
the metallicity gradient slope at a given lookback time. If the
decline in ISM abundances toward large radii is monotonic,
then wide (narrow) MDFs should arise from steep (shallow)
gradients. They calibrated a relation between Range([Fe/H])
and ∇[Fe/H] based on hydrodynamic simulations, after which
they infer birth radii for a sample of subgiants from LAMOST
(Luo et al. 2015). Ratcliffe et al. (2023) subsequently used
this method to infer birth radii for stars in APOGEE.

Both Lu et al. (2022) and Ratcliffe et al. (2023) argue that
the metallicity gradient was steeper in the past based on the
MDF broadening with age. It may seem at first glance like
this argument is in tension with our equilibrium scenario.
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Colored lines show variations of the fiducial model with different
radial migration speeds (see discussion in section 5.3.1). Summary:
This relationship should be substantially influenced by a burst of star
formation, as argued by Lu et al. (2022). However, the relationship
should have a slightly different shape than ∇[Fe/H] as a function
of lookback time, and incorporating these effects may improve the
Lu et al. (2022) methodology. Our models predict systematically
narrower MDFs than observed, which could arise due to a handful
of effects (see discussion at the end of section 5.3.2).

However, their argument is centered on the slope of the re-
lation between stellar metallicities and Galactocentric radius,
while ours is centered on its normalization. In principle, the
equilibrium scenario allows for changes in the slope at fixed
normalization. Such variations can arise as a consequence
of major merger events or evolving Galactic properties that
lead to a change in the equilibrium slope (see Figure 13 and
discussion in section 4.3).

To compare our arguments more closely, we apply the Lu
et al. (2022) methodology to the stellar populations predicted
by our GCE models (see discussion in their section 3 for full
details). To mimic the radial range of their LAMOST sam-
ple, we select only stellar populations with present day radii
between 7 and 10 kpc. We inject artificial measurement un-
certainties by perturbing the ages and metallicities by random
numbers drawn from normal distributions of width 0.5 Gyr
and 0.03 dex, respectively. We take Range([Fe/H]) to the

difference between the 5th and 95th percentiles of the [Fe/H]
distribution for a mono-age population. We apply the same
procedure to our sample from APOGEE but omit artificial
uncertainties. Although Lu et al. (2022) do not explicitly
limit their sample to 𝑅 = 7 − 10 kpc, we make this cut to
minimize differences in selection effects.

Figure 16 shows the results of this procedure as a function of
stellar age in comparison to Lu et al.’s (2022) measurements
from LAMOST. The two surveys follow similar trends, es-
pecially considering that we are not fully taking into account
the two selection functions. Our measurements in APOGEE
are also a reasonable match to Ratcliffe et al. (2023), with
some small differences in detail likely due in part to different
age catalogs (they focus on the 1-𝜎 as opposed to 2-𝜎 MDF
width and use a different age catalog, XGBoost; Miglio et al.
2021). We show the predicted relations from our 𝜂Exp-𝑦2
and 𝜂Exp-𝑦2+burst models along with the variations that use
25% faster and slower radial migration from section 5.3.1
above. Despite a nearly constant slope ∇[Fe/H], the 𝜂Exp-𝑦2
model and its variations each predict Range([Fe/H]) to in-
crease by ∼0.2 dex between young and ∼10 Gyr old popula-
tions. This prediction is a consequence of radial migration.
The 𝑅 = 7 − 10 kpc range, which this comparison focuses
on, samples a broader and broader range of birth radii with
increasing age. Due to the presence of a radial abundance
gradient, this region therefore also samples a broader and
broader range of abundance.

Our 𝜂Exp-𝑦2+burst model supports the argument by Lu
et al. (2022) that Range([Fe/H]) should increase and ∇[Fe/H]
should steepen briefly during a merger event (see Figure 13
and discussion in section 4.3). Buck et al. (2023) found
similar predictions in the NIHAO-UHD simulations. In our
model, Range([Fe/H]) increases by ∼0.1 − 0.2 dex at a time
coincident with the enhanced accretion associated with this
model. We therefore support their argument that the merger
event with Gaia-Sausage Enceladus (e.g., Belokurov et al.
2018; Helmi et al. 2018) should have had these effects on
the MW disk. We do however raise concerns regarding the
reliability of birth radii determined with the current version
of this methodology. In both Lu et al. (2022) and Ratcliffe
et al. (2023), Range([Fe/H]) and ∇[Fe/H] as functions of age
have the same but inverted shapes. Figure 16 indicates that
a portion of the increase in MDF widths should be attributed
to migration alone, and therefore Range([Fe/H]) and ∇[Fe/H]
should vary slightly differently with age. The differences be-
tween the two may be quantifiable through a careful account-
ing of survey selection functions, which directly influence
the measured radial migration strength and would introduce
age-dependent effects.

Lastly, we note that our GCE models predict MDFs that
are systematically narrower than the data. This mismatch is
a shortcoming of our models whose origin is unclear. One
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possibility is that the metallicity gradient was indeed steeper
in the past, as argued by Lu et al. (2022) and Ratcliffe et al.
(2023). Another possibility is that radial migration is con-
siderably faster than theoretical expectations such that stars
sample a much broader range of the abundance gradient. A
third possibility, which is expected from hydrodynamic simu-
lations (e.g., Hopkins et al. 2014; Sparre et al. 2017; Feldmann
et al. 2017; Ma et al. 2018), is that departures from a smooth
SFH on short timescales (≲100 Myr) lead to variability in
ISM abundances and therefore broader MDFs. Such varia-
tions might complicate birth radius inferences with the Lu
et al. (2022) methodology.

6. CONCLUSIONS
In this paper, we advocate for a new explanation for the

radial gradient in metal abundances of both gas and stars in
MW-like spiral galaxies. In this scenario, the ISM abun-
dance evolves toward the local equilibrium abundance 𝑍eq at
all radii. 𝑍eq declines exponentially with radius with a scale
length that is an intrinsic property of a galaxy set by GCE
parameters and their variations with radius. The evolution
toward equilibrium is fast (∼Gyr timescales), and the equi-
librium state is reached early in the disk lifetime as a result.
In the absence of major mergers or changes in GCE param-
eters that disrupt the equilibrium, metal abundances do not
evolve significantly once 𝑍eq is reached, even with ongoing
star formation. Figure 1 shows a cartoon of this behavior.
The result is that observed metallicity gradients closely trace
the underlying equilibrium state for much of the disk lifetime.
Sharda et al. (2021) found similar predictions using analytic
models with a detailed treatment of gas dynamics.

The equilibrium scenario is constrained first and fore-
most by the apparent age-independence of stellar metallic-
ities across much of the MW disk. We highlight this result in
the AstroNN value added catalog from SDSS-IV (see Fig-
ure 4), though similar results have been a running theme in
the literature in recent years. Willett et al. (2023) demon-
strated that conventional GCE models (e.g., Chiappini 2009;
Minchev et al. 2013, 2014) underpredict the metallicities of
old stars with asteroseismic age estimates. Using six differ-
ent age catalogs, Gallart et al. (2024) showed that the relation
between stellar age and metallicity is flat up to ∼10 Gyr in the
solar neighborhood. The metal abundances of open clusters
(Spina et al. 2022; Magrini et al. 2023; Carbajo-Hijarrubia
et al. 2024) and classical Cepheid variables (da Silva et al.
2023) do not correlate significantly with age across much of
the Galactic disk. Palla et al. (2024) modeled the open cluster
abundances using recent metal-poor gas accretion. Such an
event is allowed by the equilibrium scenario. In our mod-
els, major mergers result in perturbations that settle back to
the equilibrium state on ∼Gyr timescales (see Figure 13 and
discussion in Section 4.3). However, additional processes

are required to hold the ISM metallicity constant on longer
timescales (≳few Gyr), since re-enrichment following dilu-
tion events is fast (e.g., Dalcanton 2007; Johnson & Weinberg
2020).

In our fiducial model (𝜂Exp-𝑦2; see Table 2 and discussion
in Section 3.1), the equilibrium scenario arises from an in-
crease in the outflow mass loading factor with Galactocentric
radius (see Equation 5 and discussion in sections 3.1 and 5.1).
The outflow has two important effects. First, it removes mate-
rial from the ISM at the local abundance and replaces it with
metal-poor gas through accretion, which lowers the equilib-
rium metallicity (see, e.g., the analytic models of Weinberg
et al. 2017). Second, the outflow shortens the amount of time
that baryons spend in the star forming ISM before they are
either ejected or incorporated into new stars (≲few Gyr; see
Figs. 10 and 11 and discussion in Section 4.2). After a hand-
ful of “generations” of baryons, the ratio of star formation to
accretion, ¤Σ★/ ¤Σin, becomes nearly constant. This quantity
is closely related to the local equilibrium abundance, since
metal production is most sensitive to the SFR while accre-
tion sets the rate at which fresh H is introduced to the ISM
(see Equation 15). Changes in the relative balance of ¤Σ★ and
¤Σin, which are driven by changes in the outflow efficiency,
set the equilibrium gradient slope ∇eq (see Figures 12 and
16). We plan to explore radial gas flows (e.g., Lacey & Fall
1985; Bilitewski & Schönrich 2012) as a potential alternative
origin of the equilibrium scenario in future work (see also
discussion in Section 5.1).

Our 𝜂Exp-𝑦2 model is also quite similar to our fiducial
model from J21 (see discussion in section 2 therein). In that
paper, we simply asserted the equilibrium scenario in order
to isolate the effect of radial migration on the disk abundance
structure for different assumptions of the SFH. This paper
offers empirical justification of that choice. We demonstrated
in J21 that this class of models readily explains many details
of the disk-abundance structure, namely the dependence of
the [O/Fe]-[Fe/H] distribution on Galactocentric radius and
mid-plane distance (e.g., Hayden et al. 2015; Vincenzo et al.
2021) and the shapes of the age-[O/H], age-[Fe/H], and age-
[O/Fe] relations (e.g., Feuillet et al. 2018, 2019). The most
noteworthy shortcoming of these models is that they fail to
reproduce the distinct bimodality in [O/Fe] at fixed [Fe/H]
(e.g., Fuhrmann 1998; Bensby et al. 2003; Adibekyan et al.
2012; Hayden et al. 2015; see discussion in Dubay et al. 2024).
Many authors have proposed early accretion events and/or
episodic SFHs in the early disk as explanations of this result
(e.g., Chiappini et al. 1997; Haywood et al. 2016; Mackereth
et al. 2018; Spitoni et al. 2019; Buck 2020; Khoperskov et al.
2021; Beane et al. 2024, in preparation). Our models do not
include such events. We plan to explore these evolutionary
histories in future work.
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The equilibrium scenario also offers a simple explanation
for the apparent uniformity of metallicity gradients in galaxy
disks. Population studies have found a relatively tight Gaus-
sian distribution of slopes (e.g., Ho et al. 2015; Sánchez
2020). There is no clear correlation with galaxy morphol-
ogy, including the presence of a bar (Zaritsky et al. 1994;
Sánchez-Menguiano et al. 2016). Some galaxies have gradi-
ents that invert in the innermost regions (e.g., Rosales-Ortega
et al. 2011; Sánchez et al. 2014), flatten in the outermost
regions (e.g., Martin & Roy 1995; Bresolin et al. 2012), or
both (e.g., Sánchez-Menguiano et al. 2018). Some authors
argue that the slope is weakly correlated with galaxy stellar
mass (e.g., Pérez-Montero et al. 2016; Belfiore et al. 2017;
Groves et al. 2023), while others do not find a clear a trend
(e.g., Bresolin 2019; Pilyugin et al. 2019; Poetrodjojo et al.
2018, 2021). At least for MW-like galaxies within the radial
range of interest in this paper, there is a striking level of uni-
formity when scaled for disk size (see also Figure 9 of Berg
et al. 2020 and discussion in their Section 4.3). These results
suggest that whatever mechanism sets radial metallicity gra-
dients is likely relatively universal among galaxies, such as a
preferred equilibrium state.

In the near future, we will be able to test the equilibrium sce-
nario further with larger samples of stars provided by SDSS-V
(Kollmeier et al. 2017). Subgiants may be numerous enough
in the available data to provide more direct constraints using
isochrone ages (e.g., Pont & Eyer 2004; Jørgensen & Linde-
gren 2005). As large samples with increasingly precise age
and abundance measurements become available, our under-
standing of the assembly and enrichment histories of the MW
will improve accordingly.
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APPENDIX

A. THE LEUNG ET AL. (2023) AGE CATALOG
In this appendix, we replicate our results in Figure 4 with the Leung et al. (2023) catalog of stellar ages. We have focused

our discussion in this paper on the AstroNN catalog (Mackereth et al. 2019), but it is possible that their convolutional neural
network simply learned the correlations between chemical abundances and ages. In this case, our key empirical result in Figure
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Figure 17. The same as Figure 4, but using Leung et al.’s (2023) catalog of stellar ages as opposed to the AstroNN value added catalog.
Because of the smaller sample, we use 2 Gyr bins in age as opposed to 1 Gyr according to the legend in the top left panel. Summary: We find
the same results as in Figure 4, so our central results should not be affected by any learned correlations between stellar abundances and ages in
the AstroNN catalog.

Table 4. A summary of linear regression parameters applied to the [O/H]-𝑅 and [Fe/H]-𝑅 relations for mono-age populations in the Leung
et al. (2023) catalog (see discussion in Appendix A).

Age Range ∇[O/H] [O/H](R = 8 kpc) ∇[Fe/H] [Fe/H](R = 8 kpc)
0 − 2 Gyr −0.051 ± 0.007 kpc−1 0.035 ± 0.017 −0.067 ± 0.004 kpc−1 0.050 ± 0.011
2 − 4 Gyr −0.054 ± 0.004 kpc−1 0.034 ± 0.012 −0.083 ± 0.005 kpc−1 −0.002 ± 0.012
4 − 6 Gyr −0.054 ± 0.006 kpc−1 0.038 ± 0.014 −0.072 ± 0.010 kpc−1 0.006 ± 0.022
6 − 8 Gyr −0.079 ± 0.009 kpc−1 0.119 ± 0.019 −0.105 ± 0.020 kpc−1 0.090 ± 0.042
8 − 10 Gyr −0.034 ± 0.010 kpc−1 0.122 ± 0.018 −0.073 ± 0.023 kpc−1 0.114 ± 0.039

4 would be subject to considerable systematic uncertainties. Leung et al. (2023) demonstrate that their estimates, which are also
for APOGEE stars, do not contain any significant amount of information on the abundances of alpha and iron-peak elements (see
discussion in Section 2.4). Their catalog is therefore an excellent comparison case to validate our measurements in Figure 4.

Leung et al. (2023) mitigate this potential issue by compressing the spectra into lower dimensional representations of themselves
(i.e., a latent space) using a variational encoder-decoder algorithm (e.g., LeCun et al. 2015). They then train a modified random
forest algorithm to predict similarly compressed lightcurves trained on Kepler photometry (Borucki et al. 2010). They demonstrate
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that this latent space contains little if any information on alpha and iron-peak element abundances as well as stellar parameters,
as intended. Red giant ages estimated through machine learning algorithms trained on spectra are much more strongly correlated
with their C and N abundances (Stone-Martinez et al. 2024).

The Leung et al. (2023) training sample spanned a much narrower range in surface gravity (log 𝑔 = 2.5−3.6), which lowers our
sample size by a factor of ∼2.5. We therefore use 2 Gyr as opposed to 1 Gyr bins in age and compute the mode for subsamples
containing at least 100 as opposed to 200 stars, otherwise following the same procedure described in Section 2.3. Figure 17 shows
the results, with the lines of best fit to the metallicity gradients in each age bin reported in Table 4. Consistent with our results
in Figure 4, we find that both the slope and normalization of the disk metallicity gradient are independent of age up to ∼10 Gyr,
which is the full range of ages that we probe here. We therefore conclude that our central results are not affected by any learned
correlations between chemical abundances and stellar ages in the AstroNN catalog.

B. GCE MODEL PARAMETER CALIBRATIONS
In this appendix, we describe our procedure for assigning 𝜏rise and 𝜏sfh as functions of Galactocentric radius in our GCE models.

These parameters describe the shape of the SFH in a given ring (see Equation 3). Our procedure follows the analytic one-zone
GCE models by Weinberg et al. (2017).

In a given annulus within the MW disk, the time derivative of the gas surface density7 follows a summation of source and sink
terms:

¤Σ𝑔 = ¤Σin − ¤Σ★ − ¤Σout + ¤Σ𝑟

≈ ¤Σin − ¤Σ★ (1 + 𝜂 − 𝑟) ,
(B1)

where ¤Σ𝑟 ≈ 𝑟 ¤Σ★ is the rate of return of stellar envelopes back to the ISM (see discussion in Section 3.1). Our multi-zone models
also follow Equation (B1) under the caveat that stellar populations may be exchanged between rings, so the exact rate of return
varies a small amount with time. In fact, this stochastic exchange of mass is the reason for the “jitter” in the predicted accretion
rates seen in Figs. 6, 11, and 12.

The rate of change in the surface density of O is given by equation 7 of Weinberg et al. (2017):

¤ΣO = 𝑦CC
O

¤Σ★ − 𝑍O ¤Σ★ (1 + 𝜂 − 𝑟) . (B2)

There is an additional factor of 𝑍O in the second term, because losses of O to star formation and outflows occur at the ISM
abundance at a given time. The source term 𝑦CC

O
¤Σ★ describes CCSN production of O under the approximation of instantaneous

production, which is accurate enough for our purposes due to the short lifetimes of massive stars (e.g., Larson 1974; Maeder &
Meynet 1989; Henry et al. 2000). The rate of change of the O abundance ¤𝑍O then follows from combining equations B1 and B2
with quotient rule:

¤𝑍O =
Σ𝑔

¤ΣO − ΣO ¤Σ𝑔

Σ2
𝑔

=
𝑦CC

O
𝜏★

− 𝑍O
𝜏★

(
1 + 𝜂 − 𝑟 + 𝜏★

¤Σ𝑔

Σ𝑔

)
,

(B3)

where we have also substitued in the SFE timescale 𝜏★ ≡ Σ𝑔/ ¤Σ★.
We hold 𝜏★ constant in time for the purposes of this parameter calibration. In our numerical models, we use the full time-

evolution described by Equation (4). Under this assumption, the rates of change in the SFR and the gas supply are related by
¥Σ★/ ¤Σ★ = ¤Σ𝑔/Σ𝑔. Differentiating our rise-fall SFH (see Equation 3) with time and plugging in the result yields the following
expression for ¤𝑍O:

¤𝑍O =
𝑦CC

O
𝜏★

− 𝑍O
𝜏★

(
1 + 𝜂 − 𝑟 − 𝜏★𝑒

−𝑡/𝜏rise

𝜏rise
(
1 − 𝑒−𝑡/𝜏rise

) − 𝜏★

𝜏sfh

)
. (B4)

This expression is a linear ordinary differential equation, whose solution has a known form (see equation 33 of Weinberg et al.
2017). In this case, the solution is given by

𝑍O (𝑡) = 𝑍O,eq

[
1 − exp

(
−𝑡

𝜏sfh − 𝜏proc

𝜏sfh𝜏proc

)
− 𝜏sfh𝜏rise
𝜏sfh𝜏rise − 𝜏proc𝜏rise − 𝜏sfh𝜏proc

(
𝑒−𝑡/𝜏rise − exp

(
−𝑡

𝜏sfh − 𝜏proc

𝜏sfh𝜏proc

))]
, (B5)

7 The areas of the rings in our multi-zone models are constant, so surface
density follows the same continuity equations as mass.
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Figure 18. Our SFH parameter calibration. Curves show 𝜏rise (left) and 𝜏sfh (right) as a function of radius in each model, marked according
to the legend in the left panel. Summary: Each model evolves under the inside-out paradigm in that the SFH becomes more extended with
increasing Galactocentric radius.

where 𝑍O,eq is the equilibrium abundance (see Equation 5), and 𝜏proc is the processing timescale (see Equation 11). The integration
constant is assigned such that 𝑍O = 0 at 𝑡 = 0.

In our 𝜂0-𝑦1 and 𝜂0.4-𝑦1 models, we assign each ring values of 𝜏rise and 𝜏sfh such that Equation (B5) predicts the O abundance
observed in the ISM at the present day. Following Figure 3, we use the measurements by Méndez-Delgado et al. (2022) as our
empirical benchmark. As described in Section 3.2, we first assume 𝜏rise = 2 Gyr and search for values of 𝜏sfh between 0.1 and
200 Gyr satisfying these criteria. If no solution is found, we adopt 𝜏sfh = 200 Gyr and search for values of 𝜏rise between 2 Gyr
and 2𝜏disk = 26.4 Gyr. If still no solution is found, we simply adopt 𝜏rise = 26.4 Gyr, which corresponds to an SFH that rises
approximately linearly until the present day. For the sake of this parameter calibration, we use our scaling of 𝜏★ with gas surface
density at the present day given by Equation (4) assuming a simple exponential disk with a scale radius of 𝑅𝑔 = 3.75 kpc (Kalberla
& Kerp 2009) and 𝜏★ = 2 Gyr at 𝑅 = 0.

In our 𝜂Exp-𝑦1 and 𝜂Exp-𝑦3 models, the present-day ISM metallicities are much more sensitive to the choice of mass loading
factor 𝜂 than the shape of the SFH. For these models, we therefore choose 𝜏rise and 𝜏sfh such that the 50th percentile of the
integrated SFH matches the observed median age at a given radius:∫ 𝜏1/2 (𝑅)

0
(1 − 𝑒−𝑡/𝜏rise )𝑒−𝑡/𝜏sfh𝑑𝑡 =

1
2

∫ 𝜏disk

0
(1 − 𝑒−𝑡/𝜏rise )𝑒−𝑡/𝜏sfh𝑑𝑡. (B6)

We otherwise follow the same procedure as described above, starting with 𝜏rise = 2 Gyr and searching for a value of 𝜏sfh between
0.1 and 200 Gyr.

Figure 18 shows the resulting values of 𝜏rise and 𝜏sfh as a function of radius in our primary set models. The 𝜂0.4-𝑦1 model finds
a solution at all radii, while the 𝜂0-𝑦1 model resorts to the “fail-safe” values described above only at 𝑅 ≳ 13.5 kpc. Our 𝜂Exp-𝑦1
and 𝜂Exp-𝑦2 models resort to these values at 𝑅 ≳ 10.5 kpc. However, this shortcoming of our parameter selection does not affect
our main conclusions. The median stellar ages predicted by these models are in broad agreement with the observations at these
radii anyway (see the bottom-left panel of Figure 3 and the right panel of Figure 5). Our primary interest also lies not with the age
gradients but with the metallicity gradients predicted by these models, which are much more sensitive to the mass loading factor
𝜂.
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