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ABSTRACT

Stars in the Milky Way disk exhibit a clear separation into two chemically distinct populations by
their [a/Fe] ratios. This a-bimodality is not a universal feature of simulated disk galaxies and may
point to the Milky Way’s unique evolutionary history. A popular explanation is the two-infall scenario,
which postulates that two periods of substantial accretion rates dominate the assembly history of the
Galaxy. However, most previous studies using the two-infall scenario have explored a limited portion of
the parameter space, typically neglecting radial migration and assuming that the Galactic disk never
ejected a substantial outflow. Thanks to advances in stellar age measurements in recent years, we
can now also compare this popular model to more direct measurements of the Galaxy’s evolutionary
timescales across the disk from large stellar catalogs. We run multi-zone galactic chemical evolution
(GCE) models with a two-infall-driven star formation history, radially dependent mass-loaded outflows,
and a prescription for radial migration tuned to a hydrodynamical simulation. We compare our model
results to abundance patterns across the disk from APOGEE DR17, supplemented with stellar age
estimates through multiple methods. Although the two-infall scenario offers a natural explanation
for the [a/Fe] bimodality, it struggles to explain several features of the age-abundance structure in
the disk. The two-infall scenario generically predicts a massive and long-lasting dilution event, but
the data show that stellar metallicity is remarkably constant with age across much of the Galactic
disk. This apparent age-independence places considerable restrictions upon the two-infall parameter
space. These issues can be mitigated, but not completely resolved, by allowing the accreted gas to
be pre-enriched to low metallicity. Additionally, the two-infall scenario predicts that local metal-rich
stars should have a bimodal distribution of ages, whereas APOGEE data show most of these stars
have intermediate ages. Restrictions upon the two-infall parameter space also limit the application of
other merger-dominated star formation histories to the Milky Way.

29 1. INTRODUCTION

1 YN ALACTIC CHEMICAL EVOLUTION (GCE) studies
31 @ aim to explain the observed stellar abundance

. patterns in the Milky Way (MW) by modeling
13 the star formation history and evolution of the Galaxy.
1 A long-standing paradigm of GCE is that the metallicity
s of the interstellar medium (ISM) increases over time due
3 to supernova enrichment from successive generations of
w stars (e.g., Tinsley 1979; Matteucci & Greggio 1986).
s In this view, one feature of the MW disk that is dif-
3 ficult to explain is the so-called “a-bimodality”: the
w0 presence of two populations of stars at similar metal-

32
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a licity but separated by their [a/Fe] ratio (e.g., Bensby
2 et al. 2014). The high-a sequence consists of old stars
s (2 9 Gyr; e.g., Pinsonneault et al. 2025) with super-
Solar [o/Fe] and is associated with the kinematic thick
s disk (e.g., Fuhrmann 1998), while the low-a sequence is
s younger, with approximately Solar [«/Fe], and is asso-
ciated with the thin disk. The a-bimodality is present
across the Galactic disk, but the relative strength of the
s high- and low-a sequences varies by location (Hayden
so et al. 2015).

51 An explanation for the MW «-bimodality has yet
s2 to be broadly accepted in the GCE literature. An «-
bimodality is not a universal feature in simulated MW-
s« mass galaxies (e.g., Mackereth et al. 2018; Parul et al.
s 2025), and seems to not exist in M31 (Nidever et al.
ss 2024; but see also Kobayashi et al. 2023), so its pres-
ence and characteristics in our Galaxy may provide clues
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2 DUBAY ET AL.

to its unique evolutionary history. GCE models that
attempt to solve this problem generally fall into two
camps. Some explain the a-bimodality as a result of
secular processes, such as the radial migration of stars
and the inside-out growth of the disk (e.g., Kubryk et al.
2015; Sharma et al. 2021; Chen et al. 2023; Prantzos
et al. 2023). Others argue for a bursty star forma-
tion history, perhaps driven by multiple accretion events
(e.g., Chiappini et al. 1997; Mackereth et al. 2018; Spi-
toni et al. 2023) or a change in the star formation effi-
ciency (Conroy et al. 2022).

The two-infall model of chemical evolution was pro-
posed by Chiappini et al. (1997) to explain the origin of
the high- and low-a disks. Though the model has been
revised and refined since, the basic premise remains the
same: the rate of gas infall onto the Galaxy is described
by two consecutive, exponentially declining bursts. The
relatively low infall rate between the two bursts leads to
a lower star formation rate, allowing the gas abundance
to evolve between the high- and low-a sequences while
producing few stars in between. The infall timescale for
the low-a disk can be varied to produce inside-out disk
growth and a radial metallicity gradient (Romano et al.
2000). The initial model of Chiappini et al. (1997) suc-
cessfully reproduced the available abundance data at the
time, which were largely confined to the Solar neighbor-
hood.

Subsequent studies refined the two-infall model to re-
produce abundance data across the disk (e.g., Chiappini
et al. 2001, 2003). Others have explored the SN Ia delay-
time distribution (Matteucci et al. 2009; Palicio et al.
2023), galactic fountains (Spitoni et al. 2009), radial gas
flows (Spitoni & Matteucci 2011; Palla et al. 2020), a
variable star formation efficiency (Spitoni & Matteucci
2011; Palla et al. 2020), radial stellar migration (Spi-
toni et al. 2015; Palla et al. 2022), azimuthal abundance
variations due to spiral modes (Spitoni et al. 2019), and
pre-enriched gas infall (Palla et al. 2020; Spitoni et al.
2024) in a two-infall context. Recently, Spitoni et al.
(2023) and Palla et al. (2024) proposed a third gas ac-
cretion event in the last ~ 3 Gyr to match the inferred
star formation history from Gaia (Ruiz-Lara et al. 2020)
and explain the recent abundance evolution of the Solar
neighborhood.

Most previous studies of the two-infall model have
not included mass-loaded outflows. Some hydrodynamic
simulations of Galactic fountains ejected by CC SNe
have shown that ejected material falls back onto the disk
on relatively short timescales (Spitoni et al. 2008, 2009)
and close to their point of origin (Melioli et al. 2008,
2009), suggesting the effect on GCE could be minimal.
However, the effects of feedback in simulations are sensi-
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tive to its implementation (e.g., Li et al. 2020; Hu et al.
2023), and other simulations of MW-like galaxies with
different feedback prescriptions do produce mass-loaded
outflows (e.g., Brook et al. 2011; Gutcke et al. 2017; Nel-
son et al. 2019; Peschken et al. 2021; Kopenhafer et al.
2023). Empirically, mass-loaded outflows have been ob-
served in nearby starburst galaxies (e.g., Lopez et al.
2020; Cameron et al. 2021; Lopez et al. 2023) but not
MW-like systems, although the predicted column den-
sities are below current detection limits (see reviews by
Veilleux et al. 2020; Thompson & Heckman 2024). Even
if the MW is not currently ejecting a substantial outflow,
it is not unreasonable to suppose that it may have dur-
ing a more active phase in its evolutionary history.

By neglecting Galactic outflows, previous studies of
the two-infall scenario have been constrained in their
choice of nucleosynthetic yields (Francois et al. 2004) be-
cause of the yield—outflow degeneracy. Weinberg et al.
(2017) showed that the equilibrium metallicity is pri-
marily set by the yields and outflow mass-loading fac-
tor; proportionally raising or lowering both may affect
the path of chemical evolution but not the end-point.
This degeneracy prohibits direct estimates of the yield
scale from GCE models, unless the effect of outflows is
assumed to be insignificant (e.g., Francois et al. 2004).
The predicted yields from CCSN models can vary sub-
stantially depending on the choice of initial mass func-
tion (Vincenzo et al. 2016) and the physics of black hole
formation (Griffith et al. 2021), yet few studies have
investigated the effect of the yield scale on two-infall
scenario predictions. Varying the yield scale while main-
taining an evolutionary end point that is consistent with
observations requires flexibility in the strength of out-
flows.

The two-infall model attempts to reproduce the full
distribution of stellar abundances in the Solar neighbor-
hood through a single, continuous evolutionary track.
However, the current body of evidence suggests that
many of the stars that make up the wings of the lo-
cal metallicity distribution originate from elsewhere in
the Galaxy. Sellwood & Binney (2002) first showed that
transient spiral perturbations can induce large changes
in the guiding radius of a star without kinematic heat-
ing, and it is now understood that the stars that make
up the Solar neighborhood are drawn from a wide range
of birth radii (e.g., Schonrich & Binney 2009; Frankel
et al. 2018; Lehmann et al. 2024). Some studies have at-
tempted to derive stellar birth radii (e.g., Ratcliffe et al.
2023; Lu et al. 2024), though such an endeavor requires
also reconstructing the evolution of the Milky Way’s ra-
dial metallicity gradient. While the strength and speed
of radial migration in the disk are not precisely mea-
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sured, it is clear that a single chemical evolution track
need not explain the entirety of the local observed abun-
dance distribution.

The chemical and kinematic separation of the high-
and low-a disks remains the primary observational evi-
dence behind the two-infall model. Spitoni et al. (2024)
argued that the observed gap between the sequences in
[«/Fe], contrasted with their overlap in [«/H], indicates
a period of reduced star formation, which is a natural
consequence of the two-infall model. In different sam-
ples, Nissen et al. (2020) and Nataf et al. (2024) observed
multiple sequences in the local age-metallicity relation,
which would naturally be explained by the two-infall sce-
nario. Many two-infall studies have also reproduced the
metallicity gradient, the local surface densities of stars
and gas, and the local star formation and supernova
rates (e.g., Chiappini et al. 1997; Romano et al. 2000;
Spitoni et al. 2024), although the ability to match these
observables is not unique to the two-infall scenario.

In contrast to the two-infall scenario, a number of
studies have attempted to explain the a-bimodality
through purely secular processes. Using a detailed
prescription for radial migration, Schonrich & Binney
(2009) produced distinct high- and low-a sequences, but
they did not overlap in metallicity space as would be
found by later surveys (e.g., Bensby et al. 2014). Others
have produced a more MW-like a-bimdodality using a
combination of radial migration and inside-out galaxy
growth (e.g., Kubryk et al. 2015; Sharma et al. 2021;
Chen et al. 2023; Prantzos et al. 2023). In this scenario,
the local high-a population originates from the inner
Galaxy, where the star formation rate peaked early in
its history. Sharma et al. (2021) and Chen et al. (2023)
suggest that a simultaneous decline in the star forma-
tion rate and the [«/Fe] ratio is needed to separate the
sequences in chemical space. Chen & Prantzos (2025)
additionally argue that the double sequence in the local
age—metallicity relation observed by Nissen et al. (2020)
can also be explained by smooth star formation with
inside-out growth. On the other hand, some GCE mod-
els that incorporate both radial migration and smooth,
inside-out star formation have failed to produce an a-
bimodality (e.g., Johnson et al. 2021; Dubay et al. 2024).
While the a-bimodality remains a key piece of evidence
for the two-infall scenario, it has been reproduced by
other models.

As stellar age estimation techniques have improved
over recent years, large catalogs have become available
with ages for hundreds of thousands or even millions
of stars from a wide swath of the Galaxy. In a chal-
lenge to the traditional view of GCE, which expects the
ISM metallicity to continually increase over time, John-
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son et al. (2024) examined the age—metallicity relation
at different radii from the astroNN catalog (Mackereth
et al. 2019) and found that the mode of the metallicity
distribution at a given radius is nearly independent from
age over the past ~ 9Gyr. They propose an “equilib-
rium scenario” in which the local metallicity is driven
by the ratio of star formation to accretion at a given ra-
dius, which evolves to a constant over ~ Gyr timescales.
Whether the equilibrium metallicity is regulated by out-
flows, as proposed by Johnson et al. (2024), or by other
factors such as a radial gas flow, the current data suggest
that the gas abundance across the Galaxy has evolved
very little over most of the thin disk lifetime.

In light of the findings of Johnson et al. (2024) and a
new empirical yield scale from Weinberg et al. (2024), we
evaluate the predictions of the two-infall model against
stellar age and abundance data across the MW disk.
We run multi-zone GCE models with a two-infall accre-
tion history, radially-dependent mass-loaded outflows,
and a prescription for radial migration tuned to a hy-
drodynamical simulation. We investigate the impact
of the scale of SN yields and outflows, the strength of
radial migration, the enrichment of the circumgalactic
medium, and the local disk mass surface density ratio on
the GCE model predictions. We compare our results to
abundance distributions across the disk from APOGEE
DR17, and to age—abundance relations from multiple
age catalogs. We describe our observational sample in
Section 2, and we detail our chemical evolution models
and parameter selection in Section 3. We compare our
multi-zone model predictions to the data in Section 4.
We discuss our results in Section 5 and summarize our
conclusions in Section 6.

2. OBSERVATIONAL SAMPLE

We compare our models against stellar abundances
from the Apache Point Observatory Galactic Evolution
Experiment (APOGEE; Majewski et al. 2017) data re-
lease 17 (DR17; Abdurrouf et al. 2022). APOGEE
data were obtained from infrared spectrographs (Wil-
son et al. 2019) mounted on the 2.5-meter Sloan Foun-
dation Telescope (Gunn et al. 2006) at Apache Point
Observatory and the Irénée DuPont Telescope (Bowen
& Vaughan 1973) at Las Campanas Observatory. The
data reduction pipeline is described by Nidever et al.
(2015), and APOGEE Stellar Parameter and Chemical
Abundance Pipeline (ASPCAP) is detailed by Holtzman
et al. (2015), Garcia Pérez et al. (2016), and Jonsson
et al. (2020).

We obtain a sample of 171635 red giant branch and
red clump stars with high-quality spectra using the se-
lection criteria listed in Table 1, which are adapted from
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Table 1. Sample selection parameters from APOGEE DRI17 (see Section 2).

Parameter Range or Value Notes
log g 1.0 <logg < 3.8 Select giants only
T 3500 < Tegr < 5500 K Reliable temperature range
S/N S/N > 80 Required for accurate stellar parameters
ASPCAPFLAG Bits ¢ 23 Remove stars flagged as bad
EXTRATARG Bits ¢ 0,1, 2,3, 0r 4 Select main red star sample only
NN age error or /T < 40% Age uncertainty from Leung et al. (2023)
Rgal 3 < Rga1 < 15kpc Eliminate bulge & extreme outer-disk stars
K |z| < 2kpc Eliminate halo stars

Table 2. Median and dispersion in APOGEE parameter uncertainties.

Parameter Median Uncertainty Uncertainty Dispersion (95% — 5%)
[O/H] 0.019 0.031
[Fe/H] 0.0089 0.0060
log, (v /Gyr) 0.10 0.16
T[C/N]/Gyr 1.4 1.8

Hayden et al. (2015). Table 2 presents the median statis-
tical uncertainty and uncertainty dispersion (95" — 5th
percentile difference) of the calibrated [Fe/H] and [O/Fe]
abundances for our sample. When calculating the
galactocentric radius Ry, and midplane distance z of
each star, we use the Bailer-Jones et al. (2021) photo-
geometric distance estimates from Gaia Early Data Re-
lease 3 (Gaia Collaboration et al. 2016, 2021) included
in the APOGEE DR17 catalog and we adopt the Galac-
tic coordinates of the Sun (R, z)p = (8.122,0.0208) kpc
(GRAVITY Collaboration et al. 2018; Bennett & Bovy
2019).

2.1. Stellar Age Estimates

We supplement the APOGEE DR17 abundance data
with two different age catalogs. The first is from Leung
et al. (2023), who train a variational encoder-decoder
network on asteroseismic data for APOGEE red giants
with 2.5 < logg < 3.6. This catalog has two main ad-
vantages over other neural network (NN) age estimates:
their method is designed to reduce contamination from
abundance information (in particular [o/Fe]), and the
recovered ages do not plateau at ~ 10 Gyr as they do
in some other neural network-derived age catalogs (e.g.,
Mackereth et al. 2019). Following the recommendations
of Leung et al. (2023), we cut all stars which have a rela-
tive age uncertainty greater than 40%. This produces a
sample of 57607 stars with NN age estimates, of which
14871 are in the Solar neighborhood (7 < Rga < 9kpe,
0 < |z| < 0.5kpc). The median uncertainty in log-age is
0.10 (see Table 2).
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Our second age catalog utilizes the [C/N]-age rela-
tion calibrated by Roberts et al. (in prep) for red giant
branch (RGB) and red clump stars. The relationship
relies on the mass-dependent level of mixing during the
first dredge-up (FDU; Iben 1967) to map the correlation
of stellar mass, and hence age, with surface chemistry.
This method has the benefit of providing age estimates
for luminous giants (logg < 2.5), which increases the
sample size at larger distances from the Sun. However,
limitations from the efficiency of FDU mixing and the
RGB age—mass relationship mean the ages are not trust-
worthy outside the range 1 ~ 10 Gyr. Additional mixing
effects in low-metallicity stars also prevent the relation
from being applied to luminous giant and red clump
stars with [Fe/H] < —0.4. The median propagated un-
certainty for the [C/N]-derived ages is ~ 1 Gyr; however,
as noted by Roberts et al. (in prep), the propagated er-
rors underestimate the true age dispersion, so we en-
hance the uncertainties by 40% (see Table 2). With this
relationship, we estimate ages for 113464 stars across
the disk, including 20995 in the Solar neighborhood.

3. CHEMICAL EVOLUTION MODELS &
PARAMETER SELECTION

We run multi-zone GCE models using the Versatile
Integrator for Chemical Evolution (VICE; Johnson &
Weinberg 2020). The basic format of our models fol-
lows Johnson et al. (2021) and Dubay et al. (2024). We
set up a disk with radial extent 0 < Rga < 20kpc that
is divided into concentric rings of width 6 Rz = 100 pc.
We use a time-step size of At = 10 Myr and a resolution
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»s of n = 8 stellar populations per time-step per ring, and
326 we run our models up to a final time of tgn, = 13.2 Gyr.
sz Within each ring, chemical evolution proceeds accord-
28 ing to a conventional one-zone GCE model with instan-
29 taneous mixing and continuous recycling. Stellar pop-
ulations migrate between zones as described in Section
3.6, allowing the long-lived progenitors of SNe Ia to en-
rich areas of the Galaxy outside of their birth zones. We
inhibit star formation past Rga > 15.5kpc, so stars in
the outer 4.5 kpc of the model disk represent a purely
migrated population. We also assign a final midplane
distance to each stellar population as described in Sec-
tion 3.6. We do not incorporate radial gas flows between
the different zones, but we discuss their potential impli-
s30 cations in Section 5.4.

s We discuss our assumptions about the nucleosynthetic
yields in Section 3.1, the outflow prescription in Section
w2 3.2, the gas supply in Section 3.3, the infall parameter
selection in Section 3.4, the star formation law in Section
3.5, and the stellar migration prescription in Section 3.6.
us Table 3 summarizes the most relevant variables and their
us fiducial values in this work.
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347 3.1. Nucleosynthetic Yields

us  The population-averaged nucleosynthetic yields of
1 CCSNe, y<©, are uncertain to a degree that is signif-
s0 icant for chemical evolution models. This problem is
exacerbated by the complexity of the CCSN explosion
landscape (Sukhbold et al. 2016). Recently, Weinberg
et al. (2024) used a measurement of the mean Fe yield
3¢ of CC SNe by Rodriguez et al. (2023) and the plateau
in stellar [«/Fe] abundances at low metallicity to in-
6 fer population-averaged yields of y/Z5 ~ 1—in other
ss7 words, for every 1 Mg of stars formed, massive stars re-
s lease a mass of newly-synthesized a-elements (e.g., O or
30 Mg) equal to their mass in the Sun. However, John-
son et al. (2024) found that GCE models with yields at
this scale approach present-day abundances too slowly
32 to match the observed age—metallicity relation. Previous
363 multi-zone models using VICE (e.g., Johnson et al. 2021;
3¢ Dubay et al. 2024) adopted higher yields (y/Z =~ 2.6)
sss based on Chieffi & Limongi (2004) and Limongi & Chi-
s effi (2006); however, in order to produce a realistic evo-
se7 lution of [O/Fe], those studies adopted an integrated SN
w8 la rate which is high compared to the measurement of
30 Maoz & Graur (2017).

s We investigate yield sets at multiple scales of the So-
sn lar abundance. The CCSN yield of O is directly set
a2 by the Solar scale, yS¢ = (y/Z)Z0.e, because all
sz O is assumed to form in CCSNe. For Fe, the CCSN
s yield is set by the [a/Fe] “plateau” at low metallicity,
s [/Feloc, such that yS€ = (y/Z0)Zpe,o1071¢/Fe] (for
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sre further discussion on the empirical yield scale and the
s CCSN plateau, see Weinberg et al. 2024). We adopt
ss the Asplund et al. (2009) Solar abundances: Zp o =
319 5.72 % 1072 and Zpe o = 1.29 x 1073, Our yield sets are
ss0 presented in Table 4. We consider y/Z = 1 representa-
se1 tive of the empirical yield scale, whereas y/Zs = 2 — 3
s2 span a range of theoretical predictions.

3 The SN Ia yield of Fe, y}?‘z, is set so that our models
s reach [O/Fe] = 0.0 by t = 13.2Gyr. For y/Zs = 3,
s the combined Fe yield of CCSNe and SNe Ia matches
%6 the Solar yield scale: (yi + ySC)/Zreo = y/Zo; for
w y/Ze = 1 and y/Zs = 2, we enhance yi by a factor
s of 30% and 10%, respectively, to reach the desired end-
s point. The fifth row of Table 4 reports the integrated
s0 SN Ia rate

=

I Via yIEae
= 1
. M, mIF% ( )

s from each yield set, assuming a mean Fe yield per
w3 SN Ta of me = 0.7 Mg (Mazzali et al. 2007; Howell
et al. 2009). The rate for the y/Zg = 1 yield set is
slightly higher than the volumetric rate of Ni,/M, =
205 (1.32£0.1) x 1073 M " reported by Maoz & Graur (2017),
s7 but is consistent with their measurement of Ny,/M, =
s (1.6 £ 0.3) x 1073 Mg for field galaxies. The rate for
s00 the y/Zs = 2 yield set is consistent with the measure-
w0 ment of Ni,/M, = (2.2 + 1.0) x 1073 M by Maoz &
Mannucci (2012), while the rate for the y/Zs = 3 yield
w2 set is generally higher than literature values.

w3 Unlike CCSNe, SNe Ia populate a broad distribu-
s0s tion of delay times between progenitor formation and
aws explosion. The time-dependent SN Ia rate in units of
406 M51 yr~! is defined as
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=2

Nia f1a(t) >
M, [fmax fio(t')dt"” t=tp (2)

0 t<tp,

407 RIa(t) =

©

ws where tp = 40 Myr is the minimum SN Ia delay time,
409 tmax = 13.2Gyr is the lifetime of the disk, Ni,/M, is
the total number of SNe Ia per unit mass of star forma-
tion, and f1,(¢) is the un-normalized form of the DTD.
Motivated by the finding by Dubay et al. (2024) that
a large fraction of long-delayed SNe Ia improves agree-
ment with the Milky Way’s high-a sequence, we adopt
a5 a wide plateau DTD of the form
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1, t<1G
Fralt) = vt

3)
(t/1Gyr)~ 11 ¢ > 1Gyr.

a7 We discuss the implications of using a different DTD in
sg Section 4.3.

a9 Many previous two-infall studies have adopted the
20 yields of Frangois et al. (2004), who in turn adapted
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Table 3. A summary of variables and their fiducial values for our chemical evolution models (see discussion in

Section 3).
Quantity  Fiducial Value Alternatives Section Description
y/Zo 1 2,3 3.1 Scale of nucleosynthetic yields (see Table 4)
fra(t) Equation 3 Equation 15 3.1 Delay-time distribution of Type la supernovae
e 0.2 14,24 3.2 Outflow mass-loading factor at R (see Table 4)
R, 5.0 kpc — 3.2 Exponential outflow scale radius
f=(Ro) 0.12 0.25, 0.5 3.3 Local thick/thin disk surface density ratio
X/H]oam Pristine -0.7, —0.5 3.3 Metallicity of infalling gas
T 1 Gyr 0.1 —3 Gyr 3.4 Timescale of the first infall epoch
72(Ro) 15 Gyr 3 —30 Gyr 3.4 Timescale of the second infall epoch at the Solar annulus
R, 7 kpc — 3.4 Exponential scale radius of the second infall timescale
tmax 4.2 Gyr 1—-5 Gyr 3.4 Time of maximum gas infall (onset of second infall)
ORMS 2.68 kpc 3.6, 5.0 kpc 3.6 Radial migration strength

Table 4. Nucleosynthetic yields and outflow prescriptions.

y/Zeo =1 y/Zo =2 y/Zo =3

(empirical)  (theoretical)  (extreme)

ySe 572 x107%  1.14x 1072 1.72 x 1072

YL 458 x 107" 9.15x 107"  1.37x 1073
ye 0 0 0

g 1.08 x 107 1.83x107® 2.50 x 1073

Nia/M, [Mg'] | 155 x 107 2.62x107% 3.57 x 107°
o 0.2 1.4 2.4

w1 those of Woosley & Weaver (1995) for CCSNe and
w22 Iwamoto et al. (1999) for SNe Ia to provide a bet-
a3 ter fit between GCE models and local abundance data.
24 Notably, the yields for O and Fe were left unchanged
w5 from the original studies. However, because Woosley
s & Weaver (1995) report gross yields without detailed
427 initial abundances for their CCSN progenitors, and be-
w8 cause Frangois et al. (2004) do not provide population-
20 averaged yields, it is difficult to make a comparison with
20 our yield sets. Ultimately, Francois et al. (2004) report
that their GCE models are insensitive to changes in the
a2 CCOSN yield of O by a factor of 2, so we consider it rea-
sonable to explore the full range of yields given in Table
434 4

435

431
433

Figure 1 illustrates the effect of the yield scaling on the
abundance evolution in one-zone models. We vary the
outflow mass-loading factor n for each model to achieve
a consistent endpoint to the abundance evolution (see
Section 3.2 for further discussion on outflows). All mod-
els feature a rapid dilution of the ISM metallicity by
~ 0.5 — 0.8 dex, visible in the top two panels, brought
on by the infall of pristine gas at ty.x. For the model
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with y/Zs = 1, this dilution persists for some time and
the metallicity does not return to Solar until the close to
present day. The models with higher yields and outflows
recover from this dilution more quickly, returning to So-
lar metallicity by ~ 5 Gyr ago. However, the high-yield
models experience a decline in [O/Fe] of ~ 0.2 dex be-
tween the second infall and the present day, contrasted
with the smaller decline of ~ 0.1 dex in the low-yield
model.

Figure 1 also indicates the mode of the APOGEE
abundance distributions in 1 Gyr-wide age bins. As ex-
plained by Johnson et al. (2024), the mode is expected
to be less sensitive to the effects of radial migration than
other statistical measures. The data show that the evo-
lution in [O/H] is close to flat over the past 5 Gyr. The
behavior of the y/Zc = 2 and y/Zz = 3 models closely
matches this trend in the data, whereas the y/Zg = 1
model increases significantly by ~ 0.2 dex during the
same time period. The [Fe/H] abundance in the data
does increase slightly at late times, likely due to the de-
layed contribution of Fe from SNe Ia. Between lookback
times of ~ 5 —9 Gyr, the modes of [O/H] and [Fe/H] are
higher than the present-day, likely due to a larger popu-
lation of migrated stars relative to stars born in-situ at
those times.

The three models in Figure 1 predict nearly iden-
tical evolution in [O/Fe] over the past 5 Gyr, and
the trend in the data is similar apart from a ~ 0.05
dex offset (which could be corrected by increasing yie
or adjusting the zero-point in the stellar abundances).
The offset between the data and models grows between
~ b — 8Gyr, especially for the higher yields. Of the
three, the y/Zs = 2 and y/Zs = 3 models most closely
match the observed late-time age—metallicity relations,
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— y/Zs =3,n=24
— y/Zs=2,n=14
— y/Zy=1,n=02

APOGEE (NN ages)
Individual stars
¢+ Binned modes

05 F 1+ -

[O/H]

[Fe/H]

[O/Fe]

1 00 5 10

P(X/H]) Lookback Time [Gyr]

Figure 1. The abundance evolution of three one-zone mod-
els with different yield sets and outflow mass-loading factors.
Table 4 presents the population-averaged yields for each
model. The gray points plot the abundances of APOGEE
stars with NN ages from Leung et al. (2023) from the Solar
neighborhood (7 < Rga < 9kpc, 0 < |z| < 0.5kpc). The
black points with error bars indicate the mode of the abun-
dance data in 1 Gyr-wide age bins, and the gray error bars
along the bottom of each panel indicate the median age and
abundance errors as a function of age.
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whereas the y/Zs = 1 model shows the best agreement
with the observed [O/Fe] evolution. As the y/Zg = 2
and y/Zz = 3 models behave qualitatively similarly, we
focus on the y/Zo =1 and y/Z = 2 yield sets for the
remainder of this study.

3.2. Outflows

Mass-loaded outflows are a useful tool for scaling the
endpoint of GCE models. Weinberg et al. (2017) showed
that in the case of exponentially declining star forma-
tion, the O abundance approaches an equilibrium at

o
1+’I77T7T*/TSFH,

ZO,eq = (4)
where r = 0.4 is the instantaneous recycling parameter,
Ty 18 the star formation efficiency timescale, Tgpy is the
star formation timescale, and n = out / Y, is the out-
flow mass-loading factor. Motivated by Equation 4, we
adopt an outflow mass-loading factor at the Solar ra-
dius ne = (R = Rg) for each of the yield sets in Table
4. Models with lower yields do not achieve a steady-
state abundance in time (see Figure 1); therefore, the
values of ng for y/Zs =1 and y/Zz = 2 are lower than
would be suggested by Equation 4 in order to reach Solar
metallicity at the end of the model.

Not all GCE studies have constrained their models
to reach an equilibrium at the Solar metallicity. For
example, the models of Palla et al. (2020) and Spitoni
et al. (2024) predict somewhat super-Solar metallicity in
the present-day Solar neighborhood. Measurements of
gas-phase (e.g., Méndez-Delgado et al. 2022) and stellar
abundances (Figure 1) indicate that the Solar neighbor-
hood is presently close to Solar metallicity, so we use
1 to fine-tune the chemical evolution end-point to to
[O/H] =~ 0.0.

Equation 4 suggests that one can achieve a different
Z0,eq in different regions of the Galaxy by adopting a
spatially-varying prescription for 7. In order to produce
an exponentially declining radial metallicity gradient,
we adopt a prescription for the outflow mass-loading fac-
tor which increases exponentially with radius:

Rgal — R@)

i (5)

1N(Rga1) = 1 exp (
where R, is the exponential outflow scale radius and
Rs = 8kpc. As discussed by Johnson et al. (2024),
an exponential trend in 1 with Rg, produces a linear
trend in [O/H] with Rg. We adopt R, = 5 kpc, a
lower value than in Johnson et al. (2024), so that our
y/Zs = 1 model produces a radial abundance gradi-
ent of V[O/H],, ~ —0.06 dex kpc™!, in line with recent
measurements from HII regions (Méndez-Delgado et al.
2022) and stars (Myers et al. 2022; Johnson et al. 2024).
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Most previous studies of the two-infall model have as-
sumed that the Milky Way has experienced no signifi-
cant mass-loaded outflows. Even in studies which do in-
corporate Galactic winds, the mass-loading is relatively
weak (e.g., n ~ 0.2 in Palicio et al. 2023). To achieve a
realistic radial metallicity gradient, many studies have
adopted the yields of Francois et al. (2004) and a pre-
scription for the infall timescale of the thin disk that in-
creases linearly with radius (e.g., Chiappini et al. 1997;
Romano et al. 2000). Additionally, some studies have
implemented radial gas flows or a variable star forma-
tion efficiency in order to regulate the radial metallicity
gradient (e.g., Spitoni & Matteucci 2011; Palla et al.
2020).

As discussed by Johnson et al. (2024), evidence for
or against outflows in Milky Way-type galaxies in sim-
ulations and observations is inconclusive.
aim to study the effect of the yield assumptions on two-
infall model predictions, we use mass-loaded outflows to
control the final state of chemical evolution across the
disk. However, mass-loaded outflows are not a necessary
ingredient for the results of this study. We find that a
one-zone model with the fiducial parameters, n = 0, and
y/Ze = 0.8, predicts a similar abundance evolution and
nearly identical stellar abundance distributions to the
fiducial model with n = 0.2 and y/Z5 = 1.

Because we

3.3. The Gas Supply

We run VICE in “infall mode,” where we specify the
gas infall density 3, and the star formation efficiency
(SFE) timescale 7, = ¥,/ as functions of time. The
gas surface density X, and star formation rate Y, are
calculated from the two specified quantities according
to our star formation law, which is described in Section
3.5, assuming zero initial gas mass in all zones.

The infall rate as a function of time and galactocentric
radius can generically be described by

Sin(t, Reat) = Afin(t| Rgat)g (Rgan), (6)

where g(Rgal) = Z.(Rga1)/Zx(Rga1 = 0) is the stellar
density gradient, fi, is the infall rate over time, and
A is the normalization. Because we incorporate mass-
loaded outflows, A is not analytically solvable, so first we
numerically integrate the star formation rate ¥, (t, Rgal)
and then follow the procedure outlined in Appendix B
of Johnson et al. (2021) to calculate A. The infall rate
is normalized to produce a total disk stellar mass of
(5.17 4 1.11) x 1019 Mg, (Licquia & Newman 2015) and
to match the stellar surface density gradient of Bland-
Hawthorn & Gerhard (2016).

The infall rate is described by two successive, expo-
nentially declining bursts in time. The first infall com-
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ponent induces the formation of the thick disk, and the
second component produces the thin disk. At a given
galactocentric radius Rg.1, the un-normalized form of
the infall rate is

fin(t[Rga1) = et/ 4 f2/1(Rgal)€7(t7tmx)/T2a (7)

where 71 and 75 are the first and second infall timescales,
respectively, tmax is the onset of the second infall and
thus the time of maximum gas infall, and f5/; is the
ratio of the second infall amplitude to the first. We
numerically calculate fy/; for each zone such that the
resulting stellar density profile follows a two-component
disk, with the surface density ratio of the thick and thin
disks given by

Y1(R)
Y2 (R)

= fu(Rg)e i fio)(1/Ram1/R)

fe(R) = (8)
We adopt a thick disk scale radius of Ry = 2.0kpc,
a thin disk scale radius of Ry = 2.5kpc, and a fiducial
value for the local surface density ratio of fsx(Rg) = 0.12
(Bland-Hawthorn & Gerhard 2016).

The thick-to-thin disk density ratio is especially im-
portant for our GCE models as it controls the quantity
of gas accreted during each infall epoch. Our fiducial
value of fx(Rg) = 0.12 is on the low end of literature
estimates, which range from fx(Rg) ~ 0.06 — 0.6 (e.g.,
Gilmore & Reid 1983; Siegel et al. 2002; Juri¢ et al. 2008;
Mackereth et al. 2017; Fuhrmann et al. 2017). Previous
two-infall studies have adopted a similarly broad range
of values (e.g., fs(Rg) = 0.18 from Spitoni et al. 2021;
fs(Rg) = 0.4 from Spitoni et al. 2024). We therefore
explore values up to fu(Re) = 0.5 in our multi-zone
models in Section 4.

In most of our models, we assume the infalling gas
is pristine (i.e., Zi, = 0). However, the circumgalactic
medium (CGM) from which the infalling gas is drawn
could be previously enriched, possibly from contribu-
tions from Galactic outflows, gas stripped from dwarf
galaxies, or from SNe in the halo. The Milky Way’s
CGM is diffuse, multiphase, and inhomogeneous, mak-
ing it difficult to study (e.g., Tumlinson et al. 2017;
Mathur 2022); still, recent observations have confirmed
the existence of metals at non-Solar abundance ratios
in the CGM (e.g., Das et al. 2019, 2021; Gupta et al.
2021). We investigate models where the infalling gas is
pre-enriched and its metallicity is described by

Zin(t) = (1 — e /i) 210X/ Hleen, (9)

In this case, the metallicity rises from 0 with a timescale
Trise = 2 Gyr and plateaus at [X/H] oy = [O/H] gy =
[Fe/H] gy Previous GCE studies suggest that some
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level of enrichment of the infalling gas can improve
agreement with observations (e.g., Palla et al. 2020;
Johnson et al. 2024; Spitoni et al. 2024).

3.4. Infall Rate Parameter Selection

Previous studies have adopted a wide range of param-
eters for Equation 7. Figure 2 illustrates the effect of
varying the infall parameters on gas abundance tracks
and stellar abundance distributions in a one-zone model.
The first infall timescale 71, shown in panel (a), primar-
ily affects the stellar distribution along the high-« se-
quence. Though 71 has an apparently large effect on the
size of the low-a loop, the effect on the stellar abundance
distribution of the low-a sequence is quite small due to
the low number of stars formed between ¢ ~ 3 — 6 Gyr.
We adopt 71 = 1 Gyr for our fiducial value, in line with
Spitoni et al. (2020) but longer than, e.g., Nissen et al.
(2020) or Spitoni et al. (2021), in order to set the peak
of the high-a sequence at [O/Fe] ~ +0.3.

Panel (b) of Figure 2 shows that the second infall
timescale 7 controls the size of the low-a loop, which
affects the width of the MDF and the low-a [O/Fe]
distribution. A shorter 75 produces a bigger loop and
therefore a broader [O/Fe] distribution which is skewed
to higher [O/Fe], while a longer 75 produces a smaller
loop, leading to both a narrower low-a sequence and
a narrower MDF. We note that our maximum value of
79 = 30 Gyr is close to a constant infall rate, so a fur-
ther increase in 7 has diminishing returns. Between
79 = 3 — 30 Gyr, the endpoint of the abundance tracks
shifts by ~ 0.2 dex in [Fe/H] and ~ 0.1 dex in [O/Fe],
which could affect the model’s ability to reproduce the
present-day abundance of the Solar neighborhood. We
adopt a fiducial value of 75 = 15 Gyr for the Solar neigh-
borhood in order to minimize the size of the loop and
width of the low-a [O/Fe] distribution while still ap-
proaching Solar [Fe/H] at late times (see further discus-
sion in Section 4.3). This value is in line with the infall
timescale recovered by Spitoni et al. (2020), and similar
to the local star formation timescale adopted by Johnson
et al. (2021), but significantly longer than the timescales
found by Nissen et al. (2020) and Spitoni et al. (2021).

In our multi-zone models, we vary the second infall
timescale with radius to produce inside-out growth of
the disk. Previous multi-zone two-infall studies (e.g.,
Chiappini et al. 2001; Palla et al. 2020) scale 75 lin-
early with radius, with 75 &~ 1 Gyr in the inner disk and
79 = 7 Gyr at the Solar annulus. This prescription was
adopted to match the metallicity distribution of the So-
lar neighborhood and the bulge in the absence of mass-
loaded outflows (Romano et al. 2000). We instead adopt
an exponential 75 — Rga relation, with 72(Rg) = 15 Gyr
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at the Solar annulus and a scale radius R,, = Tkpc.
This is similar to the star formation history timescale of
Johnson et al. (2021), which was based on the stellar age
gradients in Milky Way-like spirals observed by Sanchez
(2020). We also run models with a linear prescription
and with a uniform value for 75 and find little difference
in our key results.

Finally, panel (c) of Figure 2 shows that the time of
maximum infall ¢, (c) strongly affects the overall stel-
lar abundance distribution for values ¢, < 2 Gyr, but
in this case the gas tracks do not produce the charac-
teristic abundance loop. For ty,. > 2 Gyr, varying tmpax
results in a minor shift to the mean of the MDF and lit-
tle change to the [O/Fe] distributions, even though the
abundance tracks in [O/Fe]-[Fe/H] space appear very
different. The value of tnax also slightly adjusts the
ISM abundance endpoint, as a longer t,,,x means the
chemical evolution “reset” from the second infall occurs
closer to the present day (see discussion in Section 4.1.
We adopt a fiducial value of ty,.x = 4.2 Gyr, i.e. a look-
back time of 9 Gyr, which is generally in line with pre-
vious two-infall studies (e.g., Nissen et al. 2020; Spitoni
et al. 2020, 2021). This ensures that our models are
compatible with the median age of the thick disk in the
APOKASC-3 catalog of 9.14 + 0.05 Gyr (Pinsonneault
et al. 2025).

The Milky Way’s last major merger with the dwarf
galaxy dubbed Gaia Sausage-Enceladus (GSE; Be-
lokurov et al. 2018; Helmi et al. 2018) has been pro-
posed as an important influence on the transition from
the thick disk to the thin disk, as in Spitoni et al. (2024).
Our fiducial value of ty,x = 4.2 Gyr places the start of
the formation of the thin disk close to the GSE merger
(within uncertainties), which likely occurred ~ 10 Gyr
ago (e.g., Helmi et al. 2018; Gallart et al. 2019; Naidu
et al. 2021; Woody et al. 2025).

We note that all our models are normalized to produce
the same thick-to-thin-disk mass ratio of fx(Rs) = 0.12
(Bland-Hawthorn & Gerhard 2016) at the Solar annulus
regardless of the infall parameters. The high-« sequence
appears much less prominent in our [O/Fe] distributions
in Figure 2 than in the data because the model outputs
include only stars which were formed in-situ at the Solar
annulus. In our multi-zone models, most of the high-«
stars present in the Solar neighborhood have migrated
from the inner Galaxy.

3.5. The Star Formation Law

The star formation law follows a single power-law pre-
scription: ¥, Eév , with N = 1.5 following Kennicutt
(1998). Previous work with this GCE model (e.g., John-

son et al. 2021; Dubay et al. 2024) assumed a three-
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Figure 2. Gas abundance tracks in the [O/Fe]-[Fe/H] plane for one-zone chemical evolution models which assume different
values for the infall history parameters. In each panel, one parameter is varied according to the legend while the other two are
held fixed. The open symbols along each curve mark logarithmic steps in time, as denoted in panel (b). The marginal panels
show the corresponding stellar abundance distributions, which are convolved with a Gaussian kernel with a width of 0.02 dex
for visual clarity. All models use the y/Zs =1 yield set and assume n = 0.2.
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Figure 3. Effect of the SFE timescale pre-factor € on abun-
dance tracks and distributions in a one-zone model (see Sec-
tion 3.5). All models are normalized to produce roughly the
same ratio of thick to thin disk stars regardless of the value
of & during the first infall epoch.

component power-law, but we adopt a single power-law
prescription in this work to allow for a more direct com-
parison with previous two-infall studies (e.g., Spitoni
et al. 2024).

In detail, we calculate the star formation efficiency
(SFE) timescale 7, = %, /3, according to the following:
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Eg 2 2g,O

~1/2 (10)
) S, < S0

B e(t) Tmor (),
Ty = 5,

() Tmol (1) (7

29,0

where X, o = 108 Mg kpc™? and Tmol(t) = Tmol,0(t/t0)7,
with v = 1/2, t¢ = 13.8 Gyr and Tme,0 = 2 Gyr Leroy
et al. (2008). Previous two-infall studies (e.g., Nissen
et al. 2020) have adopted a higher SFE during the first
infall epoch than during the second, which we emulate
through the pre-factor e:

0.5,
1.0,

U <tmax

t 2 tmax-

e(t) (11)

A lower value of (t < tmax) leads to more efficient star
formation during the first infall epoch. Figure 3 illus-
trates that this pre-factor largely affects the metallicity
of the high-« sequence, with a smaller € producing faster
enrichment during the first infall and stronger dilution
after tax. The pre-factor has virtually no effect on the
overall [O/Fe] distribution because the model is normal-
ized to produce the same thick-to-thin-disk mass ratio
regardless of the details of the star formation law, but
a lower value of € does narrow the MDF by ~ 0.1 dex
in [Fe/H]. We adopt £(t < tmax) = 0.5 for consistency
with the two-infall literature. To guard against over-
correcting the SFE in the early Galaxy, we have tested
eliminating either e(t) or Ty (t) from our SFE prescrip-
tion in multi-zone models and found no substantial dif-
ference to our results.

Figure 4 plots the star formation history of several
different zones from our fiducial model with y/Zg = 1.
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Figure 4. (a) The infall surface density, (b) the star for-
mation surface density, (c) the gas surface density, and
(d) the star formation efficiency timescale as a function
of time for our fiducial multi-zone model with y/Zo = 1.
Each panel plots the history for six different zones of width
0Rga1 = 0.1kpc, color-coded by Galactocentric radius.

In the inner Galaxy, the infall rate 3, is similar at the
start of the first and second infall epochs, and the star
formation rate peaks at t = 7 Gyr. In the outer Galaxy,
the infall rate at ¢, is significantly higher than at ¢t =
0, and the star formation rate is highest at the present
day. The star formation efficiency timescale 7, spikes
near t = 0 and ty,ax, but otherwise increases throughout
the model’s duration, reaching a maximum of 7, = 2 Gyr
in the inner disk and 7, =~ 9 Gyr in the outer disk.

3.6. Stellar Migration

This study is not the first to apply a prescription for
radial migration to a two-infall GCE model. Spitoni
et al. (2015) explored the effect of migration speeds of
order ~ 1kms™! on the metallicity distribution of the
Solar neighborhood. They prescribed some fraction of
stars from the inner and outer Galaxy which contribute
to the local present-day population based on a constant
migration speed, and they also assumed some fraction
of stars born in the Solar neighborhood will have mi-
grated elsewhere. This method can improve agreement
with the observed local metallicity distribution, but does
not scale to abundance distributions across the disk.
Palla et al. (2022) compared the Spitoni et al. (2015)
prescription to the diffusion treatment of Frankel et al.
(2018) and found similar results. Our implementation,
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described below, affects abundance distributions across
the Galaxy, not just at the Solar annulus.

The distance a stellar population born at Ry, mi-
grates over its age 7 is drawn from a Gaussian centered
at 0 with standard deviation

B ( - )0.33(Rform)ois1
ORM = ORMS 8 Cyr Skpe )

where we adopt orms = 2.68 kpc as the fiducial value for
the strength of radial migration. This is smaller than the
value of ogms = 3.6 kpc found by Frankel et al. (2018),
but in Section 4.1 we explore the effect of a stronger
migration prescription.

All stellar populations are born at the Galactic mid-
plane and are assigned a final midplane distance z drawn
from the distribution

(12)

1 of %

) nal) = -7 h ( ) s 1
p(z|T, Renal) 1. sec o (13)
where Rgna is the final Galactocentric radius of the stel-
lar population. The width of the distribution A, is given
by

h (7, Rnal) = (%Qkpc) exp (7(7}—yr + g}i}’i) (14)

We note that the final midplane distance is assigned at
the end of the model run and therefore does not affect
the chemical evolution.

The parameters of Equations 12 and 14 were chosen
to fit the stellar migration patterns in the h277 hydro-
dynamical simulation (Christensen et al. 2012). A more
complete discussion of the migration scheme and its con-
sequences can be found in Appendix C of Dubay et al.
(2024).

We note an important distinction between our method
and that of Spitoni et al. (2015): SNe Ia from long-
lived progenitors contribute Fe to each zone they migrate
through, not just their birth zone. This is important
because the median delay time of our SN Ia DTD is ~ 2
Gyr, for which the width of the migration distribution
is orm &~ 2 kpe (Equation 12). So, a significant fraction
of SN Ia progenitors born in a given zone will enrich a
disparate region of the Galaxy.

4. MULTI-ZONE MODEL RESULTS
4.1. Dilution & Approach to Equilibrium

The dilution effect discussed in Section 3.1 is clearly
seen in the multi-zone model results. We first examine
the differences between multi-zone models which assume
different yield and outflow scales. Figure 5 shows stel-
lar age—abundance relations produced by models with
y/Zo = 1 and y/Zz = 2 with fiducial parameters (Ta-
ble 3). The y/Zs = 1 model (column a) shows two
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Figure 5. Stellar age—abundance relations predicted by

multi-zone models which assume the fiducial parameters with
different yield sets and outflow mass-loading factors. Each
point represents a stellar population drawn from the So-
lar neighborhood near the midplane (7 < Rga < 9kpc,
0 < |2] < 0.5kpc) and is color-coded by its birth radius.
A Gaussian scatter is applied to each point according to the
median age and abundance uncertainties in Table 2. For vi-
sual clarity, we plot only a random mass-weighted sample of
10000 points in each panel. The black curve plots the ISM
abundance at Rga1 = 8 kpc over time. The red line segments
plot the median abundance for APOGEE stars in 2 Gyr-wide
age bins, and the shaded regions represent the 16th—84th per-
centiles in each bin. Age estimates for APOGEE stars come
from Leung et al. (2023). Key takeaway: Both models fea-
ture a major dilution event at a lookback time of 9 Gyr, and
for model (a) the dilution persists throughout much of the
thin disk epoch.
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clear discrepancies with the Leung et al. (2023) age—
abundance relation: a major ~ 0.5 dex dilution at a
lookback time of ~ 9 Gyr near where the data show a
maximum in [O/H], and non-zero abundance evolution
at late times where the data show very little abundance
evolution. The evolution of [Fe/H] is similar, but the
approach to the final metallicity is slower because of the
additional delay imposed on Fe production from SNe
Ia. The y/Zg = 2 yield set (column b) mitigates both
of these issues by shortening the time it takes the ISM
metallicity to rebound post-t,ax, producing a much flat-
ter abundance curve at late times. However, model (b)
produces a poorer fit to the age—[O/Fe] relation: the de-
cline in [O/Fe] over the thin disk epoch is steeper than
the data, especially for ages ~ 4 — 8 Gyr.

We next attempt to mitigate the dilution and late-
time evolution problems for the empirical (y/Zs = 1)
yield scale. Figure 6 shows the effect of varying several
parameters for the y/Zg = 1 model: (b) the strength of
radial migration orys, (¢) the metallicity of the infalling
gas [X/H] gy and (d) the local thick-to-thin disk den-
sity ratio fx(Rg).

The observed rise in the median metallicity of stars
with ages of ~ 4 — 10 Gyr could be due to radial mi-
gration, as those stars were probably not born in-situ,
but rather migrated from the dense inner metal-rich re-
gions of the Galaxy (Feuillet et al. 2018). Although
our fiducial model does include a prescription for ra-
dial migration, the majority of stars in that age range
in Figure 5 still have sub-Solar abundances. Therefore,
column (b) of Figure 6 presents a model with y/Zs =1
and a stronger migration prescription of orymg = 5 kpce.
As a result, the stars which make up the present-day
Solar neighborhood are drawn from a wider range of
birth Rga1, producing a broader abundance distribution
for any given age. However, even though this prescrip-
tion is much stronger than the estimates of, e.g., Frankel
et al. (2018), the model still significantly under-predicts
the metallicity of ~ 4 — 9 Gyr old stars.

Next, we investigate a model where the infalling gas is
enriched to a metallicity [O/H] = [Fe/H] = [X/H]qu
before accreting onto the disk. Column (c) of Figure 6
shows results for the case where [X/H]ooy = —0.5, the
highest metallicity allowed by the local low-a popula-
tion. Pre-enriched infall at this level mitigates but does
not completely solve the two discrepancies. The dilution
effect of the second infall is reduced to the ~ 0.3-dex
level as the gas which replenishes the Galaxy’s reservoir
is no longer pristine; however, the width of the stellar
abundance distribution at any given age is also reduced,
because the enriched gas accretion imposes a lower limit
on the metallicity of the outermost regions, from which
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Figure 6. Stellar age—abundance relations in the Solar annulus produced by select multi-zone models with y/Zs = 1. The
layout is similar to Figure 5. Each column shows results from a different multi-zone model: (a) our fiducial model with y/Zo = 1,
orMs = 2.7kpc, pristine gas infall, and fx(Rg) = 0.12; (b) a model with greater radial migration strength orms = 5kpe; ()
a model that assumes the infalling gas has metallicity [O/H]oqy = [Fe/H]gqy = —0.5; and (d) a model with a higher local
thick-to-thin disk ratio, fs(Re) = 0.5. Key takeaway: Model (d) comes the closest to the observed age-metallicity relation
at the expense of the age—[O/Fe] relation, but no model completely reconciles the dilution problem.

g0 the stars of the low-metallicity tail in the Solar neigh-
sso borhood are drawn. The late-time gas abundance evo-
lution is similar to the fiducial model, but it ends at
ss2 slightly super-Solar metallicity—an effect which can be
sss compensated by a slightly increased value of 7. This
s« model also narrows the [O/Fe] distribution of mono-age
g5 populations (almost all the model stars fall within the
sss 10 band of the data), which could be compensated for
ss7 by stronger radial migration.

s Finally, we explore a model where the local thick-to-
sso thin disk surface density ratio is ~ 4 times larger that
so0 the fiducial value, fx(Rg) = 0.5. This is higher than
so1 most of the constraints from population counts or GCE
g2 models (see Section 3.3). Column (d) of Figure 6 shows
s that requiring a more massive thick disk can reduce the
s dilution and recent evolution of the ISM, similar to the
sos pre-enriched infall, because more of the gas disk is built
sos Up during the first infall phase. The model produces the
so7 best agreement with the observed age—[Fe/H] relation

88

=2

s (second row). However, agreement with the observed
o age—[O/Fe] relation is poor, with the model predicting
oo less evolution in [O/Fe] over the past ~ 9 Gyr than
o1 observed by ~ 0.1 dex.

w2 Overall, no modification to the y/Zs = 1 model is able
o3 to completely overcome both the dilution and late-time
s evolution issues. Pre-enrichment of the accreted gas and
os & higher disk mass ratio can reduce the discrepancy with
ws the data, but they cause issues of their own in the age—
o [O/Fe] plane.

8

©

908 4.2. Abundance Evolution Across the Disk

o0 The discrepancies between the predicted and observed
a0 abundance evolution in the Solar neighborhood dis-
o cussed in Section 4.1 persist across the Galactic disk.
a2 Figure 7 shows the evolution of the MDF with age across
a3 five radial bins for the y/Zs = 1 and y/Zs = 2 models
oue with the fiducial parameters. For the APOGEE sample,
as we use the [C/N]-derived age estimates due to the larger
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Figure 7. Evolution of the MDF over time across the Galactic disk. In each panel, normalized stellar [Fe/H] distributions
within a 2 kpc-wide annulus are color-coded by the stellar age range. The gray curve represents the total MDF in each region.
Rows (a) and (b) present the distributions from multi-zone GCE models with the fiducial parameters (see Table 3) at different
yield and outflow scales. A Gaussian scatter has been applied to each model stellar population in rows (a) and (b) according
to the median [C/N]-derived age and abundance uncertainties in Table 2. Row (c) presents the distributions from APOGEE
DR17 with ages derived from [C/N] abundances (see Section 2). The vertical blue dotted lines in row (¢) mark the mode of the
distribution in the 1 —2kpc age bin for reference. Also in row (c), the gray dashed line marks the cut at [Fe/H] > —0.4 for upper
red giant branch and red clump stars, and the gray solid line marks the cut at [Fe/H] < +0.45 for all stars with [C/N]-based
ages. The distributions in all panels are restricted to 0 < |z| < 0.5kpc and boxcar-smoothed with a width of 0.1 dex for visual
clarity. Key takeaway: The APOGEE distributions show remarkably little variation in position over the past ~ 6 — 8 Gyr at

all radii, whereas both GCE models predict a steady evolution toward higher [Fe/H] with time.

a6 sample size in the most distant regions of the disk; we
a7 limit the comparison to ages in the range 1 — 10 Gyr
because of large systematic uncertainties for the oldest
stars, as discussed in Section 2.

The results of both models in Figure 7 show a clear
evolutionary trend at all radii. The mode of the MDF
shifts consistently to the right when moving from older
to younger stars. The distance between the 1 — 2 Gyr
and 2—4 Gyr age bins is smaller for the y/Z5 = 2 model
s because of the faster approach to equilibrium (see also
o6 Figure 5). In the Solar annulus (center column), the
o7 mode of the 6 — 8 Gyr age MDF is 0.3 dex lower than
s the present-day metallicity in the y/Zo = 2 model, and
20 0.4 dex lower in the y/Zs = 1 model.

e In contrast, the APOGEE data show remarkably lit-
s tle evolution over the past ~ 8 Gyr at all radii. Row
a2 (c) of Figure 7 shows that the MDF broadens with age,
13 but its peak does not shift much over the past ~ 8 Gyr.
o1 The mode [Fe/H] for the youngest stars (indicated by
o35 the vertical blue dotted line) is nearly the same as for

918

919

920

921

922

923

924

a6 the 6 — 8 Gyr old stars. Inward of the Solar annulus, the
or MDF skews more to lower [Fe/H], but its mode does
38 not shift by more than ~ 0.1dex. It is difficult to draw
a0 conclusions about the outer Galaxy because the mode
w0 [Fe/H] is close to the metallicity cut at [Fe/H] > —0.4 for
o luminous giants (represented by the vertical gray dashed
o2 line), which comprise the majority of stars in the sam-
as ple at that distance. The remarkable consistency of the
as MDF over time, in agreement with the equilibrium sce-
nario of Johnson et al. (2024), contrasts with the pre-
dictions of our fiducial models.

The oldest age bin in Figure 7 shows distinct behav-
ws ior in both the models and data. The 8 — 10 Gyr age
a9 bin spans both the tail end of the thick disk phase and
o0 the beginning of the thin disk, so the MDF is bimodal:
os1 the higher peak consists of > 9 Gyr old stars, and the
o2 lower peak 8 — 9 Gyr old stars (post-dilution phase). In-
o3 triguingly, the APOGEE MDF in that age bin is also
oss bimodal in all but the outer-most radial bin, with peaks
o5 at [Fe/H] = —0.3 and 40.3 independent of the location
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in the Galaxy. While data and model show qualitatively
similar behavior, they actually represent different pop-
ulations. In the model, the metal-rich peak is composed
of thick-disk stars while the metal-poor peak marks the
formation of the thin disk. In the data, the metal-rich
peak are all low-« stars, while the metal-poor peak is the
locus of the high-a sequence —a reversal of the model
predictions.

4.3. The Local Abundance Topology

The two-infall model explains the chemical evolution
of the thin disk through the low-« loop (see discussion
in Section 3.4). However, inspection of the marginal
[O/Fe] distributions in, e.g., Figure 1 reveals a different
morphology of the low-a sequence: the two-infall model
predicts two peaks in [O/Fe] in the thin disk where the
data show only one. The location of the second peak,
at intermediate [O/Fe], varies depending on the yields
(Figure 1) and infall parameters (Figure 2), but is always
present. This morphology remains essentially consistent
in our multi-zone models as well, despite the inclusion
of radial mixing and vertical dispersion of stars.

Figure 8 illustrates the origin of the intermediate-«
peak predicted by the two-infall model at mid to high
Galactic latitudes. Between 0.5 < |z| < 1kpc, both
the models with y/Z; = 1 and y/Zs; = 2 predict
an over-density of stars near the abundance turn-over
([Fe/H] = —0.3, [O/Fe] ~ 0.1 — 0.2), which is not seen
in the APOGEE sample. This over-density occurs be-
cause the overall rate of chemical evolution slows down
~ 2Gyr after the second infall, and at the same time
the delayed enrichment from SNe Ia reverses the evolu-
tion of [O/Fe]. This is a generic prediction of any two-
infall model regardless of its specific parameters, though
its impact can be mitigated through parameter choices
which act to compress the distance between the low-
and intermediate-a peaks, as in the y/Zs = 1 model in
Figure 1 or the models with longer 75 in Figure 2.

Additionally, the shape of the low-a sequence in the
model results (a concave-down “comma”) is clearly dif-
ferent from the data (a concave-up “swoosh”). This
problem is not unique to the two-infall scenario: it re-
sults from the concave-down track of the abundance
evolution, and has stymied other models as well (e.g.,
Minchev et al. 2013; Johnson et al. 2021; Prantzos et al.
2023). Nevertheless, it is worth mentioning because the
two-infall scenario is otherwise quite successful at re-
producing the local stellar distribution in [O/Fe]-[Fe/H]
space.

4.4. Global Abundance Distributions
4.4.1. The [O/Fe] Distribution: Two or Three Peaks?
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Figure 8. The density of stars in the [O/Fe]-[Fe/H] plane
predicted by multi-zone models with (a) y/Zs = 1 and (b)
y/Zo = 2, and (c) from the APOGEE DRI17 catalog. The
curves in panels (a) and (b) plot the ISM abundance at the
Solar annulus over time, and the alternating black and white
segments mark time intervals of 1 Gyr. The model output
has been re-sampled to match the APOGEE stellar |z| distri-
bution, and a Gaussian scatter has been applied to the pre-
dicted abundances according to Table 2. Stars in all panels
are restricted to the region defined by 7 < Rga1 < 9kpc and
0 < |z| < 2kpc. Key takeaway: the two-infall model gener-
ically predicts a stellar over-density at intermediate [O/Fe]
and low metallicity, which is not observed in APOGEE.
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Figure 9. Normalized stellar [O/Fe] distributions produced
by multi-zone models which assume the fiducial parameters
with different yield sets and outflow mass-loading factors.
Each row presents stellar distributions within a range of ab-
solute midplane distance |z| reported on the far right, and
the vertical scale is consistent across each row. Within each
panel, the distributions are color-coded according to the bin
in galactocentric radius Rga from which they are drawn.
The median APOGEE abundance uncertainties are forward-
modeled onto the model outputs (see Table 2). For visual
clarity, each distribution is smoothed with a box-car of width
0.05 dex. Key takeaway: The two-infall model produces
an intermediate-[O/Fe] peak that is especially prominent in
the y/Zs = 2 model at mid to high latitudes.

wes The two-infall model generically predicts three peaks
wor in the [O/Fe] distribution, which correspond to the high-
ws v sequence, the abundance “turn-over” after the sec-
woo ond infall, and finally the late-time low-a sequence. We
0 previously noted this feature in Dubay et al. (2024).
on Figure 9 compares [O/Fe] distributions from across the
w2 Galactic disk produced by models with the y/Zg = 1
o3 and y/Zg = 2 yield sets. We present the distribu-
s tions in multiple bins of |z| as well as Rga because
s the observed pattern varies as a function of midplane
w16 distance, and because the APOGEE selection function
17 over-emphasizes high-|z|, and therefore high-a, stars in
s the full sample. For model (a) with y/Zg = 1, the two

119 thin disk peaks are close enough together that they ap-
120 proximate a single peak, especially once observational
2 uncertainties are factored in. With the y/Zg = 2 yield
102 set, however, there is a ~ 0.2 dex separation between the
1023 low- and intermediate-a peaks thanks to increased effi-
102« ciency of CCSN element production. As a result, model
w2 (b) predicts a high density of stars at [O/Fe] ~ +0.2
1026 where the data show a relatively low density.

w2z In Figure 10, we show the result of our attempts to
w28 mitigate the intermediate-a peak discrepancy for the
w9 Y/Ze = 2 yield set in a few different ways, namely by
030 reducing the size of the thin disk loop seen in panel (b)
1w of Figure 8. First, we substitute our fiducial SN Ia DTD
1022 with a simple power-law,

Pl (1) = (/1 Gyr) ™1,

Ia

(15)

103 which reduces the median SN Ia delay time from ~ 2 Gyr
s to ~ 0.5Gyr. As shown in column (b), this has the
136 intended effect on the low-a sequence, but it also entirely
ww eliminates the high-o peak. Dubay et al. (2024) discuss
13 in detail why such a DTD is disfavored by Milky Way
1030 stellar abundances, and their results hold true for the
140 two-infall model as well.

wa  Next, in model (c¢) the metallicity of the infalling gas
a2 increases to [X/H],qy = —0.5 at late times. We choose
143 this value because if it were any higher, the infalling gas
14s would have higher metallicity than the most metal-poor
s thin disk stars. This model results in very similar [O/Fe]
ws distributions to the y/Zg = 1 case. We assume that the
ww infalling gas has [O/Fe] = 0 at all times; an alternate
i run with [O/Fe] = 40.3 shifted the distribution towards
s higher [O/Fe], worsening agreement with observations.
wo  Finally, in model (d) we increase the local thick-
w051 to-thin disk surface density ratio by a factor of 4 to
w2 fx(Rg) = 0.5. This value means that 1 in 3 stars in the
153 Solar annulus belong to the thick disk and is on the high
s+ end of estimates (see Section 3.3). The result as shown
wss in Figure 10 is a true bimodal abundance distribution,
106 with a more prominent high-a peak than in the previ-
157 ous models. In summary, either pre-enriched infall or an
wss enhanced disk mass ratio can improve agreement with
wso the observed thin disk abundances for the y/Z; = 2
weo case. These parameters also help the model better fit
wer the age—metallicity relation, as shown in Section 4.1 for
we2 the y/Zq =1 case.

1063 4.4.2. The Best Model

wes  Motivated by the results of the previous sections, we
0es construct a model which attempts to solve all of the
wes issues that have been outlined thus far. Our “best at-
s tempt” model uses the y/Z = 2 yield set to flatten the
wss local age—metallicity relation (Figure 5), pre-enriched
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Figure 10. Stellar [O/Fe] distributions produced by select multi-zone models with y/Zs = 2 (a—d) and as observed by APOGEE

().

The layout is similar to Figure 9. Each column shows results from a different multi-zone model: (a) the fiducial model

with y/Z = 2, the fiducial DTD, pristine gas infall, and fs(Ro) = 0.12 (identical to column (b) of Figure 5); (b) a model that

adopts a power-law DTD; (c) a model that assumes the infalling gas has metallicity [O/H]5qy =
a model with a higher local thick-to-thin disk ratio, fs(Re) = 0.5. Key takeaway: For the y/Zo =

[Fe/H] gy = —0.5; and (d)
2 case, pre-enrichment of

the accreted gas or a higher thick-to-thin disk ratio can improve the low-« distribution while preserving the high-a peak.

infall at the level of [X/H]|oqy = —0.7 to reduce the
dilution at tpax (Figure 6), slightly stronger outflows
with ne = 1.8 to maintain the local equilibrium at Solar
metallicity, moderately stronger radial migration with
orMs = 3.6 kpc to widen the local metallicity dispersion
(Figure 6), and a greater local disk ratio fx(Rg) = 0.25
to reduce the width of the low-a distribution and beef
up the high-a sequence (Figure 10). Our choices for
[X/H]gus 0rMs, and fx(Rg) are more moderate, and
we believe more realistic, than in previous sections to
avoid extreme effects resulting from the combination of
these parameters. We stress that our focus is on qualita-
tive rather than quantitative agreement with the data,
w2 and thus we do not attempt to find the optimal set of
s3 parameters through methods such as MCMC.

Figure 11 presents the stellar [O/Fe]-[Fe/H]-age dis-
wss tributions as a function of Rga and |z| predicted by the
185 best multi-zone model. The model is generally success-
w7 ful at reproducing the observed distribution of stars in
w0ss the [O/Fe]-[Fe/H] plane, especially in the inner Galaxy
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g and close to the midplane (panels along the left and
o0 bottom sides of the figure, respectively). However, the
o predicted high-a sequence is less concentrated than in
w2 the data, and its presence is still significant even in
103 the outer Galaxy—Ilikely a consequence of the stronger
104 migration prescription and higher thick-to-thin disk ra-
0o tio. In general, the predicted distributions do not align
s with the data quite as well at large midplane distances
wer (1 < |z| < 2kpc), but this may partly be due to our
wes prescription for vertical heating (see Section 3.6).

The model makes two notable predictions about the
oo age—abundance distributions. First, there is a popula-
ua tion of ~ 8 — 9Gyr old stars at sub-Solar [O/Fe], es-
uee pecially at |z| > 0.5kpc, formed immediately after the
uo3 second infall during a period of rapid chemical evolution.
no These stars form a small percentage of the overall distri-
uos bution (see also Figure 11 from Spitoni et al. 2024) but
uos in this case they occupy a unique portion of the abun-
nor dance space. A longer 7 could shift this population to
ues higher [O/Fe] where it would be obscured by the rest

1099
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Figure 11. Stellar abundance distributions across the disk predicted by our best multi-zone model, with y/Z¢ = 2, [X/H]oqy =
—0.7, f=(Re) = 0.25, orms = 3.6kpc, and o = 1.8. Each panel presents a random mass-weighted sample of 10000 stellar
populations that are drawn from the given (Rga1, |2|) bin and color-coded by age. A Gaussian scatter is applied to each point
according to the median age (7jc/nj) and abundance uncertainties in Table 2. The solid and dashed contours enclose 30% and
80%, respectively, of the APOGEE data in each region. Key takeaway: The predicted distribution from the two-infall model
lines up with the APOGEE distribution close to the midplane, but agreement is worse at higher latitudes and in the outer

Galaxy.

of the low-a sequence (see Figure 2). Second, the stars
born at the tail end of the thick and thin disk epochs
are adjacent to each other in abundance space, meaning
the two-infall model predicts a steep age gradient for the
most metal-rich stars in a given region.

4.5. Local Age Patterns

The two-infall model makes a prediction about the
local stellar age distribution that is fundamental to its
construction: that the most metal-rich stars born in-
situ in any region of the Galaxy come from the metal-
rich tail of the first infall sequence, and are therefore
older than all of the thin disk stars. As noted in the
previous Section, this prediction is apparent in any of
the panels in Figure 11, especially where |z| < 0.5 kpc.
We investigate this prediction further here.

The top row of Figure 12 presents the median stellar
age as a function of [O/Fe] and [Fe/H] for two multi-zone
models and APOGEE. While the models predict a fairly
accurate distribution of stars in abundance space, espe-
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1142

1143

cially for the low-a population, the stellar age patterns
are obviously quite different. In both the y/Z5 = 1 and
y/Zs = 2 models, there is a sharp divide in the median
stellar age when moving from the thick disk (7 > 9 Gyr)
to the thin disk (7 < 5 Gyr). The y/Zg = 2 model also
predicts that the stars with the lowest [O/Fe| should be
~ 8 — 9Gyr old, while these are some of the youngest
stars in APOGEE. The latter issue can be mitigated by
adjusting the parameters of the first infall, as discussed
in the previous Section, but the former is not solved so
easily.

We further highlight the discrepant age patterns in the
bottom panels of Figure 12, which compare the overall
stellar age distribution against that of the locally metal
rich (LMR) stars, defined here as [Fe/H] > +0.1.! For
APOGEE, the distributions are similar, both peaking

1 The precise location of the cut matters little, as we observe the

same behavior for cuts ranging from +0.05 to 4+0.2 dex.
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Figure 12. Top: The median stellar age as a function of [O/Fe] and [Fe/H] in the Solar annulus (7 < Rga < 9kpe, 0 <
|z|] < 2kpc). The left and center panels plot the output of our best two-infall models, with y/Zo = 2, [X/H]oqy = —0.7,
f=(Re) = 0.25, and orms = 3.6kpc. The model output has been re-sampled to match the APOGEE stellar |z| distribution,
and a Gaussian scatter has been applied to the abundances and ages according to Table 2. The right panel plots the results
from APOGEE using the Leung et al. (2023) age catalog. The contours indicate the density of stars in the [Fe/H]-[O/Fe] plane,
and the vertical dashed line denotes the boundary for locally metal-rich (LMR) stars. Bottom: Stellar age distributions in the
Solar annulus for all stars (black) and LMR stars (gray). The left and center panels plot the mass-weighted age distributions
predicted by the models after forward-modeling age uncertainties, and the right panel plots the Leung et al. (2023) ages for
APOGEE stars. Key takeaway: The two-infall model predicts a fundamentally different age pattern than what is observed,
especially for LMR stars.

near ~ 5 Gyr, although very few of the LMR stars have 16 Summary of problem: the two-infall model is boxed
ages 2 10 Gyr. Our two-infall models produce an age ue in by data.
distribution for the overall sample that is similar to the

data, but for LMR stars, both models predict a dis- ® 5.1. Comparison with Previous Literature
tinctly bimodal age distribution. There is a large con- 16 5.2. The Empirical Yield Scale
tribution from the young, metal-rich end of the second ., The y/Zs = 1 empirical yield scale already has

infall, and a contribution from t}}e old, metal-rich end of ;i qifficulties matching the local age-metallicity relation
the first, but there are few stars in between. The tro.ugh uss (Johnson et al. 2024), but the problem is exacerbated in
between the modes lies at ~ 5 Gyr for both models, right ., the two-infall case because of the delayed dilution event

where the APOGEE distribution peaks. nes — in effect, approach to equilibrium is “reset” by the
Mention some ways to try to resolve this (e.g., stronger |, cocond infall.

radial migration) and that they don’t work. Note that

our projected log age error of 0.1 dex is accurate for 1w 5.3. Third Accretion Episode
stars < 8 Gyr old, but too large for older stars, so the 1, Motivated by evidence of a recent period of enhanced
scatter in the high-a sequence is larger than the data. ur star formation (e.g., Ruiz-Lara et al. 2020), Spitoni et al.

urs (2023) and Palla et al. (2024) extended the two-infall
u7a model with a recent third accretion episode. Spitoni

5. DISCUSSION
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et al. (2023) argued that the gas dilution resulting from
the third infall could explain the population of young,
metal-poor stars discovered in Gaia DR3 (Recio-Blanco
et al. 2023), in contrast to the two-infall model of Spitoni
et al. (2021) which predicted a present-day gas metal-
licity of [M/H] ~ +0.3 in the Solar neighborhood. Palla
et al. (2024) were similarly motivated by the finding that
open clusters with ages < 1 Gyr have similar metallicity
to those with ages > 3 Gyr and younger than OCs in
between, while the classical two-infall model predicted a
steady increase in metallicity over time. However, Palla
et al. (2024) invoke a less massive infall, producing a
milder dilution event, than Spitoni et al. (2023).

Some combination of metal-rich accretion and radial
gas flows might reduce the amount of dilution predicted
by a recent accretion episode.

5.4. Radial Gas Flows

Radial gas flows are hard :’(

Some two-infall studies (e.g., Spitoni & Matteucci
2011; Palla et al. 2020, 2024) implement inward radial
gas flows with velocity ~ 1 km s™' in order to repro-
duce the radial abundance gradient without Galactic
outflows.

Spitoni & Matteucci (2011) find that a two-infall
model of the disk without gas exchange produces a radial
metallicity gradient which is too shallow. They imple-
ment an inward radial gas flow on the order of ~ 0 —4
km s~! which varies with radius, and find that it im-
proves agreement with the observed gradient. However,
they found that a variable star formation efficiency with
radius in combination with a gas density threshold for
star formation could also reproduce the observed gradi-
ent without radial flows.

Radial gas flows allow GCE models to produce a ra-
dial metallicity gradient in the absence of mass-loaded
outflows. We do not believe that switching from out-
flows to radial gas flows would solve any of our models’
issues regarding the age—abundance relation, [O/Fe| dis-
tributions, or stellar age distributions.

5.5. Star Formation Hiatus

The two-infall model falls into the broader category of
GCE models which reproduce the a-bimodality by halt-
ing or severely limiting star formation for some duration.
For the two-infall model, this phase of low star forma-
tion immediately precedes the second infall epoch and
is due to the relatively short timescale of the first infall
epoch. However, as we have shown, the dilution of the
ISM resulting from the second infall poses a challenge
when comparing to age—abundance data.

A bursty infall history is not the only way to produce
a gap in the star formation history. Beane et al. (2024)
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Figure 13. Abundance tracks and distributions from one-
zone models which experience an efficiency-driven starburst.
The blue dashed curve represents the fiducial model that has
an exponentially declining infall rate and constant star for-
mation efficiency timescale 7. = 2 Gyr. The red solid curve
plots the output of a model which experiences an enhance-
ment of 7, by a factor of 10, for a duration of 200 Myr, start-
ing at t = 1.4 Gyr. Both models assume the y/Zs = 2 yield
set, with ¥ reduced by 20% to better match the model end-
point with the data, and n = 1.4. The greyscale histogram
presents the number density of APOGEE stars in the Solar
annulus (7 < Rga < 9kpe, 0 < |z| < 2kpe) in [O/Fe]-[Fe/H]
space, and the gray histograms in the marginal panels show
the APOGEE stellar abundance distributions.

present a simulated galaxy from the Illustris TNG50
suite that exhibits MW-like bimodality. They argue that
the a-bimodality is brought on by a brief (~ 300 Myr)
quiescent period caused by bar formation. The virial
mass of their galaxy grows steadily throughout this pe-
riod, unlike in our two-infall model where the mass grows
by a factor of X during the 1 Gyr following the second
infall.

While our semi-analytic model does not include a
Galactic bar, we can explore the effects of a star for-
mation hiatus by artificially boosting the SFE timescale
7, for a period of time. Figure 13 illustrates the effect
of this SFE-driven hiatus in a one-zone model with an
exponentially declining infall rate. During the quiescent
period, the [O/Fe] ratio slowly declines due to the de-
layed contribution of Fe from SNe Ia. Meanwhile, the
gas mass continues to increase even as star formation is
suppressed. When 7, is lowered at the end of the quies-
cent period, the high gas mass sparks a moderate star
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formation burst which causes stellar abundances to “pile
up” at similar [O/Fe] values. The trough between the
high- and low-a sequences results from the star forma-
tion returning to pre-quiescence behavior.

Our simple hiatus model offers a few parameters which
control the chemical evolution. The onset time of the
SFE hiatus controls the position of the high-a sequence:
a later onset places the peak at lower [O/Fe]. The du-
ration of the star formation hiatus (and the 7, enhance-
ment factor?) controls the strength of the high-a peak.

The parameters of the SFE hiatus in Figure 13 were
chosen to match the APOGEE stellar [O/Fe] distribu-
tion as closely as possible. However, there are some
differences in detail, such as the dearth of stars at
[O/Fe] ~ +0.35 due to the star formation hiatus. We
intend this model to illustrate another path to reproduc-
ing the a-bimodality. Most of the high-« stars present
in the Solar annulus have likely migrated from the in-
ner Galaxy, where perhaps this SFE-driven hiatus was
concentrated.

6. SUMMARY & CONCLUSIONS

We have compared the predictions of the two-infall
scenario against abundance data from APOGEE DR17
supplemented with age estimates using two different
methods. We ran multi-zone GCE models at two differ-
ent yield scales with prescriptions for radially-dependent
outflows and stellar migration. While the two-infall sce-
nario can explain the local stellar abundance distribu-
tion, in particular the a-bimodality, it faces challenges in
matching the age-abundance structure of the full disk.
We explored multiple parameter modifications to bring
the model predictions closer to the data, including the
yield scale, radial migration strength, metallicity of the
accreted gas, thick-to-thin disk mass ratio, and the SN
Ia DTD. Our conclusions are as follows:

e The large quantity of pristine gas accreted in the
Solar neighborhood during the second infall phase
rapidly dilutes the ISM metallicity by ~ 0.5 dex.
Models with low nucleosynthetic yields (y/Zs =
1) remain at sub-Solar metallicity until the present
day, in stark contrast to the observed local age—
metallicity relation. Models with higher yields
and outflows approach the present-day metallicity
more rapidly, while pre-enriched infall can reduce
the magnitude of the dilution (but not eliminate
it entirely).

e The “turn-over” in the evolution of [O/Fe] fol-
lowing the second infall produces a double-peaked
low-a sequence with a fundamentally different
abundance structure than observed, especially
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for models with higher yields. A low yield set
(y/Zs = 1) coupled with lower outflows, or pre-
enrichment of the infalling gas, can bring the stel-
lar [O/Fe] distributions more in line with the data.
The parameter space is nonetheless restricted by
the need to suppress this feature.

e For metal-rich stars, the two-infall model predicts
a sharp divide in the stellar age distribution be-
tween the thick and thin disk populations. In con-
trast, the data show a smooth gradient between
the oldest and youngest stars, with most of the
metal-rich stars having intermediate ages.

e Our models predict that the MDF evolves to
higher metallicity over time throughout the disk.
This contrasts with the APOGEE data, which
show very little change in the mode over the past
~ 6 —8 Gyr.

e The equilibrium scenario of chemical evolution,
if correct, places stricter limits on the two-infall
model than other evolutionary models.

The apparent age-independence of stellar abundances
in the disk places considerable restrictions upon the two-
infall parameter space because it predicts a substantial
dilution event at the start of the thin disk epoch. If the
equilibrium scenario of Johnson et al. (2024) is correct,
then it restricts the two-infall scenario more than other
GCE models.

Implications for merger-driven SFHs.
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2020), Matplotlib (Hunter 2007).
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