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ABSTRACT

We present a multi-zone galactic chemical evolution (GCE) model for the Milky Way that takes the most

recently updated yields of major nucleosynthesis channels into account. It incorporates physical processes

commonly found in previous GCE models like supernova and star formation feedback, the radial flow of gas in

the disk, and the infall of fresh gas, along with stellar scattering processes like radial migration. We individually

analyse the effect of different physical processes present in our model on the observed properties of the Galaxy.

The radial flow of gas in the disk plays an important role in establishing the radial gradient for [Fe/H] in the

low-[α/Fe] sequence. Our model with one episode of smooth gas infall and constant star formation efficiency is

capable of reproducing the observed ([Fe/H], [α/Fe]) distribution of stars at different (R, |z|) positions in the

Milky Way. Our results point to the rapid evolution of [α/Fe] after the onset of Type Ia supernovae and a high

star formation rate during the formation of the high-[α/Fe] sequence as the origin of dual peaks in [α/Fe]. A

secondary infall is unnecessary to reproduce the [α/Fe]-gap and chemical spread in the disk in our model. We

additionally compare the median age for various mono-abundance populations and the age-metallicity relation

at different (R, |z|) positions from our fiducial model to observations. We discuss our results in relation to

other related work in detail.

1. INTRODUCTION

The formation and evolution of galaxies are funda-

mental questions confronting astrophysics today. In

particular, the detailed chemical enrichment history of

galaxies involves a complex narrative that is poorly un-

derstood. The Milky Way provides direct observational

evidence of how chemical abundances evolve with time

from individual stars and stellar populations. Stars con-

tain the chemical imprint of the gas from which they

formed, acting as a powerful tracer of the Milky Way’s

chemical evolution in space and time (Freeman & Bland-

Hawthorn 2002), provided that we can accurately esti-

mate stellar ages. Galactic chemical evolution (GCE)

models make assumptions about the general physical

processes that govern the evolution of galaxies and ap-

proximate them with empirical laws. These models can

be used to simulate the chemical enrichment history of

the Galaxy in a short amount of time if properly con-

strained by all of the available stellar abundance data.

The simplest GCE model assumes that a galaxy can

be treated as one zone (van den Bergh 1962; Schmidt

1963). The zone is initially filled with gas that is pris-

tine (containing only H, He, and a trace amount of Li

from Big Bang nucleosynthesis). As stars form out of

available gas, heavier elements produced by stellar nu-

cleosynthesis enrich the existing gas and a chemical evo-

lutionary track that traces the abundance patterns over

time is generated. Infalling gas from an intergalactic

medium (IGM) whose composition does not necessar-

ily match that of the existing gas can be added to the
model over time to sustain star formation and moderate

the rate of chemical evolution.

The one-zone model can be extended into a multi-zone

model by assuming that a galaxy is composed of con-

centric rings (Chiappini et al. 1997, 2001). As a number

of factors vary in each zone, such as gas density, in-

flow from the IGM, and supernova-heated outflow, the

model draws differential evolutionary tracks from the

innermost to the outermost region. Multi-zone models

are much more complex because they require additional

assumptions that control the distribution of materials

across different radii over time and allow mechanisms

that exchange gas and stars among the zones. Obser-

vations of other galaxies suggest that disk galaxies ex-

perience inside-out growth (van der Wel et al. 2014;

Rodŕıguez-Puebla et al. 2017). The Milky Way also
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showed signs of inside-out growth Bovy et al. (2012).

The growth in the half-mass radius of the Milky Way is

quantified to be 43% over the last 7 Gyr (Frankel et al.

2019). Both inside-out growth (e.g.,Matteucci & Fran-

cois 1989) and radial flow (radial movement of gas in the

disk, e.g., Schönrich & Binney 2009), can prove crucial

to generating models that match observations as chemi-

cally diverse stars in different locations of the Galaxy do

not have to be born in-situ and be explained by various

physical conditions elsewhere.

There are many GCE models in the literature. One

famous model is the two-infall model by Chiappini et al.

(1997) which assumes two distinct infall episodes. The

first episode happens at the beginning of the model,

which helps form the halo and the [α/Fe]-enhanced thick

disk stars. After the gas density falls below the star for-

mation threshold (7 M� per pc2), the second episode

brings in a large amount of fresh gas to sustain star

formation for a long period of time. The second infall

helps form a large amount of metal-rich stars to match

the stellar distribution of metallicity in the Milky Way,

compared to a closed-box model. Since the two peaks

in the stellar distribution of [α/Fe] have been identified,

the two-infall model has been modified to explain this

feature of our Galaxy. An updated two-infall model by

Spitoni et al. (2019b) placed a delay of about four Gyr

between the two infalls and its chemical track is charac-

terised by a loop (drop in [Fe/H] and increase in [α/Fe])

in the ([Fe/H], [α/Fe]) plane. The thin disk gets chemi-

cally enriched over time by the second infall to reproduce

the large spread in [Fe/H] in the low-[α/Fe] sequence.

Depending on which part of the Milky Way we study,

there are two terms to describe the two density peaks in

[α/Fe]. The [α/Fe]-bimodality refers to the two [α/Fe]-

peaks in the bulge. Most stars in the bulge are born

in situ. The [α/Fe]-dichotomy refers to the two [α/Fe]-

peaks seen away from the bulge, such as the solar neigh-

bourhood. The high-[α/Fe] stars in these regions do not

necessarily form in situ and radial migration could play

a significant role. Haywood et al. (2018) found that a de-

crease in the SFR (quenching) driven by a rapid drop in

the SFE and gas accretion rate during the intermediate-

[α/Fe] regime is required for the [α/Fe]-bimodality. Sim-

ilar to the two-infall models, they proposed a scenario

where the low-[α/Fe] sequence formed from chemically

distinct gas with some delay. Then, Haywood et al.

(2019) argued that the chemical gradient in the disk

is caused by the dilution of the pre-enriched gas from

the formation of the high-[α/Fe] sequence by the metal-

poor fresh gas in the Galaxy. Since the high-[α/Fe]

stars primarily formed in the inner disk, the polluted

ISM becomes more metal-poor and high-[α/Fe] as we

move away from the Galactic centre. Inspired by their

work, Lian et al. (2020) found that both the quenching

episode and the second infall episode are necessary for

the [α/Fe]-bimodality with their GCE model and esti-

mated the delay between the two infall episodes to about

six Gyr. Due to the long delay, a significant amount of

metal-rich stars formed in the bulge before the second

infall in their model.

One commonly cited model that takes into account

the effect of radial migration is Schönrich & Binney

(2009). They showed that the extended [Fe/H] dis-

tribution of the thin-disk (low-[α/Fe]) stars in the

([Fe/H], [α/Fe]) plane is due to radial migration and one

smooth episode of gas infall is sufficient to generate the

[α/Fe]-dichotomy in the disk. Minchev et al. (2013) har-

nessed the complex dynamical processes from cosmolog-

ical simulations and combined them with a pure GCE

model, concluding that mergers play an important role

in the formation of the thick disk. Similarly, Kubryk

et al. (2015) was able to reproduce most properties of

the Milky Way disk by modelling the growth of the disk

and the effect of radial migration based on simulations.

It is common for some GCE models today to draw some

aspects of their models from simulations. The details

in simulations can even become the basis of a 2D GCE

model that allows us to study azimuthal variations (Spi-

toni et al. 2019a). However, directly importing particle

properties from cosmological simulations often results in

a very noisy picture of the replicated galaxies and can

obscure the conclusions we can draw from the chemical

properties.

One key ingredient of GCE models is chemical yields

from stellar nucleosynthesis, i.e., the amount of newly

synthesized elements released into the ISM upon the

death of a star. The chemical yields are largely de-

pendent on the mass and metallicity of the progenitors.

Stars with an initial mass of between ∼ 0.5− 7M� be-

come asymptotic giant branch (AGB) stars and experi-

ence mass loss towards the end of their lifetime through

stellar winds, leaving behind C+O white dwarfs (WDs).

The planetary nebulae AGB stars release primarily car-

bon, nitrogen, oxygen and small amounts of s-process

elements. s-process elements include about half the el-

ements heavier than iron. Massive stars of 10 − 40M�
form core-collapse supernovae (CCSN). The explosive

energy produces α elements, i.e. C, O, Ne, Mg, Si, S,

Ar and Ca through alpha capture and r-process elements

through rapid neutron capture which is responsible for

the other half of elements heavier than iron. The third

major channel of metal production is Type Ia super-

nova (SNe Ia). The SNe Ia yields for single degener-

ate progenitors where a white dwarf progenitor explodes
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when its mass reaches Chandrasekhar limit (∼ 1.4M�)

are commonly adopted (Iwamoto et al. 1999). SNe Ia

primarily produces iron-peak elements. Nomoto et al.

(2013) discusses these three production channels and

others in greater detail. Tremendous improvements have

been made to nucleosynthesis yields in recent years. In

this work, we utilize the yields from Kobayashi et al.

(2020a) and Kobayashi et al. (2020b) which contain up

to 83 elements, more than any current spectroscopic sur-

veys can measure.

In recent years, an unprecedented amount of details

of the multi-elemental abundance distribution in the

Milky Way are being revealed by large-scale spectro-

scopic surveys, e.g. GALactic Archaeology with HER-

MES (GALAH) (Buder et al. 2021), Apache Point Ob-

servatory Galactic Evolution Experiment (APOGEE)

(Ahumada et al. 2020), and Large Sky Area Multi-

Object Fibre Spectroscopic Telescope (LAMOST) (Luo

et al. 2012). These surveys aim to observe large sam-

ples of stars (& 1 million), with multiple chemical abun-

dances, and with good spatial coverage of the Galaxy.

The chemical information of these stars is further en-

hanced by the kinematic properties provided by the Gaia

mission (Gaia Collaboration et al. 2021). The chemi-

cal and kinematic properties both at the solar radius

and beyond give us an unprecedented amount of in-

formation to constrain the parameters of GCE models.

Hayden et al. (2015) using APOGEE data studied the

([Fe/H], [α/Fe]) distribution of stars at different Galac-

tocentric (R, z) locations of the Galaxy. They found a

clear presence of two distinct sequences one with high

[α/Fe] and another with low [α/Fe]. In general, the

high [α/Fe] sequence was dominant at low R and high

|z|. However, at large R and large |z| the low [α/Fe]

sequence was dominant. Explaining these trends with

GCE models requires a match simultaneously in differ-

ent (R, |z|) positions and proves rather challenging.

Recently, simulations of Milky-Way-type galaxies are

successful at replicating the dual [α/Fe]-peaks observed

in the Galaxy. Clarke et al. (2019) showed that a high

star formation rate caused by the fragmentation of an

early gas-rich disk can naturally give rise to a thin and

thick disk with different [α/Fe] in non-cosmological sim-

ulations. Khoperskov et al. (2021) also emphasized the

importance of a high star formation rate for the for-

mation of the high-[α/Fe] sequence but added that the

feedback from this early star formation episode leading

to a rapid shutdown of star formation is crucial to a

dichotomy of [α/Fe]. Buck (2020) showed that a gas-

rich merger that lowers metallicity and leaves [α/Fe]

untouched can induce an [α/Fe]-dichotomy in NIHAO-

UHD simulations, similar to what a two-infall model

proposes. Agertz et al. (2021) and Renaud et al. (2021)

used an enriched source of gas to feed the formation of

the high-[α/Fe] sequence in the inner parts of a galaxy

and a more metal-poor source for the outer parts to

create a bimodal-[α/Fe] distribution. There is much evi-

dence from simulations that accretion with a customized

chemical composition can induce two [α/Fe]-sequences.

However, it does not eliminate the possibility that the

two [α/Fe]-sequences can arise without external factors.

Although simulations could generate two density peaks

in the distribution of [α/Fe], many finer details in the

([Fe/H], [α/Fe]) plane, such as the [α/Fe]-gap and the

[Fe/H] gradient, seldom match what we observe in the

Milky Way. It is very computationally expensive to im-

plement detailed modelling of nucleosynthesis in simu-

lations.

Sharma et al. (2021a) presented a pure analytic

chemodynamical model of the Milky Way that was able

to replicate the observed abundance trends of Hayden

et al. (2015) with simple analytic approximations of just

a few physical processes. They showed that velocity dis-

persion relations and radial migration play an important

role in shaping the abundance maps and their variation

across (R, |z|). The most important factor for the ori-

gin of the two sequences was related to the sharp fall

of [α/Fe] with time which suppressed star formation in

the intermediate-[α/Fe] region. In order to replicate the

stellar density distribution in the ([Fe/H], [α/Fe]) plane,

both [α/Fe] and [Fe/H] have to evolve rapidly with time

early on but reach equilibrium values not long after the

thin disk formed. The radial and vertical motion of stars

that also evolve with time are sufficient to explain the

radial gradient in both [Fe/H] and [α/Fe] with time. The

question we would like to answer is whether a chemical

evolution model derived from the first principles (taking

into account star formation and nucleosynthesis yields)

can lead to the same evolution of [α/Fe] and [Fe/H] with

time as seen by the analytic model presented in Sharma

et al. (2021a). Additionally, we want to identify the

processes that can speed up or slow down the fall of

[α/Fe] with time and those that determine the equilib-

rium value of abundances in the disc as well as the radial

gradient of abundances.

The work by Schönrich & Binney (2009) is ground-

breaking because it does not assume that the stars

with a wide range of metallicity values are born in

the solar neighbourhood. Instead, stars with differ-

ent metallicities are born at corresponding radii accord-

ing to the metallicity gradient in the disk and migrate

throughout the disk to generate the spread in metal-

licity. The advent of large-scale spectroscopic surveys,

such as APOGEE and GALAH, combined with the pre-
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cise proper motion and parallax measurements from

Gaia, provide an unprecedented picture of our Galaxy.

We now have a more complete picture of the chemi-

cal distribution beyond the solar neighbourhood in the

disk for many elemental abundances. We present our

model and results as a much-needed update to the orig-

inal work by Schönrich & Binney (2009). The paper is

organized as follows. In Section 2 we describe the ba-

sic ingredients of our model. Other than our fiducial

model, we also create alternate models with different

parameter values and mechanisms to help readers form

some intuition on their effects on the final observable.

The resulting chemical tracks and stellar density distri-

butions in [Fe/H] and [α/Fe] of these models are shown

in Section 3. In Section 4, we discuss the implications

of our results in comparison to other relevant work. Fi-

nally, we summarize and present our main conclusions

in Section 5.

2. BASIC INGREDIENTS

2.1. Setting up basic framework

Our model is built upon Schönrich & Binney (2009)

and uses the same setup. The disk in our model con-

sists of rings (radial zones or shells) that are ∆R = 0.25

kpc wide with central radii ranging from 0.125 kpc to

19.875 kpc. Each zone contains a cold gas, warm gas,

and stellar component. All three record the mass of

each element present in the nucleosynthesis yield tables.

Stars form only out of cold gas, locking in the gas of the

same composition. Warm gas captures the majority of

enriched gas from nucleosynthesis and releases it slowly

with a timescale tcool = 1.2 Gyr to the cold gas for fu-

ture star formation. The stellar component in each zone

keeps track of the current guiding radii of stars at each

time step and distributes yields accordingly. The model

lasts for a total of 12 Gyr. Each time step advances

the model forward by ∆t = 30 Myr, which roughly cor-

responds to the maximum lifetime of the least massive

CCSN progenitors and the free-fall time of molecular gas

(Sun et al. 2022).

We initialize the disk with M0,cold = 7.0 × 109M�
of cold gas and M0,warm = 1.0 × 109M� of warm gas,

both with a pristine composition containing only H, He,

and a trace amount of Li. The initial amount of cold

gas determines the amount of star formation in the first

step and in turn the starting [Fe/H] in the model. How-

ever, it has a limited effect on our model because a large

amount of infalling gas also enters our model as cold

gas from the first step. We chose the parameter values

so that our fiducial model could have a relatively high

starting [Fe/H] to reach [Fe/H]=-1 in about one Gyr

and still replicate the stellar density distribution in the

([Fe/H], [α/Fe])-plane. The cold and warm gas initially

present as well as the cold gas at the beginning of every

time step in each zone is restricted to a pre-determined

radial mass distribution which is the result of an as-

sumed exponential density profile with a scalelength of

Rd = 3.5 kpc (Equation 1). The exact mass fraction in

each zone can be calculated with the integral in Equa-

tion 2 where fn,cold is the mass fraction in the n-th zone

and Rn is its central radius.

Σcold,R ∼ e−R/Rd (1)

fn,cold =

∫ Rn+∆R

Rn−∆R

e−R/RddR (2)

Theoretically, the scalelength of the gas disk in our

model can change over time to accommodate an inside-

out growth scenario. However, we found that changing

the scalelength even a little introduced a large amount of

instability to the chemical evolutionary tracks even af-

ter the abundances approached equilibrium values. We

decided to keep our scalelength constant as Schönrich &

Binney (2009) in favour of exploring the effect of other

parameters for this work. During each of the four time

steps immediately after the initial two steps (60 Myr),

an additional ∆Mwarm = 2.5 × 108M� with the mass-

weighted average composition of the warm ISM in the

disk is added onto the warm disk. This early infall is

distributed based on the same density profile in Eq 1

and helps form the observed amount of metal-poor halo

stars. We found that this brief infall episode had a neg-

ligible impact on our final results, but we decided to

include it as part of the original model in case more ob-

servational evidence on the in situ halo stars were dis-

covered in the future.

2.2. Star formation

We adopt Kennicutt-Schimidt (KS) law (Kennicutt

1998) for determining star formation mass and calculate

the SFR as in Equation 3. The surface density of cold

gas Σcold is measured in M�/pc2 while time t is in yr.

dΣ∗
dt

= CΣ1.4
cold (3)

where C is a constant equivalent to the star formation

efficiency (SFE) in the model. The combination of a

constant scalelength (Rd = 3.5 kpc) for the cold gas and

KS law with a power of 1.4 results in a stellar disc with

scalelength Rd/1.4 = 2.5 kpc. In our fiducial model,

we adopt C = 2.8 × 10−10 as our SFE, close to 2.5 ×
10−10 estimated from the Hubble sequence by Kennicutt

(1998). This number is about 2.5 times higher than that

adopted by Schönrich & Binney (2009) (1.2 × 10−10)
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Figure 1. Stellar lifetimes as a function of initial stel-
lar mass for different metallicities based on PARSEC-1.2S
isochrones by metallicity (Bressan et al. 2012). The dashed
line shows the analytical formula adopted by Padovani &
Matteucci (1993) in their study.

because we found that a high star formation rate (SFR)

is essential for building a high stellar count for the high-

[α/Fe]-sequence and for [α/Fe] to drop rapidly during

the intermediate-[α/Fe] phase. Our adopted value is

lower than of Bigiel et al. (2008) and Leroy et al. (2008)

(5× 10−10) because their value is for the molecular gas,

which is a fraction of the cold ISM. Besides the fiducial

model, we created two additional models named SF- (a

lower SFE) and SF+ (a higher SFE) with C = 1.2 ×
10−10 and C = 4.4 × 10−10 respectively to explore the

effect of the SFE.

We adopt Kroupa (2001) initial mass function (IMF),

given by

ξ(m) ∝

m−1.3 0.1 ≤ m < 0.5M�

m−2.3 m ≥ 0.5M�.
(4)

which is commonly used in chemical evolution models.

We restrict the mass range to (0.1, 50)M�. The width of

the mass bins is 0.1 M� for bins up to mcutoff = 9 M�
and 1 M� for bins with m ≥ mcutoff . Changing the

bounds of stellar bins did not have any significant effect

on the final chemical tracks. The IMF is normalized

such that
∫
mξ(m)dm = 1 M�. The average mass of

each bin is calculated as
∫m1

m0
mξ(m)dm/

∫m1

m0
ξ(m)dm,

where m0 and m1 are the lower and the upper bounds

of the said bin.

2.3. Stellar lifetime

The stellar lifetimes for a given progenitor mass and

metallicity are extracted from PARSEC-1.2S isochrones

(Bressan et al. 2012). We downloaded isochrones with

ages identical to the time steps in our model from 0 to

12 Gyr at [M/H] from -2 to 0.5 dex in increments of 0.1

dex below [M/H]=-0.1 and 0.05 dex otherwise from http:

//stev.oapd.inaf.it/cgi-bin/cmd. For each isochrone, we

record its age, metallicity and maximum mass excluding

white dwarfs to create a new table. Then we interpo-

late over this table to determine the stellar lifetime for

any given mass and metallicity. Figure 1 shows the stel-

lar lifetimes for various progenitor masses at different

metallicity values. We added the analytic stellar age

from Padovani & Matteucci (1993) as a dashed line for

comparison. As stellar age does not vary greatly with

metallicity, we choose not to interpolate over the metal-

licity grid to save computational costs. Our model uses

the stellar lifetime table with the closest metallicity in-

stead.

2.4. Stellar yields

We adopt the state-of-the-art yields of major nu-

cleosynthesis production sites from Kobayashi et al.

(2020a), including AGB, CCSN, and SNe Ia. The CCSN

includes hypernovae (HNe), Type II supernovae (SNe

II) and magneto-rotational supernovae (MRSNe). The

yields for MRSNe were adopted from Nishimura et al.

(2015) (publicly available at https://www.astro.keele.

ac.uk/∼nobuya/mrsn/) and the yields for the rest were

adopted from Kobayashi et al. (2020a) and Kobayashi

et al. (2020b) (provided to us on request). We linearly

interpolate the yields first on our mass grids specified in

Section 2.2 and then on a grid of 1,001 metallicity values

evenly spaced on a logarithmic scale from Z = 10−6 to

Z = 0.05.

The yields from AGB stars are applicable to stars

(stellar bins in our model) with an initial mass of 0.9-9

M�, with the exact limits depending upon the metallic-

ity. The maximum AGB progenitor mass increases from

7.5 M� at Z = 0 to 9 M� at Z = 0.05. The SNe II yields

are applicable to stars with an initial mass of 8-40 M�.

The minimum SNe II progenitor mass increases from 8

M� at Z = 0 to 10 M� at Z = 0.05. The HNe yields are

only applicable to stars with an initial mass of 20-40 M�.

Consistent with Kobayashi et al. (2020a), half of all SNe

II with an initial mass over 20 M� are substituted with

HNe, (denoted by parameter %HNe). Nishimura et al.

(2015) suggest that it is sufficient for 0.1% of all CCSN

to be MRSNe in order to create the amount of r-process

material observed in stars today. We substitute 0.2% of

SNe II with MRSNe in order for [Eu/Fe] to reach solar

value at the solar radial zone. Thus, MRSNe share the

same progenitor mass range as SNe II.

The AGB and MRSNe yields list 83 elements in

Kobayashi et al. (2020a), while the SNe II, HNe, and

SNe Ia yield only list elements up to Ge. Each row in

the tables lists the mass remnant and yields for indi-

http://stev.oapd.inaf.it/cgi-bin/cmd
http://stev.oapd.inaf.it/cgi-bin/cmd
https://www.astro.keele.ac.uk/~nobuya/mrsn/
https://www.astro.keele.ac.uk/~nobuya/mrsn/
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Table 1. Parameters of the fiducial model.

Parameter Meaning Value

Rd Scalelength of cold gas 3.5 kpc

C Star formation efficiency constant 2.8× 10−10

N Power in star formation law 1.4

M0,cold Initial cold gas mass 7× 109M�

M0,warm Initial warm gas mass 1× 109M�

∆Mwarm Early infall mass per step onto warm gas 2.5× 108M�

M1 Short timescale infall mass 4× 1010M�

M2 Long timescale infall mass 7× 1010M�

b1 Timescale for M1 150 Myr

b2 Timescale for M2 1.4 Gyr

tmin,SNeIa Minimum time delay before first SNe Ia 150 Myr

tscale,SNeIa Timescale for decay of SNe Ia 1.5 Gyr

tcool Cooling timescale of warm gas 1.2 Gyr

fdirect Fraction of supernovae ejecta directly into cold gas 0.01

feject Fraction of supernovae ejecta lost 0.2

ηSF Multiplier for gas heated by star formation 1.0

ηSN Multiplier for gas heated by supernovae 3.0

ZM� Metallicity of the Sun 0.0156

ZIGM Metallicity of the IGM 10−0.8ZM�

fIGM The fraction of gas directly deposited from IGM 0.3

%SNeIa Fraction of white dwarfs from stars within (3.2, 8.5)M� that turn into SNe Ia 0.65-0.05

%HNe Fraction of CCSN that explode as hypernovae 0.5

%MRSN Fraction of CCSN that explode as magneto-rotational supernovae 0.0025

v0 Rotational velocity of the Milky Way from Sanders & Binney (2015) 220 km/s

σL0 Churning amplitude from Sanders & Binney (2015) 1150 kpc km/s

tmax Maximum age of the Milky Way 12 Gyr

vidual elements for a certain metallicity and progenitor

mass. The total amount of mass returned to the system

for each AGB is the difference between its progenitor

mass and remnant mass. The AGB yield table lists the

mass difference of individual elements before and after

stellar evolution and thus the sum of each row is zero.

As lighter elements are fused into heavier elements, the

yields for light elements, especially H, can become neg-

ative. Hence, we need to add the mass of each element

trapped inside stellar bins at the time of their formation

to retrieve the absolute yields or the actual mass of each

element to be returned to the system.

The entries of each row in SNe II and HNe yield ta-

bles are never negative. When we add up the mass

remnant and the yields for individual elements for each

row, the sum is always slightly less than the progen-

itor mass. We use gas with the composition at stellar

birth as unprocessed gas to make up for this mass differ-

ence. The MRSNe yield table lists the relative fraction

of each element expected in the final processed metal.

We multiply these fractions by the difference between

progenitor and remnant mass from each row to derive

the absolute mass of each element. The SNe Ia tables list

the amount of each element expected to be released per

event which adds up to the Chandrasekhar mass limit,

MCh ∼ 1.4M�, as we only consider single degenerate

progenitor scenario.

2.5. SNe Ia fraction and delay-time-distribution

All nucleosynthesis yields from a star are released im-

mediately after the death of a star into the gas compo-

nents, except for those from SNe Ia. Although the ex-

act nature of SNe Ia explosions requires further study,

two SNe Ia progenitor scenarios, the double degener-

ate (Iben & Tutukov 1984; Webbink 1984) where two

carbon-oxygen (CO) white dwarfs (WD) with a com-

bined mass exceeding MCh leading to explosive carbon

burning and single degenerate (Whelan & Iben 1973)

where a single CO WD accretes hydrogen from a com-

panion until it reaches MCh and explodes, are the most

widely accepted.

In the fiducial model, we adopt the exponential delay-

time-distribution from Schönrich & Binney (2009) which

favours the single degenerate scenario. The number of
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Table 2. Changes made to alternate models

Acronym Meaning Deviation from the standard model

CSF Constant star formation The total mass of cold ISM is conserved at 8.3× 109 after infall

C09 Churning 2009 Uses the churning mechanism from Schönrich & Binney (2009)

DTD+ Longer delay timescale for SNe Ia Delay timescale is increased to 2 Gyr

DTD- Shorter delay timescale for SNe Ia Delay timescale is shortened to 1 Gyr

E+ Higher ejection ratio feject = 0.4

E- Lower ejection ratio feject = 0.0

MRI Minimum radial inflow fIGM = 1.0 and inflow maintains the scalelength

SF+ Higher star formation efficiency Star formation constant C is increased to 4.4× 10−10

SF- Lower star formation efficiency Star formation constant C is decreased to 1.2× 10−10

SNIa+ Higher fraction of SNe Ia %SNIa=6.5% at every time step

SNIa- Lower fraction of SNe Ia %SNIa=5% at every time step

SNe Ia explosions is determined by MWD/MCh, where

MWD is the total mass in white dwarfs (from the mass

remnant column in SNe Ia yield tables) in a given ra-

dial zone at the current time step. As soon as AGBs

in the specified mass range evolve and generate WDs,

we calculate the mass of each element from the SNe Ia

yields and store them inside a reservoir for a minimum

of tmin,SNeIa = 150 Myr, after which period we release

them to the warm ISM where the stars happened to

reside in the model exponentially with a timescale of

tscale,SNeIa = 1.5 Gyr. A fraction of the total mass of

the remaining WDs equal to ∆t/tscale,SNeIa become SNe

Ia during every time step. The exponential law allows

us to tie the amount of SNe Ia directly to the number of

WDs produced from evolved AGBs in our model, while

the power law DTD from Maoz et al. (2012) and Maoz &

Graur (2017) relates the amount of SNe Ia to the SFR.

The fraction of WDs that ultimately become SNe Ia

is determined by fSNeIa at the time of birth of AGB

progenitors with initial masses between 3.2 and 8.5 M�.

In our fiducial model, fSNeIa starts at 6.5% for the first

three Gyr to facilitate the rapid evolution in [α/Fe] in

the beginning and then linearly decreases to 5% at the

last time step. This is inspired by Mazzola et al. (2020)

who found that close binary fraction is higher at high

[α/Fe]. We create four alternate models to explore the

effect of SNe Ia. The first pair of models are named

SNIa+ (a higher fraction of SNe Ia) and SNIa- (a lower

fraction of SNe Ia) as their fSNeIa is held constant at

6.5% and 5% respectively. The second pair of models are

named DTD+ (a longer delay timescale) and DTD- (a

shorter delay timescale) and they adopt tscale,SNeIa = 2

Gyr and tscale,SNeIa = 1 Gyr respectively.

2.6. Infall

Galaxies accrete their gas from the IGM in two dis-

tinct modes: the cold mode dominates low-mass galaxies

and at high redshifts and the hot mode dominates high-

mass galaxies and at low redshifts. However, the gas

accreted from the cold mode is still at least 104 K and

would take a significant amount of time to cool before

it can form stars. We experimented with depositing in-

falling gas into the warm gas components in our model

instead of cold gas and found it difficult to reach a high

enough SFR to drive chemical evolution effectively in

the first 2 Gyr to match the age-[Fe/H] relation from

Sharma et al. (2021a). A possible improvement in fu-

ture could be to vary the ratio of hot vs. cold accretion

over time as recently quantified by Wright et al. (2021)

from cosmological simulations.

We adopt an infall rate over time as prescribed by

Schönrich & Binney (2009), which is the sum of two

exponential terms,

dM

dt
=
M1

b1
e−b1/t +

M2

b2
e−b2/t. (5)

Here, M1 = 4.0 × 1010M�, b1 = 300 Myr, M2 =

7 × 1010M�, b2 = 14 Gyr. These numbers are roughly

chosen based on the following two constraints. First,

the fiducial model needs to have about 5 × 1010M� in

stellar mass at the last time step as constrained by the

Milky Way’s present-day properties (Bland-Hawthorn &

Gerhard 2016). Second, the SFR at the last time step

needs to be approximately a few solar masses per year.

Although our Equation 5 has two exponential terms and

looks similar to that of a classical two-infall model, there

is no time delay between the terms. The long-timescale

exponential term sustains star formation throughout the

entire time span of our model but we found it necessary

to include a short-timescale term at the beginning to

match the density of the high-[α/Fe] sequence.

The mass of infalling gas during a time step is ap-

proximated by Minfall,t = dM/dt × ∆t. The final

amount of cold gas in each zone by the end of radial

inflow is obtained by multiplying its corresponding rela-

tive mass fraction (fn,cold) in Section 2.1 by the sum of
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the mass of infalling gas (Minfall) and the total mass of

cold gas in the model (
∑

iMi,cold,t) during a given time

step, or M ′n,cold,t = (Minfall,t +
∑

iMi,cold,t) × fn,cold.

The difference in cold gas mass in each zone, ∆Mn,t =

M ′n,cold,t−Mn,cold,t, will be gained through fresh gas di-

rectly from the IGM or an outer zone as a result of radial

inflow or more commonly both. In an alternate model

named CSF (constant star formation), we explore an al-

ternate scenario by fixing the amount of cold ISM to be

8.3× 109 after infall at every time step so that the final

stellar mass in the model is the same as in the fiducial

model.

The chemical composition of the infalling gas is pris-

tine (only H, He, and Li) when the GCE starts. As

the model evolves, the metallicity of the infalling gas

matches that of the outermost zone until it reaches

log10 Z/Z� = −0.8 with Z� = 0.0156. Afterwards, the

infalling gas continues to mirror the abundance composi-

tion of the cold gas in the outermost zone but its metal-

licity remains fixed (at log10 Z/Z� = −0.8). The solar

metallicity and abundances in this work are taken from

Asplund et al. (2009). The infalling gas determines the

metallicity and abundance pattern of the outer zones es-

pecially past 10 kpc and places constraints on the abun-

dance pattern in the model because the fresh gas can

dilute existing gas and slow down chemical enrichment.

2.7. Gas dynamics

All of our models have intra- and inter-zone mecha-

nisms for gas dynamics. Star formation and supernovae

have the potential to heat up cold ISM in our models.

Hopkins et al. (2014) showed in high-resolution cosmo-

logical simulations that supernova and star formation

feedback both shape the SFH of galaxies. The amount

of cold ISM heated up by star formation activities is

ηSF multiplied by the amount of cold ISM involved in

star formation. Similarly, ηSN is the multiplier for su-

pernovae. Although the total mass loading factor can

be calculated from high-resolution hydrodynamic simu-

lations, it is difficult to isolate the effect of individual

processes. Li et al. (2017) and Kim et al. (2020) calcu-

lated the total mass loading factor to be between one

and ten for conditions covered in our models. Since

supernova-driven outflow is more dominant, we chose

ηSF = 1.0 and ηSN = 3.0 at all radii for all models.

Within each zone, stellar winds from AGB and super-

novae explosions release the processed and unprocessed

metal trapped inside the stellar component into the sur-

rounding gas. A fraction fdirect goes to the cold ISM and

a fraction feject goes to the IGM which is considered as

lost by the model. The rest (1 − feject − fdirect) of the

produced metal goes into the warm ISM, which cools

off exponentially over a time scale of tcool = 1.2 Gyr

and feeds enriched gas to the cold ISM. In the fiducial

model, fdirect = 0.01 and feject = 0.2 at all radii. These

fractions determine where the newly produced elements

end up immediately after they are produced and have a

large impact on the rate of chemical evolution. Peeples

et al. (2019) estimated that only 30% of produced met-

als are inside the galaxies. Most metals end up in the

IGM after they are produced. We chose fdirect = 0.01

because some ejecta would have cooled within one time

step that lasts 30 Myr. In practice, the effect of fdirect

is negligible and essentially all the newly produced el-

ements go through the warm ISM before they are re-

cycled for future rounds of star formation. The effect

of fdirect is highly degenerate with that of the cooling

timescale because stellar evolution is one of two sources

that feed the warm ISM. In two alternate models, E+

(higher ejection ratio) and E- (lower ejection ratio), we

explore the effect of feject by setting them to 0.4 and 0

respectively, as feject is expected to influence the rate of

chemical enrichment.
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Figure 2. Radial mass influx of radial inflow in the fiducial
model. Each line corresponds to a specific lookback time
from twelve to six Gyr ago.

We implement the radial flow of gas because it could

be crucial to generating a radial chemical gradient. Our

radial inflow scheme is inspired by Trapp et al. (2021)

which shows in cosmological simulations the majority of

fresh gas is carried from the outskirts into the inner re-

gions of galaxies. This is also confirmed by observational

evidence in Cameron et al. (2021) in an edge-on system.

Our scheme is effectively similar to the one in Schönrich

& Binney (2009) but it is more numerically stable when

handling a large infall rate or a smaller time step.

Fresh gas from the IGM joins the disk in our mod-

els in two steps. Firstly, a fraction fIGM of fresh gas

in a given time step falls into each zone in situ accord-

ing to the pre-determined mass fractions in Equation 1

and 2 in Section 2.1. This corresponds to the “raining
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down” scenario of accreting IGM. Secondly, the rest of

the infalling gas is deposited onto the outermost zone

and carried inward so that exactly ∆Mn,t is left in each

zone after radial inflow is completed. The inflowing gas

is mixed instantaneously with the existing gas reservoir

in each zone along its path. Since a significant amount

of gas is accreted in the first two Gyr, the inflowing gas

is rapidly enriched as it flows through the disk. We chose

fIGM = 0.3 for our standard model which is sufficient to

generate observed chemical gradients. Figure 2 shows

the average radial mass influx induced by our radial in-

flow mechanism over circles with the central radii of our

zones, which exhibits similar behaviours to model m12m

and m12f in the lower panel of Figure 4 in Trapp et al.

(2021). A more sophisticated treatment of radial inflow

is provided by Kubryk et al. (2015) who assume that

the radial flow of gas is induced by the bar and gas from

within the co-rotation radius (∼ 3.5 kpc) flows outwards

instead of inwards (see their Figure 5). However, the gas

flow profiles beyond 5 kpc in both schemes are similar.

In low-redshift cosmological simulations, the speed of

gas flow is typically a few km/s, which roughly translates

to tens to a hundred Myr delay between two adjacent

zones. When the infall rate is high in the first two Gyr,

the speed of gas radial flow would be too fast because

a large amount of fresh gas in the outer zones would

spill over and travel inwards for several kpc before it

settles down in one time step. Nevertheless, during the

early phase, the metallicity of the cold ISM in the outer

zones is similar to the infalling gas and there is minimal

metallicity gradient in the disk at this time. Thus, the

composition of the gas flowing through the disk barely

changes after travelling for a long distance and can be

treated as gas “raining down” instead. The infall rate is

much lower during the low-[α/Fe] regime. Fresh gas only

fills the outermost zones and the radial inflow primarily

happens between adjacent zones. In an alternate model,

MRI (Minimum radial inflow), we set fIGM = 1.0 and

only allow radial inflow to maintain the scalelength of

the cold ISM.

2.8. Radial migration

We implement the churning mechanisms (change in

guiding radius) from Schönrich & Binney (2009) and

Sanders & Binney (2015). The former ensures that an

equal amount of cold gas and stars are migrating ra-

dially inwards and outwards by relating the churning

probability at a radius to the amount of mass present in

its corresponding radial zone and its closest neighbours.

Since the same amount of mass migrates between two

zones at any time, the angular momentum in the model

is conserved. The amplitude of churning is controlled

by a free parameter kch which is the maximum churning

probability at any radii. The latter is an analytic pre-

scription from solving the action-space diffusion equa-

tion by assuming an exponential disk with a fixed scale-

length Rd and constant rotational speed, which also con-

serves the angular momentum. The churning amplitude

of this mechanism is constrained by observational data.

We used Midpoint Rule to approximate the integral of

Equation 23 in Sanders & Binney (2015) over each zone

and used the same parameters as those in their Figure

3. To be clear, we assume a constant rotation curve

with a speed of v0 = 220 km/s, the birth of the Galaxy

is 12 Gyr ago, and a churning amplitude σL0
= 1150

kpc km/s which controls the strength of radial migra-

tion. We briefly describe the first churning mechanism

here to avoid confusion because we are unable to match

Figure 3 from Schönrich & Binney (2009) with the same

kch = 0.25.
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Figure 3. The distribution of the guiding radii of stars
born at three zones closest to 4, 8, and 13 kpc (in red, or-
ange and green and highlighted with vertical lines) with ages
of 12, 6, and 1.5 Gyr from top to bottom panel. The left col-
umn shows the distribution with churning mechanism from
Schönrich & Binney (2009) (kch = 0.25) and the right col-
umn from Sanders & Binney (2015).

Section 2.5 in Schönrich & Binney (2009) provided

justification for basing the churning probability on mass.

The probability for cold gas and stars in zone i to be
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transferred to zone j is defined as

pij =

kchMj/Mmax for j = i± 1

0 o.w.
(6)

where Mmax = maxj(Mj) is the maximum mass

of any radial zone. The amount of mass trans-

fer between two adjacent zones i and i + 1 is the

same as Mi,i+1 = pi,i+1Mi = (kchMi+1/Mmax)Mi =

(kchMi/Mmax)Mi+1 = pi+1,iMi+1 = Mi+1,i and thus

the total angular momentum in the model is conserved.

When Mj = Mmax, kch is the churning probability for

the most massive zone. Similar to Schönrich & Binney

(2009), we allow two churning operations per time step

to allow each zone to exchange materials with the sec-

ond nearest zone but recalculate the churning matrix at

every time step.

The effect of churning by these two mechanisms is

shown in the left and right columns respectively in Fig-

ure 3. We picked stellar populations that are 1.5, 6, and

12 Gyr old at three representative radii, 4, 8, and 13 kpc.

The stars at 4 kpc from both mechanisms experience a

significant amount of scattering as the peak guiding ra-

dius shifts away from its birth radius. They can reach

as far as 7 kpc after just 1.5 Gyr. The effect of churning

starts to differ significantly as we move away from the

inner zones. In the left column, stars born at 13 kpc

are far less likely to migrate and stars born at 8 kpc 12

Gyr ago are mostly limited to within 10 kpc, breaking

the bell shape. Stars born at 4 kpc in the left column

are reluctant to migrate towards the galactic centre and

tend to be stuck around 3 kpc, while the majority of the

same stars born at 4 kpc in the right column end up at

the galactic centre.

These behaviours are caused by the exponential den-

sity of the disk and the prescription for radial migration

by Schönrich & Binney (2009). The churning probabil-

ity in Equation 6 is related to the amount of mass in

each zone. Due to the exponential density profile, there

is little mass in the outskirts of our model and thus it is

far less likely for stars to migrate there. Similarly, the

area of a ring diminishes as we move towards the centre,

bringing the mass and churning probability ultimately

to zero. Rigorously, we can differentiate the formula

that describes the amount of mass in each radial zone

to find out which radial zone has the most amount of

mass and attracts the most stars.

MR ∼ e−R/Rd × 4πRδR ∼ e−R/RdR (7)

dMR/dR ∼ (e−R/RdR)′ = (1−R/Rd)e−R/Rd (8)

When R = Rd, dMR/dR = 0 and the maximum mass

in any zone is reached. If we move away from the ra-

dial zone at Rd, the proportion of mass in each zone

decreases and so does the churning probability. Since

we are interested in radial zones away from the so-

lar neighbourhood, we adopt Sanders & Binney (2015)

as the churning mechanism for our standard model to

avoid stars being stuck at their birth radii. Neverthe-

less, we show the effect of the churning mechanism from

Schönrich & Binney (2009) in an alternate model named

C09.
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Figure 4. Flowchart that demonstrates the workflow of the
galactic chemical evolution model in this work.

2.9. Present day phase space distribution

The chemical evolution model gives the distribution

of newly formed stars for a given age τ and birth radius

Rb. To make observational predictions using our chem-

ical evolution tracks, we need to generate the present-

day phase space distribution p(x,v) of stars where x

is the three-dimensional position and v is the three-

dimensional velocity. We use the same prescription as

Sharma et al. (2021a) which samples stars from a phase

space distribution that is in equilibrium in a 2D grav-

itational potential in the R and z direction. The full
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distribution is given by

p(x,v) = p(x,v|Rb, τ, L)p(L|τ,Rb)p(τ,Rb) (9)

The scheme uses radial migration from Sanders & Bin-

ney (2015) to generate the distribution of angular mo-

mentum p(L|Rb, τ) for a given age τ and birth radius Rb.

The distribution p(x,v|Rb, τ, L) is of the following form

(see Equation 4.147 from Binney & Tremaine 2008).

f(ER, L,Ez) ∝ F (L)

σ2
R

exp

(
− ER

2σ2
R

)
exp

(
− Ez

2σ2
z

)
(10)

where L is specific angular momentum, ER is radial en-

ergy and Ez is vertical energy which is a function of

velocity and Gravitational potential Φ(R, z). The pla-

nar part is modelled by the Shu distribution while the

vertical part is modelled by an isothermal distribution.

It then uses Sharma et al. (2021c) to get the velocity

dispersions σvR
and σvz as a function of L, τ , and Rb.

For the gravitational potential Φ(R, z) it adopts MW-

Potential2014 from galpy Bovy (2015).

2.10. Summary

We presented all the ingredients present in our model

in this section. We summarize all the parameter values

employed by our fiducial model in Table 1. We also

created eleven other models to explore the effect of radial

migration, radial inflow, SFH and SNe Ia DTD. The

changes made to these alternate models are summarized

in Table 2. These models explore a subset of parameters

that have the most effect on the chemical evolution of

the Milky Way. Lastly, we are able to extend our 1D

model into a 2D model along the z height by making

assumptions about the potential of the Milky Way. The

sequence of events in all of our models is summarized in

a flowchart in Figure 4.

3. RESULTS

3.1. Comparison with observational data

As one of our primary goals in this work is to ex-

plain the spatial variation of the thin and thick disks

shown in Hayden et al. (2015), we will compare the re-

sults from our models to APOGEE DR16 (Ahumada

et al. 2020), which due to its use of infrared wavelengths

provides one of the best radial coverage of the Galaxy.

We implement the following cuts to restrict our sample

to giants: 1.0 < log g < 3.5, 3500 < Teff < 5300 and

7 < H < 11. We will compare the 2D joint MDF in the

([Fe/H], [α/Fe]) plane in different (R, z) bins in galac-

tocentric coordinates to those simulated in our models

according to the phase space distribution specified in

Section 2.9, even though our models only contain ra-

dial zones. When we compare our results in the solar

neighbourhood, we restrict our sample to 7.5 < R < 8.5

kpc, |z| < 2 kpc. However, when we study the evolu-

tion of [α/Fe] over time, we opt for the main-sequence

turn-off (MSTO) stars in GALAH DR3 (Buder et al.

2021) by applying the following cuts: 3.2 < log g < 4.1,

5000 < Teff < 6100 and SNR > 10. The GALAH

MSTO stars typically have an age precision of around

one Gyr. Mackereth et al. (2019) derived high-precision

stellar ages for 65,719 stars in APOGEE and later ex-

tended their method to all APOGEE stars, but the age

of their high-[α/Fe] sequence is only about 8-9 Gyr,

while it is more than 10 Gyr old according to GALAH

MSTO stars. Their results are limited by their train-

ing set from APOKASC, a common set of stars between

Kepler and APOGEE, which is restricted to a narrow

range of stellar parameters. An earlier study by Silva

Aguirre et al. (2018) on 1979 APOKASC stars placed

most high-[α/Fe] stars around 10-12 Gyr old, consistent

with our GALAH MSTO sample. We opt to only use

the ages of GALAH MSTO stars in order to compare

our results to those from Sharma et al. (2021b).

For each of our models, we created five diagnostic plots

to showcase the effect of the highlighted parameters and

compare our models to observational data. The first

is the chemical evolutionary tracks in [Mg/Fe] vs [Fe/H]

generated by our models compared to APOGEE data in

the solar neighbourhood, shown in Figure 5. The tracks

are shown in 1.5 kpc increments and the track belonging

to the zone with a central radius closest to 8 kpc is high-

lighted in red. A dashed line connects the abundances

of all radii shown in a given time step every 750 Myr,

providing a reference guide in evolution time and the

radial gradient of [Mg/Fe]. Three representative time

steps are highlighted in each panel with lookback times

of 11.2, 9.8, 8.4 Gyr. SNe Ia started to kick off and in-

fluence the chemical evolution about 11.5 Gyr ago in our
models. Since the infalling gas mirrors the composition

of the existing cold ISM in the outermost zone, the drop

in [α/Fe] in the ISM is also reflected in the infalling gas.

A large amount of infalling gas with different [α/Fe] in

the first Gyr causes a sharp turn in the chemical tracks

in ([Fe/H], [α/Fe]), especially in the outer zones. This

discontinuity could be solved by changing the tempera-

ture mode of the infalling gas from cold to warm in the

future so that the warm ISM acts as a buffer between

infall and the existing ISM but it would require further

refinement of the model. By 9.8 Gyr ago, [Mg/Fe] in our

models reached the highest value observed for the stars

in the low-[α/Fe] sequence in the solar neighbourhood.

[Mg/Fe] approached equilibrium values 8.4 Gyr ago at

outer radii, while zones less than 10 kpc away from the

galactic centre continued to evolve gradually for the re-



12

Figure 5. Chemical evolutionary tracks for GCE models. The fiducial model and eleven other models summarized in Table
1 and Table 2 are shown here. In each panel, the tracks are shown in 1.5 kpc increments, with the track closest to 8 kpc
highlighted in red. Abundances belonging to different radial zones at the same time step are connected every 750 Myr (25 time
steps) until 8.4 Gyr ago.

mainder of the time. The bottom of each panel shows

the minimum and maximum radii of tracks in the model

from 2 to 20 kpc.

The second figure is the evolution of [Mg/Fe] over time

in comparison to the GALAH DR3 MSTO sample. Al-

though Figure 5 can provide some general sense of how

fast [Mg/Fe] evolves over time in our models, Figure

6 offers a direct comparison to observational data and

the analytic results from Sharma et al. (2021a). The

rapid evolution [Mg/Fe] in our models always starts at

0.4 dex as dictated by the CCSN yield, which is higher

than the value (0.3 dex) observed for the high-[α/Fe]

stars in APOGEE or GALAH. Therefore, we had to

scale [α/Fe] in APOGEE and GALAH such that their

highest [α/Fe] values are also 0.4 for direct compari-

son. The grey histogram in the background shows the

distribution of GALAH MSTO stars in [Mg/Fe] vs stel-

lar age. The dashed line shows the analytic evolution-

ary track of [α/Fe] extracted from observational data in

Sharma et al. (2021a). Both the red and black dashed
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Figure 6. Evolution of [Mg/Fe] over time as predicted by our twelve GCE models. The grey histogram background is from
the MSTO sample in GALAH DR3 whose stellar ages are trained on asteroseismic data. The dashed line is predicted by the
analytic model extracted by APOGEE DR16 from Sharma et al. (2021b). Both the dashed line and histogram are scaled to
start from 0.4. The red lines are what our models predict at a 8 kpc.

tracks in each panel correspond to a galactocentric dis-

tance of 8 kpc. The third is the evolution of [Fe/H]

over time shown in Figure 7 in the same style as Fig-

ure 6. The only difference is that we show tracks in

addition to the 8 kpc track every 2 kpc starting from

2 kpc because unlike [Mg/Fe] there is a significant ra-

dial gradient in [Fe/H]. The stars that deviate from the

solar track come from other radial zones according to

our models. The starting [Fe/H] of the analytic model

and the [Fe/H] value of the oldest stars in the GALAH

MSTO sample are both around -0.7, while our GCE

models have to start from pristine gas. This causes the

age-metallicity relations from our models to significantly

differ from that observed in the GALAH data for the old

stars. We have experimented with different parameter

values and found it difficult to replicate the extremely

rapid rise of [Fe/H] in a few time steps. As a result, the

replicated high-[α/Fe] sequences in our models are more

metal-poor than GALAH or APOGEE. The conditions
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Figure 7. Evolution of [Fe/H] over time as predicted by our twelve GCE models. The grey histogram background is from
the MSTO sample in GALAH DR3 whose stellar ages are trained on asteroseismic data. The dashed line is predicted by the
analytic model extracted by APOGEE DR16 from Sharma et al. (2021b). Here we show tracks from 2 kpc to 20 kpc spaced 2
kpc apart with the 8 kpc track highlighted in red to demonstrate the evolution of radial gradient for [Fe/H] over time.

immediately after the birth of the Milky Way require

further study in the future.

The fourth is the density distribution in [Mg/Fe] vs

[Fe/H] as predicted by our models shown in Figure 8,

incorporating the SFH and the effect of radial migra-

tion. The bins and density thresholds are the same in

every panel. As the tracks can vary slightly for each

model, we included the track whose central radius is

the closest to 8 kpc in each panel in red as a reference.

These tracks are already shown in the same colour in

Figure 5. The stars that deviate from the red tracks

are present in the solar neighbourhood as a result of

radial migration. We added observational uncertainty

of 0.019 and 0.026 to simulated [Fe/H] and [Mg/Fe] re-

spectively, which are equivalent to twice the median un-

certainty (for intrinsic spread and observational uncer-

tainty) reported in APOGEE DR16 for the solar neigh-

bourhood sample. The last is a series of one-dimensional

histograms in [Mg/Fe] for eleven out of twelve models

and the APOGEE data at three different radii, 5, 8, and
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Figure 8. 2D histogram in [Mg/Fe] vs [Fe/H] as predicted by our twelve GCE models for the solar neighbourhood. We select
the zone at 8 kpc which is 0.25 kpc wide to represent the solar neighbourhood. The chemical track for this zone in each model
is shown in red.

11 kpc, shown in Figure 9. We omitted C09 here be-

cause it is indistinguishable from the fiducial model due

to the lack of a substantial [α/Fe]-gradient in the disk.

Although the infrared wavelength coverage of APOGEE

can better penetrate the dust that obscures our Galaxy,

it is still difficult to observe stars close to the Galactic

plane away from the solar neighbourhood. Thus, we se-

lected stars with 500 < |z| < 1000 pc in our models and

APOGEE data to minimize the effect of APOGEE tar-

get selection and limit our comparison to disk stars. The

high-[α/Fe] becomes more dominant as we move closer

to the Galactic center. The SFR is proportionally higher

in the inner zones because of the radial exponential den-

sity profile and a large amount of high-[α/Fe] stars can

form in these regions and are visible even away from the

Galactic plane.

3.2. Radial migration

Comparing model C09 to the fiducial model, radial

migration has little effect on chemical evolution. The

evolutionary tracks in Figure 5 and the evolution of

[Fe/H] and [α/Fe] in Figure 6 and 7 between the two
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Figure 9. Distribution of [Mg/Fe] as predicted by our eleven GCE models (C09 omitted) and the APOGEE data at 5 (blue
dashed), 8 (red solid), and 11 (light blue dotted) kpc with a width of 0.25 kpc. We applied a spatial selection criterion
500 < |z| < 1000 pc to our models and the APOGEE data to minimize the effect of APOGEE target selection and limit our
comparison to disk stars.

models are nearly identical, even though stars that mi-

grated from their birth radii contribute to the chemical

evolution of their residing radial zones. The only differ-

ence is that the [α/Fe] gradient in the outer radial zones

appears to be flat in C09, while the same region in the

fiducial model shows a small gradient. We found that

this difference is caused by the radial migration of gas

as the churning prescription from Schönrich & Binney

(2009) is applied to both stars and gas. Even though we

demonstrated in Section 2.8 that the effect of churning

at outer radii is minimal in C09, the additional mixing of

gas was sufficient to erase the [α/Fe] gradient as there is

little gas in the outer zones. This difference disappeared

once we removed the churning effect on gas.

The effect of churning is the most prominent in Fig-

ure 8 where we show the 2D distribution in [Fe/H] and

[α/Fe]. As we explained in Section 2.8, the churning

probability is the highest at Rd = 3.5 kpc for C09 and
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diminishes as we move farther away. Stars in the outer

zones and close to the Galactic centre are not able to

migrate far away from their birth radii, even after six

Gyr. It is evident from Figure 3 that the churning pre-

scription from Sanders & Binney (2015) is stronger than

C09, especially for young stars. It is unsurprising that

the spread in [Fe/H], especially on the metal-poor end,

is much smaller in C09 than in the fiducial model. The

densest region in ([Fe/H], [α/Fe]) in C09 is determined

by the solar track in red, but a significant amount of

stars in the fiducial region deviate from the solar track.

The churning prescription is essential to replicating the

observed chemical distribution in our Galaxy.

3.3. Radial inflow

The effect of radial inflow can be observed in every

single one of our diagnostic plots between model MRI

and the fiducial model. Most notably in Figure 5, the

radial gradient in [Fe/H] for model MRI is significantly

smaller than any other model. Therefore, radial inflow

is crucial to generating metallicity gradients in our mod-

els. With minimum radial inflow, all radial zones retain

the newly produced metals from nucleosynthesis and re-

ceive fresh infalling gas in situ. Thus, the abundance

patterns in each zone are only caused by differential

gas density and infall rate in the model. Even though

the vast majority of zones are more metal-rich in MRI

than the fiducial model, the innermost zones in MRI

are more metal-poor. The equilibrium abundance lev-

els reflect the balance between nucleosynthesis and fresh

infall. In the fiducial model, as metal-poor fresh gas is

carried inwards from the outermost zone, it displaces

a large portion of pre-enriched gas in outer zones and

moves the newly produced metal inwards. The inflowing

gas becomes enriched in this process until its metallic-
ity matches one of the zones along its path. All of the

zones past this point will be getting gas with metallicity

similar to its existing gas from the inflow in the fiducial

model, while these same zones will only receive metal-

poor fresh gas in the absence of radial inflow. Therefore,

the absence of radial inflow makes the innermost zones

more metal-poor and the outer zones more metal-rich.

Not surprisingly, with the absence of metallicity varia-

tion in the evolutionary tracks, we find minimal spread

in [Fe/H] in the ([Fe/H], [α/Fe]) plane in Figure 8, as

only gas density is responsible for generating any chem-

ical gradient. However, since there is a minimal [α/Fe]

gradient in our models, the [Mg/Fe]-dichotomy of MRI

is similar to that observed in the fiducial model in Figure

9.

3.4. Supernovae ejection

Supernovae ejection slows down the rate of chemi-

cal evolution and influences the final equilibrium abun-

dance values by removing newly produced metal from

the model. In Figure 5, E- shows clear flattening of

[α/Fe] as its tracks extend vertically to the right in

[Fe/H] in the last several Gyr, while such a trend is

far less visible for E+. The effect of supernovae ejec-

tion on individual abundances of [α/Fe] and [Fe/H] is

more apparent in Figure 6 and 7. [α/Fe] for E- drops

slightly faster than the analytic model suggests, while

E+ lags behind the analytic values. The [Fe/H] level

for the solar neighbour in E+ is also shifted at least 0.2

dex slower than E- due to the loss of metals. Because

of the slower chemical evolution, the gap between the

high- and low-[α/Fe] sequences is filled in for E+, caus-

ing a less prominent [α/Fe]-dichotomy in Figure 8 and 9.

The original prescription in Schönrich & Binney (2009)

assigns a higher ejection ratio for the inner disk with

a galactocentric distance of less than 3 kpc to suppress

star formation in the bulge and prevent the inner zones

from becoming too metal-rich.

3.5. Star formation history

Besides the fiducial model, we have three models with

modified star formation prescriptions. The rest of the

models share the same prescription as the fiducial model.

The four distinct SFHs among our twelve models are

shown in Figure 10. In all of the star formation sce-

narios, the SFHs are nearly flat for the past 10 Gyr.

As star formation drives nucleosynthesis, it is expected

that SFH will have a tremendous effect on chemical evo-

lution. Firstly, when we examine the chemical evolu-

tionary tracks in Figure 5, we find that CSF always has

lower [Fe/H] and higher [α/Fe] than the fiducial model

at every time step, even though both models produce

the same amount of stellar mass in the end. Therefore,

a peak in star formation rate during the early phase of

the Milky Way is essential to driving the chemical evo-

lution towards the observed values. Although the tracks

from SF+, SF-, and the fiducial model appear similar in

Figure 5, a closer look at Figure 6 and 7 reveals some

subtle differences. All three models arrive at identical

equilibrium values for [α/Fe] and [Fe/H], but they reach

there at different paces, with SF+ being the quickest

and SF- the slowest. Therefore, the SFE has no effect

on the equilibrium value of abundance levels but deter-

mines the rate of chemical evolution.

The SFH also substantially affects the density distri-

bution in chemical space. In Figure 8, with the absence

of an early peak in star formation, the high-[α/Fe] se-

quence in CSF is much less visible than the rest of the

models because the SFR is not sufficiently high to build
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Figure 10. Average star formation history for our twelve
GCE models.

a substantial high-[α/Fe] sequence. As for SF+ and SF-

, the SFE determines the prominence of the gap and

the relative density between the high- and low-[α/Fe]

sequences. When the SFE is higher, the model exhausts

gas early when [α/Fe] is still high and forms fewer stars

in the intermediate-[α/Fe] region as [α/Fe] falls rapidly.

When the SFE is low, the model still has a considerable

amount of gas in reserve as [α/Fe] drops and the [α/Fe]-

gap is filled in by a considerable amount of star forma-

tion. The same behaviour can be observed in Figure 9

where the median [α/Fe] of the low-[α/Fe] sequence for

SF- is higher as SF- takes longer to reach equilibrium

and more stars are formed at higher [α/Fe] as a result.

3.6. SNe Ia

As SNe Ia produce the majority of iron in nucleosyn-

thesis, it is unsurprising that SNe Ia prescriptions will

have a massive effect on our models. We explore two

factors of SNe Ia with two separate pairs of models, the

fraction of SNe Ia in the model and DTD. If we com-

pare the fiducial model against model SNIa+ and SNIa-

in Figure 5, 6, and 7, a small change to the fraction

of SNe Ia is capable of dramatically shifting [α/Fe] in

the model. When the fraction of SNe Ia is increased to

6.5%, the evolution of [Mg/Fe] in Figure 6 consistently

leads the trajectory predicted by the analytic model,

reaching at least 0.1 dex lower than the analytic equi-

librium value. When SNe Ia fraction is lowered to 5%,

the opposite happens as the evolution of [Mg/Fe] lags

behind the analytic model. The same trend is observed

for [Fe/H] in Figure 7. Therefore, modifying the fraction

of SNe Ia can alter the rate of abundance evolution in

the model as well as the final equilibrium values. The

changes to the abundance levels after they stabilize are

reflected in Figure 8 and 9 where the equilibrium [Fe/H]

and [Mg/Fe] of the low-[α/Fe] sequence vary.

Although fSNIa affects the rate of chemical evolution,

it does not necessarily affect the [α/Fe]-dichotomy in our

models. This is because fSNIa also determines the final

equilibrium values for [Fe/H] and [α/Fe] in our models,

which are constrained by observations. if we compare

the fiducial model and model SNIa+ in Figure 8 and

9, we can see that one percentage point difference in

fSNIa results in a shift of about 0.05 dex in [Mg/Fe].

We did not pick a value of fSNIa below 5% for model

SNIa- for it would make the low-[α/Fe] sequence too

high in [α/Fe]. Other parameters that affect the rate of

chemical evolution, such as ejection and star formation

history, are much less constrained by the Milky Way,

and thus can play a greater role in shaping the [α/Fe]-

dichotomy.

The effect of the DTD is similar to SFE. When the to-

tal amount of gas is fixed by our infall scheme, the SFE

determines the rate at which gas is enriched by stellar

nucleosynthesis. As long as the model runs long enough,

models with different SFEs will reach the same equi-

librium abundance levels, but sections along the chem-

ical evolutionary tracks will be populated by varying

amounts of stars. Similarly, DTD does not alter the to-

tal amount of iron produced at the end in the model but

only the rate at which iron is released into the model.

When we examine the five diagnostic plots, DTD+ ex-

hibits the same behaviour as SF- and DTD- as SF+.

Our fiducial model increases the fraction SNe Ia in the

beginning so that the fall in [Mg/Fe] can match that

from the analytic model. However, a small adjustment

in the SFE or the DTD can achieve the same effect.

3.7. (R, |z|) variation

As explained in Section 2.9, we are able to explore the

density variation of the low- and high-[α/Fe] sequences

in galactocentric (R, |z|) by making assumptions about

the potential of the Milky Way. Figure 11 and 12 show

the (R, |z|) density variation in the [Fe/H]-[α/Fe] plane

for the APOGEE survey and our fiducial model respec-

tively. Figure 11 is an updated version of the original

famous Figure 4 from Hayden et al. (2015). Each col-

umn corresponds to a specific range of galactocentric

distance from 3 kpc to a maximum of 15 kpc. Each

row corresponds to a different range of |z|-height and

extends as high as 2 kpc from the disk. We found rea-

sonable qualitative agreement between observation and

our fiducial model at all radii and |z| as far as 1 kpc from

the disk. Additionally, we are able to reproduce the

[α/Fe] and [Fe/H] gradient in the low-[α/Fe] sequence

in Figure 11 and 12. As we move farther away from the

galactic centre, [α/Fe] slightly increases and [Fe/H] low-

ers. However, when |z| is higher than 1 kpc, we found

that the low-[α/Fe] sequence is much more pronounced

than observed.
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Figure 11. The observed distribution of stars in the ([α/Fe], [Fe/H]) plane at different galactic (R,z) locations in cylindrical
coordinates of APOGEE from Sharma et al. (2021a). The best-fit analytic tracks for each galactocentric radius range from
Sharma et al. (2021a) are shown in orange in each panel. The blue tracks belong to the region with 3 < R < 5 kpc. The top
right panel shows all the tracks extracted by the analytic model for different radii from APOGEE, starting with R == 1 kpc,
with a spacing of 2 kpc for each successive track.

We show the median age distribution across the (R,

z) for different mono-abundance populations (MAPs) in

Figure 13. Lu et al. (2022b) made a similar figure from

the APOGEE data, albeit limited by the lack of data in

some panels. We are able to replicate the general trends

shown in their Figure 7. The high-[α/Fe] populations

are dominated by old stars regardless of their (R, z) po-

sitions. The intermediate-[α/Fe] populations have a mix

of young and old stars, but old stars tend to dominate

in the metal-rich end. And we see mostly young stars

among the lowest-[α/Fe] populations. Lu et al. (2022a)

made a similar figure from a cosmological simulation but

the sampling rate was too low to reveal any detail (R, z)

variation, except for maybe the intermediate-[α/Fe] re-

gion. However, our model is able to resolve the detailed

(R, z) distribution that is missing in their results. In

the rows with [α/Fe]≈0.01, 0.05, 0.09, the young stars

become less and less visible until they suddenly domi-

nate the most metal-rich panels. This is caused by the

[α/Fe] gradient in the fiducial model shown in Figure 5.

The equilibrium value of [α/Fe] decreases with increas-

ing [Fe/H] until 5 kpc where the trend reverses. This
reversal makes this particular region in ([Fe/H], [α/Fe])

transitory for evolutionary tracks and thus lacks young

stars. However, there is one significant mismatch be-

tween our figure and the figure from Lu et al. (2022b).

Their low-[α/Fe] MAPs are relatively old (≈ 4 Gyr),

while our low-[α/Fe] MAPs are much younger. This

could suggest that an additional mechanism is required

in our model to suppress star formation in the last four

Gyr.

Feuillet et al. (2019) found that the age-metallicity is

not monotonic in the solar neighbourhood and beyond.

Metallicity increases with time until two to four Gyr ago

and reverses. The exact trend depends on the specific

(R, |z|) location in the Milky Way. They suggested that

this trend could be due to the radial migration of stars.

The in situ and old stars from other radii form the ex-
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Figure 12. The distribution of stars in the ([α/Fe], [Fe/H]) plane at different Galactic locations for our fiducial model as
predicted by the selection function from Sharma et al. (2021a). [α/Fe] ([Mg/Fe]) has been scaled so that the highest value is
consistent with the observed value in Figure 11. The tracks from our fiducial model are shown in the same fashion as Figure 11.

pected sequence where metallicity increases with time.

A large amount of relatively young metal-rich stars from

the inner zones migrate outwards, forming the expected

turning point in the age-metallicity relation. Lu et al.

(2022a) found in a cosmological simulation that gas ac-
cretion and radial migration could reproduce a similar

curved age-metallicity relation in a galaxy similar to

the Galaxy. We show the (R, |z|) variation of the age-

metallicity relation in our fiducial model in comparison

to Figure 3 from Feuillet et al. (2019). Although we are

able to reproduce the trend well for the GALAH MSTO

stars in the solar neighbourhood (see Figure 7), we do

not see the curve among young stars seen in APOGEE.

There are two possible reasons for this. The first is that

the young stars in the inner disk in our fiducial model

need to radially migrate more towards the outer disk,

as suggested by Feuillet et al. (2019). The second is

that the curve is an artificial feature caused by the large

dispersion in stellar age estimates.

3.8. Summary

In this section, we explored the effect of several key in-

gredients in our models. We found that the radial inflow

of gas determines the amount of metallicity gradient we

can predict in our models and radial migration does not

significantly affect the chemical evolutionary tracks but

has a tremendous effect on the chemical distribution in

the solar neighbourhood. SFE, the fraction of SNe Ia,

SNe Ia DTD, and supernovae ejection can all influence

the rate of chemical enrichment, but SFE and SNe Ia

DTD do not alter the final equilibrium abundance lev-

els in our models, as long as the models have sufficient

time to reach there. We also found that an early peak

in star formation is essential to observing a high-[α/Fe]

sequence and that the gap in [α/Fe] is a joint effort of

low SFR due to exhaustion of gas and fast chemical evo-

lution due to SNe Ia kicking off. Lastly, we showed that

our fiducial model can qualitatively reproduce the (R,

z) density variations reported by Hayden et al. (2015)

as well as the radial gradient in [Fe/H] and [α/Fe].

4. COMPARISON TO EXISTING LITERATURE
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Figure 13. The median age distribution in the (R, z) plane in our fiducial model for mono-abundance populations (MAPs).
Each panel corresponds to a small region on the two-dimensional ([Fe/H], [α/Fe]) plane whose median [Fe/H] and [α/Fe] are
listed on the top of each column and the right of each row. Within each panel (MAP), we show the median age at various (R,
z) positions.

The findings from this work resonate with the original

model from Schönrich & Binney (2009). In both mod-

els, there is no separate formation phase for the thick

disk or the thin disk. The wide metallicity spread in the

solar neighbourhood is the result of stars born at dif-

ferent radii migrating to the solar neighbourhood. We

extended the rationale to explain the two [α/Fe]-peaks.

The two [α/Fe]-sequences observed in the solar neigh-

bourhood are due to the rapid fall of [α/Fe] and infall

rate with time. The [α/Fe]-dichotomy in the solar neigh-

bourhood is caused by the radial mixing of high-[α/Fe]

stars from the inner disk and in situ low-[α/Fe] popu-

lations. This superposition of stellar populations born

at different radii in the Galaxy creates the illusion of

two distinct episodes of star formation at the solar ra-

dius. Since the chemical evolution only spends around

two Gyr in the high-[α/Fe], it is possible for the inner

zones to form a substantial high-[α/Fe] sequence due to
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Figure 14. Age-metallicity relation for different (R, |z|) positions in the fiducial model. Each column corresponds to a range
in Galactocentric radius and each row corresponds to a range in the height from the Galactic plane.

the high gas density and thus proportionally higher star

formation rates. These high-[α/Fe] stars then radially

migrate to other radii in the next ten Gyr. In this sense,

these high-[α/Fe] stars are very similar to stars in the

bulge.

Figure 15 shows the distribution of mean stellar age

in the ([Fe/H], [Mg/Fe]) plane in the solar neighbour-

hood in our fiducial model, the GALAH MSTO sample,

and the APOGEE sample with ages from the AstroNN

value-added catalogue. The high-[α/Fe] stars are exclu-

sively old in all panels, but their ages can significantly

differ. Our fiducial model places the high-[α/Fe] stars at

more than ten Gyr old and GALAH MSTO stars show

similar old ages. AstroNN, however, measures high-

[α/Fe] stars to be between six and eight Gyr old, much

younger than our model and the GALAH MSTO sample.
As for the low-[α/Fe] stars, there are few stars younger

than four Gyr in the GALAH MSTO sample, while As-

troNN confidently delivers a large number of young stars

with ages as low as less than two Gyr. The features

we see here in the data are most likely driven by the

methodologies used to derive stellar ages which are still

difficult to measure reliably. Nevertheless, the AStroNN

ages reveal that the youngest stars that lie on the bottom

of the low-[α/Fe] sequence along a ridge in the chemical

space, similar to our fiducial model. However, this ridge

does not extend to high metallicity in APOGEE, while

it extends beyond [Fe/H]=0.25 in our model because we

do not have a mechanism to suppress star formation in

the inner zones in the last few Gyr. This same issue

is observed in Figure 13. Because zones reach different

equilibrium abundances, chemically distinct stars con-

tinue to form simultaneously in our model. These stars

would then radially mix to drive the chemical scatter we

observe at different locations in the Galaxy, including

the solar neighbourhood. This is the key takeaway from

this work. Even young stars with different metallicities

or more generally different abundances at the same lo-

cation do not necessarily have to form in-situ and thus

a secondary infall episode resetting the chemistry in the

two-infall model is not necessary.

In addition, we extend the comparison between data

and our model beyond the solar neighbourhood. One

of the arguments for a two-infall model or a quenching

episode is that radial migration does not affect the inner

zones of our Galaxy as much as the solar neighbourhood

and thus does not explain the [α/Fe]-bimodality among

the in situ stars in the bulge. In Figure 9, we showed

that our SFH shaped by the infall history and a constant

SFE is capable of reproducing the [α/Fe]-bimodality at 5

kpc. We can also observe the [α/Fe]-bimodality between

3 and 5 kpc at intermediate-|z| in our fiducial model in

Figure 12. We found that the variation of stellar density

in the ([Fe/H], [α/Fe]) plane as a function of Galactic (R,

|z|) position predicted by our fiducial model agrees with

APOGEE data in the solar neighbourhood and beyond

in a direct comparison in Figure 11 and 12. Addition-

ally, the enrichment histories of [Fe/H] and [α/Fe] as

predicted by our fiducial model shown in Figure 6 and

7 match the MSTO sample from GALAH DR3 with ac-

curate ages and the analytic trajectories from Sharma

et al. (2021a).

Minchev et al. (2013) incorporated the kinematics of

particles from N-body simulations into a GCE model
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and their model is a pioneering hybrid model. Similar

to Schönrich & Binney (2009), they used a single star

formation phase to replicate the properties of stars in

the thin and thick disk. Their model is able to track

the positions of particles more closely, while our model

incorporates analytic prescriptions for the spatial distri-

bution of stars over time. However, their model does

not consider the radial flow of gas in the disk and the

radial chemical gradient in their model is caused by the

radially differential infall. Contrary to their model, we

found that gas radial flow is the primary driver of a

chemical gradient. Another key difference is that their

model did not produce a disk with a two [α/Fe]-peaks

and their [α/Fe] distribution is smooth. They argued

that the [α/Fe]-dichotomy is caused by the survey selec-

tion effect. We now have significantly more data from

large surveys and the selection effect cannot explain the

[α/Fe]-dichotomy in the solar neighbourhood.

Our model is the closest to the model implemented

in Kubryk et al. (2015). Both of our models contain

multi-phase ISM, radial gas inflow, radial migration of

stars, and detailed nucleosynthesis. We both found that

radial migration is needed to reproduce the chemical dis-

persion in the disk. However, similar to Minchev et al.

(2013), their model did not reproduce a clear [α/Fe]-

dichotomy or [α/Fe]-bimodality. Their work was before

Hayden et al. (2015) so the fit of their model on the

([Fe/H], [α/Fe])-plane was considered sufficient at the

time. It was difficult for them to constrain the parame-

ters crucial to the evolution of [α/Fe] due to the lack of

accurate stellar ages for a large sample. We now know

that [α/Fe] dropped rapidly over one to two Gyr rather

than declining slowly over a long period of time (see the

bottom panel of their Figure 10). This is one necessary

condition for the [α/Fe]-dichotomy.

The most recent two-infall model by Spitoni et al.

(2021) compares their results to APOGEE DR16. They

introduce a second infall about three to four Gyr after

the initial infall forms the high-α sequence. The sec-

ond infall episode dilutes the existing gas in the model

and adjusts the abundance ratios to match the low-

metallicity end in the low-α sequence. Although they

were able to replicate the chemical spread in the disk

with this approach, the evidence for such a dramatic

chemical shift in the ISM remains elusive in the observed

age-abundance relations in large-scale high-resolution

spectroscopic surveys (see their Figure 14). Until then,

models with smooth age-abundance relations should be

preferred for studying the Milky Way. Our model not

only reproduces the stellar density as a function of (R,

|z|) positions in the ([Fe/H], [α/Fe]) plane (Figure 12),

but also matches the observations for the age-metallicity

and age-[α/Fe] relationships (Figure 6 and 7).

Our results resonate with some of those obtained from

simulations. Clarke et al. (2019) and Khoperskov et al.

(2021) both identified that the high- and low-[α/Fe] se-

quences should form under different SFRs. Our fiducial

and alternative models showed that the rapid evolution

of [α/Fe] caused by the onset of a large amount of SNe

Ia as a result of intense star formation during the high-

[α/Fe] regime and the rapid drop in the infall rate of

fresh gas from the IGM are the key to replicating an

[α/Fe]-dichotomy. However, the SFE, a fundamental

parameter that governs star formation, does not neces-

sarily need to vary to achieve the desired SFH, as long

as it is sufficiently high. Even though the SFE can vary

for a single galaxy in simulations, it is rare for it to

change rapidly. The rest of the simulation works point

to a large amount of gas with a different composition

brought in through an accretion event. Although this

scenario is feasible in theory, we are yet to identify the

chemical signal of this event in the Milky Way.

The SFH of our fiducial models is similar to those

of Snaith et al. (2015) and Haywood et al. (2018) but

the latter introduces quenching to create two distinct

episodes of star formation. Haywood et al. (2018) and

we both found that a drop in the accretion rate during

the formation of the low-[α/Fe] is necessary for [α/Fe]-

bimodality in the inner zones. However, our SFE stays

constant over time and our SFR does not drop to near

zero and bounces back during the formation of the thin

disk. Their model is a closed-box model and assumes

that most gas accretion happened before any significant

star formation. Their star formation rate does not de-

pend on the amount of gas through Kennicutt-Schimidt

law like ours and thus the SFE is their most important

tool for manipulating the SFH. Our model, on the other

hand, has continuous infall and outflow to shape the

SFH and thus the role of the SFE is less crucial.

Lian et al. (2020) showed that a secondary infall and

quenching are both necessary for an [α/Fe]-bimodality

with their model. Our model does not explicitly model

the bulge or the bar. However, we were able to replicate

the [α/Fe]-bimodality between 3 and 5 kpc at 0.5 < |z| <
1 kpc. Due to the radial exponential density of our gas

disk, the inner zones of our fiducial model continue to

form stars for the last five Gyr at a low SFR (our global

SFR is 5-6 M�per year in Figure 10). If the [α/Fe]-

bimodality is shown to be strong among stars close to

the disk plane, we would have to modify our fiducial

model to suppress star formation in the inner region.

Nevertheless, instead of altering the SFE, a gas inflow

mechanism similar to that implemented by Kubryk et al.
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Figure 15. The mean stellar age in the ([Fe/H], [Mg/Fe]) plane in the solar neighbourhood from our fiducial model (top) and
the GALAH MSTO sample (middle), and APOGEE with AstroNN ages (bottom).

(2015) can stop gas from flowing into the inner zones

after the bar forms and induce a quenching in the SFR.

Johnson et al. (2021) also investigated the (R, z) vari-

ation of ([Fe/H], [α/Fe]) distribution shown by Hayden

et al. (2015) in APOGEE. One of the important dif-

ferences between our models is how they handle stel-

lar evolution and nucleosynthesis. A detailed descrip-

tion of their model is presented in Johnson & Weinberg

(2020). They do not keep track of the lifetimes of stellar

mass bins born at different time steps. Instead, they

use a time-dependent parameter called cumulative re-

turn fraction to calculate how much mass from a single

stellar population is returned to the ISM at a given time.

This simplification can significantly affect the amount

of new elements produced per solar mass. Our model

instead uses the stellar remnant mass from the nucle-

osynthesis tables to keep track of the exact amount of

each element.

The (R, |z|) variation in the ([Fe/H], [α/Fe]) distribu-

tion in their Figure 7 differs from APOGEE observa-

tions, even though they claimed to replicate the original

result from Hayden et al. (2015). In Figure 11 gener-

ated from APOGEE, we can see that the high-[α/Fe]

sequence dominates the region with |z| > 0.5 kpc be-

tween 3 and 5 kpc. This behaviour is replicated by our

model in Figure 12, though our model predicts an ex-

cess of low-[α/Fe] stars at 0.5 < |z| < 1.0 kpc. However,

their Figure 7 shows a substantial amount of low-[α/Fe]

stars in the inner zones regardless of |z|. The APOGEE

data show that the high-[α/Fe] stars should be domi-

nant at |z| > 1 kpc as far as 9 kpc from the Galactic

centre, but their high-[α/Fe] sequence becomes far less

visible beyond 5 kpc at any |z|. Another issue is that

they are unable to reproduce a clear [α/Fe]-gap. In their

Figure 12, they divided the stars by [Fe/H], inflating the

density of their high-[α/Fe] stars to present two [α/Fe]-

peaks. One possible cause for the discrepancy is their

high constant infall rate of 9 M� per year which allows

the formation of too many low-[α/Fe] stars late in the

model.

5. SUMMARY AND FUTURE IMPROVEMENT

We have presented a multi-zone chemical evolution

model of the Galaxy with the aim of understanding

the general chemical abundance pattern of stars in the

Milky Way. This model is an update of the impor-

tant work by Schönrich & Binney (2009), but makes

use of a wealth of new observational constraints. Our

model incorporates a number of important physical pro-

cesses. It uses a two-component ISM consisting of a

cold and a warm phase. Star formation is controlled by

the infall rate of fresh gas and the Kennicut Schmidt

law. The cold ISM participates in a radial flow, gen-

erating a chemical gradient in the disk. Stars are born



25

out of cold gas, and upon death, they release newly syn-

thesized elements into the warm ISM which gradually

enriches the cold ISM over time. We are capable of

tracking the number of major nucleosynthesis produc-

tion sites from Kobayashi et al. (2020a), including AGB,

CCSN, and SNe Ia. Additionally, CCSN includes hyper-

novae (HNe), Type II supernovae (SNe II) and magneto-

rotational supernovae (MRSNe). Finally, we model the

present-day phase space distribution of stars in a dy-

namically consistent fashion using the prescription of

Sharma et al. (2021a). Our model is the first physi-

cal model derived from first principles (star formation

and nucleosynthesis yields) to match many of the ob-

servational constraints for the chemical evolution of the

Milky Way simultaneously– the stellar distribution in

([Fe/H], [α/Fe]) plane at various (R, z) locations, along

with the age-[α/Fe] and age-[Fe/H] relations. Our main

findings are given below.

• For the first time, we reproduced the variation

of relative stellar density between the high-[α/Fe]

and low-[α/Fe] sequences with Galactocentric ra-

dius R and height from the disk plane |z| that

matches the APOGEE data. The intermediate-

[α/Fe] gap can be clearly seen at locations where

both [α/Fe]-sequences are visible.

• Our model successfully reproduces the radial gra-

dient of [Fe/H] and [α/Fe]. We show that the

abundance gradient in the low-[α/Fe] sequence is

primarily a consequence of the radial flow of en-

riched gas in the disc. A radially exponential gas

disk with in situ infall is not sufficient to generate

the observed abundance gradients.

• Our model derived from the first principles is able

to generate the same characteristic [α/Fe] evolu-

tion with time as Sharma et al. (2021a) and rein-

force their results. Their analytic track is marked

by a sharp fall of [α/Fe] with time due to the onset

of SNe Ia supernovae and flat evolution afterwards.

We identify three key properties that can alter the

fall of [α/Fe] with time: the fraction of stars that

explode as SN Ia, the star formation rate early on,

and finally lowering the time scale governing the

delay time distribution of SN Ia. All three mecha-

nisms have one thing in common- they increase the

rate of SNe Ia per unit mass of the cold gas avail-

able for star formation. SNe Ia release primarily

iron-peak elements. Increasing the rate of iron en-

richment from this mechanism causes a faster the

fall of [α/Fe].

• In our model, the intermediate-[α/Fe] gap is

caused by both the SFR and [α/Fe] rapidly declin-

ing. However, Sharma et al. (2021a) found that

the rapid evolution of [α/Fe] alone can generate a

gap in [α/Fe], even with a constant star formation

history. Our CSF model was not able to reproduce

a prominent gap. One probable cause is that their

analytic model took into account the inside-out

growth of the disk, which could inflate the SFR in

the inner disk in the early times. Unfortunately,

our physical model is not yet stable enough to han-

dle inside-out formation.

Our fiducial model has some differences with respect

to observations. The first is that our high-[α/Fe] se-

quence is too metal-poor. At the beginning of our model,

new elements are made exclusively by CCSN. Until SNe

Ia take over as the primary source of iron, the only way

to increase [Fe/H] is to increase the SFE or gas den-

sity in the model. We hold the SFE constant for the

entire duration of our model so the only way is to in-

crease the amount of gas in the first one Gyr. However,

a huge amount of gas during this period would form an

unrealistically large amount of metal-poor stars ([Fe/H]

< −1). Another solution is to start our model with pre-

enriched gas, but the chemical composition of this gas

adds additional dimensions of freedom to our models.

Our replicated high-[α/Fe] sequence has a higher zero

point of [α/Fe] at ∼ 0.4 compared to observations where

the high-[α/Fe] sequence is at ∼ 0.3. A recent study

of the halo stars suggests that there might be an early

enrichment episode immediately after the Milky Way

formed Conroy et al. (2022) that could explain this dis-

crepancy. Another issue with our replicated high-[α/Fe]

sequence is that its [Fe/H] range is not as extended

as observed. Fragmentation of the early high-[α/Fe]

disk (Clarke et al. 2019) and additional early accretion

(Ciucă et al. 2022) could be the cause of the large [Fe/H]

in the high-[α/Fe] sequence. The last detail we were not

able to replicate at this point is the banana shape of the

low-[α/Fe] sequence in the ([Fe/H], [α/Fe])-plane. This

feature of the Milky Way may be caused by the bar

which is missing in our model.

There are still several areas for future improvement.

One of them is to include inside-out growth of the disk,

i.e., to allow for the scalelength of the disk to grow with

time rather than being fixed. For example, the radial

distribution of gas infall in Chiappini et al. (1997) can

change with time to achieve an inside-out growth of

the gas disk. Inside-out growth concentrates early star

formation in the inner region and thus more old and

high-[α/Fe] stars will be found in the bulge region. The

[α/Fe]-bimodality will be more pronounced in the bulge
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region. Another area of improvement is related to bet-

ter modelling of gas dynamical processes, e.g., the radial

flow of gas, the infall of fresh gas, the multi-phase ISM,

as well as star formation and its feedback on to the gas.

Over the past few years, detailed cosmological hydro-

dynamical simulations of disc galaxies with star forma-

tion and feedback have made good progress in forming

Milky-Way-like disc (Buck 2020; Hopkins et al. 2018);

one could utilize these simulations to design more ac-

curate prescriptions for gas dynamical processes. Cur-

rently, the results presented in this paper are restricted

to [Fe/H] and [α/Fe]. In future, we plan to extend our

model to include predictions for s- and r-process ele-

ments and potentially derive their nucleosynthesis yields

based on the observed age-abundance relation.
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480, 800, doi: 10.1093/mnras/sty1690

Iben, I., J., & Tutukov, A. V. 1984, ApJS, 54, 335,

doi: 10.1086/190932

Iwamoto, K., Brachwitz, F., Nomoto, K., et al. 1999, ApJS,

125, 439, doi: 10.1086/313278

Johnson, J. W., & Weinberg, D. H. 2020, MNRAS, 498,

1364, doi: 10.1093/mnras/staa2431

Johnson, J. W., Weinberg, D. H., Vincenzo, F., et al. 2021,

MNRAS, 508, 4484, doi: 10.1093/mnras/stab2718

Kennicutt, Robert C., J. 1998, ARA&A, 36, 189,

doi: 10.1146/annurev.astro.36.1.189

Khoperskov, S., Haywood, M., Snaith, O., et al. 2021,

MNRAS, 501, 5176, doi: 10.1093/mnras/staa3996

Kim, C.-G., Ostriker, E. C., Somerville, R. S., et al. 2020,

ApJ, 900, 61, doi: 10.3847/1538-4357/aba962

http://doi.org/10.1093/mnras/stab322
http://doi.org/10.3847/1538-4365/ab929e
http://doi.org/10.1146/annurev.astro.46.060407.145222
http://doi.org/10.1088/0004-6256/136/6/2846
http://doi.org/10.1146/annurev-astro-081915-023441
http://doi.org/10.1088/0067-0049/216/2/29
http://doi.org/10.1088/0004-637X/753/2/148
http://doi.org/10.1111/j.1365-2966.2012.21948.x
http://doi.org/10.1093/mnras/stz3289
http://doi.org/10.1093/mnras/stab1242
http://doi.org/10.3847/2041-8213/ac18ca
http://doi.org/10.1086/303726
http://doi.org/10.1086/321427
https://arxiv.org/abs/2211.01006
http://doi.org/10.1093/mnras/stz104
https://arxiv.org/abs/2204.02989
http://doi.org/10.1093/mnras/stz2221
http://doi.org/10.3847/1538-4357/ab4254
http://doi.org/10.1146/annurev.astro.40.060401.093840
http://doi.org/10.1051/0004-6361/202039657
http://doi.org/10.1088/0004-637X/808/2/132
http://doi.org/10.1051/0004-6361/201731363
http://doi.org/10.1051/0004-6361/201834155
http://doi.org/10.1093/mnras/stu1738
http://doi.org/10.1093/mnras/sty1690
http://doi.org/10.1086/190932
http://doi.org/10.1086/313278
http://doi.org/10.1093/mnras/staa2431
http://doi.org/10.1093/mnras/stab2718
http://doi.org/10.1146/annurev.astro.36.1.189
http://doi.org/10.1093/mnras/staa3996
http://doi.org/10.3847/1538-4357/aba962


27

Kobayashi, C., Karakas, A. I., & Lugaro, M. 2020a, ApJ,

900, 179, doi: 10.3847/1538-4357/abae65

Kobayashi, C., Leung, S.-C., & Nomoto, K. 2020b, ApJ,

895, 138, doi: 10.3847/1538-4357/ab8e44

Kroupa, P. 2001, Monthly Notices of the Royal

Astronomical Society, 322, 231–246,

doi: 10.1046/j.1365-8711.2001.04022.x

Kubryk, M., Prantzos, N., & Athanassoula, E. 2015, A&A,

580, A126, doi: 10.1051/0004-6361/201424171

Leroy, A. K., Walter, F., Brinks, E., et al. 2008, AJ, 136,

2782, doi: 10.1088/0004-6256/136/6/2782

Li, M., Bryan, G. L., & Ostriker, J. P. 2017, ApJ, 841, 101,

doi: 10.3847/1538-4357/aa7263

Lian, J., Thomas, D., Maraston, C., et al. 2020, MNRAS,

497, 2371, doi: 10.1093/mnras/staa2078

Lu, Y. L., Ness, M. K., Buck, T., & Carr, C. 2022a,

MNRAS, 512, 4697, doi: 10.1093/mnras/stac780

Lu, Y. L., Ness, M. K., Buck, T., Zinn, J. C., & Johnston,

K. V. 2022b, MNRAS, 512, 2890,

doi: 10.1093/mnras/stac610

Luo, A. L., Zhang, H.-T., Zhao, Y.-H., et al. 2012, Research

in Astronomy and Astrophysics, 12, 1243,

doi: 10.1088/1674-4527/12/9/004

Mackereth, J. T., Bovy, J., Leung, H. W., et al. 2019,

MNRAS, 489, 176, doi: 10.1093/mnras/stz1521

Maoz, D., & Graur, O. 2017, ApJ, 848, 25,

doi: 10.3847/1538-4357/aa8b6e

Maoz, D., Mannucci, F., & Brandt, T. D. 2012, MNRAS,

426, 3282, doi: 10.1111/j.1365-2966.2012.21871.x

Matteucci, F., & Francois, P. 1989, MNRAS, 239, 885,

doi: 10.1093/mnras/239.3.885

Mazzola, C. N., Badenes, C., Moe, M., et al. 2020,

MNRAS, 499, 1607, doi: 10.1093/mnras/staa2859

Minchev, I., Chiappini, C., & Martig, M. 2013, A&A, 558,

A9, doi: 10.1051/0004-6361/201220189

Nishimura, N., Takiwaki, T., & Thielemann, F.-K. 2015,

ApJ, 810, 109, doi: 10.1088/0004-637X/810/2/109

Nomoto, K., Kobayashi, C., & Tominaga, N. 2013,

ARA&A, 51, 457,

doi: 10.1146/annurev-astro-082812-140956

Padovani, P., & Matteucci, F. 1993, ApJ, 416, 26,

doi: 10.1086/173212

Peeples, M. S., Corlies, L., Tumlinson, J., et al. 2019, ApJ,

873, 129, doi: 10.3847/1538-4357/ab0654

Renaud, F., Agertz, O., Andersson, E. P., et al. 2021,

MNRAS, 503, 5868, doi: 10.1093/mnras/stab543
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