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ABSTRACT

We investigate the age—chemical abundance structure of the outer Galactic disc at a
galactocentric distance of r > 10 kpc as recently revealed by the SDSS/APOGEE survey.
Two sequences are present in the [«/Fe]-[Fe/H] plane with systematically different stellar
ages. Surprisingly, the young sequence is less metal rich, suggesting a recent dilution process
by additional gas accretion. As the stars with the lowest iron abundance in the younger
sequence also show an enhancement in «-element abundance, the gas accretion event must
have involved a burst of star formation. In order to explain these observations, we construct a
chemical evolution model. In this model, we include a relatively short episode of gas accretion
at late times on top of an underlying secular accretion over long time-scales. Our model is
successful at reproducing the observed distribution of stars in the three-dimensional space of
[a/Fe]-[Fe/H]—age in the outer disc. We find that a late-time accretion with a delay of 8.2 Gyr
and a time-scale of 0.7 Gyr best fits the observed data, in particular the presence of the young,
metal-poor sequence. Our best-fitting model further implies that the amount of accreted gas in
the late-time accretion event needs to be about three times the local gas reservoir in the outer
disc at the time of accretion in order to sufficiently dilute the metal abundance. Given this
large fraction, we interpret the late-time accretion event as a minor merger presumably with a
gas-rich dwarf galaxy with a mass M, < 10° M, and a gas fraction of ~75 per cent.

Key words: Galaxy: abundances—Galaxy: disc—Galaxy: evolution—Galaxy: formation—
Galaxy: stellar content.

1 INTRODUCTION

Stars serve as a fossil record in galaxies carrying key information
about a galaxy’s formation history. In particular, the chemical
abundances of stars are like footprints of the interstellar material
from which the stars were formed. The interstellar medium (ISM)
in a galaxy is enriched with chemical elements through the cycle
of stars forming, evolving, and dying. Therefore, the investigation
of the chemical composition of stars and stellar populations is a
powerful tool to unfold the chemical enrichment and formation
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history of a galaxy. The Milky Way (MW) provides an ideal
laboratory to study galactic chemical evolution and test galaxy
formation and evolution models because of our ability to resolve
stellar populations into individual stars and to measure detailed
chemical element abundances.

The abundances of iron (Fe) and the «a-elements (e.g. Mg, O,
Ca, etc.) are of particular interest and widely used to constrain
the chemical evolution of our Galaxy. The distribution of iron
abundance, i.e. the metallicity distribution function (MDF), has
been used to constrain chemical evolution models for a long time
(e.g. Schmidt 1963; Pagel & Patchett 1975) and more recently also
in a cosmological framework (Tumlinson 2010). It was shown early
on that the observed MDF in the solar neighbourhood disfavours a
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closed-box model (van den Bergh 1962; Pagel & Patchett 1975), as
the latter overestimates the density of metal-poor stars ([Fe/H] <
—0.2 dex). A leaky/accretion model including gas inflow and/or
outflow is one of the preferred solutions to this problem (e.g.
Audouze & Tinsley 1976; Pagel 1997). The observed abundance
of a-elements combined with Fe further constrains the time-scale
of star formation. This is because «-elements are released promptly
through SN-II explosions of massive stars (with a time delay of
only a few 10 Myr) while the enrichment of Fe is dominated by
SN-Ia explosions of long-lived, low-mass stars (with longer delay
times from a few 10Myr to a few 10Gyr). Hence, a low ratio
of [w/Fe] indicates a long period of star formation, while a high
[o/Fe] suggests that star formation must have occurred on short
time-scales such that SN-Ia did not have the time to release iron
(Matteucci 1994). This powerful diagnostic has been extended to
galaxies, demonstrating that the most massive galaxies formed their
stars on the shortest time-scales due to their enhanced [«/Fe] ratios
(Thomas et al. 2010).

One of the most interesting discoveries regarding the chemical
compositions of stars in the MW is the bimodal distribution in the
[a/Fel-[Fe/H] plane in which most stars lie on two well-separated
sequences (Fuhrmann 1998; Reddy, Lambert & Allende Prieto
2006; Adibekyan et al. 2012; Haywood et al. 2013; Bensby, Feltz-
ing & Oey 2014). One sequence comprises stars with supersolar
«-abundance ([a/Fe] > 0.15) while the other consists of stars with
solar-like abundance ratios ([a/Fe] ~ 0). The high-« sequence is
generally more metal poor than the low-o sequence, but both of
them span a wide range in metallicity. There is a significant overlap
in metallicity between the two sequences. This pattern was first
identified for the solar neighbourhood and then recently confirmed
to be valid for a large portion of the MW disc (Hayden et al.
2015).

Besides chemical composition, age is a further fundamental
stellar parameter providing deep insight into the Galaxy’s formation
history. Combining the observed ages and chemical compositions of
stars in the MW allows us to unfold the chemical enrichment history
in great detail. However, stellar age measurements are challenging.
One way to obtain stellar ages is to match well-determined stellar
parameters T, logg, and [Fe/H] to the isochrones of stellar
evolution models (e.g. Jorgensen & Lindegren 2005). An alternative
method combines asteroseismology and spectroscopic observations
to set constraints on the stellar mass and then derive the stellar age
(e.g. Pinsonneault et al. 2014). Both these methods require high-
quality spectroscopy.

For a long time, spectroscopic observations were limited to the
stars in the solar vicinity (e.g. Haywood et al. 2013; Bergemann
et al. 2014). A number of recent, large spectroscopic surveys
such as SDSS/APOGEE (Majewski et al. 2017), LAMOST (Zhao
et al. 2012), and GALAH (De Silva et al. 2015) have improved
the situation significantly, providing high-quality optical/infrared
spectra with well-determined element abundances and other stellar
properties for ~10° stars across the Galactic disc. With these
large spectroscopic surveys, it is now possible to map the age—
chemical abundance structure of the Galactic disc well beyond
the solar radius. For example, Ness et al. (2016) derive the ages
of 70000 stars from high-quality APOGEE spectra. The authors
apply a machine learning algorithm to estimate the stellar mass
from the high-resolution spectra and to then infer the age. A group of
stars with more reliable masses from asteroseismology observations
(Pinsonneault et al. 2014) are used as a training set. A similar
approach is used by Wu et al. (2019) to derive the masses and ages
for stars observed by the LAMOST survey.

MNRAS 494, 2561-2575 (2020)

In this new era of large spectroscopic surveys reaching well
beyond the solar neighbourhood, theoretical models that are capable
to explain the new data are needed to improve our understanding of
MW formation and evolution. We therefore started a campaign in
which we use our chemical evolution model (Lian et al. 2018a) to
analyse the large sample of stars with age and chemical composition
measurements from the APOGEE survey. Our ultimate goal is
to shed light on the physical mechanisms responsible for the
bimodality in the [«a/Fe]-[Fe/H] plane and the formation of the
two separate populations in the Galactic disc. Given the complexity
of the topic, we present this work in separate papers. In this first
paper, we focus on the combined age—chemical abundance structure
of the outer Galactic disc at » > 10 kpc. The next paper of this series
will focus on the combined age—chemical abundance structure of
the inner disc and the bulge.

In this paper, we propose a new outer disc formation scenario
in which a late-time gas accretion event is invoked to explain the
coexistence of old metal-rich and young metal-poor stars in the outer
disc. A similar idea of delayed gas accretion was proposed recently
in chemical evolution models (Noguchi 2018; Haywood et al. 2019;
Spitoni et al. 2019) to explain the [«/Fe]-[Fe/H] distribution in the
solar neighbourhood. A similar scenario was previously presented in
the semi-analytical model by Calura & Menci (2009). This scenario
gets further support from recent cosmological simulations reporting
the existence of a bimodality in the [«/Fe]-[Fe/H] sequence caused
by the occurrence of two phases of disc formation through gas
accretion (Grand et al. 2017; Mackereth et al. 2018; Clarke et al.
2019). Here we use a chemical evolution model to provide further
constraints on a possible late accretion phase based on the age—
chemical abundance structure of the outer disc. Our analysis goes
beyond the solar neighbourhood providing evidence of an accretion
event affecting the disc at radii at least up to two times the solar
radius.

The structure of this paper is organized as follows. We introduce
the sample selection and observational results in Section 2. A
general introduction of our chemical evolution model is presented
in Section 3. A direct comparison between models and observations
with an illustration of our best-fitting model is included in Section 4.
We then discuss the implications of the results in Section 5 and
conclude with Section 6.

2 DATA

The sample analysed here comprises red clump and red giant stars
that were observed by the Apache Point Observatory Galactic
Evolution Experiment (APOGEE) survey (Majewski et al. 2017),
which is part of the Sloan Digital Sky Survey (SDSS; Blanton
et al. 2017). APOGEE targets primarily horizontal branch and
red giant branch stars throughout the MW’s bulge, disc, and halo
(Zasowski et al. 2013, 2017), using the 2.5 m Sloan Telescope
at Apache Point Observatory (Gunn et al. 2006) and the 2.5 m
du Pont telescope at Las Campanas Observatory. Both telescopes are
equipped with high-resolution, H-band spectrographs (Wilson et al.
2012, 2019). Data are reduced and stellar velocities, parameters,
and abundances are determined using custom pipelines described
in Nidever et al. (2015) and Garcia Pérez et al. (2016). Here, we
use stellar metallicities, «-element abundances, and stellar ages
from Ness et al. (2016), which are based on spectra and pipeline
parameters released as part of SDSS/APOGEE Data Release 12
(DR12; Alam et al. 2015; Holtzman et al. 2015). Stellar coordinates
are taken from APOGEE’s DR14 catalogue (Abolfathi et al. 2018;
Holtzman et al. 2018), and we use the ‘'NMSU’ stellar distances in

020z Ay g0 uo Jasn Aselqi yinowsuod 1o Ausiaaiun Aq 16/G1.8S/1952/2/y6A0el1sqe-a|one/Seluw/woo dno-oiwspese//:sdny woJj papeojumoq



_4 I 1 1 ‘ 1 - |‘ |T:' a L v‘. .~4.' .‘| .‘ . N 1 ]
5 10 15

r (kpe)

Figure 1. Spatial distribution of stars in the parent sample (blue dots) and
our target sample in the outer disc with » > 10 kpc and S/N > 60 (brown
dots). The x-axis indicates the cylindrical radial Galactocentric distance, and
the y-axis is the vertical distance from the Galactic mid-plane.

the APOGEE DR 14 distances Value Added Catalogue.! We verified
that our results do not depend significantly on the choice of set of
stellar distances.

2.1 Sample selection

To ensure a high quality of stellar parameter measurements, we
use an additional cut in signal-to-noise (SNR), selecting stars from
the parent sample with SNR above 60. We further exclude stars
with low-quality spectra as indicated by the flags BAD and WARN
in the APOGEE catalogue. We also exclude stars with unreliable
parameter estimates selecting stars with flag,/re) = 0 and flagpe/n) =
0 in the star-level bitmask.

Fig. 1 shows the spatial distribution of the stars in the parent
sample (blue dots) in the r—z plane. The x-axis indicates the
cylindrical radial Galactocentric distance, and the y-axis is the
vertical distance from the Galactic mid-plane. In this paper, we
focus on the outer disc with 10 < r < 15 kpc. The brown dots
indicate the spatial distribution of the final selected sample.

We know from observations of the solar neighbourhood that the
disc of the MW contains two distinct stellar populations: an old
population with high [«/Fe] ratios and a young/intermediate-age
population with low [«/Fe] ratios (e.g. Fuhrmann 1998). Recent
large spectroscopic surveys of the stars in the MW (e.g. Adibekyan
et al. 2011; Hayden et al. 2015) have revealed that there is a clear
bimodal distribution of disc stars in the [«a/Fe]-[Fe/H] plane as
shown in Fig. 2. The left-hand panel shows the distribution for the
entire disc, while the middle and right-hand panels are for the inner
(4 < r < 8 kpe) and outer (10 < r < 15 kpc) discs, respectively. It
can be seen that a clear bimodality in the distribution is present in
the inner disc but it disappears in the outer disc.

These two distinct stellar populations are usually referred to as the
chemical thick and thin discs. The chemical thick disc is represented
by the high-« branch while the chemical thin disc is composed of
the low-« branch. To separate the two populations, Adibekyan et al.

Uhttps://www.sdss.org/dr14/data_access/value-added-catalogs/?vac_id = ap
ogee-drl4-based-distance-estimations
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(2011) proposed an empirical solution that is based on the minimum
number density between the two branches. A similar form of the
separation but based on visual inspection of our sample is shown as
the dashed black lines in Fig. 2.

In the inner disc, a significant fraction of both low- and high-«
populations coexist while the outer disc is clearly dominated by
the low-o population. This suggests that the formation of the low-
« population in the disc is physically decoupled from the high-o
population. In this work, we focus on the Galactic outer disc (10 <
r < 15 kpc) and on the formation of the low-« population. The final
sample contains 15 722 disc stars shown in the right-hand panel of
Fig. 2.

2.2 Element abundance and age determination

The element abundance and age measurements are adopted from
Ness et al. (2016). State-of-the-art stellar ages come from aster-
oseismology observations that provide information about stellar
interiors and hence their masses. The stellar mass then sets strong
constraints on the stellar age for post-main-sequence stars (Martig
et al. 2015). The fractional uncertainty in the age derived in this
way can be as low as ~20 per cent (i.e. the 1o scatter at the age of
5 Gyr is 1 Gyr, for example).

Asteroseismology surveys in the literature generally only cover
a relatively small portion of the Galaxy (Borucki et al. 2010).
Moreover, due to the distance limitation in the asteroseismology
data, the stellar sample with accurate seismic ages is usually
restricted to relatively nearby stars in the solar neighbourhood. The
currently largest stellar sample with seismic ages is the APOKASC
catalogue (Pinsonneault et al. 2018) based on the Kepler and
APOGEE data. The latest version of the APOKASC catalogue
contains 5442 stars.

Given these limitations, Ness et al. (2016) developed a data-
driven link between the asteroseismic data for nearby stars and the
spectroscopic data for distant stars based on a machine learning
algorithm. This calibration allowed them to determine chemical
abundances ([Fe/H] and [«/Fe]), masses, and ages of giant stars
directly from spectra. An early version of the APOKASC catalogue
(Pinsonneault et al. 2014) containing 1639 stars with spectroscopic
measurements (7., [a/Fe], [Fe/H]) from APOGEE DR12 (Holtz-
man et al. 2015) and seismic measurements (stellar mass, log g)
from Kepler was used as a training sample. Stellar ages were then
derived by matching these stellar parameters to PARSEC isochrones
(Bressan et al. 2012). Base on this training set, Ness et al. (2016)
estimated the ages of 70 000 APOGEE stars from APOGEE spectra.
The typical uncertainty of the ages is 40 per cent, hence 0.2 dex.

2.2.1 Assessment of the Ness et al. ages

We perform an additional test in order to check the reliability
of the spectroscopic ages used here. As already mentioned, the
ages are calibrated to the seismic ages from the older version of
APOKASC with 1639 stars. With updated Kepler observations, the
latest version of the APOKASC catalogue has now been expanded
to 5442 stars. Therefore, we can directly assess the quality of these
ages by comparing them with the new seismic ages of those 3803
stars that were not included in the original training set.

The comparison is shown in Fig. 3. The dashed line indicates
the one-to-one relation. It can be seen that the ages from these
two measurements are well correlated with a Pearson’s correlation
coefficient of 0.69. The scatter of the correlation is 0.26 dex on
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Figure 2. Density distribution of stars observed by APOGEE in the [«/Fe]-[Fe/H] plane, with contour lines, for the entire disc (left-hand panel), the inner
disc (4 < r < 8 kpc, middle panel), and the outer disc (r > 10 kpc, right-hand panel). The bimodal distribution can be clearly seen, and the two populations
are well separated. The dashed black line highlights the separation. In this work, we focus on the Galactic outer disc that is dominated by the low-« population

(right-hand panel).
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Figure 3. Comparison between the age based on a combination of aster-
oseismology and APOGEE spectroscopy (x-axis) with the age based on
APOGEE spectra alone (y-axis). Typical uncertainties are indicated by the
error bar in the bottom-right corner. The dashed line is the one-to-one
relation. There is a good correlation between the two age measurements
with a Pearson’s correlation coefficient of 0.69 (top-left corner). The average
scatter is 0.26 dex.

average. This suggests the ages from Ness et al. (2016) used in this
work are robust within an uncertainty of 0.26 dex.

Note that the scatter in Fig. 3 slightly decreases with increasing
age. To account for the age-dependent uncertainty, we therefore
estimate the uncertainties for following three age bins:

(1) Age < 2.5 Gyr [log (age/Gyr) < 0.4];
(ii) 2.5 < age < 6 Gyr [0.4 < log (age/Gyr) < 0.8];
(iii) Age > 6 Gyr [log (age/Gyr) > 0.8].

The adopted scatter is summarized in Table 1. These errors are
mainly caused by the relatively large uncertainties in the spectro-
scopic age measurements indicated by the error bar in Fig. 3.

2.3 Combined [«/Fe]-[Fe/H]-age distribution

Because of the difficulty in measuring accurate stellar ages, the
distribution of stars in the [«/Fe]-[Fe/H] plane is usually studied

MNRAS 494, 2561-2575 (2020)

Table 1. Uncertainties in the age determination.

Age bin Scatter Age bin Scatter
(log/dex) (log/dex) (linear/Gyr) (linear/Gyr)
<04 0.3 <2.5 1.8
0.4-0.8 0.22 2.5-6 2.3
>0.8 0.19 >6 42

without consideration of stellar ages. As discussed in the previous
section, thanks to the combination of age determinations from
spectroscopy and asteroseismology, stellar ages for large samples of
stars beyond the solar neighbourhood have now become available.
In this paper, we therefore aim at modelling age and chemical
abundance simultaneously.

In this section, we discuss the observed distributions qualitatively
and will then present the results from our chemical evolution
model (described in Section 3) for a quantitative analysis in
Section 4.

2.3.1 [Fe/H] versus [a/Fe]

The left-hand panel of Fig. 4 shows the distribution of the outer disc
stars in the [Fe/H]-[«/Fe] plane colour coded by mean stellar age
in each [Fe/H]-[«/Fe] bin.

Two sequences with different ages can be identified separated
by the dashed line: one sequence of young (~ 2 Gyr, blue colours)
to intermediate-age (~ 4 Gyr, yellow colours) stars with system-
atically lower [«a/Fe] ratios by ~ 0.05dex and a sequence of
intermediate-age to old (> 7 Gyr, orange to red colours) stars with
higher [a/Fe]. We note that a similar two-age-sequence in the
[Fe/H]-[«/Fe] plane for the low-« stars ([a/Fe] < 0.15) is also seen
in disc stars observed by the LAMOST survey (see fig. 4 in Wu
etal. 2018). Most surprisingly, the younger sequence (blue colours)
is shifted towards lower [Fe/H], resulting in an age—metallicity
anticorrelation such that older stars are more metal rich.

This trend is the opposite of what is expected from simple
chemical evolution with a single gas accretion phase. A single
secular gas accretion phase is generally used to match the low-«
sequence, such as the secular infall with long accretion time-scales
in the original ‘two-infall’ model by Chiappini, Matteucci & Gratton
(1997). An important prediction of this secular evolution process is a
monotonic metal enrichment history leading to element abundances
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Figure 4. The outer disc stars in the three-dimensional parameter space of [«a/Fe], [Fe/H], and age. Left-hand panel: [a/Fe] as a function of [Fe/H] colour
coded by mean stellar age. The dashed line separates the two sequences with different stellar ages. The blue and red boxes highlight the location of stars
possibly formed at the beginning and at the end point of the late-accretion event, respectively. Their ages are used to estimate the start time and the time-scale
of the late-accretion event. Right-hand panel: [a/Fe] as a function of age colour coded by mean [Fe/H]. Two surprising features are present in the plot: (1) an
age—metallicity anticorrelation (the presence of young stars with low [Fe/H] as well as old stars with high [Fe/H]), and (2) the young metal-poor population is

a-enhanced (see more details in the text).

increasing monotonically with time (e.g. figs 13—17 in Anders et al.
2017). The presence of young metal-poor stars and old metal-rich
stars is clearly in conflict with this model prediction. This trend
suggests that the outer disc has experienced more than one major
gas accretion event that perturbed its metal enrichment history.
Most importantly, the young metal-poor stellar population must
have formed in a metal-poor environment most plausibly caused by
dilution with recently accreted, pristine gas.

2.3.2 Age versus [a/Fe]

The right-hand panel of Fig. 4 illustrates this further. Here we plot
[a/Fe] as a function of age colour coded by [Fe/H]. There is no
significant correlation between [«/Fe] and age. But very interest-
ingly, we notice the presence of a group of intermediate-age stars
(age ~5 Gyr) with relatively high o abundance (0.1 <[a/Fe]<0.18)
and low iron abundance ([Fe/H]<—0.3). The presence of young
a-enhanced stars in a much smaller sample was already reported
by Martig et al. (2015) and Chiappini et al. (2015). A simple
chemical evolution model cannot explain the formation of this
stellar population.

The relatively young age and high o/Fe ratio of these stars
suggest that they were formed in a recent, relatively short star
formation episode. The low iron abundance further implies that this
starburst must have been accompanied or triggered by the accretion
of pristine/metal-poor gas. Note that the iron abundance of these
stars is lower than the iron abundance of older metal-rich ([Fe/H]
> (.1) stars by ~0.5 dex.

Within this scenario, the most metal-rich stars ([Fe/H] > 0.1,
red box in the left-hand panel of Fig. 4) are the last population to
form before the onset of dilution due to late accretion of metal-poor
gas, while the most metal-poor stars ([Fe/H] < —0.4, blue box in
the left-hand panel of Fig. 4) are the last population to form in
the accretion itself. The two boxes in the left-hand panel highlight
these stars that possibly formed at the start and end point of the
late-accretion event. The stellar populations in the metal-rich (red)

and metal-poor (blue) boxes have average ages of 5.5 &+ 3.1 and
4.8 £ 1.9 Gyr, respectively. This puts stringent constraints on the
onset and duration of the late-accretion event.

In the following, we use a numerical chemical evolution model
to explore and quantify this scenario.

3 THE CHEMICAL EVOLUTION MODEL

The chemical evolution model used in this work was initially
developed to understand the origin of the mass—metallicity relation
for both gas and stars of local galaxies (Lian et al. 2018a). The model
was then expanded to explain the radial distribution of gas and stellar
metallicity in local star-forming galaxies (Lian et al. 2018b, 2019)
as well as the cosmic evolution of the mass—metallicity relation
from z ~ 3.5 to O (Lian, Thomas & Maraston 2018c). The model
is designed to be generic and can be used to infer the chemical
evolution in galaxies globally as well as in sub-regions within
galaxies. In this work, we develop the model further to include the
evolution of chemical element ratios to allow for a direct comparison
with observations in our Galaxy. We refer the reader to these papers
for a detailed description of the model. Here we provide a brief
summary of key aspects relevant to this work.

3.1 Key parameters

The model considers three basic processes that regulate the chemical
evolution of galaxies: star formation, gas accretion, and galactic
winds. The initial gas accretion phase is assumed to decline expo-
nentially. Two free parameters are used to describe the accretion
phase, the initial accretion rate A, ; and the e-folding time-scale
T e Star formation is implemented through the Kennicutt—Schmidt
(KS) star formation law (SFL; Kennicutt 1998), which implies the
SFR surface density to be proportional to the gas mass surface
density through a power law as described by the following equation:

Serr = 2.5 x 107 x Cys X (Zgas/ Mo pc ) Mg yr~! kpcfz.

MNRAS 494, 2561-2575 (2020)
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We fix the power index ny to 1.5 for normal star-forming galaxies
(Kennicutt et al. 2007), which is close to the original value of 1.4
obtained for starburst galaxies (Kennicutt 1998). The parameter Cy,
which regulates the star formation efficiency (SFE; star formation
rate per unit gas mass), is normalized to the original coefficient of
the KS law (i.e. 2.5 x 107*) and is allowed to vary. Different SFE
values were found for different galaxies and also within galaxies
(e.g. Leroy et al. 2008; Zhang et al. 2019). The SFE may also
increase with redshift. Lilly et al. (2013) find that an increase of
the SFE with redshift explains the cosmic evolution of the mass—
metallicity relation (however, see the recent review by Maiolino &
Mannucci 2019 for other possible mechanisms). A varying SFE
is possibly related to the balance between the gas phases of HI
and H1I on small scales. The formation of H1I from H1 as well as
its destruction depends on the local small-scale environment (e.g.
stellar surface density and metallicity; Leroy et al. 2008) that varies
from galaxy to galaxy and even within individual galaxies.

Finally, we note that a Kroupa stellar initial mass function
(Kroupa 2001) is adopted in the model.

3.2 Nucleosynthesis prescription

Metal production from asymptotic giant branch stars, Type-la
supernovae (SN-Ia), and Type-1I supernovae (SN-II) is included
in the model, considering their different lifetimes. A detailed
description of the yield table used in the model can be found in
Lian et al. (2018a). The stellar yields of SN-II have been updated
to the more recent work by Kobayashi et al. (2006).

To properly model [«/Fe], the SN-Ia rate needs to be taken into
account carefully. One of the methods in the literature adopts a
“first-principle’ approach to model the SN-Ia rate using a theoretical
SN-Ia rate formalism (Greggio & Renzini 1983; Matteucci &
Greggio 1986; Thomas, Greggio & Bender 1998). This approach
requires assumptions of the progenitor type of SN-Ia, the binary
mass function, the secondary mass fraction distribution at a given
mass of the binary system, and binary lifetimes. Because of the
uncertainties in the nature of SN-Ia progenitors, empirical SN-Ia
delay-time distributions (DTDs) calibrated to the observed SN-Ia
rates have been proposed (Strolger et al. 2004; Matteucci et al.
2006; Maoz, Mannucci & Brandt 2012). In this work, we adopt the
power-law SN-Ia DTD proposed by Maoz et al. (2012) with a slope
of —1.1 as follows:

DTD = a(t/Gyr)™ ",

where 7 is the delay time since the birth of the SN-Ia-producing
binary systems, and a is a normalization constant so that

Tmax
/ DTD(r)dr = 1.
Here 7., = tgo and Tpux = Tosse, Which are the minimum
and maximum assumed lifetimes of an SN-Ia-producing binary,
respectively. We will discuss the effect of different descriptions for
the SN-Ia rate in Section 5.1.

3.3 Models for the MW disc

The success of our chemical evolution model at reproducing
observations for a wide range in cosmic time and physical scale
(Lian et al. 2018a,b,c) suggests that the key processes driving
chemical evolution — star formation, gas inflow, and outflow — have
been adequately taken into account. In this paper, we now expand
this model further to constrain the detailed chemical enrichment
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history of our Galaxy through comparison with observations of
individual stars.

By modelling gas and stellar metallicities of local star-forming
galaxies, we found that the strength of metal outflow (i.e. the metal
mass loading factor) depends on a galaxy’s total stellar mass and
plays a relatively unimportant role in the chemical evolution of mas-
sive star-forming galaxies with a stellar mass above 10'%> M, (Lian
et al. 2018a,b). We assume a today’s stellar mass of ~6 x 10'° Mg
for our Galaxy (McMillan 2011). Therefore, no metal outflow is
assumed here for the MW. To keep the model generic, we calculate
the chemical evolution within a squared area of size of 1 kpc?. The
size of the area can be considered as a normalization factor of the
model. All parameters in our model are calculated per unit area
and are therefore expressed in units of kpc=2. To get results for
a particular area, the values of our output parameters need to be
scaled accordingly. The values for the entire outer disc are obtained
by multiplication with the area of the outer disc. For example, the
initial gas accretion rate for the entire outer disc equals the initial
accretion rate (0.007 Mg yr~' kpc=2 in the late-accretion model)
times the area of the outer disc (392.7 kpc? for an annulus with a
radius between 10 and 15 kpc), which is 2.75 Mg, yr~'. In the same
way, we estimate the total gas mass accreted in the late-accretion
event. We implicitly assume the outer disc to be homogeneous
in stellar chemical abundances. This is supported by the spatially
resolved [«/Fe]-[Fe/H] diagram in fig. 4 in Hayden et al. (2015) that
shows insignificant radial variation within the outer disc. A more
detailed study of abundance variation across the Galactic disc (e.g.
the metallicity gradient) will be presented in future work. The time
resolution of the model is 0.05 Gyr.

To perform a more direct comparison with the data, we simulate
the stellar distribution predicted by the model after considering
stellar mass-loss. The observational uncertainties of [«w/Fe] and
[Fe/H] are ~0.02 dex on average (Ness et al. 2016). We adopt
these uncertainties and the age-dependent uncertainty of age from
Table 1.

As discussed in Section 2.3, an additional phase of recent gas
accretion on top of the secular accretion phase is required to explain
the observed distribution of outer disc stars in the [«/Fe]-[Fe/H]—
age space. We explore this scenario quantitatively with a model
adopting an additional short accretion event on top of the underlying
secular accretion. We refer to this model as ‘late-accretion model’.
For comparison, we also consider a model assuming a single
exponentially declining accretion phase referred to as ‘single-t
model’.

In the late-accretion model, the additional accretion event is
characterized by the time of accretion 7,., the accretion time-scale
t4, the accretion rate A,., and an enhanced SFE achieved by an
increased value for the coefficient of the KS law during the event
Cks, acc+

As discussed in Section 2.3, the time of accretion #,.. is mostly
constrained by the age of the observed most metal-rich stars and the
accretion time-scale is given by the age difference between these
and the most-poor stars. The observational data imply the average
age of the most metal-rich stars to be 5.5 + 3.1 Gyr and of the
most metal-poor stars to be 4.8 £ 1.9 Gyr. This provides us with an
estimate for ,.. and 74 and their uncertainties.

The accretion rate A, is constrained by the difference in [Fe/H]
of the stars formed before and during accretion, i.e. the decrease in
[Fe/H] due to dilution. The dilution effect is well constrained as the
stars formed before and after the accretion event are observed.

The enhanced coefficient of the KS law Cyg nc is largely
constrained by the enhancement of [«/Fe] during the accretion
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Table 2. Parameters adopted for the model with a single accretion phase and a set of late-accretion models with different accretion time-scales
t4. The subscript ‘1" stands for initial value of the parameter and ‘acc’ stands for the parameter adopted during the late-accretion event. Cys, after

is the star formation law coefficient after the late-accretion event.
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Aacc, i Tace, i tace 14 Cks, i Cks, acc Aacc ¢ Cks, after [FC/H]acc
Mg yr~ ! kpe2 Gyr Gyr Gyr Mg yr~! kpe—2 dex
Single-t 0.002 10 - - 0.50 - - - -
tq = 0.05 Gyr 0.007 2 8.2 0.05 0.60 2.80 0.300 0.45 pristine
tq = 0.7 Gyr (Fiducial) 0.007 2 8.2 0.7 0.60 0.85 0.024 0.14 pristine
tqg = 1.5 Gyr 0.007 2 8.2 1.5 0.60 0.60 0.020 0.10 pristine
Continuous acc 0.007 2 8.2 - 0.60 0.60 0.024 - pristine
tq = 0.7 Gyr 0.007 2 8.2 0.7 0.60 0.85 0.036 0.14 —1

“Constant accretion rate is assumed during the late-accretion event except for the continuous accretion model in which the accretion rate

declines exponentially with an e-folding time of 8 Gyr.

event (0.06 < [«/Fe] < 0.13dex). As we will show later, less
enhancement in SFE is required in case of a longer accretion time-
scale. Table 2 summarizes the model parameters.

The parameters adopted for the single-t model and the late-
accretion models with various #zy4 for the outer disc are listed in
Table 2. The additional late accretion in the fiducial late-accretion
model occurs at a look-back time of 5.5 Gyr corresponding to a
cosmic time of 8.2 Gyr or z ~ 0.6. 1.68 x 10" M kpc~2 pristine
gas 1s accreted. For comparison, Spitoni et al. (2019) adopt an
earlier second gas accretion at a larger look-back time of 9.4 Gyr
(or cosmic time of 4.3 Gyr).

The coefficient of the star formation law is enhanced by a factor
of 1.4. Based on the age difference between the most metal-rich and
most metal-poor populations, we adopt an accretion time-scale of
0.7 Gyr in the fiducial late-accretion scenario, assuming a constant
accretion rate during accretion.

We test this choice by exploring various late-accretion models
with different accretion time-scales (see Section 4 and Figs 5 and
6). It should also be noted that the observed peak in [«a/Fe] can be
matched with lower SFL coefficient in models with longer accretion
time-scales. For an accretion with a time-scale as long as 1.5 Gyr,
an enhancement in SFL coefficient is no longer needed. This is
because a larger total amount of gas has to be accreted in models
with longer accretion time-scales, in order to reach the same level of
net dilution because of the additional chemical enrichment during
the accretion episode itself.

The final stellar mass surface density and gas mass fraction of the
fiducial late-accretion model are 12.3 Mg kpc™2 and 41 per cent,
respectively. Assuming a disc scale length of 2.6 kpc (Bland-
Hawthorn & Gerhard 2016) and a solar stellar mass surface density
0f33.4 Mg, pc~? (McKee, Parravano & Hollenbach 2015), the stellar
mass surface densities at the galactocentric radii of 10 and 15 kpc are
15.5 and 2.3 M, pc ™2, respectively. Adopting the radial distribution
of the gas mass surface density from Wolfire et al. (2003), we
estimate the gas mass fraction (i.e. ﬁ) within the radii of 10—
15 kpce to be 28-68 per cent. Our results are well in line with these
estimates.

4 RESULTS

In this section, we describe in detail the predictions of our models
and compare them to observations.

4.1 Predicted evolutionary histories

Fig. 5 shows the evolution of gas accretion rate (top-left panel), star
formation rate (top-right panel), [Fe/H] (bottom-left panel), and

[a/Fe] (bottom-right panel) as predicted by various late-accretion
models with different accretion time-scales #; as well as the single
accretion model. We adopt an exponentially declining time-scale of
8 Gyr for the continuous late accretion that is taken from Spitoni
et al. (2019).

The late-accretion models are based on a secular accretion phase
with 7, = 2Gyr to which a second, late gas accretion event
is added on top. The initial secular accretion phase is not well
constrained due to lack of observed old stars with age > 8 Gyr that
formed during this phase in the outer disc. As a consequence, there
is a degeneracy between the parameters characterizing this phase,
including the initial gas accretion rate, the accretion time-scale, and
the initial SFE. This degeneracy can be broken using observations
in the inner Galaxy for which observational data of old stars are
available. An improved model using data from the inner discs to
constrain this early accretion phase will be presented in companion
papers on the inner disc and bulge (Lian et al., in preparation).

In our model, the initial secular and the late-accretion events
are independent of each other. The late-accretion event, unlike the
underlying smooth accretion, is designed to occur abruptly on a
short time-scale (0.7 Gyr in our fiducial model). This is required to
boost the [a/Fe] in the ISM. With the combination of an enhanced
SFE, a starburst is induced for this accretion event (top-right panel
of Fig. 5).

This late-accretion event affects the chemical enrichment signif-
icantly. Individual element abundances, such as [Fe/H], are diluted
dramatically, resulting in a sharp drop in its abundance (bottom-left
panel of Fig. 5). For the same reason the a-element abundances also
drop initially by the same factor. However, because of the starburst
that is triggered at the same time, the a-abundance is boosted
through chemical enrichment from short-lived Type-II supernova.
As aresult, the [a/Fe] ratio peaks when the accretion event occurs
(bottom-right panel of Fig. 5).

To summarize, there are three majors effects induced by the late-
accretion event: (1) a burst of star formation, (2) a suppression of
iron abundance, and (3) an enhancement of the [«/Fe] abundance ra-
tio. These features create the key difference between the predictions
of the late-accretion models and the single-r model.

4.2 [a/Fe]-[Fe/H] diagram

Fig. 6 shows the comparison of the single-t and late-accretion
models with observations in the [a/Fe]-[Fe/H] plane. The black
contours indicate the observed data while the coloured lines are
the predicted model tracks. The colour scheme is the same as in
Fig. 5. The top-left panel summarizes the evolutionary trajectories
of the different models while other panels visualize the predicted
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Figure 5. Gas accretion (top-left), star formation (top-right), iron abundance [Fe/H] (bottom-left), and [«/Fe] abundance ratio (bottom-right) as a function of
cosmic time for late-accretion models with different accretion time-scales 74 as well as the single-t model (with single phase of gas accretion). Our fiducial
model is a late-accretion model with a second infall time-scale of 0.7 Gyr. The time-scale of the secular gas accretion phase is 10 Gyr in the single-t model
and 2 Gyr in the late-accretion models. The late-accretion models are based on a modified single-t model with an additional accretion event imposed on top
of the secular accretion. The accretion decreases the [Fe/H] abundance, but the starburst that is triggered by the accretion still manages to enhance the [«/Fe].

distributions of the stellar abundances for each model (coloured
dots) after considering the observational uncertainties. An uncer-
tainty of 0.02 dex for [«w/Fe] and [Fe/H] is adopted. The age
uncertainty is summarized in Table 1. The beginning and the end
of the late gas accretion episode in the fiducial late-accretion model
are marked with black squares.

It can be seen that the single-t model track appears to match
the observed trend equally well as the late-accretion models in the
[a/Fe]-[Fe/H] plane. This model is similar to the models generally
used in the literature to explain the chemical compositions of
thin disc stars (e.g. Chiappini 2009; Anders et al. 2017). This is
challenged, however, by the distribution of stellar abundances in
this diagram that peaks at a lower [Fe/H] and appears to be more
symmetric. It can be seen that the latter is best matched by the
fiducial late-accretion model (bottom-left panel).

It is also interesting to note that the distribution in [a/Fe]-[Fe/H]
as predicted by the late-accretion model is actually composed of
two parallel evolutionary sequences, one before and one after the
accretion event. The first sequence consists of stars formed from
gradually accreted gas prior to the accretion episode and the other
is made of stars formed during and after the late accretion. These
two [a/Fe]-[Fe/H] sequences of stars with different ages are in
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good agreement with the observed age—chemical structure shown
in Fig. 4.

4.3 [o/Fe]-[Fe/H]-age relation

In the previous section, we compared model and data in the [o/Fe]—
[Fe/H] diagram without age information. Here we add age as a
further parameter as shown in Fig. 7. For simplicity, we only
include the single-t and the fiducial late-accretion model. The top
row shows the [a/Fe]-[Fe/H], and the bottom row the [«/Fe]l-age
planes, respectively (see Fig. 4). The left-hand column shows the
observational data, and the middle and right-hand columns show
the predicted distributions from the fiducial late-accretion model
and the single-t model, respectively. The black dashed lines in the
top panels separate the two [«/Fe]-[Fe/H] sequences with different
ages (see Fig. 4).

It can be seen that the observed distribution in [«/Fe]-[Fe/H]-
age is well reproduced by the fiducial late-accretion model. The
two [a/Fe]-[Fe/H] sequences with different ages seen in the
observations (top-left panel) are well matched (top-middle panel).
In particular, the observed age—metallicity anticorrelation visible
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Figure 8. Late-accretion models with different descriptions for the SN-
Ta rate based on different delayed-time distributions (DTD). Parameters in
these models are identical as listed in Table 2.

through the presence of old metal-rich and young metal-poor stars
is matched by the fiducial late-accretion model.

This model also reproduces the presence of intermediate-age
(2 <t < 6Gyr), metal-poor ([Fe/H] < —0.25) stars with relatively
high [«/Fe] ratios ([a/Fe] ~ 0.14) as shown in the bottom panels. As
discussed above, these stars are the first generation formed during
the starburst triggered by the late-accretion event.

The single-t model (right-hand panels), instead, fails to repro-
duce the complex age—element abundance structure. As ought to
be expected, this model predicts [Fe/H] to increase monotonically
with decreasing age (hence increasing cosmic time), accompanied
by a decreasing [«/Fe] ratio. As a result, only a single evolutionary
sequence is present in the [a/Fe]—-[Fe/H] plane. All stars with high
[o/Fe] are predicted to form at early times with old ages, in contrast
to what is observed.

To summarize, the two-phase disc formation scenario with a
delayed second accretion event as described by the fiducial late-
accretion model provides a much better fit to the observed age—
element abundance structure of the outer disc. The simple model
based on a single phase of secular evolution fails.

5 DISCUSSION

In this section, we will discuss uncertainties, implications, and
predictions of our late-accretion model and confront with alternative
scenarios in the literature.

5.1 The late-accretion model

5.1.1 The effect of different SN-la DTDs

It is easy to understand that the evolution of [«a/Fe] is sensitive to
the description of the SN-Ia rate that dominates the production of
iron. Fig. 8 shows models with the same parameter configuration as
before but with different DTDs (power-law DTD, Maoz et al. 2012;
bimodal DTD, Matteucci et al. 2006; Gaussian DTD, Strolger et al.
2004). It can be seen that the [«a/Fe] values are affected by up to
~ 0.1 dex at a given [Fe/H]. Nevertheless, the overall evolutionary
trends in the [a/Fe]-[Fe/H] plane as predicted by these different
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models are broadly consistent. Although the parameters adopted in
our late-accretion model are subject to small changes for different
DTDs, the main result of this paper, namely that a late-accretion
event is required to explain the age—chemical abundance structure of
the outer disc, remains unchanged. Moreover, it is worth pointing
out that some key parameters that characterize the late-accretion
event are determined directly by the observations and are therefore
not affected by changes of the DTD or other model configurations,
including the onset time (8.2 Gyr) and time-scale (0.7 Gyr) of the
late-accretion episode. Likewise, the fraction of pristine gas accreted
is well constrained by observations.

5.1.2 Late accretion: a galaxy merger?

In this paper, we show that an additional, short accretion episode
delayed by ~8.2 Gyr is required to explain the complex age—element
abundance structure of the Galactic outer disc. Our model suggests
that the accreted gas is not connected to the underlying secular
gas accretion. We further find that the mass of accreted gas needs
to exceed the mass of the local gas reservoir in the outer disc
by a factor of 3. These characteristics disfavour quasi-continuous
gas accretion from the circumgalactic medium and suggest that
the late-time gas accretion may be caused by the accretion of a
gas-rich dwarf galaxy. As in a minor merger, the accretion of gas
generally happens earlier than the accretion of stars through ram
pressure processes, the stellar component of the infalling galaxy
may not be fully disrupted yet. Interestingly, recent simulations by
Tepper-Garcia & Bland-Hawthorn (2018) suggest that the massive
stripping of gas from the infalling Sagittarius dwarf galaxy (Ibata,
Gilmore & Irwin 1994) started ~3 Gyr ago, which makes Sagittarius
a promising candidate for being the accreted galaxy leading to the
late-accretion episode discussed in this paper.

The model presented here allows us to infer several key properties
of the accreted galaxy. Since the lowest iron abundance of the stars
formed during the accretion eventis ~ —0.5 dex, the iron abundance
in the gas of the accreted galaxy would have to be lower than —0.5
dex to be able to dilute the gas in the outer Galactic disc. This upper
limit in metallicity can be translated to an upper limit in stellar
mass of the accreted galaxy. Using the observed (stellar) mass—
(gas-phase) metallicity relation of galaxies at intermediate redshifts
(i.e. z ~ 0.3-0.7; Savaglio et al. 2005; Lian et al. 2016), we find this
upper mass limit to be M, ~ 10° M. The stellar mass of Sagittarius
is estimated to be a few times 10° Mg (Gibbons, Belokurov & Evans
2017), which is well consistent with the upper limit estimated here.

Assuming that the gas (and the subsequently formed stars) of
the accreted galaxy settled evenly in the outer disc around 10 < r
< 15 kpc (the region we are analysing in this paper), the required
gas mass of the accreted galaxy would have to be 3 x 10° M.
Combining this with the estimate of the stellar mass based on the
mass—metallicity relation above, the gas fraction of the accreted
galaxy is estimated to be ~75 percent. The merger hypothesis
advocated here would therefore imply the system accreted by our
Galaxy to be a gas-rich dwarf galaxy.

5.1.3 Disc flaring

The thickness of the Galactic disc (i.e. its scale length) is generally
found to be constant with radius (Bovy, Rix & Hogg 2012; Bovy
et al. 2012b). However, this is not the case for sub-populations in
the disc. The scale height of the young sub-component increases
with increasing radius, which is usually referred to as ‘flaring’

020z Ay g0 uo Jasn Aselqi yinowsuod 1o Ausiaaiun Aq 16/G1.8S/1952/2/y6A0el1sqe-a|one/Seluw/woo dno-oiwspese//:sdny woJj papeojumoq



(Kalberla et al. 2014; Carraro et al. 2015). By analysing the spatial
structure of mono-abundance populations, Bovy et al. (2016) and
Mackereth et al. (2017) systematically studied thickness and flaring
as a function of [«/Fe] and [Fe/H]. It turns out that flaring is complex
and depends on chemical abundances. In general, the flaring
amplitude is negligible for the high-« population but significant
for the low-« population. Moreover, within the low-« population,
flaring is most pronounced for the most metal-poor population with
[Fe/H] ~ —0.5 dex.

Radial migration is one of the mechanisms believed to be
responsible for flaring. The idea is that the stars moving outward
face less gravitational pull in the outer disc and therefore move to
larger vertical distances. However, to explain the dependence of
flaring on the element abundances as discussed above, a contrived
mechanism for radial migration would be required.

The late-accretion model presented here provides an alternative
scenario for explaining the flaring in the low-o population. Our
model implies that the most metal-poor, low-« population forms
during a recent, merger-induced starburst. The large scale height of
this population could then well be caused by the hot kinematics of
the gas that fuels the starburst. A larger vertical scale height of this
population in the outer disc is indeed expected, if the strength of
the starburst and the associated gas accretion is more pronounced
at large radii. This would lead to the observed flaring pattern.

5.1.4 Kinematics

In the following, we briefly investigate the observed kinematic
properties of stars in the outer disc in light of the proposed late-
accretion model. Fig. 9 shows the distribution of four kinematic
properties (maximum total orbit energy E.x, radial velocity U,
vertical velocity W, and rotation velocity V) in the [a/Fe]-[Fe/H]
plane. These kinematic parameters are taken from a synergistic
catalogue of APOGEE and Gaia.

The orbit information of each star is derived with the GRAVPOT16
code? based on a 3D steady-state gravitational potential model
for the Galaxy, modelled as the sum of axisymmetric and non-
axisymmetric components (Fernandez-Trincado et al., in prepara-
tion). The axisymmetric component is made up of the superposition
of many composite stellar populations from the thin disc and a
contribution from the thick disc. The density profile of the thin disc
component is assumed to follow the Einasto laws (Einasto 1979),
while a sech? law is adopted for the density profile of the thick disc
component. The non-axisymmetric component is modelled by a
‘boxy/peanut’ bar structure whose density profile is observationally
constrained from the 2MASS data (see Robin et al. 2012). These
stellar components are assumed to be surrounded by an isothermal
dark matter halo component with a mass density as presented in
Robin et al. (2003).

For the computation of Galactic orbits, we employ a simple
Monte Carlo approach and the Runge—Kutta algorithm of seventh-
eight order. For each APOGEE star, a thousand orbits are computed
backward in time during 3 Gyr. As to the input parameters, we use
the sky positions and line-of-sight velocities from the APOGEE
survey. The proper motions and spectrophotometric distances are
adopted from Gaia DR2. The spectrophotometric distances from
StarHorse are relatively precise even out to large distances.

Within the low-a sequence, the metal-poor populations (below
the dashed line) and the metal-rich populations (above the dashed
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line) show systematically different kinematic properties. The total
orbit energy in the metal-poor stars is generally higher than the total
orbit energy in the metal-rich stars, which is mainly caused by their
faster rotation velocities. The metal-poor stars also tend to have non-
zero radial and higher vertical velocities than the metal-rich stars.
All these differences suggest that the metal-poor populations likely
formed from gas with hotter kinematics. This is qualitatively in line
with the dynamical effect of a gas-rich merger event. The latter is
expected to lead to vigorous star formation in a dynamically hot
environment with complicated kinematics (Mihos & Bothun 1998;
Colina, Arribas & Monreal-Ibero 2005).

Interestingly, a merger event between the MW and a dwarf galaxy
named Gaia-Enceladus was recently identified (Helmi et al. 2018).
This discovery is based on the peculiar velocity distribution of stars
accreted from the dwarf galaxy with respect to the normal disc stars
in the MW.

5.1.5 Non-pristine accretion

In our fiducial late-accretion model, we assume the additional
accreted gas to be pristine. We now explore whether and how our
results will be affected if the accretion is already metal enriched
to some extent. To this end, we assume [Fe/H] = 0.1dex for
the accreted gas with a solar element abundance pattern. The
comparison between the model prediction and observations in the
[a/Fe]-[Fe/H] plane is shown in Fig. 10. It can be seen that the
model prediction matches the data equally well. The best-fitting
parameters adopted for this model are listed in Table 2. Compared
to the fiducial model with pristine gas accretion, more gas accretion
(50 per cent) is needed in order to dilute the iron abundance to the
same value as before.

5.2 Alternative scenarios

In the following, we discuss other scenarios proposed in the
literature.

5.2.1 Radial migration

The main reason why the single-t model fails in matching ob-
servations is that element abundances increase with time in this
model. This leads to a monotonic age—metallicity relation. This
prediction is in disagreement with the observed complex age—
element abundance structure of the Galactic outer disc. Most
importantly, the coexistence of young, metal-poor and old, metal-
rich populations cannot be understood with monotonic chemical
enrichment.

The APOGEE data show that the stars in the Galactic inner disc
are generally older and more metal rich than the stars in the outer
disc. Still, the outer disc also contains a fraction of old, metal-
rich stars very similar to the ones on the inner disc (Hayden et al.
2015). Hence, it may be possible that these stars originally formed
in the inner disc and migrated to the outer disc over time (Feuillet
et al. 2018). Such radial migration is indeed seen in simulations
and is thought to play an important role in re-distributing stars in
the MW (Schonrich & Binney 2009; Minchev, Chiappini & Martig
2013).

To test whether radial migration can explain the observed age—
element abundance pattern in the outer disc, we run a version of the
single-t model in which the effect of radial migration is included.
To model the chemical enrichment at different radial bins, we
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Figure 9. Distribution of the kinematic properties of stars in the [a/Fe]-[Fe/H] plane. Top-left panel: maximum total orbit energy. Top-right panel: radial
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Figure 10. The same as the bottom-left panel of Fig. 6 but assuming that the
additional gas accretion has been enriched to 10 per cent of solar abundance.

follow the approach of Chiappini, Matteucci & Romano (2001).
We assume a single gas accretion phase with the accretion time-
scale increasing linearly with increasing radius. We calculate a set
of seven models with the gas accretion time-scale ranging from 2
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to 14 Gyr. According to Chiappini et al. (2001), this corresponds
to a range in radius from 3 to 15 kpc. The decrease in stellar mass
density with increasing radius is considered in these models. The
evolutionary tracks of age versus [«/Fe] as predicted by the resulting
model are shown in the left-hand panel of Fig. 11.

We then include the effect of radial migration by implementing
a mass exchange between adjacent radial bins. At each time-step,
a certain fraction of stars is set to move towards adjacent radial
bins both outward and inward. The time-step assumed here is 1 Gyr
and the fraction is 20 per cent. We verified that the results do not
depend much on the exact values of these two parameters. The
radial migration fraction of 20 percent per Gyr is relatively high
and broadly consistent with cosmological simulations (Ma et al.
2017).

The centre-left panel of Fig. 11 shows the resulting distribution in
the [a/Fe]-age plane colour coded by [Fe/H] for the radial bin with
an accretion time-scale of t = 10Gyr. This roughly corresponds
to a radius of 11 kpc. The centre-right and right-hand panels show
the final distributions in the [«/Fe]-age and [a/Fe]-[Fe/H] planes,
respectively, taking into account the observational uncertainties.

This model does not perform significantly better than the original
single-t model. The monotonic increase of [«/Fe] and [Fe/H] with
cosmic time is still clearly visible. Even though radial migration
adds some fraction of old metal-rich stars from the inner disc to
the outer disc, which perturbs the distribution in [«/Fe]-age and
[a/Fe]-[Fe/H], the improvement is marginal.
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after considering observational uncertainties and selection effects.

We conclude that radial migration mitigates but does not fully
resolve the difficulties of the single-t model in matching the
observational data.

Further evidence against radial migration playing a major role
comes from the radial distribution. Assuming a constant radial
migration efficiency with time, a larger scale length with a wider
radial distribution would be expected for older populations simply
because they have had more time to migrate. However, Bovy et al.
(2012b, 2016) find the scale length for the old metal-rich stars in the
low-a sequence to be small (~ 2 kpc). This scale length is similar
to the one of the old stars in the high-o sequence but systematically
smaller than the one of the younger metal-poor populations in the
low-a sequence (~ 4 kpc).

5.2.2 The modified two-infall model

Spitoni et al. (2019) developed a modification of the classical ‘two-
infall’ model in parallel to this work. Similar to our late-accretion
model, their model proposes a second phase of gas accretion delayed
by 4.3 Gyr. This second accretion phase is responsible for the
formation of low-[«/Fe] stars. This modified ‘two-infall” model is
indeed able to reproduce the observations better. Indeed, this model
is similar to our late-accretion model in that the second phase of
gas accretion is delayed by several Gyr. However, fundamental
differences remain.

First, the delayed accretion in our model is pushed to much later
epochs than in Spitoni et al. (2019) (8.2 Gyr versus 4.3 Gyr). The
earlier accretion in the Spitoni et al. (2019) model results in a slight
overestimation of the age of the low-[a/Fe] stars. Secondly, the
model by Spitoni et al. (2019) considers continuous gas accretion
during the second delayed accretion phase with an exponentially
declining time-scale of 8 Gyr. The late-accretion model proposed
here, instead, considers a short burst of star formation with a time-
scale of ~ 0.7 Gyr for this second accretion phase. This is required
to match the age difference between the stars formed prior to and
at the end of the late-accretion episode.

5.2.3 A heuristic scenario

Also in parallel to this work, Haywood et al. (2019) developed a
heuristic scenario to explain the age—element abundance structure
of the Galactic disc. In this scenario, the disc is pre-enriched by
the formation of a high-[«/Fe] population (i.e. the chemical thick
disc) and then diluted by metal-poor gas inflow from the outer
disc that fuels a second phase of star formation and forms the

chemical thin disc. This model provides an interesting picture of
the thick/thin disc formation but requires further refinements to
match the detailed distribution of stars in the [«/Fe]-[Fe/H]-age
space. For example, one of the challenges faced by this scenario is
the observed coexistence of young, metal-poor and old, metal-rich
populations in the low-a sequence.

5.2.4 Delayed accretion in cosmological models

It is interesting to note that delayed gas accretion has already been
considered in hydrodynamical simulations (Birnboim, Dekel &
Neistein 2007) and semi-analytic models (Calura & Menci 2009).
In fact, the presence of a flat low-« sequence that resembles the now
observed low-« sequence but with much lower [a/Fe] was predicted
in Calura & Menci (2009) thanks to the delayed gas accretion in
their model.

6 SUMMARY

We investigate the age—element abundance structure of the Galactic
outer disc (10 < r < 15 kpc) as observed by the APOGEE survey. We
construct a chemical evolution model and propose a new scenario
for the chemical enrichment history of the outer disc to match the
data. The key result is that our model invokes an additional recent
gas accretion event.

We first examine the distribution of the outer disc stars in the
[a/Fe]-[Fe/H] diagram. All stars follow an anticorrelation with
decreasing [«/Fe] with increasing [Fe/H]. With recently published
age measurements for a large sample of stars observed by the
APOGEE survey, we further utilize the distribution of stars in
the three-dimensional space [«/Fe]-[Fe/H]—age to better constrain
the chemical enrichment history of the outer disc. We identify
two sequences of the [«/Fe]-[Fe/H] relation with different ages.
Surprisingly, the younger stars with age < 6 Gyr are less metal rich
than the older stars.

This age-metallicity anticorrelation suggests a rather compli-
cated chemical enrichment history. The young stars must have
formed in a metal-poor environment that has been diluted by
recent, metal-poor gas accretion. Equally surprising is that the
first generation of stars that formed out of the diluted gas also
has enhanced w-abundances with [« /Fe] ~ 0.14 dex. This further
implies that a starburst was triggered along with the gas accretion
event boosting the a-abundance through the enrichment from short-
lived Type-II supernova. Moreover, the relatively low metallicities
observed for this population suggest that the dilution has been very
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effective. This in turn implies that a relatively large amount of metal-
poor gas has been accreted. We estimate the mass of the accreted
gas to be roughly three times the gas reservoir in the Galactic outer
disc at the epoch of accretion.

We use a full chemical evolution model to constrain this late-
accretion scenario. We explore traditional models assuming single
exponentially declining gas accretion over cosmic time referred
to as single-t model as well as alternative models that include an
additional short-term gas accretion event at a cosmic time of 8.2 Gyr
(z ~ 0.6) on top of the smooth, long-term accretion. The delay
time is constrained by the age of the metal-rich stars in the low-o
sequence. We call this alternative model ‘late-accretion model’. By
comparing the prediction of these models with observations in the
three-dimensional parameter space [«/Fe]-[Fe/H]-age, we find that
the late-accretion model including a second accretion phase with a
relatively short time-scale of ~ 0.7 Gyr matched the data best.

We also investigate the potential effect of radial migration and
find that radial migration helps to relieve the tension between the
single-t model and the observational data, but it is still not able
to fully explain the observations. Our simulations suggest that the
MW accreted roughly three times the gas reservoir of the outer
disc at z ~ 0.6 during this late-accretion episode. Our simulations
further imply that a starburst was triggered during accretion. These
characteristics imply that the late-accretion event may have been
triggered by a galaxy merger event. If true, the data can be used to
infer the properties of the accreted galaxy. The gas accretion from
the infalling system must be lower than ~ —0.5 dex, suggesting a
dwarf galaxy with a stellar mass M, < 10° My according to the
mass—metallicity relation at intermediate redshift. Assuming the
accreted gas distributed homogeneously within the outer disc, we
estimate that the gas fraction of the accreted galaxy must have been
~75 per cent. It will be interesting in future work to further explore
the kinematic and dynamical effects of our late-accretion model on
the evolution of the outer Galactic disc.
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