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ABSTRACT

The SDSS-IV Apache Point Observatory Galactic Evolution Experiment (APOGEE) survey has
obtained high-resolution spectra for thousands of red giant stars distributed among the massive satel-
lite galaxies of the Milky Way (MW): the Large and Small Magellanic Clouds (LMC/SMC), the
Sagittarius Dwarf (Sgr), Fornax (Fnx), and the now fully disrupted Gaia Sausage/Enceladus (GSE)
system. We present and analyze the APOGEE chemical abundance patterns of each galaxy to draw
robust conclusions about their star formation histories, by quantifying the relative abundance trends
of multiple elements (C, N, O, Mg, Al, Si, Ca, Fe, Ni, and Ce), as well as by fitting chemical evolution
models to the [α/Fe]-[Fe/H] abundance plane for each galaxy. Results show that the chemical signa-
tures of the starburst in the MCs observed by Nidever et al. in the α-element abundances extend to
C+N, Al, and Ni, with the major burst in the SMC occurring some 3-4 Gyr before the burst in the
LMC. We find that Sgr and Fnx also exhibit chemical abundance patterns suggestive of secondary
star formation epochs, but these events were weaker and earlier (∼ 5-7 Gyr ago) than those observed
in the MCs. There is no chemical evidence of a second starburst in GSE, but this galaxy shows the
strongest initial star formation as compared to the other four galaxies. All dwarf galaxies had greater
relative contributions of AGB stars to their enrichment than the MW. Comparing and contrasting
these chemical patterns highlight the importance of galaxy environment on its chemical evolution.
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13 Millennium Institute of Astrophysics, Nuncio Monsenor
Sotero Sanz 100, Of. 104, Providencia, Santiago, Chile

15 Departamento de Astronomı́a, Casilla 160-C, Universidad
de Concepcion, Chile

16 Instituto de Investigación Multidisciplinario en Ciencia y
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1. INTRODUCTION

Galaxies are ubiquitous structures in the Universe.
While we have made tremendous strides in describing
and understanding the patterns seen in galaxies on global
or coarsely resolved scales (e.g., mass-metallicity rela-
tion, galaxy color-magnitude diagram), our understand-
ing of how these patterns reflect finer details of forma-
tion and evolution is severely limited. This is largely
due to the fact that only a few galaxies outside of our
own Milky Way (MW) can be studied at the spatial res-
olution of individual stars, which is required to precisely
analyze the galactic star formation histories (SFHs). For-
tunately, the Local Group consists of three main mas-
sive galaxies (MW, M31, and M33) along with their vast
populations of dwarf galaxies, which themselves span a
large range in mass, morphology, and environment (e.g.,
Hodge 1971, 1989; Mateo 1998; Tolstoy et al. 2009; Mc-
Connachie 2012; Ibata et al. 2013; Weisz et al. 2014;
Simon 2019). In principle, detailed SFHs built from
photometric or even spectroscopic observations can be
constructed for each of these galaxies, allowing for an
understanding of the effects that halo mass, formation
environment, and interaction history have on a galaxy’s
SFH.

In practice, the large distance to these galaxies com-
bined with their often large angular size means that fully
spatially resolved SFH studies remain observationally
costly. Moreover, systematic differences between meth-
ods of determining star formation histories can compli-
cate comparisons across multiple galaxies. Weisz et al.
(2014) performed a SFH analysis of 40 Local Group
dwarf galaxies using photometry from the Hubble Space
Telescope, deriving SFHs from the color-magnitude di-
agram (CMD). Although these data did consist of pho-
tometry of varying depths (see e.g., Ruiz-Lara et al. 2018
for effects of photometric depth on SFH determination),
the data were all analyzed in a uniform way, and the
authors were able to draw reasonably robust conclusions
on mass/environmental effects on galaxy evolution. In
particular, they found that in comparison to the more
massive galaxies, less massive dwarf galaxies generally
formed a larger fraction of their stars in the first 2-3 Gyr
of their existence.

The authors also found measurable scatter in SFHs at
fixed mass, suggesting where the galaxy formed in rela-
tion to other galaxies (i.e., its formation environment)
likely has a strong effect on evolution (also see Gallart
et al. 2015). Many other works find similar SFH scatter
at fixed mass (e.g., Mateo 1998; Grebel 1999), with some
galaxies such as Carina experiencing distinct bursts (e.g.,
de Boer et al. 2014; Santana et al. 2016). Simulations
have proven valuable for understanding exactly how en-
vironment affects SFH (e.g., Wetzel et al. 2016; Revaz &
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Jablonka 2018; Miyoshi & Chiba 2020), but the extent
to which external effects dominate over effects from a
galaxy’s intrinsic properties is still largely unknown (e.g,
Kirby et al. 2011, 2013; Hendricks et al. 2014; Escala
et al. 2018; Wheeler et al. 2019).

While photometric studies have done much to charac-
terize the star formation rate of Local Group galaxies as
a function of time, additional details can be probed with
spectroscopic observations from which detailed chemical
abundance patterns of individual stars can be obtained.
Early star formation efficiencies can be estimated from
the “knee” in the α-element abundance trend (e.g., Tins-
ley 1979; Kobayashi et al. 2006; Shetrone et al. 2003;
Nidever et al. 2014; Kirby et al. 2020), which has re-
vealed that there is likely a dependence on both galaxy
mass and environment on star formation history (e.g.,
Nidever et al. 2020). Additional star formation details,
such as variations in the initial mass function (IMF, e.g.,
McWilliam et al. 2013; Hasselquist et al. 2017; Carlin
et al. 2018) or amount of pollution from asymptotic gi-
ant branch (AGB) stars (e.g., Bonifacio et al. 2000; Venn
et al. 2004; Sbordone et al. 2007; Hansen et al. 2018;
Skúladóttir et al. 2019; Reichert et al. 2020; Fernández-
Trincado et al. 2020) can be probed by close examina-
tion of the abundance patterns of hydrostatic/explosive
element abundance ratios and r-/s-process element con-
tributions, respectively. However, the extent to which
the abundance patterns can be precisely mapped to pa-
rameters that govern star formation (e.g., inflow/outflow,
IMF) largely depends on the accuracy of yield tables,
which are uncertain for some elements, as well as in-
herent degeneracies in the predicted model abundance
tracks. Moreover, spectroscopic surveys are observation-
ally expensive, and the analysis techniques to extract
abundances are susceptible to a range of systematic un-
certainties (e.g., using 3D and/or NLTE atmospheres vs.
1D plane-parallel ones). Historically, this has meant that
comparative spectroscopic SFH studies have required us-
ing heterogeneous data from multiple literature sources.

Fortunately, the SDSS-III/IV Apache Point Observa-
tory Galactic Evolution Experiment (APOGEE, Majew-
ski et al. 2017) has obtained spectra of stars beyond just
the Milky Way, including the five most massive MW
satellites: Large Magellanic Cloud (LMC), Small Mag-
ellanic Cloud (SMC), Sagittarius Dwarf Galaxy (Sgr),
Fornax (Fnx), and the Gaia Sausage/Enceladus (GSE).
The latter is no longer a coherent structure separated
from the Milky Way, but its distinct remnant orbit struc-
ture means its stars can be relatively easily selected out
from the MW (e.g., Belokurov et al. 2018; Deason et al.
2018; Helmi et al. 2018; Myeong et al. 2018; Gallart et al.
2019; Mackereth et al. 2019; Feuillet et al. 2020; Horta
et al. 2021), thus serving as a distinct dwarf galaxy for
the purposes of this work. These galaxies span two or-
ders of magnitude in mass, and represent a wide range of
formation environments, with GSE having merged early
with the MW (e.g., Gallart et al. 2019; Mackereth et al.
2019), Sgr in the process of merging (e.g., Ibata et al.
2001; Majewski et al. 2003; Belokurov et al. 2006; Ruiz-
Lara et al. 2020a), Fnx in relative isolation now but with
some signatures of major mergers in recent times (e.g.,
Amorisco & Evans 2012; del Pino et al. 2015, 2017), and
the MCs falling into the MW for the first time (e.g.,
Besla et al. 2007; Kallivayalil et al. 2013), while clearly
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interacting with each other (e.g., Harris & Zaritsky 2009;
Nidever et al. 2010; Besla et al. 2016). Using APOGEE
observations, we can now perform a detailed, homoge-
neous comparison of the SFHs of these galaxies from the
spectroscopic perspective.

In this work we present the detailed chemical abun-
dance patterns of 10 elements for each of these five galax-
ies. We quantify the relative differences in the median
abundance patterns of these galaxies, allowing for more
robust conclusions about their relative star formation ef-
ficiencies and SFHs, and more generally about the nucle-
osynthesis of different elements in these disparate galax-
ies. We then use two chemical evolution models to in-
terpret these differences as actual physical differences in
SFH parameters. Our observations and data reduction
are described in §2, and the sample selection is described
in §3. Chemical Abundance results are shown and com-
pared in §4. We fit chemical evolution models to the
abundance results in §5, and these results are discussed
and compared to previous star formation history studies
in §6. Our conclusions are presented in §7.

2. OBSERVATIONS AND DATA REDUCTION/ANALYSIS

Observations were taken as part of APOGEE (Majew-
ski et al. 2017), part of the third and fourth iteration of
the Sloan Digital Sky Survey (SDSS-III and SDSS-IV;
Eisenstein et al. 2011 and Blanton et al. 2017, respec-
tively). The APOGEE instruments are high-resolution
(R ∼ 22,000), near-infrared (H-band) spectrographs
(Wilson et al. 2019) observing from both the North-
ern Hemisphere at Apache Point Observatory (APO) us-
ing the SDSS 2.5m telescope (Gunn et al. 2006), and
the Southern Hemisphere at Las Campanas Observa-
tory (LCO) using the 2.5m du Pont telescope (Bowen
& Vaughan 1973). To date, the dual APOGEE instru-
ments have observed some 700,000 stars across the MW
and nearby systems, targeting these stars with selections
described in Zasowski et al. (2013) and Zasowski et al.
(2017), with updates to the targeting plan described in
Santana et al. (2021) and Beaton et al. (2021).

We use APOGEE results from the 17th Data Release
of SDSS (DR17, Masters et al. in prep). Spectra are
reduced as described in Nidever et al. (2015) (with up-
dates described in Holtzman et al. in prep) and ana-
lyzed using the APOGEE Stellar Parameters and Chem-
ical Abundance Pipeline (ASPCAP, Garćıa Pérez et al.
2016), which uses the FERRE code (Allende Prieto et al.
2006) to interpolate in a grid of model synthetic spec-
tra (Zamora et al. 2015) to find the best-fit stellar pa-
rameters and abundances. Updates to the DR17 chem-
ical abundance analysis include cerium abundances us-
ing lines characterized in Cunha et al. (2017), as well as
NLTE corrections for Na, Mg, K, and Ca (Osorio et al.
2020). Validation of the APOGEE abundance results can
be found in Jönsson et al. (2018), Nidever et al. (2020),
and Holtzman et al. in prep.

3. SAMPLE SELECTION

In this work we analyze five dwarf galaxy stellar sam-
ples (LMC, SMC, GSE, Sgr, and Fnx) along with a com-
parison Milky Way sample, for a total of six stellar sam-
ples. For each sample, we start with the following cuts:

• Median S/N per pixel > 70 (except for Fornax, see
§A.4) to ensure precise abundances.

• No STAR BAD bit set in the ASPCAPFLAG39 to
remove problematic/suspect abundance determina-
tions.

• [Fe/H] < 0.0 to remove obvious MW contamination
from the dwarf galaxy samples.

• Remove duplicate observations of a single target
that have bit 4 of EXTRATARG set40.

Sample selection is then made through a mix of spatial,
kinematic, and simple chemical selection criteria. We
briefly describe the selection for each sample below, but
refer the reader to Appendix A for more detailed plots
and descriptions.

The criteria used to select each sample are summarized
in Table 1, and the APOGEE IDs for each sample are in
Table 2. To reproduce the results of this paper, one can
match Table 2 to the APOGEE allStar catalog41. Fig-
ure 1 shows the spatial distribution of each galaxy. The
APOGEE observations cover much of the spatial extent
of these galaxies, including nearly continuous coverage of
the Sgr core and stream.

3.1. Magellanic Clouds

The Magellanic Clouds have been extensively observed
by APOGEE-2S, with many programs targeting stars
across a wide range of evolutionary type (see Nidever
et al. 2020 and Santana et al. 2021), including red gi-
ant branch (RGB) stars, oxygen-rich asymptotic giant
branch (O-AGB) stars, C-rich AGB stars (C-AGB), and
massive (M & 3 M�) red supergiant (RSG) stars. To
select our MC sample we use a combination of spatial,
kinematical, color, magnitude, and metallicity cuts, de-
scribed in detail in §A.1. Because only the RGB stars
have well-vetted stellar parameters and abundances from
APOGEE, we remove the O-AGB, C-AGB, and RSG
stars by only selecting stars that are below the Red Gi-
ant Branch (RGB) tip (as defined by Hoyt et al. 2018).
However, because the stars above the RGB tip are gener-
ally the more massive stars in the MCs, removing these
stars means that we are biasing our sample against the
youngest (age . 1 Gyr) MC stars. These cuts result in
samples of ∼3,900 stars for the LMC and ∼1,100 stars
for the SMC. This sample is largely comprised of RGB
stars, but likely still contains AGB stars that are below
the RGB tip. These stars span a large spatial extent of
the MCs, as shown in the top row of Figure 1.

The log(g)-Teff distribution of these stars are shown
in the left two panels of Figure 3. While most of the
MC stars that pass these cuts have log(g) and Teff con-
sistent with being upper giant branch stars, the LMC
contains three groups of stars that have different stel-
lar parameters than the majority of the sample: (1) the
clump of log(g) < 0 stars in the LMC panel of Figure
3, (2) the cool, higher gravity stars (log(g) > 1.5 & Teff

< 4200 K, and (3) stars at Teff > 5000 K. After analyz-
ing these stars and comparing to other surveys, we have
determined that (1) are thermally pulsating asymptotic
giant branch stars (TP-AGB), enhanced in C+N, (2) are

39 See DR17 web documentation.
40 See DR17 web documentation for a full description of this

flag. https://www.sdss.org/dr16/algorithms/bitmasks/
41 https://data.sdss.org/datamodel/files/APOGEE ASPCAP/APRED VERS/ASPCAP VERS/allStar.html
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TABLE 1
Galaxy Selection

System Center (α, δ) Dproj Vhelio (km/s) µα (mas/yr) µδ (mas/yr) Photometry N∗ Section

LMC (80.894◦,-69.756◦) < 12◦ 161 < Vhelio < 370 1.01 < µα < 2.62 -1.15 < µδ < 1.70 (J-Ks) < 1.3; RGBa 3,909 3.1;A.1
SMC (13.187◦,-72.829◦) < 8◦ 66 < Vhelio < 235 0.05 < µα < 1.51 -1.57 < µδ < -0.94 (J-Ks) < 1.3; RGB 1,146 3.1;A.1
GSEb − − − − − − 972 3.2;A.2
Sgrc − − − − − − 946 3.3;A.3
Fnx (39.748◦, -34.376◦) < 0.9◦d 17 < Vhelio < 89 0.17 < µα < 0.60 -0.71 < µδ < -0.05 − 192 3.4;A.4

aRGB tip, described in §A.1
bPrimarily orbital selections
cPrimarily kinematic selections in Sgr coordinate frame
dSingle APOGEE plug plate

TABLE 2
Galaxy Selection

APOGEE ID System

2M03141881-7642442 LMC
2M03173277-7702254 LMC
2M03174293-7712511 LMC
...a

afull version online

likely mass-transfer binaries, enhanced in [Ce/Fe], and
(3) are identified as Delta Cep pulsators by Soszynski
et al. (2008). We do not explicitly remove these stars,
and present their chemical results in §5.3.

3.2. Gaia Sausage/Enceladus (GSE)

In this work, we treat the accreted halo stars, defined
below, as originating from one progenitor, the GSE, that
has since merged with the MW. However, when treating
the GSE as one entity, we assume that we have selected
stars in a way that is not chemically biased. A compact
remnant for GSE has not yet been confirmed. Should this
remnant exist and be absent from our selection, then it is
possible we are missing the most chemically evolved GSE
stars in our sample. Furthermore, like other studies, we
are assuming the stars come from one progenitor rather
than multiple. We are also only explicitly removing stars
in known globular clusters, but should GSE contain dis-
solved GC stars, then we might expect our sample to
contain stars that show GC-like abundance pattern vari-
ations. However, these stars are likely to comprise only
a small fraction of our GSE sample, and will not signif-
icantly impact our interpretations of the median abun-
dance trends.

There are now a wide range of literature works that
show how GSE stars can be selected by applying vari-
ous kinematical and dynamical selection criteria. In this
work, we follow Feuillet et al. (2020) and select stars in√
JR-Lz space, with these quantities provided in the as-

troNN42 APOGEE DR17 value-added catalog(Leung &
Bovy 2019). These selections result in some contamina-
tion from the high-α MW disk, so we perform a chemical
cut in [(C+N)/Fe] for stars with [Fe/H]> -1.05 to remove
the obvious high-α MW stars, which are ∼ 0.2-0.3 dex

42 https://www.sdss.org/dr16/data access/value-added-
catalogs/?vac id=the-astronn-catalog-of-abundances,-distances,-
and-ages-for-apogee-dr16-stars

enhanced in [(C+N)/Fe] as compared to GSE. Selecting
GSE members is described in more detail in §A.2, and
our final sample consists of ∼ 1000 stars. Figure 2 shows
that our GSE sample studied here primarily comes from
stars near the solar radius, at ±5 kpc from the plane of
the MW, although some stars do come from much fur-
ther away. To make these maps we use distances from
DR17 astroNN (Leung & Bovy 2019).

3.3. Sagittarius

To select Sgr members, we take a similar approach to
that of Hayes et al. (2020). We first only consider stars
with [Fe/H] < 0.0, heliocentric distance greater than 10
kpc, and within ±30◦ of the plane of the Sgr stream (Ma-
jewski et al. 2003). Then, we make an initial selection in
Vzs - Lzs plane, where Vzs and Lzs are the vertical velocity
and angular momenta in the Sagittarius Galactocentric
coordinate system, as derived and described in Majew-
ski et al. (2003). We then make further selections in the
φvel,s-Λs plane, where φvel,s is the velocity direction in
the X and Y directions of the Sgr coordinate system and
Λs is the longitude along the Sgr stream (Majewski et al.
2003; Hayes et al. 2020), to remove stars that are moving
perpendicular to the stream. We describe the selection
process in more detail in §A.3. The final Sgr sample con-
sists of ∼1,000 stars, ∼ 2/3 of which are in the main
body of Sgr (within 12◦ of the center of Sgr). See § A.3
for details on the coverage of the Sgr main body.

3.4. Fornax

The APOGEE Fornax field was designed specifically to
observe likely members based on radial velocities, proper
motions, and/or CMD (see Zasowski et al. 2017 and San-
tana et al. 2021). Therefore, most targets in this field are
likely Fornax members, but we re-analyze the APOGEE
RVs and Gaia proper motions to remove any contamina-
tion. We adopt a lower cut of S/N > 40 for the Fornax
sample to include a meaningful number of stars to com-
pare to the other galaxies. This lower S/N cut means
that the individual abundance uncertainties are gener-
ally larger for Fnx stars than the stars in other galaxies.
The final selection cuts we used are shown in Table 1,
and the process is described in more detail in §A.4.

3.5. MW Comparison Sample

While the APOGEE pipeline has had several improve-
ments to eliminate Teff and log(g) systematics in abun-
dance determination (Jönsson et al. 2020), recent work
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Fig. 1.— Right ascension (α) and declination (δ) maps of four galaxies: LMC (red, upper-left), SMC (blue, upper-right), Sgr (orange,
lower-left), Fnx (purple, lower-right). Spatial density bins are plotted except where the bin count is below 5 stars. Black crosses mark the
photometric centers of these galaxies, and are noted in Table 1. The dashed circle in the lower-left panel highlights the Sgr “main body”
region, the coverage of which is shown in the inset. About 2/3 of our Sgr targets reside in this main body region.

by Griffith et al. (2020) shows that some elemental abun-
dances still exhibit some small systematic trends in abun-
dance with Teff and log(g) (e.g., Al and Si). Thus, to
minimize these effects on our interpretations of the abun-
dance trends, we compare each galaxy to a MW sample
of roughly similar stellar parameters. For each galaxy,
we select a Teff range corresponding to ±2σ from the
median Teff values of each galaxy, as shown in Figure 3.

For the MCs, Sgr, and Fnx, we are primarily analyzing
the abundance patterns of luminous giants (log(g) . 1.5).
While we do not make specific spatial selections for the

MW stars, the MW comparison sample for the MCs, Sgr,
and Fnx, covers much of MW disk and bulge region. The
GSE sample spans much of the giant branch (0.5 < log(g)
< 3.0), so the MW comparison sample contains a larger
fraction of intrinsically less-luminous stars, resulting in a
MW sample that is primarily located spatially within 1-2
kpc from the Sun. Weinberg et al. (2019) show that the
median trends of APOGEE elemental abundance ratios
are nearly independent of location in the disk provided
one separates the low-α and high-α populations, so we do
not expect geometrical selection effects within the MW
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Fig. 2.— Map of the GSE members (green) studied in this work using astroNN distances (Leung & Bovy 2019). Left: Rectangular X
and Y Galactic coordinates, where the position of the Sun is notated by a red cross. Right: vertical height above/below the plane plotted
as a function of Galactic cylindrical radius. The grey-scale density map shows the location of APOGEE MW stars.

to have an effect on our comparison.

4. CHEMICAL ABUNDANCE RESULTS

In this section, we present the elemental abundances
for C+N, the α-elements (O, Mg, Si, Ca), Al, Ni, and
Ce. We select these elements because they are among
the most precise APOGEE abundances across the full
parameter space covered here, and are among the most
accurate when comparing to optical studies (see e.g.,
Jönsson et al. 2018, 2020). We combine C and N be-
cause stars will change their [C/Fe] and [N/Fe] abun-
dances during dredge up ascending to and along the giant
branch, but these processes occur in such a way that the
[(C+N)/Fe] abundance is largely constant before and af-
ter these mixing processes (see e.g., Gratton et al. 2000).
We compare the abundance patterns of each galaxy to
the abundance pattern of the MW in this section, as well
as compare the abundance patterns of the dwarf galaxies
to each other.

Throughout these sections, we describe various aspects
of the abundance patterns of each galaxy, linking certain
features to physical drivers of SFH, such as early star
formation efficiency or presence/strength of a secondary
star burst. We provide an example schematic diagram
of how we interpret abundance patterns in Figure 4. In
the top row of Figure 4 we show flexCE (described in
detail in Andrews et al. 2017, §5.1, and §B) chemical
evolution model tracks (left) with mock observations of
the tracks (right) to show what the abundance patterns
of two galaxies (labeled as “Dwarf Galaxy Model” and

“MW Model” in the Figure) with different initial star for-
mation efficiencies look like in the [Si/Fe]-[Fe/H] abun-
dance space. The combination of the star formation ef-
ficiency (SFE ≡ Ṁ∗/Mgas) and the gas supply (Mgas(t))

determines the star formation rate (SFR(t) = Ṁ∗(t)).
The gas supply in turn depends on the gas accretion
history, and is further regulated by star formation and
outflows (which deplete Mgas) and recycling from evolved
stars (which replenishes Mgas).

The top row of Figure 4 shows that the [Si/Fe]-[Fe/H]
abundance pattern of the lower SFE dwarf galaxy model
(red) begins to decrease with increasing [Fe/H] at much
lower [Fe/H] values than the higher SFE MW model
(black). In both galaxies, the [Si/Fe] abundance de-
creases after Type Ia SNe begin to substantially con-
tribute to the chemical evolution of these galaxies, which
is thought to occur some time after star formation begins
(see e.g., Tinsley 1979). Type Ia SNe produce Fe without
producing much Si (which is primarily produced in Type
II SNe), resulting in a decrease of the [Si/Fe] abundance
as the Type Ia/Type II SNe ratio increases. Because the
delay time at which Type Ia SNe begin to contribute to
the chemical enrichment of these galaxies is assumed to
be the same, the metallicity at which [Si/Fe] begins to
decrease (sometimes referred to as the α-element abun-
dance “knee”) probes the early SFE of a galaxy, with
more metal-poor knees indicating a galaxy experienced
fewer Type II SNe events contributing to its enrichment
before the delayed Ia SNe started to contribute. There-
fore, from these abundance patterns, we would conclude
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Fig. 3.— HR Diagram for the five different galaxy samples (monochromatic density maps and circles where bins contain fewer than 5
stars) plotted with the HR diagram of the Teff -matched MW stars (grayscale density). Horizontal lines indicate the 2σ Teff range adopted
to select out the MW comparison samples.

that the dwarf galaxy experienced lower efficiency SF at
early times than the MW.

The bottom row of Figure 4 compares two dwarf galax-
ies with the same early star formation efficiency, but
the red track emphasizes how a starburst influences the
[Si/Fe]-[Fe/H] track. The red model track was used in
Nidever et al. (2020) to explain the rising [α/Fe] abun-
dance pattern observed in the APOGEE LMC data. We
would therefore conclude that the red dwarf galaxy ex-
perienced some secondary star formation epoch whereas
the black dwarf galaxy did not. In this example, the
starburst is induced by temporarily increasing the star
formation efficiency while maintaining the same gas ac-
cretion history (see §5.1). Many more examples of the
influence of star formation and outflow parameters on
evolutionary tracks can be found in Andrews et al. (2017)
and Weinberg et al. (2017), and a systematic exploration
of chemical evolution tracks with starbursts can be found
in Johnson & Weinberg (2020).

APOGEE abundance results of each dwarf galaxy as
compared to their respective MW comparison samples
are shown in Figures 5 and 6. Figure 5 shows the
“traditional” abundance patterns using Fe as the refer-
ence element ([X/Fe]-[Fe/H]), whereas Figure 6 shows
the abundance patterns using Mg as a reference element
([X/Mg]-[Mg/H]) to analyze abundance patterns as a
function of Type II SNe ejecta alone, following Wein-
berg et al. (2019). Each row of these Figures shows a
different elemental abundance ratio ([X/Fe] or [X/Mg])
plotted against a “metallicity indicator”, represented by
[Fe/H] or [Mg/H]. Each column shows how a given dwarf
galaxy’s abundances compare to that of its respective
MW comparison sample. The MW comparison samples
are nearly identical for the LMC, SMC, Sgr and Fnx
panels, but the MW comparison sample for GSE con-
tains a much larger fraction of lower luminosity stars.

The chemical abundance pattern for each sample is plot-
ted as a density map except for where the pixel contains
fewer than 5 stars, where the individual measurements
are displayed as circles instead.

To compare the chemical tracks of the dwarf galax-
ies with each other, we also show the median abundance
tracks for the dwarf galaxies all in one panel per chemical
element in Figure 7, with [X/Fe]-[Fe/H] plotted on the
left column and [X/Mg]-[Mg/H] plotted on the right col-
umn. Running medians are calculated in bins of 30 stars.
Because GSE sampled a much larger section of the giant
branch than the other dwarf galaxies, we only include
stars with 3600 K < Teff < 4200 K to make for a more
systematic-free comparison. We also select a comparison
MW sample to now only cover 3600 K < Teff < 4200 K.

In the following subsections, we describe the chemical
abundance patterns of each galaxy, regularly referring to
Figures 5, 6, and 7.

4.1. LMC

The left columns of Figures 5 and 6 show the abun-
dance patterns for the LMC. The APOGEE LMC sam-
ple contains stars across a wide range of metallicities,
-2.2 < [Fe/H] < -0.3, making it currently one of the
most metal-rich MW satellite galaxies (compare the me-
dian abundance tracks in Figure 7). Such a wide metal-
licity range implies an extended star formation history,
the complexity of which is highlighted in the [X/Fe] and
[X/Mg] abundance patterns, as described in detail below.

4.1.1. O, Mg, Si, and Ca

The α-elements, O, Mg, Si, and Ca, are primarily pro-
duced in massive stars and released to the ISM via Type
II SNe, with Si and Ca having non-negligible contribu-
tions from Type Ia SNe in the MW disk (e.g., Weinberg
et al. 2019). As already shown by Nidever et al. (2020),
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Fig. 4.— Chemical evolution model tracks of the [Si/Fe]-[Fe/H] abundance plane (left column) along with mock observations sampled
from these tracks with 0.05 dex abundance uncertainties (right column). The top row compares two galaxy model tracks with different
early star formation efficiency, and the bottom row compares two galaxy model tracks with identical early star formation efficiencies, but
one with a secondary burst of star formation.

and again presented in the left columns of Figures 5 and
7, the APOGEE LMC sample exhibits an [α/Fe]-[Fe/H]
abundance pattern that decreases over the metallicity
range -2.2 < [Fe/H] < -1.2 to sub-solar [α/Fe] values,
before increasing to intersect with the MW low-α disk
trend. Nidever et al. (2020) interpreted this pattern as
very weak (i.e., low efficiency) early star formation, fol-
lowed by a strong burst in star formation that occurred in
more recent times, when many Type II SNe drove up the
α-element abundance. This picture is qualitatively con-
sistent with photometric studies of the LMC (e.g., Harris
& Zaritsky 2009; Monteagudo et al. 2018; Ruiz-Lara et al.
2020b), but is only somewhat consistent with other spec-
troscopic studies. Many spectroscopic abundance stud-
ies (e.g., Smith et al. 2002; Lapenna et al. 2012; Van
der Swaelmen et al. 2013) find that the more metal-poor
LMC stars are deficient in the α elements relative to
the MW, but only the Mg abundances of Lapenna et al.
(2012) show a flat or slightly increasing [Mg/Fe] abun-
dance with metallicity at [Fe/H] > -1.5. We refer the
reader to Nidever et al. (2020) for a more detailed dis-
cussion of the comparison samples, but note here that
the APOGEE sample studied in this work is a factor of
∼40 larger than other high-resolution abundance stud-
ies. Moreover, the APOGEE random uncertainties of
individual abundance measurements are ∼1/4 those pre-
sented in other studies.

While the pattern of low early SF followed by a major
burst is seen across all α-elements, the extent to which
the metal-rich LMC stars overlap the MW disk sam-
ple varies. The [O/Fe] and [Mg/Fe] abundance patterns
reach the MW low-α disk trend, whereas the [Si/Fe] and
[Ca/Fe] actually rise above the MW low-α disk trend
(perhaps best seen in the left column of Figure 7). The
[O/Mg], [Si/Mg], [Ca/Mg] abundances all slightly de-
crease with increasing [Mg/H], with [Ca/Mg] remaining
∼0.05 dex above the MW trend at [Mg/H] = -0.4.

Compared to the other dwarf galaxies (Figure 7), only
Sgr extends to as high metallicities as the LMC. However,
the metal-poor LMC stars have lower [α/Fe] (by ∼ 0.05-
0.1 dex) than the Sgr stars until [Fe/H] = -1.0, at which
point the LMC increases its [α/Fe] abundance, whereas
the [α/Fe]-[Fe/H] abundance track of Sgr continues to
decrease before becoming mostly flat. Over the metal-
licity range -1.5 < [Fe/H] < -1.0, the LMC is ∼ 0.2 dex
deficient across all α elements compared to GSE. Despite
these differences in the [α/Fe]-[Fe/H] tracks, most galax-
ies show similar decreasing [α/Mg] abundances with in-
creasing [Mg/H], the exception being Fornax in [Ca/Mg]
(discussed more in §4.5).

4.1.2. Carbon and Nitrogen

Carbon and nitrogen are elements that are thought to
be produced in great quantities in type II SNe, with ni-
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Fig. 5.— Chemical abundance patterns of select elements for each of the dwarf galaxies as compared to the MW. Over-plotted for each
galaxy are 2D density histograms except for bins where the density falls below 5 stars. The dashed black line in the [Al/Fe], [Ni/Fe],
and [Ce/Fe] panels indicate the grid edges, below which the APOGEE spectra grids do not extend. Representative median individual
uncertainties in the abundances for each dwarf galaxy are shown in black in the bottom of each panel.
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trogen yields expected to have some dependence on pro-
genitor metallicity (e.g., Kobayashi et al. 2006). Both
elements are also thought to be produced in apprecia-
ble amounts by AGB stars (e.g., Nomoto et al. 2013;
Karakas & Lattanzio 2014; Andrews et al. 2017; Rybizki
et al. 2017). Throughout this work, we analyze the sum
of these abundances, [(C+N)/Fe] and [(C+N)/Mg], as
red giant stars undergo dredge up processes that mix
the surface abundances with material produced as a con-
sequence of nuclear reactions deeper in the star. This
mixing operates in a way such that the star’s birth C+N
abundance is largely conserved (e.g., Iben 1964; Gratton
et al. 2000; Salaris et al. 2015; Vincenzo et al. 2021).

The [(C+N)/Fe] abundance pattern of the LMC shows
a slight decrease from -0.1 to ∼ -0.3 dex over the range
-2.2 < [Fe/H] < -1.2. At [Fe/H] > -1.2, the [(C+N)/Fe]
is flat at 0.3 dex below the MW abundance trend before
rapidly increasing to almost intersect with the MW low-α
“thin” disk trend at [Fe/H] = -0.3. In the [(C+N)/Mg]-
[Mg/H] abundance plane shown in Figure 6 and in the
right column of Figure 7, both the LMC and the MW
high-α “thick” disk stars show similar trends of slightly
increasing [(C+N)/Mg] with [Mg/H] in their region of
overlap, with the LMC pattern being enhanced by ∼ 0.1
dex. Over the wide metallicity range (-1.7 < [Mg/H]
< -0.5) the LMC [(C+N)/Mg] trend is flat to within ∼
0.05 dex, implying that (C+N) production tracks Mg
production at these metallicities.

As shown in Figure 7, only Sgr appears to show a sim-
ilar increase in [(C+N)/Fe] as the LMC at [Fe/H] > -0.7,
although this increase is not as steep as the increase in
the LMC. Most other galaxies show a similar slight de-
crease of [(C+N)/Fe] from [Fe/H] = -2.0 to [Fe/H] = -1.0,
although both Fnx and GSE have enhanced [(C+N)/Fe]
over this metallicity range as compared to the LMC by
∼0.15 dex. However, the [(C+N)/Mg]-[Mg/H] abun-
dance patterns show that Fnx is enhanced as compared
to the LMC, and GSE is actually slightly deficient.

4.1.3. Aluminum and Nickel

Aluminum is an element thought to be produced by
massive stars and released to the ISM solely via Type
II SNe with some dependence on progenitor metallic-
ity (e.g., Weinberg et al. 2019), whereas Nickel is an
element produced in both Type II and Type Ia SNe.
The [Al/Fe]-[Fe/H] abundance pattern of the LMC ap-
pears qualitatively consistent with the starburst scenario
(flat, then increasing abundance at point of star burst).
The [Al/Mg] plot shown in the left column of Figure 6
shows that the [Al/Mg] ratio is still about 0.2 dex be-
low the MW trend at the same [Mg/H]. The [Al/Mg]-
[Mg/H] abundance tracks are similar across all of the
dwarf galaxies (right column of Figure 7), showing a
steady rise from [Al/Mg] ' -0.6 at [Mg/H] ' -1.7 to
[Al/Mg] ' -0.25 at [Mg/H] ', which suggests that Type
II Al yields increase steadily over this metallicity range.

The LMC Ni abundance trends, for both [Ni/Fe] and
[Ni/Mg], are similar to the α-element abundance trends,
being most similar to [Si/Fe] and [Si/Mg]. However,
[Ni/Fe] remains below the MW low-α disk trend whereas
the α elements reach the same level as the MW low-α disk
trend at the highest LMC metallicities. The decline of
[Ni/Mg] with increasing [Mg/H] is also steeper than that
of [Si/Mg], probably because of a larger Type Ia SNe con-

tribution. The [Ni/Mg] of the metal-rich LMC is slightly
deficient as compared to the metal-rich Sgr stars, with
the LMC stars lying in between the two MW sequences,
and Sgr lying closer to the MW low-α sequence.

4.1.4. Cerium

The heavy s-process element cerium is one of the el-
ements whose abundances are presented in DR17 and
is based upon Ce II lines as described in Cunha et al.
(2017). The astrophysical source of the s-process ele-
ments, such as Ce, is dominated by thermally-pulsing
(TP) AGB stars, with the probable neutron source be-
ing 13C(α,n)16O (e.g., Karakas & Lugaro 2016; Prant-
zos et al. 2018; Kobayashi et al. 2020). This partic-
ular neutron source is important, as it takes place in
the inter-shell region (between shell He-burning triple-
α and shell H-burning via CN-cycle reactions) between
thermal pulses (e.g., Karakas & Lattanzio 2014) and
is a primary neutron source (i.e., independent of the
star’s birth metallicity), driven by the mixing of pro-
tons into 12C-rich regions (from triple-alpha) resulting
in 12C(p,γ)13N(β+,ν)13C. Cerium is a sensitive diagnos-
tic of TP-AGB chemical enrichment, which continues to
take place over relatively long timescales (of order several
Gyr), and provides information on nucleosynthesis and
chemical evolution that complements that provided by
the α-elements (massive stars and Type II SNe), the Fe-
peak (Type Ia SNe), or the r-process (merging neutron
stars).

The LMC [Ce/Fe] pattern increases with [Fe/H] across
nearly the entire metallicity range, with the most metal-
rich MW stars having slightly enhanced [Ce/Fe] as com-
pared to the MW disk. The rise of [Ce/Fe] with [Fe/H] is
similar to what was found by Pompéia et al. (2008) in a
sample of LMC red giants for the s-process element bar-
ium, which will behave similarly to Ce. There is also a
small clump of stars at [Fe/H] ' -0.7 that are ∼ 0.2 dex
more enhanced than the rest of the LMC stars, which
pulls the median up in Figure 7 to be slightly above the
[Ce/Fe] abundance pattern of Sgr.

The LMC [Ce/Mg]-[Mg/H] abundance pattern also
shows an increasing [Ce/Mg] with [Mg/H], however, the
lower-left panel of Figure 6 and the lower-right panel of
Figure 7 shows that the [Ce/Mg] increases more slowly
with [Mg/H] at [Mg/H] > -1.0. In the regime of −1.8 <
[Mg/H] < −0.7, the rise of [Ce/H] with [Mg/H] is well-
fit by a slope of 1.4, while in the range of -0.7 < [Mg/H]
< -0.2 the slope drops to ∼0.9. The different behavior
from [Ce/Fe] arises because [Mg/Fe] itself is rising over
this interval, probably because of a burst in star forma-
tion. This burst evidently boosts Mg more rapidly than
Ce, which is as expected if Ce production is dominated
by less massive stars. Such a change in slope is less evi-
dent in the [Ce/Mg]-[Mg/H] abundance patterns of Sgr,
which has a flat [Mg/Fe] trend at high metallicity.

4.1.5. LMC Interpretations

The metal-poor α-element abundance patterns show
that, compared to GSE, Sgr and the MW, the LMC en-
riched to a much lower [Fe/H] before Type Ia SNe began
to contribute to its enrichment, suggesting much lower
early star formation efficiency. We interpret the increas-
ing α-element abundance patterns at higher metallicity,
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Fig. 6.— Same as in Figure 5, but using Mg as the reference element instead of Fe.
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along with the increases of both [(C+N)/Fe] and [Al/Fe]
with increasing [Fe/H], as results of a major starburst
in the LMC that occurred at [Fe/H] ' -0.8 (see §5.3 for
quantitative modeling). The [Ni/Fe]-[Fe/H] abundance
pattern of the LMC is qualitatively similar to the α-
element abundance tracks (slight decrease at the metal-
poor end followed by a slight increase from the burst),
but [Ni/Fe] in the LMC remains below the MW trend
at [Fe/H] > -0.7, whereas the α elements all reach the
MW low-α disk trend. Because the [Ni/Mg] ratio at
this point in the LMC’s evolution is closer to that of the
high-α MW disk (e.g., the “pure” Type II SNe [Ni/Mg]
abundance), the expectation is that the [Ni/Fe] should
be closer to the abundance of the high-α MW disk. The
[Ni/Fe] deficiency is therefore plausibly a result of the
LMC lacking more metal-rich Type Ia SNe contributing
its chemical evolution, if the production of Ni in Type Ia
SNe is indeed metallicity-dependent (see e.g., Woosley &
Weaver 1995; Chieffi & Limongi 2004; Seitenzahl et al.
2013; Andrews et al. 2017; Rybizki et al. 2017).

While the trend of increasing [Al/Mg] with increas-
ing [Mg/H] in all dwarf galaxies can be explained by
metallicity-dependent Type II SNe yields, the slight de-
ficiency in [Al/Mg] for the most metal-rich LMC and Sgr
stars relative to MW stars is a bit difficult to explain
given that Al and Mg are both pure type II SNe prod-
ucts (e.g., Weinberg et al. 2019). One plausible expla-
nation is that the low star formation efficiencies in the
dwarfs cause a stronger “metallicity lookback” effect –
e.g., when the metallicity of the ISM (and newly form-
ing stars) is -0.5, the average metallicities of the stars
that enriched the ISM is still significantly lower than -
0.5, with consequently lower Al production. This could
also be an explanation for the Ni abundance patterns if
Ni production is metallicity-dependent in both Type Ia
and Type II SNe.

[O/Mg] and [Si/Mg] for the LMC, and other dwarf
galaxies, slowly decrease (by about 0.1 dex) over the
range -1.3 < [Mg/H] < -0.5, with both the LMC and
Sgr joining the MW trends at [Mg/H] > -0.5. This is ei-
ther a result of metallicity-dependent Type II SNe yields
for these elements (e.g., more Si and O relative to the
MW at low metallicity), or a result of a slowly increas-
ing Type II/Type Ia SNe fraction, as star formation was
extended after the initial SF epoch. The [Fe/Mg] sug-
gests the latter scenario is plausible, at least from -0.8
< [Mg/H] < -0.4, over which the [Fe/Mg] ratio slowly
decreases as more Type II SNe contribute. The slightly
enhanced [Ca/Mg] for the LMC and Sgr at these metal-
licities as compared to the MW stars is a result of Type
Ia contribution to Ca, which is still substantial even with
the starburst injecting many more Type II SNe products
than at lower metallicities. These results suggest that
Ca has a higher contribution from Type Ia SNe than Si
(also see e.g., Tsujimoto et al. 1995; Hayes et al. 2018).

We interpret the slightly increasing [(C+N)/Mg] with
[Mg/H] as metallicity-dependent C+N yields in Type II
SNe (since the MW high-α stars also show this trend),
combined with some contribution of C+N from another
source, such as AGB stars, which results in the LMC
(and Sgr) trend being slightly elevated from the MW
high-α sequence. However, this is a small effect, with
[(C+N)/Mg] varying by only ±0.05 dex over the metal-
licity range -1.7 < [Mg/H] < -0.3. The enhanced [Ce/Fe]

and [Ce/Mg] both suggest that the LMC and Sgr experi-
enced significant contributions to their evolution from
the s-process (likely from AGB stars), with the most
metal-rich stars enhancing to similar levels of [Ce/Mg]
as the more metal-rich MW low-α sequence. The slight
change in slope observed in the [Ce/Mg]-[Mg/H] abun-
dance pattern of the LMC is likely due to the starburst
polluting the ISM with much more Mg from Type II SNe.

4.2. SMC

The second column of Figures 5 and 6 show the abun-
dance patterns of the SMC, and the median abundance
tracks (blue) are compared to the other galaxies in Figure
7. The SMC only gets as metal-rich as [Fe/H] ' -0.6 and
[Mg/H] ' -0.7, ∼ 0.3-0.4 dex less than the LMC. This
is an expectation from the established mass-metallicity
relation in Local Group dwarf galaxies (e.g., Kirby et al.
2010), where the more massive galaxies tend to be more
metal-rich. However, the most metal-rich stars of the
SMC are still ∼ 0.5 dex more metal poor than the most
metal-rich stars in Sgr.

4.2.1. O, Mg, Si, and Ca

The α-elements of the APOGEE SMC sample were
first explored in Nidever et al. (2020), where it was noted
that the SMC also experienced very weak (low efficiency)
early SF. This is shown in the O, Mg, Si, and Ca pan-
els of Figure 5, where the SMC shows a declining α-
element abundance ratio from -2.2 < [Fe/H] < -1.5. The
[α/Fe] abundances for the SMC over this range are ∼
0.05 dex lower than the LMC [α/Fe] abundances. When
using Mg as a reference element, this slightly deficient
[α/Fe]-[Fe/H] abundance pattern manifests as a slightly
enhanced [Fe/Mg]-[Mg/H] abundance pattern from -2.0
< [Mg/H] < -1.0.

The [Mg/Fe]-[Fe/H] abundance pattern is similar to
the LMC in that there is a slight increase in [Mg/Fe]
beginning at [Fe/H] ' -1.3, with a peak at [Fe/H] ' -1.0,
followed by a slight decrease. The [O/Fe], [Si/Fe], and
[Ca/Fe] abundance patterns are flat over this range. The
[α/Mg]-[Mg/H] abundance patterns are nearly identical
to the LMC, with the SMC only extending to [Mg/H]
' -0.8, ∼0.4 dex lower than the metal-rich extent of the
LMC.

4.2.2. Carbon and Nitrogen

Both the [(C+N)/Fe]-[Fe/H] and [(C+N)/Mg]-[Mg/H]
abundance patterns of the SMC are similar to those
of the LMC. At [Fe/H] > -0.8, the LMC [(C+N)/Fe]
abundance begins to increase with increasing [Fe/H]
whereas the SMC appears to remain flat before end-
ing ∼ 0.3-0.4 dex below the MW trend. Because the
[(C+N)/Mg]-[Mg/H] abundance of the SMC follows that
of the LMC, the slight difference at the metal-rich end of
the [(C+N)/Fe]-[Fe/H] abundance pattern is likely due
to different amount of Fe from Type Ia SNe between the
two galaxies.

4.2.3. Aluminum and Nickel

The Al and Ni abundance patterns of the SMC again
are very similar to those of the LMC. The SMC shows
slight deficiencies in [Al/Fe] and [Ni/Fe] as compared to
the LMC at [Fe/H] < -1.5, as well as at [Fe/H] > -0.8.
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Fig. 7.— Median abundance tracks (solid colored lines) and associated ±1 σ uncertainties on the median track (colored shaded regions)
for each galaxy in moving bins of 30 stars. The MW sample is plotted as a grayscale density image. We have removed all GSE and MW
stars with Teff > 4200 K to make for relatively systematic-free comparison across all galaxies. Note that vertical axis ranges vary from panel
to panel, but grey dot-dashed horizontal lines are spaced at 0.20 dex in all panels so they can be used as a visual reference for comparing
the strength of metallicity trends across elements.
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However, the [Ni/Mg] and [Al/Mg] abundance patterns
show that like for the other elements, this difference is
driven by a difference in Fe.

4.2.4. Cerium

The [Ce/Fe]-[Fe/H] and [Ce/Mg]-[Mg/H] patterns of
the SMC are similar to those of the LMC, including the
apparent change in increase of [Ce/Mg] abundance. In
the case of the SMC, the respective slopes of the [Ce/Mg]
increases are 1.6 and 0.9, with the break in the slope
occurring at [Mg/H]∼-1.3.

4.2.5. SMC Interpretations

The similarities between the SMC and LMC abun-
dance patterns show that they indeed had a similar chem-
ical evolution history, with the LMC enriching to higher
metallicities than the SMC by ∼ 0.4 dex, potentially a
consequence of its larger mass. However, there are two
subtle differences between the two. First, the SMC had
slightly weaker early star formation efficiency, as shown
by its slightly lower α-element abundance for the metal-
poor stars (or enhanced [Fe/Mg]). Second, while the
small rise of [Mg/Fe] at [Fe/H] ' -1.0, and the change in
slope of the [Ce/Mg]-[Mg/H] abundance pattern all sug-
gest the SMC experienced an increase of Type II SNe,
this increase was weaker than that in the LMC. We quan-
tify the relative strengths and timing of these star for-
mation events in the galaxies in §5.3.

4.3. GSE

The middle columns of Figures 5 and 6 show the abun-
dance pattern of GSE, and the median tracks are plot-
ted in green in Figure 7. The abundance patterns of this
dwarf were studied in detail before it was even confirmed
to be a separate entity (e.g., Nissen & Schuster 2010;
Schuster et al. 2012; Hawkins et al. 2015; Fernández-
Alvar et al. 2018; Hayes et al. 2018). The characteristic
abundance pattern of this galaxy is the declining [α/Fe]
abundance pattern with increasing [Fe/H] that occurs at
lower [Fe/H] values than the MW (-1.2 . [Fe/H] . -0.7),
resulting in a “separate” sequence from the MW disk se-
quences. There have been some recent works that have
fit chemical evolution models to this abundance pattern,
finding one major star formation epoch that was cut off
some 10 Gyr ago, presumably by its in-fall onto the MW
environment (e.g., Fernández-Alvar et al. 2018; Gallart
et al. 2019; Vincenzo et al. 2019).

4.3.1. O, Mg, Si, and Ca

The α-element abundance patterns of the GSE look
like a more metal-poor MW high-α disk track. The α
elements are relatively flat at [Fe/H] < -1.3, but de-
cline at [Fe/H] > -1.2, with the most metal-rich GSE
stars reaching solar [α/Fe] abundances. Compared to
the other dwarf galaxies, GSE is enhanced in [α/Fe] over
the metallicity range -1.5 < [Fe/H] < -0.7, but still ∼
0.10-0.15 dex below the MW high-α sequence. The dif-
ference in Fe abundance at fixed [Mg/H] is highlighted
in the [Fe/Mg]-[Mg/H] panel of Figure 7, where the GSE
abundance pattern lies much closer to the MW high-α
sequence (low-Fe) than that of the other dwarf galaxies.

The [O/Mg], [Si/Mg], and [Ca/Mg] abundances of
GSE are all within ∼ 0.05 dex of solar over its full metal-
licity range, consistent with production by a population

of massive stars that is similar to the MW’s. Relative to
the other dwarf galaxies, [O/Mg] and [Si/Mg] are nearly
indistinguishable, but [Ca/Mg] is slightly depressed, per-
haps because Ca has a larger Type Ia SNe contribution
and the Type Ia enrichment of GSE is lower as shown by
its depressed [Fe/Mg].

4.3.2. Carbon and Nitrogen

Unlike the MCs, the [(C+N)/Fe] abundances of the
majority of GSE stars are flat across nearly the en-
tire metallicity range, with some of the more metal-
poor stars scattering to higher values of [(C+N)/Fe].
The [(C+N)/Mg]-[Mg/H] abundance pattern of GSE is
a metal-poor extension of the MW high-α sequence (per-
haps best seen in the upper-right panel of Figure 7), with
the GSE abundance pattern perhaps being slightly en-
hanced by ∼ 0.05 dex, but still deficient as compared to
the other dwarf galaxies.

4.3.3. Aluminum and Nickel

Aluminum is one of the elements that literature works
have often used to select out what were then referred to
as “accreted halo” stars from MW samples (e.g., Hawkins
et al. 2015), and the [Al/Fe]-[Fe/H] abundance patterns
of GSE presented here show that the GSE stars with
[Fe/H] > -1.2 are ∼ 0.2-0.3 dex deficient from the MW.
This deficiency is shared by the other dwarf galaxies,
although the [Al/Fe]-[Fe/H] abundance patterns of the
dwarf galaxies differ slightly in shape from each other.
However, the [Al/Mg]-[Mg/H] abundance patterns em-
phasize that the differences among the dwarfs are again
driven by differences in Fe rather than differences in Al,
as nearly all dwarf galaxies share the same [Al/Mg] abun-
dance pattern. Their trends remain substantially below
an extension of the MW [Al/Mg] trend.

Similar to the α elements, the [Ni/Fe]-[Fe/H] abun-
dance pattern is slightly deficient (∼ 0.05 dex from the
most metal-rich stars) as compared to the MW abun-
dance pattern, but still enhanced as compared to the
other dwarf galaxies (∼ 0.05 dex). The [Ni/Mg] abun-
dance of GSE is closer to the pure Type II abundance
ratio of the MW high-α disk, slightly below that of the
other dwarf galaxies.

4.3.4. Cerium

The [Ce/Fe]-[Fe/H] abundance pattern of GSE is sim-
ilar to the other dwarf galaxies. However, the [Ce/Mg]-
[Mg/H] abundance plots show that at fixed [Mg/H], GSE
is slightly deficient in [Ce/Mg] (∼ 0.10-0.15 dex) as com-
pared to the other dwarf galaxies.

4.3.5. GSE Interpretations

The relatively simple α-element abundance patterns
can be explained by Type II SNe dominating at low
metallicities, before Type Ia SNe exploding after some
time delay, diluting the α elements as Fe is added to the
ISM in large quantities (e.g., Tinsley 1979). Whatever
extended star formation GSE might have had was cut-
off by its proximity to the MW. As such, we see no sign
of flat or increasing α-element abundance patterns sug-
gesting a starburst like the MCs, or any extended SFH.
However, the fact that GSE was α-element enhanced un-
til [Fe/H] ∼ -1.2 shows that the early SF of this galaxy
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was much more efficient than the early SF of the MCs,
which were α-element enhanced until [Fe/H] ∼ -2.2. This
difference in star formation history also results in slightly
enhanced [Al/Fe]-[Fe/H] and [Ni/Fe]-[Fe/H] abundance
patterns as compared to the other dwarf galaxies, but
these differences are largely driven by the “extra” Fe from
the increased relative contribution from Type Ia SNe in
the other dwarf galaxies.

The slight deficiencies observed in [Ce/Mg] and
[(C+N)/Mg] observed for GSE suggest that GSE had
slightly lower contributions from AGB stars to its evolu-
tion as compared to these galaxies. This is expected if
GSE only evolved over the course of 2-4 Gyr, before large
amounts of AGB stars could contribute to its evolution.

4.4. Sgr

The chemistry of the Sgr dwarf has been studied by nu-
merous authors (e.g., Chou et al. 2007; Sbordone et al.
2007; McWilliam et al. 2013; Hasselquist et al. 2017; Car-
lin et al. 2018; Hansen et al. 2018), with Hayes et al.
(2020) analyzing the largest sample of core and stream
stars using APOGEE DR16. In general, these analyses
all find the [X/Fe] abundances of the more metal-rich
stars in the Sgr core to be below the MW abundance
trends. Interpretations of such sub-solar abundance ra-
tios range from high Type Ia/Type II SNe ratio to top-
light IMF. Here we analyze a sample of stars that is es-
sentially an expanded sample of Hayes et al. (2020).

While a detailed analysis of the spatial dependence of
the chemical abundance patterns of Sgr is beyond the
scope of this work, we find that the Sgr stream sample is
∼ 0.5 dex more metal-poor than the main body sample
(see e.g., Hayes et al. 2020). However, we verify that stars
with similar metallicities between the two samples have
near-identical chemical abundance patterns (see §A.3 for
more details).

4.4.1. O, Mg, Si, and Ca

The α-elements in Sgr smoothly decline from -2.5 <
[Fe/H] < -0.9, going from the MW “halo” high-α plateau
at the metal-poor end to below the MW low-α “thin”
disk trend at [Fe/H] = -0.9. Sgr begins this decline at
a slightly higher metallicity than the MCs, but a lower
metallicity than GSE. At [Fe/H] > -0.9, the [O/Fe],
[Si/Fe] and [Ca/Fe] abundances are nearly flat at solar
or slightly sub-solar values, but the [Mg/Fe] abundance
shows a slight increase followed by a decrease, as also
observed in the SMC. The [α/Fe] abundance of Sgr at
[Fe/H] > -0.9 remains ∼ 0.1 dex below the LMC trend
and MW low-α sequence.

While Sgr extends to slightly higher values of [Fe/H]
than the LMC, both galaxies enriched to nearly the same
level of [Mg/H], with the Sgr abundance trend being de-
ficient in [Fe/Mg] as compared to the MCs at [Fe/H] >
-1.0, but enhanced at [Fe/H] > -1.0. The Sgr stars with
[Mg/H] > -0.5 are very slightly enhanced in [Ca/Mg]
as compared to the LMC, but otherwise the [Ca/Mg],
[O/Mg], and [Si/Mg] patterns are nearly identical to
those of the LMC.

4.4.2. Carbon and Nitrogen

The [(C+N)/Fe]-[Fe/H] abundance pattern of Sgr is
similar to that of the LMC. The increase in [(C+N)/Fe]

occurs at [Fe/H] ' -0.8 for both galaxies, but the slope
of the increase with [Fe/H] is shallower in Sgr than the
LMC, so the sequences diverge at higher [Fe/H].

At [Mg/H] > -0.7, the Sgr [(C+N)/Mg] abundance
trend is ∼ 0.05 dex above the LMC trend, with the most
metal-rich Sgr stars intersecting the MW low-α trend,
showing that at these metallicities Sgr formed stars with
an AGB/Type II SNe ratio that was closer to that of the
MW low-α disk.

4.4.3. Aluminum and Nickel

The [Al/Fe] abundance pattern of Sgr is ∼ 0.4 dex
below the MW trend at [Fe/H] > -0.8. This is even
more deficient than the other galaxies mentioned thus
far. However, as shown in the [Al/Mg] abundance plane
in Figure 6 and in Figure 7, the Sgr [Al/Mg]-[Mg/H]
abundance pattern is nearly indistinguishable from the
other dwarf galaxies, with both the LMC and Sgr re-
maining noticeably deficient (∼ 0.2 dex) compare to the
MW in [Al/Mg] at [Mg/H] > -0.7.

The [Ni/Fe]-[Fe/H] pattern of Sgr largely follows that
of the LMC, but it continues to decline at [Fe/H] > -
0.9, at which point the LMC [Ni/Fe]-[Fe/H] abundance
patterns becomes flat/slightly increasing. The [Ni/Mg]-
[Mg/H] pattern of Sgr at [Mg/H] > -0.8 lies in between
the MW low-α sequence and the LMC. The [Ni/Mg] dif-
ferences follow the [Fe/Mg] differences, which suggests
that they are driven by differing levels of Type Ia SNe
enrichment.

4.4.4. Cerium

The [Ce/Fe]-[Fe/H] abundance pattern of Sgr is similar
to those of the other galaxies, with the most metal-rich
Sgr stars being enhanced in [Ce/Fe] as compared to the
MW stars. The median tracks in Figure 7 show that
the most metal-rich Sgr stars are slightly enhanced in
[Ce/Mg] as compared to the LMC, and moderately en-
hanced (∼ 0.2 dex) as compared to the MW.

4.4.5. Sgr Interpretations

The α-element abundance patterns show that early on
in its evolution, Sgr experienced relatively weak star for-
mation as compared to the MW and GSE, but stronger
than the MCs and Fnx. Sgr then evolved to a much
higher Type Ia/Type II SNe ratio than the other dwarf
galaxies, with a [Fe/Mg] ratio that is enhanced over the
MCs and MW low-α sequence at [Mg/H] > -1.0. De-
spite this clear difference in early star formation effi-
ciency, Sgr and LMC enrich to nearly the same levels
of [Fe/H], with Sgr extending to metallicities that are ∼
0.2 dex higher than the LMC. The increased early SFE
and enhanced enrichment is unexpected in the paradigm
of the mass-metallicity relationship (Kirby et al. 2011),
as the Sgr dwarf was thought to be much less massive
than the LMC. However, the two galaxies do enrich to
the same level of [Mg/H], implying the tension is some-
what reduced if [Mg/H] is used to track metallicity in-
stead of [Fe/H]. To more accurately analyze where these
two galaxies lie on the mass-metallicity relationship, we
would need to better account for selection biases, which
is beyond the scope of this work. Both the final metal-
licity and the early SFE seem to show Sgr behaving as
though it were a fairly massive dwarf galaxy.
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The flat, or near-flat, in the case of Mg, [α/Fe]-[Fe/H]
abundance patterns at [Fe/H] > -0.9 imply that Sgr did
experience some extended SF, with an increase in Mg
from Type II SNe preventing the [Fe/Mg] abundance
from rising further. This extended star formation event
could have been started as Sgr began falling into the
MW. As shown in Hayes et al. (2020), the Sgr stream
does not contain stars with [Fe/H] & -0.50, but the Sgr
[α/Fe] abundance becomes flat with increasing [Fe/H] at
[Fe/H] ∼ -0.9. So the extended star formation occurred
before some stars were stripped as well as after, plausibly
corresponding with pericenter passages through the disk
of the MW (see also Ruiz-Lara et al. 2020a).

The low [Ni/Fe] in Sgr was interpreted as evidence for a
top-light IMF in some literature works (e.g., Hasselquist
et al. 2017). However, analyses of MW median abun-
dance trends implies that Type II SNe contribute a larger
fraction of Ni than of Fe (Weinberg et al. 2019), so this
deficiency could also arise from differences in the Type
Ia/Type II SNe ratios. Both the [Ni/Fe] and [Al/Fe]
abundance patterns can largely be attributed to Sgr
evolving to a higher Ia/II ratio than the MW and MCs,
increasing the amount of Fe in Sgr. However, Sgr shares
the peculiar deficiency relative to the MW in [Al/Mg]
at [Mg/H] > -0.5, which is plausibly explained by more
metal-poor Type II SNe contributing to the enrichment
than the metallicity of those SNe that contributed to the
Al enrichment in Sgr, perhaps because of its lower SFE.

The [(C+N)/Mg] and [Ce/Mg] abundance patterns im-
ply that Sgr had more contribution from AGB stars to its
enrichment than the LMC and the MW. This is perhaps
an expectation given the higher Type Ia/Type II SNe ra-
tio in Sgr, as implied by the other abundance patterns,
allowing for a stronger AGB contribution as well.

4.5. Fnx

The abundances of Fnx have been studied in a variety
of literature studies, some of which are comparable in
number to what we have in APOGEE. In general, these
studies find that Fnx exhibits a relatively metal-poor α-
element abundance “knee” (e.g., Hendricks et al. 2014),
with sub-MW [α/Fe] abundance ratios at [Fe/H] > -1.5
(e.g., Letarte et al. 2010; Hendricks et al. 2014). These
studies suggest Fnx underwent some extended SFH and
formed stars from gas with a larger Type Ia/Type II SNe
ratio than the MW at similar metallicity. The APOGEE
data, shown in the right columns of Figure 5 and 6, con-
tains Fnx stars with -2.2 < [Fe/H] < -0.5. However,
because the Fnx sample is generally lower in S/N as
compared to the other galaxies, most of our analysis is
focused on the Fnx stars with [Fe/H] > −1.2, as the
stars more metal poor than this have larger abundance
uncertainties. The APOGEE Fnx sample is also rela-
tively sparse at low-metallicity, consisting of ∼20 stars
with -2.2 < [Fe/H] < -1.2.

4.5.1. O, Mg, Si, and Ca

While it is difficult to analyze the metal-poor “knee”
of Fnx using this APOGEE sample, the α-element abun-
dances decline from -2.2 < [Fe/H] < -1.2. This is a simi-
lar range of decrease as the MCs, although Fnx reaches a
much more deficient [α/Fe] abundance at [Fe/H] = -1.2
than the MCs (∼ 0.2 dex deficient). At [Fe/H] > -1.2,

there is a slight increase in the α-element abundances,
with the most metal-rich Fnx stars reaching the same
[α/Fe] abundance of the Sgr stars at [Fe/H] > -0.8.

The exceptionally low [Mg/Fe]-[Fe/H] manifests as an
exceptionally enhanced [Fe/Mg]-[Mg/H] abundance pat-
tern, where for fixed [Mg/H], Fnx is ∼0.2 dex enhanced
in Fe from the MCs, ∼0.3 dex enhanced from GSE, and
∼0.4 dex enhanced over the MW high-α sequence. Fnx
is also enhanced in [Ca/Mg] relative to the other galax-
ies at [Mg/H] < -1.0, but is nearly identical to the other
galaxies in [O/Mg] and [Si/Mg].

4.5.2. Carbon and Nitrogen

Like the other galaxies, Fnx shows a slight increase in
[(C+N)/Fe] with [Fe/H] at [Fe/H] > -1.0, but even the
most metal-rich Fnx stars remain ∼ 0.3 dex below the
MW trend. At fixed [Mg/H], Fnx is the most enhanced
galaxy in [(C+N)/Mg], with an abundance that is ∼ 0.1
dex above the MCs and Sgr over the range -1.5 < [Mg/H]
< -1.0.

4.5.3. Aluminum and Nickel

Despite having the most deficient [Al/Fe]-[Fe/H] pat-
tern of all of the galaxies, the Fnx [Al/Mg] is nearly
identical to the other dwarf galaxies. Fnx is also most
deficient in [Ni/Fe], with [Ni/Fe] ' -0.1 dex across much
of the metallicity range, ∼ 0.1 dex below the MCs and
Sgr, although the most metal-rich Sgr stars reach nearly
this low [Ni/Fe] abundance. The [Ni/Mg] abundance of
Fnx is enhanced compared to GSE and the high-α MW
sequence, but about the same as the MCs and Sgr, at
least at [Mg/H] > -1.5.

4.5.4. Cerium

The [Ce/Fe]-[Fe/H] abundance pattern of Fnx largely
traces those of the other galaxies, although Ce is only
measurable for ∼ 40% of the Fnx sample. At -1.4
< [Mg/H] < -1.0, Fornax is 0.2-0.4 dex enhanced in
[Ce/Mg] relative to the other dwarf galaxies, and 0.5 dex
enhanced relative to the MW high-α sequence. This level
of enhancement in Fnx at [Mg/H] = -1.0 is similar to that
of the MW low-α sequence at [Mg/H] ∼ -0.2.

4.5.5. Fnx Interpretations

Fnx is the most striking outlier among the five
dwarf galaxies, in [O/Fe], [Mg/Fe], [Si/Fe], [Ni/Fe],
[(C+N)/Mg], [Ca/Mg], and to a lesser extend, [Ce/Mg].
Possibly these differences could imply different IMF-
averaged yields from Fnx stars, e.g., Type II SNe that
produced more Fe relative to α-elements. Another pos-
sibility is winds that preferentially ejected Type II SNe
products. Or, Fnx could simply have a SFH that led to
an exceptionally high ratio of Type Ia/Type II SNe en-
richment. A high relative contribution of Type Ia SNe
could explain most of these anomalies, and a similarly
high contribution of AGB enrichment could explain high
[(C+N)/Mg] and [Ce/Mg] ratios.

4.6. [C/N] as an Age Indicator

As has now been shown in many works (e.g., Masseron
& Gilmore 2015; Martig et al. 2016; Ness et al. 2016;
Hasselquist et al. 2019), we can use the APOGEE [C/N]
abundance ratio as a mass/age indicator for APOGEE
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Fig. 8.— [C/N] as compared to the MW just for Sgr (orange)
and LMC (red). Running medians of 30 stars per bin are shown
for the dwarf galaxies, along with the standard deviation in each
bin. The MW sample is plotted as a grayscale density image.

red giant stars. More massive stars mix a larger amount
of CNO-processed material into their convective en-
velopes when ascending the red giant branch, which low-
ers their [C/N] abundance ratio because C is depleted
and N is enhanced during CNO burning. However, the
[C/N] abundance is only a reliable mass indicator at
[Fe/H] & -0.6, below which some extra mixing occurs
to further alter the [C/N] abundance (see e.g., Shetrone
et al. 2019). We therefore limit the following [C/N]-
age analysis to these metallicities, meaning that we only
study the [C/N] abundance patterns of the more metal-
rich LMC and Sgr stars.

In Figure 8 we show how the [C/N] abundance tracks of
these two galaxies as compared to those of the MW, again
selecting a MW comparison sample of 3600 K < Teff <
4200 K to remove the effects of potential Teff systematic
uncertainties on abundance determination. As was done
in Figure 7, we calculate medians in bins of 30 stars, and
plot those medians as well as the standard deviations.

From Figure 8 we see that the Sgr stars show a [C/N]
abundance pattern that falls in the same region of this
abundance space as the MW low-α or “thin” disk stars
([C/N] ' -0.3). This suggests a median age of the stars
at these [Fe/H] of 3-6 Gyr (e.g., Bensby et al. 2014; Mar-
tig et al. 2016; Ness et al. 2016). This age estimate of
the metal-rich Sgr stars is qualitatively consistent with
the “intermediate age metal-rich population” described
in Alfaro-Cuello et al. (2019), who found that the stars
in their sample corresponding to metal-rich Sgr stars had
a mean metallicity of [Fe/H] = 0.29 ± 0.16 and mean age
of 4.28 ± 1.16 Gyr. The LMC stars, on the other hand,
have median [C/N] abundances that are below the Sgr
trend by 0.2-0.3 dex across the entire metallicity range.
This implies an age of these stars of < 3 Gyr. However,
the larger standard deviation in these bins implies an age
range at fixed metallicity, one that is potentially spatially
dependent.

While we do not explicitly map to age in this work,
Hasselquist et al. (2020) derived ages for a few of these
metal-rich stars and found a median age of the LMC
stars of 2 Gyr, and a median age of the Sgr stars of
5 Gyr. Additionally, Povick et al. in prep derive ages
for these stars and find that most stars with [Fe/H] >
-0.5 are younger than 2 Gyr. This is consistent with
the results of the α-element abundances presented above

and in Nidever et al. (2020), which highlight that the
metal-rich LMC stars likely formed in a recent burst of
star formation. This picture is also consistent with lit-
erature studies of the SFH of the LMC (e.g., Harris &
Zaritsky 2009; Weisz et al. 2013; Monteagudo et al. 2018;
Ruiz-Lara et al. 2020b; Nidever et al. 2021). Our inter-
pretation presumes that the birth [C/N] ratios of the
metal-rich Sgr, LMC, and low-α MW sequence are simi-
lar such that these differences in [C/N] reflect differences
in dredge-up materials that in turn reflect differences in
stellar mass.

4.7. Chemical Abundance Summary

The α elements, O, Mg, Si, and Ca, show that out of
all these dwarf galaxies, GSE had the highest early star
formation efficiency, followed by Sgr, then the MCs. Our
Fnx sample does not contain enough metal-poor stars to
precisely place its early star formation efficiency in com-
parison to the other galaxies, but we do find that Fnx
evolved to the highest Type Ia/Type II SNe ratio, with a
[Mg/Fe] abundance that is ∼0.15 dex below the MCs and
Sgr at [Fe/H] = -1.2. All galaxies except for GSE show a
flattening or even increase in their α-element abundance
pattern ([α/Fe]), suggesting an extended star formation
event that polluted the ISM with many more Type II
SNe. The LMC had the strongest second star formation
event, which actually slightly enhanced the [α/Fe] abun-
dance patterns. The [C/N] abundance patterns suggest
that this strong second star formation event occurred at
more recent times than the second star formation epoch
in Sgr.

All of the dwarf galaxies are deficient in [Ni/Fe] to
some level as compared to the MW, with GSE being
slightly deficient (∼ 0.1 dex at most) and Fnx being the
most deficient (∼ 0.35 dex at most). However, the fact
that the [Ni/Mg] abundances of these galaxies are be-
low the MW low-α sequence suggests that there is some
metallicity dependence on the production of Ni, since
the enhanced Type Ia/Type II SNe ratio implied by the
α-element abundance pattern does not not result in an
enhanced [Ni/Mg] abundance. Another plausible expla-
nation of deficient [Ni/Fe] is the contribution of sub-
Chandrasekhar Type Ia SNe to the chemical enrichment
of a galaxy (e.g., McWilliam et al. 2018; Hill et al. 2019;
Kirby et al. 2019), although Kirby et al. (2019) finds
minimal evidence for this in the dwarf galaxies that had
extended star formation histories (e.g., Fornax), favoring
the metallicity-dependent production of Ni as the expla-
nation for the abundance patterns presented here.

More metal-poor SNe is also a plausible explanation for
the deficient [Al/Mg] abundances of the dwarf galaxies,
with the stars forming at [Mg/H] > -0.7 forming from gas
that was polluted preferentially bye lower metallicity SNe
than the MW sequences, which evolved much quicker.

The [(C+N)/Mg] and [Ce/Mg] abundance patterns
show that all dwarf galaxies had higher contributions to
their evolution from AGB stars than the MW high-α
sequence. Compared to each other over the metallic-
ity range -1.5, < [Mg/H] < -1.0, GSE had the weakest
contribution from AGB stars, followed by Sgr, then the
MCs, and finally Fnx. Only the LMC and Sgr evolved
substantially past [Mg/H] = -1.0, at which point the rel-
ative AGB contribution to their chemical enrichment di-
verged, with the LMC experiencing an increase in Mg
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from the strong starburst.
From these chemical abundance comparisons, we find

evidence that galaxies in denser environments undergo
high-efficiency formation events early on in their histo-
ries. Conversely, more isolated galaxies have very low-
efficiency star formation events early on, and form ap-
parently large fractions of their stars as a result of inter-
actions: Sgr with the MW (e.g., Ruiz-Lara et al. 2020a),
MCs interacting with each other, and Fnx with a small
merger (e.g., Coleman et al. 2005; Leung et al. 2020 ).

5. CHEMICAL EVOLUTION MODELING

In this section, we implement chemical evolution mod-
els to infer physical parameters of the star formation his-
tories of these galaxies. Note that we are using these
tools to estimate the star formation histories of these
galaxies using the APOGEE chemistry alone. This al-
lows us to quantify the relative strengths of the star-
bursts of the LMC and SMC, for example. While we
do compare these star formation histories to photomet-
ric studies in §6.2, a much more quantitative and robust
analysis of these data can be done in which the photom-
etry is combined with the spectroscopic abundance data,
resulting in much tighter constraints of the star forma-
tion histories. This analysis is beyond the scope of this
work.

To extract parameters of the SFHs of each galaxy, we
adopt two chemical evolution codes: flexCE (Andrews
et al. 2017) and the model described in Lian et al. (2018)
and Lian et al. (2020b), hereafter referred to as “the Lian
model”.

While the models are similar at a fundamental level,
there are several distinct differences (explained in detail
in Appendix B) that make the inclusion of both of them
valuable. First, the flexCE model was tuned in its yields
and fiducial parameters to match the APOGEE [O/Fe]-
[Fe/H] abundance pattern (which tracks very closely to
[Si/Fe]; see Andrews et al. 2017). O is an α-element
with nucleosynthetic yields that are thought to be well
understood (e.g., Kobayashi et al. 2006). However, the
APOGEE O abundances are not as well-measured across
the HR diagram as Si abundances are. Therefore, we only
fit flexCE model tracks to [Si/Fe]-[Fe/H] abundances.
The Lian model, on the other hand, has been tuned to
fit the APOGEE [Mg/Fe]-[Fe/H] abundance plane.

The model codes are also parameterized differently,
which we describe both below and in §B. Results of the
modeled star formation histories are shown and discussed
in §5.3. In all cases where we consider bursts of star for-
mation, we implement them as time-localized changes to
the star formation efficiency, with a smooth gas accre-
tion history. The effects of efficiency-driven starbursts
and accretion-driven starbursts on chemical evolution are
somewhat different (see e.g., Johnson & Weinberg 2020).
For satellite galaxies, efficiency-driven bursts caused by
dynamical interactions seem the somewhat more natural
choice, as the smaller gravitational potential of lower-
mass satellite galaxies reduces their chance of accretion-
driven starbursts.

5.1. FlexCE Modeling

FlexCE is a one-zone, open-box, chemical evolution
modeling code that is broadly described in Andrews et al.
(2016), which also provides a fiducial model designed to

fit the MW’s [O/Fe]-[Fe/H] chemical abundance pattern
for stars in the solar neighborhood. Naturally dwarf
galaxies are expected to have different SFHs than the
MW, so many of these parameters must be changed
to produce appropriate dwarf galaxy chemical evolution
models. However, we have kept some of the fiducial pa-
rameters, because they are thought to vary less from
galaxy to galaxy or to be driven by stellar evolution
rather than galactic evolution.

For example, we retain the fiducial parameters for the
chemical abundance yields, Type Ia supernova delay-
time distribution (which appears to be constant across
massive galaxies at least, Walcher et al. 2016), and the
initial mass function (IMF). Andrews et al. (2016) use a
Kroupa IMF (Kroupa 2001) for their MW model. While
some past studies have speculated that individual dwarf
galaxies may have had a more top-light IMF (e.g., Carlin
et al. 2018), other studies have refuted these claims when
observing lower metallicity stars (Hansen et al. 2018).
Any parameters not mentioned below or given in Tables
3 and 4 use the fiducial values from Andrews et al. (2016).

There are two general modifications we make to the
fiducial flexCE model. 1) We use a delayed tau model
for the gas inflow of our chemical evolution models (mo-
tivated by cosmological simulation; e.g., Simha et al.
2014), allowing the gas inflow to ramp up at early times
in the universe before peaking and falling off at later
times. 2) We add a formulation for a time variable SFE
to flexCE, that scales the SFE up or down in a Gaussian
shaped deviation from a constant SFE. This addition al-
lows us to temporarily cut off star formation or produce
a burst of star formation in our models. More informa-
tion about these modifications and how they were imple-
mented can be found in Section B.0.1 and B.0.2 for the
inflow and SFE, respectively.

With these modifications we model the chemical abun-
dances of our five galaxies. Because there are many pa-
rameters that can produce variation in chemical evolu-
tion models, we have chosen to vary only the parame-
ters that most strongly impact the chemistry (other than
yields), and we use slightly different strategies for differ-
ent galaxies. For simplicity of modeling each system we
limit the number of variable parameters to four and fix
the remaining parameters at the values shown in Table
3.

For each system we allow the SFE and outflow mass
loading factor to differ, which control much of the global
chemical abundance patterns that are produced. The
flexCE outflow parameterization assumes that enriched
ISM gas is ejected proportionally to the the star forma-
tion rate, with the mass loading factor, η, as the constant
of proportionality (Andrews et al. 2016). This is a rela-
tively simple form for outflow, but allows the model to
generally track gas outflows due to stellar sources, such
as stellar winds, supernovae, stellar radiation pressure,
etc. In addition to these parameters we add a time vari-
able SFE for all galaxies except GSE, since we don’t see
any complex features in its chemistry.

For the LMC and SMC, because we see a bump or
rise in the chemical abundance patterns that we believe
is due to a recent burst of star formation, we fit these
systems by adding an increase in star formation that has
a variable timing and strength, with a fixed duration of
σb = 750 Myr, roughly the duration of the increase in
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SFR modeled for the LMC in Nidever et al. (2020).
Some literature works found that Sgr and Fnx have

had a generally bursty star formation history, with peri-
ods of star formation broken up by periods where there
is very little star formation (see e.g., Siegel et al. 2011
for Sgr and e.g., Hendricks et al. 2014 for Fnx). To re-
produce this type of variable star formation we model
these systems with a decrease in SFE to 1% of its base-
line value, with the time and duration of this decrease as
free parameters.

For all five galaxies we fix the initial gas mass and in-
flow mass scale and use the same values across all galax-
ies. While these galaxies do not have the same masses,
the overall mass scale (i.e., total mass) does not impact
the chemistry, and only the ratio of initial-to-inflow mass
impacts the chemistry. However, the initial gas mass has
a minor effect that is largely degenerate with other pa-
rameters we vary, so we have held this ratio constant for
all galaxies.

We also fix the inflow timescale of each galaxies’ model,
which has some impact on the chemistry, particularly the
shape of the α-knee, but we consider this a secondary
effect, and defer it to future study. For GSE, the SMC,
and the LMC, the timescale has been fixed to a value
that roughly fits the shape of the α-knee and is early
enough so that most of the accretion happens before the
range of starburst timings probed in the SMC and LMC.
Similarly for Sgr and Fnx we use a slightly earlier inflow
timescale so that most gas is accreted before the range
of timescales for the stalls in star formation that we fit.

Then for each galaxy, we produce a grid of chemical
evolution models with the variable parameters mentioned
above. We initially test a broad ranges of parameters
before narrowing to the final grids used here. At a min-
imum we require five grid steps in each dimension, but
have expanded the initial grids in dimensions where the
best fit value lay near a grid edge to confirm the validity
of the best fit results. The values of the grid points and
their spacings are listed in Table 4, and parameters that
are not varied are marked by “−” with values listed in
Table 3.

To fit our models, we compute the χ2 of each model’s
resulting [Si/Fe]-[Fe/H] track relative to the data for each
system. As previously mentioned, Si is used for this fit-
ting, because it is both precisely measured by APOGEE
(Jönsson et al. 2020) and has well understood nucleosyn-
thetic yields that can match MW chemical abundance
patterns (Andrews et al. 2016). To obtain the χ2 of each
model we first calculate the model χ2 using the distance
of each observed star from the model track in [Si/Fe]-
[Fe/H] space and the magnitude of the star’s [Si/Fe] and
[Fe/H] uncertainties in that direction. We then also pe-
nalize models that evolve past the maximum metallicity
of each system with an extra term to the model χ2 that is
the distance of each model time step from the high metal-
licity end of each galaxy scaled by the typical abundance
uncertainties at those metallcities. We only turn off this
penalization for GSE because we know that its star for-
mation was cutoff after some time (which we use as a
check on our chemical evolution model for GSE), and for
the last 1 Gyr of evolution in the remaining galaxies, be-
cause we wouldn’t expect to observe RGB stars of such
young age.

To find the optimal solution for each of our fit param-
eters, we then take the model with the minimum χ2 as
our best fit. The best fit values of each parameter can
be found in Table 4 for our five galaxies.

5.2. Lian Modeling

The Lian chemical evolution model is a one-zone open-
box model that considers the metal production and de-
pletion by star formation, gas accretion and galactic
winds. The star formation rate is determined from the
gas mass following the form of the Kennicutt-Schmidt
star formation law (SFL, Kennicutt 1998), assuming a
Kroupa IMF (Kroupa 2001). The SFE is thus regulated
by the coefficient of the SFL; we assume a constant coef-
ficient (Cinitial) unless a starburst event occurs. A differ-
ent version of this model with more flexible gas accretion
and star formation histories has been successfully applied
to interpret the stellar chemistry observations in various
components of the Milky Way, including the bulge (Lian
et al. 2020c), inner disk (Lian et al. 2020a), and outer
disk (Lian et al. 2020b). For more details about the nu-
cleosynthesis prescription and development of the basic
model, we refer the reader to Lian et al. (2018) and Lian
et al. (2020b).

We include here two major modifications of the Lian
et al. (2018) and Lian et al. (2020b) models. First, the
gas inflow parameterization is simpler, with our approach
assuming gas accretion to decline exponentially (compare
to §5.1): A(t) = Ainitiale

−t/τacc , where Ainitial is the ini-
tial gas accretion rate and τacc is the declining timescale.
In this way, the burst event is described by three pa-
rameters: the timescale (τburst), start time (tstart) and
duration (∆t) of the SFE increase. After the burst, the
coefficient of the SFL is set to decrease exponentially.
Since this paper mainly focuses on the burst event, for
simplicity, we fix this decreasing timescale to be 0.2 Gyr.

The outflow is characterized as in flexCE, with the
strength regulated by the mass loading factor, λ. As
stronger outflows remove more gas from the galaxy, to
keep the present-day stellar mass predicted by various
models fixed, we set the initial gas accretion rate to scale
with the outflow strength, i.e. Ainitial ∝ (1 + λ).

We have six free parameters in total: two parameters
characterizing the initial gas accretion and star forma-
tion histories (τacc and Cinitial), three parameters describ-
ing the starburst event (τburst, tstart, and ∆t), and one
parameter determining the strength of gas outflow (λ),
shown in Table 5.

We build a grid of models with each chemical evolu-
tion code and find the best-fit model through chi-squared
minimization. As in flexCE, we fit only to the chemical
evolution tracks and not to the density.

5.3. Chemical Evolution Modeling Results

Chemical evolution modeling results are shown in Fig-
ure 9 for flexCE and Figure 10 for the Lian model. As
before, each column shows a different dwarf galaxy. The
top row shows the best-fit model chemical track through
the abundance pattern, the middle row shows the star
formation history of that chemical track, and the bot-
tom row shows the metallicity evolution as a function
of time. We describe the results in the following sub-
sections, and compare and contrast the model results in
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TABLE 3
flexCE Fixed Parameters (§5.1 and §B)

System Initial Gas Mass Inflow Mass Scale Inflow Timescale Burst Duration Burst Strength
Name M0 (M�) Mi (M�) τi (Gyr) σb (Gyr) Fb

LMC 3× 109 6× 1010 2 0.75 −
SMC 3× 109 6× 1010 2 0.75 −
Sgr 3× 109 6× 1010 1 − 0.01
GSE 3× 109 6× 1010 2.5 − −
Fnx 3× 109 6× 1010 1 − 0.01

TABLE 4
flexCE Variable Parameters’ Model Grid Ranges (§5.1 and §B)

System SFE Outflow Burst Time Burst Duration Burst Strength
Name (Gyr−1) ηwind τb (Gyr) σb (Gyr) Fb

Model Grid

LMC 0.01−0.03 (∆ = 0.005) 2−10 (∆ = 2) 8−12 (∆ = 1) − 4−8 (∆ = 1)
SMC 0.006−0.01 (∆ = 0.001) 5−25 (∆ = 5) 6−11 (∆ = 1) − 2−10 (∆ = 2)
Sgr 0.02−0.06 (∆ = 0.01) 12.5−22.5 (∆ = 2.5) 4−8 (∆ = 1) 0.25−1.25 (∆ = 0.25) −
GSE 0.08−0.2 (∆ = 0.01) 1−11 (∆ = 1) − − −
Fornax 0.01−0.05 (∆ = 0.01) 20−120 (∆ = 20) 2−8 (∆ = 1) 1−6 (∆ = 1) −

Best Fit

LMC 0.015 2 11 − 6
SMC 0.008 10 7 − 4
Sgr 0.03 17.5 5 0.5 −
GSE 0.14 6 − − −
Fornax 0.03 100 6 5 −

TABLE 5
Lian Variable Parameters’ Model Grid Ranges (§5.2 and §B.0.4)

System Gas Inflow Outflow Star Burst
Name τacc Cinitial λwind τburst tstart ∆ t

Grid

2, 10 0.001−0.1(∆log = 0.5) 0−20(∆ = 5) -0.5−-8(∆log = 0.3) 4−12(∆ = 2) 1−6(∆=1)

Best Fit

LMC 10 0.01 15 -2 10 3
SMC 10 0.01 20 -1 8 1
Sgr 2 0.01 10 -4 6 4
GSE 2 0.01 5 -2 - 2
Fornax 2 0.032 20 -1 6 1

§5.4. Because the models are only parameterized with a
single burst in SF after the initial SF epoch, the mod-
els are likely fitting to the most significant “burst” in a
galaxy’s SFH that provided the most stars with the ages
that we probe with APOGEE.

5.3.1. Magellanic Clouds

The flexCE results show that strong bursts are fa-
vored to match the abundance patterns of both the LMC
and SMC, although the burst in the SMC is somewhat
weaker, and occurred ∼ 4 Gyr earlier than the burst
in the LMC. The burst results in quick metallicity evo-
lution, with the LMC enriching from [Fe/H] ' -0.8 to
[Fe/H] ' -0.3 in the last 2-3 Gyr. The SMC experienced
similar swift enrichment, but over a period of 5-8 Gyr
ago, with the evolution much slower in the last 2-3 Gyr.

The Lian results also favor bursts in the MCs, although

the bursts are more similar in relative strength between
the two galaxies than the flexCE results. The Lian mod-
els also predict a “dip” in star formation that reached a
minimum at 10 Gyr for the LMC and at 8 Gyr for the
SMC, and show that the duration of the burst is shorter
for the SMC than the LMC. Like the flexCE results, the
Lian model results favor a scenario in which the SMC
experienced a peak star burst ∼ 4 Gyr before the LMC.
Also like the flexCE models, the Lian models show that
the bursts result in rapid metallicity evolution, although
the metallicity evolution is more rapid than the flexCE
results, and begins at [Fe/H] = -1.3 rather than at [Fe/H]
= -0.8. This is at least partially due to the difference in
how the two models are parameterized.

The flexCE models predict that all LMC stars with
[Fe/H] & -0.7 should be younger than 3-4 Gyr, and the
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Fig. 9.— Top row: [Si/Fe]-[Fe/H] abundance space for each of the five dwarf galaxies, along with their best-fit chemical evolution track as
inferred from the flexCE code (Andrews et al. 2017) over-plotted in black. Middle row: star formation histories of each galaxy, normalized
by the peak star formation rate. Vertical dotted lines indicate the time of peak SF. Bottom row: metallicity evolution with time for each
dwarf galaxy. Horizontal dotted lines indicate the [Fe/H] at the peak of the SFH.

Lian models predict the same age for stars with [Fe/H]
& -1.2. The [C/N] results in §4.6 suggest that the LMC
stars at [Fe/H] > -0.6 are significantly younger than the
MW thin disk stars at the same metallicity, which is
qualitatively consistent with these predictions.

5.3.2. GSE

Both models find a SFH for GSE that peaks at early
times and declines. Because the gas inflow is treated
differently in the two models, the flexCE models show a
broader SF peak located at a slightly later time, than the

Lian model. While the model tracks extend to present
day, GSE reaches [Fe/H] = -0.5 (maximum observed
metallicity) ∼ 5 Gyr into its evolution in the flexCE mod-
els and 8-9 Gyr into its evolution in the Lian models, al-
though the Lian models show very slow GSE metallicity
enrichment beginning at ∼5 Gyr into its evolution. This
is consistent with the picture that GSE merged with the
MW some 8-10 Gyr ago, thus cutting off this late evolu-
tion. Our results prefer a merger some 7-9 Gyr ago.

In the flexCE models we adopt similar inflow timescales
for GSE and the MCs (2.5 Gyr vs. 2 Gyr), and the fit
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Fig. 10.— Same as in Figure 9, but with the Lian models that are fit to [Mg/Fe]-[Fe/H] instead of [Si/Fe]-[Fe/H].

leads to a much higher (factor 10-20) SFE and thus to
a SFH that peaks at much earlier times. This result
is driven by the higher metallicity of the “knee” in the
[Si/Fe]-[Fe/H] diagram. According to the flexCE SFH,
by 5 Gyr into its evolution, GSE achieved [Fe/H] = -
0.5, as compared to -1.2 and -1.5 for the LMC and SMC,
respectively. The Lian models show a similar result, with
GSE enriching to [Fe/H] = -0.8 5 Gyr into its evolution
as compared to -1.4 and -1.55 for the LMC and SMC,
respectively. Here the SFE is similar between the MCs
and GSE, and the strong early SF peak in GSE arises
from a short inflow timescale. In the flexCE model, it
took the LMC 10 Gyr to enrich to [Fe/H] = -0.7, which

is about where GSE enriched to before merging with the
MW. In the Lian model, the LMC only attained GSE
metallicities at recent times, although GSE took ∼6 Gyr
to reach [Fe/H] = -0.7 instead of ∼4 Gyr in the flexCE
model.

5.3.3. Sgr

As described in §5.3, the relatively flat α-element abun-
dance patterns at [Fe/H] > -0.8 suggest some kind of
extended SFH. Both models find that a second star for-
mation epoch, beginning some 5-6 Gyr into its evolution
and rising above the declining trend from earlier times, is
required in Sgr to produce the flatter or “hooked” abun-
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dance α-element abundance pattern. Without such a sec-
ondary peak, the chemical evolution tracks show mono-
tonically decreasing [Si/Fe] or [Mg/Fe] with increasing
[Fe/H], rather than the slight flattening of the obser-
vations. In the flexCE model, the sharp minimum of
star formation at 5 Gyr produces the kink in the [Si/Fe]-
[Fe/H] abundance track, slightly improving the fit to the
data. In both models, this second SF epoch is not as
strong relative to the earlier epoch, in contrast to the
MCs, and as such, the [α/Fe] ratio is not enhanced like
it is in the MCs.

The early chemical enrichment of Sgr was in between
GSE and the MCs in both models (e.g., intermediate
SFE), with Sgr enriching to [Fe/H] = -0.7 and -1.0 5
Gyr into its evolution for the flexCE model and the Lian
model, respectively. After this point, the flexCE model
favor a shorter, stronger burst, compared to a more sus-
tained, weaker burst for the Lian model. In both models,
Sgr effectively stops forming stars 10 Gyr into its evolu-
tion, which is consistent with observations of Sgr that
show few or no young (age < 2-3 Gyr) stars (e.g., Siegel
et al. 2007), as well as the [C/N] inferences shown in §4.6.

5.3.4. Fnx

As was the case for Sgr, both the flexCE and Lian
models find support for a second epoch of star formation
in Fnx, although this second “burst” was much weaker
than the initial SF peak (∼ 3 times weaker for the flexCE
results and ∼ 9 times weaker for the Lian model results).
Even though Fnx has a much lower stellar mass than the
other galaxies, both models suggest that Fnx enriched
to nearly the same [Fe/H] as the SMC 5 Gyr into its
evolution.

Like the MCs, Fnx is one of the galaxies where the
[Mg/Fe]-[Fe/H] and [Si/Fe]-[Fe/H] patterns differ most
strongly from each other, which is likely a source of at
least some of the differences in results between the two
chemical evolution codes.

5.4. Summary and Model Comparison

In Figure 11 we show the SFHs of each galaxy for the
flexCE results and Lian model results, comparing the
SFR (top row) and the cumulative star formation (bot-
tom row). The top row of Figure 11 is useful to compare
the relative shapes of the SFHs of the galaxies, but be-
cause the mass scale of the models has not been adjusted
such that the final stellar mass of the model matches the
observed stellar masses of each galaxy (see §5.1), the nor-
malization/scaling of the SFR of each galaxy is inaccu-
rate.

The final stellar mass of each system in the flexCE
models, for example, do, however, match the mass or-
dering that observations suggest, with the final stellar
masses of 7.3 × 109 M� for the LMC, 2.3 × 109 M� for
the SMC, and 3.7 × 108 M� for Fnx. The final stellar
masses of the flexCE models for Sgr, 2.0× 109 M�, and
GSE, 2.9×109 M� after 5 Gyr of evolution, are also con-
sistent in suggesting that Sgr and GSE may have been
similar in mass to the SMC prior to their respective dis-
ruption (see the discussion in §6.1). Nonetheless we re-
mark that the resulting final stellar masses are ∼ 5−10×
too high compared to observational estimates (see §6.1
for observed masses; but note again as mentioned in §5.1,

Fig. 11.— Comparison of the derived SFHs for the two different
model sets, flexCE on the left and Lian on the right. The top rows
shows the SFR as a function of time, and the bottom rows shows
the cumulative star formation over time.

the total mass scale does not impact the final chemical
tracks). Therefore, a better way to compare SFHs across
galaxies from the models is to use the cumulative star
formation histories (CSFH), shown in the bottom row of
Figure 11.

Both sets of models show weaker early SFH for the
MCs as compared to the other galaxies, and both mod-
els show that the MCs experienced peaks in SF that oc-
curred much later than the SF peaks in the other galax-
ies, with the most significant period of enhanced SF in
the SMC occurring ∼ 4 Gyr before the LMC.

The model SFHs differ in the relative strengths of the
bursts, with the SMC, Sgr, and Fnx all showing weaker
bursts in the Lian results than the flexCE results. The
Lian models also imply that GSE and Sgr each formed
about 70% of their stars in the first 4 Gyr of evolution,
whereas the flexCE models show Sgr forming 60% of its
stars prior to this point, and GSE 40%. However, both
models predict GSE evolution continuing beyond the ob-
served tracks, and stopping them at the maximum ob-
served [Fe/H] ' -0.5 implies truncating star formation
at t ' 5 Gyr in the flexCE model and t ' 10 Gyr in
the Lian model, a plausible result of disruption or ram
pressure stripping by the MW. The substantially weaker
burst for Fnx in the Lian models also results in nearly all
stars in Fnx forming by 6 Gyr into its evolution, whereas
the flexCE models find only 70% of the stars to have
formed at this point.

6. DISCUSSION

In the following section we discuss what these SFHs
mean in the greater context of galaxy formation and evo-
lution. We also compare our SFH results from chemistry
alone to those derived in the literature primarily through
photometry, as well as discuss future prospects.
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6.1. Mass and Environmental Effects on Galaxy
Evolution

The chemical abundance patterns and inferred SFHs
highlight the importance of galaxy environment for
chemical evolution. McConnachie (2012) and references
therein tabulate the following stellar masses for the
galaxies in our sample: LMC = 1.5 × 109M�, SMC
= 4.6 × 108M�, Sgr (main body) = 2.1 × 107M�, and
Fnx = 2.0 × 107M�. Sgr was much more massive in
the past, with some studies finding masses as high as
6.4 × 108M� (e.g., Niederste-Ostholt et al. 2010). Esti-
mates for the stellar mass of GSE are generally in the
range 3− 10× 108M� (e.g., Mackereth et al. 2019).

The LMC, GSE, SMC, and Sgr span about an order
of magnitude in stellar mass, with the LMC being the
most massive. Fnx is at least another order of magni-
tude less massive even than the SMC/GSE/Sgr. Despite
its relatively low present-day mass compared to the other
galaxies, Sgr is the most enriched dwarf galaxy, reaching
slightly higher metallicities than the LMC. The SMC,
GSE, and Fnx have all enriched to nearly the same metal-
licity, despite their vastly different stellar masses. What
is very different across these dwarfs is the environments
in which they formed and evolved.

Currently, these galaxies are all well inside the MW
environment, or have already been accreted by the MW.
However, GSE is thought to have formed close to the
MW and was accreted at early times (e.g., Gallart et al.
2019; Mackereth et al. 2019), Sgr and Fnx at more inter-
mediate times (e.g., Rocha et al. 2012; Fillingham et al.
2019), and the MCs are only falling in recently, hav-
ing likely evolved in near isolation until now (e.g., Besla
et al. 2016). In the paradigm of Gallart et al. (2015), in
which dwarfs galaxies are assigned to two groups accord-
ing to their SFH, we could consider the MCs to be “slow
dwarfs”, forming the bulk of their stars more recently, as
compared to the “fast dwarfs” (e.g., Sgr, GSE, and Fnx),
that started their evolution with a dominant early star
formation event (see e.g., Shi et al. 2020 for similar simu-
lation results). However, even the MCs became “faster”
dwarfs when they began to interact with each other driv-
ing up the α-element abundances. This suggests that
proximity to any galaxy, not just a more massive Milky
Way, can be important drivers in star formation history.
Had the MCs not interacted with each other, they would
likely have a lot of gas, still, but contain far fewer stars.
The inferred SFH presented here suggests that without
the interactions between them, the MCs would have en-
riched to [Fe/H] ' -0.7 for the LMC and [Fe/H] ' - 1.5
for the SMC.

There is good agreement in the literature that the MW
and M31 environments have strong effects on the quench-
ing times of in-falling satellite galaxies, with many low-
mass galaxies (M∗ < 108M�) quenching within ∼2 Gyr
of passing through the virial radii of the host galaxies
(e.g., Rocha et al. 2012; Slater & Bell 2014; Fillingham
et al. 2015; Weisz et al. 2015; Wetzel et al. 2015; Akins
et al. 2021). This is likely a consequence of ram pressure
stripping effectively removing gas from these galaxies,
preventing further star formation (see e.g., Hester 2006;
Bekki 2014; Fillingham et al. 2016). Sgr was likely just
massive enough to avoid fast quenching from ram pres-
sure stripping (e.g., Niederste-Ostholt et al. 2010), but

the mass of Fnx is low enough (M∗ ∼ 107M�, e.g., Mc-
Connachie 2012) such that it should have been quickly
quenched when entering the environment of the MW.
However, the extended SFH of Fnx inferred from both
the APOGEE data presented here and other literature
studies can be reconciled with its low mass if the en-
vironmental quenching timescale also depends on satel-
lite orbit. Recent studies have found that not all of
these low-mass dwarfs are quenched, with the galaxies on
more circular orbits and larger pericenter passages (such
as Fnx) having much longer quenching timescales (e.g.,
Fillingham et al. 2019). Such “fortuitous” orbits have
been found to enhance star formation in some simula-
tions (e.g., Di Cintio et al. 2021), and observational evi-
dence exists of Sgr and the MW undergoing enhanced SF
epochs, coincident with Sgr pericenter passages (Ruiz-
Lara et al. 2020a)).

In addition to environment, the mass of a galaxy can
also play an important role in its evolution. The less mas-
sive dwarf spheroidal galaxies, such as Sculptor, Draco,
and Ursa Minor, have formed very few stars in recent
times, and have only enriched to [Fe/H] ∼ -1.0 or lower.
Moreover, there is an established mass-mean metallicity
relationship in the literature described in Kirby et al.
(2011), with more massive galaxies enriching to a higher
mean metallicity, plausibly because they are able to re-
tain some of their gas that is ejected from SNe. Because
of APOGEE selection biases, it is difficult to use the
APOGEE mean metallicities to accurately place these
galaxies on the mass-metallicity relationship. However,
Sgr likely has a much higher metallicity for its present-
day mass as compared to the SMC, and maybe even as
compared to the LMC. Fornax also likely has a mean
metallicity that is closer to the SMC than perhaps it
should be for its mass. Conversely, another way to view
the discrepancy is that the MCs, having evolved in rel-
ative isolation until recent times, are too metal-poor for
their large stellar masses. While works such as Reichert
et al. (2020) and Hendricks et al. (2014) have shown
that Local Group galaxies tend to exhibit correlations
between their α-element enrichment and luminosity, the
MCs would also be an exception to this correlation (see
also Nidever et al. (2020)).

Geha et al. (2012) find that nearly all field galaxies
with a stellar mass < 109M� are still forming stars today.
Perhaps mass is the primary fundamental driver for how
enriched a given galaxy is, but galaxy-galaxy interactions
can push galaxies off of this relation, either by merging
and increasing the mass without too much extra star
formation, or by falling into the potential of a massive
galaxy, where star formation is momentarily kick started
before the galaxy is disrupted or quenched.

6.2. Comparison to Photometric Star Formation
Histories

This work is far from the first to derive star forma-
tion histories for these galaxies. However, this is among
the first work to derive/estimate star formation histo-
ries from the chemical abundance patterns of multiple
galaxies, applying the same model frameworks to obser-
vations from nearly identical setups. In the following sec-
tion we compare the star formation histories we measure
above to those measured in the literature. Throughout
this section we use “photometric star formation histo-
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Fig. 12.— Comparison between the SFHs derived in this work
and the SFHs derived in Weisz et al. (2013) (LMC and SMC, top
row) and Weisz et al. (2014) (Fnx and Sgr, bottom row).

ries (SFHs)” to refer to star formation histories derived
from color-magnitude diagrams. As described in greater
detail below, these photometric SFHs can vary in preci-
sion depending on whether or not the photometry is deep
enough to reach the old main sequence turn-off (oMST,
e.g., Ruiz-Lara et al. 2018). Moreover, most of the lit-
erature photometric studies for these galaxies are small,
pencil-beam patches of the galaxies (typically the central
regions) as compared to our samples, which cover large
fractions of the entire spatial extent of these galaxies.

6.2.1. The Magellanic Clouds

There have been many photometric studies of the SFHs
of the MCs. In this section we compare the MC chemical
SFHs to the photometric studies of Weisz (Weisz et al.
2013, 2014, Figure 12), Harris and Zartitsky (HZ, Har-
ris & Zaritsky 2004, 2009, Figure 13), and more recent
SFHs derived from the Survey of the MAgellanic Stellar
History (SMASH, Nidever et al. 2017, 2021, Figure 13).
The HZ work is ground-based, so is typically shallower
photometry but covers much of the same spatial regions
of the MCs as our data. The Weisz work is much deeper
photometry from HST, but is of the central regions of the
MCs. The SMASH work is both deep and covers large
spatial regions of the MCs.

We find reasonable agreement between the various pho-
tometric SFHs of the LMC and what we infer from the
chemical evolution models fit to the APOGEE data. In
the upper-left panel of Figure 12, we find that the Weisz
cumulative SFH falls between what is derived for the two
models from this work for the LMC at older ages, but all
3 results are in agreement with the LMC forming ∼20%
of its stars in the last 2 Gyr. This is similar to the SFHs
from HZ and SMASH (shown in the left panel of Figure
12), although the SMASH SFHs suggest that the LMC
formed ∼40% of its stars by 4 Gyr into its evolution,
which is slightly higher than Weisz, and much higher

Fig. 13.— Comparison of our inferred cumulative SFHs to those
of Harris & Zaritsky (2009), Harris & Zaritsky (2004), and SMASH
(Nidever et al. 2021) for the LMC (left) and SMC (right).

than the ∼10% found in the HZ work. This discrepancy
is possibly due to the fact that the HZ work was not deep
enough to capture the oMST, resulting in more uncertain
SFRs at early times. The Lian model agrees well with
the SMASH LMC SFH, and the flexCE agrees well with
the Harris & Zaritsky (2009) LMC SFH.

The SFH results for the LMC derived by Monteagudo
et al. (2018) are qualitatively similar to what is shown
here. They find some spatial dependence of the SFH,
with the bar region of the LMC forming a higher fraction
of total stars at more recent times than the disk. Specif-
ically, they find that the disk regions of the LMC formed
half of their stars 7-8 Gyr into its evolution, whereas the
bar had not formed half of their stars until 9-10 Gyr into
the galaxy’s evolution. Meschin et al. (2014) find similar
results, and also that the trend of larger fraction of stars
formed at earlier times extends to the outer regions of the
LMC. A detailed comparison of the spatial dependence
of the SFH is beyond the scope of this work.

For the SMC, we find worse agreement in our inferred
SFHs compared to the Weisz SFH than we do for the
LMC (upper-right panel of Figure 12). Specifically, both
models find a much larger fraction of SMC stars forming
at earlier times than the Weisz et al. (2013) work. This
could be in part due to the difference in spatial cover-
age, which is why there is slightly better agreement with
the SMASH work shown in the right panel of Figure 13,
where the flexCE, Lian, and SMASH CSFHs all show
that the SMC formed ∼70-80% of its stars in the first
8 Gyr of its evolution. A recent study by Rubele et al.
(2018) suggests significant enhancement of SF took place
in the SMC beginning 100 Myr ago. Our sample selec-
tion cuts nearly all of these stars out (see §A.1), but
these stars still represent a small fraction of total stars
formed in the SMC. Future analysis confirming the relia-
bility of results for massive supergiants in APOGEE will
allow for a chemical exploration of these more massive,
younger stars.

6.2.2. Sgr and Fnx

We compare the Weisz Sgr and Fnx SFHs to those that
we infer in the bottom row or Figure 12. The flexCE
Fnx model reproduces a cumulative star formation his-
tory that is very much like what is derived in Weisz et al.
(2014), with Fnx forming 20% of its stars in the last ∼ 4
Gyr. The Lian model, with the much weaker secondary
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SF epoch, implies Fnx formed the vast majority of its
stars by 6 Gyr ago. Support for a recent burst in Fnx
can be found throughout the literature, including the re-
cent work of Rusakov et al. (2021), who find that Fnx
underwent a strong starburst some 4-5 Gyr ago, one that
was close to or even exceeded the strength of the early
SF event. This is more consistent with our flexCE re-
sults, which shows a nearly equal strength second burst
in Fnx that peaked 4-5 Gyr ago. Hendricks et al. (2014)
find chemical evidence for a starburst in Fnx, like we do
here in this work, but they suggest the burst occurred at
much earlier times than either the flexCE or Lian mod-
els suggest. The more spatially-extended SFH work of de
Boer et al. (2012) shows Fnx underwent a more gradual
enrichment from 3-8 Gyr ago, enriching from [Fe/H] =
-1.5 to [Fe/H] = -0.5, which is an enrichment rate that
is more consistent with the flexCE results.

The Sgr comparison is shown in the bottom-right panel
of Figure 12. Neither model matches well with the Weisz
et al. (2014) SFH of Sgr, though they agree well with
each other. This could be due to the fact that our Sgr
sample contains many stream stars, whereas Weisz et al.
(2014) was looking at the main body of the galaxy, where
the tidal interactions have preferentially removed many
metal-poor stars, including into the streams. However,
all of the star formation histories agree that Sgr formed
nearly all of its stars by 3-4 Gyr ago. This is mostly in
line with other photometric SFH studies, such as Siegel
et al. (2007), although we do not find the metal-rich
youngest populations that they find in the core. de Boer
et al. (2015) find that the Sgr stream stars exhibit a tight
age-metallicity relation, enriching to [Fe/H] = -0.7 by 5-7
Gyr ago, again consistent with both model results (see
the bottom row of Figures 9 and 10). Our SFH here
also qualitatively agrees with recent work by Garro et al.
(2021), who analyzed the ages and metallicities of the
globular cluster population of Sgr, including 12 new clus-
ters discovered by Minniti et al. (2021). They find that
Sgr formed its metal-rich (-0.9 < [Fe/H] < -0.3) globular
clusters some 6-8 Gyr ago.

6.3. Future Prospects

We have restricted the parameter space of our chem-
ical evolution models in part for computational practi-
cality in this exploratory study, but also because we are
constraining them with a single observable, the [Si/Fe]-
[Fe/H] or [Mg/Fe]-[Fe/H] track. In future work, we can
allow greater model flexibility by simultaneously em-
ploying these observables (including more than just two
chemical elements) and the photometric star formation
histories illustrated in Figures 12 and 13, and we can
test or further constrain these models using metallicity
distribution functions (MDFs). Computing MDFs from
the metallicity distribution of observed APOGEE stars
requires correcting for selection biases; alternatively, one
can incorporate selection effects into the model and di-
rectly predict the observed distributions. For complete-
ness, we show and discuss the uncorrected MDFs in §C.

One natural route for such an investigation is to take
the photometrically-inferred star formation histories as
a starting point, then derive the gas accretion history
that produces this star formation for given assumptions
about star formation efficiency. Fitting the evolution-
ary tracks will restrict the model parameters, and model

variations that predict different enrichment vs. time will
predict different MDFs. As our exploratory results al-
ready suggest, chemical evolution constraints may make
it possible to detect bursts or other variations in the star
formation history. Joint modeling can test the need for
more radical differences among the galaxies being con-
sidered, such as different IMFs, different Type Ia SNe
populations, different AGB yields that could arise from
systematic differences in stellar rotation, or differences in
outflow physics such as preferential ejection of Type II
SNe products relative to Type Ia SNe or AGB products.

7. CONCLUSIONS

We have presented the APOGEE chemical abundance
patterns for five MW dwarf galaxies that span a range
in mass and evolution environments. Our major conclu-
sions are summarized as follows:

• The chemical abundance patterns of these five
dwarf galaxies show very different early star for-
mation efficiencies, with GSE having had the
strongest, followed by Sgr, then the MCs. Fnx
plausibly had an early star formation efficiency
similar to Sgr, but exhibits the lowest α-element
abundance at [Fe/H] = -1.2, suggesting either a
rapidly declining SFH or outflows that preferen-
tially ejected Type II SNe products.

• All dwarf galaxies except for GSE show chemical
signs of extended star formation periods after the
initial star formation epochs, with the LMC show-
ing an increasing [α/Fe]-[Fe/H] abundance pattern,
suggestive of a more intense starburst compared to
the other galaxies. The lower [C/N] abundances of
the metal-rich LMC stars suggest that they were
formed at more recent times than the Sgr and MW
low-α sequence stars at the same metallicity.

• In median abundance trends, [X/Fe]-[Fe/H] and
[X/Mg]-[Mg/H], Fnx is the strongest outlier among
these five dwarfs, followed by GSE. Tracks for the
MCs and Sgr are fairly similar except for low-
metallicity [α/Fe] differences driven by star forma-
tion efficiency, and high-metallicity [α/Fe] differ-
ences driven by late star formation.

• The C+N and Ce abundance patterns show that all
galaxies had greater contribution of AGB enrich-
ment (relative to SNe contributions) to their evolu-
tion as compared to the MW high-α sequence, with
Fnx showing the highest relative contributions and
GSE showing the lowest at [Mg/H] < -0.8. How-
ever, the most metal-rich Sgr stars have the highest
[Ce/Mg] abundances of any galaxy, and therefore
have had the largest relative contribution of AGB
stars to their enrichment.

• The deficient [Al/Mg] abundances of the dwarf
galaxies relative to the MW is plausibly a result
of the overall lower metallicity Type II SNe that
occurred in the dwarf galaxies as compared to the
MW. Lower star formation efficiency may lead to a
great “lag” between the metallicity of the ISM and
the metallicity of the stars that enriched the ISM.
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• The deficient [Ni/Fe] abundances of the dwarf
galaxies relative to both MW sequences combined
with the deficient [Ni/Mg] relative to the MW low-
α sequence can be explained if the production of
Ni is dependent on the metallicity of the supernova
progenitor.

We also use chemical evolution models to quantify
some aspects of these chemical abundance patterns, find-
ing that the SMC also experienced a recent enhancement
of star formation, but this enhancement was weaker than
the burst in the LMC by a factor of ∼2-3, and occurring
2-4 Gyr before the burst in the LMC. While not found
to be coincident in the chemical evolution models, it is
likely that the increased star formation epochs in both
galaxies are results of their mutual interactions.

From the models, we infer similar extended star forma-
tion events occurring in Sgr and Fnx some 3-6 Gyr ago,
but these increases in star formation are small compared
to the initial bursts. Future works that are able to prop-
erly account for selection biases can combine the photo-
metric constraints on the SFHs with the chemical abun-
dance patterns and metallicity distribution functions to
investigate further details of the SFHs of these galaxies
(e.g., IMF variation, different AGB yields, etc.).

This comparative chemical abundance analysis high-
lights the role galactic environment has on shaping a
galaxy’s chemical evolution. The most isolated galax-
ies, the MCs, had the weakest early star formation ef-
ficiency whereas Sgr and GSE enriched to much higher
metallicities before Type Ia SNe began to significantly
contribute to their chemical enrichment histories, likely
due to their proximity to the MW. The less-massive Sgr
was able to continue forming stars upon beginning its
merger with the MW whereas the evolution of GSE was
likely cut short as it merged, perhaps because of its larger
mass and more radial infall trajectory. The MCs evolved
slowly in isolation, before interacting with each other at
more recent times to drive up their star formation. Fnx
was apparently not quenched when it fell into the MW
environment, showing chemical signatures of a star for-
mation history that was extended by either a merger, or
a pericenter passage around the MW.
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APPENDIX

TARGET SELECTION SUPPLEMENTAL

Magellanic Clouds

The Magellanic Clouds have been targeted through multiple programs in APOGEE, some targeting the young,
massive stars in the clouds, and others sampling the giant branches (see Zasowski et al. 2017, Nidever et al. 2020,
and Santana et al. 2021 for all details). In this work we focus on only the red giant branch stars for which we know
APOGEE is able to derive reliable abundances (Jönsson et al. 2020). To select our MC sample, we first make spatial
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Fig. 14.— Top row: radial velocity distribution for stars that fall within 12◦ of the LMC center (left) and within 8◦ of the SMC center
(right). Red and blue vertical lines mark the RVs that are ±3σ from the median RV of the LMC and SMC, respectively, used as cuts to
select potential members. Second Row: The PM distributions for the LMC (left) and SMC (right) colored by whether or not the stars
fall within the RV cuts indicated in the top row. The red and blue boxes indicate the PM cuts applied to select the final MC members.
Third Row: CMD for the stars that pass the RV and proper motion cuts. Stars are colored according to their APOGEE metallicity, as
indicated by the color bar at the right. Red and blue lines indicate the photometric cuts used to remove obvious massive stars above the
lines. Fourth Row: Same as the third row, but zoomed in to illustrate where the RSGs are as bright as the tip of the RGB.

cuts, selecting all stars with a projected spherical distance within 12◦ and 8◦ of the centers of the LMC and SMC,
respectively. The centers we adopt are (80.893860◦,-69.756126◦) for the LMC and (13.18667◦,-72.8286◦) for the SMC
(α, δ). To remove obvious MW foreground contamination, we remove stars that are ± 3σ from the median APOGEE-
measured RV of each galaxy, as shown in the top row of Figure 14. We then make similar ± 3σ cuts in each proper
motion dimension from Gaia EDR3 to further remove MW contamination (second row of Figure 14).

As shown in the third row of Figure 14, these cuts result in a mixture of upper RGB stars, AGB stars, luminous AGB-
O stars, red supergiant (RSG) stars, massive blue main sequence stars,and even some objects around the instability
strip. Because many of these types of objects are stars for which we do not know if the APOGEE abundance pipeline
produces reliable results, we employ further cuts to select a sample of largely RGB stars. To do this, we first select
stars below the tip of the red giant branch, as measured and defined by Hoyt et al. (2018):

H < (18.49− 5.94− 1.62× [(J −Ks)− 1.00]).

We make the cut 0.1 mag brighter to account for varying depth of field across the galaxy. For the SMC, we use the
same functional form, but account for the 0.5 difference in distance modulus. These selections are illustrated in the
bottom four panels of Figure 14 as the red and blue lines for the LMC and SMC, respectively. We also exclude stars
from both galaxies with (J −Ks) > 1.3, to avoid obvious carbon stars.
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Fig. 15.— Plots that highlight the dynamical and chemical selections used to select GSE stars. Red points indicate GSE candidates
and the ‘viridis’ density map shows the MW parent sample from which they are selected. Upper-Left Panel: Lz-

√
JR plane where the

initial dynamical selection is made. Upper-middle Panel: Energy-Lz plane to highlight where these candidates lie. Upper-Right Panel:
[Mg/Fe]-[Fe/H] abundance distribution of the candidates. Bottom Row: additional chemical cuts applied in [(C+N)/Fe]-[Fe/H] space to
remove MW high-α disk contamination.

While these photometric cuts remove most of the massive evolved stars (M & 3M�), the bottom-left panel of Figure
14 shows that some of the faintest RSGs in the LMC still make it into the photometric selection. We remove those by
requiring that all stars with (J −Ks) < 1.0 and H < 12.8 have [Fe/H] < -0.55. Note that this photometric selection
means that our sample is biased against the youngest stars (Age . 1 Gyr).

GSE

To select the GSE sample, we start with the initial quality cuts described in §3 and remove stars belonging to known
globular clusters, also avoiding regions of the sky containing the Magellanic Clouds. Specifically, we do not include
stars that have a projected distance of 12 degrees from the LMC and 8 degrees from the SMC. Then, considering only
stars with [Fe/H] < 0.0, we make kinematic cuts using the orbital angular momenta (Lz) and the square root of radial
orbital action (

√
JR), adopting the orbital properties computed with astroNN (Leung & Bovy 2019). We follow the

work of Feuillet et al. (2020) and select stars with |Lz| < 500 km kpc s−1 and
√
JR = 30 − 50 (kpc km s−1)1/2, as

shown by the red selection box in the upper-left panel of Figure 15. The upper-middle panel of Figure 15 shows where
these stars lie in the Energy-Lz plane, which many other studies use to select GSE stars (e.g., Myeong et al. 2018;
Horta et al. 2021; Naidu et al. 2021).

While this sample largely follows the expected [Mg/Fe]-[Fe/H] abundance pattern of GSE (e.g., Hayes et al. 2018;
Haywood et al. 2018) that is shown in the top-right panel of Figure 15, there is clear contamination by the MW high-α
“thick disk” stars. Therefore, we apply an additional [(C+N)/Fe] cut for stars with [Fe/H] > -1.05, as demonstrated
in the bottom row of Figure 15 and motivated by Hayes et al. (2018).

We find no obvious metallicity trend of our GSE members with Lz, suggesting we are not heavily biased in our sample.
However, as mentioned in the text, should there be an undiscovered remnant of GSE that we are not observing here,
then our comparison of GSE to the other galaxies is not complete.

Sgr

To select Sgr members, we follow a method similar to that described in Hayes et al. (2020). This work exploited the
fact that the Sgr orbital plane is nearly perpendicular to the MW disk, making it easy to identify stars belonging to
the Sgr core and stream. As demonstrated in Hasselquist et al. (2019) and Hayes et al. (2020), the APOGEE survey
has observed hundreds of Sgr stream stars strewn across much of the sky.
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Fig. 16.— Top-left Panel: Vzs-Lzs plane showing the initial selection box, similar to what was done for Hayes et al. (2020). Top-right
panel: Galactic ZGC-XGC plane of all stars in the top-left panel, with the selected stars colored by φvel,s, the velocity direction in the Vxs

and Vys velocities. Bottom-left panel: φvel,s plotted as a function of longitude along the Sgr stream (Λs). The red “A”, “B”, and “C”
regions indicate additional cuts placed on the sample as described in the text. Points are colored by heliocentric distance. Bottom-right
panel: same as the top-right panel with the additional contamination removed.

We first transform the APOGEE sample into the Sgr coordinate system described in Majewski et al. (2003). We
then make initial cuts of:

• |βs| < 30◦ to remove stars out of the Sgr orbital plane.

• dhelio > 10 kpc to remove stars that are too close to be Sgr stream members.

• [Fe/H] < 0.0 to remove distant MW stars in and behind the bulge that are too metal-rich to be Sgr stream
members.

From these cuts, we then analyze the resulting distribution in the Vzs - Lzs plane, which is the velocity in the Z
direction of the Sgr coordinate system plotted against the angular momenta in the Sgr system, shown in the upper-left
panel of Figure 16. In principle, Sgr stars should have a Vzs velocity distribution centered around zero, and angular
momenta consistent with the galactocentric distance of Sgr multiplied by its orbital velocity (i.e., 18 kpc x 270 km/s
' 5000 kpc km/s). In practice, the distance uncertainties result in a structure where the two quantities are correlated.
Still, we use the density map to select stars with Lzs > 1500 kpc km/s, and -120 km/s < Vzs < 220 km/s.

These cuts result in a spatially coherent core and trailing/leading arm structures, shown in the upper-right panel
of Figure 16. The points are colored by φvel,s, the direction of the velocity vector in the Sgr X and Y coordinates.
Stars that are colored the same are stars that are moving in the same direction. From this plot, we see some stars at
ZGC ∼ 18 kpc and -10 kpc < XGC < 10 kpc that are moving perpendicular to the stream stars found at slighly larger
distances. These are likely halo contamination.

We remove these stars by looking more closely at the φvel,s distribution as a function of Sgr longitude (Λs), as was
also done in Hayes et al. (2020). In the lower-left panel of Figure 16 we define three regions (A, B, and C) where there
is likely contamination, removed according to the following prescriptions:

• A: Stars that are moving perpendicular to the expected stream at these latitudes, and in direction of the bulge,
therefore likely to be MW contamination.
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Fig. 17.— Top: Metallicity distribution functions (MDFs) of the Sgr “main body” sample (solid black line) and the Sgr “stream” sample
(dashed grey line). Bottom: [Mg/Fe]-[Fe/H] abundance plane with the Sgr main body sample plotted as black circles and the Sgr stream
sample plotted as grey “x”s.

• B: Stars that fall below the B line and have distance < 30 kpc are likely not stream stars, as they are roughly
the same distance as the stream, but moving perpendicularly. However, we do include the small handful of stars
that fall below this line, but are at dhelio > 60 kpc, as these could be more distant Sgr stream structures.

• C: Stars that fall below the dashed C line, but are at dhelio > 50 kpc.

Note that there are ∼ 50 stars removed in total this way across the three regions, which constitutes only 5% of the
sample. We have confirmed that the inclusion or removal of these stars do not change our results. The lower-right
panel of Figure 16 shows the final spatial distribution of our Sgr sample. While our Sgr sample consists of stars across
much of the sky, ∼ 2/3 of our Sgr sample comes from the Sgr “main body” region, defined here as stars that are at a
projected distance less than 12◦ from the center of Sgr. This main body region is shown in the inset figure of Figure
1. While we do find that the MDFs of the main body and stream regions differ substantially (see also Hayes et al.
(2020)), we show in bottom panel of Figure 17 that the [Mg/Fe]-[Fe/H] abundance tracks for the two regions do not
differ significantly where they overlap in [Fe/H].
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Fig. 18.— Top panel: radial velocity distribution of the APOGEE “FORNAX” field. The red vertical lines indicate ±3σ from the median
radial velocity of the field. Middle panel: Gaia EDR3 proper motions of the same stars. A selection box of ±3σ in each direction of proper
motion is used to remove potential contamination. Bottom panel: [Fe/H] vs. S/N for the sample.

Fnx

The Fornax selection is shown in Figure 18. APOGEE’s Fornax field was specifically designed to target as many
known members (based on previous radial velcocity studies and Gaia proper motions) as possible, along with additional
targets that were likely members by photometry only. We therefore clean the sample in a similar manner to the MCs
(§3.1). First, we only include stars that belong to the “FORNAX” APOGEE field. We then remove stars > ± 3σ from
the median APOGEE RV, and then make a second selection on the Gaia EDR3 proper motions (0.17 < µα < 0.60
and −0.71 < µδ < −0.05), as shown in the top two panels of Figure 18. These RV and PM cuts only remove some 12
stars from the Fornax plate.

Because Fornax is a distant galaxy, the S/N of these stars are generally much lower than those in the other galaxies.
This means that the Fnx chemical abundances are more uncertain, as indicated by the error bars in §4 and Figures 5
and 6. The lower panel of Figure 18 shows that our adopted lower S/N threshold of S/N> 40, §3, does not obviously
bias our Fnx result in any way, but the chemical abundance patterns overall for Fnx are more uncertain than the other
galaxies.

CHEMICAL EVOLUTION MODELING DETAILS

As mentioned in the text, we use the two chemical evolution models as a tool to quantify various features in the
abundance patterns of these galaxies. There are many uncertainties and degeneracies associated with these models,
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especially when only fitting median abundance tracks rather than median abundance tracks combined with abundance
space density. In this section we provide more detail on some of the parameterization discussed in the text and explore
the model parameter space to show how well-constrained the parameters we derive actually are.

flexCE Gas Inflow

One key change we make is that we use a different parameterization of gas inflow than used in the fiducial flexCE
model of the Milky Way (Andrews et al. 2016). We use a delayed tau model for the inflow in each of our models,
following the form:

Ṁin =

(
Mi

τi

)(
t

τi

)
e−t/τi

where Ṁin is the gas mass inflow rate, Mi is the inflow mass scale (with Mi being the total mass that would be
accreted as t → ∞), τi is the inflow time scale, i.e., the time at which inflow is maximal (although note that this is
not necessarily the time at which the star formation rate is maximal), and t is time.

This form of inflow is motivated by cosmological simulations (e.g., Simha et al. 2014) and is preferred over the
fiducial, exponential model of inflow, because the delayed tau model allows for a ramp up of inflow (due to gas
accretion earlier in the age of universe), which later cuts off as a Galaxy stops growing through gas accretion and
instead would grow through mergers. Additionally this parametrization of the gas inflow allows us to better reproduce
the chemical abundance patterns seen in our sample of dwarf galaxies than when using the fiducial, exponential gas
inflow, because it allows for a slower enrichment at earlier times/lower metallicities that helps retain gas for later star
formation and enrichment. In particular, while we don’t fit the metallicity distribution functions of these galaxies, or
the density of stars in the abundance planes, a slower initial enrichment may be needed to reproduce these quantities
once they’ve been controlled for selection effects.

flexCE Star Formation Efficiency

To turn this gas mass into stars, flexCE natively uses a constant star formation efficiency (SFE), such that the star
formation rate (SFR) is defined as: SFR = SFE×Mgas. Here we modify flexCE to include a parametrization of SFE
that is time variable in order to be able to simulate a sustained burst of star formation as done in Nidever et al. (2020),
which we employ to fit the chemical abundance profile of the LMC and SMC, as discussed below. Our formulation
is to modify the constant SFE used by flexCE to add an increase in SFE following a Gaussian profile (for simplicity
and so that the subsequent SFR change is continuous rather than having jumps or breaks). Formally, for our burst
models, we use a time variable SFE that follows the form:

SFE (t) = SFE×
[
1 +

(
Fb − 1

)
exp

(
−0.5

(
(t− τb)

σb

)2 )]
where SFE is the constant base SFE, Fb is the burst strength, i.e., the peak factor of increase of SFE during the burst,
τb is the time at which the peak increase in SFE occurs, and σb is the scale factor for the duration of the burst.

Of particular note on this parameterization of changing SFE, is that it is not an explicit parameterization of the
SFR. Because the SFR is a function of gas mass and SFE, as the SFE is rises, a galaxy can begin to exhaust its gas
reservoir and the SFR may begin to fall, even if SFE continues to rise. Therefore changing the burst strength, timing,
and duration, may have somewhat unintuitive effects on the resulting SFR. For instance each of these parameters can
affect the timing of the SFR burst, because a stronger burst can exhaust gas more quickly and lead to an earlier peak
in SFR, as could a longer burst, which may exhaust the model’s gas before reaching peak SFE, in addition to simply
changing the timing of the peak SFE increase. Unfortunately, the chemical abundance patterns of galaxies are most
sensitive to the SFR of the galaxy, not the underlying SFE, and there are degeneracies among these parameters when
it comes to recreating a given SFH, hence we fix two of the three burst parameters when performing our chemical
evolution modeling.

flexCE Model Sensitivities

The flexCE modeling has four free parameters that we fit to the median abundance trends. While a detailed χ2

mapping and deriving actual SFH uncertainties is beyond the scope of this work, we show the effects of varying certain
model parameters in Figure 19. The best-fit LMC model from above is shown in gold, and then models are generated
holding all best-fit parameters fixed except for SFE (upper left), outflow strength (upper right), burst strength (lower
left), and time of burst (lower right).

The upper-right panel of Figure 19 shows that while the model prefers a low outflow strength, the model with outflow
set to 0 can still reproduce the data fairly well. The strength of the burst, shown in the lower-left panel, suggests
that a stronger burst is not necessarily ruled out by our data, but does make predictions that the youngest LMC stars
should have [Fe/H] = 0.0. The lower-right panel shows that the time of burst is reasonably constrained, with an earlier
or later burst resulting in a track that does not match the data as well.

Lian Gas Inflow

The gas accretion is assumed to decline exponentially, A(t) = Ainitiale
−t/τacc , where Ainitial is the initial gas accretion

rate and τacc is the declining timescale. The major difference between this treatment of the gas inflow and the flexCE
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Fig. 19.— The [Si/Fe]-[Fe/H] abundance plane for the LMC stars fit with various flexCE models, where the gold model is the best-fit
model presented in §5.3. Top-left: initial SFE is varied. Top-right: outflow parameter is varied. Bottom-left: burst strength is varied.
Bottom-right: time of burst is varied.

treatment is that the Lian model results in stars forming very quickly after the time starts, as much of the gas that
will form stars is already present in the galaxy. The flexCE treatment results in a slight delay, as gas must be accreted
to push up the star formation rate. This difference in gas inflow could explain some of the differences in SFHs between
the two models. Future studies that are able to account for observational biases will be able to use the density of stars
in this abundance plane as an additional constraint, perhaps better informing the gas inflow.

Lian Star Formation Efficiency

The star formation rate is determined from the gas mass following the form of the Kennicutt-Schmidt star formation
law (SFL, Kennicutt 1998), assuming a Kroupa IMF (Kroupa 2001). The SFE is thus regulated by the coefficient of
the SFL. We assume a constant coefficient (Cinitial) unless a starburst event occurs. The starburst in the Lian model
is characterized by an exponential increase in the coefficient of the SFL. In this way, the burst event is described by
three parameters, the timescale (τburst), start time (tstart) and duration (∆t) of the SFE increase. After the burst, the
coefficient of the SFL is set to decrease exponentially. Since this paper mainly focus on the burst event, for simplicity,
we fix this decreasing timescale to be 0.2 Gyr.

Lian Model Sensitivities

Figure 20 shows the results of adjusting various model parameters for the best-fit LMC model. Like the flexCE
parameterization discussed above, the Lian model is less sensitive to outflow strength (third panel), but is quite
sensitive to the strength of the burst, with stronger or weaker bursts not matching the data (second panel).

METALLICITY DISTRIBUTION FUNCTIONS

As discussed in §6.3, one could use the MDFs to constraint the chemical evolution models. In Figure 21 we show
the MDFs of the APOGEE data compared to MDFs predicted from the flexCE and Lian best-fit chemical evolution
models to illustrate how such comparisons might inform future models. The flexCE-predicted MDFs agree reasonably
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Fig. 20.— The [Mg/Fe]-[Fe/H] abundance plane for the LMC stars fit with various Lian models, where the pink model is the best-fit
model presented in §5.3. Top-left: initial SFE is varied. Top-right: outflow parameter is varied. Bottom-left: burst strength is varied.
Bottom-right: time of burst is varied.

Fig. 21.— Metallicity distribution functions (MDF) of each of the dwarf galaxies along with predicted MDFs from the best-fit chemical
evolution models. The flexCE models are denoted by dashed histograms and the Lian models are denoted by dotted histograms.)

well with the MC data, whereas the Lian models under-predict the number of metal-poor stars, implying that either
the Lian models need to have stronger secondary star formation epochs for the clouds, or that we are biased against
observing and/or deriving chemical abundances for the metal-poor stars in the APOGEE sample.

Neither models match well to Sgr or GSE, the two galaxies with the most complicated selection functions. Both
models over-predict the number of metal-rich stars in GSE, most likely because they do not truncate star formation at
late times. They under-predict the number of metal-rich stars in Sgr, although the Sgr model MDFs agree reasonably
well with each other. For some of the APOGEE Sgr core fields, stars were selected as previously known RV members
from Frinchaboy et al. (2012), who specifically targeted M giants in the direction of Sgr. Therefore, it is expected that
the APOGEE Sgr sample is somewhat biased against metal-poor stars, perhaps explaining this discrepancy. Both
models under-predict the amount of metal-rich stars in Fnx, although the Lian model does predict a relatively larger
fraction of metal-rich stars.
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