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ABSTRACT

Stellar surface abundances are records of the state of the gas from which stars formed, and thus trace how in-
dividual elements have mixed into the surrounding medium following their ejection from stars. In this work, we
test the common assumption of instantaneous and homogeneous metal mixing during the formation of the first
Population II stars by characterizing the chemical homogeneity of the gas in simulated star-forming environ-
ments enriched by Population III stellar feedback. Testing the homogeneity of metal mixing in this time period
is necessary for understanding the spread of abundances in the most metal-poor stars, and the (in)homogeneity
of individual sites of star formation. Using AEOS, a suite of star-by-star cosmological simulations, we quantify
how gas abundances change over space and time relative to Population II stellar abundances using Mahalanobis
distances, a measure of covariance-normalized dissimilarity. We find that the homogeneous mixing assumption
holds only within ∼ 100 pc of a star-forming region and ∼ 7 Myr following the star formation event. Beyond
this regime, deviations between stellar and gas abundances increase until they become indistinguishable from
assuming a homogeneous mix of metals averaged over the initial mass function. This highlights the limited ap-
plicability of assuming instantaneous and homogeneous mixing in realistic halo environments at high redshift.
We identify critical mixing scales that are necessary to explore chemical evolution in the early Universe. These
scales can be applied to determine the precision needed for accurate chemical tagging of observed data and to
explore parameter space with analytical models.

Keywords: Chemical enrichment – Dwarf galaxies – Hydrodynamics – Population III stars

1. INTRODUCTION

Chemical evolution is a consequence of stellar evolution
and nucleosynthesis, encoding properties such as the initial
mass function and star formation history of galaxies, and
directly shaping stellar abundances. Core-collapse super-
novae (CCSNe), Type Ia supernovae (SNIa), stellar winds,
and other feedback processes return newly synthesized ele-
ments to the interstellar medium (ISM), where they can be
incorporated into future generations of stars. Tracking the
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build-up of elements over space and time with analytic and
numerical galactic chemical evolution models provides the
link between theoretical nucleosynthetic yields and global
galactic properties. These include the metallicity distribution
function, abundance gradients, and trends such as [α/Fe] vs.
[Fe/H].11

A key ingredient in these models is how elements get
mixed across the ISM. However, the details of chemical mix-
ing into the ISM have long been poorly treated or essentially

11 [X/Fe] is the log of the fractional number density of element X to
the number density of Fe relative to the solar abundances. [X/Fe] =
log(nX,∗/nFe,∗) − log(nX,»/nFe,»)
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ignored in analytical models. The assumption of instanta-
neous and homogeneous mixing across galaxies dominates
due to its ability to largely reproduce the aforementioned
large-scale relations (e.g., Tinsley 1980; Matteucci & Greg-
gio 1986; Matteucci & Francois 1989; Chiappini et al. 1997;
Spitoni et al. 2010). Some works have made more detailed
models of chemical evolution by breaking down the galaxy
spatially into smaller one zone models (e.g., Boissier &
Prantzos 1999; Spitoni & Matteucci 2011; Hegde & Furlan-
etto 2025), adding a multiphase ISM (e.g. Samland et al.
1997; Ploeckinger et al. 2014), or parameterizing the vol-
umes or masses over which metals are homogeneously mixed
over time or the variation in metallicities of star forming
gas (Karlsson et al. 2008; de Bennassuti et al. 2014, 2017;
Hartwig et al. 2018; Salvadori et al. 2019; Tarumi et al.
2020).

Until the last decade or so, without high-precision abun-
dance observations, instantaneous and homogeneous mixing
has been sufficient to explain large-scale galactic relations at
metallicities [Fe/H] g −2. However, evidence for inhomoge-
neous mixing has long been observed in the most metal-poor
stars via the neutron-capture elements (e.g. Ryan et al. 1996;
McWilliam 1997; François et al. 2003). More recently, the-
oretical models in tandem with large-scale surveys of high-
precision abundances, have also suggested that metal mixing
is inhomogeneous at higher metallicities, or at least that the
homogeneity is scale dependent (e.g., Greif et al. 2010; Pan
et al. 2013; Feng & Krumholz 2014; Ritter et al. 2015; Hill
et al. 2019; Ji et al. 2020; Mead et al. 2024).

Inhomogeneous metal mixing over galactic scales, on the
other hand, has also been invoked to explain the lack of ob-
servations of pair instability SNe signatures in metal-poor
stars (Magg et al. 2022), the formation of carbon-enhanced
metal-poor stars (Sarmento et al. 2017; Hartwig & Yoshida
2019; Magg et al. 2020), and extended Population III (Pop
III) star formation (Tornatore et al. 2007; Sarmento et al.
2018; Liu & Bromm 2020; Hegde & Furlanetto 2025). Ji
et al. (2015) showed it is possible that Pop III chemical signa-
tures may survive in the most metal-poor stars in the halo due
in large part to inhomogeneous metal mixing, although those
signatures would quickly become diluted in the gas with sub-
sequent Population II (Pop II) chemical yields. Conversely,
on small scales, metal mixing by turbulence is argued to be
efficient enough to explain the homogeneity observed in open
clusters (Feng & Krumholz 2014).

Observationally, inhomogeneities can be identified by scat-
ter in stellar (e.g., Venn et al. 2012; Hill et al. 2019; Ji et al.
2020; Mead et al. 2024) and gas (e.g., Kreckel et al. 2020)
abundances. Using the PHANGS-MUSE survey of eight
nearby galaxies, Kreckel et al. (2020) identified greater ho-
mogeneity (lower scatter; 0.02–0.03 dex) in ∆O/H gas abun-
dances on scales < 600 pc than globally (0.03–0.05 dex). In

simulations, these spreads have been attributed to the ineffi-
ciency of metal mixing (Ferrara et al. 2000).

In theory and simulations, attempts to identify the spa-
tial and temporal scales of mixing have yielded varied re-
sults. These studies have focused on several aspects that
drive the homogenization of metals including metal injec-
tion timing, geometry, sources, turbulence, and shear (e.g., de
Avillez & Mac Low 2002a; Bland-Hawthorn et al. 2015; Petit
et al. 2015; Hirai & Saitoh 2017; Escala et al. 2018; Emer-
ick et al. 2020; Kolborg et al. 2022; Hirai et al. 2024; Sharda
et al. 2024; Zhang et al. 2025). Spatial mixing scales range
from sub-kpc (de Avillez & Mac Low 2002a) to kpc scales
(Krumholz & Ting 2018; Zhang et al. 2025) for Milky Way-
like galaxies, and on the order of tens to hundreds of parsecs
for dwarf galaxies and Milky Way progenitors at high red-
shift (Krumholz & Ting 2018; Kolborg et al. 2022). Corlies
et al. (2018) found that high-redshift dwarf galaxy progen-
itors demonstrate gas metallicities within 50% of the virial
radius that agree with a closed box model, motivated by the
assumption that metals are retained and that there is no in-
flow or outflow of gas and metals. However, this assumption
breaks down at the outskirts of galaxies due to inflows and
outflows, and the metals are unlikely tp be described as well-
mixed at any given radius or at any given time.

Mixing timescales can range anywhere from 100–350 Myr
for Milky Way-like galaxies (de Avillez & Mac Low 2002a;
Yang & Krumholz 2012; Krumholz & Ting 2018; Zhang
et al. 2025) to just tens of Myr for dwarf galaxies (Hirai
& Saitoh 2017; Krumholz & Ting 2018), although Emerick
et al. (2020) found timescales of 100 Myr—1 Gyr for a dwarf
galaxy, with a dependence on the source of enrichment. Petit
et al. (2015) demonstrated that the decay time for inhomo-
geneities due to turbulence and shear largely depends on the
symmetry of the mode, with axisymmetric modes dissipating
inhomogeneities over longer timescales, thus explaining the
existence of radial metallicity gradients and lack of azimuthal
gradients in most galaxies.

The exact mechanisms driving the spatial and temporal
scales of mixing also remain controversial. Early work (de
Avillez & Mac Low 2002a) found that a primary driver of
mixing time is the rate of supernovae (SNe) over some area,
with higher SN rates leading to shorter mixing timescales,
but that, for a given rate, the timescale for mixing was inde-
pendent of the length scale of the inhomogeneity. Similarly,
Kolborg et al. (2022) indirectly explored the impact of the
SN rate via the star formation rate. They found that lower
star formation rates were associated with more homogenized
media at the same mean metallicity due to turbulence driving
homogenization, suggesting lower mixing timescales as the
media were not subject to constant injection of new metals.
In contrast, Zhang et al. (2025) explored the injection of sev-
eral isotopes from a variety of sources. They argued that the
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correlation length between element abundances, or the scale
over which abundances remain correlated and thus not well-
mixed, is a result of the timing of injection and stellar drift.
Thus, metals injected on short timescales have shorter corre-
lation lengths than those injected on longer timescales where
conatal stars have drifted apart. Emerick et al. (2020) found
that individual enrichment sources that inject their metals
with higher energies (e.g., SNe) display greater homogene-
ity both spatially and temporally. Metal mixing in the ISM
has also been studied across gas phases, though here, it is
widely agreed upon that hot gas mixes more efficiently than
cold gas (e.g., Kobulnicky & Skillman 1997; de Avillez &
Mac Low 2002a; Emerick et al. 2018, 2019, 2020).

The spatial and temporal scales over which metals are
mixed has implications for reconstructing star formation his-
tories. For example, the premise of chemical tagging (Free-
man & Bland-Hawthorn 2002)—the idea that stellar birth
siblings can be identified through stellar abundances—rests
heavily on the assumption that the gas from which birth sib-
lings form is well-mixed, and that observational abundances
have high enough precision to access the chemical space di-
mensionality required to trace back spatially disjoint stars to
uniquely differentiated birth sites. In this case, metal mixing
must occur on scales large enough such that stellar siblings
have similar enough abundances to be linked, and simultane-
ously small enough scales to differentiate from other sites of
star formation.

Many studies on spatial and temporal mixing scales seek to
quantify at what point metals that are injected through feed-
back events are distributed uniformly across some volume. In
this work, we seek to answer a similar, but fundamentally dif-
ferent question: how valid is the assumption of instantaneous
and homogeneous mixing at the time of star formation? The
framing of the question in this way is particularly important
for chemical tagging, as it matters not so much how long
metals from feedback take to mix into the ISM, but rather
over what spatial and temporal scales a star formation event
can occur such that we expect stellar siblings to have similar
enough abundances to be identified.

We test the instantaneous and homogeneous mixing as-
sumption by quantifying the chemical (in)homogeneity of
gas relative to stars in AEOS, a suite of star-by-star cosmo-
logical simulations of the first stars and galaxies. After Pop
III stars form from metal-free primordial gas, we focus on
the Pop II stars that form shortly after Pop III supernovae,
because they form in a relatively clean chemical environ-
ment, enriched by only a few sources, and are therefore ideal
probes of early mixing (and are more likely to survive long
enough to be observed). The AEOS simulation suite (Brauer
et al. 2025a) is especially suited for studying metal mixing
in the early universe for three reasons. First, it uses high
spatial resolution, which allows detailed tracking of the spa-

tial evolution of abundances. Second, it models individual
stars, which enables individual stellar feedback and injection
of metals at discrete locations from mass and metallicity de-
pendent yields. Finally, it focuses on Pop III and early Pop II
star formation, which provides a clean environment to track
metal mixing. Using the Mahalanobis (1936) distance as a
multidimensional metric of abundance deviation, we mea-
sure how chemically distinct early Pop II stars are from their
local gas reservoirs across a range of spatial scales and across
time following formation. By comparing stellar abundances
to the average gas abundance within different spatial volumes
and time frames, we assess how well the instantaneous and
homogeneous mixing assumption captures the actual condi-
tions of star-forming gas.

This paper is organized as follows. In Section 2 we sum-
marize the key features of the AEOS simulations that are rele-
vant to this study. In Section 3 we detail our metric for quan-
tifying the (in)homogeneity of mixing in the ISM, and follow
this in Section 4 with a study of instantaneous and homoge-
neous mixing over different spatial and temporal scales, as
well as different phases of gas. We conclude and discuss the
implications of our results, particularly for chemical tagging
initiatives, in Section 5.

2. SIMULATION

The AEOS simulations (Brauer et al. 2025a) are a suite of
1 cMpc3 star-by-star simulations that model individual stel-
lar feedback with high spatial and dark matter mass resolu-
tion (1 physical parsec and 1840 M», respectively). AEOS

is run using a modified version of the adaptive mesh refine-
ment cosmological hydrodynamics code ENZO (Bryan et al.
2014; Brummel-Smith et al. 2019; Emerick et al. 2019), with
cosmological parameters from the Planck Collaboration et al.
(2014) best fit. With its spatial resolution, AEOS resolves all
minihalos down to a halo dark matter mass Mdm ∼ 105 M»

(i.e. well below the expected minimum mass for Pop III
star formation). We restrict our description of AEOS here
to a summary of the relevant physics and setup; a complete
description of the simulation can be found in Brauer et al.
(2025a).

2.1. Star Formation

Stars are formed in cells containing at least 100 M» of gas
that is converging, with ∇· v < 0, cold, with T < 500 K, and
dense, with n > 104 cm−3. Masses for each star are drawn
stochastically from an adopted initial mass function (IMF)
until the gas reservoir is depleted. Each star formed acquires
the elemental abundance of the gas within the cell in which
it forms.

2.1.1. Pop III Star Formation

Pop III star formation has the additional constraint that gas
also must have a molecular hydrogen fraction fH2 > 5×10−4.
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Pop III stars are distinguished from Pop II stars by having
metallicity Z < 10−5 Z». For Pop III stars, we adopt an IMF
similar to Salpeter (1955) with a power-law slope of α = −1.3
above a characteristic mass Mchar and an exponential cutoff
below this threshold. In this work, we use the Aeos20 simu-
lation (described in Brauer et al. 2025b; Mead et al. 2025b),
which uses Mchar = 20M», Mmin = 1M», and Mmax = 300M»

for Pop III stars. All Pop III star particles represent individual
stars. Stellar lifetimes are drawn from Schaerer (2002).

2.1.2. Pop II Star Formation

Pop II stars are formed from gas enriched to metallic-
ities Z > 10−5 Z». Stars above this threshold are drawn
from a Kroupa (2001) IMF with Mmin = 0.08M» and Mmax =
120M». All Pop II stars with M g 2M» are tracked as in-
dividual particles, while all stars M < 2M» formed in a sin-
gle star formation event are aggregated into a single particle
to reduce computational costs. This approximation is justi-
fied by their lack of significant feedback on the timescale of
the simulation. We adopt stellar radii, effective temperatures,
surface gravity, lifetimes, and length of the asymptotic giant
branch (AGB) phase from the PARSEC stellar evolution code
(Bressan et al. 2012; Tang et al. 2014).

2.2. Stellar Feedback

We follow multi-channel stellar feedback from each of our
stars including CCSNe (both Pop III and Pop II), SNIa, AGB
and massive stellar winds, and ionizing radiation. Mass and
energy feedback from both SNe and massive star winds are
deposited over a 2 pc radius sphere centered on the particle.
For both SNe and winds, we only include the thermal energy
deposition (see Brauer et al. 2025a, for details).

CCSNe explode with an energy of 1051 erg and occur at
the end of the lifetime of Pop III stars with 10M» < M∗ <

100M» and Pop II stars with 8M» < M∗ < 25M». We as-
sume that Pop II stars with M∗ > 25M» collapse directly
to a black hole with no feedback, as do all stars above the
Pop III CCSNe range. Although the Aeos20 simulation has
stars in the range of 140–260 M», which are expected to un-
dergo pair instability SNe, we do not include them in this
version of AEOS due to their rarity and the speculative nature
of their existence. Pop II stars with 3M» < M∗ < 8M» un-
dergo SNIa. We adopt a delay time distribution from Ruiter
et al. (2011) that sums four different channels of SNIa.

2.3. Stellar Yields

We track detailed chemical yields from both Pop III and
Pop II stars, following H and He, along with 10 metals: C,
N, O, Na, Mg, Ca, Mn, Fe, Sr, and Ba, each of which acts
as one of the primary tracers for one or more of our nucle-
osynthetic channels. The α elements O, Mg, and Ca are
primary tracers of Pop II CCSNe and short timescale pro-
cesses, while iron-peak elements Mn and Fe are dominantly

produced by SNIa and trace longer timescales; their relative
abundances to the α-elements act as tracers of star formation
history. Meanwhile, N, Na, Sr, and Ba trace enrichment from
AGB stars. In particular, Sr is a first peak s-process element,
tracing low-mass (< 4M») AGB stars, while Ba is a second
peak s-process element, tracing higher-mass (4–8 M») AGB
stars due to higher neutron densities. [C/Fe] is an important
tracer of Pop III CCSNe enrichment.

Stellar yields for Pop III CCSNe with 10–100 M» are
adopted from Heger & Woosley (2010) using their standard
mixing parameter of 0.1. For CCSNe and winds of massive
Pop II stars, we adopt yields from Limongi & Chieffi (2018),
and use a population-averaged mixture model of the differ-
ent stellar rotations from Prantzos et al. (2018). AGB wind
yields are adopted from Cristallo et al. (2015). Finally, we
adopt a single abundance pattern for all SNIa from Thiele-
mann et al. (1986) and opt to instead track the fractional con-
tribution from different channels of SNIa. This allows us to
arbitrarily rescale the abundances from different channels in
post-processing.

3. COMPARING STELLAR AND GAS ABUNDANCES

In order to quantify how well Pop III yields are mixed
into star-forming gas and over what scales stellar abundances
could be considered homogeneous, we need a metric that
not only describes the differences between multidimensional
abundance vectors, but also accounts for correlations among
elements to minimize the dependence of the difference on the
chosen set of elements. To this end, we use the Mahalanobis
distance:

dM =
√

(astar − agas)T C−1 (astar − agas) (1)

where astar is a vector of abundances [X/Fe] for a single star,
agas is a vector of abundances [X/Fe] for some amount of gas,
and C is the covariance matrix between abundances [X/Fe]
derived from all SNe and wind yields injected into the box by
the end of the simulation.12 Effectively, dM generalizes the
Euclidean distance by normalizing for scale and accounting
for variable correlations via the inverse covariance matrix.

Notably, we chose to compare abundance vectors [X/Fe]
rather than [X/H] or total element mass. While it could
be argued that [X/H] would be the best independent mea-
sure of how each element differs between the gas and stellar

12 We opt to use a single covariance matrix rather than one that changes
over time as the changing variance over time for individual abundances
may strongly artificially change dM in a case where the stellar and gas
abundance vectors do not otherwise change. However, we find that using
a fixed versus variable covariance matrix does not change the qualitative
results nor does it significantly change the quantitative results. We have
also explored covariance matrices derived directly from our yield table
(which overweights massive stars), and halo-by-halo, both of which pro-
duce very similar results to using yields across the full box.
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abundances, [X/H] is dependent on the dilution factor which,
when determining the covariance matrix using yields, is im-
possible to determine without knowing the H content of the
volume the yields mix into. Total element mass is similarly
dependent on how diluted it becomes, and we would not ex-
pect the mass of any element in gas to remain the same af-
ter it becomes locked up in stars during star formation. We
argue that in AEOS, we do not have to account for inhomo-
geneous dilution that varies by element because each com-
ponent mixes into the gas in more or less the same way due
to the dominant contribution from SNe at this time (Mead
et al. 2025b). [X/Fe] remains the best choice to compare
abundance vectors as each component of the mass fraction is
dependent on the yield from some stellar feedback event.

To provide a sense of scaling for dM, we examine three
simplistic cases: if all abundances differ by 0.01 dex, 0.1 dex,
and 0.2 dex. These numbers represent the average abundance
uncertainties for small abundance surveys employing differ-
ential abundance analysis (e.g. Bedell et al. 2018), the av-
erage abundances uncertainties for large-scale surveys (e.g.
Majewski et al. 2017; De Silva et al. 2015; Cui et al. 2012),
and the upper limits on abundance uncertainties for large-
scale surveys, respectively. Using the AEOS covariance ma-
trix, this results in dM = 0.076, 0.76, and 1.5, respectively.

4. RESULTS

4.1. Inhomogeneous Mixing in Halos

We study the extent of metal mixing in AEOS halos by
comparing the stellar abundances of Pop II stars in the simu-
lation for seven abundances [X/Fe] where X is: C, N, O, Na,
Mg, Ca, and Mn13 against three simplified models for the gas
abundances:

1. Closed Box Assumption: The abundance [X/Fe]
within rvir

14, calculated assuming the retention of all
yields from SNe and winds within rvir and assuming
instantaneous homogeneous mixing of said yields;

2. Open Box Assumption: The abundance [X/Fe] within
rvir, calculated assuming homogeneous mixing of all
gas phase metals present within rvir and not assuming
retention of yields;

3. Local Cell Assumption: The abundance [X/Fe] within
the single gas cell in which the star resides.

13 Although AEOS also includes Sr and Ba, these are not included here as
they have not formed in significant amounts in the simulation we are
analyzing in this paper.

14 The abundance [X/Fe] within the virial radius is calculated by taking
the relative number density of element X to Fe within the virial radius,
relative to solar values.
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Figure 1. Top: Distribution of dM, the multidimensional distance
between stellar and gas abundance vectors modulated by covari-
ances among element abundances of yields from all chemical feed-
back, for Closed Box (red), Open Box (blue) and Local Cell (black)

models for gas abundances (see text). The Closed and Open mod-
els have similar distributions in dM, whereas the Local Cell model
peaks at lower dM and has a more elongated tail, indicating a closer
alignment between stellar and gas abundances for this model. Verti-
cal dotted lines represent the dM if we assume typical observational
uncertainties (see Section 3)—that is, if all abundance differences
in our calculation of dM were 0.01 (cyan), 0.1 (gray), or 0.2 dex
(magenta), to give a sense of scale for dM. Bottom: Cumulative dis-
tribution function of dM using the different gas models.

Under each assumption, stellar abundances are compared
to the corresponding gas abundance at the time of the star’s
first appearance in a simulation snapshot. Due to the finite
snapshot cadence of the simulation, note that a given star may
have formed any time between the previous snapshot and
the one in which it appears, which allows the gas to evolve
in that time frame. This means that, in many cases, stellar
abundances are being compared to gas abundances that have
evolved away from the state they were in at the time of for-
mation. The typical snapshot cadence is ∼2–4 Myr (on av-
erage, 3 Myr). However, because, for an individual star, the
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Figure 2. Evolution following the start of Pop III stellar feedback of the average abundance [X/Fe] for all Pop II stars (cyan) and the assumptions
of Closed Box (red), Open Box (blue), and Local Cell (black) gas abundances, with the 16th to 84th percentile spread of Local Cell abundances
(gray). The stellar and Local Cell average abundances overlap across redshift, whereas the Closed and Open Box average abundances deviate
significantly from stellar. Of the abundances we use to calculate dM, those of C, N, O, and Mg appear to deviate most significantly for the
Closed and Open Box, suggesting these elements contribute most to higher dM values.

gas abundance will have the same amount of time to evolve,
regardless of which assumption we use for the abundance,
and the probability that a star will form at any point between
snapshots is uniform, we determine that qualitative compar-
isons between distributions of dM are still valid.

Figure 1 compares the distribution of dM of each stellar
abundance relative to each of the above gas abundance vec-
tors in the snapshot the star first appears in. The top panel
shows the histogram (i.e. proportional to differential distri-
bution) of dM, whereas the bottom panel shows the cumula-
tive distribution. We will use the cumulative distribution in
future versions of this figure, but include the histogram to il-
lustrate how the distributions compare, namely to emphasize
that shallower slopes at high dM correspond to a decrease in
the number of high dM values for a particular gas abundance
comparison.

From Figure 1, it is immediately clear that stellar and gas
abundance vectors are more closely aligned when adopting
the Local Cell model in the snapshot immediately following
the star’s formation, than the gas abundance of the galaxy
when using either the Closed or Open Box assumptions. This
is apparent from both the elongated tail at lower dM and the
lower peak of dM for the Local Cell distribution. The higher
distribution of dM for the Closed and Open box assumptions
underscores that instantaneous and homogeneous mixing of

yields across the virial radius of a galaxy is a poor approxi-
mation for describing how chemical enrichment proceeds.

Furthermore, the Closed and Open Box assumptions have
similar final distributions, suggesting that the gas abundance
vectors in halos are similar no matter which of these assump-
tions is invoked. This is expected, as CCSNe are the domi-
nant nucleosynthetic source at this time, so all individual el-
ements behave and distribute similarly as they are mixed into
the ISM and intergalactic medium (Mead et al. 2025b).

We can gain a sense of which elements impact dM the most
by plotting the average abundance of each element for each
abundance measure used, as shown in Figure 2. From the
figure, it is clear that the stellar abundances are matched
best when assuming the averaged Local Cell abundances.
The Closed and Open Box assumptions deviate significantly.
We also see common evolution between elements: C, N, O,
Na, and Mg demonstrate similar qualitative trends, which
we attribute to their common origins in CCSNe at this time,
meaning that they mix into the surrounding gas in a simi-
lar fashion. Furthermore, C, N, O, Na, and Mg all show
a sharp drop in abundance for the Open Box assumption
around 180 Myr, which can be attributed to metals being
expelled beyond the virial radius (see Mead et al. 2025b,
for additional exploration of both of these effects). Each of
these elements demonstrates larger deviations between the
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Figure 3. Cumulative distribution of dM using gas abundances cal-
culated assuming instantaneous and homogeneous mixing across
spheres of some radius R centered on sites of star formation, along
with the Local Cell model for comparison. Approximating instanta-
neous homogeneous mixing across spheres up to R = 0.1 kpc results
in a tail of small dM, with smaller volumes reaching smaller dM, as
well as smaller volumes having fewer stars at high dM.

Closed/Open Box assumptions and the Local Cell model, in-
dicating that they contribute most to higher dM over [Ca/Fe]
and [Mn/Fe].

We again note that, although Sr and Ba are tracked in
AEOS, we do not include [Sr/Fe] or [Ba/Fe] in our calcula-
tions of dM. For Sr and Ba, the average stellar abundances
vary by up to 6 orders of magnitude on short timescales,
which is not seen in even the Local Cell abundances. This oc-
curs because, at this stage, Sr and Ba are primarily produced
in CCSNe in trace amounts; any increase in the amount of Sr
and Ba induces an order of magnitude changes in their abun-
dances relative to Fe. We expect that once AGB stars become
the dominant producers of Sr and Ba, these variations will
level out.

The Closed/Open Box and the Local Cell assumptions ef-
fectively represent two extremes for the gas abundances: the
abundance of metals across the whole halo versus the im-
mediate, local gas from which the star formed, respectively.
However, somewhere in between these two extremes must
be a metal mixing scale out to which metals are well-mixed
while the gas abundances still remain close to the stellar
abundances (in dM). To investigate where this minimum lies,
we calculate the gas abundance within concentric spheres of
0.01, 0.025, 0.05, 0.075, 0.1, 0.5, 1, and 5 physical kpc15

around each star-hosting cell at each snapshot, similarly to
what was done for the Closed and Open Box assumptions.

15 The halo virial radius rvir of our Pop II galaxies ranges from 0.1–0.8 kpc,
with an average of 0.3 kpc.
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Figure 4. Top: Number of stars per time bin. Bottom: dM along
with 16th to 84th percentile spread of dM over TSF assuming in-
stantaneous and homogeneous mixing across spheres of radius R.
(The zero-point of TSF is the time at which each star forms.) Prior
to ∼ 7 Myr after a star forms, smaller spheres have smaller dM. The
dM for each sphere intersects at ∼ 7 Myr, suggesting τchem = 7 Myr.
After 7 Myr, the dM of spheres R ≤ 0.1 kpc continues to increase
dramatically, consistent with rapidly changing local gas, whereas
the dM of spheres R ≥ 0.5 kpc flattens, consistent with expectations
for an IMF-averaged gas abundance.

We then track how the abundance of each element, relative
to Fe, evolves both spatially and temporally.

Figure 3 shows the cumulative distribution of dM for each
concentric sphere around each star in the snapshot follow-
ing the time at which it forms. There is an apparent gradi-
ent among the lowest dM values, where the gas abundances
of smaller volumes are more closely aligned with the stel-
lar abundances. The thick tail of low dM exists for spheres
up to 0.1 kpc, implying that within this scale, gas may be
mixed homogeneously. In the differential distribution his-
togram these appear as skewed Gaussians in log-space, simi-
lar to the Local Cell assumption in Figure 1, with a peak at 2–
3×10−1. Larger spheres show an approximately log-uniform
distribution at 10−1 < dM < 5, similar to the Closed and Open
Box assumptions in Figure 1.



8

It is clear from Figures 1 and 3 that the gas abundances are
inhomogeneous across the extent of the halos. However, this
is only at the time of star formation, so it does not capture
how the gas evolves following star formation. Therefore, we
also examine how dM evolves within each sphere around a
star following its formation. Figure 4 shows dM, the value of
dM averaged over the time since star formation (TSF) within
each sphere (the zero-point of the TSF is the time at which
the star forms). For any given TSF bin, stars are drawn from
different cosmic times, and not a uniform time, redshift, or
snapshot.

Clear trends among the averages immediately arise from
this. First, near the time of star formation, we see that dM

decreases with decreasing sphere radius (as also implied by
Figure 3). While dM of the 0.5, 1, and 5 kpc spheres are com-
paratively flat, showing only a modest increase (likely due to
the spheres being large enough to encompass enough gas to
be representative of IMF-averaged yields), smaller spheres
demonstrate an increase in dM. The dM for each sphere in-
tersects at ∼ 7 Myr, suggesting an average timescale for sig-
nificant chemical evolution τchem ∼ 7 Myr, where the gas in
spheres smaller than R = 0.1 kpc has altered sufficiently to be
as distant from the original local abundance as IMF-averaged
gas, either due to yields injected by nearby stars, or as the
star drifts beyond the gas from which it formed. Moreover,
the values of dM of spheres R f 0.1 kpc continue to rise to-
gether after this mixing timescale. This rise demonstrate that
the gas within R f 0.1 kpc changes more significantly and
more rapidly than IMF-averaged gas R g 0.5 kpc. This fur-
ther demonstrates that there is a spatial mixing scale ∼ 0.1
kpc over which the gas is similarly mixed.

4.2. Mixing in Different Gas Phases

Metals will mix differently in different thermodynamic
phases of the gas with different sound speeds. In particu-
lar, it is interesting to distinguish how representative cold gas
is of stellar abundances compared to hot gas that may be as-
sociated with SN ejecta. We repeat the analysis done earlier,
using the same concentric spheres around sites of star for-
mation, but divide the gas into cold (T < 1,000K), warm
(1,000 < T < 20,000K), and hot (T > 20,000K) gas.

Similarly to Figure 3, Figure 5 shows the cumulative dis-
tribution of dM, but now by gas phase. While most values of
dM, regardless of sphere size, remain larger than 10−1, there
is a noticeable shift in the distribution at lower dM in each
phase of gas. Namely, cold gas demonstrates a pattern most
similar to that seen in Figure 3, where spheres of R f 0.1
kpc have a thick tail of low dM, with smaller spheres reach-
ing lower dM. This tail begins to disappear in warm gas,
with only a small tail for spheres of R f 0.025 kpc, before
it disappears completely in hot gas, leaving the distribution
of dM among the different size spheres almost indistinguish-

0.0

0.5

1.0

cold

0.01 kpc
0.025 kpc
0.05 kpc
0.075 kpc
0.1 kpc
0.5 kpc
1 kpc
5 kpc

0.0

0.5

1.0

C
D

F

warm

10 3 10 2 10 1 100

dM

0.0

0.5

1.0

hot

Figure 5. Cumulative distribution of dM assuming instantaneous
and homogeneous mixing of gas across spheres with radius R given
in the legend, separated by gas temperature (see text). As gas gets
progressively warmer, the tail of small dM shrinks, indicating that
cold gas in spheres with R ≤ 0.1 kpc has gas abundances most sim-
ilar to stellar abundances. Warm gas shows a small tail for spheres
R ≤ 0.025 kpc, whereas hot gas distributions overlap for every size
sphere. This clearly demonstrates that cold gas is most representa-
tive of young stellar abundances while hot gas is never representa-
tive of them.

able. This is expected, since stars form from cold gas (al-
though without a density criterion the cold gas filter may also
select non–star-forming gas) so it is sensible that some cold
gas around sites of star formation should have abundances
very similar to newly formed stars.

Conversely, the higher dM values for the warm and hot gas
abundances mean there is essentially never a time at which
the warm or hot gas is representative of individual stellar
abundances. Uniformly large dM values could be expected



9

100
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Figure 6. Left: dM over TSF by gas temperature for all halos in the sample. One halo, Halo 159508, dominates early Pop II star formation,
having an outsized impact on dM at high TSF. Unique circumstances in Halo 159508 contribute to an anomalous bump in dM in the warm gas
at 30 < TSF < 60 Myr, as well as the increase in dM at large TSF in the cold and hot gas. Right: Same as left column but with Halo 159508
removed. General trends remain, but without the severe increase in dM at large TSF in the cold gas. Although less pronounced, there is still a
reversal in sphere size for largest dM after 10 Myr, where spheres R ≤ 0.1 kpc have higher dM.

for two reasons: if the hot gas mixes efficiently (de Avillez &
Mac Low 2002b; Emerick et al. 2018, 2020) and thus rapidly
diverges from stellar abundances; or if SNe recently enriched
the local hot gas, potentially from the very star being com-
pared to, considering the snapshot cadence. Together, these
results suggest that ejecta from SNe do not mix instanta-
neously or homogeneously between phases of gas.

We continue our analysis of dM in different gas phases by
comparing dM in different spheres over TSF, as in Figure 4.

The left column of Figure 6 shows dM for each gas phase
in each sphere. Within ∼ 7 Myr, each progressively larger
sphere shows a rise in dM that also rises with gas tempera-
ture, and for spheres of R > 0.1 kpc, dM flattens at high TSF.
This behavior again suggests that metals are not mixed homo-
geneously across gas phases, with cold gas within 7 Myr of
star formation being the most similar in abundances to stars.
Within each sphere, the cold and warm gas show similar evo-
lution in dM with TSF, and the hot gas sits at a consistently
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higher dM out to about 20 Myr for all spheres, and after 20
Myr for spheres R g 0.5 kpc. The similarities between the
cold and warm gas become stronger after 10 Myr, and in
spheres of R > 0.1 kpc, with the exception of a large bump in
dM of warm gas for 30< TSF< 60 Myr that is due to a single
halo, Halo 159508, that dominates most of the star formation
at early times, thus producing most of the star particles with
large TSF in snapshots at late times.

We remove Halo 159508 from our analysis in the right
column of Figure 6. Removing this halo not only removes
the bump in dM in warm gas, but also removes the steep in-
crease in dM at late TSF in spheres R f 0.1 kpc for each
phase of gas. However, the trends between sphere sizes re-
main, namely that smaller spheres at large TSF generally re-
tain a higher dM. How rapidly local gas abundances change
compared to stellar abundances of stars formed more than
∼ 40 Myr prior is clearly environment dependent, and likely
is a result of stellar motion into regions of gas far from their
formation sites, ongoing star formation, and SN feedback.
Though the impact of removing Halo 159508 is pronounced
due to its dominant contribution to the oldest stars, this em-
phasizes that each halo has a unique shape in dM versus TSF.
However, halos generally exhibit the same qualitative trends,
with smaller volumes having lower dM until about 5–10 Myr
after star formation, at which point this reverses with smaller
volumes having higher dM.

5. DISCUSSION AND CONCLUSIONS

In this work, we use the AEOS simulations to test the
assumption of instantaneous and homogeneous mixing of
yields across different gas phases in early (z > 14) miniha-
los with masses 105 ≲ Mh ≲ 107 M» and to identify the tem-
poral and spatial scales of mixing. We use the Mahalanobis
distance—similar to the Euclidean distance between vectors
but adjusted for covariances between variables—to quantify
the differences between stellar and gas abundances. As stel-
lar abundances presumably record the state of the gas in a
particular location at a particular instant, we study how the
gas enriched by Pop III SNe evolves spatially and temporally
relative to each instance of Pop II star formation. We quan-
tify the gas abundance in various ways to test the assumption
of instantaneous and homogeneous mixing. We test three
models: (i) a Closed Box model with full metal retention
in a halo; (ii) an Open Box model with only the metals actu-
ally retained, which both assume instantaneous and homoge-
neous mixing across a halo out to the virial radius; and (iii)
a Local Cell model, which only accounts for the gas in the
cell in which the star formation occurred. We also repeat the
analysis for a series of concentric spheres of various radii,
which tests instantaneous and homogeneous mixing across
increasingly larger spheres from 0.01 kpc, well within the
virial radius, out to 5 kpc, well beyond the virial radius of

any Pop II star forming halo in our simulations. From our
analysis, we conclude the following:

1. Metals do not mix instantaneously or homogeneously
across halos, whether or not we assume complete metal
retention by halos. We measure gas abundances im-
mediately around star forming regions and find signif-
icant differences with stellar abundances compared to
the abundances that are expected when assuming that
enriched material instantaneously and homogeneously
mixes within the virial radius of the halo.

2. Metals are mixed to a point where abundances approx-
imated with instantaneous and homogeneous mixing
within different spherical volumes are equidistant in
Mahalanobis distance dM within ∼ 7 Myr. This im-
plies a mixing timescale for significant chemical evo-
lution to occur τchem ∼ 7 Myr.

3. Metals are mixed homogeneously within ∼ 0.1 kpc.
This effect is particularly apparent at large times after
star formation because gas in small volumes surround-
ing sites of star formation changes more rapidly than
gas abundances averaged over large spheres.

4. Abundances in cold gas are most similar to stars within
0.1 kpc around sites of star formation, reaching lower
dM. Conversely, hot gas demonstrates comparatively
high dM regardless of the volume over which instan-
taneous and homogeneous mixing is assumed, indicat-
ing a consistent and significant deviation from stellar
abundances that is likely due to some combination of
efficient mixing and local enrichment. Finally, warm
gas is moderately representative of stellar abundances
within 0.025 kpc around a site of star formation.

Metal mixing scales have implications for both theoreti-
cal and observational work. The instantaneous and homo-
geneous mixing assumption has long persisted in analytical
work due to its simplicity and tractability. While this has
been sufficient to describe most stellar abundances observed
at [Fe/H] g −2, outliers that suggest inhomogeneous mixing
persist, and data from the most metal-poor stars strongly sup-
ports inhomogeneous mixing (Ryan et al. 1996; McWilliam
1997; François et al. 2003). In order to match these observa-
tions and explain the scatter that is observed in abundances
with age and overall metallicity [Fe/H] (e.g. Hill et al. 2019;
Ji et al. 2020; Mead et al. 2024), analytical models must
adopt new ways to account for spatial and temporal mixing
scales (e.g. Krumholz 2018; Krumholz et al. 2025).

Spatial and temporal mixing scales also impact chemical
tagging, a central pursuit of galactic archaeology. Chemical
tagging relies on there being enough independent chemical
dimensions to uniquely identify conatal stars under the as-
sumption that stars that are born together from the same gas
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cloud should have the same abundances. Our work here sug-
gests that this is a valid assumption: we find a spatial mixing
scale of about 0.1 kpc, and the average size of a giant molec-
ular cloud ranges from 20–100 pc (Solomon et al. 1979;
Miville-Deschênes et al. 2017). Although we see a mixing
timescale of ∼ 7 Myr, this is the timescale over which gas in-
terior to 0.1 kpc mixes sufficiently across the volume to be as
distinct from the stellar abundances as the IMF-averaged gas
abundances. This does not imply that stars forming within 7
Myr of each other have indistinguishable abundances.

Under the assumption that stellar abundances are records
of the gas abundances from which they formed, we can ask
the question: given observational uncertainties, what is the
minimum dM between two observed stars that would indi-
cate they formed from different gas clouds? We can do
a simple calculation of dM for the elements in AEOS us-
ing a typical survey observational uncertainty of 0.1 dex so
astar1 − astar2 = [0.1, 0.1, 0.1, ...]. Using the covariance ma-
trix from AEOS, we find a minimum dM = 0.76. Notably, this
value is higher than a majority of dM at the time of star forma-
tion in volumes R f 0.1 kpc (e.g. Figures 1, 3, 5), but smaller
than around half of the values for volumes R g 0.5 kpc. With
these uncertainties, a value of dM < 0.76 could constrain the
formation time of two stars to be within ∼ 10 Myr of each
other (below the 16th percentile spread in Figure 4).

Using an upper limit on average abundance uncertainties
of 0.2 dex, the minimum dM = 1.5, which, we see from Fig-
ure 4, would not allow us to distinguish different gas clouds,
but could narrow the range of ages to within 20 Myr of each
other. Conversely, assuming an abundance uncertainty of
0.01 dex, which can be achieved by studies implementing dif-
ferential abundance analysis (e.g.; Bedell et al. 2018), trans-
lates to dMD = 0.076, and would nearly uniquely identify stars
forming from the same gas cloud with very little contamina-
tion from stars forming outside of that gas cloud (Figures 1
and 3). However, as shown in Figure 3, given than many stars
have dM larger than this, such a cutoff would not capture all
stars that form from the same gas cloud. It should be noted,
though, that such small uncertainties can at best be achieved
from differential abundance analyses tied to the Sun. These
have thus far only been applied to metal-rich, solar-type stars
and solar twins (e.g., Bedell et al. 2018).

In any case, we reiterate that in our current analysis, time
steps are spaced 2–4 Myr apart, which is sufficient time for

gas abundances to be altered by CCSNe. This would par-
ticularly impact stars forming immediately after the previ-
ous time step, but 2–4 Myr before the gas abundances are
recorded. AEOS does have higher time resolution outputs, so
a more detailed future analysis could further separate these
dM distributions. An important caveat to these constraints
is that they depend on AEOS having an accurate covariance
matrix, as well as on which elements are included in our cal-
culation of dM, particularly elements that are independent
from the others in our set. Theoretically, the addition of
elements that are highly correlated with each other should
not greatly impact the value of dM (see arguments from
e.g., Mead et al. 2025a; Krumholz et al. 2025). Nonethe-
less, our results highlight the inhomogeneity in abundances
in the metal-poor regime, and the back-of-the-envelope cal-
culations for dM given expected uncertainties demonstrate a
potential method by which simulations and observations can
work hand-in-hand to trace the origins of the earliest stars.
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Bromm, V. 2015, MNRAS, 451, 1190

Ruiter, A. J., Belczynski, K., Sim, S. A., et al. 2011, MNRAS, 417,

408

Ryan, S. G., Norris, J. E., & Beers, T. C. 1996, ApJ, 471, 254

Salpeter, E. E. 1955, ApJ, 121, 161

Salvadori, S., Bonifacio, P., Caffau, E., et al. 2019, MNRAS, 487,

4261

Samland, M., Hensler, G., & Theis, C. 1997, ApJ, 476, 544

Sarmento, R., Scannapieco, E., & Cohen, S. 2018, ApJ, 854, 75

Sarmento, R., Scannapieco, E., & Pan, L. 2017, ApJ, 834, 23

Schaerer, D. 2002, A&A, 382, 28

Sharda, P., Ginzburg, O., Krumholz, M. R., et al. 2024, MNRAS,

528, 2232

Solomon, P. M., Sanders, D. B., & Scoville, N. Z. 1979, in IAU

Symposium, Vol. 84, The Large-Scale Characteristics of the

Galaxy, ed. W. B. Burton, 35

Spitoni, E., Calura, F., Matteucci, F., & Recchi, S. 2010, A&A,

514, A73

Spitoni, E., & Matteucci, F. 2011, A&A, 531, A72



13

Tang, J., Bressan, A., Rosenfield, P., et al. 2014, MNRAS, 445,

4287

Tarumi, Y., Hartwig, T., & Magg, M. 2020, ApJ, 897, 58

Thielemann, F.-K., Nomoto, K., & Yokoi, K. 1986, A&A, 158, 17

Tinsley, B. M. 1980, FCPh, 5, 287

Tornatore, L., Ferrara, A., & Schneider, R. 2007, MNRAS, 382,

945

Venn, K. A., Shetrone, M. D., Irwin, M. J., et al. 2012, ApJ, 751,

102

Yang, C.-C., & Krumholz, M. 2012, ApJ, 758, 48

Zhang, C., Li, Z., Hu, Z., & Krumholz, M. R. 2025, MNRAS, 540,

3906


	Introduction
	Simulation
	Star Formation
	Pop III Star Formation
	Pop II Star Formation

	Stellar Feedback
	Stellar Yields

	Comparing Stellar and Gas Abundances
	Results
	Inhomogeneous Mixing in Halos
	Mixing in Different Gas Phases

	Discussion and Conclusions

