
DRAFT VERSION SEPTEMBER 19, 2025
Typeset using LATEX twocolumn style in AASTeX631

AEOS: The Impact of Pop III Initial Mass Function and Star-by-Star Models in Galaxy Simulations

KALEY BRAUER,1 JENNIFER MEAD,2 JOHN H. WISE,3 GREG L. BRYAN,2 MORDECAI-MARK MAC LOW,4, 2 ALEXANDER P. JI,5, 6

ANDREW EMERICK,7 ERIC P. ANDERSSON,4 ANNA FREBEL,8 AND BENOIT CÔTÉ9, 10

1Center for Astrophysics | Harvard & Smithsonian, Cambridge, MA 02138, USA
2Department of Astronomy, Columbia University, New York, NY 10027, USA

3Center for Relativistic Astrophysics, School of Physics, Georgia Institute of Technology, Atlanta, GA 30332, USA
4Department of Astrophysics, American Museum of Natural History, New York, NY 10024, USA

5Department of Astronomy & Astrophysics, University of Chicago, 5640 S Ellis Avenue, Chicago, IL 60637, USA
6Kavli Institute for Cosmological Physics, University of Chicago, Chicago, IL 60637, USA

7Carnegie Observatories, Pasadena, CA, 91101, USA
8Department of Physics and Kavli Institute for Astrophysics and Space Research, Massachusetts Institute of Technology, Cambridge, MA 02139, USA

9Department of Physics and Astronomy, University of Victoria, Victoria, BC, V8P5C2, Canada
10Konkoly Observatory, Research Centre for Astronomy and Earth Sciences, HUN-REN, Konkoly Thege M. ut 15-17, Budapest 1121, Hungary

ABSTRACT

We explore the effect of variations in the Population III (Pop III) initial mass function (IMF) and star-by-star
feedback on early galaxy formation and evolution using the AEOS simulations. We compare simulations with
two different Pop III IMFs: Mchar = 10M» and Mmax = 100M» (Aeos10) and Mchar = 20M» and Mmax = 300M»

(Aeos20). Aeos20 produces significantly more ionizing photons, ionizing 30% of the simulation volume by
z ≈ 14, compared to 9% in Aeos10. This enhanced ionization suppresses galaxy formation on the smallest
scales. Differences in Pop III IMF also affect chemical enrichment. Aeos20 produces Population II (Pop
II) stars with higher abundances, relative to iron, of light and α-elements, a stronger odd-even effect, and a
higher frequency of carbon-enhanced metal-poor stars. The abundance scatter between different Pop II galaxies
dominates the differences due to Pop III IMF, though, implying a need for a larger sample of Pop II stars to
interpret the impact of Pop III IMF on early chemical evolution. We also compare the AEOS simulations to
traditional simulations that use single stellar population particles. We find that star-by-star modeling produces
a steeper mass-metallicity relation due to less bursty feedback. These results highlight the strong influence of
the Pop III IMF on early galaxy formation and chemical evolution, emphasizing the need to account for IMF
uncertainties in simulations and the importance of metal-poor Pop II stellar chemical abundances when studying
the first stars.

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

1. INTRODUCTION

The formation of the first stars, known as Population III
(Pop III), marked a pivotal transition in the evolution of the
early Universe (Klessen & Glover 2023; Barkana & Loeb
2001; Bromm 2013; Bromm et al. 2002; Wise & Abel 2008).
Composed solely of primordial gas, these stars drove the
chemical enrichment of the first galaxies. A key factor in
determining the properties of these nascent galaxies is the
initial mass function (IMF) of the Pop III stars (e.g., Schaerer
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2002; Schneider et al. 2006; Hartwig et al. 2015; Stacy et al.
2016; Ishigaki et al. 2018; Lazar & Bromm 2022; Parsons
et al. 2022). Understanding the Pop III IMF is crucial for
constraining the feedback mechanisms that regulated star for-
mation and the transition to later populations of stars.

Early numerical simulations suggested that the Pop III IMF
was top-heavy, favoring very massive stars reaching hun-
dreds or even a thousand solar masses (Abel et al. 2002;
Bromm et al. 2002). This result stemmed from the in-
ability of the primordial gas to cool efficiently, leading to
the formation of large single stars. However, more re-
cent high-resolution simulations have suggested that gas
cloud fragmentation could produce a broader range of stellar
masses, extending down to tens of solar masses or even lower
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(Hosokawa et al. 2011; Hirano et al. 2014; Susa et al. 2014;
Stacy et al. 2016). These results suggest that the Pop III IMF
(which is still distinct from a classical Pop II IMF) encom-
passes a broad range of stellar masses, allowing for the for-
mation of both extremely massive and relatively lower-mass
stars in the early universe.

Indirect observational evidence further supports the idea of
a broad Pop III IMF. Metal-poor stars observed in the Milky
Way and its satellite galaxies retain chemical abundance pat-
terns that may represent enrichment by Pop III stars (Hartwig
et al. 2018). When these patterns are compared to theoretical
models of Pop III supernova yields, they can offer insights
into the masses of Pop III progenitors. Some data suggest
that certain enriched stars originated from Pop III progenitors
with masses exceeding 50 M» (Ji et al. 2024) and even up to
260 M» (Xing et al. 2023); however, the latter finding is con-
tested by recent work (Skúladóttir et al. 2024). Meanwhile,
the majority of Pop III progenitors may have had masses of
only a few tens of solar masses (Ishigaki et al. 2018; Fraser
et al. 2017; Tumlinson 2006). While some models propose
a Salpeter-like IMF to describe the Pop III mass distribution,
recent studies have pointed to possible deviations from this
power law, including a potential peak around 25 M» (Ishi-
gaki et al. 2018). The non-detection of zero-metallicity stars
in ultra-faint dwarf galaxies also provides constraints on the
minimum mass of the first stars, Mmin > 0.8 M» (Rossi et al.
2021).

Despite these advances, significant uncertainties remain re-
garding the true shape of the Pop III IMF and its implications
for galaxy formation and reionization. Simulations provide
a valuable tool for exploring these uncertainties by model-
ing different IMF scenarios and examining their effects on
key cosmic processes. The amount of ionizing radiation pro-
duced by Pop III stars, for instance, depends heavily on their
mass distribution, directly impacting the ionization history
of the universe and star formation in early galaxies (Schaerer
2002; Wise et al. 2012a; Kimm et al. 2017). Likewise, stel-
lar feedback from SNe and winds influences the growth and
chemical evolution of the earliest galaxies (Wise et al. 2012b;
Heger & Woosley 2010).

The legacy of the Pop III stars extends to the formation of
Population II (Pop II) stars (e.g., Prgomet et al. 2022). The
Pop III IMF influences the characteristics of the Pop II stars,
which emerged after the interstellar medium was enriched
by metals from Pop III SNe. Massive Pop II stars play a
critical role in early galaxy evolution as they contribute sig-
nificantly to the regulation of star formation through feed-
back processes such as ionizing radiation, stellar winds, and
SNe (Somerville & Davé 2015). These feedback mecha-
nisms drive gas outflows, influence the ionization history, and
regulate the growth of early galaxies. Accurately capturing
the effects of individual Pop II stars on their environment is

therefore also essential for understanding the formation and
evolution of the first galaxies (e.g., Brauer et al. 2025; An-
dersson et al. 2025).

Traditional cosmological simulations often simplify the
modeling of Pop II stellar feedback by representing entire
star clusters as single particles, which limits the resolution
of the feedback processes that individual stars provide (e.g.,
Skinner & Wise 2020; Smith 2021). Such models can over-
look the detailed radiative and mechanical feedback from in-
dividual stars, which plays a critical role in regulating the
interstellar medium and shaping galaxy evolution. In recent
years, simulations have begun to include feedback from indi-
vidual stars in galaxy simulations (e.g., Emerick et al. 2019;
Lahén et al. 2020; Hirai et al. 2021; Gutcke et al. 2021; His-
lop et al. 2022; Andersson et al. 2023; Calura et al. 2022;
Steinwandel et al. 2023; Brauer et al. 2025; Hirai et al. 2024;
Deng et al. 2024). Star-by-star modeling of Pop II stellar
feedback offers a more detailed approach. This captures the
impact of the radiation, supernovae (SNe), and stellar winds
from individual stars both inside and outside clusters on gas
dynamics and chemical enrichment, which is crucial for un-
derstanding the earliest stages of galaxy formation.

In this work, we present results from the AEOS simula-
tions (Brauer et al. 2025; Mead et al. 2025) that explore (1)
the impact of varying the Pop III IMF on early galaxy evo-
lution and (2) the impact of star-by-star models when simu-
lating the first galaxies. These AEOS simulations model the
formation of the first stars and galaxies in the first few hun-
dred megayears of the universe, following individual stellar
feedback and detailed chemical enrichment. This approach
is motivated by the fundamental importance of predicting
the chemical abundances of ancient stars, particularly those
found in ultra-faint dwarf galaxies and the Milky Way’s stel-
lar halo, to unravel the processes of early star and galaxy
formation (e.g., Brauer et al. 2019).

In Section 2, we summarize our methodology, describe our
simulations, and detail how they differ. In Section 3, we com-
pare two individual star simulations that differ only in their
Pop III IMFs. These simulations allow us to investigate how
changes in the IMF affect star formation rates, galaxy growth,
ionization history, and metal enrichment. In Section 4, we
compare one of the simulations to seven comparison simula-
tions without star-by-star feedback to investigate the effect of
highly resolved star formation and feedback on galaxy evo-
lution. We conclude in Section 5.

2. METHODS

This study uses the numerical methods detailed in Brauer
et al. (2025). We focus on a comparative analysis between the
fiducial AEOS cosmological simulation and additional simu-
lations: (1) an AEOS simulation with an altered Pop III IMF
with a higher characteristic mass Mchar and upper mass cut-



3

off, and (2) seven comparison simulations that omit the full
star-by-star feedback and enrichment models, instead using
single stellar population particles and IMF averaged metal
yields. The comparison simulations are identical except for
differences arising primarily from stochastic IMF sampling
during star formation. We run seven comparison simulations
to show how stochasticity affects results. Below, we provide
a concise summary of the important methods from Brauer
et al. (2025) and elaborate on the modifications pertinent to
the additional simulations. The differences in the simulations
are summarized in Table 1.

2.1. Similarities Across Simulations

All simulations use the ENZO adaptive mesh refinement
(AMR) code (Bryan et al. 2014; Brummel-Smith et al. 2019),
enabling high-resolution modeling of cosmological struc-
tures. The computational grid employs AMR to achieve high
physical resolution in regions of elevated gas density, ensur-
ing detailed resolution of dense gas clumps and star forma-
tion. They have a root-grid resolution of 2563, a dark matter
resolution of 1840 M», and a resolution of 1 physical pc at
the finest scales.

The simulations cover a comoving (1 Mpc)3 volume, sim-
ulated from redshift z = 130 to z = 14.5, approximately 300
Myr after the Big Bang. They commence from identical ini-
tial conditions generated with MUSIC (Hahn & Abel 2011)
at redshift z = 130, adhering to the cosmological parame-
ters derived from the Planck collaboration (Planck Collab-
oration et al. 2014). This ensures consistency across all sim-
ulation runs, facilitating comparisons between different feed-
back models and IMF choices.

Star formation is modeled stochastically in cold, dense gas
regions with n > 104 cm−3 that exhibit converging flows hav-
ing ∇· v < 0, assuming a star formation efficiency per free-
fall time of eff = 2%. The star formation algorithm distin-
guishes Pop II from Pop III stars using a threshold of total
gas metallicity Z > 10−5Z» (Ji et al. 2014; Chiaki et al. 2015;
Schneider et al. 2012; Tumlinson 2006). Pop III star forma-
tion in lower metallicity gas further requires a molecular hy-
drogen fraction fH2 > 0.0005, consistent with high-resolution
simulations (Susa et al. 2014; Kulkarni et al. 2021).

Following Wise et al. (2012b), we adopt a Pop III IMF of
the form:

f (logM)dM = M−1.3 exp

[

−

(

Mchar

M

)1.6
]

dM (1)

Above Mchar, it behaves as a Salpeter IMF, and below Mchar it
is exponentially suppressed (Chabrier 2003). We also include
an upper mass limit Mmax. In all simulations, every Pop III
star is represented by a single star particle. The Pop II IMF
is sampled from a Kroupa (2001) distribution with a mass
range of 0.08–120 M».

All simulations include stellar feedback from stellar radia-
tion and SNe:

• Stellar Radiation: Radiation in multiple bands (IR,
FUV, LW, H I, HeI, and HeII) is tracked using adap-
tive ray-tracing radiative transfer methods.

• SNe: Core-collapse (both Pop III and Pop II) and Type
Ia SNe inject mass, energy, and metals into the ISM
with event-specific yields and energies.

We follow radiation from every star with mass M > 8 M».
For Pop III stars, we use binned photon counts from Heger
& Woosley (2010) with the lifetimes in Schaerer (2002). For
Pop II stars, photon fluxes in each radiation band are deter-
mined using the OSTAR2002 (Lanz & Hubeny 2003) grid of
O-type stellar models. We also use the PARSEC (Bressan
et al. 2012) grid of stellar evolution tracks to set the lifetime
of each Pop II star and the start time and length of the asymp-
totic giant branch (AGB) phase, if present.

All simulations employ a modified version of GRACKLE

(Smith et al. 2017) to handle non-equilibrium chemistry in-
volving nine species (H, H+, He, He+, He++, e−, H−, H2, and
H+

2) and associated radiative cooling and heating processes.
The chemical network includes dust-mediated H2 formation,
a UV background that extends to high redshift and is scaled
to be continuous with Haardt & Madau (2012) at z = 10,
and a Lyman-Werner background model from Emerick et al.
(2019) and Wise et al. (2012b) that adopts updated rates at
high redshift from Qin et al. (2020).

2.2. Differences Between Simulations

The two AEOS simulations (Aeos10 and Aeos20) differ in
the characteristic mass Mchar and upper limit Mmax of their
Pop III IMFs. The comparison simulations share the same
Pop III IMF as Aeos10, but do not have star-by-star mod-
eling for Pop II stars, do not model feedback from winds,
and do not track detailed chemical enrichment with individ-
ual metals. These differences are summarized in Table 1.

Aeos10 adopts a Pop III IMF with a characteristic mass
Mchar = 10 M» and a maximum mass of Mmax = 100 M».
To investigate the sensitivity of galaxy evolution to the Pop
III IMF, we execute an additional AEOS simulation (Aeos20)
wherein the characteristic mass Mchar of the Pop III IMF
is modified from the fiducial value of 10 M» to 20 M»

and Mmax = 300 M» (motivated by Hirano & Bromm 2017;
Bromm 2013; Yoshida 2006; Skinner & Wise 2020). This ad-
justment alters the mass distribution of Pop III stars, thereby
affecting their lifetimes, feedback outputs, and chemical
yields (see Brauer et al. 2025). This is the only difference
between the Aeos10 and Aeos20 simulations.

In the AEOS simulations, Aeos10 and Aeos20, star parti-
cles represent individual stars sampled from their respective
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Table 1. Overview of AEOS Simulation Runs

Run Name Pop III Mchar Pop III Mmax Pop II Star Resolution Individual Metals Stellar Winds

Aeos10 10 M» 100 M» 2 M» Yes Yes

Aeos20 20 M» 300 M» 2 M» Yes Yes

Comparisons 10 M» 100 M» 1000 M» No No

IMFs except for Pop II stars below 2 M», which are aggre-
gated into single particles due to their negligible feedback
and enrichment contributions on simulation timescales. Star
formation occurs from gas reservoirs of g 100 M». Individ-
ual star particles are formed by sampling from the IMF until
the gas reservoir is depleted, at which time star formation
ends until more gas meets the conditions for star formation.

In the comparison simulations, Pop III stars are repre-
sented by individual particles, but Pop II stars are represented
by star cluster particles with a minimum mass of 1000 M».
For Pop II star formation, stars are formed from gas reser-
voirs of g 1000 M». A single star particle is formed with
a stellar mass distribution determined by sampling from the
IMF.

In addition to feedback from CCSNe and radiation, AEOS

simulations include feedback and enrichment from AGB
winds and massive star winds. The seven comparison sim-
ulations presented here omit AGB and massive stellar winds.
They also omit individual star-by-star feedback modeling due
to their aggregation of Pop II stars into cluster particles.

Additionally, the comparison simulations track overall
metallicity but do not track individual elements. The AEOS

simulations track the evolution of ten individual metal abun-
dances – C, N, O, Na, Mg, Ca, Mn, Fe, Sr, and Ba –
in addition to hydrogen and helium. These elements are
sourced from various nucleosynthetic channels, including
core-collapse SNe, Type Ia SNe, and asymptotic giant branch
stars. We use detailed yield tables from Heger & Woosley
(2010) for Pop III CCSNe and Limongi & Chieffi (2018) for
Pop II stars.

3. EFFECTS OF VARYING POP III IMF

3.1. Ionization

The different Pop III IMFs in Aeos10 and Aeos20 lead to a
pronounced difference in the hydrogen ionization of the sim-
ulation volume. Figure 1 shows that Aeos20 ionizes much
more rapidly than Aeos10, with the volume 30% ionized by
z = 14.5 in Aeos20 compared to 9% in Aeos10.

This occurs because the ionizing radiation emitted by a
star increases with its mass (Schaerer 2002). Consequently,
the IMF in Aeos20, with its higher Mchar and upper mass
limit, produces a stellar population that emits significantly
more ionizing photons. Figure 2 shows the mass distribu-
tion of Pop III stars in the two simulations. Aeos10 con-
tains approximately 2000 stars with masses in the tens of so-
lar mass range, while Aeos20 has fewer than 500 stars in
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Figure 1. Ionization fraction of the simulation volume over time for
Aeos10, Aeos20, and the comparison simulations using the Aeos10
Pop III IMF but without individual stellar feedback. The shaded
grey region shows the 16th to 84th percentile of ionization fractions
for the different comparison simulations. Aeos20 ionizes the vol-
ume significantly earlier than Aeos10 due to the more massive Pop
III stars producing more ionizing photons. The comparison simula-
tions have similar ionization to Aeos10, as expected, with stochas-
tic differences beginning to cause large variations between simula-
tions after around 250 Myr. The choice of Pop III IMF significantly
affects the ionization and consequently the growth of the smallest
galaxies.

this range. However, Aeos20 features Pop III stars up to
300 M», including about 80 stars exceeding 100 M». The to-
tal number of ionizing photons from Pop III stars per stellar
mass for these two distributions (combining the histograms
and rate of ionizing photons shown in Figure 2) is about
7×1061 photons/M» for Aeos10 and 10×1061 photons/M»

for Aeos20.
These massive stars are the primary contributors to the in-

creased ionizing photon output, as shown in Figure 3. The
total ionizing luminosity of Aeos20 surpasses Aeos10 due
to its most massive stars. When only stars below 100 M»

are included, the total ionizing luminosity of Aeos20 agrees
fairly well with that of Aeos10; the major peaks in ionizing
luminosity are no longer seen. Thus, the enhanced ioniza-
tion in Aeos20 seen in Figure 1 is predominantly driven by
its population of Pop III stars exceeding 100 M».

The characteristic mass of the IMF also affects the ion-
ization. If enhanced ionization was driven only by the most
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Figure 2. Distribution of Pop III star masses in Aeos10 vs. Aeos20.
Aeos10 has far more low-mass Pop III stars, while Aeos20 has
fewer total Pop III stars but their masses extend up to 300 M».
The black line shows the number of HI ionizing photons from each
star as a function of stellar mass; several dozen Pop III stars with
> 100 M» in Aeos20 result in a large number of ionizing photons.
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Figure 3. Starting after ∼ 150 Myr, Aeos20 (maroon) begins to
exceed Aeos10 (blue) in the total ionizing luminosity from Pop III
stars. This excess of ionizing photons is primarily due to the lumi-
nosity of stars greater than 100 M», because when the contribution
of these stars is removed (dotted red), the total luminosity of the two
simulations is far more similar.

massive Pop III stars, we would expect the ionizing output
from Aeos20 stars below 100 M» to be significantly lower
than in Aeos10, as we are excluding a substantial portion of
stellar mass. However, since the total ionizing luminosity re-
mains comparable to Aeos10, this indicates that the charac-
teristic mass also contributes to ionizing luminosity, albeit to
a lesser extent than the high-mass tail of the IMF. Addition-
ally, in terms of total stellar mass, Aeos20 actually produces
somewhat less stellar mass than Aeos10 at both early and

late times, emphasizing that the higher ionization is due to
the distribution of Pop III star masses rather than differences
in total stellar mass.

The higher ionization in Aeos20 suppresses the formation
of small galaxies. Previous work has found that ionization-
driven photoheating of the gas in and around dwarf galax-
ies suppresses star formation (Efstathiou 1992; Bullock et al.
2000), particularly in halos with Mhalo ≲ 109 M» (e.g., Thoul
& Weinberg 1996; Okamoto et al. 2008; Dawoodbhoy et al.
2018). In our simulations, all galaxies exist in small halos
and we find they are highly sensitive to the rate of reioniza-
tion. As seen in Figure 4, Aeos10 has far more galaxies at
low halo masses. For M∗ < 100 M», Aeos10 has 60 star-
forming halos while Aeos20 has only 14 at z = 14.5. Mean-
while, the distributions of halo masses for all halos are essen-
tially identical for Aeos10, Aeos20, and the comparison sim-
ulations, as expected for simulations with the same dark mat-
ter initialization. Another mechanism, Lyman-Werner (LW)
radiation, can also suppress early star formation by dissociat-
ing H2, the primary coolant in metal-poor gas (e.g., Safranek-
Shrader et al. 2012). Both Aeos10 and Aeos20 have identi-
cal LW backgrounds, however, so the suppression of small
galaxy formation in Aeos20 vs. Aeos10 is isolated to the dif-
ferences in ionizing photons. At the beginning of the simu-
lation (∼ 120 Myr), Aeos10 briefly surpasses Aeos20 in ion-
izing photons (see Figures 1 and 3). This is due to stochastic
differences during the beginning of Pop III star formation,
when there are very few stars, and a slightly delayed onset
of Pop III star formation in Aeos20. An ensemble of sim-
ulations with Aeos10 and Aeos20 parameters would be pre-
ferred to better understand stochastic differences, but is cur-
rently unfeasible due to the computational cost of the simu-
lations.

We selected Aeos10 as our fiducial simulation in Brauer
et al. (2025) because the high level of ionization in Aeos20
causes reionization to occur much earlier than expected: 30%
ionized at redshift z ∼ 14 compared to the inferred redshift of
z∼ 8 from Planck Collaboration et al. (2016). Our simulation
volume is a small region that is not generally representative
of the very early Universe, however. We thus avoid inter-
preting this early reionization as a constraint on the Pop III
IMF, which remains highly uncertain. Instead, we interpret
the differences between Aeos10 and Aeos20 as evidence of
the strong impact that different Pop III IMF choices have on
reionization and the number of small, early galaxies. Given
both the importance of the Pop III IMF and its uncertainty,
simulations of the first galaxies must take care to understand
the impact of Pop III IMF choices on their results.

3.2. Chemical Enrichment

Nucleosynthetic yields from Pop III core-collapse SNe de-
pend on their masses (Heger & Woosley 2010). These yields
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Figure 4. Stellar masses (left) and halo masses (middle) of star-forming halos in the different simulations. Aeos10 has many more small
star-forming halos than Aeos20. This is due to higher ionization in Aeos20 (see Figure 1). The distribution of halo masses for all halos (right)
in all simulations are nearly identical, as expected.
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Figure 5. Median stellar chemical abundances ([X/Fe]) of the oldest
low-mass Pop II stars from each halo that has started Pop II star for-
mation in the simulation with 16th to 84th percentile scatter between
the different halos. The mass of Pop III stars affects their yields, af-
fecting the abundances in first generation Pop II stars. In particular,
light elements (C, N) and α-elements (O, Mg) are increased in the
yields of higher-mass Pop III stars, and elements with even atomic
numbers (e.g., Mg) are more abundant relative to odd-numbered el-
ements (e.g., Na). The scatter between halos is significant compared
to the differences due to adopted Pop III IMF, however.

differ not only in total metal production but also in the rel-
ative abundances of individual metals (Rossi et al. 2024;
Brauer et al. 2025).

When we vary the Pop III IMF, we thus produce different
chemical abundances in the subsequent Pop II stars. In Fig-
ure 5, we show how the differences in yields translate into the
chemical abundances of the oldest Pop II stars. We show the
median stellar chemical abundances of first-generation Pop
II stars from each galaxy in the simulations that has begun
Pop II star formation (17 galaxies in Aeos10, 15 galaxies in
Aeos20). We limit the analysis to low-mass stars, e.g., the

f 0.8 M» stars that would survive to present day in the un-
resolved star particles.

While stellar chemical abundance differences are apparent
in the Figure, we note that the halo-to-halo scatter is signif-
icant for some of the elements as shown by the scatter bars.
To quantify the number of Pop II halos required to distin-
guish differences resulting from these Pop III IMFs, we es-
timate the sample size necessary for the mean abundances
to separate beyond the intrinsic halo-to-halo scatter. For el-
ements such as C and N, more than 20–30 halos are needed
to achieve statistical significance, while elements such as Mg
and O require fewer than 10. Given the current sample of
15-17 Pop II halos per simulation, this suggests that stochas-
tic enrichment dominates over systematic trends for several
elements, emphasizing the need for larger sample sizes when
interpreting the impact of Pop III IMF variations on early
chemical enrichment.

Pop II stars in Aeos20 exhibit higher [X/Fe] values for light
elements such as nitrogen (N) and oxygen (O), reflecting the
increased nucleosynthetic yields from more massive Pop III
stars due to stronger α-capture reactions and rotational mix-
ing (Heger & Woosley 2010). Carbon (C) is also enhanced
in Aeos20, primarily due to the significant production of car-
bon during helium burning in more massive Pop III stars.
In these simulations we do not include pair-instability SNe
(Rakavy & Shaviv 1967; Fraley 1968; Woosley et al. 2002),
which may occur for high-mass (≳ 140 M») Pop III stars
(e.g. Schneider et al. 2004; Takahashi et al. 2016; de Bennas-
suti et al. 2017), but this would further enhance the amount of
carbon due to their efficient ejection of carbon-rich material.
For α-elements such as magnesium (Mg) and calcium (Ca),
Aeos20 also tends to show higher [X/Fe] ratios, consistent
with the Heger & Woosley (2010) yields and the expectation
that more massive Pop III stars are more efficient producers
of α-elements during their evolution and subsequent SN ex-
plosions.
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Figure 5 also demonstrates an enhanced odd-even effect,
where odd-Z elements such as sodium (Na) and manganese
(Mn) are produced in lower relative abundances compared
to their even-Z counterparts (e.g., Mg, Ca). This effect is
generally more pronounced in Aeos20, as the larger number
of very massive stars amplifies the odd-even disparity due
to differences in nuclear reaction rates. The scatter, shown
by the error bars, indicates significant halo-to-halo variation
with tighter distributions for certain elements like Mn and
Ca, suggesting a more uniform enrichment pattern in these
elements in comparison to Fe. These results underscore how
the initial mass function of Pop III stars strongly influences
the chemical abundance patterns of their direct Pop II descen-
dants, shaping both light and α-element production as well as
odd-even abundance ratios.

The enhanced carbon yield of more massive Pop III stars
results in different amounts of carbon-enhanced metal-poor
(CEMP) stars. CEMP stars, identified by their high carbon-
to-iron ratios (taken either at [C/Fe] > 0.7 or [C/Fe] > 1.0),
provide key insights into the formation of the first stars and
galaxies (Beers & Christlieb 2005; Jeon et al. 2017). Fig-
ure 6 shows the cumulative fractions of our simulated CEMP
stars as a function of metallicity. Because more massive Pop
III stars produce a higher ratio of carbon to iron, Aeos20 has
a higher fraction of CEMP stars than Aeos10. While they
reproduce the qualitative trends, compared with the observed
fractions of CEMP stars in the Milky Way (Placco et al. 2014;
Yoon et al. 2018), neither Aeos10 nor Aeos20 consistently re-
produce observations CEMP stars at a given [Fe/H]. Gener-
ally, at the lowest metallicities that are most sensitive to Pop
III enrichment, Aeos10 stars have lower fractions than obser-
vations and Aeos20 stars have higher fractions. This shows
that the differences in Pop III initial mass functions between
Aeos10 and Aeos20 significantly affect CEMP fractions and
therefore points toward an improved IMF that can better re-
produce Milky Way observations.

However, at the same time, there are inconsistencies in
the fractions of carbon-enhanced metal-poor stars between
different Milky Way stellar surveys (Arentsen et al. 2022;
Ardern-Arentsen et al. 2025). Observations of dwarf galax-
ies also tend to find lower fractions of CEMP stars as com-
pared to the Milky Way (e.g., Chiti et al. 2018; Sestito et al.
2024; Ou et al. 2025, Yelland et al. in prep). Furthermore,
Pop III SNe likely exhibited a range of explosion energies
(Kobayashi et al. 2006; Heger et al. 2003) that affected the
metal retention of early galaxies (Cooke & Madau 2014;
Rossi et al. 2024). Our current simulations do not capture
the effects of different explosion energies. Additional low-
metallicity observations and simulations of larger boxes with
a broader range of IMF variations and Pop III SNe explosion
energies to further explore these discrepancies.

Figure 6. Cumulative fractions of carbon-enhanced metal-poor
(CEMP) stars as a function of metallicity. Top panel shows CEMP
stars with [C/Fe] > 0.7 and bottom panel shows CEMP stars with
[C/Fe] > 1.0. The low-mass Aeos10 stars are shown as a teal line,
the low-mass Aeos20 stars are shown as a maroon line, observations
from Placco et al. (2014) are shown as diamonds, and observations
from Yoon et al. (2018) are shown as circles. The Pop III IMF
significantly affects the fraction of CEMP stars, and neither of the
Aeos10 nor Aeos20 IMFs reproduce Milky Way observations.

While there are differences in the enrichment of individ-
ual metals, the differences in Pop III IMF do not produce a
noticeable difference in the stellar mass-metallicity relation-
ships of the Aeos10 and Aeos20 simulations, as seen in Fig-
ure 7. This may be because the increased metal yields from
more massive Pop III stars in Aeos20 are counterbalanced by
their lower metal ejection efficiency. As modeled by Heger
& Woosley (2010), massive Pop III stars often undergo fall-
back SNe, where a portion of the metals produced in the core
region falls back onto the nascent black hole. This result-
ing metal retention depends on the explosion energy and stel-
lar mass, and reduces the metals ejected into the interstellar
medium and potentially limits the overall enrichment effect
of these stars. Since we use the yields of Heger & Woosley
(2010), our results inherently reflect this mechanism. Ad-
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Aeos10
Aeos20
Comparison Sims

Figure 7. Mass-metallicity relation for galaxies in Aeos10, Aeos20,
and the comparison simulations at z = 14.5. The shaded regions
represent 16th to 84th percentile scatter.

ditionally, many of the more massive halos in our models
have begun forming Pop II stars, which quickly dominate
their hosts’ enrichment, obscuring differences from Pop III
enrichment. To study the impact of different Pop III IMFs on
chemical enrichment, it is therefore essential to focus exclu-
sively on the oldest Pop II stars.

In observations, the very faintest dwarf galaxies appear
to exhibit a metallicity floor rather than further extending
the mass-metallicity relationship found for the more lumi-
nous galaxies (e.g., Ahvazi et al. 2024; Heiger et al. 2024).
Across three orders of magnitude in luminosity (102

− 105

M»), ultra-faint dwarf galaxies show a nearly constant mean
metallicity, scattered around [Fe/H]∼-2.6 (Fu et al. 2023).
This contrasts with the expectation that less massive galax-
ies should have lower average metallicities. The observed
plateau is not yet fully understood, but may be caused by Pop
III enrichment (Wheeler et al. 2019), a ceiling on mass out-
flows (Kravtsov & Manwadkar 2022), or the possibility that
these galaxies were once more massive and later lost stellar
mass due to tidal disruption (e.g., Kirby et al. 2013). In the
AEOS simulations, we find that Pop III enrichment results in
a median metallicity floor of approximately Z = 10−4 Z» (see
also Figure 8 of Brauer et al. 2025) with increasing stellar
metallicities for galaxies of ∼105 M» and greater. This is
a slightly lower metallicity floor than seen in observed dwarf
galaxies, implying either additional Pop III enrichment in ob-
served galaxies or that an additional mechanism is necessary.

4. COMPARISON TO SIMULATIONS WITHOUT
INDIVIDUAL STELLAR FEEDBACK

To better understand the implications of modeling indi-
vidual stars and run-to-run variations, we also ran seven
comparison simulations without individual Pop II star parti-
cles, without individual stellar feedback, and without detailed
metal tracing. Otherwise, these simulations have the same

Figure 8. Cumulative star formation history of the full domain
down to redshift z = 14.5. Top: Pop III and Pop II star forma-
tion of the Aeos10 volume as compared to the star formation of
the comparison simulations (without individual Pop II star parti-
cles or individual feedback). The shaded gray regions show 16th
to 84th percentile scatter between all comparison simulations. Bot-
tom: Total cumulative star formation for Aeos10, Aeos20, and the
comparison simulations. These bulk properties of the galaxies are
not significantly affected by the inclusion of individual stars and
stellar feedback.

initial conditions, cosmological parameters, and Pop III IMF
as Aeos10.

Pop III stars are represented as individual particles in all
simulations. However, the comparison simulations resolve
Pop II stars as cluster particles of ∼ 1000 M», as in Skinner
& Wise (2020), while Aeos10 and Aeos20 resolve every Pop
II star with M > 2 M» as an individual particle.

The cumulative Pop III and Pop II star formation of the
comparison simulations can be seen in the top panel of Fig-
ure 8. While differences exist in the overall star formation
history, the differences are similar in magnitude to stochas-
tic differences seen between identically initialized simula-
tions, with the exception that Pop II formation tends to begin
slightly earlier in the comparison simulations. However, the
difference in onset of Pop II star formation is not large, and
could be due to stochastic differences. As seen in the bottom
of Figure 8, Aeos10 and the comparison simulations do not
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Figure 9. Comparing the star-forming halos in Aeos10 with those in a typical comparison simulation. The stellar mass distributions differ; the
comparison simulations generally form more galaxies around ∼ 1000 M». This is because in the comparison simulations, the Pop II stars form
in particles of 1000 M», biasing any halo that has begun Pop II star formation to contain at least 1000 M». The halo mass distributions are
more similar because the dark matter modeling is the same between simulations.

significantly differ in their overall star formation history. In
general, the bulk properties of total star formation and stellar
mass-halo mass relation are not highly affected by the dif-
ferences between the AEOS simulations and the comparison
simulations.

Aeos10 and Aeos20 also resemble each other, though
Aeos20 starts star formation slightly behind Aeos10 (∆z≃ 3,
∼ 15 Myr). This arises from the interplay between the IMF
and our discrete star particle spawning scheme. Both simu-
lations adopt identical initial conditions and the same Pop III
eligibility threshold; however, once a cell first satisfies those
conditions we stochastically draw individual stellar masses
from the Pop III IMF and instantiate one star particle per
draw until the local gas reservoir (initialized when ≳ 100M»

of eligible gas is present) would be overdrawn, at which point
the event terminates without forming the overdrawn star. Be-
cause Aeos20 uses a more top-heavy IMF, it has a substan-
tially higher probability that an early draw exceeds the avail-
able ∼ 100M» reservoir, potentially aborting the first few
prospective events and forcing the halo to accumulate addi-
tional gas before a successful Pop III burst occurs.

Figure 9 shows the mass distribution of star-forming halos
in Aeos10 vs. a comparison simulation. When looking only
at halo mass, the distributions are similar. This appears to
be because (1) the halo mass is dominated by dark matter,
which does not differ between the simulations, and (2) the
handling of Pop III stars is the same in the two simulations.
In comparison to Figure 4, the masses of Pop III stars are
more influential on the masses of star-forming halos than the
feedback and resolution of Pop II stars.

The stellar masses, however, differ. The comparison sim-
ulations have a tendency to form galaxies of at least a few
thousand solar masses because the Pop II star particles form
in masses of ∼1000 M». The number of Pop II halos in
each comparison simulation differs from just a few to a few
dozen, but in aggregate, there is a trend towards more galax-

ies around 1000 M» than in the AEOS simulations. The
AEOS galaxies, on the other hand, can include Pop II galax-
ies with stellar masses as low as a few tens of solar masses
(see Brauer et al. 2025). Additionally, both the AEOS simu-
lations and comparison simulations can have stripped stars,
resulting in the peak at a few M».

When looking at the overall M∗ −Mhalo relations of the dif-
ferent simulations in Figure 10, however, there is not a large
difference. This is largely because the scatter in the relation
within a given simulation (due both to stochastic differences
between comparison simulations and scatter in halos within
each simulation) is just as significant as the differences be-
tween simulations. For halos greater than ≳ 107 M», the
AEOS simulations start to form galaxies with more stellar
mass than the comparison simulations. This suffers from
small number statistics, though. The comparison simulations
also are forced towards Pop II galaxies of at least 1000 M»,
as previously discussed.

The metallicities of the galaxies in the comparison simula-
tions differ more significantly from those of the AEOS galax-
ies. Figure 7 shows the median mass-metallicity relation for
each simulation with 16% to 84% scatter. The comparison
simulations have a much shallower mass-metallicity relation
than the AEOS simulations. The AEOS simulations have a
log–log slope of ∼ 1, which is steeper than the typical ∼ 0.3
slope of other simulated mass-metallicity relations (Collins
& Read 2022), and much steeper than the practically flat re-
lation of all the comparison simulations. The steeper AEOS

slope in contrast to the slope of the comparison simulations
may be due in part to the star-by-star modeling. Both our pre-
vious work and other star-by-star simulations (Brauer et al.
2025; Jeon & Ko 2024; Andersson et al. 2025) have found
that the relatively weaker feedback of the star-by-star method
(compared to burstier, stronger feedback from traditional sin-
gle stellar populations) leads to the possibility of higher stel-
lar masses at a given halo mass – we start to see this in the
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Figure 10. Left: Individual stellar masses and halo masses of every star-forming halo in the simulations at redshift z = 14.5. Shown are the halos
from Aeos10, Aeos20, and a typical comparison simulation. Aeos10 is also shown in the histograms (see Figures 4 and 9 for the histograms of
Aeos20 and comparison simulations). Right: Mean stellar-mass to halo-mass relation with scatter for the different simulations, summarizing
the body of simulated data on the left.

stellar masses of our most massive galaxies, and likely do not
see it at lower stellar masses in part due to the stellar mass
resolution of the comparison simulations. This relatively
weaker feedback could also allow greater retention of metals,
and thus a steeper mass-metallicity relation as seen in Figure
7. In the comparison simulations, the aggregated bursty feed-
back from the more massive cluster particles (which quickly
dominate galaxies with M∗ > 103 M») appear to eject metals
more efficiently, reducing the expected increase in metallicity
in halos between 103 M» and 106 M» in stellar mass. These
halos are generally still low in total mass and have high loss
fractions, making them highly sensitive to increases in feed-
back (see also Mead et al. 2025). We note, though, that the
slope at higher halo mass is based on very few galaxies and
the slope at lower halo mass is dominated by scatter. In par-
ticular, the difference in the largest galaxy and the metallicity
of its surrounding galaxies between Aeos10 and the compar-
ison galaxies is mostly due to a single burst of Pop II forma-
tion that occurs at the end of the Aeos10 run, so we refrain
from drawing conclusions about M∗ > 105 M» galaxies until
longer-running simulations have been completed.

In summary, most bulk properties do not significantly dif-
fer between Aeos10 and the comparison simulations. One
difference is that the comparison simulations are unable to
properly form Pop II galaxies below the aggregated star par-
ticle resolution, resulting in a tendency to form more galaxies
around the resolution limit. The inclusion of individual Pop
II stellar feedback also tends to result in less bursty, overall
weaker feedback in comparison to traditional single stellar
populations, allowing for greater accumulation of metals and
stellar mass.

5. CONCLUSIONS

Our analysis of the AEOS simulations (Brauer et al. 2025)
shows how varying the Pop III IMF and implementing a star-
by-star feedback model influence early galaxy formation and
evolution. We run two simulations with different Pop III
IMFs: Aeos10, with a characteristic Pop III mass of 10 M»

and an upper cutoff of 100 M», and Aeos20, with a charac-
teristic Pop III mass of 20 M» and an upper cutoff of 300
M». By comparing the Aeos10 and Aeos20 simulations, we
demonstrate that variations in the Pop III IMF significantly
affect the ionization history, the number of early galaxies,
and the chemical abundance patterns in subsequent Pop II
stars. Aeos20, with its more massive Pop III stars, produces
more ionizing photons, leading to substantially earlier ion-
ization and consequently a suppression of small galaxy for-
mation compared to what is occurring in Aeos10.

The chemical enrichment of Aeos10 and Aeos20 differ, es-
pecially in first-generation Pop II stars. In Aeos20, the more
massive Pop III stars produce yields with enhanced amounts
of light elements and α-elements. The more massive Pop III
stars also produce yields with an enhanced odd-even effect,
increasing the amount of elements with even atomic num-
bers (e.g., Mg) relative to odd-numbered elements (e.g., Na).
This is reflected in the stellar chemical abundances of the
first-generation Pop II stars. Aeos20 also produces a greater
fraction of CEMP stars, showing that CEMP stars provide
important insights into the properties of the first stars. The
scatter in chemical abundances between Pop II stars from
different galaxies is high though, especially in light elements,
and dominates many of the differences resulting from the Pop
III IMF.
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We also run a suite of comparison simulations that lack
individual star modeling. Comparisons with these simula-
tions reveal that the high stellar resolution and star-by-star
feedback in AEOS create differences in the stellar mass dis-
tribution and the mass-metallicity relation. While Pop II star
formation is still relatively new, the comparison simulations
tend to form more galaxies approximately around the mass
of their Pop II aggregate star particle resolution, 1000 M»,
while the AEOS simulations avoid this by allowing Pop II
stars to form from less massive gas reservoirs. Addition-
ally, the star-by-star approach tends to result in galaxies with
comparatively more stellar mass, as explored by Jeon & Ko
(2024); Andersson et al. (2025); Brauer et al. (2025), due at
least in part to less bursty feedback. This enables a greater
accumulation of metals after Pop II star formation begins and
consequently steeper mass-metallicity relations compared to
simulations that represent stellar populations as single parti-
cles.

Despite these differences, most of the bulk properties, such
as the total star formation history, remain fairly consistent
across all simulations. This highlights the robustness of cer-
tain galaxy formation trends while emphasizing the sensitiv-
ity of small-scale processes to detailed modeling choices.

Ultimately, this work underscores the importance of care-
fully considering the Pop III IMF and feedback resolution in
simulations of early galaxy formation. As uncertainties in
the Pop III IMF persist, future studies must explore the in-

terplay of these parameters to refine our understanding of the
first galaxies and their role in cosmic reionization. Further
observational data on metal-poor stars and additional simu-
lations extending to later epochs will provide constraints on
these early processes.
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