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Abstract

The formation of the Universe’s first luminous stellar structures depends on the unique conditions at “Cosmic
Dawn,” which are set by the underlying cosmological model and early baryonic physics. Observations suggest
that high-z star clusters reached stellar surface densities above 10° M, pc 2, suggesting scenarios where models
predict that the ability of stellar feedback to counter gravitational collapse is severely limited. We investigate the
first star clusters in a suite of AREPO simulations, which explore the capacity for ACDM halos to maximally form
high-density systems without feedback. We include the effects of the supersonic baryon—dark matter streaming
velocity, an effect that impacts gas density and distribution in early minihalos. We show that early star clusters
can reach high densities even in regions of strong supersonic streaming, provided feedback is weak. We analyze
the interplay of the stream velocity and the dynamical processes of structure formation, finding that JWST has the
opportunity to detect the brightest, most masswe objects in our computational box. The detection of individual
z > 12 Population III star clusters below 10’ M, is challenging, although lensing could reveal these objects in rare
configurations, especially if a top-heavy initial mass function is present. We find that accounting for baryonic
clusters separately from dark matter halos complicates predictions for the faint end of the high-z UV luminosity
function, with competing effects from the stream velocity and low-mass clusters outside of halos. Finally, we
explore clustering of star clusters as a promising probe of the stream velocity in these systems.

Unified Astronomy Thesaurus concepts: Hydrodynamical simulations (767); Star clusters (1567); Population IIT

stars (1285); James Webb Space Telescope (2291); High-redshift galaxies (734)

1. Introduction

Understanding the nature of star formation across the
Universe’s 13.8 billion year history is a focus of scientific
investigation with the James Webb Space Telescope (JWST).
The specifics of star formation at the earliest times have been
historically challenging to untangle due to observational
hurdles, leaving room for theoretical uncertainties. However,
the influx of data from JWST has revolutionized our ability to
probe the first stars and galaxies. Now, it is possible not only to
observe the emission of galaxies in the first several hundred
million years of the Universe’s existence (e.g., S. L. Finkelstein
et al. 2023), but also to probe individual star clusters through
gravitational lensing up to z ~ 10 (e.g., A. Adamo et al. 2024;
L. Mowla et al. 2024; M. Pascale et al. 2025). Some intriguing
structures may even show direct evidence of hosting the
“Population III” (Pop III) stars (e.g., F. Cullen et al. 2024;
R. Maiolino et al. 2024; S. Fujimoto et al. 2025; K. Nakajima
et al. 2025).
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These observations paint an unprecedented picture of star
formation in the earliest epochs: some high-redshift systems are
extremely blue, compact, and bright, properties that are challen-
ging to produce with the standard, pre-JWST galaxy formation
paradigm (e.g., N. J. Adams et al. 2023; J. F. W. Baggen et al.
2024; C. M. Casey et al. 2024; Y. Harikane et al. 2025;
M. Johnson et al. 2025). Some studies even suggested that
modified cosmology may play a role in generating the observed
galaxy properties at “Cosmic Dawn” (e.g., N. Menci et al. 2024).
Supernova, radiative, stellar wind, and other feedback processes
typically prevent the efficient conversion of baryons to stars
in collapsing clouds with stellar surface densities around

10" M., pc 2 for typical young massive clusters (YMCs),
while globular clusters, nuclear star clusters, and ultra-
compact dwarf galaxies may reach ¥ ~ 10> M, pc? (e.g.,
P. F. Hopkins et al. 2010; M. Y. Grudi¢ et al. 2019). Meanwhile,
some high-redshift star clusters and galaxies display surface
densities of ¥ ~ 10°7® M, pc 2 (e.g., A. Adamo et al. 2024).
These immense stellar surface densities imply that the processes
leading to molecular cloud disruption were impeded, allowing for
star formation to proceed unimpeded by feedback.

The early Universe hosted unique conditions compared to
typical star formation environments today. The first Pop III
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stars arose from the primordial gas of the Big Bang, and thus
were entirely composed of hydrogen and helium, seeding the
surrounding medium with the Universe’s first metals upon
their evolution and collapse. The cooling processes leading to
collapse in these first low-mass halos must have been atomic
and molecular hydrogen cooling alone (e.g., N. Yoshida et al.
2007). This pristine mode of star formation may have persisted
in pockets of the Universe even as Pop II star formation began
elsewhere (see, e.g., S. Hegde & S. R. Furlanetto 2025). Many
studies suggest that the absence of metals allowed Pop III stars
to grow to extremely massive sizes, and that their initial mass
function (IMF) may have been top heavy compared to higher-
metallicity distributions (e.g., K. M. J. Wollenberg et al. 2020;
S. Chon et al. 2022; H. Fukushima & H. Yajima 2023; S. Chon
et al. 2024; W. Lake et al. 2024a). While massive stars are
typically synonymous with strong winds, outflows, and rapid
supernovae, theoretical work hints that for systems that
achieve surface densities upward of 10° M. pc 2 the
gravitational potential of the cloud dominates over disrupting
feedback effects, even for top-heavy IMF scenarios (e.g.,
M. Y. Grudi¢ et al. 2018; L. Lancaster et al. 2021;
S. H. Menon et al. 2023, 2025; O. Nebrin et al. 20252025).
This leads to the suggestion by A. Dekel et al. (2023) that in
many cases, the conditions in the gas at these times are ripe for
“feedback-free” star formation, where a highly efficient burst
of star formation converts gas clouds into stars with virtually
no feedback disruption (e.g., A. Dekel et al. 2023, 2024; Z. Li
et al. 2024). A. Dekel et al. (2023) suggest that conditions for
such feedback-free star formation may occur in systems with
stellar mass M, ~ 10'© M. at z ~ 10, within individual
clusters of 10°77 M., forming on a <3 Myr timescale
(A. Dekel et al. 2025). The overall galaxy in this scenario
forms clusters over a timescale of 100 Myr. Furthermore,
M. Boylan-Kolchin (2025) additionally points out that the high
concentration of high-redshift dark matter (DM) halos may
naturally support efficient conversion of gas to stars in even
lower-mass halos through increased gravitational accelera-
tions. M. Boylan-Kolchin (2025) notes that these stars should
form in bound, dense clusters similar to globular clusters. Our
simulations probe many low-mass DM halos with high
gravitational acceleration, potentially analogous to this model.
For halos that have experienced initial metal enrichment,
several studies investigated the ability of dense clusters to
form through mergers (Y. Nakazato et al. 2024) or disk
collapse (L. Mayer et al. 2025).

Thus, it seems likely that once high surface density regions
arise, early systems collapse in a losing battle against feedback
processes to generate a high-density cluster (e.g., N. Lahén et al.
2025). However, resolving the origin, nature, and fate of these
dense systems in the broader context of a cosmological picture is
less clear. C. E. Williams et al. (2025c) investigated the
formation of Pop III star clusters in a ACDM cosmological
simulation and found that in a feedback-free case, stellar
densities as high as the observed systems can be produced
without any modification to the cosmological paradigm.
However, that study used a simulation box that did not include
the effects of the primordial baryon-DM streaming velocity, a
ACDM effect that should reach highly supersonic values in at
least 40% of the Universe by volume. In these regions, it may
serve to disrupt the ability of halos to host high-density gas and
stellar systems (e.g., S. Naoz & R. Narayan 2014; Y. S. Chiou
et al. 2018; S. Hirano et al. 2023; C. E. Williams et al. 2023;
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A. Chen et al. 2025). Without accounting for the effects of the
streaming velocity, it is possible for simulations in a ACDM
framework could overpredict the abundance and typical density
of high-redshift systems.

The aims of this study are to expand on C. E. Williams et al.
(2025c¢) in two ways. First, to provide a more comprehensive
picture of star cluster evolution by including the effects of the
streaming velocity. As a part of this investigation, we explore
the impact of the streaming velocity on structure identification
in the simulation and the dynamical state of the stellar systems,
using the baryon-focused algorithm introduced there. Second,
although JWST has not conclusively observed Pop III systems
or star clusters at z > 11 at the time of this writing (but see
F. Cullen et al. 2024; R. Maiolino et al. 2024; S. Fujimoto
et al. 2025, for interesting candidates), we explore the possible
detectability of such systems. Because the emission properties
of Pop III systems remain uncertain, we estimate the systems’
UV luminosities through a simple analytic relation and explore
a range of parameters that represent likely emission scenarios.

This paper is organized as follows. Our simulations and
structure identification methodology are presented in Section 2.
We present the results in Section 3. In Section 3.1, we explore
the stream velocity’s role in accurately detecting observable
stellar clusters. We present the surface densities of our star
clusters with and without the stream velocity in Section 3.2 and
compare to observed JWST high-redshift clusters. We provide
an estimate of the JWST detectability of these Pop III star
clusters in Section 3.3. Finally, we explore the environment and
dynamical state of star clusters in Sections 3.4 and 3.5,
respectively. A discussion of the work is given in Section 4. For
this simulation suite, we use a ACDM cosmology whose
parameters are 2, = 0.73, Q,, = 0.27, Q, = 0.044, 03 = 1.7,
and 7=0.71. All magnitudes are calculated using the AB
magnitude system (J. B. Oke 1974).

2. Methods

Below we describe the simulation suite and semianalytic
techniques used in this work.

2.1. Simulation Suite

We use two simulation boxes, each with size (2.5 Mpc)3,
run from z=200 to z=12, from the Supersonic Project
simulation suite (W. Lake et al. 2023a, 2024b; C. E. Williams
et al. 2024, 2025c¢). The boxes differ in their initial conditions
by the choice of vy, the value of the stream velocity in the
region. One box has “no stream velocity,” corresponding to a
fluctuation where the relative velocity between the DM and
baryons is zero, and the other is a high-stream-velocity box.
The value in the high-stream-velocity box is chosen to
correspond to a region with vy, = 20y, where oy, is the rms
value of the streaming velocity (6.4 km s~ ' at z=200). The
simulations were run using the AREPO code with a resolution
of (768)3 DM particles and (768)3 gas elements, and the initial
conditions were generated using a modified version of
CMBfast (U. Seljak & M. Zaldarriaga 1996), including the
first-order scale-dependent temperature fluctuations and the
second-order streaming velocity (S. Naoz & R. Barkana 2005).
The boxes were chosen to mimic high-density regions (such as
the regions that form galaxy clusters) with increased early
structure formation, obtained by setting og = 1.7. This choice
enhances the statistical power of our box. As we discuss in



THE ASTROPHYSICAL JOURNAL, 997:202 (16pp), 2026 February 1

Section 3.3, we correct our counts for this overestimate using
the mass function of R. K. Sheth & G. Tormen (2002).

The simulation suite includes nonequilibrium molecular
hydrogen chemistry, cooling, and star formation, but no
feedback processes (radiative or supernovae). Appendix C
discusses the enhanced stellar mass—halo mass relation that
results from this numerical choice. The chemistry and cooling
is implemented using the GRACKLE library (B. D. Smith
et al. 2017; G. Chiaki & J. H. Wise 2019), including H-D and
H, cooling and chemistry for the following primordial species:
e ,H,H",He,He*, He" ", H, H,, H3, D, D", H-D, He-H™,
D, and H-D*.

Star formation occurs in gas cells that have exceeded the
Jeans mass on the scale of the Voronoi mesh cell. Gas cells are
converted to stars following the prescription described in
F. Marinacci et al. (2019) through a stochastic process. Gas

cells collapse on the freefall timescale (fgyn = ,/37/ (32Gpg))

and are converted to collisionless star particles with the mass
of the gas cell that collapsed. Simulation snapshots are saved at
z = 15, 14, 13, and 12, with structures identified through
postprocessing algorithms, described below. The results
presented in this work are compiled from the snapshot at
z =12, unless otherwise stated.

2.2. Identification of Star Clusters

In order to identify star clusters that could be “detected”
electromagnetically in a high-resolution, high-redshift simula-
tion, it is important to track baryonic particles in addition to a
standard halo-finding algorithm. The AREPO default friends-
of-friends (FOF) algorithm (V. Springel 2010) struggles to
detect all stellar clumps when targeting the DM particles as the
primary particle type (C. E. Williams et al. 2025¢). This occurs
because of several factors. First, halos below the resolution
threshold for DM may still host resolved star clusters.
Additionally, merging systems (which are abundant at this
early epoch of hierarchical buildup) can cause a halo to be
undetected. Finally, fragmentation, accretion, and merger
processes lead to star clusters that are offset from the center
of mass of the halo, and thus are missed due to the geometry of
the system. In this study, we include the stream velocity, which
further complicates the task of a DM-focused structure-finding
algorithm. The stream velocity is known to separate collapsing
baryonic and DM perturbations, causing offsets between the
centers of mass of gas structures and their host halos, which
can exceed the scale of the virial radius (e.g., S. Naoz &
R. Narayan 2014; Y. S. Chiou et al. 2018; W. Lake et al. 2021,
2023b, 2024b). Furthermore, the stream velocity can affect the
density of halos, generating diffuse structures that may be
harder to detect (e.g., C. E. Williams et al. 2023).

Thus, for this work, we first briefly compare the catalog of
simulated structures as identified with the standard DM-
focused algorithm with a set of alternative algorithms, first
introduced in C. E. Williams et al. (2025¢) and listed in
Table 1. These are two algorithms using DM as the primary
particle type and two that ignore DM and focus on baryonic
material. The baryonic-focused algorithms are meant to imitate
observations with no knowledge of the underlying DM field.
The first of these is an algorithm that targets star particles as
the only primary particle type, and the second targets both stars
and gas particles. When we compare with JWST observations,
we use the baryonic algorithm with stars and gas as the
primary particle types. This algorithm is less susceptible to

Williams et al.

Table 1
Summary of the Structure-finding Algorithms Used in This Work
Primary Secondary
Category Description Particle Particle
DM-centric DM primary DM Stars and gas
(standard)®
DM and baryons DM, stars, None
primary and gas
Baryon- Stars and gas Stars and gas None
centric primary?®
Star primary Stars None
Note.

# Indicates the algorithm used as the standard for the category in the analysis,
where only the difference between the DM-centric and the baryon-centric
methods is considered. In other words, when we refer to “DM-centric” and
“baryon-centric” algorithms in those sections, we mean the DM primary and
the stars and gas primary runs, respectively.

fragmentation and resolution errors. For our DM-focused
algorithms, we test a “standard” version with DM as the
primary particle type and stars and gas particles associated at a
later stage. Additionally, we target all particle types (DM,
stars, and gas) as the primary type for the final algorithm. As
shown in C. E. Williams et al. (2025c), this algorithm typically
traces the DM version, but is included for completeness in the
comparison.

For DM halos, we enforce a resolution threshold of 300
particles, discarding all objects in the catalog that do not meet
this criterion. For baryonic-detected star clusters and galaxies,
we require that systems have at least 100 star particles, with no
requirement on the gas cells. To ensure that no unbound
structures are included (nor unrelaxed systems mistakenly
identified as virialized), we tested the robustness of our results
in the low-particle-number regime (see the appendix of
C. E. Williams et al. 2025c; Appendix B below). We find
that the scatter in virial ratio does not change over an order-of-
magnitude variation in particle number, and furthermore, our
dynamical analysis is robust even if the particle resolution
threshold is increased by a factor of 5. The gravitational
softening length at the end of our simulation is ~1 pc, and thus
we do not include objects whose half-mass radius is less than
this value as the gravitational interactions will not be resolved.
The catalogs without the stream velocity are the same as the
public arepo-clusters'? (C. E. Williams 2025a) dataset.
Postprocessing for the catalogs with the stream velocity was
performed using the process-fof'* code (C. E. Willi-
ams 2025b), the same code used for the catalogs without the
stream velocity.

2.3. Dynamical State

The dynamical state of these star clusters is interesting
because it traces the process of structure formation at these
times. We test each structure to ensure that the system is
gravitationally bound (total energy E < 0) and exclude those
that do not meet this criterion from further analysis. We
additionally calculate the kinetic and potential energies of each

'3 hitps: / /www.astro.ucla.edu/~clairewilliams /cluster-catalog, DOI:10.5281/
zenodo.15392998.

' https://github.com /astro-claire /process-fof.git, DOI  10.5281/zenodo.
15701630.
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stellar system and test whether they meet our criterion for
virialization, which is that the ratio of the potential energy (U)
to the kinetic energy (K) is

—25<U/K< —15. (1)

Additionally, in the analysis below, we label bound objects
outside the above criterion as supervirial:

—-25<U/K, 2)
or subvirial:
-15<U/K<L0. 3)

To calculate the energies, a summation is made over every star
particle in the object. If the boundedness or virialization
criterion is not met, we additionally test the summation
including all DM particles within the maximum radius. This
process is described in detail in C. E. Williams et al. (2025c)
and a flowchart schematic is reproduced in Appendix A to
illustrate this methodology (Figure 11). We calculate the
maximum radius, the half-mass radius (the minimum radius
that encloses half of the object’s stellar mass), and the virial
radius (R(U/K = 2)), if the object is virialized. To associate
DM halos, we calculate both the total mass of DM particles
enclosed within the object’s radius and find the nearest halo in
the DM halo catalog.

2.4. Semianalytic Model

In this work, we seek to estimate the intensity of the
potentially observable emission from the structures measurable
by JWST. As the simulation does not explicitly model the
emission and radiative transfer of stars and gas, we rely instead
on a simple model to produce approximate values. This has the
advantage that key parameters that are uncertain (such as the
Pop III mass distribution) can be easily varied to produce a
range of possible values. In this framework, the UV emission
(as observed redshifted into the infrared by JWST) is assumed
to trace the young, massive stars whose stellar continuum
dominates this portion of the spectrum. Thus, we make use of
the standard literature relation

Luv,1500 = Ms/ Kuv, 1500, 4

where Kuy.1s00 = 1.15 x 10723 M yr ' (ergs 'Hz ") 'isa
constant representing the UV photon production of the newly
formed stellar population, and My is the star formation rate in
units of M., yr~'. This relation assumes an E. E. Salpeter
(1955) initial stellar mass function. We note that the value of
Kuv.is00 depends on the underlying stellar population (e.g.,
P. Madau & M. Dickinson 2014; S. Tacchella et al. 2018), and
if the IMF of the Pop III stars here is top heavy, the value of
Kuv.1s00 can be as low as Kyy.is00 = 0.3 x 1072 M yr !
(erg s ! Hzfl)’l (e.g., E. Zackrisson et al. 2011; Y. Harikane
et al. 2023). The simulation does not include dust, and we do
not add any dust effects or correction in this semianalytical
framework.

Estimating the star formation rate is also necessary for an
appropriate observational comparison. Using the snapshots
available to us in this simulation suite, we determine the
number of new stars in each object by searching for the
particle IDs that do not appear in the previous snapshot. This
gives us a total mass of new stars in each object (M ,ew). We
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note that this is a much more accurate method than that used in
C. E. Williams et al. (2024), where the difference in stellar
mass was constructed from a merger tree, which did not
actually take into account whether or not a star particle had
formed since the last snapshot. From here, we estimate the
timescale over which these stars formed. A lower limit on the
star formation rate is thus provided by assuming these stars
formed at a constant rate over the entire duration between the
previous snapshot and the snapshot of interest (Afapshot)- This
gives

My, new

My ~ ,
At snapshot

(%)
which we use to estimate the luminosity of our simulated star
clusters via Equation (4). The typical Afgapsnor Varies with
redshift but is on the order of 10 Myr, comparable to the
timescale over which the rest-frame UV—-optical emission used
in observations traces star formation.

3. Results

Using the methodology described in the previous section,
we first examine the ability of structure-finding algorithms to
detect simulated star clusters in the box with the stream
velocity. Then, we present our results regarding the observa-
bility and environment of these clusters.

3.1. Identification of Simulated Star Clusters

First, we test the structure-finding algorithms for their
ability to find star clusters when the effects of the stream
velocity are present. C. E. Williams et al. (2025¢) already
showed that the algorithms disagree when no stream velocity
is included. Thus, here we seek to understand:

(a) whether or not there is a discrepancy in the number of
objects detected between the DM halo catalog and
catalogs that use the baryonic particles when the stream
velocity is included; and

(b) if so, whether this discrepancy is larger for the box with
the stream velocity than without the stream velocity.

We address these questions in Figure 1. The top left panel
shows histograms of objects in the four catalogs, binned by
stellar mass, and the bottom panel shows the percent difference
between each algorithm and the standard DM-focused version.
The data in the top panel represent the objects identified in the
stream-velocity box. It is clear from these counts that indeed,
the catalogs which include DM and the catalogs which only
use baryonic particles are discrepant in their number counts.
The baryonic catalogs (star primary and stars + gas primary)
both typically detect more objects, in agreement with the
findings of C. E. Williams et al. (2025c).

To address point (b) above, in the bottom panel, which
illustrates the percent difference between the two cases, the
non-stream-velocity data from C. E. Williams et al. (2025c¢)
are shown with the fainter lines. At low masses (< 10° M), the
discrepancy between the star primary and the DM primary is
higher with the stream velocity than in the no-stream-velocity
case (exceeding 100%). This is the case for every algorithm,
but especially for the star-only catalog. When gas is included
in the algorithm as a primary particle, this discrepancy is
reduced. This suggests that using gas particles may identify
baryonic objects with multiple stellar subclumps that are part
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Figure 1. Histograms by stellar mass (left) and newly formed stellar mass (right) at z = 12 in the simulation box including the stream velocity. The bottom panel
shows the percent difference between the counts in the DM primary and the other algorithms. In the bottom panel, the percent differences observed when the stream
velocity is not included (data from C. E. Williams et al. 2025¢) are shown as faint lines. The different line colors denote the various structure-finding algorithms.
Blue runs are structure-finding algorithms that include DM, and red lines correspond to structure-finding algorithms focused on baryonic particles only. Pale blue
dotted lines are DM primary structures. Dark blue dashed lines show the DM, stars, and gas primary. Red solid lines denote star primary, and dark red dotted—dashed

denotes the stars 4 gas primary algorithm (used in the further analysis here).

of one structure linked by a gaseous component. This scenario
may occur more frequently in a box with streaming included,
where halos whose gas has been advected via the stream
velocity are now reaccreting this gas. However, Figure 1 may
also imply that the gas + stars algorithm is missing some star
clusters with little or no gas component.

The right panel of Figure 1 shows the objects binned by
newly formed stellar mass (M new), the parameter which is
used to estimate the star formation rate (see Equation (5)).
Again, discrepancies between the runs are present. However,
the gas + stars—focused run and the stars-only run converge
with each other at high values of M, ..y, Which is the most
important regime for observational comparison, as we expect
these objects to be brightest. Searching using the baryon-
centric method underpredicts the low-mass end of the M ,ew
distribution. This is because of the resolution cutoff: only
structures with 100 or more star particles are considered, so
systems with extremely low stellar masses, and thus low
numbers of new stars, are not counted (this can be seen in the
left panel as well). We note that since many young high-
redshift galaxies are dominated by nebular emission lines for
young stellar populations, including the gas as well as the
stars, the primary algorithm should select for these more easily
detectable systems. For these reasons, we continue the analysis
using the gas 4 stars—focused structure-finding algorithm to
generate the catalog of star clusters for this work.

3.2. Stellar Densities

Using the gas and stars (baryonic-focused) algorithm to
identify star clusters, we now turn to estimating their densities
to compare with observations of star clusters at high redshift.
In Figure 2, we plot the stellar surface density (X..) against the
half-mass radius (), for clusters in the box including the
stream velocity. The surface density is estimated assuming a
uniform sphere within the half-mass radius. For comparison,
the non-stream-velocity points are shown underneath as gray

points. The half-mass radius is used to compare with the size
of observed objects, since the diffuse starlight at the outskirts
of systems is unlikely to be detected. Both the stream-velocity
and no-stream-velocity simulations result in systems spanning
a similar range in half-mass radius. This can be seen in the
upper histogram panel, which shows the distribution of
simulated points on the x-axis. In the histograms, dashed
distributions show the no-stream-velocity box, and the solid
distributions correspond to the box with the stream velocity.
The objects are split by their virialization state, which will be
discussed further in Section 3.5. From the right histogram
panel, showing the stellar surface density (projection of the
simulated points along the y-axis), it is clear that star clusters
achieve similarly high densities, up to ~10° M., pc~?, in both
cases, although the box with the stream velocity contains fewer
clusters overall. We overplot the observed JWST clusters from
E. Vanzella et al. (2022b, 2023), A. Adamo et al. (2024), and
L. Mowla et al. (2024). The figure suggests that ACDM
clusters can reach the observed high densities of JWST lensed
observations (for the region of the parameter space that is
resolved by the cosmological boxes considered here) even
when there is a strong stream velocity in the region. For
comparison, the green Y-shaped points correspond to Milky
Way globular clusters (M. Gieles et al. 2011). The gray
contours show the distribution of YMCs (T. M. Brown et al.
2014). We note that the simulation also produces many objects
with radii < 10 pc and surface densities between 10* and 10’
M pcfz, similar to globular clusters and the higher-density
YMCs, as well as a tail of large, low-density clumps, which
may represent larger, extended protogalaxies. Although the
inclusion of feedback may disrupt the formation of such lower-
density systems (see Section 4), if they are present they are
likely more challenging to detect due to reduced surface
brightness. This leads us to an investigation of luminosity and
detectability in the following section.
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Figure 2. Main panel: stellar mass surface density versus radius for simulated objects at z = 12 in comparison to literature observations. Purple diamonds show the
supervirialized star clusters, yellow diamonds show subvirial star clusters, and pink diamonds are the virialized star clusters. The no-supervirialized data are shown in
gray underneath (as in C. E. Williams et al. 2025c¢). On the right and top panels, histograms are presented showing the projected distributions of the objects from both
main panels along the y- and x-axes. The colors follow the same categories as the main panel. For these histograms, solid lines correspond to the stream-velocity box,
and dotted lines correspond to the no-stream-velocity box. Overplotted in the main panel are Milky Way globular clusters (green; Y M. Gieles et al. 2011), local
YMCs (T. M. Brown et al. 2014), and high-redshift lensing observations at redshifts between 2 and 10 (A. Adamo et al. 2024; L. Mowla et al. 2024; E. Vanzella
et al. 2022a, 2023). The dotted line shows the expected behavior of a uniform density 10° M, star cluster.

Finally, we briefly investigate the triangular gap seen in
Figure 2 around 10° M., pc~? toward small radii. We suggest
that this gap originates from numerical effects, rather than
physical processes. In particular, some objects with very low
mass become close to the simulation resolution limit in size.
We investigate these effects in Figure 3, where the normalized
median density profiles of a subset of our systems are shown.
We split our star clusters into high-density (M, > 10° M
pc 2, systems above the triangular gap) and plateau (M., < 10°
M, pc? and r, < 20 pc, systems below the triangular gap)
systems. High-density systems are plotted in blue in Figure 3.
For these systems, the softening length is well under 10% of
their maximum radius. We thus consider the dynamical state
and density of these systems to be “resolved.” This gives us
confidence that the high densities reached are robust and not
due to numerical effects. However, for the “plateau” systems,
we find that ~60% have a simulation gravitational softening
length greater than or equal to 10% of the maximum radius.

We thus consider the inner star clusters of these systems to be
dynamically “unresolved” in their inner core.'’

The median density profiles for the resolved and unresolved
systems in the plateau are shown in yellow and red in Figure 3,
respectively. Indeed, for the “unresolved” systems, a cored
profile shape is clearly seen to a radius >0.1 r,,,, while the
resolved plateau systems follow a similar cuspy distribution to
the high-density systems. The figure demonstrates that for a
subset of systems, the resolution-driven core extends to the
half-mass radius, artificially decreasing the measured surface
density in the simulation. Thus, it seems that the lack of star
clusters in the triangular region of Figure 2 is due to the
gravitational softening length, an effect of the simulation’s
finite resolution.

15 We note that in this case, “unresolved” refers to the dynamical distribution
within the inner core, rather than the simulation resolution of 100 star particles
—a criterion which is met by all objects in the catalog. The robustness of our
overall cutoff is discussed in Appendix B.
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Figure 3. Median normalized density profiles. The blue curve shows the
median profile of the subset of objects with extremely high surface density,
My, > 10> M, pc2 (98 systems). The orange and red curves show objects on
the “plateau” discussed in Section 3.2, meeting the two criteria that
M, < 10°M,, pc™? and r, < 20 pc (10,563 objects). All objects in the high-
density peak are fully resolved over the range of radii depicted. However, for
some low-mass objects in the plateau, the inner radii are not resolved within
the softening length of the simulation. Thus, we divide the plateau into
resolved and unresolved systems, for which the gravitational softening length
is greater than 10% of the cluster’s maximum radius. The medians are
smoothed using a Savitzky—Golay filter with a window length of five and a
second-order polynomial. The shaded regions show the 16th—84th percentile
band of the distribution.

We additionally speculate that a dynamical simulation effect
plays a role in driving all low-mass clusters to a more extended
core distribution than expected: the difference in particle mass
between the star and DM particles. The DM particles are
roughly 6 times more massive than the star particles (which
inherit mass from the simulation’s Voronoi gas cells). In
nuclear clusters, relaxation effects from two particle popula-
tions with unequal masses can drive the lower-mass particle to
form a core profile (e.g., B. Rom et al. 2024; B. Rom &
R. Sari 2025). It seems that this numerical effect drives the star
particles in the central regions of our simulated objects to
follow a core profile. For low masses, this core profile affects
the half-mass radius, whereas for high-mass objects, the core
effect is on a smaller scale than the half-mass radius. For
comparison, the dashed gray line in Figure 2 shows the
expected X,—r relation for a 10°M_ object with uniform
density. This mass intersects the triangular, resolution-driven
gap, and gives a rough estimate of the mass where dense
clusters may still form in a better resolved simulation. Because
of the effects discussed above, our analysis may actually
underestimate the number of high-density systems in the
simulation box. However, we note that the inclusion of
feedback effects can modulate the central surface density,
especially for low-mass systems—this is discussed further
below.

3.3. Detectability of Population III Star Clusters

We now seek to provide an estimate of the luminosities of
the star clusters considered in this work in order to ascertain
their detectability by JWST. Because our simulation suite only
tracks collisionless “star particles,” representing groups of
stars, and we do not trace the metallicity and radiation of those
stars, we use the relationship between star formation rate and
1500 A Iluminosity to provide a useful estimate of the
brightnesses of our simulated systems. As described in
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Section 2, we use the star formation rate, estimated based on
the number of new stars between the nth simulation snapshot
and the (n — 1)th simulation snapshot (see Equation (5)).

Star clusters. Because the vast majority of these star clusters
are likely to lie below the resolution limit of JWST (see for
example, their radii on the x-axis of Figure 2), it is also useful
to consider whether clusters of these objects could be
detectable in combination. For all the star clusters in our
simulation boxes whose sizes are below the JWST resolution
limit, we search for other star clusters within a sphere of radius
equal to the effective resolution of JWST at the redshift of the
simulation snapshot (assuming the minimum resolved scale is
0.2). In the left column of Figure 4, we plot the absolute AB
magnitude at 1500 A in the source frame versus the stellar
mass for the complexes and isolated individual objects. The
gray points represent single objects, while the colored
diamonds represent the combined mass and luminosity of
multiple star cluster complexes. The color bar denotes the
number of objects that make up the complex. The inset panel
highlights the individual objects that are not part of any clump.
Clumps of a few star clusters separated by a distance smaller
than the telescope’s resolution are the dominant population in
the bright regime. The brightest isolated objects are typically
several magnitudes fainter than the brightest complexes.
However, upon individually investigating a subset of the
systems in this regime, we find that the majority of the
complexes have one bright star cluster that is at least an order
of magnitude more luminous than its neighbors. Thus, the
contribution of the fainter or lower-mass neighbors may be
small, depending on the system at hand. The bottom row
displays systems with the stream velocity, while the top row
illustrates the case without the stream velocity. When the
stream velocity is present, the maximum number of objects in
a single cluster is five, compared to eight in the case without
the stream velocity. We discuss this further below.

In the left panel, a handful of systems reaches almost
Map = —18, a magnitude range comparable with the faintest
systems detected by JWST at z ~ 12 (e.g., C. T. Donnan et al.
2024). These are the most massive complexes in the entire
box, with stellar masses approaching 10° M_... These structures,
consisting of several subclumps around one larger host cluster,
would most likely be classified as low-mass galaxies. The
presence of multiple subclusters, whose luminosity (and
therefore their star formation rate) is reduced at z =12
compared to previous redshifts, suggests that one star-forming
region in the area may seed the formation environment of low-
mass galaxies with metals. In other words, low—star formation
rate subclumps at z =12 may represent systems that formed
earlier, providing metal enrichment prior to this simulation
snapshot. Thus, these will not appear as pristine Pop III
galaxies. We suggest that the high-mass structures in our box
are thus roughly consistent with observed galaxies at z ~ 11
—13 observed in JWST surveys with modest stellar masses
around 10® M, (e.g., C. T. Donnan et al. 2023). However, our
inferred magnitudes are slightly fainter, —17 2 Myy 2 —18,
rather than —18 > Myy 2 —19.6 quoted by C. T. Donnan
et al. (2023) for similar masses.

This analysis assumes Kyv.isoo = 1.15 x 1073 M, yr—
(erg s ' Hz™')™". The value of this conversion factor reflects
assumptions about the underlying stellar population. We also
assume that the star formation occurred at a constant rate in the
time between simulation snapshots. However, observing the

1
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Figure 4. Absolute UV magnitude versus stellar mass for clumps and individual objects at z = 12. The top row is without the stream velocity, and the bottom row
includes the stream velocity. The color bar shows the number of individual star clusters in each of the clumps. To guide the eye, a dashed gray horizontal line has
been added at Map = —18 in both the main and the inset panels. The right and left columns show the same analysis with differing conversion factors KCyy, 1500, in
units of 1072 M, yr' (erg s~' Hz ")™". On the left is the standard value of 1.15, where as the right represents the increased luminosity of a top-heavy IMF.

stellar population in the early phase of a burst of star
formation, as may be very prevalent in the early Universe (e.g.,
G. Sun et al. 2023), can provide a large boost in UV
luminosity. Additionally, for the Pop III star clusters
considered here massive and extremely massive stars may be
present in much greater abundance given the low metallicity of
the natal gas. The investigation of specific models of Pop III or
detailed star formation burst scenarios is beyond the scope of
this work. However, in order to explore a scenario where the
luminosity output of the stellar population is enhanced due to
any of these factors while remaining agnostic to specific
mechanism, we additionally plot the same relation with
Kuv.isoo = 0.3 x 1078 M, yr ! (erg s~' Hz ') in the right
column of Figure 4. This corresponds to the top-heavy Pop III
model of E. Zackrisson et al. (2011; as in Y. Harikane et al.
2023). This significantly increases the apparent magnitude of
clusters. The brightest complexes in both boxes reach Mg =
—18 to Mg = —19, more consistent with C. T. Donnan et al.
(2023). Additionally, lower-mass (i.e., 10’ M_) clusters have
Mag ~ —17, possibly suggesting their detectability in a
lensing configuration.

Both stream-velocity and no-stream-velocity objects pro-
duce a similar distribution of densities and luminosities at high

star formation rates, making it challenging to determine the
formation channel of an observed object. However, as
indicated by the color bar, a significant difference between
the two scenarios is the number of subclumps that comprise a
given structure. When the stream velocity is considered, it is
quite rare for more than two objects to be colocated, with a
maximum of five objects found within one complex. In
contrast, in the absence of the stream velocity, many systems
contain three or more components, with a maximum of up to
eight. In the next section (Section 3.4), we investigate the
environments of these clusters in greater detail.

The UV luminosity function (UVLF). When counting objects
and their star formation based on DM halos, C. E. Williams
et al. (2024) found that the faint end of the UVLF was boosted
by the stream velocity due to the strong bursts occurring in a
single clump. However, the methodology used here, which
employs baryonic structure to mimic observational probes, can
provide a more accurate estimate of the UVLF because it
searches for individual objects, regardless of the underlying
halo distribution, which is hidden from observational techni-
ques. In Figure 5, we plot the UVLF in our simulation boxes
based on the baryonic primary method of structure detection
(solid lines). To estimate the UVLF most appropriately for
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(2023), P. G. Pérez-Gonzalez et al. (2023), C. T. Donnan et al. (2024).

observations, we count clumps of star clusters below the JWST
resolution limit as one object (as in Figure 4). Importantly, this
is not the average UVLF in the Universe but rather the
distribution in a high-density peak (corresponding to our
simulation box, which has og = 1.7). For this reason, the value
of the curves on the y-axis is significantly increased with
respect to an expected average UVLF on large scales.

Thus, in order to achieve a relevant comparison to
observations, we approximate a correction to the high oy
value used in this simulation. We use the ratio between the
R. K. Sheth & G. Tormen (2002) halo mass function with
og = 1.7 and og = 0.8 to correct the number counts at each
magnitude. This ratio is a function of halo mass, with a larger
correction at lower masses (see Figure 6 of C. E. Williams
et al. 2024, for example). Thus, we use the correction factor
corresponding to the average halo mass in each magnitude bin.
The dotted and dotted—dashed lines show the resulting
corrected UVLF for the baryonic and DM catalogs, respec-
tively. For the baryonic catalog, we correct using the nearest
DM halo to each stellar object, and as seen in the figure, this
has good agreement with the results from the DM catalog. We
note that these curves likely offer a more appropriate
observational comparison, but there is some intrinsic scatter
given the range of halo masses contributing to each bin. One
standard deviation is shown by the hatched regions to illustrate
the degree of scatter. The difference between the solid and
dotted lines can be understood as the cosmic variance effect of

an average versus high-density patch of the Universe, while
the difference between the blue and the purple curves is
the contribution of the stream velocity. We note that even these
corrected curves should be considered upper limits, due to the
lack of feedback in our simulations. The predicted UVLF lies
slightly above the JWST observations depicted in the plot.
The blue lines, corresponding to the box without the stream
velocity, are heightened for faint objects. For brighter objects,
the reduced suppression of structure and the burst of
concentrated star formation described in C. E. Williams et al.
(2024) only serve to allow the stream-velocity systems to reach
similar counts as the non-stream-velocity systems, rather than
significantly surpass the blue curve. Thus, at the bright end of
our curve, we see that the difference between the stream-velocity
and non-stream-velocity runs is not distinguishable given the
scatter and the size of the cosmic variance effect. However, at
low masses, the difference between the blue and purple curves is
much larger than the difference between the solid and dotted
lines. This suggests that the stream-velocity effects will be
present and discernible in the UVLF in this extremely faint
regime, around Myy > —12, which is challenging to probe with
current facilities. Future observatories that could access this
regime would see around 100 times more small clusters.

3.4. Environmental Effects

One of the benefits of the method used here to distinguish
both DM halos and star clusters using two FOF algorithms is
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Figure 6. DM halo nearby neighbors. Left panels: histogram of the logarithm
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that it allows us to probe the environment and structure of
stellar systems. We explore the nature of the population of
nearby neighbors to our star clusters in Figures 6-7. In
Figure 6, we investigate the nearest neighbor to each baryonic
star cluster object in the DM-centric catalog. The plot shows
histograms of the mass of the closest halo to the star cluster
(which may be its host) and the number of neighbors within
10 ckpe. The population of objects is split into supervirialized,
virialized, and subvirialized systems. The plot shows objects at
z=15 (solid lines) and z= 12 (filled-in histograms). Com-
pared to objects forming in the simulation box without the
stream velocity, star clusters with the stream velocity (bottom
plot) are likelier to have a more massive nearest/host halo.
This reflects the reduced gas fraction in stream-velocity halos,
causing a less massive star cluster to form for the same halo
mass. Additionally, at both redshifts, very few star clusters are
found in the stream-velocity simulation that are both virialized
and have many (15-20+) neighbors. This seems to be a result
of the delayed onset of structure formation due to the stream-
velocity effect. Systems form at a later redshift, and thus have
had less time to tend toward dynamical equilibrium, especially
in complex, clustered systems where many low-mass halos
interact.

As discussed in the previous section, without the stream
velocity, star clusters are more likely to be in a region
containing many other star clusters, which contributes to the
total luminosity of these stellar complexes. In Figure 7, we plot
the occurrence of systems by the baryon object surface density
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Figure 7. Baryonic structure neighbor. Occurrence of baryonic objects by the
surface density of baryonic structures in the surrounding 10 ckpc region (per
square arcsecond).

in their nearby environment. This is found by averaging the
number of neighbors within 10 ckpc (similar to the right panel
of Figure 6). We report the density in terms of square
arcseconds to give a sense of the occurrence on the sky. With
the stream velocity, the number of systems in regions of five
objects per square arcsecond is strongly reduced. Note that this
is already in an extremely high-density region, as generated by
our high og. Thus, if a Pop III star cluster is discovered through
lensing or another scenario and is shown to have many
subclumps, we suggest that it is highly unlikely to be located
in region where the stream velocity is ~20p..

3.5. Dynamical State of Star Clusters

The virialization state of star clusters at high redshift is a
balance between the trend toward equilibrium over time and
the disruption from interaction with nearby halos. Using the
simple dynamical arguments presented in C. E. Williams et al.
(2025c), whether or not a system is virialized can be described
by comparing two timescales, the virialization time (#;;) and
the interaction time (#;,,), to the age of the Universe. Once the
virialization timescale (which is dominated by the cooling time
at low masses) drops below the age of the Universe, systems
should achieve virialization as they tend toward dynamical
equilibrium. In the simulation box, a stellar system is likely to
be found in this virialized state as long as the interaction
timescale for major mergers is longer than the virialization
timescale. This is true for high-density systems if M, < 10°
M, and low-density systems with 10° Mo, < M, < 107M@.
Above 107 M., interaction with massive halos becomes
common. Finally at 10® M, systems have generally achieved
virialization since few similarly massive perturbing halos exist
in the box. Here, we investigate whether this framework
applies to the regions with the stream velocity or not, given
that supersonic streaming affects the density of halos, the
turbulence of gas, and the morphology of structures (e.g.,
S. Hirano et al. 2023; C. E. Williams et al. 2023; A. Chen
et al. 2025).

In Figure 8, we compare the counts of virialized objects by
stellar mass in the box with the stream velocity, plotting the
fraction that are virialized at each mass. The no-streaming
distribution is shown as transparent histograms. From the red
histograms denoting the baryonic catalogs, we can see that
both boxes agree with a split into two populations of virialized
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Figure 8. Fraction of virialized objects versus stellar mass in a box with the
stream velocity (solid) and without (faint/transparent histograms). The line
styles follow the convention of Figure 1.

objects, located at roughly the same masses. A dearth of
virialized systems is present with and without the stream
velocity at ~10°M, This indicates that the description
provided in C. E. Williams et al. (2025¢), which depends on
the cooling and dynamical timescales, rather than the stream
velocity, captures the physical behavior of the star cluster
dynamics well enough to describe the locations of the
virialization peaks.

The stream velocity plays a role in the baryonic catalogs’
distributions around M, ~ 10°°7 M, in particular. With the
stream velocity, a smaller fraction of systems (~40%) in the
high-mass subset are virialized than without the stream
velocity, where the fraction is around 70%. This may indicate
that the higher-mass systems in regions of streaming may take
slightly longer to achieve virialization. This delay likely stems
from the same effect that delays the onset of Pop III star
formation with the stream velocity, as seen in many studies
(e.g., A. T. P. Schauer et al. 2019; W. Lake et al. 2024b;
C. E. Williams et al. 2024). For these systems, initial gas
accretion into primordial halos is delayed due to the stream
velocity’s advection of the gas from the halo, leading to delays
in their further evolution.

To investigate this, we explore the evolution of the clusters’
virial ratios with redshift. Figure 9 shows probability density
distributions of the virial ratios at z = 15 and z = 12. The green
highlighted region shows our virialization criterion

1.5 < —U/K < 25. (6)

The distribution peaks at a slightly supervirial value
between three and four, with a significant fraction of systems
having extremely high virial ratios. The supervirial relation
persists until the end of the simulation at z = 12. This excess of
gravitational potential energy may suggest that the continued
evolution of these systems will be toward an even more
compact configuration. In other words, in the absence of
dynamical processes that may stabilize these clusters, they
may continue to collapse.

The z = 15 stream-velocity run displays an excess of objects
with extremely high virial ratios compared to the no-stream-
velocity case. However, by z = 12, the stream-velocity
systems approach the nonstreaming distribution. These may
reflect systems that formed later due to the stream velocity and
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densities are estimated using a Gaussian kernel density with bandwidth
of 0.35.

thus are strongly out of equilibrium in the earlier snapshot. At
this later time, these systems have had time to trend toward the
typical dynamical path of violent relaxation and environmental
disruption seen in the nonstreaming box.

4. Discussion

In this work, we provide more comprehensive picture of
dense star cluster formation within the ACDM framework. We
show that, given a no-feedback scenario, even regions with
high-stream-velocity values still produce star clusters with
sufficiently high stellar surface densities to be consistent with
the JWST observed population. We investigate these high-
stream-velocity regions using a methodology focused on
identifying baryonic structures, which enables us to examine
their star cluster dynamics and environment in detail.

Effects of baryonic feedback. In our simulations without
baryonic feedback, the number of brighter objects in our no-
stream-velocity simulations is boosted compared to the
estimate in C. E. Williams et al. (2024) due to the inclusion
of star clusters that were undetected using DM-focused
structure-finding algorithms. This includes many objects
which live in halos that are not resolved or detected by these
algorithms. Our simulations suggest that these no-streaming
systems are clumpy, and are potentially composed of a number
of merged star clusters that were once their own dwarf
galaxies, or may also be forming many smaller clumps in
place. We suggest that the inclusion of feedback may disrupt
this small-scale mode of star formation. As a result, the
original discrepancy noted in C. E. Williams et al. (2024)
might reappear even when using the baryonic-focused
identification method with feedback incorporated.

One important consideration regarding feedback effects is
how these processes may vary between regions with the stream
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velocity and those without it. Although the literature does not
suggest that the stream velocity directly influences the physics
of stellar feedback, differences in geometry and environmental
conditions might lead to different scenarios. For instance, the
clustering of stellar systems can play a crucial role. As shown
in Figure 7, non-stream-velocity systems are significantly
more likely to develop in areas with a high concentration of
nearby stellar systems. In these dense regions, star formation
may initiate sporadically; for example, when star formation
begins in one clump, it can inhibit the ability of nearby gas to
form additional star clusters. This aspect is not accounted for
in our no-feedback simulation, meaning that star formation
could be considerably suppressed or even entirely prevented,
resulting in a reduced number of clusters in regions without the
stream velocity. Conversely, systems characterized by the
stream velocity, which tend to be more isolated, would be less
impacted by this effect.

Another feedback effect that has been shown to affect the gas
and star formation in early minihalos is Lyman—Werner (LW)
radiation, which dissociates the H, molecules essential for
cooling (e.g., M. Kulkarni et al. 2021; A. T. P. Schauer et al.
2021b; S. Hegde & S. R. Furlanetto 2023; O. Nebrin et al.
2023, 2025). Initial radiation in the LW band (11.2-13.6 eV)
from the first generation of stars builds up a background that
impacts the next generation of stars. Both high values of the
streaming velocity and LW background radiation can increase the
minimum mass for star formation, although some studies suggest
that the most significant effect—both on the minimum and
average minihalo mass for Pop III star cluster formation—is the
stream velocity (e.g., A. T. P. Schauer et al. 2021b), especially at
the highest redshifts. However, the global star formation rate
density for Pop III is dominated by the strength of the
LW background between 30>z>10 (e.g, S. Hegde &
S. R. Furlanetto 2023). Furthermore, numerical simulations
that jointly model the LW background and the stream
velocity disagree on the value of the minimum mass (e.g.,
A. T. P. Schauer et al. 2021a; M. Kulkarni et al. 2021), so future
investigations with higher resolution than our current study are
needed to disentangle these effects.

Metal enrichment. Pristine, primordial gas, found in early
minihalos, can become metal enriched on the timescale of the
lifetime of massive stars. In our simulations, no metal
enrichment is included. As discussed in Section 3.3, many of
the more massive objects in the simulation box are found in an
environment with other stellar clumps, many of which are no
longer forming stars at an elevated rate. This suggests a
previous burst of star formation, which can enrich some
portion of the gas, causing observable metal lines. A striking
difference in the stream-velocity systems is the reduced
number of neighbors in the local environment, as discussed in
Section 3.4. Many studies have investigated the delay in the
initial onset of star formation caused by the stream velocity,
noting that it may prolong the epoch of first star formation,
affecting the observability of Pop III stars (e.g., T. H. Greif
et al. 2011; A. Stacy et al. 2011; J. Bovy & C. Dvorkin 2013;
S. Naoz et al. 2013; S. Asaba et al. 2016; A. T. P. Schauer
et al. 2017, 2021a, 2023; S. Hegde & S. R. Furlanetto 2023;
L. Conaboy et al. 2023; O. Nebrin et al. 2023). Here, we
suggest that the difference in environmental clustering is an
additional effect that may serve to boost the continued
presence of Pop III star clusters at lower redshift. With the
stream-velocity, systems form later, leading to Pop III stellar
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Figure 10. Comparison of z = 12 star clusters from this work (gray shaded
region encompassing the points from Figure 2) with evolutionary tracks of N-
body simulations of globular cluster evolution with the CMC code (K. Kremer
et al. 2020, color bar and red and yellow scatter), and Milky Way globular
clusters with &, > 10* M, pc’2 (M. Gieles et al. 2011, coral circles). The plot
shows surface density versus radius, as in Figure 2. The color bar shows the
age of the cluster evolutionary track. Red scatter points show the CMC initial
conditions, and yellow scatter points show the clusters’ final parameters at the
end of the CMC evolution. The scatter points are shaped according to the
initial radius. We use the subset of evolutionary models from K. Kremer et al.
(2020) with Z=0.0002 and ry,n; > 0.7 pc. The tracks differ based on the
initial number of particles, virial radius, and galactocentric distance.
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populations at slightly later times. However, we show here that
once these Pop III star clusters form, they typically form alone
in a burst, with fewer nearby systems that may have
preenriched the natal gas. Thus, we speculate that gas
metallicity in and around the earliest low-mass structures
traces stream-velocity-induced enrichment. This may appear
through the stellar metallicity and nebular metallicity, thanks
to a delayed progression of local enrichment, as well as the
metallicity of eventual outflowing gas, kicked out by Pop III
feedback processes. Further studies that resolve the disburse-
ment of metals into the surrounding medium are needed to
explore this question (e.g., J. Mead et al. 2025).

Evolution of star clusters to low redshift. While our
simulation’s final snapshot is taken at z =12, it is interesting
to consider the continued evolution of the stellar objects in our
simulation box. To estimate what the properties of these dense
star clusters may be today, we compare our objects to the N-
body simulations of K. Kremer et al. (2020). Shown in
Figure 10, these evolutionary tracks cover 10—13 Gyr of the
clusters’ dynamical evolution, for a variety of masses, virial
radii, and galactocentric distances. These simulations follow
the evolution of individual clusters, without a cosmological
box, so interaction with a broader environment is not included
other than the effective tidal mass loss from galactic tides at a
set distance. For the most representative comparison to our
simulation, we select the lowest-metallicity subset of models
(Z=0.0002), and those with initial half-mass radius ry jnix >
0.7pc. These Cluster Monte Carlo (CMC) model initial
parameters do not cover the full range of objects in our
simulation—which represent a range of clusters and proto-
galaxies. In particular, the low surface density and high-mass
objects do not have analogs in the CMC catalog. However,
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clusters with comparable surface density and size to some
of our high-density, lower-mass systems are interesting to
consider.

The figure demonstrates that clusters with an initially very
high surface density between 10°—10°> M., pc 2 evolve over
time to larger radii and lower surface densities. Some of the
clusters eventually experience core collapse. Comparing our
objects to the evolutionary tracks of CMC clusters, we see that
a subset of our smallest simulations occupy a region of
parameter space where the precursors of observed Milky Way
globular clusters lie. We suggest that following the end of star
formation, the high-density subset of objects we simulate at
Cosmic Dawn may evolve to become low-metallicity, high-
density globular clusters at the present time, and may accrete
onto dwarf and ultrafaint galaxies.

5. Summary

In summary, we show that Pop III star clusters forming in a
ACDM cosmological box can achieve extremely high surface
density consistent with JWST observations, even when the
stream velocity is included. Our careful accounting for
systems’ observable properties—through a baryonic-focused
structure-finding algorithm and association of unresolved
complexes—are used in combination with a semianalytic
approach to estimate observable properties. We estimate that
the brightest of the systems in our box are detectable as the
faintest current JWST galaxies, but that lensing scenarios
could reveal low-mass objects, especially those whose
luminosity is heightened due to IMF effects or bursty star
formation in its initial phases. Additionally, the boost in the
faint-end UVLF in the stream-velocity versus the non-stream-
velocity cases seen when counting by DM halos is obfuscated
in the context of the faint-end UVLF. However, the
suppression at extremely faint magnitudes is still preserved,
and additionally the statistical clumping of small structures
may be a useful probe into the effects of the stream velocity at
high redshift.
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Appendix A
Catalog Construction

Figure 11 depicts the process used to eliminate unbound
structures from our catalog. First, the kinetic and potential
energies of all star particles associated with each object are
calculated. If the stars are not bound, the procedure is repeated,
including the additional contribution of the DM particles
within the radius of the object. If the object fails to be
gravitationally bound after this second stage of calculation, we
exclude if from further analysis. A similar procedure is used to
test for the systems’ dynamical state, but both virialized and
nonvirialized systems are included in the final catalog.

’ Check if bound

,,,,,,,,,,,,,,,,,,,,,,,,,,,

Unbound:
Check if virialized |~ ¥es J-—{ no }— exclude from
analysis

—{ no }—! Ifhaven’t yet, include

DM inside R ‘
=) :

Re-check if virialized
| yes | [ no |

{ Bound and virialized: ‘ ’ Bound, not virialized:
! !

Compute R _,
vir

Compute DM mass in R

DM massin R .
vir

Figure 11. Flowchart describing the calculation of the boundedness and
virialization of objects. Reproduced from Figure 1 of C. E. Williams et al.
(2025c¢).
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Appendix B
Convergence

Here we test our cutoff of 100 star particles to filter out
objects from the baryonic catalogs which we do not
numerically resolve. In particular, we seek to ensure that our
categorization of the virial ratio is robust, even at low
particle number. This question was already investigated in
C. E. Williams et al. (2025¢) for the no-stream-velocity box,
but here we replicate the analysis for the box including the
stream velocity.

In Figure 12, we plot the virial ratio as a function of N,, the
number of star particles.

The mean is shown, with shaded regions indicating one
standard deviation above and below the curve. Additionally,
the value of the standard deviation is shown with the dashed
line. From the plot, we can see that for both catalogs, the
variance in the virial ratio is generally low (~1), and remains
roughly constant over an order of magnitude in particle
number. Thus, the dynamical state of objects is robustly
identified.

10

mean

standard deviation

Figure 12. Virial ratio versus number of star particles for objects in the stars
and gas primary catalogs with v, = 0oy, (blue) and v, = 20y, (purple). The
means are shown as solid lines and the standard deviations are shown as the
dashed lines. The shaded regions show one standard deviation above and
below the mean.

Appendix C
Supplemental Data

In Figure 13, we plot the stellar mass—halo mass relation for
one of the DM-focused catalogs at z=12, the end of the
simulation. We plot the catalog with DM as the primary
particle type for the best comparison with other cosmological
simulations. Our typical fy, = M, /Mpy; is around 0.1 for most
masses, well above typical values for low-mass halos in most
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Figure 13. Stellar mass—halo mass relation in the z = 12 snapshot for objects
in the DM, stars, and gas primary catalogs. Blue scatter points show the
snapshot without the stream velocity, while purple scatter points show the
objects in the snapshot with the stream velocity.

simulations (e.g., B. W. O’Shea et al. 2015; R. Kannan et al.
2022; K. Brauer et al. 2025). This enhanced f, is due to the
absence of feedback in the simulation. Thus, when plotting
quantities such as the UVLF (as in Figure 5), our counts
should be interpreted as upper limits within ACDM.

From Figure 13, it is clear that the lowest-mass halos to host
stars are just above 10° M, with the typical stellar-to-halo
mass relation depending on the stream velocity. The critical or
minimum mass to form stars is an important parameter in
modeling Pop III star formation, and is expected to depend on
the stream velocity (e.g., S. Naoz et al. 2013). In the z=12
snapshot, the minimum halo mass that contains at least one star
particle is 3.29 x 10° M, without the stream velocity. This is
similar to the value of ~3 x 10° M., found by A. T. P. Schauer
et al. (2021b) and calculated analytically by S. Hegde &
S. R. Furlanetto (2023, using both studies’ no-stream-velocity,
no-LW-radiation models). From the figure, it is clear that when
including the stream velocity, the typical low-mass halos are
slightly more massive at the lowest masses; although, as
shown by the scatter, a few halos with very low mass still form
stars, with the least massive being 3.65 x 10° M. This makes
our minimum mass with the stream velocity included lower
mass than predicted by both cited models. However, we
caution that halos with fewer than 300 DM particles were not
included in our catalogs, and thus a lower minimum halo mass
may be excluded by our resolution cutoff.

In Figure 14, we provide scatter plots of the radii associated
with objects in the baryonic-focused catalog, with and without
the stream velocity. The top panel shows the maximum radius
versus half-mass radius relation, and the bottom panel shows
the half-mass radius as a function of stellar mass.



THE ASTROPHYSICAL JOURNAL, 997:202 (16pp), 2026 February 1

Williams et al.

10% .
L P 2 L 2
Q
(@F
\—
=
< 2
E 10
® Super-virialized
101_ < Sub-virialized
<  Virialized
10! 103
"hm (PC)
No SV
¢  Super-virialized ‘ ¢ o ¢
3] <  Sub-virialized ¢
10 ub-virializ o o V'S

<  Virialized

100
M* (M(D)

108

108

100
M* (M(D)

Figure 14. Top panels: maximum radius versus half-mass radius of star clusters. Bottom panels: half-mass radius versus stellar mass of star clusters. The left-hand side of
each panel shows the run without the stream velocity, while the right-hand side shows the run with the inclusion of the stream velocity. The dark purple scatter points shows
the supervirialized points, the yellow shows subvirialized objects, and the pink shows the virialized objects. Results are presented at z = 12 for the stars + gas primary run.
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