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Abstract

Recently, Nakajima et al. presented James Webb Space Telescope observations of the z = 6.6 Population III (Pop
IIT) candidate LAP1-B, which is gravitationally lensed by galaxy cluster MACS J0416. We argue that this is the
first object to agree with three key theoretical predictions for Pop III stars: (1) formation in extremely low-
metallicity halos with virial temperatures ranging from T, ~ 10°-10*K, (2) a top-heavy initial mass function,
and (3) formation of low-mass clusters with ~afew x1000 M, in massive Pop III stars. LAP1-B is consistent
with recently formed Pop III stars hosted in a ~5 x 10’ M., dark matter halo, some of which have enriched their
surrounding gas either with supernovae or stellar winds. We use the semianalytic model of Visbal et al. to predict
the abundance of Pop III clusters observable at the high magnification provided by the foreground galaxy cluster
MACS J0416. Using fiducial parameters unmodified from previous work, we expect about one observable Pop III
galaxy similar to LAP1-B in the range z = 6-7. At earlier times, the intrinsic abundance is higher, but Pop III
systems would not have been detected because of their increased luminosity distance and lower-mass dark matter
halos, which would host fewer stars. Thus, we find that LAP1-B was found at the redshift theoretically expected,
given current observable limits, despite the fact that most Pop III systems form much earlier.

Unified Astronomy Thesaurus concepts: Population III stars (1285); Cosmology (343)

1. Introduction

Understanding the formation and properties of the first stars
in the Universe is currently an exciting frontier in astrophysics
and cosmology. Up to this point, there have been no
unambiguous direct detections of Population III (Pop III)
stars, defined by their extremely low metallicities. However,
substantial theoretical work over the past several decades has
led to a consensus regarding several key predictions (for a
recent review, see R. S. Klessen & S. C. O. Glover 2023).

First, Pop III stars form in extremely low-metallicity
halos with virial temperatures ranging from T.; ~ 10°
to 10%K, corresponding to virial masses of M =
105(45%) 23 107(*5) 2 (“Prediction 17). The ear-
liest Pop 111 stars are expected to form at z = 20 in the smallest
halos in this range (Z. Haiman et al. 1996; V. Bromm et al.
1999; T. Abel et al. 2002; N. Yoshida et al. 2003). These halos
are the first to create molecular hydrogen and excite its
rovobrational transitions, leading to radiative cooling and star
formation. However, several physical processes can prevent
star formation in low-mass dark matter halos. Radiation from
these stars in the Lyman—Werner (LW) band photodissociates
molecular hydrogen and can delay star formation in halos up to
Ty ~ 10* K, at which point atomic hydrogen cooling becomes
important (Z. Haiman et al. 1997; M. E. Machacek et al. 2001;
B. W. O’Shea & M. L. Norman 2008; E. Visbal et al. 2014b).
In addition, ionizing radiation photoheats Z%as, suppressing star
formation in halos up to 7,;, = 3 x 10"K (A. A. Thoul &
D. H. Weinberg 1996; N. Y. Gnedin & L. Hui 1998;
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M. Dijkstra et al. 2004; P. R. Shapiro et al. 2004; M. Hoeft
et al. 2006; Y. Noh & M. McQuinn 2014). The baryon—dark
matter streaming velocity additionally prevents star formation
in low-mass, high-redshift halos (D. Tseliakhovich &
C. Hirata 2010; A. Fialkov et al. 2012). On the high virial
temperature (or high halo mass) end, prompt metal production
by the first generation of stars results in a transition to
Population II stars. However, inhomogeneous metal mixing
results in Pop III star formation continuing until z ~ 6 (e.g.,
see Figure 2 in R. S. Klessen & S. C. O. Glover 2023), when
the abundance of such systems drops rapidly.

The second key theoretical prediction is that Pop III stars
have an initial mass function (IMF) that approximately follows
Ny(My)d log(My) o const. (see Figure 6 in R. S. Klessen &
S. C. O. Glover 2023; “Prediction 2”). The exact form of the
IMF remains uncertain, but many groups have found roughly
similar top-heavy distributions with ranges from ~10 to
1000 M, (e.g., S. Hirano et al. 2015).

The final theoretical prediction we highlight is that Pop III
stars form in low-mass clusters of up to ~a few x1000 M,
total in massive stars (“Prediction 3”). This is a result of
fragmentation, rapid radiative feedback, and rapid metal
pollution, which have been observed in a variety of
simulations (H. Xu et al. 2016a; M. Kulkarni et al. 2019;
H. Katz et al. 2023; K. Brauer et al. 2025). We emphasize that
throughout this Letter we focus on halos where star formation
is occurring for the first time and thus is composed entirely of
Pop III. We refer to this as “classical” Pop III star formation.
We do not consider the case of inhomogeneous metals within
galaxies and mixtures of Pop IIl and metal-enriched stars
(e.g., R. Sarmento & E. Scannapieco 2022).

JWST has detected several Pop III candidates from the
epoch of reionization via their colors (S. Fujimoto et al. 2025)
and emission lines (R. Maiolino et al. 2024; X. Wang et al.


https://orcid.org/0000-0002-8365-0337
https://orcid.org/0000-0002-1034-7986
https://orcid.org/0000-0003-2630-9228
mailto:Elijah.Visbal@utoledo.edu
http://astrothesaurus.org/uat/1285
http://astrothesaurus.org/uat/343
https://doi.org/10.3847/2041-8213/ae122f
https://crossmark.crossref.org/dialog/?doi=10.3847/2041-8213/ae122f&domain=pdf&date_stamp=2025-10-27
https://creativecommons.org/licenses/by/4.0/
https://iopscience.iop.org/article/10.3847/2041-8213/ae122f/pdf

THE ASTROPHYSICAL JOURNAL LETTERS, 993:L.17 (6pp), 2025 November 1

2024). Recently, K. Nakajima et al. (2025) presented a
spectrum of LAP1-B, which is a highly magnified (¢ ~ 100)
source at z = 6.6 (E. Vanzella et al. 2023; K. Nakajima et al.
2025). Based on their measurements of H, C, and O lines, and
the absence of detectable continuum emission, K. Nakajima
et al. (2025) conclude that LAP1-B is most likely a cluster of
<2700 M, Pop III stars. The metals are suggested to have
been recently provided by Pop III supernovae from the same
cluster of stars. Additionally, K. Nakajima et al. (2025)
estimate the total gas mass of LAP1-B within 20 pc to be
~4 x 10° M, based on the Kennicutt—Schmidt relation (where
the star formation rate is estimated from the Ha line). This is
consistent with an upper bound on the gas mass they calculate
from the oxygen yield of the stars.

There have been a number of previous claims for the
detection of classical Pop III galaxies. In this Letter, we argue
that LAP1-B is the first Pop III candidate that is consistent
with all three of the theoretical predictions described above.
We use the semianalytic model of E. Visbal et al. (2020) to
estimate the abundance of highly magnified Pop III sources
similar to LAP1-B that were expected to be found in the
MACS J0416 galaxy cluster field given the JWST flux limit.
We find that observing ~1 Pop III galaxy at z ~ 6.5 is likely,
and that the detectability of similar objects drops off rapidly at
higher redshifts. This abundance estimate provides additional
strong theoretical support that LAP1-B is hosted by a low
virial temperature, atomic cooling halo (Prediction 1) and
shows that z ~ 6.5 is the most natural redshift for a first
detection of Pop III stars. Additionally, LAP1-B’s line
emission is consistent with a recently formed starburst of
several thousand massive Pop III stars (Prediction 3) from a
top-heavy IMF that has started to pollute its surrounding gas
through supernovae or stellar winds (Prediction 2).

The remainder of this Letter is structured as follows. In
Section 2, we discuss the physical properties of Pop III
galaxies expected at z ~ 6.5 based on previous theoretical
predictions and compare them to the observations of K. Nak-
ajima et al. (2025). In Section 3, we compute the abundance of
Pop III galaxies expected to be observable in a cluster similar
to MACS J0416. We discuss these results and compare with
other previous Pop III candidates before concluding in
Section 4. Throughout this work, we assume a ACDM
cosmology with parameters from Planck Collaboration XVI
(2014): Q, = 032, Q) = 0.68, Q, = 0.049, h = 0.67,
og = 0.83, and ny = 0.96. These values were chosen to match
the set of N-body simulations used in our semianalytic model
for our abundance estimate.

2. Physical Properties of LAP1-B
2.1. Mass of Pop III Stars

We begin by discussing the Ha flux from LAP1-B, which is
the highest signal-to-noise line detected in K. Nakajima et al.
(2025; S/N ~ 8). Ha is a recombination line, and thus its flux
can be related to the rate of H-ionizing photons produced by
massive stars. We note that the observed Ho/H3 ratio indicates
negligible dust extinction. Following D. Schaerer (2002), the line
luminosity is then given by Liya = cHa(l — fesc)Oror(H), Where
Cha = 1.21 x 10 erg, f.q is the escape fraction of the ionizing
photons and Q.. (H) is the rate of H-ionizing photons produced
by the stars. As discussed above, hydrodynamical simulations
suggest that the Pop III IMF is predicted to be logarithmically flat
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Figure 1. The total stellar mass of Pop III stars required to generate the Hoa
emission observed in LAP1-B as a function of the mass of each individual star
(computed from Equation (1) assuming all stars are of the same mass). This
value is calculated assuming fractional numbers of stars are allowed, which is

unphysical, but shows that the ionizing efficiency saturates at stellar masses of
~200 M.,. Diagonal dashed lines indicate constant numbers of stars.

and likely over a massive range (Prediction 2). We note that for
this IMF shape, the majority of the contributions to the stellar
mass and the ionizing photons come from the most massive stars
near the upper mass limit of the IMF. Thus, roughly speaking, for
a logarithmically flat IMF, we can think of the properties of a Pop
IIT cluster as being set by a characteristic stellar mass scale.
Assuming all of the massive Pop III stars in LAP1-B are of a
single mass, the observed Ha flux of 2 x 107" ergs™' cm™>

from z = 6.6 would require a total stellar mass of

MIH:1500M<,>(m)( 0.9 )
H l_fésc

X( My )(2.469 x 10% sl), "
40 M., O(H)

where o is the gravitational lensing magnification factor for
LAP1-B, M, is the mass of individual Pop III stars, Q(H) is
the lifetime-averaged rate of H-ionizing photon production for
a single star, and My is the total mass of Pop III stars currently
emitting radiation. Note that Q(H) depends on the assumed
stellar mass. Thus, taking the relevant values for nonrotating
stars in D. Schaerer (2002), we find that LAP1-B could be
composed of approximately 38 Pop III 40 M, stars. Higher-
mass stars have an increased ionizing efficiency, so less total
stellar mass would be required. We illustrate this in Figure 1.
We note that ~1000M. of massive Pop III stars is in
agreement with Prediction 3. The emission-line ratios from
K. Nakajima et al. (2025) are indicative of massive Pop III
stars (see their Figure 3), which is consistent with Prediction 2.

2.2. Gas and Dark Matter Mass

From a theoretical perspective, we expect that classical Pop
IIT star formation at z ~ 6.6 is likely to occur in two possible
types of dark matter halos, depending on whether or not the
region of the IGM they form in has been previously reionized.
If the halo environment has not yet been ionized, LW feedback
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sets the relevant mass scale, and Pop III stars are expected to
form in atomic cooling halos with virial temperatures of
Ty ~ 10*K corresponding to virial masses of My, ~ 5 X
107 M. This is because, by this late redshift, the LW
background is high enough that Pop III star formation does
not occur until halos are near the atomic cooling limit (e.g.,
E. Visbal et al. 2020). In regions that have been ionized, we
expect Pop III star formation to be delayed until halos are
M, ~ 3 x 10°M_ due to photoheating of the gas (e.g.,
M. Dijkstra et al. 2004). We examine the central gas content in
these types of halos in hydrodynamical cosmological
simulations.

For halos formed in a neutral portion of the IGM, we consider
the simulations of M. Suazo et al. (2019), which simulate three
atomic cooling halos that undergo runaway collapse at z ~ 11-13
for a LW backzground of Jiw = 10J5, where Jo; =
107 ergs ' cm ?Hz 'sr'. Within 3 Myr after collapse, the
enclosed gas mass in the central 20 pc is ~10° M, for the three
halos. We also have an example of a pristine halo that forms in a
region of the IGM that has already been ionized in “Halo C” of
M. Kulkarni et al. (2019; and resimulated in J. Sullivan et al.
2025). The enclosed gas mass within the central 20 pc of this halo
is ~2 x 10° M, (J. Sullivan 2025, private communication).
There is agreement with theoretical predictions and the more
empirical estimates of the central gas mass from the LAP1-B
observations (K. Nakajima et al. 2025; i.e., there is a central gas
mass of ~10° M_).

Moving on to the dark matter component in LAPI-B,
K. Nakajima et al. (2025) argue that the width of the Ha line
(~58.3 £ 17.8km s~ ") suggests the presence of ~10” M., of dark
matter within the central 20 pc. Simulations predict a
substantially lower dark matter content within this radius in the
halos we expect to host classical Pop III star formation. For
instance, for the preionized case from M. Kulkarni et al. (2019)
and J. Sullivan et al. (2025), the central 20 pc contains equal
amounts in dark matter and gas (~10° M, in each component).
Indeed, we note that, for an NFW profile with the expected
concentration parameter of ¢ ~ 4 (C. A. Correa et al. 2015), the
enclosed mass within 20 pc is ~10°M, for halos with
T ~ 10°K.

We argue that the Ha line broadening is not due to the
orbital motions of the gas, but is instead a result of gas
outflows. The observed line broadening could be due to gas
motions as a result of photoionization, stellar winds, or
supernova winds from Pop III stars. We note that H II regions
in local dwarf galaxies have line widths ranging from ~10 to
50kms~' (M. Cosens et al. 2022), the upper end of which is
consistent with LAP1-B to within 1o. There is some reason to
expect Pop III systems to have particularly wide Ho widths—
for example, the simulations of D. Whalen et al. (2004) find
radial velocities of ~35km s~ in the H I regions around Pop
III stars, which would be consistent with LAP1-B when
summing over all directions. Pop III supernovae can drive gas
to even higher velocities. In the one-dimensional simulations
of T. Kitayama & N. Yoshida (2005), a 10> erg supernovae
explodes within a 10’ M., dark matter halo at z = 20 (i.e., the
same virial temperature as the atomic cooling halo that could
host LAPI-B at z = 6.6). The initial outflow velocity is
thousands of km sfl, but slows down to near zero within 20 pc
over 2.2 Myr. Thus, the Ha line width observed in LAP1-B
could be the result of a supernova as it decelerates within the
first few Myr after the explosion. Therefore, we conclude that
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the observations are consistent with LAP1-B being in an
atomic cooling halo, consistent with Prediction 1. We
emphasize that neither of these simulations precisely matches
the scenario of Pop IIl stars in an atomic cooling halo.
D. Whalen et al. (2004) simulate a single Pop III star in a
minihalo and T. Kitayama & N. Yoshida (2005) simulate a
pair instability supernova, which may be more energetic than
the Pop III supernovae expected from lower-mass Pop III stars.
This motivates future hydrodynamical simulations of Pop III
clusters in atomic cooling halos and their transition to metal-
enriched star formation, but is beyond the scope of this work.

2.3. Metal Enrichment

We now consider the oxygen abundance of LAP1-B. We
begin with the case where metals are primarily sourced by
supernovae and then consider a case where they arise from
stellar winds driven by rapidly rotating stars. Assuming that
there is ~3 x 10° M, of gas in the central region of LAP1-B
as discussed above, the oxygen-to-hydrogen abundance ratio
of 12 + log(%) = 6.31 from K. Nakajima et al. (2025) implies
that there is ~10 M, of oxygen mixed in this region. For the
supernovae case, we assume that a small number of the Pop III
stars have undergone supernovae and ejected their metals.
According to K. Nomoto et al. (2013), the oxygen yield of one
40 M, Pop III star is 8 M. Thus, approximately one Pop III
supernova is sufficient to explain the LAP1-B oxygen-to-
hydrogen abundance ratio. The precise assumption of 40 M,
stars is not required. For example, with the assumed IMF from
K. Nakajima et al. (2025; 1-100 M.,), the oxygen yield per
mass of stars is similar (a factor of 2 lower) to the hypothetical
case of purely 40 M, stars.

It is also possible that some or all of the metals in LAP1-B
were provided by stellar winds of rapidly rotating Pop III stars.
The theoretical yield models of S. C. Yoon et al. (2012) predict
that a 30 M, star with an initial rotational velocity of 0.6 of the
Keplerian value yields 1.4 M., of oxygen, and a 150 M, star
with this initial velocity yields 3.23 M. Thus, seven 30 M, or
three 150 M, rapidly rotating stars would provide the
necessary 10 M, of oxygen. That the O/H ratio matches with
theoretical expectations from atomic cooling (or slightly larger
reionized) halos means that LAPI-B is consistent with
Predictions 1-3 described above.

Large theoretical uncertainties make the carbon-to-oxygen
ratio of Pop III sources much more difficult to predict. For
example, in the Pop III core-collapse supernova models from
A. Heger & S. E. Woosley (2010), the values of log(C/O) vary
over 4 orders of magnitude depending on uncertain parameters
associated with the supernova explosion (e.g., energy).
However, we point out that the value of log(C/O) ~ 0
observed in LAP1-B is consistent with expectations for Pop III
stars. For instance, the stars could be a mixture of ~40 M,
stars, some of which are rapidly rotating and produce winds
with log(C/0O) = 0.3 (see Table 3 in S. K. Jeena et al. 2023),
and some of which are not rapidly rotating and go supernova
with yields of log(C/0) = —1.2 (K. Nomoto et al. 2013). We
also note that the rapidly rotating stars of 150 M, with initial
velocity of 0.6 of the Keplerian value at the equatorial surface
from S. C. Yoon et al. (2012) have log(C/0) = —0.13,
consistent with LAP1-B. Given the uncertainties in the
supernova yields from A. Heger & S. E. Woosley (2010),
there are portions of parameter space (e.g., supernova
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explosion energy) that lead to C/O consistent with LAP1-B
as well.

3. Predicted Abundance of LAP1-B-Like Objects

Next, we turn our attention to predicting the abundance of
classical Pop III sources to see if the discovery of LAP1-B is
expected. We use the semianalytic model originally developed
in E. Visbal et al. (2020) with the modifications described in
E. Visbal et al. (2025; the most significant of which is
calibrating the critical halo mass for Pop III star formation
from M. Kulkarni et al. 2021). The foundation of the model is
10 N-body simulation boxes from E. Visbal et al. (2020),
which are each 3 Mpc across and contain 5127 particles (giving
a particle mass resolution of 8000M.). We ran these
simulations with GADGET2 (V. Springel et al. 2001) and
generated halo merger trees with ROCKSTAR with CONSIS-
TENT TREES (P. S. Behroozi et al. 2013a, 2013b). ROCKSTAR
has been shown to accurately measure halo masses and
positions with 20 particles. This corresponds to a halo mass
of My, =~ 2 x 10° M, for our runs (which is sufficient to resolve
halos hosting Pop III star formation). The semianalytic model
includes a variety of important feedback processes including
LW radiation, external metal enrichment from supernova
winds, and cosmic reionization. Each of these processes are
followed, including the three-dimensional positions of halos
and the resulting ionization/metal bubbles. We also note that
the model includes baryon—dark matter streaming velocities
that suppress star formation at high redshift in low-mass halos
(D. Tseliakhovich & C. Hirata 2010; A. Fialkov et al. 2012).
For more details on the model, see E. Visbal et al.
(2020, 2025).

We first compute the abundance of Pop III sources from our
simulation boxes. This is done by counting the number of new
Pop III-forming halos at each simulation snapshot, which are
spaced in time by one-fortieth of the age of the Universe
(which is ~20 Myr at z = 6.6) and converting to a number
density using the streaming-velocity weighting in Equation
(2.1) of E. Visbal et al. (2025). Additionally, the number
density is multiplied by a factor that accounts for the duration
of time the Pop III cluster will appear like LAP1-B. This factor
is given by Atyi/Atgnap, Where Atg,,, is the time between
simulation snapshots and At is the duration of time the
source will appear similar to LAP1-B, which we assume is
3 Myr, since this is roughly the lifetime of massive Pop III
stars. Thus, operationally we estimate the number density of
visible Pop III halos by finding the number density of new Pop
IIT sources formed between snapshots and multiplying by our
weighting factor (0.15 at z ~ 6.6). This estimate assumes that
Pop III stars form uniformly in time between snapshots, which
is a good approximation for the duration of time between our
snapshots. We assume the same fiducial model parameters
from E. Visbal et al. (2025) and find that all of the Pop III
sources occur in neutral regions of the IGM, and thus at
7z~ 6.6 are in Ty;, ~ 10*K halos due to LW feedback.

In the top panel of Figure 2, we present the number density
of active Pop III sources as a function of redshift (i.e., the
number within 3 Myr of the start of star formation). We also
show the corresponding mean Ho flux that would be observed
from these Pop III sources in the middle panel. The mean
stellar mass of a newly formed Pop III cluster at z = 6.6 is
5000 M, in our fiducial model. Thus, to match the Ha flux
with K. Nakajima et al. (2025) we have assumed only 30% of
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this is currently in active Pop III stars. This is equivalent to
applying a modification of 0.3 to the highly uncertain Pop III
star formation efficiency parameter in our model. We also
assume an escape fraction of 10% even though the
semianalytic model uses a value of 50% for all Pop III halos.
Simulations find that atomic cooling halos have lower escape
fractions than minihalos (e.g., H. Xu et al. 2016b). Explicitly
modifying the semianalytic model to account for this would
not significantly change our results because reionization
feedback is dominated by metal-enriched sources by the lower
redshifts when atomic cooling halos typically host Pop III star
formation. We note that the standard deviation in the Ha flux
at fixed redshift is roughly 10% of the mean value for z < 8
because the halo masses where Pop III star formation occurs
are more sensitive to the global background than local
fluctuations in the LW flux, and we assume a constant star
formation efficiency. The reduction in flux at higher redshifts
is a combination of increased cosmological luminosity
distance and the fact that Pop III star formation occurs in
lower-mass halos with fewer stars as a result of the lower LW
flux at earlier times.

We can also use these results to compute the number of
newly formed sources that appear in regions where the MACS
JO416 galaxy cluster has a lensing magnification of p > 30.
This corresponds to an area of 0.2 arcmin® on the sky (see
Table 6 in C. Grillo et al. 2015). In the bottom panel of
Figure 2, we present the cumulative number of Pop III sources
behind MACS J0416 at this magnification, along with the
redshift at which their mean Ha line flux drops below a 3o
detection. We assume no Pop III sources at z < 5.9. This is
where our N-body simulations end, but also given that we find
all of the Pop III sources in nonionized atomic cooling halos,
the number density is likely to drop significantly after
reionization. We clearly see from Figure 2 that finding a Pop
IIT galaxy near z = 6.6 is likely, while the numerous sources at
high redshift drop below the flux limit. This shows that an
initial detection of Pop III stars by JWST targeting clustering
magnification is expected to find a source at z ~ 6.5, consistent
with LAPI-B. Given that the number density of dark matter
halos is well understood in the context of the standard model
of cosmology, the agreement between our abundance estimate
and the observation of LAP1-B provides strong support that
LAPI1-B is hosted by an atomic cooling halo, in agreement
with Prediction 1 introduced in Section 1.

Finally, we note that LAP1-B is detected within ~300 pc of
an additional fainter source, LAP1-A (E. Vanzella et al. 2023).
The virial radius of an atomic cooling halo at z ~ 6.6 is
~1500 pc. This suggests that LAP1-A and LAP1-B may both
reside within the same dark matter halo (depending on their
unknown separation along the line of sight). This could be the
result of a recent merger between an atomic cooling halo
hosting LAP1-B and a similar atomic halo hosting LAP1-A.
Using the Sheth—-Tormen halo mass function (R. K. Sheth &
G. Tormen 1999) and the two-point correlation function at
z ~ 10 from E. Visbal et al. (2014a), we find that there is a
~20% chance an atomic cooling halo will have a subhalo that
is within a factor of a few of the same halo mass. This
indicates that it is quite common for halos near the atomic
cooling limit to have recently undergone a major merger and
not yet be mixed into a single distinct halo. LAP1-A is much
fainter in Ho than LAPI1-B, even though it is thought to be
gravitationally magnified more strongly than LAP1-B by a
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Figure 2. Top panel: abundance of classical Pop III sources that have formed within the past 3 Myr. Middle panel: the mean Ha flux from these sources assuming a
magnification of ;¢ = 100. The horizontal dashed line corresponds to the 30 uncertainty in K. Nakajima et al. (2025). Bottom panel: the predicted cumulative number
of Pop III sources formed within 3 Myr at redshift from 5.9 to z within the area where galaxy cluster MACS J0416 has magnification ;2 > 30. The dashed vertical line
corresponds to the redshift of z = 8 where the detection of the Ha line is at ~30. The dotted vertical line indicates the redshift of LAP1-B, z = 6.6. The cumulative

abundance at z = 6.6 is 0.88, consistent with the detection of LAP1-B.

factor of 5 or more (E. Vanzella et al. 2023). Thus, if LAP1-A
is a similar system, it either formed fewer Pop III stars, or
those stars have already died. However, it is difficult to
interpret LAP1-A confidently without deeper observations or
detailed hydrodynamical simulations of such a merger
scenario.

4. Discussion and Conclusions

We argue that LAP1-B (E. Vanzella et al. 2023; K. Nakajima
et al. 2025) is the first Pop III candidate to agree with three key
theoretical predictions for classical Pop III sources (i.e., not

mixtures of Pop III and metal-enriched stars in evolved
galaxies). The first prediction (Prediction 1) is that Pop III
stars form in halos with Ty, ~ 10°-10*K. Our fiducial
semianalytic model (unaltered from previous work; E. Visbal
et al. 2025) finds that Pop III stars form in 7; ~ 10*K dark
matter halos with a number density that is consistent with the
discovery of LAP1-B, suggesting that it is hosted in such a halo.
This halo mass is also consistent with the observed oxygen-to-
hydrogen abundance ratio, given the amount of central gas
predicted by hydrodynamical cosmological simulations and the
stellar mass in Pop III stars estimated from the Ha line
luminosity. This halo mass implies that the velocity width of the
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Ho line in LAP1-B is not due to ~10" M, of dark matter
claimed by K. Nakajima et al. (2025; which would require a
much more massive halo), but is instead due to outflows caused
by photoionization, supernovae, and/or stellar winds. The
velocities of the theoretical predictions for these outflows are
consistent with the observed line width. The second prediction
(Prediction 2) is that Pop III stars have a logarithmically flat
IMF (likely over a massive range such as 10-1000 M,). This is
consistent with the CIV1549-to-[O11]5007 line ratio as
described in K. Nakajima et al. (2025) and shown in their
Figure 3. It is also consistent with the abundances of oxygen and
carbon measured by K. Nakajima et al. (2025) as discussed in
Section 2. The third prediction (Prediction 3) is that Pop III stars
form in low-mass clusters of total stellar of ~1000 M, before
being polluted by metals and transitioning to metal-enriched star
formation. The line luminosity of Ha closely matches this
stellar mass.

Several other JWST Pop III candidates have recently been
reported (R. Maiolino et al. 2024; X. Wang et al. 2024; S. Cai
et al. 2025; S. Fujimoto et al. 2025; T. Morishita et al. 2025).
However, the interpretation of all of these candidates requires
Pop III stellar masses of 2105 ~®M_... Such high stellar masses
are not predicted in the case of classical Pop III star formation.
We note that in the simulations of R. Sarmento & E. Scanna-
pieco (2022), which include a subgrid model for turbulent
mixing of metals in gas, they find that it takes tens of Myr for
metals to mix uniformly through the gas. This leads to
mixtures of Pop III and metal-enriched stars and a substantial
increase in the overall abundance of Pop III stars. However, in
a representative halo at z = 8, they find a total mass of
~5 x 10*M_ of Pop III stars ever produced and only
~3 x 10° M, that are alive at this time, substantially less than
needed to explain previous JWST Pop III candidates.

We conclude by emphasizing that our semianalytic model
shows that, for the sensitivity of the observations from
K. Nakajima et al. (2025), the most likely redshift for a Pop
III observation is z ~ 6.5. However, observations with
increased sensitivity are predicted to find additional sources
skewed toward higher redshifts (e.g., > 10 by z = 10 with
observations an order of magnitude more sensitive compared
to K. Nakajima et al. 2025). Thus, LAP1-B may only represent
the tip of the iceberg in terms of the study of Pop III stars with
gravitational lensing from galaxy clusters. Finally, while here
we have emphasized the consistency between predictions and
observations, future exploration of the parameter space in our
semianalytic model to determine where it is compatible with
observations may constrain the properties of Pop III star
formation (e.g., Pop III star formation efficiency and delay
time between Pop III and metal-enriched star formation).
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