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A B S T R A C T 

We present results of Population III (Pop III) formation in the megatron suite of simulations, which self-consistently 

follows radiation and non-equilibrium chemistry, and resolves gas at near-pc resolution in a Milky Way-mass progenitor 
at Cosmic Dawn. While the very first Pop III stars form in haloes with masses well below the atomic cooling limit, the 
majority of Pop III stars form in more massive systems above the 10 

4 K atomic cooling threshold as a Lyman–Werner 
(LW) back gr ound of 10 

−21 erg s −1 cm 

−2 Hz −1 sr −1 is rapidly established. We find that the global Pop III star formation rate 
stabilizes to a value of 10 

−3 M � yr −1 at z = 20 . Among the thr ee pr ocesses that quench Pop III star formation in minihaloes, 
the LW back gr ound, g as starvation, and e xternal chemical enrichment, the LW back gr ound is most important. A small 
fraction of haloes undergo multiple episodes of Pop III star formation when the earlier forming stars all directly collapse 
to black holes. If the haloes become massive enough, they can form up to ∼ 100 Pop III stars in a single burst, which 

may be observable by James Webb Space Telescope with moderate gravitational lensing. Pop III stars form at a wide range 
of distances from UV-bright galaxies, with only 0 . 06 per cent of Pop III stars forming within the virial radius of galaxies 
with M UV 

< −17 . Finally, by tracking Pop III star remnants down to z = 0 , we find that 75 − 80 per cent reside in the 
stellar halo of our simulated Milky Way analogue, while the remainder are gravitationally bound to lower mass systems, 
including sat ellit e haloes. 

Key words: stars: Population III – galaxies: high-redshift. 
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 INTRODUCTION  

ig bang nucleosynthesis (BBN) predicts that gas in our Universe 
as initially composed of hydrogen, helium, and trace amounts 
f lithium. This metal-free ‘pristine’ or ‘primordial’ gas adiabati- 
ally cooled and began to gravitationally collapse in overdensities 
ollowing its decoupling from the radiation field at z ∼ 1100 , and
as slowly funnelled into the first dark matter haloes. The first

tars in our Universe formed from this primordial gas in small
nd molecular hydrogen-cooling dark matter haloes ( ∼ 10 5 −
0 6 M �; minihaloes) around z ∼ 30 (R. Barkana & A. Loeb 2001 ;
. H. Greif 2015 ). Such metal-free, Population III (Pop III) stars,
ynthesized the first metals in their cores and began the process
f enriching the Universe with heavy elements (V. Bromm & A. 
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oeb 2003 ). The ionizing photons from Pop III stars began cosmic
eionization and brought about an end to the cosmic Dark Ages

J. Miralda-Escudé 2003 ). Most haloes in the early Universe once 
osted Pop III stars, playing a critical role in the initial evolution
f galaxies (J. L. Johnson, T. H. Greif & V. Bromm 2008 ; V. Bromm
t al. 2009 ). Consequently, Pop III stars are a crucial component
or our understanding of the Universe at Cosmic Dawn. 

Pop III stars have theoretically different structures than later- 
ime stellar populations. Their atmospheres are not subject to 

etal-driven cooling instabilities, which produce stellar winds (J. 
. Vink, A. de Koter & H. J. G. L. M. Lamers 2000 ), unless metals
ycle throughout via mixing in fast rotators (S. Ekström et al.
008 ), and their cores do not have enough carbon to ignite the
NO cycle in the initial hydrogen-burning stage (main sequence, 
S) . Observ ationally, lit tle is known about them, and theoreti-

ally, simulations still disagree on their properties. The masses of 
op III stars are notoriously uncertain, with estimates for the Pop
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II initial mass function (IMF) differing by orders of magnitude
n characteristic mass, and profiles ranging from uniform to log-
ormal (e.g. S. Hirano et al. 2014 ; K. M. J. Wollenberg et al. 2020 ;
. Jaura et al. 2022 ). Constraining the Pop III IMF is crucial for
nderstanding the dominant feedback mechanisms of the first
tars, whose metals brought forth a new generation of enriched,
op II stars, and regulated the growth of the earliest galaxies (B.
. Smith et al. 2015 ; J. Jaacks et al. 2018 ). Although estimates of 

he mass distribution of Pop III stars vary, it is generally accepted
hat the Pop III IMF is top-heavy compared to present-day stellar
opulations. The best constraints come from the non-detection of 
op III stars in the stellar halo of the Milky Way (MW, e.g. with
he Sloan Digital Sky Survey, SDSS; B. Yanny et al. 2009 ), and from
he chemical signatures of local metal-poor stars (M. N. Ishigaki
t al. 2018 ; R. Jiang et al. 2024 ). 

The majority of Pop III stars likely form in isolation or within
mall ( ≤ 10 4 M �) st ellar clust ers at high redshift (V. Bromm &
. Yoshida 2011 ), making them e xtr emely difficult to observe
irectly even with our most sensitive detectors. As a consequence,
here has not yet been a galaxy observed with a confirmed de-
ection of a Pop III star at high- z, although many Pop III galaxy
andidat es hav e been proposed (E. Vanzella et al. 2023 , 2026 ; R.
aiolino et al. 2024 ; X. Wang et al. 2024 ; S. Cai et al. 2025 ; S. Fu-

imoto et al. 2025 ; K. Nakajima et al. 2025 ). Gravitational lensing
 ould help resolv e individual Pop III stars if the magnification

s large enough. Although the probability of such a configura-
ion is low, we ar e alr eady finding metal-poor stars/clusters in
ighly magnified ( μ ∼ 1000 ) caustics (B. Welch et al. 2022 ). If 
op III stars can form with masses down to ∼ 0 . 8 M �, they may
urviv e t o the present day (A. Maeder & G. Meynet 2012 ), and
e identified in our local gr oup of g alaxies fr om their chemical
ignatures (S. J. Tanaka et al. 2017 ). So far, no Pop III stars have
een found in archaeological surveys of the MW or local dwarfs,
hich places a constraint on the lower bound of the Pop III IMF

o be ∼ 0 . 7 − 0 . 8 M � (S. Salvadori et al. 2010 ; T. Hartwig et al.
015 ). 

The study of Pop III stars has remained primarily theoretical
ue to the difficulties of directly observing them or their rem-
ants. With more sensitiv e t elescopes, there is a need for numer-

cal simulations and semi-analytical models to make predictions
f galaxies hosting Pop III systems, such as predictions of their
nique spectral features (e.g. H. Katz et al. 2023 ; J. A. A. Trussler
t al. 2023 ), how long the Pop III phase lasts (e.g. H. Xu et al. 2016 ;
. Hegde & S. R. Furlanetto 2025 ), and the types of environments
hich stimulat e/prev ent Pop III formation (e.g. J. Park, M. Ri-

otti & K. Sugimura 2021 ; S. Nishijima, S. Hirano & H. Umeda
024 ). Upcoming spectral surveys of local stars (e.g. the 4-metre
ulti-Object Spectroscopic Telescope, 4MOST; N. Christlieb et

l. 2019 and the William Herschel Telescope Enhanced Area
 elocity Explorer , WEAVE; S. Jin et al. 2024 ) also need better
onstraints on where Pop III stars end up at present day to aid
n targeted searches of these metal-free relics. 

The wide range of spatial scales r equir ed to understand the Pop
II formation phase forces simulations of Pop III stars to typically
ither focus on the small-scale clouds forming hydrostatic cores
o predict the Pop III IMF (e.g. P. C. Clark et al. 2011 ; S. Hirano
t al. 2014 ; T. Hosokawa et al. 2016 ), or on the large-scale galactic
ontext in which they form to produce statistical studies of Pop
II birth sites and their subsequent impact on galaxy formation
e.g. J. H. Wise et al. 2012 ; H. Xu, J. H. Wise & M. L. Norman
013 ; T. Kimm et al. 2017 ; H. Katz et al. 2023 ; K. Brauer et al.
025 ). En vironmental studies ha v e been typically limit ed t o small
NRAS 548, 1–16 (2026) 
 ∼ 2 cMpc h 

−1 ) cosmological bo x es that sample a limited number
f haloes and environmental configurations (although see e.g. the
enaissance simulations; H. Xu et al. 2013 , for an overdense ∼
0 cMpc 3 h 

−3 volume). 
The H 2 content in haloes is a critical component in determin-

ng whether haloes will eventually form a Pop III star, with the
ower bound on halo mass for Pop III formation, called M crit or
 min , being highly dependent on the production/destruction rate

f H 2 . A key regulator in the production of H 2 in pristine halo
ores is Lyman–Werner (LW) radiation, which travels far from
oung galaxies and across the intergalactic medium (IGM), pho-
odissociating the molecular hydrogen and preventing cooling
Z. Haiman, T. Abel & M. J. Rees 2000 ) up to densities where
 2 shielding can become effective. Results from the Renaissance

imulations (H. Xu et al. 2013 , 2016 ) show that the Pop III for-
ation phase can continue past the late stages of reionization

see also e.g. O. Zier et al. 2025 ), extended from the delay of star
ormation by LW radiation in haloes below the atomic cooling
imit (see also e.g . B . W. O’Shea & M. L. Norman 2008 ). It is
till unclear how this LW back gr ound, which is expected to be
nisotropic and en vironment -dependent, affects potential Pop III
irth sites in a system like our MW. 

To address these scientific questions, we utilize the megatron
imulations. megatron is a suite of high-resolution zoom sim-
lations at Cosmic Dawn of the Lagrange region of a halo that
as appr o ximat ely MW mass by z = 0 . The v olume of the zoom
egion is 20 cMpc 3 h 

−3 , which allows for a comprehensive statis-
ical study of Pop III stars in the context of an MW-like environ-

ent. megatron forms individual Pop III stars, and models the
ransition to Pop II stars, which will increasingly contribut e t o the
W back gr ound radiation as the Pop II star formation rate (SFR)
egins t o dominat e the t otal SFR. With its near-pc resolution
or gas at z ∼ 30 , r adiative tr ansfer coupled to a complex non-
quilibrium chemistry network including H 2 , megatron is ideal
or studying the formation sites of the first stars in our Universe.

egatron includes a dark-matter-only (DMO) simulation run
o z = 0 , which we utilize to trace where the remnants of Pop III
tars end up at present day. 

This paper is structured as follows. We introduce the mega-
ron suite of simulations in Section 2 , including our treatment
f Pop III star formation. We then present our results in Section 3 ,
nd conclusions in Section 4 . 

 METHOD  

egatron is a suite of cosmological radiation hydrodynamic
imulations run with the ramses-rtz code (H. Katz 2022 ) and
he prism ISM model (H. Katz et al. 2022 ), extended from
amses-rt (J. Rosdahl et al. 2013 ; J. Rosdahl & R. Teyssier 2015 )
nd ramses (R. Teyssier 2002 ). The simulations model gravity,
ydrodynamics coupled to multifrequency radiative transfer, and
 non-equilibrium chemistry network of over 80 species to ac-
urately model heating and cooling processes. In this section,
 e giv e a brief ov erview of the four high- z simulations used in
ur analysis, which have been run down to z = 8 . 5 , focusing on
he details which are important in the context of Pop III star
ormation. For details on how we treat particle dynamics, gas
ynamics, and radiative transfer, see H. Katz et al. ( 2025a ). 
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.1 Initial conditions and resolution 

nitial conditions (ICs) are generated with genetIC (S. Stopyra 
t al. 2021 ; A. Pontzen et al. 2022 ) using cosmological parameters
rom the Planck data release (Planck Collaboration XIII 2016 ; 

m 

= 0 . 3139 , �� = 0 . 6861 , σ8 = 0 . 8440 , n s = 0 . 9645 , and h =
 . 6727 ) in a (50 cMpc h 

−1 ) 3 box. The ICs are originally taken from
. P. Rey & T. K. Starkenburg ( 2022 ) and modified following the

r ocedur e in A. Pontzen et al. ( 2021 ) to mitigate gas advection
rrors. We apply quadratic modifications (M. P. Rey & A. Pontzen 

018 ) to the density field, producing an early-forming scenario 
or an MW progenitor and yielding a large number of haloes at
igh- z that are bright enough to be observed by James Webb Space
elescope ( JWST ). Baryon-dark matter streaming velocities are 
ot included in the ICs. 
As with most zoom simulations, an initial large volume DMO 

imulation is run to identify an MW-mass ( ∼ 10 12 M �) halo at
 = 0 . All particles within 3 r vir are then traced back to the ICs,
efining the Lagrangian patch. The simulation is then recen- 
red on the z = 0 position of the halo of interest, and a zoom
egion is constructed as a set of nested grids covering the La-
rangian patch, reaching a maximum mass resolution of 2 . 48 ×
0 4 M � h 

−1 for the dark matter (an effective resolution of 8196 3 
n a 50 cMpc h 

−1 box). The zoom region encompasses a volume
f 
(
2 . 7 cMpc h 

−1 )3 
� 20 cMpc 3 h 

−3 . 
Refinements of the grid are performed according to the local 

uid properties (total mass in the cell and jeans length) down 

o 48 cpc h 

−1 . Since the refinement criteria is in comoving co-
r dinates, the physical r esolution is initially much smaller than
8 pc h 

−1 , reaching 1.5 pc h 

−1 resolution at the onset of Pop
II formation (z ∼ 30) . This high resolution combined with our
op-heavy Pop III IMF (described later on), means that almost all 
op III stars have resolved Str ömgr en spher es in the initial stages
f Pop III formation. 

.2 Chemistry and radiation 

he high- z suite of megatron simulations are initialized with 

he primordial composition predicted from BBN, allowing the 
etallicity to grow naturally from pollution by Pop III and Pop II

tars. Metallic species are followed in non-equilibrium if they 
ontribute at least 1 per cent to the equilibrium cooling curve 
erived from cloudy (G. J. Ferland et al. 2017 ) across the temper-
ture range 10 1 − 10 8 K . We track primordial species: e −, H i–ii ,
e i–iii ; molecules: H 2 and CO; and the following metallic ions:
 i–viii , C i–vi , N i-vii , Fe i–xi , Si i–xi , S i-xi , Ne i–x , and Mg i–x .
pecifically, ions can be created or destroyed through ionization, 
ecombination, and charge exchange processes following H. Katz 
t al. ( 2022 ), or by forming molecules. See H. Katz et al. ( 2025a )
or how dust is modelled. 

The net cooling rat e �net is comput ed fr om primor dial species,
 2 , CO, dust processes, and metallic transitions. If a specific 
etallic ion is not directly tracked, its contribution to the cool- 

ng curve is still considered under the assumption of collisional 
onization equilibrium. The net heating rate �net is computed 

r om photoheating fr om stellar spectral energys densities (SED), 
hotoelectric heating from dust, and H 2 heating (formation, dis- 
ociation, and pumping). 

The radiation from stars is pr opag ated in eight fr equency bins
overing the infrared (IR) to the e xtr eme ultraviolet (EUV), trans-
erring energy by photoionization (EUV-Opt) and photoheating 
d  
FUV) of the gas, photodissociation of molecular hydrogen (LW), 
nd momentum through radiation pr essur e (RP; optical-IR). Fur- 
her details on the method of radiative transfer can be found in
. Katz et al. ( 2025a ). The LW back gr ound fr om sour ces outside

he zoom region is considered to be subdominant compared to 
he back gr ound generated by our early collapsing r egion, and the
onization flux from the included UV background (F. Haardt & P.

adau 2012 ) is negligible at the redshifts we consider. 

.3 Star formation in the fiducial model 

he high- z suite of megatron simulations have various models 
or star formation (SF). In this section, we describe the fiducial

odel which we call the efficient SF model, and describe star
ormation in alt ernativ e models in the next section. Star forma-
ion pr oceeds accor ding to the turbulent pr operties of the g as,
nd is similar to the SF model used in the sphinx (J. Rosdahl
t al. 2018 ) simulation. A gas cell is able to form stars if its gas
ensity is > 10 m p cm 

−3 and > 200 × ρcrit with ρcrit the critical
ensity, the turbulent Jeans length is smaller than the cell size,
he gas flow is convergent across the adjacent cells, and the gas
ensity field is at a local maxima. The efficiency of star formation
ff is computed from the local turbulence (P. Padoan & A. Nord-
und 2011 ; C. Federrath & R. S. Klessen 2012 , see H. Katz et al.
024 ). For Pop III star formation each star particle r epr esents an
ndividual star, while Pop II stars are sampled as simple stellar
opulations. 

.3.1 Pop II model 

t metallicity Z > 2 × 10 −8 (the transition metallicity between 

op II and Pop III stars, where gas cloud fragmentation becomes
ore efficient; K. Omukai et al. 2005 ), we probabilistically sample

he formation of star particles in integer multiples of 500 M �
ased on a Poisson distribution. Stellar SEDs are computed based 

n the metallicity and age of star particles using bpass v2.2.1
J . J . Eldridge, R. G. Izzard & C. A. Tout 2008 ; J. J. Eldridge
t al. 2017 ; E. R. Stanway & J. J. Eldridge 2018 ), and scaled
y mass of the star particle. Similarly, core-collapse supernovae 
C CSN e) ar e st ochastically sampled at each time-st ep using the
pass v2.2.1 IMF, wher e C CSN pr ogenitors ar e stars with initial
asses ranging from 8 − 25 M �. They release 10 51 erg of energy

t the time of the explosion. For details on metal yields and
tellar winds of Pop II stars in megatron , see H. Katz et al.
 2025a ). 

.3.2 Pop III model 

elow metallicity Z = 2 × 10 −8 , individual Pop III stars form
rom the following the IMF 

d N 

d log M 

∝ M 

−1 . 3 exp 

[ 

−
(

M char 

M 

)1 . 6 
] 

, (1) 

ith a characteristic mass M char = 100 M � (J. H. Wise et al. 2012 ).
We assume that once a Pop III star is formed, it remains on

he main sequence with no change to its luminosity or mass
ntil hydrogen burning ends. Stellar SEDs for Pop III stars are

nt erpolat ed in age and mass following tabulated values from D.
chaerer ( 2002 ). 

At the end of their lives, Pop III stars follow four different mass-
ependent phases, three of which we show in Fig 1 . Stars between
MNRAS 548, 1–16 (2026) 
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M

PISNBH BH

HN
∼ 1052 ergs

∼ 1053 ergsno feedback no feedback

dN
d log M

∝ M−1.3 exp [−(
Mchar

M )
1.6

]

Figure 1. The IMF of Pop III stars used in the megatron suite of 
simulations. Histograms of Pop III masses for each run are included to 
show they all sample the lognormal IMF. Regions in the back gr ound ar e 
colour ed accor ding to the feedback channels a star of particular initial 
mass will follow, starting with HN and moving to BH formation with a 
narr ow-mass r egime wher e the star can undergo PISN. The Pop III model 
also includes CCSN at lower masses. They are how ev er probabilistically 
unlikely to be sampled due to the chosen characteristic mass of ∼ 100 M �. 

1  

h  

(  

(  

w  

e
3  

e  

E  

s  

f  

a  

H  

N

2

W  

i
o  

m
1  

i  

u  

H  

P  

t  

1

w

H  

T  

b
m

2

G  

l  

S  

a  

t  

(  

d  

g  

f  

u  

d  

W  

d  

M  

o  

f

m

w  

m  

f  

I  

n  

(

M

2

F  

f  

a  

d  

s  

r  

e  

h  

u  

M  

o  

s  

i  

a

2

R  

s  

p  
0 − 20 M � undergo normal C CSN r eleasing 10 51 erg . 1 At slightly
igher masses, stars between 20 − 40 M � explode as hypernova
HN) injecting energies of 10 − 40 × 10 51 erg depending on mass
K. Nomoto et al. 2006 ). From 40 − 140 M �, and above 300 M �,
e assume direct collapse to a black hole (BH) with no supernova

xplosion. In the int ermediat e-mass range, stars betw een 140 −
00 M � explode as pair-instability supernovae (PISNe), releasing
nergy depending on the remaining He core mass (A. Heger & S.
. Woosley 2002 ). The above feedback mechanisms from Pop III
tars will enrich the surrounding medium with metals, with dif-
ering chemical yields depending on the type of supernova. We
dopt chemical yields for the various feedback processes from
. Umeda & K. Nomoto ( 2002 ); K. Nomoto et al. ( 2006 ), and K.
omoto, C. Kobayashi & N. Tominaga ( 2013 ). 

.4 Star formation in alt ernativ e models 

e intr oduce her e thr ee additional simulations which have vary-
ng physics for Pop II star formation, to e xplor e the robustness of 
ur results to changes in galaxy formation physics. The bursty SF
odel increases the energy of Pop II supernovae from 10 51 to 5 ×

0 51 erg . The variable IMF model allows for a Pop II IMF which
s dependent on the local gas density and metallicity computed
sing s tarburs t99 (C. Leither er et al. 1999 ), along with adding
N for Pop II stars. Finally, the HN + High εff model combines

op II HN feedback with a stricter jeans length criterion of four
imes the grid resolution, and uses a constant εff = 100 per cent .
NRAS 548, 1–16 (2026) 

 Due to the low sampling probability, our simulations contain no stars 
ith low enough masses for CCSN. 

s  

t  

f  

s  
Ne in the last two models occur for Pop II stars above 25 M �.
he Pop III model is identical in all runs with the only difference
eing the Jeans criteria for star formation in the HN + High εff 
odel. 

.5 Gener ating spectr a 

alaxy spectra are generated fr om g as cells and star particles,
ocated within 0 . 25 r vir of the halo centre, by summing the stellar
EDs from both Pop II and Pop III stars, the nebular emission,
nd the nebular continuum. Nebular emission of recombina-
ion and collisionally e x cited lines ar e computed using pyneb
V. Luridiana, C. Morisset & R. A. Shaw 2015 ) and the chianti
atabase (K. P. Dere et al. 2019 ), where we build up emissivity
rids in temperature and electron density for each line. We correct
or emission lines from cells with unresolved Strömgren spheres
sing cloudy (G. J. Ferland et al. 2017 , see H. Katz et al. 2025a for
etails), and the nebular continuum is computed using pyneb .
hen processing the Pop III SEDs for observability, we use mass-

ependent SEDs derived from Pop III atmospheric modelling (M.
. Larkin, R. Gerasimov & A. J. Burgasser 2023 ). To compare with

bservational instruments such as JWST, w e conv ert the spectra
rom our computed luminosities L to AB magnitudes: 

 AB = −2 . 5 log 10 

(
L ν

4 πD 

2 
L 

(1 + z) −1 s cm 

2 Hz 
erg 

)
− 48 . 6 , (2) 

here the luminosity is per frequency unit and D L is the lu-
inosity distance. We conv olv e the spectra with select ed filt ers

rom JWST ’s Near Infr ared Camer a (NIRCam) and Mid-Infrared
nstrument (MIRI) using sedpy (B. D. Johnson 2019 ). UV mag-
itudes of galaxies are computed following J. B. Oke & J. E. Gunn
 1983 ) as 

 UV = 51 . 595 − 2 . 5 log 10 

( 

L 

1500 Å
erg s −1 Hz −1 

) 

. (3) 

.6 Structure finding 

or the purpose of this w ork, w e use a different halo catalogue
rom that used in the main simulation paper (which also includes
n analysis of Pop III systems; H. Katz et al. 2025a ). We identify
ark matter haloes and subhaloes using the r ocks tar-galaxies
tructure finder (P. S. Behroozi, R. H. Wechsler & H.-Y. Wu 2013 ),
etaining all haloes with more than 30 particles ( � 10 6 M �) to
nsure completeness on haloes forming Pop III stars, down to
alo masses of 7 × 10 5 M �. Halo merger trees are constructed
sing the yt (M. J. Turk et al. 2011 ) and tangos (A. Pontzen &
. Tremmel 2018 ; A. Pontzen et al. 2023 ) packages. We make use

f the crosslink command from tangos to link the same DM
tructur es acr oss the differ ent megatr on simulations if they ar e
nitialized with the same ICs, allowing us to track the same haloes
cr oss differ ent runs. 

.7 T racing P op III stars 

unning the simulations to z = 0 is too computationally expen-
ive. To find where Pop III stars reside at z = 0 , we trace the
ositions of Pop III stars in the simulations at the last available
napshot (z ∼ 8 . 5) to z = 0 using a DMO simulation run with
he same ICs and the same DM mass resolution. The large-scale
ormation of structures is driven by the dark matter field, and
hould proceed to form the same haloes, at least in the regime
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Figure 2. Top: SFR of Pop III stars as a function of time from the start 
of the simulations. The SFR quickly rises to 10 −3 M � yr −1 and remains 
mostly constant for all simulations until the end of the simulation at 
z = 8 . 5 . The grey dashed line at ∼ 1 . 7 × 10 −4 M � yr −1 is the level for the 
contour in the lower panel. Bottom: contours in halo mass and time of 
haloes hosting Pop III stars weighed by the SFR of Pop III stars, for each 
simulation. The mass–time tracks for haloes with a virial temperature of 
10 4 K (R. Barkana & A. Loeb 2001 ) are shown as the grey dash–dotted 
lines, labelled by mean molecular weight ( μ = 1 . 22 : neutral gas; and 
μ = 0 . 61 : ionized gas). For all simulations, Pop III formation migrates 
from minihaloes t o at omic cooling haloes on a short time-scale. Pop III 
starbursts in 10 8 M � haloes are visible for the efficient SF and variable 
IMF runs. 
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2 The formation of the MW may have been subject to a particularly high 
streaming velocity ( v SV = 1 . 75 σSV ; B. Uysal & T. Hartwig 2023 ). 
f the Pop III formation phase. While non-linear coupling from 

aryonic feedback will cause the matter-power spectrum to devi- 
te from that of a pure DM result at low- z, we expect mergers and
idal stripping between haloes in the DMO run to follow closely 
hat of a hydro run. 

We match the IDs of DM particles that are near Pop III rem-
ants at z = 8 . 5 with their positions in the DMO simulations at
 = 0 . In our analysis, we trace groups of DM particles using a
hysical distance criteria from the Pop III star. For the purpose
f this w ork, w e choose to track the 25 DM particles which are
losest physically to each Pop III star at z ∼ 8 . 5 . We find them at
 = 0 in the DMO simulation and assign them to the main halo
r subhaloes according to the halo catalogue. 

We have validated this method by using the full hydrodynamic 
imulation, tracing early-forming Pop III stars ( z > 20 ) to the end
f the simulation ( z = 8 . 5 ) using their neighbouring dark matter
nd comparing to the true position. The majority of stars are 
raced to within 200 pc of their true position. Furthermore, in
he DMO simulation, we find that for haloes which survive to
 = 0 , the most bound particles at z = 8 . 5 remain bound to the
alo at z = 0 (see Appendix A ). Pop III stars typically form close

o the gravitational centres of their host haloes. If the stars reside
n subhaloes that remain bound and relatively undisturbed, we 
xpect our method to be robust in identifying their z = 0 hosts.
ow ev er, if the stars initially reside in haloes that merge into the
ain halo, we expect the stars to have virialized with the main

alo by z = 0 . 

 R E S U LT S  

n this section, we present our results on the formation of Pop III
tars in the megatron suite of simulations. The simulations 
orm [2655, 2392, 2721, 3217] Pop III stars by z = 8 . 5 for the
fficient SF, bursty SF, variable IMF, and HN + High εff runs,
espectiv ely. As w e will discuss lat er, ther e can be many r epeated
vents of Pop III formation in the same halo, so we also consider
he number of unique birth sites which produce Pop III stars. The
imulations contain [882, 858, 863, 1180] unique haloes hosting 
op III formation. In comparison, B. F. Griffen et al. ( 2018 ) found

550 Pop III-forming sites for an MW progenitor (when also 
ccounting for radiative feedback), although their semi-analytic 
odel does not self-consistently follow the LW back gr ound. 
We plot the evolution of the Pop III halo mass regime as a

unction of time in Fig. 2 . The initial formation of Pop III stars
t around z = 30 is facilitated by molecular hydrogen cooling in

3 × 10 6 M � haloes, which is quickly shut down by LW (11.2–
3.6 eV) radiation from the first stars. While not reflective of the
verage, some Pop III stars are able to form in haloes slightly
elow 10 6 M �. Pop III formation transitions to occurring in more
assiv e haloes, abov e the at omic cooling limit, as the back gr ound

adiation field increases. Atomic cooling, primarily facilitated by 
he L yman- α tr ansition, enables haloes to reach high enough 

ensities for H 2 self-shielding against LW to become effective. 
lthough the formation rate of Pop III stars in minihaloes is

lr eady small compar ed t o those in at omic cooling haloes, our
 esults could over estimate the number of Pop III stars forming in

inihaloes as we do not explicitly model the effect of baryon-dark
atter streaming velocities (D. Tseliakhovich & C. Hirata 2010 ; A.

tacy, V. Bromm & A. Loeb 2011 ; A. Fialkov et al. 2012 ; A. T. P.
chauer et al. 2021 ). Indeed, a large enough local streaming veloc-
ty 2 acts against gravitational collapse and delays star formation, 
ncreasing the critical mass M crit at a given redshift. 

The global Pop III SFR quickly rises to 10 −3 M � yr −1 and re-
ains appr o ximately constant until the end of the simulation. A

onstant Pop III SFR down to the late stages of reionization is
lso observed in other simulations (e.g J. H. Wise et al. 2012 ; H.
u et al. 2016 ). If we divide the Pop III SFR by the volume of the
agrangian patch, our constant global Pop III SFR translates to 
 Pop III SFR density (SFRD) of ∼ 7 × 10 −5 M � yr −1 Mpc −3 h 

3 .
s our environment is overdense and biased towards building 
p large haloes at high redshift, we expect our SFRD to be large
ompared to an underdense environment. Many other works 
redict similar values for the Pop III SFRD (T. Hartwig et al.
022 ), although most exhibit a continuous increase of the SFRD
n time until z ∼ 10 (E. Visbal, G. L. Bryan & Z. Haiman 2020 ;
. Liu & V. Bromm 2021 ; E. M. Ventura et al. 2025 ), with some
 eaching an or der of magnitude higher SFRD than our work by
MNRAS 548, 1–16 (2026) 
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hat time (R. S. de Souza et al. 2014 ; J. Jaacks et al. 2018 ). While
ur SFR hints at a slow decline near z = 8 . 5 , such behaviour may
ot necessarily continue down to lower redshift. For example, S.
egde & S. R. Furlanetto ( 2025 ) find a decreasing Pop III SFRD

rom its peak at z = 15 until z = 8 due to the increasing scarcity of 
op III-forming haloes below the atomic cooling limit, at which
oint the SFRD continuously increases to z = 5 as atomic cooling
aloes take over. In our simulations, we find the transition of Pop
II formation from minihaloes to atomic cooling haloes occurs
lmost immediately after the first stars form. 

In megatron , we follow the dominant H 2 formation channel
acilitated by H 

− (equation 4 ) and do not consider other, subdom-
nant mechanisms such as the formation of H 2 through H 

+ or
 

+ 

2 . Our chemistry network also does not explicitly follow the
ormation of HD, which allows for cooling below 100 K in metal-
r ee g as (T. N ag akura & K. Omukai 2005 ). Some studies which
nclude a mor e compr ehensive 11/12-species primordial chem-
stry network (R. Lenoble, B. Commerçon & J. Rosdahl 2024 )
ecover a similar lower mass threshold for Pop III formation, and
igher resolution (both in gas cells and DM particles, J. H. Wise
t al. 2012 ; T. Kimm et al. 2017 ) recover a similar mass range of 
aloes forming Pop III stars. Whether we cool e x clusively thr ough
 2 or also HD, the halo will eventually form Pop III star(s). HD

ooling can lead to lower core temperatures in atomic cooling
aloes, which could affect the Pop III IMF through further cloud

ragmentation (V. Bromm et al. 2009 ). 

.1 The environments of Pop III systems 

.1.1 Before the Pop III star forms 

he initial state of gas in a halo at the onset of Pop III formation
s pristine, with cooling driven by H 2 in the inner regions down
o 300 K. An example of H 2 cooling gas in a pristine halo core
s shown in Fig. 3 , where the hydrogen number density reaches
0 3 cm 

−3 with a temperature of ∼ 300 K for the efficient SF run.
he HN + High εff forms Pop III stars in generally less dense
nvironments than the other runs, leading to a decrease in Pop
II-forming halo masses at later times, as the r equir ements for
ooling efficiency are less strict to achieve star formation densities
see Fig. 2 ). 

LW radiation from neighbouring star-forming regions dissoci-
tes H 2 in low-mass haloes, as LW has little opacity in neutral
/He and can penetrate deeply into dense atomic gas residing

n pristine halo cores. In our w ork, w e find cooling reduction
rom LW radiation is the dominant player in halting Pop III
ormation in ∼ 4 × 10 6 M � haloes. Within 200 Myr after the
ig bang, Pop III formation transitions to more massive haloes
see Fig. 2 ), whose virial temperatures are ∼ 10 4 K. This critical
ime ( z ≈ 20 ) corresponds to the LW background reaching J LW 

=
 21 ≡ 10 −21 erg s −1 cm 

−2 Hz −1 sr −1 , as measured at the virial radii
f every starless halo in the simulations (see the bottom plot in
ig . 5 , wher e we show the str ength of the LW field as a function of 

ime for bins of halo masses). The LW intensity from local sources
n our region is expected to dominate over any a cosmic LW
ack gr ound originating fr om mor e distant g alaxies, as our zoom-

n region is overdense and biased towards early galaxy formation.
We show in Fig. 4 , the H 2 fraction in Pop III-forming halo

or es (g as w eight ed by density in the inner 10 per cent of the
irial radius) as a function of J LW 

, haloes ar e colour ed by the
lectron fraction f e − ≡ n e /n H 

in the dense core. Across all sim-
lations, two distinct populations emerge: haloes subject to low
NRAS 548, 1–16 (2026) 
evels of LW radiation (with low f e − � 10 −4 , the residual electron
raction following recombination, D. Galli & F. Palla 1998 ) at
arly times and haloes able to withstand higher amounts of LW
adiation (with high f e − > 10 −4 ) at later times. Haloes subject to
mall amounts of LW radiation ar e ar ound ∼ 3 × 10 6 M � at z ∼
5 , while more ionized haloes are an order of magnitude more
assive and form later on. These two populations arise in the Pop

II.1 and Pop III.2 formation scenarios, respectively (V. Bromm et
l. 2009 ; R. S. Klessen & S. C. O. Glover 2023 ). 

We find that minihaloes with incoming LW radiation fluxes
 LW 

/J 21 ≥ 1 do not form Pop III stars efficiently. Indeed, a strong
nough LW field will dissociate H 2 and prevent the gas from
ooling, and haloes early on are not massive enough t o at omi-
ally cool. These minihaloes continue to accr ete g as, and begin to
fficiently cool through at omic hy drogen transitions once their
irial temperatur es r each ∼ 10 4 K (see the r elation to halo mass
n Fig. 2 ). Pop III stars can form in atomic cooling systems that are
rradiated by fluxes up to 10 2 J 21 . This is due to the extra electrons
vailable in a warmer and more ionized medium, facilitating the
ormation of H 2 through the following pathway (S. C. O. Glover
t al. 2010 ): 

H + e − → H 

− + γ , 

H 

− + H → H 2 + e −. 
(4) 

op III.2 stars in our simulations mostly form under LW strengths
f 0 . 3 − 30 J 21 , which is a similar range to that seen for Pop III-
orming galaxies in the Renaissance simulations at z = 7 . 6 (H.
u et al. 2016 ). Furthermore, for a given LW strength, more
assive haloes have consistently larger f H 2 , as H 2 self-shielding

ecomes more effective due to incr eased g as masses. Stars in
he HN + High εff simulation form in less dense gas than the
ther runs, leading to higher electron fractions from the lack of 
ffective self-shielding. If the incident LW flux becomes too large,
ristine atomic cooling haloes could instead proceed to form a
irect collapse black hole (E. Visbal, Z. Haiman & G. L. Bryan
014 ), with the spectral shape of the incoming radiation being
ot entially important t o set the H 2 and H 

− destruction rat es (B.
garwal et al. 2016 ). 
Most of the Pop III-forming haloes across all runs have 10 −5 <

f H 2 < 10 −3 , but there is also a significant population (13–25
er cent depending on the simulation) with f H 2 < 10 −8 and J 21 >

 . These haloes are not shown in Fig. 4 as they ar e alr eady hosting
op III stars, and although the LW intensity at their virial radii

s ∼ 10 J 21 , it can reach upwards of 10 5 J 21 in the inner regions
f the halo. Such systems have elevated levels of free electrons
 f e > 2 × 10 −3 ), and are hence able to form H 2 on very short
ime-scales after the hosted Pop III star leaves the main sequence,
eading to rapid cooling and the formation of another Pop III
tar. This process occurs if RP is unable to blow out the gas, and
mplies the former Pop III star has not undergone an SN, which
ould enrich and disrupt the gas in the galaxy. We do not model
y αRP, which is an important process that impacts the ISM and
ould impact efficacy of subsequent SF events or supernova (O.
ebrin et al. 2025 ), as the resonant scattering of Ly α photons

ould drive significant momentum transfer in dense, dust-fr ee g as
T. Kimm et al. 2018 ). We have run calibration simulations for
egatron (H. Katz et al. 2024 ), including Pop III stars and Ly α
P, which does indeed lower the total stellar mass by disrupting

tar-forming regions in low-metallicity gas. We discuss in Section
.2 how repeated episodes of Pop III star formation in the same
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Figur e 3. Left: pr ojection of the g as density of the Lagrangian volume in the efficient SF simulation at z = 8 . 5 . All Pop III stars which have formed 
by that r edshift ar e ov erplott ed on the pr ojection, with symbol sizes corr esponding to their age, and colours/markers indicating if the star is still alive 
or a remnant. Most of the stars older than 5 Myr are now remnants, either a BH or PISN, and are mostly concentrated in the high-density filamentary 
structur e, compar ed t o y oung Pop III stars which live on the outskirts. In the insets of the figure, we highlight three different haloes displaying the 
three stages of Pop III formation: before the star forms, while the star is alive, and the resulting PISN if the star meets the initial mass requirement 
(140 < M � < 300) . Right: each row is for a particular stage of Pop III evolution. The first column is the gas density projection in the inner part of the 
halo, the second column is the halo’s phase diagram weighed by mass and coloured by dominant cooling process (blue: H 2 , red: atomic, and green: metal 
cooling), and the third column is the halo’s intrinsic spectrum built up from nebular emission and continuum (and for the middle row, the Pop III SED). 
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alo (chained one after another) can lead to Pop III starbursts in
0 8 M � haloes. 

To some extent, the Pop III formation phase can be bypassed if 
aloes are externally enriched with metals from nearby galaxies 
B. D. Smith et al. 2015 ; K. Brauer et al. 2025 ). In the upper panel
f Fig. 5 , we plot the fraction of metal enriched haloes hosting no
tars as a function of time in the bursty SF simulation. We find at
he latest stages of the simulations, ∼ 20 − 30 per cent of starless 
aloes in the mass range of 3 × 10 6 − 3 × 10 7 M � (the masses
f haloes which predominantly form Pop III stars) have elevated 

ensity-w eight ed metallicities of Z > 10 −8 , which is the critical
etallicity threshold for Pop. II formation. As most haloes in this
ass range are not significantly enriched, we determine Pop III 

uppr ession fr om metal-enriched outflows of nearby galaxies to 
e subdominant compared t o radiativ e suppression. The number 
f externally enriched haloes in the bursty SF simulation is an 

pper bound, as it features the most external metal enrichment 
f all four simulations, due to the increased supernova energy of 
op. II stars blowing out more metal mass beyond r vir of their host
alo. 
The decreased possibility for haloes to form Pop III stars could 

lso be linked to the lowering of gas fractions in haloes. As FUV
adiation increasingly permeates the simulation volume, it pho- 
oheats gas in the IGM, pressurizing it and smoothing out small-
cale fluctuations in its structure. As a result, the funnelling of gas
rom filaments into DM haloes becomes increasingly inefficient 
s the global SFR increases (M. Dijkstra et al. 2004 ; H. Katz et al.
020 ). In an MW-like envir onment, this pr ocess should occur
uch faster than in an average patch of the IGM (P. Ocvirk et

l. 2016 ). 
In addition, the IGM could be significantly heated (and ion- 

zed) by X-ray sources (S. Hegde & S. R. Furlanetto 2023 ). Such
eating would further suppress gas accretion onto low-mass 
aloes. Conversely, a higher electron fraction would increase the 
 2 production rate, so it is unclear whether an X-ray back gr ound
ould help or prevent Pop III formation. We do not explicitly

ollow X-ray photons, and the uncertainties in the abundance 
f high- z X-ray sources and their accretion luminosities makes 
uantifying this effect difficult. 

In the middle panel of Fig. 5 , we plot the average gas mass
n haloes containing no stars as a function of time, divided by
he maximum average value reached (typically reached in the 
rst several time bins, as the trends are almost monotonous.) 
e do this for both the total amount of gas in haloes (in red),

nd for the amount of gas within 0 . 1 r vir (in blue). We find that
10 6 M � haloes forming at 600 Myr have on average a factor

f 3–10 (depending on the simulation) times less total gas mass
han haloes of the same mass forming at 100 Myr. Comparatively,
he inner gas reservoirs in the lowest mass haloes see an order of 

agnitude drop over 100 Myr at early times, which is attributed
o the photodissociation of H 2 by LW radiation discussed earlier. 
he suppression of Pop III formation at early times is ther efor e
MNRAS 548, 1–16 (2026) 
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M

Figure 4. The fraction of molecular hydrogen f H 2 in the inner 0 . 1 r vir 
of haloes undergoing their first Pop III formation (within ∼ 5 Myr), as a 
function of LW intensity (parametrized as J 21 ) in a thin shell at the virial 
radius of the halo, for the efficient SF simulation. haloes are coloured 
by the electron fraction f e in the inner 0 . 1 r vir , and the sizes of points 
correspond to the age of Universe at that time. Quantities which are com- 
puted in the inner halo are density w eight ed, while quantities comput ed 
in the shell are volume weighted. Two distinct populations emerge: haloes 
with low electron fractions ( f e � 10 −4 , the Pop III.1 case) forming at early 
times, and haloes with elevated electron fractions ( f e > 10 −4 , the Pop III.2 
case) forming at later times, across a wide range of LW strengths. 
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Figure 5. Top: the fraction of haloes containing no stars within their 
virial radii in the bursty SF simulation which have density-weighted 
metallicities Z > 2 × 10 −8 (the threshold for Pop. II formation) as a func- 
tion of time. Lines ar e colour ed by halo mass. Starless and metal enriched 
haloes become more common over time, and make up ∼ 20 − 30 per cent 
of all starless haloes at 600 Myr. Middle: the median gas mass of starless 
haloes at a given time divided by the maximum value reached at any time. 
Red r epr esents the total g as mass in haloes out to the virial radius, and 
in blue indicates the inner gas mass out to 0 . 1 r vir . Bottom: the median 
LW intensity across starless haloes, as measured at the virial radius, as a 
function of time. The LW intensity increases rapidly after the first stars 
form, reaching J 21 at 200 Myr, which suppresses Pop III formation in 
minihaloes. 
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omplet ely dominat ed by the inability of haloes t o condense gas
nto their cores. 

Although we capture the diversity of Pop III environments
hich would influence their formation properties (Pop III.1 ver-

us Pop III.2, see Fig. 4 ), we do not differentiate between the
wo populations in our star formation prescription, and instead
se a single IMF for both formation scenarios. Pop III.2 stars
ould span a lower mass range from effective HD cooling (S.
ishijima et al. 2024 ) leading to higher degrees of freedom for

as fragmentation. We also do not consider the Pop III.1 theory
or supermassive BH–progenitor stars ( ∼ 10 5 M �), driven by dark

atter annihilation heating from weakly interacting massive par-
icles (see J. C. Tan et al. 2024 ). 

.1.2 During the Pop III main sequence 

or haloes where the gas does cool well below the virial tempera-
ur e, star formation pr oceeds as described in Section 2.3.2 . Pop III
tars generally have higher luminosities and very hard spectra
ompared to Pop. II counterparts of similar mass (D. Schaerer
002 ). The top-heavy nature of our Pop III IMF means Pop III
tars in megatron primarily produce ionizing photons. The ra-
iation from Pop III SEDs quickly dissociates the surrounding H 2 
nd photoheats the dense gas to 10 4 K, as seen in the middle row
f Fig. 3 . For the most massive ( > 300 M �) Pop III stars, photo-
eating and RP can completely blow the gas away. As expected

or a hard ionizing source, the spectra feature prominent He ii
ecombination lines which are likely to be unique spectroscopic
ignatures of Pop III systems (H. Katz et al. 2023 ; J. A. A. Trussler
NRAS 548, 1–16 (2026) 
t al. 2023 ). During the Pop III MS, gas in the inner halo is irra-
iated by LW radiation with intensity in the range 10 3 − 10 6 J 21 
hich maintains the H 2 fraction below 10 −7 . As expected, the

ocal LW intensity is positively correlated with Pop III stellar mass
nd negatively correlated with H 2 fraction. 

.1.3 After the Pop III star dies 

he two primary channels of post main-sequence evolution of 
op III stars in our simulations are either direct collapse into a
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Figure 6. The gas-phase metallicity in haloes as a function of halo mass, 
∼ 10 Myr following a PISN from a Pop III star in the HN + High εff 
simulation. Gr ey cir cles ar e haloes that have not yet formed new stars 
and diamonds r epr esent haloes undergoing Pop. II formation, coloured 
by their current Pop. II stellar mass. In general, the metallicity decreases 
for increasing halo gas mass, as metals are diluted in larger gas reservoirs. 
Haloes with the highest gas masses can grow over 10 5 M � in stellar mass 
in a short period of time following the PISN. 
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H ( ∼ 63 per cent ) or a PISN explosion ( ∼ 36 per cent ). If the
tar forms a BH, it releases no energy or metals, 3 allowing the
 as to r emain pristine. As stated pr eviously, since the g as is no
onger subject to a strong radiation field, it quickly reforms H 2 
nd cools again to form another Pop III star. This process can
epeat several times in the same halo cor e befor e, statistically,
 Pop III star forms within the mass range for PISN. If the star
ndergoes a PISN, upwards of 10 53 erg of energy is released into

he surrounding dense gas, transferring momentum which can 

ush significant amounts of gas out of the core. Along with en-
rgy, a PISN also releases metals into the gas, which allows the
as to quickly cool (as seen in Fig. 3 ) and begin forming the
ext generation of stars (the Pop. II phase 4 ). The spectra of such
ystems show prominent [O ii ] and [S ii ] collisional lines, and
O iii ] if the gas is still hot enough, but are extremely faint due
o the lack of stellar radiation. We do find a very small subset of 
ISN systems which are still hosting a shining Pop III star. 
We find that for all but the smallest haloes ( M halo ≤ 4 ×

0 6 M �) forming Pop III stars in the PISN mass range, the result-
ng supernova does not eject most of the gas (including metals)
rom the halo virial radius, checking the gas phase metallicity 
ontent both within 5 and 10 Myr after the supernova. We show
n Fig. 6 the mass-w eight ed metallicity as a function of halo mass
ollowing a PISN event. In g eneral, larg er haloes contain more
as. As a result, the metallicity decreases with increasing gas 
 We do not model subsequent feedback, including RT from BHs which 
ay be accr eting . 

 See N. Choustikov et al. ( 2025 ) for details on the ISM of Pop. II galaxies 
n the megatron high- z suite. 

p  

c  

l
K  

i  

(  
ass as metals are diluted in larger gas reservoirs. The scatter
n metallicity for a given halo mass in Fig. 6 is partly driven by
he mass range of Pop III stars undergoing PISN, which span a
actor of a few in metal yields depending on the initial mass of 
he star. The gas phase metallicity in haloes are all greater than
0 −6 , which is enough enrichment to begin the Pop. II formation
hase. Aft er ∼ 10 Myr, w e find that 45 per cent of haloes that
osted a PISN are now forming Pop. II stars in the efficient SF
imulation, compared to only 10 per cent in the HN + High εff 
her e envir onments ar e typically over an or der of magnitude less
ense. Although metals and gas are retained by haloes, we may
ot be fully resolving the complex mixing of metals following a
ISN, as we find the majority of metals to efficiently mix into the
old phase of the ISM on a ∼ 10 Myr time-scale, quickly cooling
he enriched gas and driving the beginning of the Pop. II star
ormation phase. 

Our results differ from J. Mead et al. ( 2025 ), who find the
ajority of minihaloes to expel all metals following supernovae, 

nd their Pop III stars are much smaller and only include C CSN e
ith 10 51 erg. Since haloes forming Pop III stars in the AEOS

imulations are an order of magnitude less massive than those 
n megatron , metals and indeed the rest of the gas is retained
y the steeper gravitational potential (T. Kitayama & N. Yoshida 
005 ; D. Whalen et al. 2008 ; R. J. Cooke & P. Madau 2014 ). In
act, haloes with the lowest gas masses ( M gas ≈ 10 5 M �) can reach

etallicities of 6 × 10 −3 following a PISN, as metals are diluted
ess. As a result of PISN enrichment, there exists an iron metal-
icity plateau at [Fe / H] ≈ −2 . 5 in the gas phase of small dwarf 
alaxies (see M. P. Rey et al. 2025 , for more details). 

.2 Pop III starbursts in massive galaxies 

e find in all simulations a few Pop III starbursts occurring in
aloes up to 3 × 10 8 M �. The starbursts are comprised of around
0–130 Pop III stars forming in rapid succession, with some visi-
le as outliers in Fig. 2 . As these systems have the largest amount
f Pop III stars shining at the same time, they r epr esent the
rightest Pop III galaxies in our simulations The total gas masses

n Pop III starburst haloes range from 2 × 10 7 − 4 × 10 7 M �, and
re found to have been the sites of previous Pop III formation. 

H. Xu et al. ( 2016 ) are also able to form Pop III starbursts in
heir haloes, although in their simulation they form in haloes 
ith lower gas masses of 6 × 10 6 t o 10 7 M �. While they attribut e

his growth to external LW radiation preventing collapse in the 
icinity of bright galaxies, we find our haloes to self-quench cool-
ng through the repeated formation of Pop III stars in the BH

ass range. This allows for the host halo to continue growing
hile keeping the gas pristine, until a critical gas mass is reached

o trigger a Pop III starburst. Since the halo has built up a large
eservoir of dense gas, Pop III stars can keep forming even under
he strong LW radiation and photoheating sourced from the stars. 

Our results for Pop III starburst galaxies could change signifi- 
antly if assuming a different Pop III IMF, or if the thermochem-
stry w as bet ter calibr ated for the Pop III.2 formation case. As Pop
II.2 stars could be potentially formed from a less top-heavy IMF,
 lower mass range would yield fewer BHs and ther efor e a smaller
robability for Pop III starbursts. The rapid star formation process
ould also be halted sooner if L y α RP w as included in our simu-
ations (see the calibration simulations including Ly α RP in H. 
atz et al. 2024 ). In metal-poor gas, with stars that produce many

onizing photons, Ly α becomes a dominant sour ce of pr essur e
O. Nebrin et al. 2025 ). Such pressure would potentially drive gas
MNRAS 548, 1–16 (2026) 
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5 ramses-rtz has been shown to be within 10 per cent of cloudy for 
ut of the collapsing cloud and prevent further star formation,
lthough the detailed structure of the ionized region needs to be
esolv ed t o properly quantify this effect. 

While our simulations are able to produce Pop III starbursts,
e stress that they are extremely rare events (1–3 per simulation)

nd not r epr esentative of the larger population of Pop III systems.
 evertheless, they ar e fundamentally inter esting objects as they

re the easiest to observe. 

.3 The observability of Pop III galaxies 

.3.1 Spectra of a bright Pop III galaxy 

he spectra of Pop III systems in megatron are diverse, with UV
lopes in the range −2 < β < −1 . 5 (redder than those of typical
op. II galaxies, see H. Katz et al. 2025a ). Equivalent widths of 
he He ii lines depend strongly on the mass of the Pop III stars,
nd typically range from 10–200 Å. Equivalent widths of the H α

ine also vary, with values between 3000–5000 Å. The top-heavy
ature of our Pop III IMF used in the simulations means that

hese stars hav e v ery efficient production of ionizing photons,
eading to nebular emission brighter than the stellar spectra itself 
A. J. Cameron et al. 2024 ; H. Katz et al. 2025c ). Here, we focus
n the spectra of the brightest Pop III galaxy produced in the
egatron simulations, which we show in Fig. 7 as m AB against

bserv ed wav elength λobs . We conv olv e the spectra with JWST
IRCam and MIRI filters as they r epr esent the deepest existing
bservations. 

The strongest emission lines in the spectra are Ly α and H α, the
rst spectral lines in the Lyman and Balmer series, respectively.
hilst a booming H α line (with equivalent widths greater than

000) is an indicator of Pop III systems, the Ly α line is likely
o be heavily attenuated by the neutral IGM in the epoch of 
eionization (A. K. Inoue et al. 2014 ). How ev er, since galaxies
oth make and reside in ionized bubbles, the Ly α emission from
op III galaxies might be det ectable, as w e hav e already observ ed
he L y α tr ansition in objects beyond redshift 10 (A. J. Bunker et al.
023 ; J. Witstok et al. 2025 ). The size of the bubble depends on
edshift, neutr al fr action of the IGM, and EW of the Ly α line.
t is unclear whether such a galaxy would have enough ionizing
ux to carve out an ionized bubble out to a few pMpc, r equir ed to
edshift Ly α out of the resonance wavelength (A. Saxena et al.
023 ), and would probably need neighbouring systems to help
e-ionize the IGM. The equivalent width of H α of our brightest
op III galaxy is measured at EW(H α) = 3870 Å, and both He ii

ines have equivalents widths of EW( He ii , 1640 ; He ii , 4686 ) = 66 Å.
he r ecently discover ed system LAP2-b (E. Vanzella et al. 2026 )
as a derived stellar mass of at most 2 × 10 4 M � which is com-
arable to our brightest Pop III galaxy, but has a measured
W( H α) = 647 Å which is 6 − 8 times weaker than our Pop III
alaxies. 

The burden of proof for Pop III systems is incredibly high, as
t inv olv es proving the absence of metals. Phot ometric and spec-
roscopic observations only yield upper limits on metal lines, and
 e w ould need t o measur e the nebular continuum in e x quisite
etail to confirm the absence of carbon lines and rule out a high
nough carbon abundance for the CNO cycle to operate. As the
O iii ] 5007 Å line is the most prominent metal line accessible at
igh redshift, a potentially important diagnostic for constraining
pectra into the Pop III regime is the [O iii ]/H β ratio (H. Katz
t al. 2023 ). For almost all Pop III galaxies in megatron , the
pectra are nebular-dominated and only featur e r ecombination
NRAS 548, 1–16 (2026) 

i

ines of H and He. We do how ev er find rare cases where multiple
op III stars forming at the same time, with one star going PISN
hile the others remain on the MS, leading to bright [O iii ], [O ii ],

nd [S ii ] emission. 
The physical resolution at the onset of Pop III formation

1.5 pc), combined with the top-heavy IMF, means that almost
ll Str ömgr en spher es ar e r esolved at z = 30 . As the simulation
roceeds t o low er r edshift, the e xpanding Universe coarsens the
esolution of our grid. By the end of the simulation ( z = 8 . 5 ),

ost Pop III stars no longer hav e resolv ed Strömgren spheres
 x cept for the most massive ones, leading to a less accurate
rocessing of ionizing photons and potentially biasing emission

ine/nebular continuum predictions (although we apply cloudy
orrections to cells with unr esolved Str ömgr en spher es, 5 see H.
atz et al. 2025a for details.) 

.3.2 UV magnitudes 

e compute the UV magnitudes of every halo hosting an ac-
ively shining Pop III star in the megatron simulations us-
ng the method described in Section 2.5 . We plot in Fig. 8 the
V magnitudes of our simulated Pop III galaxies as a function

f r edshift, and compar e them to some of the faintest galaxies
et ect ed by JWST. The vast majority of Pop III galaxies have
6 > M UV > −12 , with the distribution peaking around M UV ∼
9 . The brightest Pop III galaxy in our simulations reaches
 UV ∼ − 14 . 5 at z = 9 . 8 , and is around two orders of magni-

ude fainter than the faintest galaxies detected by JWST beyond
 = 8 (M. Castellano et al. 2023 ; E. Merlin et al. 2024 ; G. Roberts-
orsani et al. 2025 ; V. Kokorev et al. 2025 ). A gravitational lens
ith magnification μ > 10 would allow the Pop III galaxy spec-

rum to be detectable by deep NIRCam imaging if considering
ntegration times similar to those of the GLIMPSE survey. While
uch a scenario might seem unlikely (A. Vikaeus et al. 2022 ; E.
ackrisson et al. 2024 ), there are potentially pristine and star-

orming systems already being observed at z ∼ 4 under a strong
(μ ∼ 50) magnifying lens (E. Vanzella et al. 2026 ). 

.3.3 Proximity to UV-bright galaxies 

urr ent sear ches for Pop III stars using JWST either focus on
ravitational caustics, where lensing of a background galaxy can
oost the observed flux of individual star-forming regions by an
rder of magnitude, or look at the surrounding environments
f UV-bright galaxies. Some of the faintest objects JWS T is cur -
ently det ecting bey ond z = 8 hav e M UV ∼ −17 (see Fig. 8 ), so
e adopt this value as our lower limit for UV-bright galaxies.

n Fig. 9 , we show the closest distance between newly formed
op III stars and galaxies as a function of M UV . In general, the
inimum distance between Pop III stars and UV-bright galaxies

ecr eases with incr easing M UV . The efficient SF run consistently
as Pop III stars closest to bright galaxies, with some Pop III stars

orming within the virial radius of galaxies with −17 . 5 < M UV <

17 . This simulation produces many more UV-bright galaxies
han the other three simulations due to it having the weakest
eedback. The large number of bright galaxies occupy more of 
he volume which increases the probability of having nearby
op III stars. 
dealized tests (H. Katz et al. 2024 ). 
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NIRCam depth

HeII 1640 Å

Hβ

Hα

HeII 4686 Å

MIRI depthz = 9.8
Mtot, Pop. III = 2.7 × 104 M⊙ (GLIMPSE) (MIDIS)

Lyα

Hγ

Hδ

Figure 7. AB magnitude of the brightest Pop III galaxy spectra in our simulations as a function of observed wavelength. The galaxy contains 136 
shining Pop III stars at z = 9 . 8 for a combined stellar mass of 2 . 7 × 10 4 M �. We include mock photometric measurements from the JWST NIRCam 

and MIRI instruments, with the coloured circles corresponding to a select number of filters. The transmission and range of each filter are shown at the 
bottom of the figure. The NIRCAM and MIRI depths are illustrated as gradients terminating at m AB ∼ 31 (Galactic Legacy Infrared Mid-Plane Survey 
Extraor dinair e, GLIMPSE; V. Kokorev et al. 2025 ) and m AB = 28 . 75 (MIRI Deep Imaging Survey, MIDIS; G. Östlin et al. 2025 ), respectively, representing 
the deepest integration depths reached by those instruments. The spectra feature strong H I and He II recombination lines with equivalent widths 
EW(H α) = 3870 Å and EW( He ii , 1640 ; He ii , 4686 ) = 66 Å. 

Figure 8. The UV magnitudes of the 10 brightest Pop III galaxies in 
megatron as a function of redshift across all the simulations. All other 
Pop III galaxies are represented by density isocontours with the count 
thresholds as inline labels. We include the highest redshift galaxies ob- 
served by JWST, whose redshift has either been spectroscopically con- 
firmed (E. Merlin et al. 2024 ; G. Roberts-Borsani et al. 2025 ), or inferred 
from NIRCam photometry (M. Castellano et al. 2023 ; V. Kokorev et al. 
2025 ). Pop III galaxies generally have −7 > M UV > −12 , and the bright- 
est g alaxy r eaches M UV = −14 . 5 which is still 2 dex below that of the 
faintest JWST galaxy observed. 

Figure 9. The minimum distance between a recently formed Pop III 
star and UV-bright galaxies, divided by those galaxies’ virial radii, as a 
function of M UV . The coloured lines are for the four different megatron 

simulations. Pop III stars are able to form closer to UV-bright galaxies for 
increasing M UV , with the efficient SF run forming Pop III stars within r vir 
of JWST- observable galaxies beyond z = 8 . 

 

+  

t  

v  

g  

v
d  
Out of the four megatron runs, only the efficient SF and HN
 High εff simulations are able to produce Pop III stars within

he virial radius of bright g alaxies. Consistent acr oss all runs, the
ast majority of Pop III stars form at least 10 r vir away from bright
alaxies, with only 6 / ∼ 10 4 Pop III stars forming within the
irial radius of UV-bright galaxies, challenging the feasibility of 
etecting Pop III stars in this manner. As we find a general trend
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f Pop III stars forming closer to increasingly dimmer galaxies,
nd if JWST is able to detect galaxies further down to M UV = −15
perhaps even down to M UV = −12 , see I. Chemerynska et al.
026 ), then the prospects of finding Pop III stars in the vicinity
f UV-bright galaxies could improve. Whether through proxim-
ty of UV-bright galaxies or behind strong gravitational lenses,
etecting Pop III stars at high- z remains an onerous enterprise,
nd it v ery w ell could be that the curr ent appr oaches of observa-
ional surveys are the most optimal. 

.4 Pop III distribution at z = 0 

n interesting open question regarding Pop III stars concerns
here they end up at the present da y. Man y surv eys hav e looked

or very metal-poor stars (A. Frebel & J. E. Norris 2015 ), whose
hemical abundances are the result of individual Pop III super-
ova (e.g. A. P. Ji et al. 2020 ). If Pop III stars are able to form
elow 0 . 8 M �, then they could potentially survive to z = 0 (A.
aeder & G. Meynet 2012 ), and have unique spectroscopic sig-

atures (specifically the lack of metal lines, both in emission
nd absorption) detectable by upcoming archaeological surveys
ike 4MOST (N. Christlieb et al. 2019 ) and WEAVE (S. Jin et al.
024 ). As our IMF of choice is very top-heavy, none of the Pop III
tars in megatron have main-sequence lifetimes long enough
 o liv e t o the present day, they inst ead become BHs or explode as
N. How ev er since the Pop III stars in our simulations ar e r elics
f pristine and dense star-forming gas clouds, regardless of the
pecific details of the uncertain Pop III IMF, our Pop III stars
race the sites of metal-free star formation. Nev ertheless, giv en
he uncertainties in the Pop III IMF, if w e t emporarily assume
hat some low-mass Pop III stars can form at these sit es, w e can
sk where these stars might be at the present day. 

We track the positions of Pop III stars to z = 0 following the
ethod described in Section 2.7 , and plot their spatial distribu-

ion in Fig . 10 , colour ed by whether they reside in main haloes
r subhaloes. We include the number of Pop III stars per halo as
 function of halo mass, and the cumulative distribution func-
ion of Pop III stars as a function of distance from the main
alo centre. We find the majority of Pop III stars reside in the
ain halo, with 70 per cent of main halo stars found further than

0 kpc ( > 0 . 02 r vir ) from the halo centre. E. Starkenburg et al.
 2017 ) also find a dominant fraction of Pop III stars reside in
he stellar haloes of the APOS TLE simulations. Furthermor e, we
nd 20–25 per cent of Pop III stars are in subhaloes that have
ot undergone major tidal disruption. Our r esults ar e in close
greement with those of H. Yang et al. ( 2025 ), who analyse haloes
rom the Auriga project and find a similar 80–20 split between
heir first stellar population 

6 in the main halo and in subhaloes,
espectively. 

Individual subhaloes can host upwards of 100 Pop III rem-
ants, even down to halo masses of 2 × 10 6 M �. While one might
xpect to find more Pop III stars in systematically larger sub-
aloes, the relation is not as clear. The trend remains relatively
at in N pop3 for haloes with masses < 10 9 M �, with a steep in-
rease in N pop3 for haloes more massive than 10 9 M �. While we
annot make a determination on the final stellar masses of the
ubhaloes in the DMO simulation, we can assume they are com-
arable to local dwarf galaxies of similar halo mass. When con-
NRAS 548, 1–16 (2026) 

 These simulations do not explicitly form Pop III stars, and instead call 
heir first stellar population ‘earliest star relic’. 

i  

s
 

a  
idering the derived stellar masses of the MW and surrounding
at ellit es, the best regions to search for Pop III stars may well be in
mall dwarfs whose M �, Pop . III /M �, total ratios are highest (M. Magg
t al. 2018 ; R. S. Klessen & S. C. O. Glover 2023 ). 

 CONCLUSIONS  

e have analysed the megatron suite of simulations of an MW
rogenitor, run with the ramses-rtz code (H. Katz 2022 ), to
nderstand the formation of Pop III stars in the early Universe,

ocusing on the environments in which they form, their observa-
ional properties, and where their remnants end up at the present
ay. megatron is w ell suit ed t o study the formation of the first
tars because: 

(i) it encompasses the large-scale environment of an MW-mass
rogenitor; 
(ii) it follows a non-equilibrium thermochemical network, in-

luding the formation of H 2 ; 
(iii) it includes on-the-fly and multifrequency radiative trans-

er from star particles, including the LW band which is a crucial
omponent for studying Pop III environments; 

(iv) it has high resolution ( � 1 . 5 pc h 

−1 ) at the onset of the
ormation of Pop III stars, resolving the individual Strömgren
pheres of the earliest stars; 

(v) it includes a DMO version run to z = 0 , allowing us to
onnect the remnants of Pop III stars to their spatial distributions
t the present day. 

We are not the first to model Pop III formation, nor do we have
he best resolution, but w e hav e all five points above. Particularly,
he environments of Pop III stars in a proto-MW has not yet been
tudied with such prescriptions (although see B. F. Griffen et al.
018 in the context of semi-analytic models). The main findings
rom our analysis are that: 

(i) Pop III stars pr efer entially form in haloes in the mass range
10 6 − 10 8 M � with a constant SFR of 10 −3 M � yr −1 up to the

nd of the simulations ( z ≈ 8 . 5 ). The presence of LW radiation
rom nearby star-forming regions can dissociate H 2 and prevent
op III formation in 10 6 M � haloes, pushing Pop III star forma-
ion to more massive haloes ( ∼ 10 7 − 10 8 M �). Although we find
n increase in starless but metal-enriched haloes over time, the
ajority of starless haloes remain pristine down to z ∼ 8 . 5 . 
(ii) On e xtr emely rar e occasions, the or der of a few per sim-

lation, a halo can host the formation of many Pop III stars.
f the repeated Pop III star formation events all conclude with
irect collapse to a BH, the host halo will continue to grow and
 emain metal-fr ee, until a critical g as mass of ∼ 10 8 M � is r eached
o trigger a Pop III starburst. These starbursts can form up to
00 Pop III stars in rapid succession in haloes up to 2 × 10 8 M �.
f haloes in the Universe are able to form such starbursts, they
ould be the most likely to be directly observable. 
(iii) Although there is a clear trend of Pop III stars forming

loser to galaxies as a function of increasing M UV , Pop III stars
ypically form far away from UV-bright galaxies, with only ∼ 6
ut of 10 4 Pop III stars forming within the virial radius of galaxies
ith M UV < −17 . This suggests that detecting Pop III stars as a

onsequence of their pr o ximity to bright galaxies is unlikely, but
s probably the most optimal approach compared to a random
earch. 

(iv) Finally, we trace the positions of Pop III stars to z = 0 using
 DMO version of our simulations and find that most of them
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Figure 10. Left: particle projection of the dark matter structure in the DMO simulation at z = 0 , centred on the main halo. The virial radius of the halo 
is indicated by the circle drawn with a dark red dashed line. Crosses represent a Pop III star traced down to z = 0 by following the closest 25 dark matter 
particles in the last output of the efficient SF simulation. We pick a random dark matter particle from the list of 25, plot a cross at its position at z = 0 , 
and colour the cross in green if it is in the main halo, or in yellow if it is in a subhalo. Upper right: the CDF of the distances between the Pop III stars and 
the centre of the main halo at z = 0 , for both main halo and subhalo stars. Lower right: the number of Pop III stars in each halo as a function of halo 
mass, coloured by which simulation do the Pop III stars originate from. 
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 > 70 per cent) reside in the main halo, with a significant frac-
ion (20–25 per cent) in subhaloes. Our conclusions are similar 
o those of previous studies (E. Starkenburg et al. 2017 ; H. Yang
t al. 2025 ), which also found that Pop III stars are predomi-
antly located in the diffuse stellar haloes of their host galaxies. 
 dditionally, ther e ar e tidally undisturbed haloes down to masses
f 10 6 M � which can host up to ∼ 100 Pop III stellar remnants 

In recent y ears, w e hav e become incr easingly r eliant on numer-
cal simulations to self-consistently model the of environments 
f Pop III stars (H. Xu et al. 2013 ; T. Kimm et al. 2017 ; H. Katz
t al. 2023 ; K. Brauer et al. 2025 ), particularly the inhomoge-
ous nature of the LW background and its dependence on the
ver density structur e sour ced in the ICs. Our work is the first
 o self-consist ently follow the LW back gr ound in the pr ogenitor
f an MW-lik e en vironment along with modelling the formation
f individual Pop III stars. Although simulating such environ- 
ents with a high enough resolution to resolve the Pop III phase

emains computationally difficult, the megatron simulations 
ighlight the importance of following the radiation field in such 

n environment. 
The distribution of Pop III stars in an MW environment at 

resent day have not yet been derived from self-consistent mod- 
lling of Pop III formation. With megatr on , we ar e able to con-
ect the formation of Pop III stars to the halo–subhalo structure
t z = 0 . Our r esults ther efor e pr ovide a key theor etical baseline
or the search of Pop III stars in near-field cosmology. There are

any current efforts to find Pop III stars, with an ever increasing
atalogue of metal-poor stars in the MW stellar halo (N. Christlieb
t al. 2019 ) and nearby dwarf galaxies (A. Skúladóttir et al. 2023 ).
imulations such as megatron will be key t o int erpr et r esults
or many of the upcoming surveys, allowing to constrain the early
volution of galaxies like our MW. 
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Figure A1. Distribution of particle distances to the most bound particle 
in their halo at z = 8 . 5 (thin lines), and the distribution of particle dis- 
tances to the same particle at z = 0 (thick lines). We differentiate between 
subhaloes which survive to z = 0 (yellow), and those which merge into 
the central halo (green). The distributions are done for 50 haloes and 
stacked. Subhaloes which remain bounded at z = 0 have their particles 
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e show in Fig. A1 , a validation of our particle traceback method
sing haloes and their constituent DM particles from the DMO 

imulation. We select the 25 particles which are most bound to
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les spread out over a larger volume (as the main halo virializes). 
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ubhaloes with masses M halo > 2 × 10 7 M � at z = 8 . 5 , and com-
ute the distribution of distances from those particles to the
ost bound particle (pr o ximity to halo centre) at that redshift

thin lines). We then track those same particles to z = 0 and
ompute the distribution of distances to the same particle again
thick lines). The yellow lines correspond to subhaloes which
urvive as distinct structures until z = 0 , while the green lines
orrespond to subhaloes which merge into the central halo by
 = 0 . 

We find that particles in haloes which merge into the central
alo have average distances on the order of ∼ 10 kpc at z = 0 ,
s the particles follow random orbits in the virialized main halo.
n contrast, we see that particles which belong to subhaloes that
urviv e t o z = 0 remain relativ ely clust ered t ogether, with a mi-
ority of particles being stripped away to larger distances. This
alidates our approach of tracing Pop III star particles to z = 0
y following the dark matter particles which were most bound to
heir host haloes at the time of formation. 

1 Minimizing phase space instead of distance 

nstead of choosing the 25 DM particles physically closest to
he Pop III star, we also e xplor ed using the 25 DM particles
NRAS 548, 1–16 (2026) 
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hich minimized the phase-space criteria d phase . Following the
pproach of P. S. Behroozi et al. ( 2013 ), we define our phase space
rit eria d phase betw een tw o particles p 1 and p 2 in an ensemble of 
any points as 

 phase (p 1 , p 2 ) = 

( | x 1 − x 2 | 2 
σ 2 

x 
+ 

| v 1 − v 2 | 2 
σ 2 

v 

)1 / 2 

, (A1) 

her e x and v ar e the position and velocity of the particles, and
is the standard deviation on those quantities across all particles

n the system. We found that for a small subset of dark matter
articles (∼ 10) near a Pop III star, choosing them based upon the
hase-space criteria was not significantly better at tracking the
tar from z = 20 to 8 . 5 , compared to choosing the physically clos-
st particles to the star . W e also found that simply increasing the
mount of particles sampled around the Pop III star improved the
racking of the star, more-so than attempting to cleverly choose
 subset which matched more closely the kinematics of the star.
urthermore, the z = 0 distributions in Fig. A1 do not meaning-

ully change when switching to a phase-space criteria for particle
election. 
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