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A B S T R A C T 

The recent launch of JWST has enabled the exciting prospect of detecting the first generation of metal-free, Population III (Pop. 
III) stars. Determining characteristics that robustly signify Pop. III stars against other possible contaminants represents a key 

challenge. To this end, we run high-resolution (sub-pc) cosmological radiation hydrodynamics simulations of the region around a 
dwarf galaxy at z ≥ 10 to predict the emission line signatures of the Pop. III/Pop. II transition. We show that the absence of metal 
emission lines is a poor diagnostic of Pop. III stars because metal-enriched galaxies can maintain low [O III ] 5007 Å that may be 
undetectable due to sensitivity limits. Combining spectral hardness probes (e.g. He II 1640 Å/H α) with metallicity diagnostics 
is more likely to probe metal-free stars, although contamination from Wolf −Rayet stars, X-ray binaries, or black holes may be 
important. The hard emission from Pop. III galaxies fades fast due to the short stellar lifetimes of massive stars, which could 

further inhibit detection. Pop. III stars may be identifiable after they evolve off the main sequence due to the cooling radiation 

from nebular gas or a supernova remnant; however, these signatures are also short-lived (i.e. few Myr). Contaminants including 

flickering black holes might confuse this diagnostic. While JWST will provide a unique opportunity to spectroscopically probe 
the nature of the earliest galaxies, both the short time-scales associated with pristine systems and ambiguities in interpreting 

emission lines may hinder progress. Special care will be needed before claiming the disco v ery of systems with pure Pop. III stars. 

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

1

O  

d  

g
e  

t
f  

a
a  

2  

i
(  

S  

H  

W  

2
t  

f
a
E

r  

�

i
J  

D  

s  

i  

M  

2  

o
o

 

i
o  

c
g
2  

t  

t  

i
i  

G  

P  

d
a

©
P
C
p

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/524/1/351/7206421 by guest on 31 M
ay 2024
 I N T RO D U C T I O N  

ne of the most compelling scientific goals of the JWST is either
etecting or placing strong constraints on the properties of the first
eneration of metal-free, Population III (Pop. III) stars (Gardner 
t al. 2006 ). Very little is known about their properties, such as when
hey started forming, when they stopped forming, their initial mass 
unction (IMF), or metal yields because to date, there has yet to be
 robust detection of Pop. III stars – despite there being speculation 
bout a few peculiar objects (e.g. Sobral et al. 2015 ; Vanzella et al.
020 ; Welch et al. 2022 ). The constraints we have on their character-
stics are either derived from high-resolution numerical simulations 
e.g. Abel, Bryan & Norman 2002 ; Bromm, Coppi & Larson 2002 ;
tacy, Greif & Bromm 2010 ; Greif et al. 2011 ; Hirano et al. 2014 ;
osokawa et al. 2016 ) or from stellar archaeology around the Milky
ay (e.g. Beers & Christlieb 2005 ; Frebel, Johnson & Bromm

007 ; Karlsson, Bromm & Bland-Hawthorn 2013 ). Nevertheless, 
his is hopefully set to change with the recent launch of JWST or
uture facilities such as High Angular Resolution Monolithic Optical 
nd Near-infrared Integral field spectrograph (HARMONI) on the 
xtremely large telescope (ELT) (Grisdale et al. 2021 ). 
Even with optimistic assumptions on the Pop. III IMF and the 

edshift to which some gas in the Universe can remain pristine, it
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s unlikely that individual metal-free stars will be detectable with 
WST (e.g. Zackrisson et al. 2011 ; Rydberg et al. 2013 ; Schauer,
rory & Bromm 2020 ). Although, prospects are better if Pop. III

tars form in large groups and a significant amount of observing time
s spent on lensing clusters (e.g. Stiavelli & Trenti 2010 ; Pawlik,

ilosavljevi ́c & Bromm 2011 ; Jeon & Bromm 2019 ; Vikaeus et al.
022 ). Direct constraints on the Pop. III IMF may also arise from
bserving their supernovae, if they happen to be particularly bright, 
r result in a gamma-ray burst (Lazar & Bromm 2022 ). 
One of the primary issues with robustly detecting Pop. III stars

s determining the spectral signatures that differentiate them from 

ther classes of objects that form in the early Universe. Such
ontaminants could include direct collapse black holes or a second 
eneration of already metal enriched stars (Nakajima & Maiolino 
022 ). Due to their possible higher masses and metal-free nature,
he spectra of Pop. III stars are expected to be considerably harder
han their Pop. II counterparts (e.g. Schaerer 2002 ). For this reason,
t has been postulated that spectral signatures from high-energy 
onization states (e.g. He II ; Oh, Haiman & Rees 2001 ; Tumlinson,
iroux & Shull 2001 ) represent one possible indirect signature of
op. III stars. Ho we ver, strong He II lines by themselves are not a
efinitive signature of metal-free stars because other sources, such 
s Wolf–Rayet stars, X-ray binaries, or black holes can similarly 
roduce strong He II emission (e.g. Erb et al. 2010 ; Inoue 2011 ;
chaerer, Fragos & Izotov 2019 ; Nakajima & Maiolino 2022 ). Pop.
II stars are also predicted to excite strong hydrogen emission lines
is is an Open Access article distributed under the terms of the Creative 
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uch as Ly α, H α, and H β, although the former is unlikely to be
etectable due to the optically thick intergalactic medium (IGM) at
igh redshifts (Gunn & Peterson 1965 ; Inoue et al. 2014 ). Another
ossible contaminant are galaxies that have metals but the metal
mission lines are simply too weak to be detected. 

Given the recent launch of JWST , it is timely to revisit the spectral
ignatures of Pop. III stars in the context of fully coupled radiation
ydrodynamics simulations that resolve much of the physics driving
mission lines. While there is a rich literature on the formation of
op. III stars in cosmological simulations (e.g. Abel et al. 2002 ;
romm et al. 2002 ; O’Shea & Norman 2007 ), the new aspect of this
ork is that here we focus specifically on using a non-equilibrium

hemistry network for primordial species, metals, and molecules to
irectly predict the emission line signatures of the Pop. III–Pop.
I transition. This provides a complementary view to the various
hotoionization models that have been analysed on this topic (e.g.
noue 2011 ; Nakajima & Maiolino 2022 ). 

 M E T H O D S  

or this work, we employ high-resolution cosmological radiation
ydrodynamics simulations run with the RAMSES-RTZ code (Katz
022 ), an extension of the RAMSES-RT code (Teyssier 2002 ; Rosdahl
t al. 2013 ; Rosdahl & Teyssier 2015 ) that includes modules for
adiation-coupled H 2 (Katz et al. 2017 ) and metal chemistry (Katz
022 ). The underlying physics closely follows that presented in
imm et al. ( 2017 ) and here we briefly highlight the features included

n the simulation with a particular emphasis on the changes made for
hese runs. 

The simulations follow gravity, hydrodynamics, radiation transfer,
nd various chemistry, cooling, and heating processes. The radiation
s followed in eight frequency bins (see table 2 in Kimm et al. 2017 ),
panning from the infrared (IR; for multiscattered radiation pressure)
hrough He II ionizing photons, using the M1 method (Levermore
984 ). To reduce the computational cost of the RT, we employ a
educed speed of light approximation, adopting c sim 

= 0.01 c . 1 The
adiation is coupled to the gas via photoionization, photoheating,
nd radiation pressure (both direct ultraviolet and multiscattered IR).
imilar to Kimm et al. ( 2017 ) we follow H I , H II , e, He I , He II ,
nd He III , but new for this work, we also follo w v arious ionization
tates of O I–VIII , C I–VI , N I–VII , Fe I–VI , Si I–VI , S I–VI , Ne I–VI , and

g I–VI . Atomic data for each metal closely follows that adopted by
LOUDY v.17 (Ferland et al. 2017 ). Cooling for primordial species
ollows the methods presented in Rosdahl et al. ( 2013 ) and Katz et al.
 2017 ) and cooling for metals is calculated at low temperatures ( T
 10 4 K) by computing the equilibrium level populations of certain

ons and for high temperatures ( T ≥ 10 4 K) by using look-up tables
see Oppenheimer & Schaye 2013 ; Katz 2022 ). 

Cosmological initial conditions are generated for a halo with
ass ∼3 × 10 8 M � at z = 10 in a volume of 5 3 cMpc 3 using
USIC (Hahn & Abel 2011 ), assuming the following cosmology:
m 

= 0.311, �b = 0.045, �� 

= 0.689, and h = 0.6766 (Planck
ollaboration VI 2020 ). Due to the large computational expense of

hese simulations, we apply the zoom-in technique and place the
ulk of our resolution elements around a single galaxy, ensuring
hat there is no contamination from low-resolution elements within
NRAS 524, 351–360 (2023) 

 While non-ionizing radiation is expected to propagate faster than this, as we 
ho w belo w, star formation is incredibly short li ved and is not sustained at 
n y significant lev el until z ∼ 10, at which point the simulation is stopped. 
hus, we expect any long-range interactions to be minor. 

 

r  

2

r
i

he virial radius at any point. The base grid of the simulation is
nitialized on level 7 (128 3 ). The dark matter particle mass within the
igh resolution region (level 11, initially representing 1 per cent of
he computational volume) is 492 M �, corresponding to an ef fecti ve
esolution of 2048 3 . Throughout the course of the simulation, we
llow the adaptive mesh to refine when either the Jeans length is not
esolved by at least eight cells, or the dark matter or gas mass of
he cell grows to eight times its initial value. The minimum cell size
s 0.8 pc at z = 10 and remains constant in comoving coordinates
resulting in even smaller cell sizes at higher redshifts). 

When the gas becomes dense enough, star particles are allowed to
orm. This occurs when the turbulent Jeans length is unresolved (see
.g. Kimm et al. 2017 ) and the gas is converging on a local density
aximum. If these criteria are satisfied, star formation proceeds in

wo different modes depending on metallicity. Pop. III stars can form
hen the gas metallicity is < 10 −6 Z �, while Pop. II stars form at
igher metallicities. In the case of Pop. II stars, particle masses are
nteger multiples of 500 M �. The number of star particles formed is
rawn from a Poisson distribution with the conversion rate calculated
ia a Schmidt law (Schmidt 1959 ). The efficiency of conversion
epends on the thermo-turbulent properties of the gas calibrated on
igh-resolution molecular cloud simulations (Padoan & Nordlund
011 ; Federrath & Klessen 2012 ). While these simulations were not
un at the metallicities that we probe in this work, both Federrath &
lessen ( 2012 ) and Glo v er & Clark ( 2012 ) argue that star formation

ates (SFRs) in simulated clouds have little sensitivity to metallicity.
op. II star particles are assumed to host stellar populations that
ollow a Kroupa IMF (Kroupa 2001 ). In the case of Pop. III stars,
hen the star formation criteria are met, we draw individual star
article masses from a stellar IMF using the functional form from
ise et al. ( 2012a ): 

d N 

d log M 

∝ M 

−1 . 3 exp 

[ 

−
(

M char 

M 

)1 . 6 
] 

, (1) 

ssuming a characteristic mass M char = 100 M � (e.g. Hirano et al.
014 ; Kimm et al. 2017 ). 
Star particles impact their environment in numerous ways. During

he course of their lifetime, they inject photons into their host cells.
or Pop. III stars, we adopt the age- and mass-dependent spectral
nergy distributions (SEDs) from Schaerer ( 2002 ) and for Pop. II
tars, we use the age, mass, and metallicity 2 dependent SEDs from
PASS v.2.2.1 (Stanway & Eldridge 2018 ). When Pop. III stars reach

he end of their lifetime, they can either explode via supernova (SN)
r directly collapse to a black hole. The energy per Pop. III SN
nd the mass ranges for SN versus direct collapse are adopted from
ise et al. ( 2012a ), which are based on Woosley & Weaver ( 1995 ),
e ger & Woosle y ( 2002 ), and Nomoto et al. ( 2006 ; see equations 22

nd 23 of Kimm et al. 2017 ). For Pop. II stars, we follow both Type
I core–collapse SN as well as SNIa. We randomly sample the stellar
MF to determine when to inject core–collapse SN following the
ge–mass distribution of Raiteri, Villata & Navarro ( 1996 ). When
N occur, momentum is injected into the simulations following the
echanical feedback model of Kimm et al. ( 2015 ). Stellar winds

rom asymptotic giant branch (AGB) stars are also included using
he method presented in Agertz et al. ( 2013 ). 

During all of these energetic feedback processes, metals are
eleased into the gas. In all cases, yields are dependent on stellar
 For Pop. II star particles in the simulation with metallicities lower than the 
ange sampled in BPASS (0 . 0005 Z �), we assume the lowest metallicity SED 

n BPASS applies. 
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Figure 1. Top: Surface density maps of dark matter, gas, and oxygen in the 
simulation at z = 10. The white circle shows the virial radius (1.72 kpc) of 
the most massive halo in the simulation. Bottom: Map of O I , O II , and O III 

column density (as shown in the colour bar) in the central regions of the most 
massive halo. 
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ass. For Pop. III stars, we consider individual SN yields from typical
ype II SN (Nomoto et al. 2006 ), hypernova (Nomoto et al. 2006 ),
nd pair-instability SN (PISN; Heger & Woosley 2002 ). The mass
hresholds for each are described in Kimm et al. ( 2017 ). Metal yields
or Pop. II core–collapse SN are adopted from Portinari, Chiosi & 

ressan ( 1998 ), while SNIa yields are from Seitenzahl et al. ( 2013 ).
inally, AGB wind yields are from Pignatari et al. ( 2016 ). We follow

he enrichment of O, N, C, Mg, Si, S, Fe, Ne, and Ca. 
To analyse the simulations, we use the AMIGA halo finder 

o identify the dark matter haloes (Gill, Knebe & Gibson 2004 ;
nollmann & Knebe 2009 ) using the virial o v erdensity criteria of
ryan & Norman ( 1998 ). For each halo, we compute the luminosities
f various emission lines. Line emission from primordial species is 
omputed following the fitting functions presented in Katz et al. 
 2022 ) including emission from both recombination and collisional 
mission, while metal emission line luminosities are calculated with 
YNEB (Luridiana, Morisset & Shaw 2015 ) assuming only collisional 
mission. Due to the very low metallicities, we neglect the impact 
f dust on the presented emission line luminosities. This assumption 
hould hold in a model where the dust-to-gas mass ratio scales as a
ower law with metallicity (e.g. R ́emy-Ruyer et al. 2014 ). 

 RESULTS  

he two primary questions that we w ould lik e to address with our
imulations are: What are the spectral features that differentiate 
op. III star formation from metal enriched stellar populations 
nd are these signatures detectable? In this section, we describe 
he general properties of the simulated galaxy population, discuss 
he spectral features of these simulated galaxies, and comment on 
he complexities of identifying a true Pop. III star or galaxy with
bservations. 

.1 High-redshift galaxy properties 

he simulation follows the formation and evolution of the region 
round a halo with mass ∼3 × 10 8 M � by z = 10. We study the
opulation of haloes inside the high resolution Lagrange region of 
he main halo. The region contains 356 uncontaminated dark matter 
aloes with at least 300 particles (21 of which are host stars). In Fig.
 , we show maps of dark matter, gas, and oxygen, as well as a zoomed
n distribution of O I , O II , and O III at z = 10. At this redshift, the main
alo has recently undergone a major merger (a relatively common 
vent at high redshift). There is a significant gas concentration at the
entre of the halo and a repeated series of star formation and SN
v ents hav e enriched a large fraction of the volume with oxygen,
ome of which has escaped the halo, into the IGM. The structure
n the centre of the halo is highly complex and filled with various
onization states of oxygen, dictated by both the local radiation field, 
N feedback, and the presence of shocks. 
More quantitatively, the first Pop. III stars formed at z ∼ 18. This

an be seen in the top panel of Fig. 2 , where we show the SFR as a
unction of time within the Lagrange region, split between Pop. III
nd Pop. II star formation. Due to the fact that not all Pop. III stars
xplode via SN, the first metal enrichment does not occur until z ∼
6.5. This can be seen as the spike in the O, C, and Fe abundances in
he bottom panel of Fig. 2 . The first SN increases the mass-weighted

etallicity of the system up to 10 −4 Z � in O and Fe and 10 −5 Z � in
. The exact enrichment levels for each metal are highly dependent 
n the mass of the Pop. III stars that e xplode. We e xpect this to vary
etween haloes at high redshift because the yields depend both on 
he mass of the star and the type of SN (see Heger & Woosley 2002 ;
omoto et al. 2006 for the magnitude of these variations). 
Once the region becomes metal enriched, Pop. II star formation 

an proceed. This is shown as the magenta line in the top panel of
ig. 2 . There is a delay between when the first SN explode ( z ∼
6.5) and when Pop. II stars form ( z < 15) due to the fact that the
as has to resettle in the halo that hosted the SN, and for the metals
hat escaped the halo, it takes time for them to be accreted onto
eighbouring systems. A mixed mode of Pop. III and Pop. II star
ormation continues until z ∼ 11. By this time, the mass-weighted 
etallicity has increased by about a factor of three, at which point

tar formation is completely dominated by Pop. II stars. We note
hat the exact length of the mixed-mode epoch and the redshift at
hich the Pop. II-dominant epoch begins are sensitive to both the

ndividual histories of each halo and our definition for the metallicity
hreshold that separates Pop. II and Pop. III stars. If we adopted a
igher metallicity threshold, the results here may change. This issue 
s further discussed below. 
MNRAS 524, 351–360 (2023) 
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M

Figure 2. Top: SFR for the 21 star-forming haloes in the Lagrange volume as 
a function of time (black) split between the contribution of Pop. III stars (cyan) 
and Pop. II stars (magenta). Bottom: Mass-weighted or volume-weighted 
metallicities of individual elements (O, C, Fe, and N) as a function of time. 
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Figure 3. Evolution of the total mass of H 2 (black), C II (cyan), and CO 

(magenta) within the Lagrange region of the main halo as a function of time. 
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Slightly before z = 10, the halo undergoes a major merger that
esults in a steep increase in star formation and metal enrichment. By
omparing the mass-weighted and volume-weighted gas metallicities
n the Lagrange volume, we can analyse the enrichment of the ISM
ersus the IGM. While the mass-weighted metallicity continuously
ises with decreasing redshift, the evolution of volume-weighted
etallicity is more complex and sensitive to gas inflowing into

he Lagrange region and the ability for stars to eject metals from
he haloes. In general, the volume-weighted metallicity remains
elow the mass-weighted values suggesting that the metals are more
oncentrated in the haloes rather than in the IGM. 

In the absence of heavy elements, H 2 is the primary coolant of the
SM. In Fig. 3 , we show the evolution of total masses of H 2 , C II (one
NRAS 524, 351–360 (2023) 
f the dominant coolants at higher metallicity), and CO 

3 (one of the
ominant coolants at high density and high metallicity). At z ≥ 16.5,
 baseline level of H 2 is formed via reactions with H 

−. Once the
rst metals are released into the ISM and IGM, C II can form as well
nd simultaneously the main-mode of H 2 formation transitions from
he primordial channel to formation on dust. Future telescopes such
s ngVLA will provide the opportunity to detect C II in the redshift
nterval 15 � z � 20, which may help probe the properties of the first
tars (Carilli et al. 2018 ). CO is also detectable at high redshift with
he ngVLA, which could also be interesting for placing constraints
n the properties of the first stars; ho we ver, we find the amount of
O remains limited until sufficient self-shielding can occur in the

SM. Due to the small size of the halo and the limited amount of CO
ormation, emission from CO is unlikely to be observable in such
nvironments, even with next-generation telescopes. Nevertheless,
ore massive haloes will remain exciting targets for molecular gas

tudies at high redshift. 
Having described the star formation, metal enrichment, and
olecular properties of the gas in the simulation, we continue our

nalysis by studying the spectral features of the simulated galaxies. 

.2 The absence of metallic emission lines 

s Pop. III stars are by definition metal-free, their star forming
louds are also expected to be of pristine, primordial composition.
he observation of a galaxy with strong He II 1640 Å, H α, and H β

mission with no metal emission lines is potentially a signature of
op. III stars (Schaerer 2002 ; Raiter, Schaerer & Fosbury 2010 ;
noue 2011 ). From an observational perspective, the absence of
etal emission lines will be difficult to pro v e because the finite

ntegration times and sensitivity limits will only allow for upper
imits on metal emission line strengths, rather than robustly proving
hat metal emission lines are completely absent. The key question is
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ow strong are the metal emission lines expected to be with respect
o the Balmer emission, in simulated high-redshift galaxies. 

In Fig. 4 , we show the flux ratios of [O III ]/H β (left), [O II ]/H β

centre), and [O III ]/[O II ] (right) for simulated galaxies in the redshift
nterval 10 ≤ z ≤ 16 coloured by their SFR. Oxygen emission lines
re expected to be the brightest metal emission lines at these epochs
ue to the early enrichment from core–collapse SN (e.g. Maiolino & 

annucci 2019 ), and the collision strengths of these particular 
ransitions. As the metallicity decreases, [O III ]/H β and [O II ]/H β

lso decreases such that at 12 + log 10 

(
O 
H 

) = 6, our simulations
redict flux ratios of ∼10 −2 compared to H β. Such predictions are
ot unique to our simulations as CLOUDY models (see the grey lines
nd cyan points in Fig. 4 ) of primordial galaxies predict similar
ux ratios (Inoue 2011 ; Nakajima & Maiolino 2022 ), respectively. 
onsidering that our predictions are completely independent 4 of 
LOUDY , it is encouraging that both methods are in reasonable 
greement. Ho we ver, because the simulation samples a diversity of
SM conditions and star formation histories, we do find additional 
catter in our relations related to the SFR and ISM structure of the
alaxy. This is because the SFR controls the number of ionizing 
hotons, electron density, and temperature via radiative and SN 

eedback while the ISM structure dictates how well this feedback 
ouples to the gas. At fixed metallicity, the simulated galaxies exhibit 
 wide diversity of SFRs and ISM conditions. Such effects are not
aptured via simple photoionization models with a fixed uniform gas 
ensity and SFR. In particular, we tend to find many galaxies that
catter below and abo v e the [O III ]/H β and [O II ]/H β predictions
rom (Inoue 2011 ; Nakajima & Maiolino 2022 ). These are the
eakest star-forming galaxies in our simulations which have the 

owest ionization parameters. 
For comparison, we also show the location of Green Pea galaxies 

Yang et al. 2017a ), Blueberry galaxies (Yang et al. 2017b ), and
o w-metallicity, lo w-redshift SDSS galaxies (Izotov et al. 2019 ) in
ig. 4 . The low-metallicity galaxies from Izotov et al. ( 2019 ) tend

o have very comparable [O III ]/H β, higher [O II ]/H β, and slightly
ower [O III ]/[O II ] compared to the simulated galaxies and CLOUDY

odels (Inoue 2011 ; Nakajima & Maiolino 2022 ). Green Peas 
nd Blueberries tend to be at higher metallicity than the simulated 
alaxies (see also Katz et al. 2022 ). 

.3 The absence of metal emission lines with strong He II 1640 Å

lthough we argue that [O III ]/H β (or [O II ]/H β) is, by itself,
nsufficient to identify a Pop. III stellar population, if we combine the
O III ]/H β ratio with the He II 1640 Å/H α ratio, we do find a region
f parameter space that is only populated by galaxies dominated 
y Pop. III stars. The red shaded region in the bottom right of
ig. 5 shows that the parameter space with [O III ] / H β < 10 −1 . 5 

nd He II 1640 Å/ H α > 10 −0 . 6 consists of only systems with stellar 
opulations with a high Pop. III fraction. Consistent with previous 
laims in the literature (e.g. Schaerer 2002 ), we can confirm that
eak metal emission lines and strong He II 1640 Å emission is a

ignature of Pop. III stars in our simulations. 
 Note that in Katz ( 2022 ), we demonstrated that in the equilibrium limit, 
AMSES-RTZ and CLOUDY yield similar ionization fractions for metal species 
s a verification of our numerical integrator and chemical model. Differences 
n emission line strengths can arise, for example, if the system is out of 
hemical equilibrium, due to a complex star formation history and a varying, 
ime-dependent radiation field, changing gas conditions, or due to the different 
tomic data in PyNeb compared to CLOUDY . 

i

3

I
l
a  

T

Within this Pop. III parameter space, we find three interesting 
eatures. There are numerous systems that have [O III ]/H β = 0
represented as downward arrows in Fig. 5 ). These are genuine Pop.
II stars forming in pristine, zero-metallicity gas clouds. These types 
f systems are what is typically expected of Pop. III stars. 
Ne xt, we hav e a galaxy that appears as the blue point in the shaded

egion that hosts a stellar population that is a mix of Pop. II and
op. III stars. Such mixes are common in our simulation, although
ot all have high He II 1640 Å emission. A dark matter map of this
alaxy with the locations of the Pop. II and Pop. III star particles
s shown in Fig. 6 . These mixed systems add to the complexity of
etecting a fully Pop. III-dominated galaxy. Simulations with larger 
olumes (e.g. Xu et al. 2016 ) may find similarly complex systems of
his nature that potentially pollute the region of Fig. 5 that we ascribe
s being Pop. III. 

Going into more detail on this specific galaxy, within 100 pc
f the centre, we find two Pop. III star particles of ages 98 and
24 Myr, the former of which exploded as a PISN and the latter
ollapsed directly into a black hole. The third star particle is a 500 M �
luster of Pop. II stars with an age of 20 Myr that is driving most
f the line emission. This system is surrounded (within 2 kpc) by
hree more Pop. III stars, one of which is 340 M �, with an age of
.6 Myr, that is likely helping to drive some of the He II emission 
xternally. 

It is also important to consider that the origin of strong He II
mission is unknown at low redshifts and it is possibly driven
y X-ray binaries, Wolf–Rayet stars, or other sources (e.g. Erb 
t al. 2010 ; Schaerer et al. 2019 ). BPASS SED neglects some of
hese sources (e.g. X-ray binaries), so we are potentially under- 
redicting the He II luminosities of our Pop. II galaxies if such
ources are present at high redshift. This would further pollute this
iagnostic, making it more difficult to identify genuine Pop. III 
tars. 

Finally, we find galaxies that are fully dominated by Pop. III
tars but exhibit metal emission because we are observing a cooling
N remnant. Hence, the presence of metal emission lines does not
ecessarily rule out the system from being Pop. III, even though this
ooling phase is expected to be short-lived. 

More specifically, there is a galaxy that is completely dominated 
y Pop. III stars but has [O III ]/H β = 10 −1.5 . We show maps of
he dark matter, gas, and temperature, and the surface brightness 
aps of He II 1640 Å, H α, and [O III ] 5007 Å for this galaxy in Fig.
 . This system hosted a single 180 M � Pop. III star that recently
xploded as a PISN. The PISN enriched the surrounding medium 

ith metals so the emission that is seen is a combination of the
ecombination emission due to photoionization from the star and the 
ooling radiation from the SN remnant. The interesting characteristic 
f this galaxy is that there is no stellar continuum. By definition
excluding the contribution from nebular continuum), the equi v alent 
idths of all of the emission lines from this system are infinity. We
iscuss such systems further in Section 3.5 . If another Pop. III star
ormed in this system before the first evolved off the main-sequence,
e might expect an increase in luminosity for all emission lines,

ncluding those from metals. 

.4 Time windows for detection 

f Pop. III stars were predominantly massive, their main-sequence 
ifetimes would be very short. Hence, the emission line signatures 
re also expected to be short lived (e.g. Schaerer 2002 , 2003 ).
herefore, Pop. III lifetime is an important parameter when con- 
MNRAS 524, 351–360 (2023) 
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M

Figure 4. Flux ratios of [O III ]/H β (left), [O II ]/H β (centre) or [O III ]/[O II ] (right) for the simulated galaxy population in the redshift range 10 ≤ z ≤ 16. The 
bottom ro w sho ws a zoomed in version of the top row. The data points from the simulation are coloured by their 10 Myr -a v eraged SFR. F or comparison, we 
show results from the CLOUDY models of Inoue ( 2011 ) (grey) and Nakajima & Maiolino ( 2022 ) (cyan squares) for primordial stellar populations. Similarly, 
we show flux ratios for local Green Pea galaxies (Yang et al. 2017a ), Blueberry galaxies (Yang et al. 2017b ), and very low metallicity sloan digital sky survey 
(SDSS) galaxies (Izotov et al. 2019 ) as different coloured triangles. 
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idering their detectability (Zackrisson et al. 2012 ; Rydberg et al. 
013 ). 
In the top panels of Fig. 8 , we show the time evolution of the He II

640 Å, H α, and H β emission for eight haloes in the simulation
s a function of time after the formation of a Pop. III star. The
ines are coloured based on the initial mass 5 of the Pop. III star that
ormed in the halo. The luminosities have been normalized to the
aximum luminosity of the line recorded after the star formation

vent. 6 In most cases, the He II 1640 Å fades by nearly two orders
f magnitude within 5 Myr and the Balmer emission shows similar
roperties. This result is unsurprising given that our Pop. III stars are
n general massive and we have adopted the SED of Schaerer ( 2002 ).
he unique aspect of this work is that we can see how this signal

ades for a realistic gas distribution. In the bottom panel of Fig. 8 ,
e show the ratio of He II 1640 Å/H α normalized to the value of

his ratio after the star formation event. In general, the He II 1640 Å
mission decreases faster than H α. This explains why the Pop. III
NRAS 524, 351–360 (2023) 

 In the case where multiple Pop. III stars form, the line is coloured based on 
he mass of the first star to form. 
 Note that because the simulation outputs snapshots at fixed times, there is 
ften some delay after the formation of each star before we can first measure 
he emission line luminosities. The time cadence of our snapshots is often 
 5 Myr so we expect our curves to be reasonably time-resolved. 

f  

I  

b  

b  

F  

p  

r  
alaxies in Fig. 5 that have no metal emission lines also show weak
e II 1640 Å/H α. 
There is a single halo in our simulation where the He II 1640 Å

mission appears to remain strong for ∼10 Myr. Looking at this
ystem in more detail, we find that a second Pop. III star formed
n the galaxy very soon after the first. Ho we ver, our simulation
utput time cadence is 9 Myr, and thus the He II 1640 Å luminosity
ikely drops between the formation of the first and second Pop.
II star. The formation of two Pop. III stars in such quick succes-
ion is rare in our simulation, but we note that these predictions
re highly IMF/model dependent. For example, in the model of
u et al. ( 2016 ), multiple Pop. III stars commonly form in the

ame halo because even though they adopt the same IMF shape
s used here, their characteristic mass is much lower (40 M �
ersus 100 M �). 

It is important to consider that the formation of a single massive
op. III star can enrich a galaxy up to the critical metallicity needed
or Pop. II star formation in our model. There are only two Pop.
II stars in our simulation with non-zero metallicity. As the galaxies
ecome more massive, it can maintain a higher SFR and sustain
right emission line luminosities for a much longer period of time.
urthermore, our chosen Pop. II SED ( BPASS ) allows for ionizing
hotons for > 10 Myr after the formation of a star particle, which
epresents a much longer window for detection of a single burst
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Figure 5. He II 1640 Å/H α versus [O III ]/H β for simulated galaxies in the 
redshift range 10 ≤ z ≤ 16 that have had star formation in the past 100 Myr 
and have H α luminosities > 10 36 erg s −1 . We have coloured the points based 
on the fraction of the stellar population that is comprised of Pop. III stars (or 
their remnants). Downward arrows represent galaxies that have [O III ]/H β

< 10 −4 . The red shaded region in the bottom right represents the parameter 
space where only Pop. III-dominated galaxies are found in our simulations. 
We have labelled the locations of the different types of pure line emitters 
(PLEs) as discussed in Section 3.5 . 

Figure 6. Dark matter map of a galaxy with mixed Pop. III and Pop. II star 
formation at z = 12.6. The red stars represent Pop. III stars and the cyan 
circle shows the location of a Pop. II star cluster. The ages and initial masses 
of each star particle are annotated on the map. The circle represents the virial 
radius of the halo (588 pc). 

Figure 7. Maps of the dark matter, gas, temperature, He II 1640 Å, H α, and 
[O III ] 5007 Å are shown for a Pop. III SN remnant that had an initial mass of 
180.59 M �. The circle in the top left panel represents the virial radius of the 
halo (292 pc) and the yellow star in the top centre panel shows the location 
of the star particle when the SN exploded. 
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ompared to a Pop. III stellar population. If all haloes that produce
op. III stars eventually go on to form Pop. II stellar populations, the
atios of time window for detection means that the vast majority of
etected systems will be Pop. II. 

.5 Pure line emitters as a signature of Pop. III stars 

ue to the nature of our chosen Pop. III IMF, the stars can either end
heir lives as normal Type-II SN, PISN, or by directly collapsing into
lack holes. In all three cases, the gas in the host halo will emit for
ome period of time after the Pop. III star has evolved off the main
equence. In this case, the galaxy may appear to have strong emission
ines (and possibly a nebular continuum), but no stellar continuum 

ue to the fact that the star formed in isolation. We refer to these
alaxies as PLEs, although similar signatures have been found for 
ctive galactic nucleus (e.g. Lintott et al. 2009 ). 

We find two types of PLEs in the simulation: metal-enriched PLEs,
hich result from a single Pop. III SN, and metal-free PLEs that

re generated by the formation of a Pop. III star that subsequently
ollapses directly into a black hole. SN PLEs will have a spectra
f an SN remnant while metal-free PLEs will appear like a fading
 II region. Both are labelled in Fig. 5 . The two types of PLE have
ifferent emission line signatures (i.e. the presence of metals or not),
ut both seem to have emission lines that fade very fast. The gas
ensity at which the SN explodes as well as the gas distribution
Blondin et al. 1998 ; Thornton et al. 1998 ) may impact the rate at
hich the SN remnant cools; thus the single PISN-driven PLE in our

imulation may not be fully representative of the expected parameter 
pace. Nevertheless, detecting these objects may be difficult due to 
heir short-lived nature, but if equivalent widths can be constrained, 
hey may provide an alternative metric for identifying Pop. III 
ystems. 

It is important to consider that there may be other types of objects
hat can be confused with PLEs. For example, a black hole that
urns on and off in a pristine or even metal enriched galaxy could
otentially show similar features to a PLE. Nakajima & Maiolino 
 2022 ) showed that the He II 1640 Å/Ly α ratio (and therefore also
e II 1640 Å/H α) is similar between Pop. III stars and direct collapse
lack holes, peaking at a few per cent. Only the equi v alent width of
e II 1640 Å could differentiate the two types of sources (when only
MNRAS 524, 351–360 (2023) 
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M

Figure 8. Top: Time evolution of He II 1640 Å, H α, and H β emission 
normalized to the maximum luminosity of each emission line after the burst 
as a function of time since the formation of a Pop. III star for eight halos in 
the simulation. The colour of the line indicates the mass of the Pop. III star 
that formed during the initial burst. Bottom: Flux ratio of He II 1640 Å to H α

normalized by the ratio at the time of the burst. In most cases, the emission 
line strengths fade within 5 Myr, with He II 1640 Å f ading f aster than the 
Balmer emission. 
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hese lines are observed). If the source turns off, the equivalent width
annot be measured. If star formation is very heavily dust obscured
han the continuum may not be detectable, but if there is a gas cloud
ear the star-forming region that is not obscured, this could mimic a
LE. Ho we v er, we would not e xpect hard spectral features unless the
ystem contained, for example, X-ray binaries, Wolf–Rayet stars, a
lack hole, etc. We would not expect this set-up to be confused with
ur metal-free PLEs unless the nearby gas cloud is also pristine or
f very low metallicity. 

 C AV E ATS  

he primary systematic uncertainties with our work are the choices
f Pop. III IMF, main-sequence lifetimes, SED, post-main-sequence
ehaviour, metal yields, and the transition metallicity between Pop.
NRAS 524, 351–360 (2023) 
II and Pop. II star formation. Ideally, we could run more simulations
o vary these parameters; however, the computational expense of
hese simulations poses a severe limitation. Nevertheless, one can
peculate how changes to these assumptions will impact our results.

F or e xample, mo ving to a less top heavy IMF may allow the
pectral signatures of Pop. III stars to last much longer due to
he extended main-sequence lifetimes. Making the SEDs less or

ore hard will impact the strength of the He II 1640 Å line with
espect to the Balmer lines by making the ratios weaker or stronger,
espectively. Depending on whether the Pop. III stars collapse
irectly to black holes or explode as SN, this could change the time-
cale for enrichment. The abundance patterns of the enriched gas will
hange depending on the ratio of PISN to normal core–collapse SN.
iven that our models with the highest SFRs are in good agreement
ith results from previous CLOUDY models (Inoue 2011 ; Nakajima &
aiolino 2022 ), barring the additional scatter due to SFR, galaxy

tructure, etc., varying these parameters in photoionization models
ill provide a good estimate for the expected signatures of Pop. III

tars. 
One of the key uncertainties with our modelling is whether Pop.

II stars form in isolation or in large groups. Due to resolution,
ost Pop. III stars in our work form in isolation; ho we ver, higher

esolution simulations that better resolve the star formation process
how that Pop. III stars can form in binaries or small groups (e.g.
tacy, Bromm & Lee 2016 ). This could help increase the time period
 v er which He II is bright. 
Due to computational expense, we have only run one simulation

f the Lagrange region around a single halo. As described earlier,
he onset of Pop. III star formation and length of the Pop. III–Pop.
I transition will be halo and environment dependent. Nevertheless,
e speculate that there will be qualitatively similar behaviour in
ther similar environments. The galaxies in our simulation are
ntrinsically faint, but we expect the emission line ratios to hold
or any more massive galaxy with similar ISM properties that may
e more luminous. More simulations will be required to sample the
rue diversity of high-redshift galaxies. 

 C O N C L U S I O N S  

e have run a high-resolution cosmological radiation hydrodynam-
cs zoom-in simulation of the region around a dwarf galaxy at z ≥ 10
ith sub-pc resolution to predict the emission line signatures of the
op. III/Pop. II transition. The simulations are uniquely run with the
AMSES-RTZ code (Katz 2022 ), which allows us to predict emission

ine signatures from both primordial species and metals in a fully
on-equilibrium manner. 
We predict that early metal enrichment from Pop. III stars can

uickly increase the mass-weighted metallicity of the gas up to
0 −4 Z � as measured by O and Fe abundances, which is similar to the
esults of other simulations (e.g. Wise et al. 2012b ). This metallicity
oor is enough to initiate the formation of the first generations of
op. II stars at z ∼ 16.5. A mixed-mode of Pop. III and Pop. II
tar formation continues until z ∼ 11, when the Lagrange region
s sufficiently metal enriched enough so that Pop. II star formation
ominates the volume. 
We calculate emission line luminosities of [O III ] 5007 Å, [O II ]

727 Å, H α, H β, and He II 1640 Å and show that even among
etal enriched galaxies (i.e. those with Z � 0 . 01 Z �), the [O III ]

007 Å/H β ratio can remain below 10 −2 , consistent with CLOUDY

alculations (Inoue 2011 ; Nakajima & Maiolino 2022 ), indicating
hat it will be difficult to identify a truly metal free galaxy with JWST
ue to sensitivity limits. Combining this ratio with He II 1640 Å/H α,
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e find that there is parameter space with [O III ] / H β < 10 −1 . 5 

nd He II 1640 Å/ H α > 10 −0 . 6 that is populated only by galaxies 
ominated by Pop. III star formation. Ho we ver, this parameter space
s sparsely populated because the He II 1640 Å emission fades very 
uickly (i.e. within a ∼5 Myr) after the onset of star formation. Hard
e II 1640 Å/H α ratios can only be maintained for longer periods
f time if multiple Pop. III stars form in sequence or with different
asses in the same system, which is rare in our model. Finally, we

ropose that galaxies with emission lines but no detectable continua 
i.e. PLEs) could offer a signature of a Pop. III stars that either
ubsequently collapsed directly into a black hole (if there are no 
etal emission lines) or Pop. III stars that exploded via SN (if there

re metal emission lines). PLEs are also expected to be short lived,
ut could represent a further diagnostic of Pop. III star formation 
f detected. It is unlikely that we will be able to robustly detect a
LE with JWST because one would have to conclusively rule out the
resence of a faint continuum which can have very low S/N in faint
argets (e.g. Cameron et al. 2023 ). 

In summary, JWST will provide an exciting probe of star formation 
nd possibly even Pop. III star formation in the early Universe. 
o we ver, our work demonstrates that there are significant challenges 

n robustly identifying a Pop. III stellar population that should be 
aken into consideration when analysing upcoming JWST data. 
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