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A B S T R A C T 

Dark matter haloes that reach the H I -cooling mass without prior star formation or external metal pollution represent potential 
sites for the formation of small – extremely faint – Population III galaxies at high redshifts. Gravitational lensing may in rare 
cases boost their fluxes to detectable levels, but to find even a small number of such objects in randomly selected regions of the 
sk y requires v ery large areas to be surv e yed. Because of this, a small, wide-field telescope can in principle offer better detection 

prospects than a large telescope with a smaller field of vie w. Here, we deri ve the minimum comoving number density required 

to allow gravitational lensing to lift such objects at redshift z = 5 −16 abo v e the detection thresholds of blind surv e ys carried 

out with the James Webb space telescope ( JWST ), the Roman space telescope ( RST ) and Euclid . We find that the prospects for 
photometric detections of Pop III galaxies are promising, and that they are better for RST than for JWST and Euclid . Ho we ver, 
the Pop III galaxies fa v oured by current simulations have number densities too low to allow spectroscopic detections based on 

the strength of the He II 1640 emission line in any of the considered surveys unless very high star formation efficiencies ( ε � 0.1) 
are evoked. We argue that targeting individual cluster lenses instead of the wide-field surv e ys considered in this paper results in 

better spectroscopic detection prospects, while for photometric detection, the wide-field surv e ys perform considerably better. 

Key words: gravitational lensing: strong – techniques: photometric – techniques: spectroscopic – stars: Population III – Dark 

ages, reionization, first stars. 
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 I N T RO D U C T I O N  

he very first stars – the so-called Population III (hereafter Pop III)
formed from pristine gas containing only the elements produced

uring big bang nucleosynthesis (H, He, and trace amounts of Li),
nd are generically expected to be very massive, with typical masses
n the ∼10–1000 M � range (e.g. Hosokawa et al. 2016 ; Hirano
t al. 2018 ). At the end of their lifetimes, these objects are expected
o either enrich the surrounding interstellar medium by means of
upernovae or mass lost on the asymptotic giant branch (e.g. Heger
 Woosley 2002 ; Rydberg et al. 2020 ), or directly collapse into black

oles (Latif, Khochfar & Whalen 2020 ; Whalen et al. 2020 ). In the
ase of very low mass (Magg et al. 2018 ) or low formation redshift
Liu & Bromm 2020 ), Pop III stars could in principle also survive to
he present era. 
 E-mail: anton.vikaeus@physics.uu.se 
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Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( http://cr eativecommons.or g/licenses/by/4.0/), whi
Detecting Pop III stars remain one of the milestone observations
eeded to piece together the puzzle of early structure formation,
ut individual Pop III stars are expected to be too faint, by a large
argin, to be directly observed with present or nascent facilities,

nless subject to extreme gravitational lensing (Rydberg et al. 2013 ;
indhorst et al. 2018 ). The exception would be the rare case of a

upermassive ( M ∼ 10 5 M �) Population III star (Haemmerl ́e et al.
018 ). These g arg antuan stars, considered already in the 1960s as
irect sources of the, by then, newly disco v ered quasi-stellar objects
although argued as dynamically unstable by e.g. Chandrasekhar
964 ) now also offer a venue of direct detection of Pop III stars, their
upernovae or their resulting direct collapse black holes with only
ild magnifications or even without the help of gravitational lensing

Surace et al. 2018 , 2019 ; Whalen et al. 2020 ). 
In this paper, we pursue the alternative avenue of detecting the

ntegrated light from many Pop III stars formed simultaneously
ithin the same Pop III galaxy 1 (e.g. Johnson, Greif & Bromm
 Sometimes alternatively referred to as Pop III star clusters 
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008 ; Johnson et al. 2009 ; Stiavelli & Trenti 2010 ; Visbal, Bryan
 Haiman 2017 ; Yajima & Khochfar 2017 ; Inayoshi, Li & Haiman

018 ; Johnson & Aykutalp 2019 ; Kulkarni, Visbal & Bryan 2019 ),
.e. the summed light from several hundreds to thousands of Pop 
II stars formed within a time window of just a few million years
nside a single, chemically pristine dark matter halo. The detection 
f such objects could potentially grant us insights into the stellar
nitial mass function (IMF) of Pop III stars, the number densities of
tomic cooling dark matter haloes that host Pop III galaxies, the Pop
II star formation efficiency ( ε), large scale metal-mixing, etc. 

The observational signatures typically associated with Pop III 
alaxies are related to the fact that a top-heavy IMF produces a very
ard ionizing flux because of the high ef fecti ve temperatures of Pop
II stars. This outgoing flux will ionize and excite the surrounding
nterstellar medium, producing strong hydrogen and helium emission 
ines such as Ly α, He II λ1640, H α, and H β without corresponding

etal lines – indicative of a completely pristine top-heavy stellar 
opulation (Schaerer 2002 , 2003 ; Inoue 2011 ; Zackrisson et al.
011b ). 
Summing up the light from several hundreds to thousands of Pop 

II stars surely impro v es our prospects for detecting some of the very
rst stellar structures in the Universe. Unfortunately this, in itself, 
ill generally not suffice for the Pop III galaxies seen in current

imulations, unless we at the same time may take advantage of large
agnifications due to gravitational lensing from foreground objects 

Zackrisson et al. 2012 , 2015 ). 
In this paper, we will investigate the prospects for upcoming 

elescopes to detect Pop III galaxies with the help of gravitational 
ensing in blind surv e ys targeting redshifts in the range z = 5–16, i.e.
rom a cosmic epoch prior to the predicted peak of the Pop III star
ormation rate density at z ∼ 10 (e.g. Liu & Bromm 2020 ) to just
fter the end of cosmic reionization. 

Assessing the detectability of gravitationally lensed Pop III 
alaxies requires us to determine the probabilities of achieving a 
ertain gravitational magnification, where the minimum required 
agnification depends on the intrinsic brightness of the high-redshift 
op III galaxies that we are searching for. With this in hand, we
an calculate the number densities 2 (number of Pop III galaxies per 
omoving Mpc 3 ) required to allow the detection of some minimum 

umber of highly magnified Pop III galaxies in the surv e y area probed
y future space telescope missions. These number densities can then 
e compared to those predicted in contemporary simulations of Pop 
II galaxies. 

Throughout this paper, we focus e xclusiv ely on ‘pure’ Pop III
alaxies, i.e. objects without any metal-enriched stars. Simulations 
ndicate that Pop III stars could potentially also form inside pockets 
f pristine gas within an otherwise metal-enriched galaxy (e.g. 
armento, Scannapieco & Cohen 2018 ; Sarmento, Scannapieco & 

 ̂ ot ́e 2019 ), thereby giving rise to a spectrum containing a mixture
f both Pop III and Pop II/I spectral signatures, but the detectability
f such ‘hybrid’ Pop III galaxies is beyond the scope of this paper. 
Throughout the paper, we use a flat Lambda cold dark matter 

osmological model with the following parameters throughout the 
aper; H 0 = 67 . 3 km s −1 Mpc −1 , �� 

= 0.685, �m 

= 0.315, and �b 

 0.0487 (Planck Collaboration XVI 2014 ). 
The paper is organized as follows; in Section 2 , we describe the
odel framework in which we perform our calculations, and the 
 Throughout this paper, we will refer to the number of Pop III galaxies 
er comoving cubic megaparsec simply as ‘number density’ unless stated 
therwise. 

o

o  

r  

t

ssumptions involved. In Section 3 , we present our findings and in
ection 4 discuss their implications. Our conclusions are summarized 

n Section 5 . 

 M E T H O D  A N D  M O D E L S  

he vast majority of Pop III galaxies will, due to their low intrinsic
uminosities and large distances from us, remain hidden below the 
etection thresholds of even the largest telescopes currently planned 
Schauer et al. 2020 ). F or ev ery Pop III galaxy, there is, ho we ver, a
mall but non-zero probability for strong gravitational lensing from 

atter o v erdensities (g alaxies or g alaxy clusters) along the line of
ight, which could lift the object into the detectable regime. This
robability is a function of the magnification and the redshift of the
bject, although the latter dependence is relatively weak throughout 
he high-redshift regime considered here (see fit in equation 1 ).
ence, a giv en surv e y volume must contain a minimum number
f Pop III galaxies in order to ensure a reasonable probability that at
east a few are sufficiently magnified to end up abo v e the detection
hreshold of that surv e y. This may be converted into a lower limit
n the comoving number density of Pop III galaxies (with a given
ntrinsic luminosity) at the surv e y redshift that Pop III galaxies

ust meet to ensure reasonable detection prospects. This limit may 
hen be compared to the properties (comoving number density and 
uminosity) of Pop III galaxies predicted by numerical simulations 
o assess whether gravitational lensing has any chance of rendering 
hem observable in upcoming surv e ys of the high-redshift Universe.
n this section, we present the computational machinery for deriving 
his limit. The focus here is on large-area surv e ys (man y square
egrees) that would inevitably co v er both galaxy clusters and void
e gions, or alternativ ely small-area surv e ys (a few square arcminutes)
hat co v er random fields. Small-area surv e ys that focus e xclusiv ely
n strong-lensing galaxy cluster fields are outside the scope of this
aper (but see Zackrisson et al. 2012 , for a study of this type on the
etectability of Pop III galaxies). 

.1 Spectral synthesis modelling 

he data for the Pop III galaxy emission-line strengths and lumi-
osities used for our predictions are taken from the model by Raiter,
chaerer & Fosbury ( 2010 ). In this paper we consider a fiducial top-
eavy lognormal stellar IMF of characteristic mass m c = 60 M � and
idth σ = 1, in the mass range 1 −500 M � that is forming stars at
 constant rate (as in the Tumlinson 2006 lognormal case E IMF).
op III galaxies are likely to retain their tell-tale spectral signatures
nly during a short time after the initial starburst, before supernova
eedback quenches further star formation and the surrounding nebula 
s polluted by metals, we therefore consider a maximum lifetime 
 PopIII = 10 Myr as our fiducial Pop III galaxy ‘lifetime’ and is
herefore used as the star-forming age ( τ ) at which we extract the
pectrum. 

.2 Spectral signatures 

n this paper, we primarily consider two different criteria for the
etection of Pop III galaxies in blind surv e ys – detection of their rest-
rame UV (1500 - Å) continuum flux using photometry, or detection 
f their He II λ1640 line emission using spectroscopy. 
The 1500 - Å continuum detection criterion is the less demanding 

f the two, and simply means that the Pop III galaxy has been
endered sufficiently bright by gravitational lensing to end up abo v e
he detection threshold of a photometric surv e y (typically a multiband 
MNRAS 512, 3030–3044 (2022) 
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urv e y from which dropouts can be used to assess redshift) and
ould hence be expected to appear in its source catalogue. Ho we ver,
eeting this criterion does not necessarily imply that the Pop III

alaxy would be identifiable among the other types of far more
umerous sources detectable in the same surv e y. This 1500 - Å flux
imit none the less serves as an indicator of whether the galaxies
ould in principle be targeted for followed-up spectroscopy (either
ith JWST or a ground-based large telescope). Identifying a Pop III
alaxy based on photometry alone may not be impossible, although
his would require special conditions to be met. This includes colour
ignatures due to strong Balmer line emission yet missing metal lines
requires rest-frame optical data, hence JWST photometry; Inoue
011 ; Zackrisson et al. 2011b ), colour signatures due to very strong
y α emission (requires high Ly α emission through the intergalactic
edium, i.e. that the Pop III galaxy is sitting in an ionized bubble

r is at z � 6; Pello & Schaerer 2003 ; Zackrisson et al. 2011a ),
olour signatures due to the Lyman bump (requires a redshift z <
 to a v oid significant absorption by the intergalactic medium; Inoue
010 ) and colour signatures due to a very blue UV continuum slope
requires extreme leakage of ionizing photons to reveal the otherwise
ubdominant stellar continuum; Raiter et al. 2010 ; Zackrisson et al.
011b ). We stress that for some of these signatures, it seems
nrealistic to assume that the required physical conditions would be
et by more than a small fraction of the Pop III galaxies in a given

urv e y volume, which could make the compounded probability of
aving a galaxy with just the right colours signature for identification
nd a fortunate sightline for extreme magnification, very low. 
The He II λ1640 emission line originates from gas regions

urrounding sources of highly energetic radiation, due to the high
onization potential of helium. Owing to the expected top-heavy IMF
nd high temperatures of Pop III stars, one suspects that a strong He
I λ1640 emission line (i.e. a high equi v alent width; bright line with
espect to the surrounding continuum) should be indicative of a Pop
II galaxy in cases when no other metal lines can be observed (e.g.
chaerer 2002 , 2003 ; Raiter et al. 2010 ). For our fiducial Pop III
alaxy IMF and star-forming age ( τ ∼ 10 Myr, see Section 2.1 ), the
redicted He II λ1640 emission-line luminosity is given by ∼6 × 10 41 

rg s −1 , normalized to SFR = 1 M �/yr. At z ∼ 10 such a Pop III
alaxy has an emission-line flux of ∼4.5 × 10 −22 erg s −1 cm 

−2 –
or a total stellar mass M � ∼ 10 4 M �. The equi v alent width is found
o be about 24 . 5 Å, which is considerably stronger than that seen
n other metal-poor galaxies – the next to lowest metallicity used
n Raiter et al. ( 2010 ) (i.e. Z = 5 × 10 −6 Z �) dramatically reduces
he equi v alent width to a mere 2 . 8 Å. Observations of metal-poor
alaxies have typically returned equi v alent widths in the range 1 −3 Å
Nanayakkara et al. 2019 ; Feltre et al. 2020 ; Saxena et al. 2020 ).
n Saxena et al. ( 2020 ), at z = 2.5 −5, they find equi v alent widths
eaching at most 8 Å when removing galaxies harbouring a suspected
ctive galactic nuclei (AGN) from the observed sample (one of the
even suspected AGN included in the data set had an equi v alent width
f 21 . 4 Å while the other six showed equivalents widths < 7 . 5 Å). On
he other hand, in Nanayakkara et al. ( 2019 ), at z = 2 −4, one finds a
ew objects with equivalent widths reaching the levels of the Pop III
tellar populations in our fiducial models. That is, one may still find
etal-enriched galaxies that are strong He II λ1640 emitters with

qui v alent widths reaching that expected of a pristine Pop III galaxy
ith a top-heavy IMF. Ho we ver, taking into account other sources of
elium ionizing radiation, such as AGN activity, and removing them
rom the sample, observations typically return equivalent widths that
re significantly lower than for a Pop III galaxy. Hence, one expects
his emission line to be a very powerful diagnostic of potential Pop
II galaxy candidates. 
NRAS 512, 3030–3044 (2022) 

P

One should note, ho we ver, that there are still considerable un-
ertainties attached to the expected 1500 - Å continuum fluxes, He II
1640 emission-line fluxes and He II λ1640 equi v alent widths for
op III galaxies, even in the case where the Pop III IMF is assumed

o be known. As discussed by Raiter et al. ( 2010 ), the continuum
uxes at 1500 and 1640 Å (the latter of which affects the He II

1640 equi v alent width) are not dominated by direct star light, but by
ebular two-photon continuum, which is sensitive to the assumed gas
ensity (with high density leading to a reduction in flux), whereas the
e II λ1640 line flux is sensitive to the assumed ionization parameter
f the gas (with low-ionization parameter leading to a reduction
n He II line flux due to absorption of He + -ionizing photons by
 atoms, unlike what is expected from simplified recombination
odels). The Raiter et al. ( 2010 ) models are, moreo v er, based on

on-rotating Pop III stars, and as shown in simulations by Stacy,
romm & Loeb ( 2011 ), Stacy et al. ( 2013 ), one typically expects
op III stars to be rapid rotators, unless significantly affected
y magnetic breaking (Hirano & Bromm 2018 ). Yoon, Dierks &
anger ( 2012 ) argue that rotation may significantly boost the He + -

onizing fluxes of Pop III stars by factors of several, which could
ead to a corresponding increase in He II λ1640 line emission.
t low total stellar masses ( � 10 4 M �), the He II λ1640 line flux
ay furthermore be significantly affected by IMF sampling effects

Mas-Ribas, Dijkstra & Forero-Romero 2016 ), which increases the
ariance of this quantity throughout the Pop III galaxy population.
s argued by Vikaeus, Zackrisson & Binggeli ( 2020 ), even slightly
etal-enriched galaxies with star formation rates (SFR) � 1 M � yr −1 

ay show elevated He II λ1640 Å equivalent widths due to IMF
ampling issues, to the point that a low-metallicity galaxy without
op III stars may come across as a Pop III hybrid galaxy (although not

ikely a pure Pop III galaxy of the type we discuss here). In summary,
oth the 1500 - Å continuum flux and the He II λ1640 emission line
re likely uncertain by a factor of a fe w, e ven for a fixed functional
orm of the Pop III stellar IMF. While our fiducial models are based
n Raiter et al. ( 2010 ) predictions, in Section 3, we also discuss how
f factor of ≈3 departures from these predictions would affect our
onclusions. 

.3 Magnification distribution 

he magnification data were taken from Zackrisson et al. ( 2015 ),
here magnification ( μ) probability functions ( P ( > μ)) were calcu-

ated using a ray-tracing algorithm on a sequence of lens planes
opulated with both dark matter from N -body simulations, and
alaxies based on a semi-analytical model. Robertson et al. ( 2020 )
resented a comparison of high-magnification ( μ > 10) probabilities
ased on similar models from different groups, and at the redshift
imit of their comparison ( z ≈ 5), our results agree well (differing
nly on the order of a few per cent) with those of Hilbert et al. ( 2008 )
nd Tinker et al. ( 2008 ). At lower redshifts ( z � 1), our model agrees
ell with Robertson et al. ( 2020 ) and Hilbert et al. ( 2008 ) – at most

eaching relati ve v ariations ∼20 per cent, while Tinker et al. ( 2008 )
onsistently have probabilities ∼50 per cent higher than our model at
hese low redshifts. In this paper, we consider Pop III galaxy redshifts
n the range z = 5 −16, hence the low-redshift discrepancies are not
irectly rele v ant for the stringency of our results. 
We find that, for magnifications μ > 10 and redshifts in the

ange z = 3 −16, the functional form of our magnification data
an be approximated by a power law in μ with a weak polynomial
ependence on redshift (in the range considered): 

 ( > μ) ≈ ( −4 . 2 × 10 −5 z 2 + 1 . 3 × 10 −3 z + 1 . 5 × 10 −4 ) μ−2 . (1) 
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Table 1. The rele v ant surv e y parameters for the three telescopes considered 
(5 σ point source detection limits). The JWST numbers for NIRCam and the 
deep NIRSpec (0.013 de g 2 surv e y with ∼28 h exposures) are quoted from 

planned surv e ys (Rieke et al. 2019 ), while the NIRSpec values for a single 
field of view ∼100 hr NIRSpec e xposure (v ery deep) are estimated using the 
exposure time calculator. We include two different setups with RST (Akeson 
et al. 2019 ) and Euclid (Laureijs et al. 2011 ; Marchetti et al. 2017 ) in order 
to highlight the utility of using either wide surv e ys or deep surv e ys. 

Telescope Surv e y area Photo. depth Spec. depth 
(deg 2 ) (AB mag) (erg s −1 cm 

−2 ) 

Deep NIRCam/ 0.013 30 .6 2.9 × 10 −19 

NIRSpec 
Med. NIRCam 0.053 29 .7 –
Very deep NIRSpec 0.0034 – 1.3 × 10 −19 

Deep RST (photo.) 40 29 –
Deep RST (spec.) 12 – 1 × 10 −17 

Wide RST 2000 27 1 × 10 −16 

Deep Euclid 40 26 5 × 10 −17 

Wide Euclid 15 000 24 3 × 10 −16 
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s argued in Zackrisson et al. ( 2015 ), Peacock ( 1982 ) we cannot,
o we ver, apply the magnification probability function to arbitrary 
agnifications ( μ) for extended objects such as star clusters or

alaxies. As we consider larger magnifications, the size of the 
egion in the lens plane responsible for the magnification maps to 
n increasingly small area in the source plane. For μ > 1000 and a
ource plane redshift of z = 10, we begin to encounter differential
agnification on scales � 10 pc, for which reliable predictions would 

equire detailed models for the spatial distribution of the stars in 
he galaxy and the surface brightness profile of the ionized gas. 
his in particular limits the usage of the RST and Euclid surv e ys

o a minimum galaxy mass ( M � .min ), while for JWST this will only
e an issue when doing spectroscopy or photometry on very low- 
ass galaxies ( � 1000 M �) at high redshift. The minimum galaxy
ass applicable for a given telescope can be estimated by using

quation ( 7 ) or equation ( 6 ) while setting μmin ≥ 1000 and solving for
he mass. For the wide (deep) RST and Euclid surveys, using z = 10
nd star-forming age τ ≈ 10 Myr, this puts us at minimum total stel-
ar masses; 3 × 10 4 (4 . 8 × 10 3 M �) and 4 . 8 × 10 5 (7 . 5 × 10 4 M �),
espectively , for photometry , and at 2 . 2 × 10 6 (2 . 2 × 10 5 M �) and
 . 7 × 10 6 (1 . 1 × 10 6 M �), respectively, for spectroscopy. Similarly,
or JWST one finds; 1 . 1 × 10 3 and 2 . 9 × 10 3 M � for photometry
nd spectroscopy, respectively (based on the deep NIRCam and 
ery deep NIRSpec observing modes presented in T able 1 ). W e
ndicate this minimum allowed galaxy mass in Fig. 1 for all the
ifferent telescopes and surv e y modes by a star-shaped marker that
s colour coded to match the respective telescope. In particular, the 
urv e y modes with low depth are limited from below in the galaxy
asses that they can detect, even with strong gravitational lensing. 
hroughout the paper, a redshift z = 10 and a star-forming age τ ≈
0 Myr are chosen as fiducial values due to the star formation rate
ensity of Pop III stars peaking around z = 10 (e.g. Liu & Bromm
020 ) and the spectra of the galaxies simulated in this paper reaching
table values after a couple of million years which will be retained
hroughout the defined lifetime of 10 Myr before forming distinctive 
pectral features from metal enrichment. The predictions in this paper 
hich relate to total stellar mass therefore refers to Pop III galaxy

hat has formed their stars during a 10 Myr window – which can
hen be compared to simulations with predicted Pop III total stellar

asses forming o v er a similar time window. If we detect a Pop III
alaxy we should note it may very well have any age within the time
indow between its formation and the upper limit of 10 Myr. Since
he luminosity of the galaxy is determined by the SFR (for a given
MF) we may find Pop III galaxies with total stellar masses that are
ower than the mass at which we set the detection limit, and they
ould still be observable. In other words, the SFR determines the
etectability while the allowed time window sets the maximum total 
tellar mass that we expect to observe. 

.4 Population III galaxy simulations 

s the first stars form through gravitational collapse out of pristine
as, devoid of any metals that enhance cooling, we must consider
nvironments in which hydrogen can cool ef fecti vely via, either
tomic line transitions or molecular hydrogen cooling. Without such 
ooling mechanisms, the collapse of pristine gas will halt and resist
tar formation for v ery e xtended times (Bromm 2013 ). We therefore
equire the formation of dark matter haloes of sufficient mass in
hich the virial temperature of the pristine gas reaches T vir ≈ 10 4 K
hereupon H I atomic cooling may commence and thus ensure a
romising formation site for a Pop III galaxy. As star formation
amps up in the Universe, a background of Lyman–Werner (LW) 
adiation is built up. This background radiation is able to suppress
tar formation in lower mass dark matter haloes – at redshift z =
0, the LW background is sufficiently high that essentially all star
ormation occurs in haloes with a mass corresponding to the atomic
ooling limit, or in more massive haloes (Visbal, Bryan & Haiman
020 ). This provides us with a typical dark matter halo mass, which,
n turn – depending on the average cosmic density of baryonic matter
ith respect to dark matter and the star formation efficiency ε of
ristine gas – gives us an estimate of the typical stellar mass of a Pop
II galaxy across different redshifts. 

To make proper use of our estimates for the required minimum
umber density of Pop III galaxies, we make comparisons with a
umber of independent theoretical simulations that attempt to predict 
he number density of Pop III galaxies at various redshifts. We use
he predictions made by Stiavelli & Trenti ( 2010 ), Inayoshi et al.
 2018 ), and Visbal et al. ( 2020 ) in order to determine whether the
equired number densities are indeed reproduced in contemporary 
imulations. Stiavelli & Trenti ( 2010 ) calculates the formation rate
f pristine atomic cooling haloes per cMpc 3 in the temperature range
0 4 ≤ T vir ≤ 2 × 10 4 K subject to a homogeneous LW background as
he mechanism delaying star formation, and adopt the assumption of 
nhomogeneous metal mixing to estimate the efficiency with which 
aloes are enriched and thus lose their pristine Pop III observational
ignatures. The range in virial temperature implies a range in the
otal stellar mass of Pop III galaxies, given an assumed star formation
fficiency, which can be seen in Figs 1 and 2 . Visbal et al. ( 2020 )
imilarly provide us with number densities and total Pop III stellar
asses but for different assumed star formation efficiencies, taking 

nto account an inhomogeneous H 2 dissociating LW background, 
 I ionizing background from inhomogeneous reionization and in- 
omogeneous metal enrichment feedback processes. This provides a 
ore dynamical and realistic formation scenario for Pop III galaxies, 

ielding number densities that are lower than Stiavelli & Trenti 
 2010 ) by about an order of magnitude. The discrepancy between
he models can be explained by the more refined physical treatment
n Visbal et al. ( 2020 ) which has the effect of suppressing the number
ensity. Variations in the parameters underlying the mechanisms for 
elayed star formation was shown in Visbal et al. ( 2020 ) to only
ffect the predicted abundance of Pop III stars by a factor of a few,
herefore underscoring the robustness of the models. Furthermore, 
he star formation efficiency is a free parameter in these models
MNRAS 512, 3030–3044 (2022) 
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M

Figure 1. Panel (a): The minimum number density ( n min ) of Pop III galaxies required for spectroscopic detection of the He II λ1640 Å emission line as a 
function of the total stellar mass of the Pop III galaxy, at redshift z = 10. Panel (b): The minimum number density ( n min ) required for photometric detection of 
the continuum at 1500 Å as a function of the total stellar mass of the Pop III galaxy, at redshift z = 10. The stellar population synthesis model used (Raiter et al. 
2010 ) in the abo v e figures is based on a top-heavy lognormal IMF ( m c = 60 M �, σ = 1, with mass range 1 −500 M �) with a constant star formation rate where 
the spectrum is extracted when the galaxy has reached a star-forming age of τ = 10 Myr. The lines correspond to different telescopes with surv e y parameters as 
specified in Table 1 , the dashed blue and red lines are for deep RST and deep Euclid surv e ys, respectiv ely. The black marked points are the results of simulations 
predicting the number density of atomic cooling haloes (with an allowed temperature range 1 × 10 4 −2 × 10 4 K) which may host Pop III galaxies with masses 
calculated using ε = 0.01 for Stiavelli & Trenti ( 2010 ), Inayoshi et al. ( 2018 ) and ε = { 0.001, 0.005 } for the Visbal et al. ( 2020 ) fiducial (fid) and high (hi) 
ef ficiency model, respecti vely. The lo wer masses in the Visbal et al. ( 2020 ) fiducial and high-efficiency model corresponds to the atomic cooling limit while 
the slightly higher masses indicates haloes that have star formation suppressed to higher masses due to photoheating as a result of cosmic reionization. We 
have indicated the minimum mass ( M � ,min ) allowed in order not to breach the μmax = 1000 limit for each telescope by the star symbols, colour coded to their 
respective telescopes. The figures can be crudely separated by the coloured lines into two regions, the detectable and the undetectable re gion. An y Pop III galaxy 
comoving number density located in the upper-right region, above the required minimum comoving number density set by the telescopes, would have a good 
chance of ending up abo v e the detection limits of future surv e ys. On the contrary, Pop III galaxy comoving number densities located underneath the required 
minimum, would have a small likelihood of being detected. At z = 10, the figure reveals that all the telescopes have almost identical prospects for spectroscopic 
detection of the He II λ1640 emission line in galaxies with mass M � � 10 6 M � – the only exception being the deep Euclid surv e y (red dashed line). JWST has 
an advantage in very deep exposures when it comes to the most massive Pop III galaxies of total stellar mass M � � 10 6 M �. When it comes to photometric 
detection of the UV continuum at 1500 Å; the best telescope is a wide or deep RST surv e y for all Pop III galaxy masses in the rele v ant mass range. Trailing the 
wide and deep RST surv e ys is the wide Euclid surv e y, we also find that there is a notable area around M � ≈ 10 6 M � where JWST can be competitive in deep and 
medium-deep surv e ys. Based on the minimum required number density of the different surv e ys as compared to the simulations, we conclude that for the given 
star formation efficiency, spectroscopic detection is unlikely. When it comes to photometry, the Stiavelli & Trenti (2010 ) model very likely provide detections 
with RST and likely also the wide Euclid surv e y. The Visbal et al. (2020 ) high-efficiency model is most likely to provide detections with RST and in rare cases 
also Euclid . 
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hich, in the Visbal et al. ( 2020 ) fiducial case, is assumed to
ot reach significantly abo v e ε = 0.001. We also include a high-
fficiency model from Visbal et al. ( 2020 ) which allow for the
ormation of slightly more massive Pop III galaxies ( ε = 0.005).
he true value for the Pop III star formation efficiency is debated
nd has not been constrained well yet due to the absence of large
igh-z ( z � 10) data sets. In addition to our fiducial star formation
fficienc y, we hav e therefore allo wed for se veral alternati ves in Fig. 3
o visualize the need to achieve high star formation efficiencies.

e have also included Inayoshi et al. ( 2018 ), which simulates the
umber density of pristine atomic cooling haloes forming through
requent mergers in areas of high baryonic streaming motion as the
rocess delaying star formation. These kinds of formation processes
roduce fewer suitable atomic cooling haloes in which pristine Pop
II galaxies can form but might allow for higher star formation
fficiencies similar to what is found in Regan et al. ( 2020 ) which
imulates rapidly forming haloes. As a bottom line, we regard the
tiavelli & Trenti ( 2010 ) and Visbal et al. ( 2020 ) simulations as
iable estimates of number density of pristine Pop III galaxies
hile Inayoshi et al. ( 2018 ) provide lower bounds through more

are formation channels. 
NRAS 512, 3030–3044 (2022) 

c  
Using these predictions, we estimate the comoving number density
f these atomic cooling haloes for the corresponding total stellar
ass forming in such haloes via equations ( 2 ) and ( 3 ) for the
tiavelli & Trenti ( 2010 ) and Inayoshi et al. ( 2018 ) simulations.
isbal et al. ( 2020 ) predict similar stellar masses that differ slightly
ue to modulation by the local LW flux. The virial mass of the atomic
ooling halo for the given cosmology is taken to be, as given by Bryan
 Norman ( 1998 ) and Barkana, Haiman & Ostriker ( 2001 ): 

 vir ≈ 32 . 7 × T 3 / 2 vir 

(
1 + z 

10 

)−3 / 2 

(2) 

or a neutral primordial gas, resulting in a stellar mass given by 

 � = M vir 
�b 

�m 

ε, (3) 

here ε designates the star formation efficiency (the fraction of the
aryonic mass of the halo converted into stars during a single star
ormation episode). Expressing n min as a function of the total stellar
ass of the Pop III galaxy enables us to make comparisons with

ontemporary simulations predicting the number density of atomic
ooling haloes which has a mass according to equation ( 3 ). The

art/stac488_f1.eps


Conditions for detecting Pop III galaxies 3035 

Figure 2. The impact of varying the Pop III IMF on the minimum required 
number density for the very deep NIRSpec surv e y mode. The baseline (the 
flat, lower part of the lines) stay the same irrespective of the IMF since 
it only affects the luminosity of the source, resulting in a horizontal shift. 
Note that the lognormal, m c = 10 M �, σ = 1, in the mass range 1 −500 M �
(blue line) and Salpeter 1 −500 M � (red line) IMFs are almost completely 
o v erlapping. We hav e also included a standard, solar metallicity Pop I/II 
Salpeter IMF (green line) as a comparison. From this result, we conclude 
that the lognormal IMF, m c = 60 M �, σ = 1, in the mass range 1 −500 M �
that is used in Fig. 1 is indeed the most optimistic – lowering the Pop III 
stellar mass required for detection by an order of magnitude when compared 
to the less top-heavy IMFs. The simulations included are the same as 
in Fig. 1 . 
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Figure 3. The minimum number density ( n min ) required for spectroscopic 
detection of the He II λ1640 Å emission line in suitable haloes (atomic 
cooling) using the very deep JWST survey, as a function of redshift. The lines 
correspond to different star formation efficiencies ( ε) in the range 0.001–
0.1. The IMF used is the fiducial lognormal top-heavy, m c = 60 M �, σ = 

1 in the mass range 1 −500 M �. The virial mass of these atomic cooling 
haloes ( T vir = 10 4 K) are redshift dependent which, given a star formation 
efficiency, implies a range of total stellar masses for each line in the figure. The 
virial mass range is M vir ≈ 1 . 5 −7 × 10 7 M �, increasing from high redshift 
to low redshift. The total stellar mass for the plotted lines are then given by 
M � = M vir 

�b 
�m 

ε ≈ M vir 0 . 15 ε (cf. equation 2 and 3 ). The included simulations 
(black markers) provide the number densities of atomic cooling haloes. Note 
that the Visbal et al. ( 2020 ) simulations here are predictions for ε = { 0.001, 
0.005 } – therefore the colour on the lines for these simulations have been 
matched with the colour of the minimum required number density with the 
corresponding star formation efficiency. Furthermore, the total Pop III stellar 
masses predicted in Visbal et al. ( 2020 ) vary slightly from the mass at the 
atomic cooling limit at the higher redshifts as star formation is then allowed in 
haloes with lower masses. Notice the different behaviour for the ε = 0.1 line 
which produces a galaxy which is massive enough (i.e. bright enough) for it 
to not require gravitational lensing at the lowest redshift, but begin to require 
magnification around z = 6.5. All the other star formation efficiencies require 
gravitational lensing throughout the redshift range. The ε = 0.1 line is the 
only realization which produces Pop III galaxies that are even close to some 
of the simulations. This plot can also be applied to RST and Euclid as long 
as the total stellar mass of the Pop III galaxy is not too low – which restricts 
the redshifts at which it is valid. At ε = 0.01, the deep RST surv e y hav e 
enough sensitivity to spectroscopically detect atomic cooling haloes without 
breaching M � ,min for z � 7, while deep Euclid surv e ys cannot ev en reach z 
∼ 5 – pushing the star formation efficiency to ε = 0.1 puts these limits at z 
� 12 and � 8 for deep RST and Euclid surv e ys, respectiv ely. The v ery deep 
NIRSpec surv e y is only affected by this limit in the case of ε = 0.001, where 
we are restricted to z � 11.5. 
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inimum halo mass which can host Pop III star formation is a
unction of redshift and spatial location and is set by the local LW
ux as well as feedback from reionization of the local intergalactic 
edium. In Fig. 3, we consider a range of star formation efficiencies
= { 0.001, 0.005, 0.01, 0.1 } in order to calculate the expected total

tellar mass of atomic cooling haloes across redshifts, which can then 
e used to estimate the minimum required number density of Pop III
alaxies with that mass. Furthermore, we use a fiducial value ε = 

.01 to calculate the masses of the atomic cooling haloes simulated 
n Stiavelli & Trenti ( 2010 ) and Inayoshi et al. ( 2018 ) that goes into
igs 1 and 2 . The correct value for the star formation efficiency is

ndeed a matter of debate and is also important for the results of this
aper – high values produce bright objects that will be more easily 
etected since less magnification is required, which in turn relaxes the 
equired minimum number density that we calculate in this paper. 
he opposite is of course true for low star formation efficiencies. 
tiavelli & Trenti ( 2010 ) argue that ε � 0.15 is very unlikely, Visbal
t al. ( 2020 ) explore a range of ε = (0.0001 −0.005) but uses 0.001
s their fiducial value. Some earlier work have suggested somewhat 
igher ranges ε = 0.01 −0.1 (see e.g. Wise & Cen 2009 ) while Jaacks
t al. ( 2018 ) suggest ε = 0.05. In Skinner & Wise ( 2020 ), they suggest
 2 self-shielding Pop III star-forming haloes typically having ε = 

.0001 −0.001. Also, Zackrisson et al. ( 2012 ) showed, using the
aloes simulated in Stiavelli & Trenti ( 2010 ), Trenti, Stiavelli &
hull ( 2009 ), that high Pop III galaxy number densities with star
ormation efficiencies ε � 0.1 are inconsistent with the observed UV 

uminosity function (see Bouwens et al. 2011 ; e.g. Oesch et al. 2012 )
t redshifts z ≈ 7 −10. 
.5 Telescopes and sur v ey parameters 

he observational facilities best suited to conduct blind searches 
or rare and faint objects such as lensed Pop III galaxies at high
edshift are space telescopes, due to their combination of large surv e y
rea, angular resolution, and high sensitivity. In this paper, we focus
n the expected capabilities of the James Webb space telescope ,
he Roman space telescope , and Euclid . We emphasize that this
oes not mean that these are the only viable options for studying
op III signatures in the early Univ erse. F or e xample, Grisdale
t al. ( 2021 ) recently demonstrated the potential for detecting He
I λ1640 emission line from Pop III galaxies using the ground-based
MNRAS 512, 3030–3044 (2022) 
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LT /HARMONI spectrograph. Ho we ver, due to the small field of
iew of this instrument, the success of such an approach hinges on
nowing where to point the ELT , as we have no a priori information
n the location of Pop III galaxies on the sky. 3 The selected targets
ould hence first have to be culled from detections in a larger-area

urv e y of the type we consider here. 
In Table 1 , we summarize the assumed surv e y parameters, based

n surv e ys described in Rieke et al. ( 2019 ), Marchetti, Serjeant &
accari ( 2017 ), Akeson et al. ( 2019 ), and Laureijs et al. ( 2011 ). As
an be seen, Euclid provides the largest surv e y areas of 15 000 or
0 deg 2 in the wide or deep surveys, respectively – this is followed
y RST which has 2000 or 40 deg 2 in its wide and deep surv e ys,
espectively, although the deep spectroscopic survey covers only
2 deg 2 . JWST , on the other hand, only reaches survey areas of around
.05 deg 2 in the surveys included. The small survey area of JWST
s greatly compensated by its depth which is considerably better
han Euclid and RST . Ho we ver, since rare, high-magnification lines
f sight are also required to detect Pop III galaxies with properties
imilar to those seen in current simulations, it is a priori not clear
hich telescope will perform the best. 
Considering JWST , we can compare the assumed surv e y parame-

ers to the by now established cycle 1 general observer, guaranteed
ime observations and early release science programs. A non-
 xhaustiv e selection of programs that are rele v ant for the kind of sur-
 e ys suggested in this paper are given by; JADES (see e.g. Eisenstein,
erruit & Rieke 2017 ), CEERS (Finkelstein et al. 2017 ), WDEEP
reaching emission-line fluxes of ∼10 −18 erg s −1 cm 

−2 and imaging
o m AB ∼ 30.6 −30.9; Finkelstein et al. 2021 ), FRESCO (co v ering

0.017 deg 2 while reaching emission-line fluxes ∼3.3 × 10 −18 erg
 

−1 cm 

−2 ; Oesch et al. 2021 ), UNCOVER (targeting Abell 2744 with
maging to m AB ∼ 29.5 −30 where emission lines can be measured
or all sources with m AB < 30; Labbe et al. 2021 ), the WIDE MOS
urv e y (reaching m AB ∼ 24 while taking spectra for objects with H α

mission-line fluxes > 10 −17 erg s −1 cm 

−2 over an area of ∼0.1 deg 2 ,
ee e.g. Ferruit 2017 , for one of the targeted fields). Note that the
urv e y parameters taken from Rieke et al. ( 2019 ) and used in Table 1
ummarizes imaging and spectroscopy from the JADES and CEERS
rograms, as such, we use these as representative parameters to asses
WST s capabilities. Ho we ver, as we see, there are multiple programs
perating at different depths and o v er different surv e y areas which
hould in principle be summed to assess JWST s o v erall likelihood of
etecting pristine Pop III galaxies in any of the first cycle programs.
n reality, this implies slightly better prospects for detection with
WST than the results cited in this paper, where we focus on the
ummarized JADES and CEERS surv e y presented in Rieke et al.
 2019 ). Furthermore, sev eral appro v ed programs that include targets
f individual cluster lenses, e.g. Windhorst et al. ( 2017 ) and Treu
t al. ( 2017 ) will introduce competitive alternatives to the wider
elds considered in this paper. 

.6 Minimum comoving density for the detection of lensed Pop 

II galaxies 

e derive the comoving volumes spanned by the survey areas of the
ifferent telescopes by integrating the comoving differential volume
lement o v er the considered redshift and surv e y area. The depth
n redshift of the comoving volumes is set by the typical redshift
NRAS 512, 3030–3044 (2022) 

 But see Johnson & Aykutalp ( 2019 ) for a scenario in which Pop III galaxies 
orm in the vicinity of high-redshift quasars, which would allow clues to their 
referred location. 

μ

w  

d  

λ  
ange ( �z = 1) in which galaxies are picked using the Lyman
ropout technique using broadband filters. The comoving volume,
efined here as V c , is a function of the cosmological model used,
he redshift ( z), redshift bin-size ( �z) and the surv e y area (units
f square degrees, defined as A ). In a flat Friedmann–Lemaitre–
obinson–Walker spacetime, the comoving volume is given by 

 c = 

4 π

3 

A 

41253 

[
D c ( z + �z/ 2) 3 − D c ( z − �z/ 2) 3 

]
, (4) 

here D c ( z ± �z/2) is the comoving distance at redshift z ± �z/2.
iv en the como ving surv e y volume V c ( A , z , �z ) probed at each

edshift, we can calculate the minimum comoving number density of
hemically pristine Pop III galaxies ( n min required in order to detect
t least one Pop III galaxy candidate in one single surv e y, by applying
he constraint 

 min = 

1 

P ( > μmin , z) × V c ( A, z , �z ) 
. (5) 

A time window ( t PopIII = 10 Myr) is later applied to the simulations
here necessary, in order to make sure that we calculate the number
f chemically pristine Pop III galaxies inside the comoving volume,
hat is, galaxies that would be identifiable as Pop III before losing its
nique diagnostic observational signatures. 
Notice the dependency on μmin , which, in turn, is a function of

he emission-line flux F He , II 1640 for spectroscopy, or, the continuum
ux F UV 1500 in the case of photometry. The minimum magnification
min determines the probability for gravitational lensing to boost

he intrinsic flux of a galaxy abo v e the detection threshold of
he considered telescope/surv e y. This is calculated through the

agnification probability function P ( > μ, z) – which determines
he probability of getting a magnification greater than μ. 

The logic goes as follows; for a given comoving number density
 n ), we can find the total number of objects inside a comoving
olume V c by multiplying the 2. Whether we can detect e.g. the
e II λ1640 emission line from objects inside this volume depends
n the telescope’s detection limit, the emission-line flux ( F He , II 1640 )
nd the magnification ( μ) from gravitational lensing. The required
agnification ( μmin ) is clearly a decisive parameter when it comes to

stimating n min . We should therefore ask ourselves what minimum
agnifications, we would require to detect a Pop III galaxy, either

pectroscopically , or photometrically . In the case of spectroscopy ,
he answer is given by 

min = 

4 πD L ( z) 2 F limit 

L He , II 1640 

τ

M � 

, (6) 

where F limit is the spectroscopic detection limit of the telescope
onsidered (see Table 1 ), D L ( z) is the luminosity distance to the
alaxy, L He , II 1640 is the He II λ1640 emission-line luminosity per
olar mass per year, M � the total stellar mass of the galaxy and τ is
he age of the galaxy after onset of star formation in the galaxy. Note
hat what we have above is simply a ratio between the telescope flux
etection limit and the emission-line flux, scaled up or down with
he average (constant) star formation rate; SFR 

−1 = 

τ
M � 

. 
In the case of photometry, we use the rest frame luminosity density

t 1500 - Å to estimate the detectability of Pop III galaxies. Using AB
agnitudes and a factor (1 + z) for the K -correction, we have the

ollowing: 

min = 

c 

(1 + z) λ2 
0 

4 πD L ( z) 2 10 −( m limit + 48 . 6 −25) / 2 . 5 τ

M � 

1 

L UV 1500 
, (7) 

here instead we now have the dependence on the photometric
etection limit ( m limit – in AB magnitudes), the rest frame wavelength
0 (in our case λ0 = 1500 Å) and L UV 1500 which now designates the
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uminosity density at 1500 Å (units of erg s −1 Å
−1 

), normalized to 
 M � yr −1 , and c designates the speed of light. 
The fiducial star-forming age at which we extract the spectrum of

he Pop III galaxies is given by τ = 10 Myr. In reality, the star-forming
ge of the observed galaxy would form a distribution of values that for
he sake of observational availability of the object would have to be
ounded by τ < t popIII = 10 Myr. Since the luminosity of the galaxy is
ependant on the star-forming age (the UV/line luminosity generally 
amps up with time quickly as star formation has commenced) we 
ould, in principle, observe the galaxy at a very early stage as it has
ot yet reached its equilibrium luminosity – making it somewhat 
arder to detect. For example, between 1 and 2 Myr, the luminosity
n the He II λ1640 emission increases by ∼22 per cent while the
ontinuum luminosity at 1500 Å increases by a factor of ∼2.3 in the
ame time-span. For the Pop III, top-heavy IMFs considered here, we 
nd that after τ = 2 Myr the galaxy has reached a stable luminosity
fter which it does not change significantly and therefore defines an 
ge from which the luminosity that the galaxy has will be retained
or a very long period, given a constant star formation rate – making
= 10 Myr a suitable fiducial value. We will discuss the effects of

ooking at lower star-forming ages further in Section 3.3 

.7 Detection probability 

he number density limit in equation ( 5 ) is valid for a certain
robability P det to end up with at least one Pop III galaxy abo v e
he detection threshold. The probability of lifting one pristine Pop 
II galaxy, out of N possible, for a given redshift, abo v e the detection
imit is given by; P det = 1 − [1 − P ( > μmin )] N , where N is the number
f pristine galaxies observable during any time window t PopIII within 
he � t (the cosmic time spanned by the surv e yed volume) which
equire the magnification μmin for detection. 

Demanding a specific probability to lift one galaxy abo v e the
etection limit therefore sets a relation between N and P for the given
equired magnification. For example, to get a 95 per cent probability 
 P det = 0.95, i.e. 2 σ level) of detecting the He II λ1640 emission
ine from a single galaxy with total stellar mass M � ≈ 4 . 5 × 10 4 M �
sing JWST with the depth 1.3 × 10 −19 erg s −1 cm 

−2 , at z = 10,
ur computational machinery indicates that we need a magnification 
f μmin ≈ 64, which has a probability P ( > μmin ) ≈ 2 × 10 −6 of
ccurring. This results in N ≈ ln (1 −P det ) 

ln (1 −P ( >μmin )) 
– implying that we need 

pproximately 1.4 million pristine galaxies (i.e. with a star-forming 
ge τ < 10 Myr) inside the whole surv e y volume considered by
WST , in order to make a single detection of a lensed galaxy. 

The relation in equation ( 5 ) is not as stringent, instead having a
caling N = 

1 
P 

, leading to a requirement of N ≈ 460 000 pristine
alaxies in the surv e y volume considered – about a factor of 3 less
han that required for the 2 σ level. We therefore consider equation ( 5 )
s a lower bound on the minimum comoving number densities 
resented in Section 3 . 

 RESULTS  

n Fig. 1, we show that all included telescopes require more or
ess identical minimum required number densities for spectroscopic 
etection of the He II 1640 λ Å; emission line. Ho we ver, due to
imitations in the maximum magnifications ( μmax ≈ 1000) that are 
pplicable, JWST is the only telescope that has the required sensitivity 
o detect atomic cooling haloes with lower star formation efficiencies 
e.g. ε = 0.001) up to high redshifts ( z � 11.5). We find that JWST
oes better than the other telescopes for the most massive Pop III
alaxies ( M � � 10 6 , M �). We also find that the Euclid wide surv e y
erform better than its deep surv e y when it comes to detecting the He

I 1640 λ Å; emission line. Ho we ver, the magnification limit ( μmax )
t z = 10 suggests that the wide Euclid surv e y can only be applied
o total stellar masses � 6 . 7 × 10 6 M �, which is notably larger than
redicted by the simulations included. RST , on the other hand, can
each total stellar masses of M � ≈ 2 × 10 5 M � in its deep surv e y
ithout breaching the magnification limit at z = 10. In the case of
hotometric detection of the UV continuum at 1500 Å; at z = 10, the
est telescope is RST for all the total Pop III galaxy stellar masses.
o we ver, we find a notable area around M � � 7 × 10 5 M � where

WST can be competitive in deep and medium-deep exposures. The 
hotometric wide RST surv e y can reach Pop III galaxies forming in
tomic cooling haloes with star formation efficiency ε = 0.01 for z 
 11.5, without breaching the magnification limit – for Euclid on 

he other hand, the deep surv e y is necessary, which reaches z � 8
ithout breaching the magnification limit. 
The individual lines in Fig. 1 display segments with different 

lope in the different mass ranges, depending on the surv e y. The flat,
orizontal part of the lines indicates the region where the telescope
oes not require gravitational lensing to detect the galaxy. The 
ocation that the horizontal line has on the y -axis is determined by
he surv e y area of the telescope. The location where the lines bend
pwards is set by the depth of the telescope and therefore also marks
he mass below which gravitational lensing is required – and as we

o v e to the left along the lines, the magnification ( μ) becomes larger.
he slope of the line is steeper to begin with but levels off at a certain
oint – this occurs when the required magnification reaches μ ≈ 10 
here the magnification probability function enters the P ( μ) ∝ μ−2 

egime, as is described by the polynomial fit in equation ( 1 ). We
eparate the figures into a ‘detectable’ region and a ‘undetectable’ 
egion, where the separation is determined by the lines belonging 
o the different surv e ys. An y simulation that predicts Pop III galaxy
umber densities abo v e these lines implies that there is a good chance
or detection – placing it in the detectable region. Likewise, if the
redicted number density is below the lines, prospects for detection 
re poor – therefore placing it in the undetectable region. 

Apart from the telescope surv e y area and depth, the rele v ant
arameters for the minimum Pop III galaxy number density for 
etection are; the age of Pop III burst ( τ ), the Pop III IMF and
he redshift of the observed galaxy. Varying the survey area ( A ) will
hift the lines in Figs 1 and 2 up (if A is decreased) or down (if A is
ncreased), while the depth of the telescope shift the lines to the left
for higher depth, i.e. higher sensitivity) or right (for lower depth).
he surv e y volume scales linearly with surv e y area (equation 4 ),

mplying that n min scales inversely with A , while the detection
imit of the telescope enters quadratically into the magnification 
robability function (see equation 1 ) due to its dependence on μmin 

see equation 6 and 7 ). 

.1 The detectability of simulated galaxies 

ooking again at Fig. 1 (a) indicates that, at z = 10, the prospects for
pectroscopic detection of the He II λ1640 Å emission line in the
urv e ys included in this paper are not ideal. For example, even the
imulations in Stiavelli & Trenti ( 2010 ) suggests number densities
hat are 1–2 orders of magnitude lower than what is required from
ur calculations (depending on which of the two total stellar masses
hat is considered). We keep in mind though that this prediction
inges on the value of the star formation efficiency, which in
ig. 1 is set to 0.01 for the Stiavelli & Trenti ( 2010 ) and Inayoshi
MNRAS 512, 3030–3044 (2022) 
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Figure 4. The expected number ( N ) of photometrically detected Pop III 
galaxies per redshift bin ( �z = 1) as a function of redshift for the different 
surv e y and simulation combinations. The redshift range applicable to the 
different surv e ys and simulations are restricted by the maximum allowed 
magnification μmax = 1000 as well as the limit at which the 1500 - Å continuum 

redshifts out of the surv e ys reddest filter. The restrictions can be notably seen 
for Euclid which is only applicable for the lowest redshift ranges combined 
with the Visbal et al. ( 2020 ) high-efficiency model due to magnifications 
limits. The deep RST surv e y is restricted to z � 11 due to magnification limits 
when combined with the fiducial Visbal et al. ( 2020 ) simulations, while for the 
other simulations, the 1500 - Å continuum redshifts out of the RST filters for z 
� 14. The deep JWST surv e y is only restricted by magnification limitations 
when combined with the Visbal et al. ( 2020 ) fiducial simulations where it 
reaches z � 14. The different surv e ys are identified by the colour on the lines 
while the combination of that particular surv e y with a simulation is indicated 
by the respective black marker (cross, square or diamond). The dashed black 
line illustrates which surv e y and simulation combinations that are expected to 
detect at least one Pop III galaxy per redshift bin. As revealed, RST is the only 
telescope that is predicted to detect at least one Pop III galaxy per redshift 
bin o v er a considerable redshift range when combined with the Stiavelli & 

Trenti ( 2010 ) or the high-efficiency Visbal et al. ( 2020 ) simulations. 
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t al. ( 2018 ) simulations. The calculations also show that all the
ncluded surv e ys require v ery similar minimum number densities
or detection, ho we ver, JWST is the only telescope that does not
reach the maximum allowed magnification at this redshift. When it
omes to photometry, the prospects for detection are quite good when
omparing to the predictions of the simulations. RST and Euclid
urv e ys are predicted to detect Pop III galaxies using photometry,
iven the number densities suggested by Stiavelli & Trenti ( 2010 ).
e also see that both the wide and deep RST surv e ys should detect

he more massive galaxies predicted by Visbal et al. ( 2020 ) in their
igh-efficiency ( ε = 0.005) simulations while the galaxies simulated
n their fiducial model ( ε = 0.001) has number densities that are at the
ery edge minimum requirements. For the Stiavelli & Trenti ( 2010 )
imulations, we also find that JWST may be able to detect about
ne Pop III galaxy if its total stellar mass is � 10 5 M �. Looking at
ig. 3 , we can see the redshift evolution of the minimum required
omoving number density for spectroscopic detection of the He II

1640 Å emission line. Here, we can once again see that our fiducial
= 0.01 model requires number densities that are higher than the

redictions from simulations. Ho we ver, this figure suggests that if
he star formation efficiency can be pushed up to ε = 0.1, Stiavelli
 Trenti ( 2010 ) predict number densities that are sufficient at z ∼

0 – but such high star formation efficiencies together with their
redictions for the number density of atomic cooling haloes were
hown to be inconsistent with the UV luminosity functions at z ≈
 −10 by Zackrisson et al. ( 2012 ). Note that Visbal et al. ( 2020 )
as a well defined star formation efficiency in their models which
as an effect on the predicted number densities. The star formation
fficiency is linked to the intensity of the LW background which sets
he minimum mass where Pop III stars can form – therefore requiring
dditional simulations in order to accurately compare with the higher
tar formation efficiency. 

If the star formation efficiency is indeed lower than ε ≈ 0.1, we see
hat spectroscopic detection of a Pop III galaxy is very improbable
n the surv e ys included here. A way to impro v e the prospects for
etection is therefore to consider even wider and/or deeper surv e ys.
s stated, increasing the depth of the telescope has a larger impact

han increasing the surv e y area – but going deeper unfortunately
emands significantly higher exposure times. 

.2 The impact of the Pop III stellar IMF 

s mentioned earlier, we use a fiducial lognormal IMF in the mass
ange 1 −500 M � for our predictions. The strength of the He II λ1640

emission line is affected significantly by the IMF considered.
his is due to the correlation between the abundance of high-mass
tars ( � 50 M �) and the amount of hard ionizing flux. A standard
alpeter IMF in the mass range ∼ 1 −100 M � simply won’t produce

he required ionizing flux needed to detect the He II λ1640 Å emission
ine without very strong magnification. As Fig. 2 reveals, the same
oes for other Pop III IMFs which have suppressed high-mass tails,
esulting in low He II λ1640 Å fluxes and therefore poor prospects for
etection. Similarly, the IMF impacts the continuum level at 1500 Å,
hich affects the detectability of the galaxies in photometric surv e ys.
he results of Figs 1 , 3, and 4 were extracted for the lognormal IMF
ith characteristic mass m c = 60 M � and width σ = 1, and a mass

ange 1 −500 M �. In the case that nature in reality provides us with
 less top-heavy IMF, the requirements on the minimum number
ensity increases by at least an order of magnitude for the other, less
xtreme models included here. 
NRAS 512, 3030–3044 (2022) 
.3 The impact of the Pop III galaxy age 

or the constant star formation rate considered in this paper, the
ge of the Pop III burst is important early after star formation has
nitiated, as the He + -ionizing flux grows rapidly at the onset of star
ormation while stabilizing after ∼2 Myr to remain more or less
onstant throughout the considered time-span. The actual variations
n luminosity with age is only at the level of a few per cent in the
ange of ages 3–10 Myr – for the continuum level at 1500 - Å as well
s the He II λ1640 Å emission-line luminosity. Therefore, once the
nitial ∼2 Myr burst of star formation has completed, the impact of
he star-forming age does not significantly affect the detectability of
op III galaxies. Ho we ver, as the Pop III galaxy total stellar masses
redicted by simulations provide the mass that has been converted
nto stars before the galaxy proceeds into chemically enriched star
ormation, the minimum required number density that we predict
or a given Pop III galaxy total stellar mass is therefore specifically
alculated for galaxies that form their stars o v er the 10 Myr period
hat we use as a fiducial age. Performing our calculations for the
ame total stellar mass but at lower star-forming age implies a higher
FR, which would render the galaxies brighter and thus more easily
etectable. In order to investigate how this affects the detectability of
op III galaxies, we also performed calculations at a lower star-
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orming age. Looking at shorter star-forming ages also requires 
he included simulations to be scaled accordingly in order to not 
 v erestimate the number of pristine Pop III galaxies. The scaling
f simulated number densities with age is linear while the effects 
f age on our calculated minimum required number densities scales 
uadratically (this can be seen by combining equations 1 , 5 , and
 ). The slight variation of the luminosity with age for a constant
FR also enters quadratically into the minimum number density 
alculation, but as mentioned abo v e, this effect is very small. For
xample, performing our calculations at a star-forming age of 3 Myr
nstead of 10 Myr lowers the minimum number density required to 
etect one object by ∼ 1 order of magnitude while simultaneously 
owering the number density predicted by simulations by 0.5 orders 
f magnitude – ef fecti vely reducing the gap between the simulations
nd our minimum required number density with ∼0.5 orders of 
agnitude. 

.4 The redshift dependence 

he dependence on redshift are two-fold in these calculations. First 
ff, a more distant galaxy of a given mass (and therefore integrated
uminosity) are simply dimmed according to the luminosity distance 
elation. Increasing the redshift therefore shifts the detection delim- 
ter lines in Figs 1 and 2 to the right-hand side. Secondly, in our
alculation of the comoving survey volume, the fixed redshift bin 
ize of �z implies that we are probing different comoving volumes 
t each redshift. Due to the slow increase of comoving distance 
ith redshift, as we go to higher z, the bin size of �z co v ers a

maller depth. The increase of transverse comoving length spanned 
y the telescope field of view does not compensate for this, implying
hat the comoving survey volume ( V c ) decreases with redshift –
hich in turn increases n min – shifting the lines in Figs 1 –2 upward.
ypically, surv e ys will co v er more than a single such �z slice of
pacetime which would imply that any of the surveys included here 
ay observe Pop III galaxies at several redshifts provided that the 

umber densities are high enough. This would in principle lower the 
inimum required number density at each redshift if we are content 
ith detecting only one Pop III galaxy at any of the probed redshifts.
his will only affect our results moderately, but the effect increases 
epending on how many individual redshift bins that are co v ered in
he observations. Increasing/decreasing �z results in larger/smaller 
olumes being probed at each redshift. 

The redshift that is the most promising for detection depends 
n the star formation efficiency. Looking at Fig. 3 we see that for
he high star formation efficiency of 0.1, Stiavelli & Trenti ( 2010 )
roduce the required number density at redshift z ≈ 10. In the more
ealistic scenario of lower star formation efficiencies, simulations are 
losest at, or around, the peak of Pop III star formation at z � 10,
hich moti v ates our choice of fiducial redshift for the other figures.
o wer redshifts are, ho we ver, of great interest if the simulated Pop

II number densities can remain at a sufficiently high level. 
In Fig. 4 , we display the expected number of photometric Pop III

alaxy detections per redshift bin ( �z = 1) as a function of redshift.
y applying the different surv e ys to the predicted number density

rom the simulations, we can estimate how many Pop III galaxies 
e expect to be detected. Once again, we assume the lognormal top-
eavy IMF and 10 Myr star-forming age. Furthermore, we assume the 
tar formation efficiency ε = 0.01 for the Pop III galaxies forming 
n atomic cooling haloes predicted by Stiavelli & Trenti ( 2010 ),
hile the Visbal et al. ( 2020 ) simulations provide specific total

tellar masses (as given by their high-efficiency and fiducial model). 
otice that there are two different total stellar masses available for
ach simulation – we use the lower as it is representative of the
ypical atomic cooling halo in which Pop III galaxies form. The
nayoshi et al. ( 2018 ) simulations have not been included due to
heir very low number densities – far from producing any detections. 
urthermore, we have only plotted surveys which do not breach 

he maximum magnification limit and have also excluded surveys 
n which the 1500- Å continuum redshifts out of the telescopes 
vailable filters. As revealed by the figure, the only surv e y and
imulation combination that predicts detections of Pop III galaxies 
cross the whole considered redshift range, is the deep RST surv e y
ombined with the Stiavelli & Trenti ( 2010 ) simulation while the
igh-efficiency Visbal et al. ( 2020 ) simulations provide detection 
etween redshifts z ≈ 8 and 13 in the same surv e y. 

Due to the nature of conducting high redshift surv e ys, where the
elescopes scan a range of redshifts as one continuously reaches for
ainter objects, we can estimate the expected number of detections 
cross all redshifts where we have access to simulations. This 
eveals that the deep JWST survey would detect ∼0.6 Pop III
alaxies if combined with the Stiavelli & Trenti ( 2010 ) simulations
e.g. two times more surv e y area is required in order to produce
pproximately one detection). The deep RST surv e y produces a
onsiderable number, about 92, of detections if combined with the 
tiavelli & Trenti ( 2010 ) simulations, a total of ∼12 if combined with
isbal et al. ( 2020 ) high-efficiency model or ∼1 if combined with

he fiducial Visbal et al. ( 2020 ) model. The wide Euclid photometric
urv e y cannot provide detections without breaching the maximum 

agnification limit set in this paper. 

 DI SCUSSI ON  

onsidering the results of this paper (based on the surv e ys in Table 1 ),
he prospects for spectroscopic confirmation of the true Pop III nature
f high-redshift galaxies using the He II λ1640 emission line appear
o remain grim. Ho we ver , in this paper , we have set a stringent
equirement on the kind of stellar population, namely that it is
ruly pristine, such that it contains absolutely no metals at all and
imultaneously shows a strong He II λ1640 line. When searching the
kies in future high-redshift surv e ys, we will potentially find many
ases of so-called hybrid Pop III galaxies, in which Pop III stars co-
xist with metal-enriched stars (Sarmento et al. 2018 , 2019 ). These
bjects are still very interesting when it comes to understanding 
he formation of the first truly pristine galaxies as it will bring
eeper insight into the times-cales related to metal pollution and 
he feedback effects present at the onset of star formation and put
otential constraints on the masses of Pop III stars. 
Furthermore, in the estimations of the gravitational lensing prob- 

bilities used in this paper, we based our calculations on surv e ys
erformed along random sightlines. This generally provides prob- 
bilities that are much lower than what one would expect when
argeting known galaxy clusters acting as lenses. In these so called
luster lenses one has enhanced probabilities of achieving the very 
ighest magnifications which may very well be the cases which 
urn out to provide us with the first spectroscopic detection of a
ruly pristine Pop III galaxy (see section below). When utilizing 
ravitational lensing as a necessary condition for detection one must 
lso keep in mind that there are complicating factors that may
ompromise observations due to the presence of so called blends 
i.e. the contamination of flux from other objects, e.g. galaxies at

ther redshifts along the line of sight, for instance, galaxies in a
alaxy cluster responsible for the lensing of the Pop III object. This
s phenomena that may, in some cases, render observations that meet
ll the other required criteria for detection useless. 
MNRAS 512, 3030–3044 (2022) 
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.1 Comparison to cluster lensing sur v eys 

n this paper, we have focused on the utility of blank fields (randomly
ocated in the sky) that due to their large surv e y areas could be
ble to detect a considerable number of gravitationally lensed Pop
II galaxies. The large surv e y areas considered in this paper stands
n stark contrast to the very narrow fields rele v ant when targeting
pecifically selected cluster lenses that provide high probabilities for
chieving very high magnifications. We can make a rough estimate
n the capability of individual cluster lenses for the detection of Pop
II galaxies compared to blank fields by taking the magnification data
ssembled in Zackrisson et al. ( 2012 ) that provide the area on the sky
 v er which high ( μ > 10) magnifications are attained when targeting
ndi vidual cluster lenses. Gi ven the brightness of the Pop III galaxies
onsidered in this paper, and the detection limit of the telescope
n question, we can calculate the minimum required magnification
nd therefore also the area o v er which this magnification is realized.
pplying this area to the minimum required number density of Pop

II galaxies that we calculated for our randomly oriented wide-field
urv e ys, we can make order of magnitude estimates on whether a
luster lens or a wide-field surv e y performs better. We consider the
ppro v ed early release science program by Treu et al. ( 2017 ) and
he guaranteed observer time program by Windhorst et al. ( 2017 )
hich target several known cluster lenses with JWST at deep/medium

ensitivity (detection limits around m AB ∼ 28.5 −29 in photometry,
nd ∼3.5 × 10 −19 erg s −1 cm 

−2 in spectroscopy) as representative
urv e ys to compare our calculations with. 

For spectroscopy on the He II λ1640 Å emission line, we found
hat our wide-field surv e ys would require a minimum number density
f ∼26 cMpc −3 in order to detect a single Pop III galaxy of mass
 . 4 × 10 4 M � (the total stellar mass of an atomic cooling halo with
= 0.01), at z = 10. In order to detect such a Pop III galaxy with
 sensitivity of 3.5 × 10 −19 erg s −1 cm 

−2 , one requires μ ∼ 178.
his magnification is attained, on av erage, o v er an area of ∼0.082
rcmin 2 in a typical cluster lens. This area maps to a comoving
olume of ∼0.79 cMpc 3 in the source frame of potential Pop III
alaxies at z = 10. Applying this volume to the number density
f ∼26 cMpc −3 reveals that a single cluster lens is about 20 times
etter at spectroscopically detecting Pop III galaxies than the wide-
eld surv e ys considered in this paper. Taking the number density of
op III galaxies with age ≤10 Myr that is predicted by simulations,
iven by ∼0.23 cMpc −3 at z = 10 for the Stiavelli & Trenti ( 2010 )
odel, one finds that a total of ∼6 cluster lenses has to be targeted in

rder to detect one Pop III galaxy with spectroscopy. When looking
t photometry, on the other hand, the scenario is different. The surv e y
ith the best performance for photometric detection of the continuum

t 1500 Å that we found in this paper was the wide RST surv e y (at z =
0) which required a minimum number density of ∼0.004 cMpc −3 .
erforming a similar calculation for photometry shows that a cluster

ens observation operating at a depth of m AB ∼ 28.5 (requiring μ ∼
72 o v er 0.085 arcmin 2 ) would detect a factor of several hundreds
ewer Pop III galaxies than the wide RST surv e y. Fig. 4 rev eals that
he wide RST surv e y would detect ∼40 Pop III galaxies at z = 10,
iven the number densities predicted by Stiavelli & Trenti ( 2010 ).
his can be compared to cluster lensing which would rather need to

arget ∼5 cluster lenses in order to photometrically detect one single
op III galaxy at z = 10, for the given depth of the telescope. Pushing

he telescope depth to m AB ∼ 29.5, we crudely estimate that a single
luster lens could detect at least one Pop III galaxy. 

These estimates showcase the utility of wide photometric surv e ys
hich manages to reach the depth required to detect Pop III galaxies
ith the help of gravitational lensing while simultaneously co v ering
NRAS 512, 3030–3044 (2022) 

i  
ery large areas on the sky. The benefit of targeting a cluster
ens, where the probabilities for high magnifications are better, is
reatly counteracted by the large relative difference between the
reas co v ered by a wide-field surv e y and a cluster lensing surv e y
therefore resulting in better detection prospects for the wide-field

urv e ys discussed in this paper. For spectroscopy, which inherently
equires very deep exposures in order to detect indicative emission
ines in high-z Pop III galaxies, the benefit of frequently achieving
trong magnifications in cluster lenses results in very advantageous
etection prospects – at a relatively small cost in survey area. 

.2 Comparison to previous studies 

revious work has showed that we are not limited by the areal number
ensity of minihalos (the potential hosts of Pop III galaxies) in the
eld of view of typical telescopes (e.g. Schauer et al. 2020 ) – which
ontinue to show that an ultimately large telescope reaching AB
agnitudes of ∼39 would be able to detect even the very first Pop

II stars, without gravitational lensing. 
Liu & Bromm ( 2020 ) calculate the number of Pop III galaxies

er 10 arcmin 2 with total stellar mass M � = 10 3 M � as a function of
edshift for a variety of metal-mixing models. At z = 10, they predict
umbers of such Pop III galaxies as large as 4 × 10 3 −2 × 10 4 per
0 arcmin 2 , ranging from their pessimistic to their optimistic model.
n our calculations, including the effects of gravitational lensing, we
nd that the minimum number of Pop III galaxies per 10 arcmin 2 

equired for ∼ one detection of an M � = 10 3 M � object with the best-
erforming surv e ys – the wide and deep RST photometric surv e ys –
s given by ∼3.7 × 10 4 per 10 arcmin 2 . This once again points out the
mportance of investigating whether high-efficiency star formation
eally is ruled out. For example, considering Pop III galaxies with
otal stellar masses a factor of 10 higher, i.e. M � = 10 4 M � puts us at
 required minimum of ∼3.7 × 10 2 Pop III galaxies per 10 arcmin 2 ,
t z = 10, for the wide and deep RST surv e y. Ev en more massive Pop
II galaxies – as high as M � ≈ 8 × 10 4 −2 . 5 × 10 6 M � – have been
uggested by Yajima & Khochfar ( 2017 ) at redshift z = 7. Whether
he number density of such high-mass objects is sufficiently high
emains unknown. 

Zackrisson et al. ( 2011b ) show that 100-h exposures at z = 10
ith JWST should be able to detect Pop III galaxies of masses
 � ∼ 5 × 10 5 M �, having formed stars for 10 Myr, without the use

f gravitational lensing. In our surv e ys we require similar masses
or exposures of the same depth. Looking at the range z = 7 −15,
ackrisson et al. ( 2012 ) showed that JWST imaging reaching ∼29.7

n AB magnitude could find ≈1 Pop III galaxy in one single NIRCam
eld of view when targeting well selected cluster lenses, in this case
ACS J0717.5 + 3745, which provides higher probabilities for larger
agnifications. These predictions were based on Pop III galaxies

orming in atomic cooling haloes with ε = 0.001 and a top-heavy
MF with zero Lyman continuum leakage. As a comparison, using
he randomly oriented wide or deep RST surv e ys presented in this
aper, we calculate that in order to find one Pop III galaxy at z =
0 – that is, only in one redshift bin �z = 1 – Stiavelli & Trenti
 2010 ) and Visbal et al. ( 2020 ) predict number densities that are
lmost exactly at the requirements for photometric detection when
sing the star formation efficiency ε = 0.001 – the exact number
f detections depends on whether the high or low-mass data points
re chosen in the simulations, but the difference is quite modest.
ince we only consider one redshift bin at z = 10, the number of
etected Pop III galaxies would be increased by a factor of a few when
nte grated o v er the whole range of redshifts z = 7 −15 – which would
ncrease the number of detections by a few. Furthermore, large sky
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urv e ys conducted by e.g. RST will most likely also include strong-
ensing clusters – but as sho wn, e ven without deliberately targeting 
luster lenses, the wide and deep RST photometric surv e ys require
umber densities that are more or less identical to the predictions 
y simulations at z = 10, even for ε = 0.001. As we discussed
arlier, cluster lenses would offer a better alternative for spectro- 
copic detection of Pop III galaxies while photometry is arguably 
uch more ef fecti v e in a wide-field surv e y like the ones planned
ith RST . 
Zackrisson et al. ( 2015 ) explored a scenario similar to the one in

his paper by looking at the possibility of finding Pop III galaxies in
andomly selected fields with magnifications up to μ ∼ 1000. They 
nd that given an areal number density of ≈300 objects arcmin −2 , a
00 de g 2 surv e y with a limiting magnitude of m AB = 28 would detect
t least one Pop III galaxy of mass ∼ 1 . 5 × 10 4 M � at z = 7 −13 with
agnifications μ � 300. In our predictions, we find that the wide 

nd deep RST surv e y, co v ering 2000 de g 2 at m AB = 27 and 40 deg 2 

t m AB = 29, respectively, have similar prospects for detection of a
ew Pop III galaxies without breaching the magnification limit ( μmax 

 1000) that we set for this paper. Once again, integration of the
hole redshift range will increase the expected number of galaxies 

hat will be detected by a factor of a few. 

.3 The impact of variations in L He , II 1640 and L UV 1500 

ther important factors to take into consideration are the expected 
eviations from the emission-line fluxes and UV continuum predicted 
n, e.g. Raiter et al. ( 2010 ). Combining equations ( 1 ), ( 5 ), and ( 6 )
uggests that the minimum required number density has an inverse 
quare dependence on the He II λ1640 Å emission-line luminosity. 
his is valid for the range μ > 10 in which the slope of the
agnification function is P ( > μ) ∝ μ−2 . Therefore, a reasonable

actor of ≈3 variation in the luminosity of the He II λ1640 Å emission
ine will shift the required number density by a factor of ≈9 for a
iven Pop III galaxy total stellar mass, therefore shifting the coloured 
ines in the figures by an order of magnitude. Similarly, in the region
f lower magnification μ ≈ 1 −10, the magnification probability 
unction has a steeper μ dependence and therefore introduces even 
arger variations which could be relevant for objects at lower redshift.
eferring to Fig. 1 (a), we see that an order of magnitude decrease

n the minimum required number density cannot close that gap to 
he Stiavelli & Trenti ( 2010 ) simulations – neither does it manage to
ridge the gap to the simulations by Inayoshi et al. ( 2018 ), Visbal
t al. ( 2020 ). Looking at Fig. 3 , we see that across the redshift
pan presented, an order of magnitude decrease in the minimum 

equired number density would render the Stiavelli & Trenti ( 2010 )
imulations detectable for ε = 0.1 in the range z ≈ 10 −13. In
rder for the fiducial, Visbal et al. ( 2020 ) simulations to be made
etectable (achieved by lowering the green, ε = 0.001, line down 
o the green line with black square markers), one would require He
I λ1640 Å emission-line luminosities that are a factor of ≈100 
igher than predicted in the Raiter et al. ( 2010 ) stellar population
ynthesis models – such variations should be regarded as highly 
nlikely. 
Another important factor that would impact the He II λ1640 
emission-line luminosity is the escape fraction of He + -ionizing 

hotons. The escape fraction of ionizing radiation has pro v en to be
ery important for the strength of HI emission lines (e.g. Wise et al.
014 ). Ho we v er, the e xtent to which He + -ionizing photons ( h ν >

4.4 eV) escape in the chemically pristine environments rele v ant for
he birth Pop III galaxies, are not necessarily as severe as for metal
nriched environments. Johnson et al. ( 2009 ) showed that only newly
orming galaxies with quite high total stellar mass (2 . 5 × 10 4 M �)
ombined with a very top-heavy IMF (in that case a stellar population
f 250 stars, all with mass 100 M �) produces a significant escape
raction ( ∼0.8) of He + -ionizing photons. In the case of lower total
tellar mass (2 . 5 × 10 3 M �) and/or less top-heavy IMF, the escape
raction is entirely negligible – which highlights the importance of the 
tar formation efficiency and Pop III IMF. The simulations included 
n our paper spans a range of total stellar masses which is highly
ependant on our choice of star formation efficiency. The Visbal 
t al. ( 2020 ) models have quite low star formation efficiency built
nto their models, and would therefore a v oid the problem with a
igh escape fraction, while our fiducial choice for star formation 
fficiency in the Stiavelli & Trenti ( 2010 ) and Inayoshi et al. ( 2018 )
odels produce Pop III galaxies with masses as high as ∼ 10 4 M �
hich could therefore stand the risk of suffering from a large He + 

onizing escape fraction – this would decrease the strength of the He
I λ1640 Å emission line and subsequently require higher Pop III 
alaxy number densities. The top-heavy IMF used in our paper has
 characteristic mass of m c = 60 M �, σ = 1, and an allowed mass
ange of 1 −500 M �. For a total stellar mass of 2 . 5 × 10 4 M � this
ould produce ∼80 stars with mass abo v e 100 M � – which may

esult in a considerable He II λ1640 Å escape fraction according to
ohnson et al. ( 2009 ). 

Similarly, variations in the continuum level at 1500 Å introduces 
he same order of magnitude changes in the minimum number density 
equired for photometric detection – as in the case for spectroscopic 
etection of the He II λ1640 Å emission line. Looking at Fig. 1 (b),
e see that an order of magnitude downward shift of the coloured

ines would suggest that even the galaxies simulated in the fiducial
isbal et al. ( 2020 ) models could be detectable by wide/deep RST
hotometric surv e ys – whereas the number of densities predicted by
nayoshi et al. ( 2018 ) continues to remain at a level much too low
ven for photometric detection. 

.4 Simulation predictions versus reality 

he accomplishment of this paper is unfortunately to have shown that
e should not expect to spectroscopically confirm Pop III galaxies in

uture planned surv e ys tar geting lar ge and randomly selected areas
n the sky (random in the sense that the areas are not specifically
argeted based on large magnifications from gravitational lensing). 
his, ho we ver, hinges on the predictions of contemporary simulations

egarding the number density of atomic cooling haloes and the 
xpected total stellar mass of the Pop III galaxies embedded in them
and our analysis helps to separate the detectable and undetectable 

arts of the parameter space. This hopefully compels the scientific 
ommunity to further explore the possibilities of achieving high star 
ormation efficiencies without making significant sacrifices with the 
umber density of Pop III galaxies. At this moment, we cannot say
ith certainty that such high-efficiency models are ruled out and 

hould therefore consider them seriously. 
A candidate Pop III galaxy was recently reported by Vanzella et al.

 2020 ), showing strong Ly α emission at z ≈ 6.6, which may suggest
hat the lower star formation efficiencies provided by simulations are 
ctually sufficient for spectroscopic detection of the Ly α emission 
ines. Applying the computational machinery used in this paper 
ith the Ly α luminosity predicted in Raiter et al. ( 2010 ) for our
ducial lognormal top-heavy IMF ( m c = 60 M �, with mass range
 −500 M �), assuming 50 per cent transmission of Ly α through
he intergalactic medium, at a source redshift of z = 7 (the lowest
MNRAS 512, 3030–3044 (2022) 
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edshift that we have included simulations for) – our model shows
hat Visbal et al. ( 2020 ) predict number densities that are high enough
o detect the Ly α emission line in ∼1 Pop III galaxy of total stellar

ass ≈ 4 × 10 4 −2 × 10 5 M � using the v ery deep JWST surv e y. This
either defers nor confirms whether Vanzella et al. ( 2020 ) actually
ound a true Pop III galaxy. Rather, we see that finding lensed Ly α
mitting Pop III galaxies close to the end of reionization should
tatistically be quite plausible, assuming that the transmission of
y α through the intergalactic medium is sufficient. 

.5 Other spectroscopic probes 

aving focused on the He II λ1640 emission line as the best
bservational signature for detection of pristine Pop III galaxies,
e have perhaps overlooked the utility of other emission lines that

re useful in the search for Pop III galaxies. We mention the Ly α line
s a very prominent emission line that could differentiate a Pop III
alaxy from enriched stellar populations. This, ho we ver, restricts us
o redshifts after reionization has completed due to the absorption of
y α in the intergalactic medium. This does not render the line useless
ince we also note from Fig. 3 that lower redshifts may indeed be
ery promising in the search for Pop III galaxies. As shown in,
or example, Liu & Bromm ( 2020 ), small pockets of pristine gas is
xpected to remain after reionizations ends, enabling the study of Ly α
mission from Pop III stars in some rare regions at lower redshift.
urthermore, starting with JWST we will finally be able to probe the
est-frame optical at the redshift frontier, such as the Balmer emission
ines – providing us with yet another useful tool in the search for Pop
II. Being unaffected by the neutral intergalactic medium, the H α

mission line will be within the wavelength range of JWST up to
 ≈ 7 using NIRSpec, while the H β emission line remains within
ange up to z ≈ 10. These emission lines will generally be stronger
han the He II λ1640 emission line, and will therefore be more easily
etected at high redshift. For our fiducial IMF, star-forming age ( τ

10 Myr) at zero metallicity, we have that the ratio of hydrogen-
onizing photons to He + ionizing photons is given by Q H 

Q He + 
= 24 . 6 for

ase B recombination (Schaerer 2002 ; Raiter et al. 2010 ) – suggesting
hat the H α and H β luminosities are ≈5.3 and 1.9 times higher than
he He II λ1640 luminosity respectively – ho we ver, these ratios will
ary with IMF, age, etc. In the best circumstances (strongest He II
ines), we may find Q H 

Q He + 
∼ 10, leading to H α and H β luminosities a

actor of ∼ 2.2 stronger and a factor of ∼0.77 weaker, respectively,
hen compared to the He II λ1640 luminosity. Furthermore, the He

I λ4686 emission line can be used as a probe for a highly ionizing
tellar population, but this line is a factor of ∼8 weaker than the He
I λ1640 emission line. 

If very strong Balmer line equi v alent widths are detected together
ith a complete lack of metal lines, one will have a good case for a
op III galaxy or a galaxy with extremely metal-poor chemical com-
osition. Inoue ( 2011 ) showed that extremely metal-poor galaxies
ay be identified using constraints on the rest frame equi v alent width

EW) of the L y α; (EW(L y α) > 460 Å), He II λ1640; (EW(He II ) > 1
), O III; (EW(O III) < 20 Å), H α; (EW(H α) > 3200 Å) and H β;

EW(H β) > 540 Å) emission lines – where the limits are stringent
nough to a v oid confusion with observations of very young ( ∼1 Myr)
alaxies of higher metallicity. The O[III] λ5007 emission line would
erve as the best indicator of metals when performing spectroscopy
n selected targets. Inoue ( 2011 ) continues to show that a ratio
[III]/H β < 0.1 is sufficient to identify a galaxy as metal-free or

xtremely metal poor – which can be confirmed for SFR ∼ 3 M �
alaxies up to z ∼ 8 in deep exposures with NIRSpec on the JWST . 
NRAS 512, 3030–3044 (2022) 
.6 Spectroscopic follow-up 

hotometrically detected objects showing indicative Pop III colour
ignatures may in principle be targeted for follow-up spectroscopy
rendering the He II λ1640 emission-line detectable for sufficiently
eep exposures. As shown in Grisdale et al. ( 2021 ), Pop III galaxies
ith total stellar masses of ≥ 10 4 M �, a top-heavy IMF and a com-
act stellar distribution would have a detectable He II λ1640 emission
ine for redshifts z = 4 −10 with the HARMONI spectrograph on the
LT . In our paper, we find that the sensitivity of the ELT ( F limit 

10 −19 erg s −1 cm 

−2 ) is sufficient to allow spectroscopic follow-
p on Pop III galaxies identified with deep RST photometry across
he whole rele v ant redshift range – restricted only by the maximum

agnification which limits us to z � 11 for the fiducial Visbal et al.
 2020 ) while only placing a restriction on redshift for the high-
fficiency model and the Stiavelli & Trenti ( 2010 ) model due to
edshifting out of the RST filters (see Fig. 4 ). 

 C O N C L U S I O N S  

ere, we summarize the key conclusions and take-home messages
rom this paper: 

(i) Simulations predict number densities that are likely too low
or spectroscopic detection of gravitationally lensed Pop III galax-
es in wide-area surv e ys using JWST , RST, and Euclid . Allowing

agnifications μ > 1000, we find that all included telescopes
rovide similar prospects for spectroscopic detection. Ho we ver, due
o limitations in the highest applicable magnification when observing
xtended objects like galaxies, JWST is the telescope that is best
oised for spectroscopic detections of the He II λ1640 emission line.
hotometric surv e ys will ho we v er, v ery likely, pick up lensed Pop
II galaxies if star formation efficiencies are sufficiently high ( ε �
.005) but this is model-dependent since not all simulations predict
umber densities that are sufficient for detection. When it comes to
hotometric detection of the UV continuum at 1500 Å, the wide
nd deep RST surv e y performs better than all other telescopes and
urv e ys – requiring Pop III galaxy number densities that are ∼ 2
rders of magnitude lower than required for detection in planned
hotometric JWST surv e ys and ∼1.5 orders of magnitude lower than
equired for the wide Euclid surv e y (see e.g. Fig. 1 ). For the wide
uclid surv e y, we find minimum required number densities that are
ufficient for photometric detections based on the Stiavelli & Trenti
 2010 ) simulations for ε = 0.01, although while generally breaching
he maximum allowed magnification set in this paper for all included
edshifts. 

(ii) The star formation efficiency of Pop III star formation is
aramount to the ability of detecting Pop III galaxies in gravita-
ionally lensed fields due to its correlation with the total stellar mass
ormed, and therefore the brightness of Pop III galaxies. The poor
rospects for spectroscopic detection of the He II λ1640 emission
ine, using our fiducial IMF and star-forming age ( τ ), can only be
emedied if star formation efficiencies would reach ε � 0.1 while at
he same time keeping the Pop III galaxy number density unchanged
see Fig. 3 ). 

(iii) We conclude that the top-heavy lognormal IMF with char-
cteristic mass m c = 60 M � and mass range 1 −500 M � provide
he best circumstances for spectroscopic detection among the IMFs
ncluded in this paper, but it still requires number densities about two
rders of magnitude higher than the predictions from simulations.
he less top-heavy IMFs included in this paper require number den-
ities an additional ∼1.5 orders of magnitude higher for spectroscopy
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see Fig. 2 ) and ∼1 orders of magnitude higher for photometry
Section 3.2 ). 

(iv) We find that during the first 10 Myr after the onset of star
ormation, the required number densities for spectroscopic and/or 
hotometric detection varies very little, only at the level of a few per
ent based on the luminosity of the galaxies. Looking instead at a
horter burst of star formation, e.g. 3 Myr, does, ho we ver, imply a
righter galaxy (higher SFR) given that the same total stellar mass is
o be formed. This impro v es the detection prospects by lowering the
inimum required number densities by about 1 order of magnitude 
hile simultaneously lowering the number of pristine Pop III galaxies 
redicted by simulations by 0.5 orders of magnitude due to the shorter
bservational time window. This effectively reduces the gap between 
he simulations and our minimum required number density with ∼0.5 
rders of magnitude. 
(v) In this paper, simulations of Pop III galaxies come closest to the 
inimum required number densities for detection at z ≈ 10 (see Fig. 3

nd Section 3.4 ). Whether our required minimum number density 
ill coincide with the number densities predicted by simulations at 

ower redshift is not yet clear and therefore remains a topic of future
esearch. 

(vi) Considering variations from the spectral synthesis model used 
n this paper (Raiter et al. 2010 ), we find that a factor of ≈3 increase
n the predicted He II λ1640 emission-line luminosity corresponds 
o an order of magnitude decrease in the number density required for
pectroscopic detection. At, e.g. z = 10, this would not manage to
ender the Stiavelli & Trenti ( 2010 ) simulations detectable, assuming
≈ 0.01, and cannot bridge the gap to the simulations by Visbal et al.
 2020 ) for reasonable variations in the emission-line luminosity (see 
ection 4.3 ). 
(vii) We make order of magnitude estimates which argues that 

luster-lensing surv e ys perform better than wide-field surv e ys for
pectroscopic detection of Pop III galaxies. Ho we ver, we argue 
hat for photometric detection, the wide fields surv e ys perform 

onsiderably better. For every Pop III galaxy detected in a wide-field 
urv e y, we estimate that a single cluster lens would detect a factor
f � 10 more galaxies with spectroscopy. In the case of photometry,
ne would instead require observations of several hundreds of cluster 
enses for every galaxy detected in a wide-field survey in order to be
ompetitive. 

(viii) Gravitationally lensed Pop III galaxies detected in the photo- 
etric deep RST surv e y would be sufficiently bright for spectroscopic 

ollow-up on the He II λ1640 emission line using e.g. the ELT . 
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