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A B S T R A C T 

The first stars, the chemically pristine Population III, likely played an important role in heating the intergalactic medium 

during the epoch of cosmic dawn. The very high effective temperatur es ( ∼ 10 

5 K) pr edicted for the most massive Population 

III stars could also give rise to tell-tale signatures in the emission-line spectra of early star clusters or small galaxies 
dominated by such stars. Important quantities in modelling their observational signatures include their photon production 

r ates at ultr aviolet energies at which photons are able t o ionize hy drogen and helium, dissociat e molecular hy drogen and 

cause Ly α heating . Her e, we model the spectral energy distributions of Population III stars to e xplor e how these key 

quantities are affected by the initial mass and rotation of Population III stars given a wide range of models for the evolution 

of these stars. Our results indicate that rotating Population III stars that ev olv e t o effectiv e t emperatures ∼ 2 × 10 

5 K 

could potentially give rise to a very strong He ii 1640 Å emission line in the spectra from primordial star clusters, without 
requiring stellar masses of � 100 M � indicated by previous models for non-rotating Population III stars. The observable 
impact on 21-cm signatur es fr om cosmic dawn and the epoch of r eionization fr om our set of rotating stars that ev olv e t o 

∼ 2 × 10 

5 K is modest, e x cept in case of high Population III star formation efficiencies which imprint pot entially det ectable 
features in the global 21-cm signal and 21-cm power spectrum. 

Key words: stars: Population III – stars: rotation – galaxies: high-redshift – cosmology: dark ages, reionization, first stars. 
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 INTRODUCTION  

he first generation of stars, the chemically pristine Population 

II (hereafter Pop III), is believed to have played an important
ole in heating the early intergalactic medium during the epoch 

f cosmic dawn, in producing the first elements beyond lithium, 
nd in the production of early black holes (for a recent review,
ee R. S. Klessen & S. C. O. Glover 2023 ). Such stars probably
tarted forming around redshift z ≈ 30 , about 100 Myr after the
ig bang, but may have continued to form in pockets of primordial
 as thr oughout the r eionization epoch and w ell int o the post-
eionization era (e.g. J. L. Johnson 2010 ; R. H. Mebane, J. Mirocha
 S. R. Furlanetto 2018 ; B. Liu & V. Bromm 2020 ). In terms of 
bservational probes, 21-cm cosmology may be able to probe the 
ature of Pop III stars at z ≈ 15 –30 through their impact on the
 emperature stat e of the int erg alactic medium (e.g . S. Pochinda
t al. 2024 ; T. Gessey-Jones et al. 2025 ; E. M. Ventura et al. 2025 ).
t somewhat lower redshifts ( z ≈ 6 –15) one may hope to detect
op III signatures in individual objects, either among samples of 
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ravitationally lensed, high-redshift stars (R. A. Windhorst et al. 
018 ; E. Zackrisson et al. 2024 ), in gravitationally lensed Pop III
tar clusters and galaxies (E. Zackrisson et al. 2012 ; E. Vanzella
t al. 2023 ; S. Fujimoto et al. 2025 ), or within g alaxies wher e Pop
II star formation is able to continue alongside metal-enriched 

tar formation (e.g. R. Sarmento, E. Scannapieco & S. Cohen 2018 ;
. Venditti et al. 2023 ; R. Maiolino et al. 2024 ; X. Wang et al.
024 ). Other ways of empirically studying the properties of Pop
II stars include the chemical signatures of Pop III supernovae 
n gas absorption systems (e.g. V. D’Odorico et al. 2024 ; A. Sodini
t al. 2024 ; I. Vanni et al. 2024 ), in high-redshift quasars (Y. Yoshii
t al. 2022 ) and in second-generation stars in the local Universe
e.g. M. F r aser et al. 2017 ; M. N. Ishigaki et al. 2018 ; R. Jiang et al.
024 ; P. Bonifacio et al. 2025 ), as well as the direct detection of 
upernovae (e.g. T. J. Moriya, R. M. Quimby & B. E. Robertson
022 ; A. Venditti et al. 2024 ), gamma-ray bursts (e.g. A. Lazar &
. Bromm 2022 ), and tidal disruption events (R. Kar Chowdhury
t al. 2024 ) produced by Pop III stars. 

Due to their chemically pristine composition, Pop III stars are 
xpect ed t o be more massiv e (e.g. R. S. Klessen & S. C. O. Glov er
023 ), and reach higher main-sequence temperatures (e.g. D. 
chaerer 2002 ) than their metal-enriched descendants. This gives 
 This is an Open Access article distributed under the terms of the 
/by/4.0/ ), which permits unrestricted reuse, distribution, and 
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ise to higher hydrogen- and helium-ionizing photon production
ates compared to metal-enriched stars, and also differences in
he Lyman–W erner (L W; H 2 -dissociating) and the Lyman-band
ates important for the Wouthuysen–Field coupling during cos-

ic dawn. How ev er, the production of phot ons in these different
nergy regimes depends not only on initial mass but also on
tellar r otation (e.g . S. C. Yoon, A. Dierks & N. Langer 2012 ; L. J.

urphy et al. 2021b ; Y. Sibony et al. 2022 ; C. Hawcroft et al. 2025 ;
. Liu et al. 2025a , b ), and simulations hav e indicat ed that at least
ome Pop III may rotate at close to break-up speed (S. Hirano &
. Bromm 2018 ). 
Here, we use the Muspelheim (E. Zackrisson et al. 2024 ) mod-

ls for the spectral energy distributions (SEDs) of Pop III stars to
 xplor e the impact of different sets of st ellar ev olutionary tracks
n the ultraviolet (UV) radiation output of Pop III stars. These
odels use stellar atmosphere SEDs instead of the blackbody

EDs adopted in many previous studies (e.g. S. C. Yoon et al. 2012 ;
. J. Murphy et al. 2021b ; R. S. Klessen & S. C. O. Glover 2023 ).
n Section 2 , we present these models and in Section 3 we report
he r esulting hydr ogen- and helium-ionizing photon pr oduction
ates, the LW and the Ly-band rates, along with a comparison
 o results deriv ed from blackbody SEDs. The impact on studies
f the UV SEDs of Pop III star clusters and galaxies is explored
n Section 4 and the impact on 21 cm-cosmology is shown in
ection 5 . Various future avenues for improvement of the models
re discussed in Section 6 . Section 7 summarizes our findings. 

 S E D  MODELS  OF  P O P U L AT I O N  I I I  STARS  

he SED models for Pop III stars (Muspelheim v.1) presented
y E. Zackrisson et al. ( 2024 ) couple sets of stellar evolutionary
racks to a grid of stellar atmospheres to produce SEDs as a func-
ion of Zero Age Main Sequence (ZAMS) mass M ZAMS and age.
mportant simplifications used in the Muspelheim v.1 models
nclude the use of stellar atmospheres for spherical stars without

ass-loss, and with fix ed primor dial abundances of hydr ogen
nd helium. Hence, these models neglect the non-sphericity that
ome from high rotation rates, the effects of winds, and the ef-
ects of surface helium enhancement and surface self-pollution
f metals during the course of evolution. These shortcomings
re further discussed in Section 6 . In this paper, we make use of 
uspelheim SED models based on selected Pop III tracks from

. C. Yoon et al. ( 2012 ) at M ZAMS = 10 –500 M �, R. A. Windhorst
t al. ( 2018 ) at M ZAMS = 10 –100 M �, L. J. Murphy et al. ( 2021a ) at
 ZAMS = 1 . 7 –120 M �, G. Volpato et al. ( 2023 ) at M ZAMS = 100 –

000 M � and G. Costa et al. ( 2025 ) at M ZAMS = 6 –200 M �. Out
f these sets, the S. C. Yoon et al. ( 2012 ) and L. J. Murphy et al.
 2021a ) sets feature models both with and without rotation. Al-
hough S. C. Yoon et al. ( 2012 ) present st ellar ev olutionary tracks
or several different initial velocities in the range of 0.0–0.6 v K 
where v K is the Keplerian velocity at the equatorial surface),
e here limit the discussion to the v K = 0 . 0 and 0.4 models, for

implicity. 
While many of these tracks are similar close to the ZAMS, they

iffer significantly in their predictions of their low- T eff extension
t late stages of stellar evolution. While E. Zackrisson et al. ( 2024 )
rgue that late evolution to T eff � 15 000 K have important con-
equences for the prospects of detecting lensed, individual Pop
II stars at high redshifts, one could expect that such differences
ould be minor when it comes to the UV photon production

ates of Pop III stars, since these are dominated by the more long-
ived high- T eff stages of these stars. However, the S. C. Yoon et al.
NRAS 547, 1–14 (2026) 
 2012 ) tracks for rotating stars, which also include the effects of 
agnetic fields, differ from many other models of rotating Pop III

tars in the literature (e.g. L. J. Murphy et al. 2021a ; Y. Sibony et al.
022 ; S. Martinet et al. 2023 ; S. Tsiatsiou et al. 2024 ; G. Volpato
t al. 2024 ) in that some of the stars with high initial rotation
 elocity ev olv e t o v ery high T eff ( ∼ 250 000 K) at bolometric lu-
inosities an order of magnitude above their ZAMS luminosities

t the end of their lifetimes (similar effects are, how ev er, seen in
he rotating Pop III models in the recent paper by J. Hassan et al.
025 ), with significant impact on their UV properties. 

In this paper, we e xplor e the UV pr operties of Pop III stars in
erms of their production of H-, He-, and He + -ionizing photons,
s well as their production of LW and Lyman-band photons. 

The instantaneous photon production rates Q , e xpr essed in
nits of photons per second, are defined as 

 i = 

∫ λ2 

λ1 

λL λ

hc 
d λ, (1) 

here L λ is the monochromatic luminosity (erg −1 s −1 Å−1 ) at
avelength λ, h is Planck’s constant, and c is the speed of light.
he integration limits for the different rates are: λ1 = 0 and λ2 ≈
12 Å for Q H 

; λ1 = 0 and λ2 ≈ 504 Å for Q He ; λ1 = 0 and λ2 ≈ 228
for Q He + ; λ1 ≈ 912 Å and λ2 = 1107 Å for Q LW 

; λ1 ≈ 912 Å and
2 = 1216 Å for Q Ly . We also present εLy 

b , the Lyman-band photon
roduction count per bary on, int egrat ed ov er the st ellar lifetime
 lifetime , given by 

Ly 
b = 

m p 

M ZAMS 

∫ t lifetime 

0 
Q Ly (t )d t , (2) 

here m p is the mass of a proton. 
While the pr ocedur e for generating stellar SEDs is the same as

n E. Zackrisson et al. ( 2024 ), the numerical computation of Q s
as been improved, and the set of rotating stars pr esented her e is
lso wider in terms of M ZAMS than that released in connection to
he E. Zackrisson et al. ( 2024 ) paper. 

 I O N I Z I N G  AND  LY MAN–WERNER  F LU X E S  

s previously shown by e.g. V. Bromm, R. P. Kudritzki & A. Loeb
 2001 ), M. M. Larkin, R. Gerasimov & A. J. Burgasser ( 2023 ),
nd B. Liu et al. ( 2025a ), the SEDs of stellar atmosphere models
r edict UV pr operties of hot Pop III stars that deviate from those
f blackbody SEDs scaled to the same effective temperatures
 eff and bolometric luminosities L bol . We illustrate this in Fig. 1 ,
her e we compar e the SEDs of the TLUS TY stellar atmospher e
odels used in Muspelheim to those of blackbody SEDs for stars

t T eff ≈ 4 × 10 4 –2 × 10 5 K. The phot on counts per wav elength
 Q λ) differ between blackbody and stellar atmosphere SEDs in all
he UV bands, albeit to differ ent e xtent and in different directions
hroughout the range of model SEDs shown. It is worth noting,
hat even though the highest- T eff SED shown ( ≈ 2 × 10 5 K, a
emperatur e r eached only by r otating S. C. Yoon et al. ( 2012 ) 20–
50 M � Pop III stars in our set) exhibits the most blackbody-like
hape (with small continuum breaks only), the peak of the stellar-
tmosphere SED occurs at short er wav elengths compared t o the
orresponding blackbody, an effect previously seen in the stellar
tmosphere SEDs for Pop III stars by V. Bromm et al. ( 2001 ) and
lso for pur e hydr ogen atmospher es for the very hot central stars
f planetary nebulae (T. Rauch 2003 ). 

The effect on the ionizing- and LW photon production rates
an be seen in Fig. 2 , where we compare results generated from
lackbody SEDs (dashed lines; in good agreement with the results
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Figure 1. SEDs (in units of photon production rate per unit wavelength) 
of TLUS TY stellar atmospher e models with primor dial chemical compo- 
sition for T eff = 2 . 05 × 10 5 K (purple solid line), T eff = 9 . 5 × 10 4 K (blue 
solid line), T eff = 5 . 5 × 10 4 K (yellow solid line) and T eff = 4 . 3 × 10 4 K 

(red solid line), contrasted to the corresponding blackbody SEDs (purple, 
blue, yellow and red dashed lines). To avoid overlap, the SEDs are scaled to 
bolometric luminosities log (L bol /L �) ≈ 6 . 8 , 5.3, 4.3, and 3.3, respectively. 
The surface gravities of the TLUSTY SEDs has been set to log (g) = 6 . 5 for 
the T eff = 2 . 05 × 10 5 K model and 5.0 in the other cases. The coloured 
pat ch indicat es the ext ent of the LW band and the arr ows the e xtent of the 
Lyman band and the H-, He-, He + -ionizing part of the SEDs. Differences 
between the stellar atmosphere SEDs and the blackbody SEDs are seen in 
all of the different bands, although the degree to which blackbody mod- 
els over- or underpredict the rates depend on T eff . The T eff = 4 . 3 × 10 4 , 
5 . 5 × 10 4 , and 9 . 5 × 10 4 K SEDs ar e consider ed r epr esentative of early 
evolution along the 9 M �, 15 M �, and 120 M � L. J. Murphy et al. ( 2021a ) 
Pop III tracks for both rotating and non-rotating stars, whereas the ≈
2 × 10 5 K model is r epr esentative only for rotating S. C. Yoon et al. ( 2012 ) 
20–150 M � stars at the very end of their lifetimes. 
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resented by L. J. Murphy et al. 2021b ) and stellar atmospheres
solid lines) for the non-rotating (L. J. Murphy et al. 2021a ) stellar
volutionary tracks with initial masses in the range 9–120 M �. 
he general behaviour follows what we would expect from Fig. 1 ,
s the shapes 1 of the T eff = 4 . 3 × 10 4 K, T eff = 5 . 5 × 10 4 , and
 eff = 9 . 5 × 10 4 SEDs in Fig. 1 are representative of early evo-

ution along the 9 M �, 15 M �, and 120 M � (L. J. Murphy et al.
021a ) tracks in Fig. 2 . The blackbody SEDs have consistently
igher H-ionizing rates, but lower He-ionizing rates, for all the 
t ellar masses plott ed, although by no more than ≈ 0 . 2 –0.3 dex.
he behaviour of the He + -ionizing rates is more complex, as the
lackbody underpredicts the flux at 85–120 M � by ≈ 0 . 1 -0.3 dex,
ut then severely starts to overpredict the He + -ionizing flux by 
p to ≈ 2 dex at lower masses due to the presence of a strong
ontinuum break in the stellar atmosphere SEDs at the He + edge 
seen in the T eff = 5 . 5 × 10 4 K and 4 . 3 × 10 4 K SEDs in Fig. 1 ).
n the case of the LW flux, the blackbody SED overpredicts the
ux by up to ≈ 0 . 15 dex at the highest masses (as seen in the
 eff = 9 . 5 × 10 4 K SED), becomes nearly identical at 15 M � (as
een in the T eff = 5 . 3 × 10 4 K SED), and drops below the stellar
tmosphere SED by ≈ 0 . 1 dex by 9 M � (as seen in the T eff =
 . 3 × 10 4 K SED). 
 But not the L bol scaling, which in Fig. 1 has been chosen t o av oid ov erlap 
f the SEDs in the plot. 

L
C

T  

r  
When modelling the impact of Pop III stars on the intergalactic
edium, the detailed temporal evolution of the UV photon rates 

s oft en neglect ed in fav our of lifetime-int egrat ed quantities (for
 counter e xample, see T. Gessey-J ones et al. 2022 ). This may be
easonable in cases where the lifetimes of the Pop III stars are
hort compared to time-scales related to the thermal evolution 

f the intergalactic medium or changes in cosmic star formation 

ate density, as is the case for the more massive Pop III stars.
n Fig. 3 , we present the lifetime-int egrat ed phot on production
ates of our Pop III models per solar mass, compared to blackbody

odels from R. S. Klessen & S. C. O. Glover ( 2023 ) and models for
otating stars with homogeneous chemical evolution fr om B . Liu
t al. ( 2025a , further discussed in Section 5 ). For stellar masses
 � 10 M �, all models e x cept the S. C. Yoon et al. ( 2012 ) and

. Liu et al. ( 2025a ) rotating models agree on the H-ionizing and
e-ionizing rates to within ≈ 0 . 3 dex. The S. C. Yoon et al. ( 2012 )
odels at 20 � M ZAMS � 200 M �, and all of the B. Liu et al. ( 2025a )
odels, underg o chemically homog eneous evolution which sig- 

ificantly boosts the ionizing photon production of these stars. 
t lower masses, models based on blackbodies are seen to deviate

rom those based on stellar atmosphere SEDs by up to ≈ 3 dex for
 and ≈ 5 dex for He. 
In the case of the He + -ionizing photon production rates, mod-

ls based on blackbody SEDs at M � 100 M � consistently pro-
uce higher values than corresponding models based on stellar 
tmosphere SEDs, as expected from Fig. 2 , with an offset that
 eaches ≈ 6 de x at the lowest masses. Models for rotating S.
. Yoon et al. ( 2012 ) stars at 20–300 M � produce higher He + -

onizing rates than all other models at comparable masses. This 
ncrease of He + -ionzing photons due to rotation was already 
ighlighted by S. C. Yoon et al. ( 2012 ), although the increase
ompar ed to non-r otating models becomes much higher in mod-
ls based on stellar atmosphere SEDs (peaking at ≈ 3 . 8 dex at
0 M �) compared to the blackbody SEDs ( � 1 . 4 dex) used by S.
. Yoon et al. ( 2012 ), as shown in their fig. 7. B. Liu et al. ( 2025a )

s not included in the He + panel as their spectra are cut of at
24 Å which leaves out a significant portion of the He + -ionizing
hotons, especially at high T eff (Fig. 1 ). 
For the LW band, models that undergo CHE produce some- 

hat low er rat es ( ≈ 0 . 2 –0.3 dex) than other models at � 50 M �
hile lower masses produce rates on the higher side compared 

ith other models. The R. S. Klessen & S. C. O. Glover ( 2023 )
lackbody models also produce systematically lower rates at low 

tellar masses (reaching offsets of ≈ 0 . 85 dex at 1.7 M �) compared
o models based on stellar atmosphere SEDs. At high masses, the

ost notable outliers are the models by D. Schaerer ( 2002 ), which
t M > 5 M � produce much higher rates than all other models
up to ≈ 0 . 7 dex higher). This discrepancy is discussed further in
ection 6.2 . 

The lifetime-average photon production rates corresponding 
 o the lifetime-int egrat ed rat es in Fig. 3 for our S. C. Yoon et al.
 2012 ) and L. J. Murphy et al. ( 2021a ) models can be found in
able A1 . Q (t ) tables and both lifetime-int egrat ed and lifetime-
v erage phot on production rat es for all models can be down-
oaded from the Muspelheim webpage (see Section 7 ). 

 I M PA C T  O N  T H E  H E  ii λ1640  E M I S S I O N  

I N E  F R O M  P O P U L A T I O N  I I I  S T A R  

L U S T E R S  

he very high He + -ionizing photon production rates of Pop III
otating S. C. Yoon et al. ( 2012 ) stars are interesting in the context
MNRAS 547, 1–14 (2026) 
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M

Figur e 2. Photon pr oductions rates ( Q i ) as a function of stellar age for L. J. Murphy et al. ( 2021b ) non-rotating models. The top left panel is for H-ionizing 
phot ons, the t op right He-ionizing, the bottom left He + -ionizing, and the bottom right LW-photons. Solid lines r epr esent pr edictions based on stellar 
atmospheres and dashed lines the corresponding predictions for black body spectra. The largest difference betw een phot on production rates of black 
body and atmospheres is the overprediction of He + -ionizing photons for black bodies, reaching up to ∼ 2 . 3 dex for the less massive stars. As expected 
fr om Fig . 1 , the effect becomes smaller for the higher-mass stars and even inverses for the most massive, as a result of their high T eff ( ≈ 9 . 5 × 10 4 K for 
the 120 M � model) close to the ZAMS. The other photon production rates are less drastically affected. 
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f He ii emission lines fr om high-r edshift g alaxies. In particular,
he He ii λ1640 emission line has been proposed as a poten-
ial Pop III signature, as it can become very strong (with rest-
r ame equiv alent widths up to EW 1640 ∼ 100 Å) in the presence
f T eff ∼ 10 5 K stars (e.g. J. Tumlinson & J. M. Shull 2000 ; D.
chaerer 2002 ; A. Raiter, D. Schaerer & R. A. E. Fosbury 2010 ; K.
akajima & R. Maiolino 2022 ). For non-rotating stars, effective

emperatur es r equir ed to pr oduce EW 1640 � 30 Å ar e not r eached
ntil ∼ 100 M �, which means that a very strong HeII λ1640 line

rom an int egrat ed st ellar population (Pop III star clust er or Pop
II-dominated galaxy) could serve as an indicator of a top-heavy
op III stellar initial mass function (IMF). Recently, a system
ith EW 1640 � 30 Å and no detectable metal lines, located in the
alo of the galaxy GNz-11 at z ≈ 10 . 6 , was found by R. Maiolino
t al. ( 2024 ) who int erpret ed this as evidence of a Pop III IMF
xtending at least up to 500 M � and a total mass of ∼ 2 × 10 5 M �
n Pop III stars. 

In Fig. 4 , we explore the temporal evolution of the He + -
onizing rates of our S. C. Yoon et al. ( 2012 ) models, with and
ithout rotation. Since rotation in these models shifts the early
ain sequence to lower T eff and slightly lower bolometric lumi-
NRAS 547, 1–14 (2026) 
osities, rotation leads t o low er He + rat es during early ev olution
although this phase is very brief in the case of the 500 M �

odel). How ev er, since the rotating stars ev entually ev olv e t o
ecome hotter and more luminous than their non-rotating coun-
erparts for M > 10 M �, the He + -ionizing photon rates of these
 otating stars gr ow by several or ders of magnitude at high ages.
his effect, coupled to the extended lifetimes of these stars (due

o rotational mixing renewing the fuel in the core), explains the
oost ed time-int egrat ed Q He + rat es for rotating S. C. Yoon et al.
 2012 ) models shown in Fig. 3 . 

Since Fig. 4 indicates that the He + -ionizing rates of these 20–
0 M � rotating models can become comparable, for about ∼ 1
yr at the end of their lifetimes, to the peak He + -ionizing rates of 

00–150 M � stars (maintained over a similar time-scale, but dur-
ng early evolution), it seems that very strong HeII λ1640 emission
n principle could be produced by rotating Pop III stars without
he presence of M � 100 M � stars. 

To e xplor e this, we use the lat est v ersion of the phot oionization
ode cloudy (v23.01), last described by M. Chatzikos & others
 2023 ) and C. M. Gunasekera & others ( 2023 ), t o inv estigat e the
ffect of gas parameters on the line strength and equivalent width
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Figure 3. Lifetime-int egrat ed UV phot on productions rat es per solar mass fr om r otating and non-r otating models with tracks fr om S. C. Yoon et al. 
( 2012 , black and blue; Y12 rot and Y12), L. J. Murphy et al. ( 2021b , teal and red; M21 rot and M21), G. Volpato et al. ( 2023 , yellow; V23), R. A. Windhorst 
et al. ( 2018 , green, W18), R. S. Klessen & S. C. O. Glover ( 2023 , maroon; K23 bb ), D. Schaerer ( 2002 , magenta; S02), and B. Liu et al. ( 2025a , purple; L25 rot ). 
The top left gives the values for H-ionizing photons, the top right for He-ionizing, the bottom left for He + -ionizing, and the bottom right for LW photons. 
The values from R. S. Klessen & S. C. O. Glover ( 2023 ) are based on tracks from L. J. Murphy et al. ( 2021b ) and S. Martinet et al. ( 2023 ), using black 
body spectra which is why they differ from the other models, especially at lower masses. B. Liu et al. ( 2025a ) is omitted from the He + panel as they only 
include wavelengths above 124 Å. In general, all models based on stellar atmosphere SEDs agree on the H-ionizing and He-ionizing fluxes to within ≈
0.3 dex for non-rotating stars at M � 10 M � and within ≈ 0.7 dex when rotation is included for these masses. The use of black body spectra severely 
overpredict the He + -ionizing fluxes compared to comparable models based on stellar atmosphere SEDs. How ev er, models for rotating S. C. Yoon et al. 
( 2012 ) stars at 20–300 M � produce higher He + -ionizing fluxes than all other models. In the LW-band, the D. Schaerer ( 2002 ) predictions constitute a 
significant outlier which we discuss further in Section 6.2 . 
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f the He ii λ1640 emission line in gas clouds surrounding single
tars from the S. C. Yoon et al. ( 2012 ) set. We assume primordial
as abundances, a plane–parallel nebula, and an ionization pa- 
ameter in the range log U = −1 to −4 . 

In Fig. 5 , we show the resulting equivalent widths of the He ii
1640 emission line for a subset of S. C. Yoon et al. ( 2012 ) tracks.
omparing our results with HeII λ1640 EWs from D. Schaerer 
 2003 ) and A. Raiter et al. ( 2010 ) – which both assume fully
ampled Pop III IMFs – we are able to obtain only slightly higher
eII λ1640 equivalent widths than the most e xtr eme values seen

n their models. How ev er, the major difference is that both D.
chaerer ( 2003 ) and A. Raiter et al. ( 2010 ) r equir e IMFs domi-
ated by very massive stars to reach the high EWs that we are
ble to obtain for 20 M � stars. We also e xplor e other ionization
arameters, not shown in the figure, and find that the equiva- 

ent widths are largely stable at log(U) ≥−3, but note a signif-

I  
cant drop at log(U) = −4 in agreement with A. Raiter et al.
 2010 ). 

Our results indicate that a stellar population of S. C. Yoon et al.
 2012 ) rotating stars with an IMF peaking at ∼ 20 M � in principle
ould produce equally strong HeII λ1640 equivalent widths as 
hat has been seen for Pop III models with non-rotating stars

nd more top-heavy IMFs (like the 50–500 M �, Salpeter-slope 
odel, and the M c = 60 , σ = 1 , 1–500 M � lognormal model from
. Raiter et al. 2010 ). Invoking rotating S. C. Yoon et al. ( 2012 )
20 M � Pop III stars to explain the HeII λ1640 emission in the

alo of GNz-11 would not only remove the r equir ement of M �
00 M � Pop III stars to explain the high equivalent width, but
lso slightly reduce the total mass in Pop III stars r equir ed to
xplain the line luminosity. Because our rotating ∼ 20 M � stars
each somewhat higher Q He + /M ZAMS ratio than the models used 

y R. Maiolino et al. ( 2024 ), we find that the total mass in Pop
II stars could be reduced by a factor of ∼ 2 compared to their
MNRAS 547, 1–14 (2026) 
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Figure 4. Comparison of He + ionizing fluxes for rotating and non- 
r otating tracks fr om S. C. Yoon et al. ( 2012 ). The dashed lines show 

rotating models with initial velocity v = 0.4v k and the solid lines show the 
corr esponding non-r otating models. Large differ ences between r otating 
and non-rotating stars are seen for > 10 M � due to extended lifetimes 
for rotating stars and the very high temperatures ( ≈ 2 × 10 5 K) that 20–
150 M � rotating stars ev olv e t o at the end of their lifetimes. 

Figure 5. Equivalent widths of the He ii λ1640 line as a function of time 
for the S. C. Yoon et al. ( 2012 ) 20 and 200 M � rotating and non-rotating 
stars. The parameters used in the cloudy calculations are log U = −2 and 
n(H) = 10 2 . At three points, we show the equivalent widths for hydrogen 
density n(H) = 10 1 (circles), 10 3 (triangles), and 10 4 (squares). The 20 M �
star reaches equivalent widths surpassing the maximum of the 200 M �
stars at the end of its lifetime. Increasing the hydrogen density in the 
nebular cloud slightly increases the predicted equivalent width. 
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stimat e, although this w ould happen only in a scenario where
ll Pop III stars within the system are rapidly rotating ∼ 20 M �
tars caught right in their hottest phase. An IMF strongly peaked
round ∼ 20 M � is not favoured by current simulations (for a
eview, see R. S. Klessen & S. C. O. Glover 2023 ), but the chemical
roperties of several extremely metal-poor stars in the Milky Way
alo and in ultr afaint dw arfs can be explained by supernovae

n the � 40 M � mass range, either from faint supernovae with
allback, hypernovae or a combination of supernovae and winds
r om rapidly r otating Pop III stars (e.g. M. N. Ishigaki et al. 2018 ;
NRAS 547, 1–14 (2026) 
. M. Placco et al. 2021 ; Á. Skúladóttir et al. 2021 ; S. K. Jeena et al.
023 ). Under the assumption of second-generation stars having
een enriched by single Pop III supernovae, the e x er cise of fitting
odels of supernova ejecta t o st ellar abundance patterns can give

he appearance of a lognormal Pop III IMF peaked around ∼
5 M � M. N. Ishigaki et al. ( 2018 ), but folding in duo - enrichment
nd the propensity for failed supernovae can also make observed
bundance patterns consistent with an IMF extending to much
ower and higher masses (R. Jiang et al. 2024 ). Finally, a Pop
II IMF peaked around 20 M � is also consistent with the Pop
II IMF range found by cosmological models of Milk y Wa y for-

ation, which self-consistently follow the chemical evolution
cross cosmic time and constrain the Pop III IMF by matching
he number and properties of observed ancient metal-poor stars
e.g. I. Koutsouridou, S. Salvadori & Á. Skúladóttir 2024 ). 

It is important to note that since the T eff ∼ 10 5 K phase of the
0 M � rotating S. C. Yoon et al. ( 2012 ) model is reached only
t the very end of its ≈ 15 Myr lifetime, a Pop III system that
lso hosts very massive Pop III stars with M ∼ 140 –260 M � (and
ifetimes as short as ≈ 2 Myr for the models consider ed her e) will
lready have experienced the explosion of pair-instability super-
ovae (e.g. A. Heger & S. E. Woosley 2002 ). If the hosting halo
as low mass, these energetic explosions might have cleared away
uch of the r emaining g as fr om the vicinity of the stars, which
 ould lead t o v ery low ionization parameters and thus reduced
eII λ1640 equivalent widths. For the lowest-mass Pop III haloes,
 large fraction of the gas may even be r emoved fr om the halo
e.g . V. Br omm, N . Yoshida & L. Hernquist 2003 ; T. Kita yama &
. Yoshida 2005 ; J. Mead et al. 2025 ). This would preclude the
etection of any emission lines associated with the late evolution
f these 20 M � stars, unless the gas can quickly recollapse (in the
. Magg et al. 2022b simulations of ∼ 10 6 M � Pop III haloes, rec-

llapse can happen in as little as ≈ 10 Myr, although the median
ecollapse time is 50 Myr). Even without supernovae, the initially
ense g as ar ound a cluster of Pop III stars in � 10 8 M � haloes
ay be expelled to large radii and low densities in response to

he radiation field from the stars, with long recombination time-
cales and significant leakage of ionizing photons into the inter-
alactic medium as a result (e.g. Y. Sibony et al. 2022 ). Detailed
imulations would be r equir ed to assess whether rotating 20 M �
tars would realistically be able to pr oduce str ong HeII emission
ines (at the level of the recently det ect ed R. Maiolino et al. 2024
op III galaxy candidate) late in the lifetimes of these stars, even

f ev olution w ere t o follow the S. C. Yoon et al. ( 2012 ) models. 

 IMPACT  ON  T H E  21  C M  SIGNAL  FROM  

OSMI C  DAWN  

he impact of Pop III stars on the cosmic 21-cm signal is mul-
ifold. During the epoch of cosmic dawn, the Lyman-band con-
inuum flux of Pop III stars plays an important r ole thr ough the

outhuysen–Field (WF) effect, wherein Ly α photons scatter off
eutral hydrogen in the intergalactic medium and act to couple

he 21-cm spin temperature to the kinetic temperature of the
as (S. A. Wouthuysen 1952 ; G. B. Field 1958 ). The scattering of 
yman-line photons also acts to raise the kinetic temperature of 

he intergalactic medium (e.g. L. Chuzhoy & P. R. Shapiro 2007 ;
. Reis, A. Fialkov & R. Barkana 2021 ). At the same time, LW
hot ons dissociat e H 2 molecules, suppressing further Pop III star
ormation in molecular cooling dark matter minihaloes (e.g. A.
ialkov et al. 2013 ; E. Visbal et al. 2014 ; J. Mirocha et al. 2018 ).
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Figure 6. Total Lyman-band emission per st ellar bary on as a function 
of ZAMS mass for the various stellar models considered in this work. 
Results from T. Gessey-Jones et al. ( 2022 , GJ22) are shown in blue for 
comparison (cf. their fig. 5). The rotating models from L. J. Murphy et al. 
( 2021a , M21 rot ) exhibit a clear enhancement in Lyman-band emission, 
primarily due to their extended lifetimes. In contrast, the S. C. Yoon et al. 
( 2012 , Y12 rot and Y12) and B. Liu et al. ( 2025a , L25 rot ) models display 
a more nuanced behaviour: while rotating stars with M ZAMS � 60 M �
emit more than their non-rotating counterparts from other studies, their 
emission falls below that of non-rotating S. C. Yoon et al. ( 2012 ) models 
for M ZAMS � 30 M � and � 20 M �, respectively. 
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uring the epoch of reionization, Pop III stars that are still able
o form ionize their surrounding gas, leading to a suppression in
he 21-cm signal (e.g. B. Liu et al. 2025a ). 

In Fig. 6 , we plot the lifetime-integr ated L yman-band photon
roduction rates per ZAMS stellar baryon ε

Ly 
b of our Pop III 

odels in relation to the corresponding predictions presented by 
. Gessey-Jones et al. ( 2022 ) for non-rotating Pop III stars, and
hose of B. Liu et al. ( 2025a ) for rotating Pop III stars. Both of 
hese are, like the Muspelheim ones, based on TLUSTY stellar 
tmosphere SEDs, but employ different assumptions concerning 
t ellar ev olution. The T. Gessey-Jones et al. ( 2022 ) and B. Liu
t al. ( 2025a ) models both trace evolution up to the end of main
equence under the assumption of no mass-loss, whereas our 
odels also include later evolutionary stages and – in the case 

f S. C. Yoon et al. ( 2012 ) models with rotation – substantial
ass-loss. Whereas the T. Gessey-Jones et al. ( 2022 ) models are

ased on non-rotating stars, the B. Liu et al. ( 2025a ) models are
ased on Y. Sibony et al. ( 2022 ) tracks for polytrope stars sub-

ect to chemically homogeneous evolution due to strong internal 
ixing. While Y. Sibony et al. ( 2022 ) choose to remain agnostic

bout the physical reason for what would cause this mixing, fast
 otation r epr esents a str ong candidate, as evident by the r otating
. C. Yoon et al. ( 2012 ) models, which in many cases also undergo
hemically homogeneous evolution. For simplicity, we hereafter 
efer to the B. Liu et al. ( 2025a ) models as rotating, in line with
he discussion of these models by B. Liu et al. ( 2025a , b ). 

Differences in ε
Ly 
b between the models at any given mass are 

ithin about a factor of 2, with the rotating stars below 30 M �
onsistently resulting in higher rates compared with their non- 
otating counterparts due to their increased lifetimes. Interest- 
ngly for our discussion, we note a large difference compared to
he T. Gessey-Jones et al. ( 2022 ) models at a mass of 20 M �, where
he S. C. Yoon et al. ( 2012 ) models for rotating stars (which have
he potential to boost the He ii λ1640 emission line equivalent
idth; Fig. 5 ) give rise to an ε

Ly 
b that is higher by a factor of 

1 . 7 . Since it is important to establish whether differences of this
mplitude could have any significant impact on 21-cm signatures 
r om the pr e-r eionization Univ erse, w e use the semi-numerical
ode 21cmSPACE (e.g. A. Fialkov, R. Barkana & E. Visbal 2014 ; I.
eis et al. 2021 ; T. Gessey-Jones et al. 2022 , 2025 ) 2 to simulate the
lobal 21-cm signal and the spherically averaged 21-cm power- 
pectrum �21 ( k, z ) at z = 6 - 40 , under the e xtr eme assumption
f a single-star IMF where all Pop III stars have the same mass
a rough approximation of the case where the IMF is strongly
eaked at this mass). 
The simulations are performed on a cosmological box size 

f (384 cMpc ) 3 , and include effects such as baryon dark-matter
treaming velocity (A. Fialkov et al. 2012 ), LW feedback (impor-
ant during the cosmic dawn; A. Fialkov et al. 2013 ; J. B. Muñoz
t al. 2022 ), Ly α heating and scattering (I. Reis et al. 2021 ), pho-
oheating feedback (E. Sobacchi & A. Mesinger 2013 ; A. Cohen,
. Fialkov & R. Barkana 2016 ), X-ray heating (A. Fialkov & R.
arkana 2014 ; A. Fialkov et al. 2014 ) and ionization fr om fle xible
pectra models (important during the epoch of reionization). In 

articular, for this work, we use the code version described in B.
iu et al. ( 2025a ) where the effect of ionizing photons from Pop
II stars was introduced. To put the S. C. Yoon et al. ( 2012 ) Pop
II models int o cont ext, w e also run 21cmSPACE with the Pop III

odels of T. Gessey-Jones et al. ( 2022 ) and B. Liu et al. ( 2025a ). 
We consider two models, with varying Pop III star formation 

fficiencies f �, III (i.e. fraction of gas conv ert ed in stars): Model 1
here Pop II SFR dominates at z ≈ 15 with f �, III = 0 . 1 per cent

nd Model 2 where Pop III SFR is comparable to Pop II at z ≈ 15
ith f �, III = 1 per cent , as shown in Fig. A1 . In both models, we
x the Pop II star-formation efficiency to f �, II = 1 per cent which
enerally matches observations at UV luminosity function obser- 
ations at z � 10 (S. Tacchella et al. 2018 ; J. Sipple & A. Lidz 2024 ;
. Dhandha et al. 2025 ), and an star-formation averaging time-
cale of t �, II = 0 . 2 H( z ) −1 . W e also fix t rec = 100 Myr , which is the
ecovery time for Pop II star formation after the onset of Pop III
upernovae (M. Magg et al. 2022a ). To pinpoint the role of Lyman-
and emissivities of Pop III stars in shaping the 21-cm signal, we
witch off X-ray heating from P op III stars. For P op II, we adopt
n X-ray luminosity L X tied to the star formation rate (SFR) of 
ach halo, according to L X / SFR = 3 × 10 40 erg s −1 M 

−1 
� yr −1 (T.

 r agos et al. 2013a , b ), which is consistent with constraints on the
iffuse X-ray back gr ound, and HERA constraints on the 21-cm
ower spectrum at z � 10 (J. Dhandha et al. 2025 ). Throughout,
e assume instantaneous emission from Pop III stars, which is 
 reasonable assumption for stellar masses � 10 M � (T. Gessey-
ones et al. 2022 ). 

Fig. 7 shows the resulting global 21-cm signal, and the power
pectrum generated at a scale of k = 0 . 24 cMpc −1 , for six models:
our models assuming a single-mass IMF of 20 M � for the rotating
nd non-rotating S. C. Yoon et al. ( 2012 ) model, non-rotating
. Gessey-Jones et al. ( 2022 ) model, and a rotating B. Liu et al.
 2025a ) model, as well as two additional models of single-mass
MFs at 200 M � for rotating and non-rotating S. C. Yoon et al.
 2012 ) stars. The 200 M � non-rotating S. C. Yoon et al. ( 2012 )

odel is included here as an example of a type of star that, be-
ause of its high T eff , could produce strong He ii λ1640 emission
espite being non-rotating (Fig. 5 ). 
MNRAS 547, 1–14 (2026) 

https://www.cosmicdawnlab.com/21cmSPACE
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Figure 7. Simulated 21-cm global signal and power spectrum at k = 0.24cMpc −1 , based on single-mass IMFs (20 M � or 200 M �, as specified in the 
legend) with stellar SEDs from S. C. Yoon et al. ( 2012 ), T. Gessey-Jones et al. ( 2022 ), and B. Liu et al. ( 2025a ). Model 1 (upper panels) and Model 2 (lower 
panels) differ in the assumed Pop III star-formation efficiency (0.1 per cent and 1 per cent, respectively) as discussed in Section 5 . The black line shows 
the estimated 5 σ SKA detection limit from a 1080h observation using the array assembly AA ∗ configuration of SKA1-Low within a radius of 2 km from 

the array centr e. Differ ences between the different SED models are very small for both the global 21-cm signal and the 21-cm power spectrum in Model 
1, but observationally significant in Model 2. In Model 2, the 21-cm signatures of the 20 M � S. C. Yoon et al. ( 2012 ) rotating model (capable of producing 
very strong He ii λ1640 emission) deviates from those of the 200 M � S. C. Yoon et al. ( 2012 ) models (also able to produce strong He ii λ1640 emission), 
which indicates that 21-cm observations may be able to help break degeneracies between such cases. Similarly, the rotating and non-rotating 200 M � S. 
C. Yoon et al. ( 2012 ) models differ in both models demonstrating the potential for the 21-cm signal in differentiating Pop III stellar properties. 
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In the case of the 21-cm power spectra, we also plot the ex-
ect ed 5 σ det ection limit for 1080 h of tr acking-scan observ ations
sing the Square Kilometre Array (SKA-Low) with 6 h of obser-
ation per night for 180 d. The deriv ed det ection limit considers
oth the thermal noise and the sample variance. To estimate the
ncertainty in the power spectrum due to thermal noise, we used

he package 21cmSense 3 (J. C. Pober et al. 2013 , 2014 ). We only
onsidered the SKA-Low AA 

∗ array configur ation (Seethapur am
ridhar et al. 2025 ) within a radius of 2 km from the array centre
nd assumed the moderate for egr ound model in 21cmSense .
he sample variance is calculated according to the equation 

2 
sample = 

∑ 

n i (k i − k̄ ) 2 

N − 1 
, (3) 
NRAS 547, 1–14 (2026) 

 ht tps://github.com/r asg -affiliates/21cmSense/tr ee/main 
4

m

here N is the total number of counts and n i is the number of 
ounts in the k i -bin. The total noise is then estimated as the sum
f thermal noise and sample variance in quadrature: 

total = 

√ 

σ 2 
sample + σ 2 

thermal . (4) 

.1 The global 21-cm signal 

he differences in the global signal between the Pop III stellar
odels can be explained by considering the epochs z ∼ 25 where

he early onset of the global signal absorption trough is almost
ntirely dictated by the Lyman-band emissivities (Fig. 6 ), 4 while
 Although LW photons do contribute to suppression of star formation in 
olecular cooling haloes, and we account for this. 

https://github.com/rasg-affiliates/21cmSense/tree/main


UV photon production of the first stars 9 

t  

fl
 

fl
s
r  

r  

t  

t
i  

i
Y  

t  

2  

L  

i  

2  

s  

e
 

d
P  

i
i  

a  

l
a
b
g  

b
t
t  

c  

(
t

5

T  

M  

t  

s
t
(
p  

p
f  

t  

t
s  

t  

m
t  

e

t  

(  

e
1
e  

s

t
z

6

6

W
s  

F  

f  

d
s  

(
s  

s
c  

b  

p
 

s  

o  

M  

o  

M  

s  

(  

t  

o  

u
l  

i  

e
e  

d

6

T  

e
a
h  

p  

f  

d  

t
v  

s  

(  

s  

s  

a  

(  

a  

o  

Q  

(  

a  

r  

b  

r  

b  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/547/3/stag386/8501209 by Biologibiblioteket user on 20 April 2026
he absorption trough at z ∼ 15 is also sensitive to the ionizing
ux from the stars (Fig. 3 ). 
During the cosmic dawn ( z ≈ 20 - 30 ), a higher Lyman-band

ux εLy 
b leads to a stronger WF effect and more rapid onset of 

ignificant 21-cm absorption. This would be strongest for the 
otating 20 M � S. C. Yoon et al. ( 2012 ) model and weakest for the
otating 200 M � S. C. Yoon et al. ( 2012 ) model, which indicates
hat the 21-cm signal observations can have the potential to dis-
inguish the IMF of stellar populations (e.g. as also demonstrated 

n T. Gessey-Jones et al. 2025 ). The signal also shows differentiat-
ng features between the rotating and non-rotating 200 M � S. C. 
oon et al. ( 2012 ) models, and a similar (but reversed) trend for

he 20 M � S. C. Yoon et al. ( 2012 ) models. In case of the rotating
0 M � B. Liu et al. ( 2025a ) model, since it exhibits a similar
yman flux to the non-rotating 20 M � S. C. Yoon et al. ( 2012 ),

t shows similar behaviour at high redshifts. The difference in the
1-cm signal is of order few mK at the onset of the absorption
ignal up to 20 mK ( ∼ 20 - 30 per cent ) when Lyman-coupling is
fficient (at z ≈ 20 for Model 1 and z ≈ 25 for Model 2). 

During the epoch of heating and reionization ( z � 20 ), the
ifferences in these models is dominated by the ionization from 

op III stars (as e xplor ed in B . Liu et al. 2025a ). The case of rotat-
ng models show convergence since they predict similarly strong 
onizing fluxes across stellar masses (at � 10 M �), manifested as
 suppressed absorption through in both Models 1 and 2. In the
atter case, the differences are particularly large with a difference 
lso seen in the redshift of the absorption signal as ionization 

ecomes efficient. Indeed, this is reflected in the neutral hydro- 
en fraction shown in Fig. A2 with a 10 - 20 per cent reduction
etween the non-rotating and rotating cases (and thus, a propor- 
ional suppression of the signal). With the non-rotating models, 
he 20 M � T. Gessey-Jones et al. ( 2022 ) model has the least effi-
ient ionization, followed by 20 M � S. C. Yoon et al. ( 2012 ) model
which shows similar absorption amplitude/timing), and lastly 
he 200 M � S. C. Yoon et al. ( 2012 ) model. 

.2 The 21-cm power spectrum 

he pr edicted high-r edshift ( z � 20 ) 21-cm power spectra for
odel 1 falls below the 5 σ detection limit of the SKA, and close to

he limit for Model 2. At lower redshifts ( z � 20 ), where the power
pectrum is deemed detectable according to our error model, 
he differences between stellar models are marginal in Model 1 
especially if considering degeneracies with other astrophysical 
aramet ers that w e keep fix ed her e). How ev er, ther e ar e mor e
ronounced and detectable differences in Model 2 which come 
rom the ionization signature of the rotating Pop III stars, as in
he global signal. In these cases, as the Universe is rapidly ionized,
he ionized bubbles imprint boosted fluctuations in the power 
pectrum at z ≈ 12 . 5 . The non-rotating cases show a similar trend
o the global signals, where the 20 M � T. Gessey-Jones et al. ( 2022 )

odel shows the smallest ionization peak of ≈ 100 mK 

2 , while 
he 20 M � S. C. Yoon et al. ( 2012 ) model and 200 M � S. C. Yoon
t al. ( 2012 ) model show higher peaks by ×2 and ×3 . 

Ov erall, w e conclude that the dramatic difference seen between 

he He + -ionizing rates (Fig. 4 ) and He ii λ1640 equivalent widths
Fig. 5 ) can imprint some detectable 21-cm signatures. The differ-
nces are modest for low Pop III star-formation efficiency (Model 
), potentially only detectable with high-accuracy global signal 
xperiments (noise levels of ∼ 10 mK) at z ≈ 20 . For high Pop III
tar-formation efficiency (Model 2, which shows early reioniza- 
ion), the differences imprinted in the 21-cm power spectrum at 
 � 20 are more dramatic and detectable by SKA. 

 DISCUSSION  

.1 Blackbody versus stellar atmosphere SEDs 

hen comparing our results with the models based on blackbody 
pectra presented by R. S. Klessen & S. C. O. Glover ( 2023 ) in
ig. 3 , we find a large discrepancy is in the He + ionizing rates

or stars < 80 M �, where blackbody spectra result in rates or-
ers of magnitude higher than those based on stellar atmosphere 
pectra. These differences, also echoed in our L. J. Murphy et al.
 2021a ) comparison of momentary Q He + for stellar atmosphere 
pectra versus blackbody spectra in Fig. 2 , are due to the different
hapes of blackbody and stellar atmosphere SEDs and the lack of 
ontinuum breaks in the former case, as shown in Fig. 1 . Hence,
lackbody spectra should not be used t o estimat e Pop III photon
roduction rates or fluxes in the He + ionizing energy range. 
We also note significant deviations in the other UV bands for

tars < 9 M �. While L. J. Murphy et al. ( 2021b ) did comment
n the reliability of the blackbody approximation for the L. J.
urphy et al. ( 2021b ) tracks (through a comparison to the results

f D. Schaerer 2002 ), this offset was not noted since the L. J.
urphy et al. ( 2021b ) study of UV photon production rates con-

idered only stars of masses ≥ 9 M � from the L. J. Murphy et al.
 2021a ) set. The blackbody appr o ximation fr om their lower-mass
racks is adopted by R. S. Klessen & S. C. O. Glover ( 2023 ) which
v erestimat es the ionizing rates for all low-mass stars and slightly
nderestimates the LW rates for these same stars. However, as 

ong as the Pop III IMF has a characteristic mass � 9 M � – which
s often argued to be the case (e.g. T. Hartwig et al. 2024 ; B. Liu
t al. 2024 ) – this discrepancy should not be a major source of 
rror, as the ionizing photon production in that case would be
ominated by the more massive stars. 

.2 The Lyman–Werner emissivities of Pop III stars 

he LW photon production rates of Pop III stars are important for
stablishing the LW radiation back gr ound during cosmic dawn 

nd for the quenching of subsequent star formation in low-mass 
aloes. When the lifetime-int egrat ed Q LW 

is e xpr essed as LW
hotons per stellar baryon, there are two distinct values that are
r equently featur ed in the literature: 4800 and ∼ 10 5 . Our models
o not favour either of these, but instead favour values in the in-
 ermediat e range ≈ 8 × 10 3 to 3 × 10 4 (see Fig. 3 ; log Q LW 

/M ZAMS 
alues in this figure can be conv ert ed t o log LW phot ons per
t ellar bary on by subtracting ≈ 57 . 08 ). The low er lit er ature v alue
4800) stems from R. Barkana & A. Loeb ( 2005 ), based on Pop III
pectra from V. Bromm et al. ( 2001 ) and an adopted power -la w
lope of the spectrum, whereas the higher value ( ∼ 10 5 ) is usually
ttribut ed t o D . Schaerer ( 2002 ). Indeed, when the D . Schaerer
 2002 , table 4) values are conv ert ed int o these units, they peak
t ∼ 9 × 10 4 LW phot ons per bary on at a Pop III st ellar mass
f 60 M �. How ev er, as shown in Fig. 3 , the D. Schaerer ( 2002 )
 LW 

are higher than ours at M � 10 M � by up to a factor ≈ 5
0.7 dex). L. Mas-Ribas, M. Dijkstra & J. E. For er o-Romer o ( 2016 )
lso note difficulties in r epr oducing the D. Schaerer ( 2002 ) LW
ates and suggest that the D. Schaerer ( 2002 ) LW rates may have
een int egrat ed from 11.2 eV (wav elength 1107 Å) t o infinity,
ather than to 13.6 eV (wavelength 912 Å), which would lead to
oost ed rat es. Lifetime-int egrat ed LW rat es per st ellar bary ons in
MNRAS 547, 1–14 (2026) 
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he ∼ 10 5 range for Pop III stars are also reported in the recent
aper by G. Costa et al. ( 2025 ), and in that case the LW rates were

ndeed int egrat ed from 11.2 eV to infinity (Guglielmo Costa, pri-
at e communication). Aft er correcting the G. Costa et al. ( 2025 )
imit from 11.2 to 13.6 eV, their values agree with ours. Our values
r e mor eover in good agr eement with those r ecently pr esented
y B. Liu et al. ( 2025a ) for the non-rotating Pop III tracks of T.
essey-Jones et al. ( 2022 ) and the rotating Pop III tracks of Y.
ibony et al. ( 2022 ). Hence, our recommendation is to use values
or the lifetime-int egrat ed LW phot on counts per st ellar bary ons
f ≈ 8 × 10 3 to 3 × 10 4 . 

.3 Viability of the stellar atmosphere models 

he results in this paper are based on SED models for Pop III stars,
hich at T eff > 15000 K make use of TLUSTY (I. Hubeny & T.
anz 1995 ) stellar atmosphere models for plane–parallel, hydro-
tatic stars with primordial surface composition. While certainly
or e r ealistic than blackbody SEDs, such stellar atmospher e
odels may still r epr esent an oversimplification that could im-

act the emitted ionizing photon production rates of Pop III stars.
he surface He/H composition of Pop III stars may change over

he course of their lifetimes, and the surface may also get polluted
y metals produced within the star, due to either chemically ho-
ogeneous evolution for a rapidly rotating star (e.g. S. C. Yoon

t al. 2012 ; B. Liu et al. 2025a ), but also due to dredge-ups for a
on-rotating star (e.g. G. Volpato et al. 2023 ). 
While D. Schaerer ( 2002 ) notes that the impact of the H/He

evel on the stellar atmosphere spectra is small, this statement
ikely does not apply to models for rotating stars with helium

ass fractions close to unity (Y. Sibony et al. 2022 ). B. Liu et al.
 2025a ) do take the evolving helium abundance into account in
heir modelling of Pop III stars, and while they note that this
elps the stellar atmosphere model converge, no analysis of the

mpact of the pur e-helium atmospher e on the emerging stellar
tmosphere spectra was presented in their paper. 

Indeed, as shown in E. Zackrisson et al. ( 2024 ), the set of 
LUS TY stellar atmospher e models used by Muspelheim (with
xed H/He fractions) are – due to convergence problems – some-

imes unable to reach the low surface gravities of all Pop III
t ellar ev olutionary tracks. This is for instance the case of the
 eff ∼ 2 × 10 5 K state of the rotating 20 M � S. C. Yoon et al. ( 2012 )
tars highlighted in Section 4 in relation to its potential to produce
 very strong He ii λ1640 emission line. These 20 M � rotating
tars lie � log (g) ≈ 0 . 25 below the last converged grid data point.
ow ev er, based on how the He + -flux changes with log (g) within

he converged grid at these T eff , this is likely to have a very minor
ffect on Q He + . 

Rotational mixing and surface composition can also be affected
y the presence of a companion Pop III star in a binary system
H. Song et al. 2020 ). Rapid rotation could furthermore drive
 mechanical wind, and metals at the surface of Pop III stars
ay also trigger line-driven winds (e.g . B . Liu et al. 2021 ; S. K.

eena et al. 2023 ). The effects of winds on the emerging ionizing
hot on production rat es of Pop III stars w er e e xplor ed by D.
chaerer ( 2002 ), who concluded that the ionizing photon rates
ould not be substantially affected compared to TLUSTY stellar

tmosphere spectra in their models, even in their high mass-loss
ase. How ev er, D. Schaerer ( 2002 ) also notes that for sufficiently
ense winds, the He + flux could potentially get substantially
uppressed (as demonstrated by Y. Chen et al. 2015 for metal-
nriched stars). It may ther efor e be int eresting t o revisit this issue
NRAS 547, 1–14 (2026) 
n the future, using stellar atmosphere spectra with updated wind
odels for Pop III stars. How ev er, it should be noted that if winds

re launched only late in the evolution of Pop III stars, this is
nlikely t o matt er for the time-int egrat ed emission of ionizing
hot ons int o the surrounding medium, unless the Pop III stars
lso exhibit high T eff in such stages. 

Finally, rapidly rotating stars would not be able to retain spher-
cal shapes, and would exhibit different T eff and surface gravi-
ies at their poles compared to their equators, thereby exhibiting
nisotropic SEDs. While orientations would be randomized in
 large population of such stars, mechanical mass-loss due to
otation may also preferentially happen in the direction perpen-
icular to the rotation axis, which could introduce a systematic
ias in the UV emissivities seen by the surrounding int erst ellar
nd intergalactic medium, compared with the simplified models
sed here. 

.4 Binary Pop III stars 

n this paper, we have e x clusively consider ed models for single
tars, even though Pop III stars in simulations often form bi-
ary and higher-order systems (e.g. A. Stacy & V. Bromm 2013 ;
. Sugimura et al. 2020 ). As shown by S.-H. Tsai et al. ( 2023 ),
inary interactions can boost the UV fluxes of Pop III stars (in
he case of lifetime-int egrat ed fluxes by up to a factor of ≈ 2 in
he LW band, which is the strongest effect seen in their models).
ow ev er, binary int eractions are also expect ed t o affect stellar

otation rates (e.g. S. E. Mink et al. 2013 ), which by themselves
ffect stellar evolution and consequently these fluxes. Given the
any open questions r eg ar ding the stellar IMF, initial rotation

ate and binary interactions of Pop III stars, models of the UV flux
rom these stars are likely to suffer from significant uncertainties
ntil the arriv al of bet ter observ ational constr aints. As rotation
nd binary interactions affect the end states of Pop III stars, such
onstraints may for instance come from the study of Pop III super-
ova yields in second-generation stars or gas absorption systems,

r om dir ect observ ations of Pop III supernov ae or gamma-r ay
ursts (and their afterglows), or from future gravitational wave
et ect ors. 

 CONCLUSIONS  

n this w ork, w e hav e present ed a set of publicly available models
or the UV photon production rates of single Pop III stars, with
nd without r otation, acr oss a wide range of stellar masses. We
a ve in vestigated how the photon production rates are affected
y the adoption of blackbody spectra compared with stellar at-
osphere spectra. We have also inv estigat ed and compared the

esulting lifetime-int egrat ed emissivities of sev eral different sets
f Pop III tracks. Lastly, for selected models, we have e xplor ed
he potential role of stellar rotation on the equivalent width of 
he He ii λ1640 emission line, on the 21-cm global signal, and on
he spherically averaged 21-cm power spectrum. 

Our conclusions can be summarized as follows: 

(i) The assumption of blackbody spectra generally overesti-
ate He + ionizing rates, in some cases by more than an order

f magnitude, depending on the T eff of the star. 
(ii) Based on the stellar evolutionary tracks of S. C. Yoon et al.

 2012 ), which take rotation and magnetic fields into account and
redict ev olution t o T eff > 10 5 K at the end stages of ev olution, w e
how that rotation significantly increases the total He + ionizing



UV photon production of the first stars 11 

p
c

d
b  

f  

d

i
p  

f
s
S  

s  

p
r

P  

c
1
v  

o

A

T
t  

h
a
0
T  

T
R
A
m  

t

D

P
b
r
i

R

B
B
B
B
C
C  

C
C
C
D
D
F
F  

F  

F
F
F
F  

F  

F
G
G
G  

H  

H  

H
H
H
H
I  

J
J
J
K  

K
K
K
L
L
L
L
L  

L
L
M
M  

M
M  

M
M
M
d  

M  

M
M  

M
M  

N
P
P
P
P
R
R
R
S
S
S

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/547/3/stag386/8501209 by Biologibiblioteket user on 20 April 2026
hoton production of Pop III stars in the range 20 to 100 M �
ompared with stars without rotation. 

(iii) If gas can be retained with high-redshift Pop III systems 
ominated by rotating ∼ 20 M � stars, then such systems may 
e able to produce very strong He ii λ1640 emission with rest-
r ame equiv alent widths compar able t o or higher than syst ems
ominated by � 100 M � Pop III stars. 
(iv) Differences between rotating and non-rotating Pop III stars 

n 21-cm observables like the 21-cm global signal and the 21-cm 

ower spectrum are modest for sub-per cent level Pop III star-
ormation efficiency, and more pronounced for per cent Pop III 
tar-formation efficiency, with potential for detectability with the 
KA. The differ ences ar e of or der ∼ 20 per cent for the global
ignal (at z ≈ 15 ) and a factor of 2 - 3 for the ionization peak in the
ower spectrum (at z ≈ 12 . 5 ) due to the e xtr eme ionizing flux of 
otating stars. 

(v) We highlight that two disparate values for the LW rates of 
op III stars have been used in the previous literature on 21-cm
osmology and high-redshift star formation ( ∼ 5 × 10 3 vs. ∼ 1 ×
0 5 LW photons per stellar baryon). Our models instead favour a 
alue around ∼ 10 4 LW photons per stellar baryon, in line with
ther recent estimates (e.g. B. Liu et al. 2025a ). 
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Table A1. Average lifetime photon production rates. The first column is the model source, the second gives the initial rotational velocity in fraction 
of the Keplerian velocity for S. C. Yoon et al. ( 2012 ) and critical velocity for L. J. Murphy et al. ( 2021a ). The third column is the ZAMS mass in solar 
masses, the fourth through eighth column is the logarithm of the average lifetime photon production rates [ s −1 ] for the respective energy ranges, and 
the last column is the lifetimes in years. 

Source Rotation Mass Q H Q He Q He + Q LW 

Q Ly Lifetime 

Yoon + 12 0.0 10 47.71 47.23 41.98 47.57 47.75 2.61E + 07 
Yoon + 12 0.0 20 48.66 48.31 43.79 48.20 48.37 1.02E + 07 
Yoon + 12 0.0 30 49.10 48.77 44.87 48.54 48.70 6.81E + 06 
Yoon + 12 0.0 60 49.68 49.39 47.66 49.00 49.17 4.16E + 06 
Yoon + 12 0.0 100 50.02 49.74 48.54 49.29 49.46 3.27E + 06 
Yoon + 12 0.0 150 50.27 50.00 48.98 49.54 49.71 2.70E + 06 
Yoon + 12 0.0 200 50.40 50.14 49.19 49.66 49.83 2.64E + 06 
Yoon + 12 0.0 300 50.59 50.33 49.45 49.85 50.01 2.40E + 06 
Yoon + 12 0.0 500 50.83 50.57 49.73 50.08 50.25 2.18E + 06 
Yoon + 12 0.4 10 47.56 46.98 41.53 47.57 47.75 2.74E + 07 
Yoon + 12 0.4 20 48.88 48.63 47.48 48.12 48.28 1.52E + 07 
Yoon + 12 0.4 30 49.26 49.03 48.00 48.40 48.56 9.51E + 06 
Yoon + 12 0.4 60 49.79 49.59 48.75 48.82 48.98 5.28E + 06 
Yoon + 12 0.4 100 50.12 49.94 49.21 49.10 49.26 3.93E + 06 
Yoon + 12 0.4 150 50.36 50.18 49.48 49.32 49.47 3.28E + 06 
Yoon + 12 0.4 200 50.52 50.32 49.59 49.54 49.69 2.97E + 06 
Yoon + 12 0.4 300 50.69 50.48 49.68 49.74 49.90 2.55E + 06 
Yoon + 12 0.4 500 50.87 50.62 49.74 50.07 50.25 2.23E + 06 
Murphy + 21 0.0 9 47.68 47.13 43.98 47.30 47.61 2.00E + 07 
Murphy + 21 0.0 12 48.10 47.63 44.86 47.48 47.83 1.93E + 07 
Murphy + 21 0.0 15 48.23 47.90 45.47 47.55 48.01 1.40E + 07 
Murphy + 21 0.0 20 48.84 48.40 46.19 48.07 48.26 1.03E + 07 
Murphy + 21 0.0 30 49.07 48.82 46.95 47.91 48.58 6.64E + 06 
Murphy + 21 0.0 40 49.45 49.16 47.40 47.87 48.81 5.21E + 06 
Murphy + 21 0.0 60 49.81 49.52 47.94 48.34 49.09 4.03E + 06 
Murphy + 21 0.0 85 50.15 49.79 48.37 49.31 49.34 3.40E + 06 
Murphy + 21 0.0 120 50.38 50.02 48.72 49.60 49.54 3.05E + 06 
Murphy + 21 0.4 9 47.57 47.06 41.73 47.47 47.65 2.38E + 07 
Murphy + 21 0.4 12 47.93 47.52 42.42 47.74 47.92 2.25E + 07 
Murphy + 21 0.4 15 48.26 47.89 43.02 47.94 48.11 1.65E + 07 
Murphy + 21 0.4 20 48.64 48.30 43.73 48.18 48.34 1.19E + 07 
Murphy + 21 0.4 30 49.09 48.77 44.77 48.49 48.65 7.60E + 06 
Murphy + 21 0.4 40 49.36 49.05 45.92 48.70 48.86 5.76E + 06 
Murphy + 21 0.4 60 49.70 49.39 47.50 49.01 49.18 4.41E + 06 
Murphy + 21 0.4 85 49.94 49.64 48.20 49.24 49.41 3.60E + 06 
Murphy + 21 0.4 120 50.17 49.89 48.65 49.43 49.59 3.14E + 06 

Figure A1. Star formation rate density as a function of redshift for the 21cmSPACE simulations included in Fig. 7 . 
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Figure A2. Neutral hydrogen fractions as a function of redshift for the 21cmSPACE simulations included in Fig. 7 . For the rotational stellar models in 
scenario 2, the Universe is already ionized to x HI ≈ 0 . 8 by z ≈ 15 . 
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