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Investigating the properties of the first stars in the Universe, known as population III (pop III) stars, is
essential, yet it remains an open question. One way to explore these stars is by examining their effects on
the surrounding gas during the cosmic dawn. In this study, we investigate whether the 21-cm global
signal can constrain the typical mass and star formation efficiency of first-generation stars. We perform
seminumerical simulations that include the escape fraction of ionizing photons, which depends on stellar
and halo masses, as well as the heating structure surrounding a halo that hosts the first star, determined by
radiation hydrodynamics simulations. Using a Fisher analysis that includes thermal noise for an integration
time of 1000 h, we find that the global signal provides information for constraining these properties if the
foreground spectrum can be perfectly removed. However, when the smooth foreground spectrum is
modeled using a log-polynomial and inferred from the same data, its spectral variation becomes strongly
degenerate with the changes produced by the Pop III parameters, substantially weakening the constraints.
These results demonstrate that accurate foreground modeling and removal are essential for extracting

information about Pop III properties from the global 21-cm signal.

DOI: 10.1103/fxst-1k13

I. INTRODUCTION

Observations of the cosmic microwave background
(CMB) reveal a nearly homogeneous Universe about
380,000 years after the big bang, consisting primarily of
hydrogen and helium. Subsequently, gravitational collapse
initiated the formation of the first generation of stars
(population III; Pop III) in the Universe from pristine
gas clouds devoid of metals. Pop III stars fundamentally
altered the state of the Universe by generating the first
heavy elements and emitting intense ultraviolet (UV)
radiation, thus ending the cosmic “dark ages” and initiating
the cosmic dawn. The subsequent formation of metal-
enriched population II (Pop II) stars produced abundant UV
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radiation and played an important role in driving the
progress of the epoch of reionization [1].

Theoretical predictions suggest that Pop III stars formed
under different physical conditions compared to later
generations, primarily due to less efficient gas cooling
processes, resulting in more massive stars. Simulation
studies indicate that Pop III stars could have typical masses
ranging from tens to hundreds of solar masses, significantly
exceeding those of later-generation stars [2,3]. Their
immense luminosities and brief lifetimes (a few million
years) culminated typically in supernovae, enriching the
interstellar medium and marking a transition to metal-
enriched star formation (population II) [4,5].

Despite their importance, direct observational evidence
for Pop III stars remains difficult due to their occurrence at
high redshifts in faint, early protogalaxies, beyond the
reach of current observational capabilities [1]. Conse-
quently, their properties—including initial mass func-
tion (IMF), star formation efficiency, and overall cosmic
impact—remain uncertain. Indirect evidence, such as
chemical abundances in ultrametal-poor stars and early
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galaxies, currently constrains these characteristics [4,5].
To overcome observational limitations, the 21-cm line of
neutral hydrogen has been considered a promising probe
of early star formation. The global 21-cm signal, i.e., the
global average of the redshifted 21-cm signal, traces the
thermal and ionization history of the intergalactic medium
(IGM) [6-9].

The formation of the first stars at redshifts z > 20-30
produced Lya radiation that coupled the hydrogen spin
temperature to the kinetic gas temperature, which is colder
than the CMB temperature, via the Wouthuysen-Field (WF)
effect, thereby manifesting as absorption features in the
global 21-cm signal. Subsequent x-ray emission from early
stellar populations heated the IGM, eventually shifting
the signal from absorption to emission at z ~ 15 [10].
Ultimately, progressive reionization eliminated neutral
hydrogen, extinguishing the 21-cm signal by z~ 6, as
shown from the analyses of Lyman-a forest [11,12]. Lyman
alpha emitter statistics also show that the IGM is already
highly ionized by z &~ 6, with the major phase of reioniza-
tion completed by z = 7 [13-15].

Observations at higher redshift z > 10 remain incon-
clusive. In 2018, the EDGES experiment reported a
controversial global 21-cm absorption feature centered at
~78 MHz (z =~ 17), considerably deeper than standard
astrophysical predictions [16]. Subsequent analyses ques-
tioned the cosmological interpretation due to potential cali-
bration and foreground modeling issues [17]. Independent
measurements, including those from SARAS 3, have not
confirmed the EDGES signal, underscoring the experimen-
tal challenges involved, primarily foreground contamina-
tion [18]. A challenge for global-signal experiments is that
the expected 21-cm signal and foreground emission are
both spectrally smooth, making their separation based
on spectral information difficult [19]. Several ground-
based global-signal experiments are ongoing, including
EDGES-3, the Radio Experiment for the Analysis of
Cosmic Hydrogen (REACH), the Mapper of the IGM
Spin Temperature (MIST), the Electromagnetically Iso-
lated Global Signal Estimation Platform (EIGSEP), and
Global Imprints from Nascent Atoms to Now (GINAN)
[20-24]. Meanwhile, interferometric arrays such as the
Low Frequency Array (LOFAR), Murchison Widefield
Array (MWA), and Hydrogen Epoch of Reionization
Array (HERA) aim to measure spatial fluctuations in the
21-cm signal, complementing global signal studies by
providing additional constraints on reionization and heating
timelines [25-27].

The predicted 21-cm global signal [28-30] and
power spectrum [31] are highly sensitive to key Pop III
properties—including their typical stellar mass, forma-
tion efficiency, initial mass function, and overall cosmic
impact—with variations in these quantities shifting the
timing and modifying the amplitude of the associated
absorption and emission features. The degeneracy among

these astrophysical properties and foreground residuals
complicates efforts to isolate distinct Pop III signatures
within the global 21-cm data. Therefore, it remains unclear
to what extent future observations can uniquely constrain
the characteristics of Pop III stars.

This study aims to address these uncertainties by
quantifying the feasibility of constraining the properties
of Pop III stars through detailed theoretical modeling and
Fisher matrix analysis. Specifically, we assess how forth-
coming global 21-cm observations, accounting for fore-
ground contamination and thermal noise, can constrain Pop
IIT stellar parameters, namely, the star formation efficiency
(f,) and the individual stellar mass M . We find below
that f, and M, can be constrained under the idealized
assumption of perfect foreground removal, whereas mar-
ginalizing over the smooth foreground parameters substan-
tially weakens the constraints because of foreground—signal
degeneracies.

The paper is organized as follows. In Sec. II, we describe
the methodology for simulating the 21-cm signal depend-
ing on Pop III properties and present the simulation results.
In Sec. III, we estimate the constraints on Pop III properties
from observations of the 21-cm global signal using a Fisher
matrix analysis. In Sec. IV, we discuss the implications and
limitations of our results. In Sec. V, we summarize our
conclusions.

Throughout this paper, we work with a flat ACDM
cosmology consistent with the Planck result: (Q,,, Q,, A,
ng, 03, Yue) = (0.315,0.0493, 0.674, 0.965, 0.811, 0.245)
[32], where €, and €, are the matter and baryon density
parameters, respectively, / is the normalized Hubble
parameter, n, is the spectral index of the power spectrum
of the primordial density fluctuation, og is the matter fluc-
tuation amplitude at 8 2~! Mpc, and Yy, is helium mass
fraction.

II. IMPACT OF FIRST STAR PROPERTIES
ON 21-CM SIGNAL

In this section, after briefly reviewing how Pop III
properties affect the 21-cm signal, we describe the meth-
odology for simulating the 21-cm signal as a function of
Pop III properties and present the simulation results.

The cosmological 21-cm signal, the offset of 21-cm
brightness temperature from CMB temperature, is written
as [8,33]

Q,h? 0.15 1 +z\1/2
6Tb(z) ~ 27le(1 + 5b>< b ) < Z)

0.023)\Q,h* 10
. <TS—7]:EMB(Z)) [(1 J:;ZH (Z)] mK, (1)

where xyp, 05, Ts, Tomp, and d,v, denote the fraction of
neutral hydrogen in the intergalactic medium (IGM), the
overdensity of baryon, the spin temperature of hydrogen,
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the CMB temperature at redshift z, and the velocity
gradient of the line of sight, respectively. Although 67T,
has spatial variations, its sky-averaged value, known as the
global signal, traces the overall evolution of the ionization
and thermal state of the IGM. In this paper, we focus on this
global signal. The spin temperature, T, is determined by

— Tovs + % Tx + %, T3
§ 14+ x.+x,

; (2)

where Tk, T,, x., and x, are the gas kinetic temperature of
hydrogen and the color temperature of Lya photons, the
collisional coupling constant, and Lya coupling constant,
respectively [8].

At the end of the dark ages, the spin temperature 7'y is
coupled to the CMB temperature 7'cyg because the low gas
density makes collisional coupling inefficient (x, < 1),
and the absence of stellar radiation means that Lya coup-
ling is negligible. In this regime, 21-cm transitions are
mainly driven by the radiative coupling with the CMB,
forcing Ty~ Tcyp and producing no observable 21-cm
signal.

After the birth of the first stars, the background of
redshifted Lya photons activates the WF effect [34,35],
which couples T'g to the gas kinetic temperature 7. In the
standard cosmological scenario, Ty < Tcyp at this stage,
leading to an absorption feature in the global 21-cm signal.
As x-rays from the first sources subsequently heat the
intergalactic medium, 7Ty (and thus Tg) rises and
approaches T cyp, causing the absorption trough to shallow
and eventually vanish when Ty = Toyg-

Population IIT stars affect the 21-cm signal through
several radiative processes. Lya photons produced by
Pop I1I stars drive the WF coupling, while ionizing photons
increase the ionized fraction and heat the IGM through
photoionization. In addition, Lyman—Werner (LW) radia-
tion suppresses subsequent Pop III star formation by
increasing the minimum halo mass required for gas cooling
(for a review, see [36] and the references therein).
Consequently, the frequency, depth, and shape of the global
21-cm absorption feature depend on the Pop III star-
formation efficiency and stellar mass.

To calculate the global 21-cm signal, we use the semi-
numerical simulation code 21cmFAST [37] with the Pop III
module developed by Tanaka and Hasegawa [38]. The code
generates the evolved density and velocity fields and
calculates the ionization and thermal histories of the
IGM, from which the spin temperature and 21-cm bright-
ness temperature are obtained. The simulations are per-
formed in a cubic volume with a side length of 256 cMpc.
A Gaussian random density field is generated on a 768°
grid from the linear matter power spectrum. The density
and velocity fields are then evolved from z = 300 to each
output redshift using the Zel’dovich approximation with
second-order Lagrangian perturbation theory corrections.

The evolved density and velocity fields are constructed on a
2563 grid, corresponding to a spatial resolution of 1 cMpc.
The ionization and thermal histories are also calculated on
this grid.

Following Tanaka and Hasegawa [38], we incorporate a
Pop III module that includes the stellar- and halo-mass-
dependent escape fraction of ionizing photons, the cumu-
lative production and recombination of ionizing photons,
subgrid UV photoheating around Pop III-hosting halos, and
LW feedback on the minimum halo mass for star formation.
In the following subsections, we describe these components
following the prescriptions of Tanaka and Hasegawa [38].

A. Local ionization around halos that host Pop III stars

The ionization field is constructed using the excursion-
set filtering procedure employed in 21cmFAST [37]. In this
procedure, the ionization state of each cell is evaluated
using quantities spatially averaged over a scale R, which is
varied from a maximum filtering scale, which is defined
below, down to the cell size.

For the ionizing-photon budget, we adopt the modified
prescription developed by Tanaka and Hasegawa [38]. The
standard 21cmFAST prescription determines the ionization
state using the collapsed fraction evaluated at each redshift
together with an ionizing efficiency. By contrast, the
prescription adopted here explicitly follows the cumulative
numbers of ionizing photons and recombinations over the
previous evolution.

A cell is identified as fully ionized if the cumulative
number of ionizing photons is sufficient to ionize the
hydrogen and compensate for recombinations. The corre-
sponding criterion is

NR (x,z) > 1+ NR (x,2), (3)

where NR (x, z) and N_(x, z) are the cumulative numbers
of ionizing photons and recombinations per baryon,
respectively, spatially averaged over the scale R.

For each cell, the cumulative number of ionizing photons
per baryon is calculated as

dfcoll(x’ ZI)

@)

Zinit
Nion<X’ Z) = / dZICion (ZI)
b4
where

gion(z> = Nyv/fesc (Z)f* (5)

Here, Nyy is the number of ionizing photons produced per
stellar baryon. We adopt Nyy = 70000 following Tanaka
and Hasegawa [38]. fe(z) is the escape fraction of
ionizing photons, f, is the Pop III star-formation efficiency,
and f.on(X, z) is the fraction of matter collapsed into halos
capable of hosting Pop III stars. The escape fraction f..(z)
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is described in Sec. II B, while f, and f,, are defined in
Sec. 11 D.

The cumulative number of recombinations per baryon in
each cell is calculated as

Zinit dr
Neel.) = [ dZagm(x 2)nix. ) T (6)
z

where ay is the case-B recombination coefficient [39], ny is
the number density of hydrogen, and x. is the ionized
fraction of the cell.

We apply the criterion in Eq. (3) by decreasing the
filtering scale from R, to the cell size. Following Tanaka
and Hasegawa [38], we set R, = 30 Mpc, which is
sufficiently large for the high-redshift range considered
in this work. If the criterion is not satisfied even at the cell
scale, the cell is treated as partially ionized, with its ionized
fraction given by

Xe(X, z) = min {max [Nion(X, 2) = Nrece(x, 2), 01, 1} (7)

B. Escape fraction as a function of Pop III star mass
and halo mass

To accurately model the reionization history, it is
essential to quantify how efficiently ionizing photons
produced by the Pop III stars escape from their host halos
into the IGM. The escape fraction, /£, strongly depends
on both the mass of the halo and the stellar mass of the
central Pop III star, as these determine the depth of the
gravitational potential well and the strength of radiative
feedback. Previous semianalytic studies have often
assumed a constant escape fraction [29,40], but radiation—
hydrodynamic (RHD) simulations reveal that /... can vary
by orders of magnitude across different mass scales [41],
and it affects the 21-cm signal not only through ionization
but also through photoheating [38]. In this work, we adopt
the fitting relation obtained from one-dimensional RHD
simulations presented in [38], which enables us to account
for the impact of Pop III stellar mass on the 21-cm signal
through the ionization and heating of the surrounding IGM.
This approach provides a physically motivated connec-
tion between the properties of Pop III stars and their
ionizing impact on the IGM, distinguishing our model
from previous works [29,40] that employed simplified
prescriptions.

In [38], the relationship between the escape fraction of
ionizing photons and both halo mass and stellar mass is
examined. The escape fraction for a halo with mass M, that
hosts a Pop III star with mass M is determined using one-
dimensional RHD simulations. The study provides a fitting
formula to describe this relationship as

1.0 1

0.8 1

0.6 1
g
g
0.4 1
0.2
0.0 1
10° 106
Mhaio[Mo ]
FIG. 1. Escape fraction-halo mass relation. Relationship be-

tween the ionizing photon escape fraction, /.., and halo mass,
M,,, shown for several stellar masses, M. f.,. decreases with
increasing M;, due to enhanced absorption by hydrogen within
more massive haloes, while it increases with increasing M, as
stronger ionizing emission drives faster expansion of the ionized
bubble inside the halo.

M\ [ M,
Fese(My, M) = max [—18.14<M;) <106Mo>

+0.97, o} . (8)

Figure 1 illustrates the relationship between /£, and M,
for various values of M. As the halo mass M,, increases,
the escape fraction /. decreases. This decline occurs
because ionizing photons are absorbed by abundant hydro-
gen within the halo. In contrast, as the star mass M
increases, [, also increases. This increase is due to the
rapid expansion of the ionized bubble inside the halo,
which is driven by the strong emission from a massive star.

In our simulations, the escape fraction at redshift z is
averaged over the halo mass as

f]g;)cool thddTnh/echwha Ms)

o0 dn
f M, cool th dm h

fese(z, M) = ©)

In this work, we utilize the Sheth—-Mo-Tormen mass

function [42] to describe the mass function dd—[v'l'h in the

equation. The minimum halo mass necessary for gas to cool
sufficiently to allow for star formation is referred to as
M- It is important to note that My, is influenced
by Lyman—Werner feedback. The details regarding this
feedback mechanism and the determination of M, are
discussed in the following section.

In applying Eq. (9), we treat M, as the characteristic
mass of an individual Pop III star. Specifically, we assume
that each occupied halo hosts a single Pop III star with the
same characteristic mass M, and we do not impose an
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FIG. 2. Halo-mass-averaged escape fraction f., as a function
of the threshold halo mass for star formation M, in the case of
M = 200M . The escape fraction f,. decreases with increasing
M. because star formation becomes restricted to more massive
haloes that individually exhibit smaller escape fractions, f. It
declines toward lower redshifts, reflecting the increasing con-
tribution of massive haloes that form preferentially at later times.

explicit stellar-mass—halo-mass relation. This simplifying
assumption is motivated by the simulations of Susa et al.
[43], which found no clear correlation between the mass of
the primary Pop III star and that of its host minihalo.
Accordingly, M is treated as a model parameter indepen-
dent of halo mass throughout this work.

Figure 2 shows the relationship between the halo-
mass-averaged escape fraction f.,. and M, for the M, =
200M  case at various redshifts. As M, increases, feq.
decreases. This occurs because star formation is primarily
limited to more massive halos, which have a smaller
individual escape fraction £.. Additionally, as the redshift
decreases, f.. also decreases. This trend is due to the fact
that massive halos tend to form at lower redshifts.

C. Photoheating of IGM by UV radiation

Photoheating by UV photons produces a warm, 21-cm—
emitting layer surrounding ionized regions [41,44]. In our
simulations, however, this heating structure cannot be
explicitly resolved because the characteristic mean free
path of the relevant UV photons is shorter than the simu-
lation grid size. We therefore model UV heating in a
subgrid manner. Following [38], we subdivide each cell
into three components: an ionized region, a cold neutral
region, and a heated neutral region. Assuming xy; = 0 in
the ionized region and T's > T ¢\ in the heated region, the
21-cm brightness temperature can be expressed as

6Tb,ion =0 mK, (10)

mK, (11)

1 12T .—T
6T p cola = 38.7(1+6) ( * Z) s—Tcems(2)

20 Ts

1 1/2
5Tb,heat:38.7(1+5)<%) mK,  (12)

respectively. The brightness temperature of the cell is
written as a weighted average of the brightness temperature
of these three regions,

Ty gia = Y _fi6Ty; (i =ion,cold heat).  (13)

Here, f; is the volume fraction of each region. In [38],
radiative hydrodynamic (RHD) simulations were per-
formed to analyze the ratio of the volume of heated regions
to that of ionized regions, defined as yy,/; = fheat/ fion- They
found that the dependence of yy,; on halo and stellar masses
is negligible, and they also provided a fitting formula for

Ynyi a8
log(yyi) = —3.111og(1 + z) 4 5.23. (14)

In the RHD simulations, the boundary between the ionized
region and the heated region is defined as the shell where
the neutral fraction is 1%, while the boundary between the
heated region and the cold region is defined as the shell
where 67, becomes positive. Under these definitions, the
ionized fraction in the heated region is below 10%, and the
heated region is therefore approximated as fully neutral,
xyp = 1, for simplicity [38]. By combining this relationship
with f;,, obtained in the simulations as shown in Eq. (7),
along with the normalization condition ), f; = 1, we can
determine all f; values for each cell.

D. LW feedback

LW photons, which have energies ranging from 11.2 to
13.6 eV, can dissociate molecular hydrogen. Since molecu-
lar hydrogen serves as the primary coolant in primordial
gas clouds where Pop III stars form, its dissociation through
LW radiation emitted by the first stars suppresses the
formation of subsequent stars. This negative feedback
mechanism is incorporated [38] and also in this work.

To quantify this feedback effect, we adopt the framework
established by [45], which relates the minimum halo mass
required for Pop III star formation to the local LW back-
ground intensity. The minimum halo mass, denoted as
M., in equation (9), above which halos can host Pop III
stars, depends on the LW intensity, J;yw. The relationship
between M., and Jiw found in [45] is given by

1+2z)\719
Moy = 2.5 % 105< 26 )

X [146.96(4nJ w(z))* Mg, (15)

where J w (z) is giveninunits of [1072! ergs ! cm=2Hz~'str~!].
The averaged LW intensity, Jiw(z), at each redshift is
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calculated by averaging LW intensity at each simulation
grid at that redshift, 7 w(x. z). Jrw(X, z) is calculated by
summing the contributions from the emissivity of the
sphere centered at x with a radius of ry,

Zmax 1 1 de(x,?
jLW(XvZ) :/ dz’ M, (16)
Z

4r 4711% d7’

where r, corresponds to the proper light-travel distance
between z’ and z, and &(x, z) is the LW specific emissivity.
The emissivity &(x, z) is assumed to be proportional to the
growth of the collapsed mass fraction inside halos, f.q,
and can be written as

d_Vdfcoll
d7 dr
(17)

de(x, 7/ NiwE ~ _
(dz, ) ( ZVZL;W>f*fesc,Lwnb,o(1+6R>

Here, the factor NZ‘ZA represents the energy of LW
LW

photons per stellar baryon per frequency, and fee 1w
denotes the escape fraction of LW photons, which is
assumed to be equal to the escape fraction of ionizing
photons, denoted as f... The remaining part the rhs of the
equation is related to the star formation rate within the
shell between 7z’ and 7’ + dz’. In this context, f, is the star
formation efficiency, 71, denotes the present baryon
number density, 6 indicates the density fluctuation aver-
aged over the scale R, and g—;/, refers to the volume of the
shell. Following the prescription in the original 21cmFAST
implementation [37], the fraction of matter collapsed into
halos above the minimum mass for Pop III star formation,
M1, 1s denoted by f., and calculated as

fcoll(xv ZI’ R/v Smin)

_ ]?ST(Zlvsmin)
fPS,nl(Zl, Snin» Rl)

5. — ok
2[Smin — S¥]

erfc

e

where S, and S®' are the variances of the smoothed linear
density field at halo mass scales M, and R’, respectively.
fsr is the mean Sheth-Tormen collapsed fraction, and
}‘ps’nl is the mean Press—Schechter collapsed fraction
averaged over scale R’'.

In our framework, f, is defined as the fraction of the total
baryonic mass contained in halos with masses above M,
within a simulation cell that is converted into Pop III stars,
rather than as a stellar-to-halo mass conversion factor for
each individual halo. We assume that each star-hosting halo
hosts a single Pop III star of mass M. Therefore, for fixed
M, and a fixed halo population, a larger f, corresponds to a
larger number, or equivalently a larger occupation fraction,

of halos hosting a Pop III star, rather than to a larger stellar
mass in each halo.

Combining Egs. (16) and (17), the LW intensity in each
grid can be written as

_ f*ﬁb,()c NLWELW
bz = dr Ayy
Zmax _ d
- / 02 Ferw(1 4+ 2P (1 4 ) L.
b4 dz
(19)

An increase in the LW flux raises M, thereby reducing
feon»> the fraction of matter collapsed into halos massive
enough to host Pop III star formation. The resulting
suppression of the star formation rate density (SFRD)
decreases the LW flux Jyw, which in turn lowers M ;.

To calculate M, and J;w consistently, we implement
an iteration process. Initially, we calculate J1w and M,
according to Egs. (15) and (16). Next, we determine the
temporal values of f.. and f.,. Using these temporal
values, we then recalculate 7w and M. This process is
repeated until we obtain the final values of f.. and f .,
which are then used to calculate the ionization field.

Figure 3 shows the calculated 21-cm global signal for
several values of star formation efficiency f, and the star
mass M. Here, M specifies the mass of an individual Pop
III star, whereas f, controls the abundance of star-hosting
halos within each simulation cell. Since Pop II stars emerge
as the dominant sources of photons at lower redshifts, we
compute the 21-cm signal only for z > 18. An absorption
feature appears at z < 40. A higher f, results in a deeper
absorption, whereas a larger M, leads to a shallower one. In
the following, we explain the physical origin of these trends
based on the evolution of the SFRD, radiative feedback,
and ionization state.

0_
o & f.=0.1,M, =120 M,
£ _100/ fu=0.1,M; =200 M,
= fo=0.1,M, =450 M
Q
5 - f.=0.01,M, =120 M,
150 7 f. =0.01,M, =200 Mo
- ey - f.=0.01,M, =450 M,
------- f. =0.001,M, =120 M,
------- f. = 0.001,M, =200 Mo
-2001 f. =0.001, M, =450 Mo
20 25 30 35 40 45
z
FIG. 3. The global 21-cm brightness temperatures as functions

of redshift. The solid, dashed, and dotted lines are cases of
f. =0.1,0.01, 0.001 respectively. The red, green, and blue lines
are cases of M = 450,200, 120M s, respectively.
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— f.=0.1,M;=120M,

10724 f.=0.1,M,=200M,
— fo=0.1,M; =450M,
"?U f.=0.01,M, =120M,
g- 1074+ fo=0.01,M;=200M,
= f.=0.01,M,=450M¢
\ f.=0.001,M;=120M,
= 10-6 f.=0.001, M; =200M,
= f.=0.001, M, =450M,
o
@
% 10—8 ]

10—10

20 25 30 35 40 45
z
FIG. 4. The star formation rate density as a function of redshift.

The line styles and colors correspond to the same parameter
values as Fig. 3.

Figure 4 shows the evolution of the SFRD. A larger f,
leads to a large SFRD. This is because star formation occurs
in a larger number of halos. As a result, more Lya photons
are produced, which enhances the WF coupling. This drives
the spin temperature 7'y closer to the gas temperature 7.
Since Tx < Tcvmp, a larger f, leads to a deeper absorption
feature in the global 21-cm signal.

By contrast, the dependence on M is primarily governed
by radiative feedback from Pop III stars. As shown in
Fig. 5, a larger M leads to a higher halo-mass-averaged
escape fraction. This enhances the LW intensity, as shown
in Fig. 6, and raises the minimum halo mass My, as
shown in Fig. 7, thereby suppressing star formation in low-
mass halos. As a result, the SFRD becomes smaller for a
larger M, leading to fewer Lya photons and weaker WF
coupling.

In addition to the suppression WF coupling, a larger M
also enhances the ionization heating of the IGM. As
shown in Fig. 8, the ionized fraction becomes higher for

100_
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f
p
"
.
p
;

10°4Y e f.=0.001,M; = 450M,
20 25 30 35 40 45 50 55
z
FIG. 5. The halo-mass-averaged escape fraction given by

Eq. (9) as a function of redshift. The line styles and colors
correspond to the same parameter values as Fig. 3.
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10—4.
1073

20 25 30 35 40 45 50 55
z
FIG. 6. The averaged LW intensity, J;w(z), as a function of

redshift. The line styles and colors correspond to the same
parameter values as Fig. 3.
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FIG. 7. The minimum halo mass, M., as a function of
redshift. The line styles and colors correspond to the same
parameter values as Fig. 3.
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FIG. 8. The ionized fraction as a function of redshift. The line

styles and colors correspond to the same parameter values
as Fig. 3.
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a larger M, due to a larger escape fraction. This indicates
stronger heating. As a result, the gas temperature Ty
approaches the CMB temperature Ty, Which further
makes the absorption feature in the global 21-cm signal
shallower.

III. FISHER FORECAST

To assess how effectively observations of the 21-cm
global signal can constrain the properties of Pop III stars,
we utilize the Fisher matrix method, following Pritchard
and Loeb [33]. The Fisher matrix is defined as

F, = _<021n(£)>’ (20)

aPian

where L is the likelihood function, and p; denotes
parameter to be constrained. This Fisher matrix is also
written as

1
Fj = STe[CTIC,C7C ) + Cl upy + )], (21)

where C is the covariance matrix defined below, and u
represents the expected values of the observable. For 21-cm
signal observations, the key observable is the sky temper-
ature Ty, which is given by the sum of the foreground
emission and the cosmological 21-cm signal as

Tsky = ng + 5Tb (22)

To forecast constraints on the Pop III parameters in the
presence of foreground emission, we follow Pritchard
and Loeb [33] and model the foreground temperature as
an Nth-order log polynomial,

In Ty (v) = XN; a; {m (Lﬂ : (23)

i Vref

Similar smooth parametric foreground models have also
been used in analyses of global-signal observations. The
EDGES low-band analysis employed a different five-term
smooth basis [16], while the SARAS 3 analysis examined
several orders of a log-polynomial foreground model [18].
In both analyses, the smooth foreground and the 21-cm
signal were inferred simultaneously.

The coefficients a; are included as nuisance parameters
and varied jointly with the Pop III parameters in the
Fisher analysis. The fiducial values of a; are determined
by fitting the log-polynomial model to the sky-averaged
GSM2008 temperature spectrum [46]. For both foreground
fitting and Fisher analysis, we adopt the frequency range
45.8 < v < 74.7 MHz, corresponding to the redshift range
18 < z < 30. This lower-redshift boundary is adopted to
avoid the regime where the Pop II contribution is expected

Redshift
28 26 24 22 20
1.0r — N=3
N=4
0.8+ ——e N=5
0.6
04r

Tesm — Tt [MK]

0.2r /—\ /
0.0

-0.2} \/

45 50 55 60 65 70 75
Frequency [MHz]

FIG. 9. Temperature residuals between the sky-averaged
GSM2008 foreground spectrum and the best-fitting log-
polynomial models, Tgsm — T, The solid, dotted, and dashed
curves correspond to polynomial orders N =3, 4, and 5,
respectively. The models are obtained by fitting In Tggy with
an Nth-order polynomial in In(v/v,;), where v, is fixed at the
center of the fitting band. The lower and upper horizontal axes
show the observing frequency and the corresponding redshift,
respectively.

to become important, while the upper-redshift boundary
corresponds to the low-frequency limit, below which
ground-based observations become increasingly challeng-
ing. The reference frequency v, is fixed to the center of
this band.

Figure 9 shows the residuals between the sky-averaged
GSM2008 spectrum and the best-fitting log-polynomial
foreground models. The residual decreases as the poly-
nomial order is increased. We therefore consider N = 3-5
in the Fisher analysis to quantify the sensitivity of the
forecast to the foreground model.

We include thermal noise in the covariance matrix and
assume that the noise is uncorrelated between frequency
channels. The covariance matrix is therefore diagonal,

Cnm = 0%67[}?17 (24)
where

) Tgky (Vn)
0, —
timB

(25)

Here, t;,; is the integration time, and B is the channel
bandwidth. We assume t;,; = 1000 h and B = 0.1 MHz.
Under these assumptions, the Fisher matrix is given by

Neange 0In Ty (v,) 0In Ty, (v,,)
Fij= 2+ Bt, Sy (26
i nz:; ( + 1nt> api apj ( )
Here, the parameter set p; is p = (ag, ay, ..., ay, f+, My),

containing both the foreground coefficients and the Pop III
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FIG. 10. Forecasted constraints on the Pop III star-formation efficiency, f,, and stellar mass, M, with the foreground parameters fixed
at their fiducial values, while the foreground temperature is included in the fiducial sky temperature. The rows correspond to f, = 0.1,
0.01, and 0.001 from top to bottom, and the left and right columns correspond to M = 200 and 450M g, respectively. The solid and
dashed contours show the 68% and 95% confidence regions, and the black crosses indicate the fiducial parameter values. An integration
time of 1000 h is assumed. The upper two rows share the same horizontal scale, whereas a wider M range is used for the bottom row.

parameters. Following the formulation of Pritchard and
Loeb [33], the prefactor “2+ arises because both the mean
signal and the covariance depend on the astrophysical and
foreground parameters. The first term represents the infor-
mation contribution from the parameter dependence of the
noise covariance, i.e., the change in the overall variance
amplitude with respect to the model parameters. The
second term corresponds to the usual Fisher information
from the derivative of the mean signal, reflecting how the
global 21-cm spectrum itself varies with astrophysical
parameters. See the Appendix for the derivation of the
Fisher matrix.

The covariance matrix of the model parameters is
estimated from the inverse Fisher matrix,

= (F_l)ij'

(27)

Figure 10 shows the forecasted constraints when the
foreground parameters are fixed at their fiducial values. For
f»=0.1 and 0.01, both f, and M, can be constrained
relatively well, although the degeneracy direction depends
on the fiducial Pop IIl parameters. For example, at
f.=0.01 and M = 200M, the marginalized 1o uncer-
tainties are o(f,) = 3.3 x 107 and ¢(M,) = 6.3M,, cor-
responding to fractional uncertainties of approximately 3%
for both parameters. In contrast, the constraints become
substantially weaker for f, = 0.001, particularly for M,
because the global signal becomes less sensitive to changes
in the Pop III stellar mass within the frequency range
considered.

Figure 11 shows how the constraints change when the
foreground coefficients are simultaneously included as
nuisance parameters. Marginalizing over the foreground
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Forecasted constraints on the Pop III parameters obtained by simultaneously including the foreground coefficients in the

Fisher analysis. The foreground is modeled using the log-polynomial form given in Eq. (23), with the reference frequency v, fixed. The
blue contours show the results with the foreground parameters fixed at their fiducial values, while the orange, green, and gray contours
show the constraints after marginalizing over the foreground coefficients for N = 3, 4, and 5, respectively. These models contain four,
five, and six foreground coefficients. The solid and dashed contours denote the 68% and 95% confidence regions. The rows correspond
to f, = 0.1, 0.01, and 0.001 from top to bottom, and the left and right columns correspond to M = 200 and 450M , respectively. An

integration time of 1000 h is assumed.

coefficients substantially broadens the Pop III confidence
regions for all fiducial parameter values. For f, = 0.01 and
M, = 200M, even the N = 3 foreground model increases
the marginalized 16 uncertainties to o(f,) = 8.8 x 1073
and o(M) =2.2x 10*°M, corresponding to approxi-
mately 88% and 110% of their fiducial values, respectively.
The constraints generally become weaker as the polynomial
order is increased from N = 3 to N = 5. This degradation
occurs because the additional smooth foreground modes
overlap with spectral variations induced by the Pop III
parameters, reducing the independent information available
to constrain f, and M. The foreground marginalization
also changes the orientation of the confidence regions,
indicating that the apparent degeneracy between the two

Pop III parameters is affected by their correlations with the
foreground coefficients.

IV. DISCUSSION

In this section, we discuss the physical interpretation of
the trends found in the Fisher analysis. We first consider the
constraints obtained with the foreground parameters fixed,
in order to isolate the effects of the two Pop III parameters
and clarify the physical origin of their degeneracy. We then
discuss how the constraints change when the foreground
coefficients are varied simultaneously with the Pop III
parameters. As shown in Fig. 10, the constraints become
tighter for larger f,. This is likely because a smaller f,
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results in a lower redshift at which the absorption feature
appears, leading to weak parameter dependence within the
range of z = 18-30 we consider.

The confidence ellipses for f, = 0.01 and M = 200M
exhibit a positive degeneracy between f, and M. This can
be understood from how these parameters affect the global
signal. Immediately after the absorption trough begins to
form, a larger f, leads to a deeper trough, while a larger M
leads to a shallower trough. As a result, when both
parameters increase simultaneously, their effects on the
signal partially cancel each other, suppressing the change in
the signal. This leads to a positive degeneracy between f
and M. This interpretation is consistent with the deriva-
tives % and %5—[‘2’
signs for most of the considered redshift range. From
Eq. (26), the opposite signs of these derivatives make the
off-diagonal element of the Fisher matrix negative. Since
the covariance matrix is the inverse of the Fisher matrix, its
off-diagonal term encodes the parameter degeneracy. When
this term is positive, an increase in one parameter can be
compensated by an increase in the other, producing an
error ellipse along a positively tilted direction as shown
in Fig. 10.

In contrast, for f, = 0.1, the degeneracy becomes
weaker, as shown in the top left panel of Fig. 10. In this
large-f, case, the ionization of the IGM proceeds earlier,
making heating by UV photons important. Once heating
begins to affect the signal, a larger f, enhances the heating
and thus makes the absorption trough shallower (see
Fig. 3). As a result, the derivative with respect to f,

shown in Fig. 12, which have opposite

-—— p=f.,f. =0.01,M, =200M,
-—— p=fu,f.=0.1,M;=200M,
--= p=f.,f. =0.1,M;=450M,

—— p=M,, f. =0.01,M; =200M,
—— p=M,, f.=0.1,M,=200M,
—— p=M,,f.=0.1,M;=450M,

1.00 1
0.751
0.501
0.251

0.00

36Tp/op

—0.251
—0.50 1
—0.751

~1.001
18 20 22 24 26 28 30

FIG. 12. The parameter derivatives of the global 21-cm bright-
ness temperature as functions of redshift, normalized by its
maximum absolute value. The dashed and solid curves show the
derivatives with respect to f, and M, respectively. The green and
red curves show the derivatives around f, = 0.1 and f, = 0.01,
respectively; in all cases M = 200M . The blue curves show
those around f, = 0.1 and M, = 450M,.

changes sign from negative to positive at a lower redshift,
which is shown as the green dashed line in Fig. 12.

By contrast, the effect of M remains qualitatively similar
throughout the evolution. Before heating becomes impor-
tant, a larger M, corresponding to a larger escape fraction,
strengthens the LW feedback, suppresses early star for-
mation, and weakens the Ly-a coupling, thereby making
the absorption trough shallower. After heating becomes
important, the stronger ionizing radiation associated with
larger M, leads to more efficient heating, which again
makes the trough shallower. Therefore, the derivative with
respect to M, remains positive over the relevant redshift
range (solid lines in Fig. 12). Since the response to f,
changes sign, whereas that to M, remains positive, the
two parameters no longer affect the signal in the same way
for the case of f, = 0.1. Consequently, the degeneracy
between them is reduced.

The top right panel of Fig. 10 summarizes the expected
constraints for the case where M, = 450M and f, = 0.1.
As M is increased from 200 to 450M 4, the heating effect
becomes even stronger, and the onset of heating shifts to
higher redshift (blue dashed line in Fig. 12). As a result, the
redshift range over which the parameter dependencies of
the global signal on f, and M, become similar increases,
and the degeneracy between the two parameters eventually
becomes negative.

We next examine how these constraints are affected
when the foreground coefficients are included as nuisance
parameters. As shown in Fig. 11, marginalizing over the
foreground coefficients substantially broadens the confi-
dence contours for all the fiducial cases considered here.
The constraints generally become weaker as the polynomial
order N is increased, and the orientation of the degeneracy
also changes depending on the fiducial Pop III parameters.
The constraints obtained with the foreground parameters
fixed should therefore be regarded as an idealized reference
for assessing the information contained in the global signal
before accounting for degeneracies with the foreground.

The degradation of the constraints arises because both
the foreground basis functions and the variations of the
global 21-cm signal with the Pop III parameters are smooth
functions of frequency. Although the fiducial foreground
coefficients are determined by fitting only the GSM fore-
ground spectrum, the foreground coefficients and the
Pop III parameters are varied simultaneously in the
Fisher analysis. Consequently, components of the Pop III
parameter derivatives that can be represented by the fore-
ground basis functions become degenerate with variations
of the foreground coefficients. Increasing N introduces
additional smooth spectral modes and thus reduces the
information available for constraining f, and M.

In this study, we conducted the Fisher analysis using
simulation results at redshifts z > 18 to avoid the regime
where the Pop II contribution becomes dominant. However,
the timing of the transition from Pop III to Pop II remains
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uncertain [e.g., [47,48]] and may depend on f,. A smaller
[ delays metal enrichment, allowing Pop III star formation
to persist to lower redshifts. Conversely, for larger f, metal
enrichment proceeds more rapidly, and the transition to Pop
IT may occur at higher redshifts. Therefore, the present
constraints may be conservative when f, is small, whereas
they may be optimistic if f, is large.

Moreover, because the transition is expected to be
gradual, a fixed redshift boundary cannot completely
separate the Pop IIl and Pop II contributions. Since the
present Fisher analysis does not include the Pop II con-
tribution or its associated parameters, it does not account
for the resulting degeneracies with the Pop III and fore-
ground parameters, which could further weaken the fore-
casted constraints.

We assumed that all Pop III stars have a single mass;
however, the initial mass function typically has a distribu-
tion. Even with the simulation methodology used in this
work, it is possible to incorporate an IMF distribution by
assuming a specific IMF and computing an IMF-weighted
average of the escape fraction of ionizing photons, which
depends on Pop III stellar mass, denoted as f.(z, M;).
Even though it is beyond the scope of the present study, this
approach may enable forecasts regarding constraints on
IMF parameters such as the slope of the IMF.

In a previous study investigating the possibility of
constraining the Pop III IMF using the 21-cm signal,
Gessey-Jones et al. [29] demonstrated, through simulations
that include the IMF dependence of IGM heating by x-ray
binaries formed from Pop III stars, that the IMF shape can
indeed be constrained. Specifically, assuming global-signal
observations with 25 mK noise, they found that an IMF
peaking around 200M can be distinguished from one
peaking around 500M 4 at the 3o level. Under the idealized
assumption that the foreground can be perfectly removed,
our results similarly indicate that the global 21-cm signal
contains information about the characteristic mass of
Pop III stars. However, a direct quantitative comparison
is difficult because Gessey-Jones et al. [29] considered
the IMF dependence of x-ray heating, whereas our study
considers heating by UV photons and the stellar-mass
dependence of the escape fraction of ionizing photons.
These two approaches therefore include complementary
physical effects. Future simulations incorporating the IMF
dependence of x-ray heating and UV heating would
provide a more complete assessment of the impact of
the Pop III mass on the 21-cm signal. Since UV heating
affects heating on small scales, whereas x-ray heating
affects heating on large scales, it is crucial to include both
the heating effects especially when performing analyses
based on the power spectrum. Including both UV and x-ray
heating may have a significant impact on the precision of
IMF constraints and on parameter degeneracies.

As a promising future prospect, an analysis using the
power spectrum shows potential. In this study, we found

that the f,—M degeneracy can be reduced by observing the
global signal before and after the UV heating becomes
effective. However, if the spatial scales that f, and M,
affect the 21-cm signal differ, the degeneracy may still be
broken even with observations taken over a more limited
redshift range. In this study, the simulations assumed that
the LW flux was spatially uniform; however, this uniform-
ity may not reflect reality, as spatial variations in the LW
flux could influence the signal—especially in analyses
based on the power spectrum.

V. SUMMARY

In this study, we investigated the future constraints on the
Pop III star-formation efficiency, denoted as f,, and the
characteristic stellar mass M, using the 21-cm global
signal. First, we conducted simulations that included a
detailed model for the Pop III mass and halo-mass
dependence of the escape fraction of ionizing photons,
as well as the heating structures formed around halos by
UV radiation, and examined the parameter dependence of
the 21-cm global signal. Next, we utilized the results of
these simulations to estimate how well future observations
of the 21-cm global signal could constrain the Pop III
parameters. This estimation was performed using a Fisher
analysis, taking into account thermal noise and assuming an
integration time of 1000 h. Assuming that the foreground
spectrum can be perfectly removed in the data analysis, the
frequency dependence of the global 21-cm signal provides
information for constraining f, and M. Furthermore, when
f. = 0.1, the degeneracy between f, and M, decreases.
This reduction in degeneracy is attributed to the effects of
UV heating. Before UV heating becomes effective, f, and
M, influence the absorption trough depth in the opposite
direction, whereas once UV heating becomes effective,
both parameters make the absorption trough shallower.
Thus, observing both epochs helps distinguish the effects of
[+ and M, and reduces their intrinsic degeneracy. However,
when the smooth foreground spectrum must be inferred and
removed from the same observational data, its spectral
variation becomes strongly degenerate with the changes in
the global signal produced by the Pop III parameters.
Consequently, the constraints on f, and M, are substan-
tially weakened, with more flexible foreground descrip-
tions generally producing weaker constraints. In this work,
we examined the constraining power from the global signal
over z = 18-30 for all parameter values. We chose this
range because, at lower redshifts, the contributions from
Pop II stars and the first galaxies become more significant.
However, since metal enrichment is expected to proceed
more rapidly for larger f,, the redshift range that can be
used to constrain Pop III parameters may vary depending
on these parameter values. Moreover, because the Pop 11—
Pop II transition is expected to be gradual, a residual Pop 11
contribution could introduce additional parameter degen-
eracies that are not included in the present forecast. Overall,

063552-12



INFERRING POPULATION III STAR PROPERTIES FROM THE ...

PHYS. REV. D 114, 063552 (2026)

these results demonstrate that accurate foreground model-
ing and removal are essential for extracting information
about Pop III properties from observations of the global
21-cm signal.
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APPENDIX: DERIVATION OF THE FISHER
MATRIX EXPRESSION

In this Appendix, we derive the Fisher matrix formula
used in Sec. III, following the approach of Pritchard and
Loeb [33]. For a Gaussian likelihood, the Fisher matrix is
given by

1
Fij= in [C_IC,iC_]C,j +C! (ﬂ,iM,Tj + :“,j/'t,Ti)]’ (A1)
where C is the covariance matrix, u is the expectation value
of the observable, and commas denote derivatives with
respect to the parameters p; and p;.

1. Model assumptions

For global 21-cm observations, the observable is the
sky-averaged brightness temperature at each frequency
channel v,

Hn = Tsky(yn) - ng(yn) + 5Tb(’/n)'

The measurement covariance is assumed to be diagonal,

Cnm = 6nm6%’ 02 = KTgky( ) (AZ)
where « is the frequency-independent noise factor,
1
K= , (A3)
tintB

with #;,; and B denoting integration time and bandwidth,
respectively. We neglect any parameter dependence of «, so
that only Ty, depends on the astrophysical and foreground
parameters p;.

2. Covariance term

For a diagonal covariance matrix, the first term of
Eq. (A1) becomes

! 1 1 dc?2 1 do;
STH(CC,CC) =3 (S )(=50) (A4
5 r( r J) 22(&1 0p,~> (Gﬁapj) Ay

Since o7, = kTg,,, we have

1 do2 0lnT,
o=, (45)
6, OP; op;
and hence,
_ _ aln Tsk aln Tsk
Tr(CT'C,C7IC)) =D 2— 2 (A6)

o op; op j

This “2” term originates from the parameter dependence of
the covariance amplitude—that is, the fact that the noise
variance itself scales with Tfky.

3. Mean-derivative term

The second term of Eq. (A1) reduces to

02 op; 0pj
10 In Tsky oln Tsky

_ZK op;  Op;

This corresponds to the standard Fisher information from
the derivative of the mean signal, representing how the
global 21-cm spectrum changes with the parameters.

1
5 Tl Guapy + e jpe)]

(A7)

4. Final expression

Combining the two contributions, the Fisher matrix
becomes

Nen dlnT. olnT.
=3 @4 1) TG O T s ) g
n=1 api apj

The prefactor “24-" arises because both the covariance and
the mean depend on the parameters: the “2” term encodes
the information from the parameter dependence of the
covariance (noise amplitude), while the “#;,,/B” term cor-
responds to the response of the mean 21-cm spectrum to
parameter variations.

063552-13



UKAI, SHIMABUKURO, HASEGAWA, and ICHIKI

PHYS. REV. D 114, 063552 (2026)

[1] V. Bromm and N. Yoshida. Annu. Rev, Astron. Astrophys.
49, 373 (2011).

[2] S. Hirano, T. Hosokawa, N. Yoshida, K. Omukai, and H. W.
Yorke, Mon. Not. R. Astron. Soc. 448, 568 (2015).

[3] T. Hosokawa, S. Hirano, R. Kuiper, H. W. Yorke, K.
Omukai, and N. Yoshida, Astrophys. J. 824, 119 (2016).

[4] J. Jaacks, R. Thompson, S. L. Finkelstein, and V. Bromm,
Mon. Not. R. Astron. Soc. 475, 4396 (2018).

[5] T. Karlsson, V. Bromm, and J. Bland-Hawthorn, Rev. Mod.
Phys. 85, 809 (2013).

[6] S.R. Furlanetto, S. P. Oh, and F. H. Briggs. Phys. Rep. 433,
181 (20006).

[7] K. Hasegawa et al., arXiv:1603.01961.

[8] J.R. Pritchard and A. Loeb, Rep. Prog. Phys. 75, 086901
(2012).

[9] H. Shimabukuro, K. Hasegawa, A. Kuchinomachi, H.
Yajima, and S. Yoshiura, Publ. Astron. Soc. Jpn. 75, S1
(2023).

[10] S.R.Furlanetto, Mon. Not. R. Astron. Soc. 371, 867 (20006).

[11] X. Jin et al., Astrophys. J. 942, 59 (2023).

[12] L. D. McGreer, A. Mesinger, and V. D’Odorico, Mon. Not.
R. Astron. Soc. 447, 499 (2015).

[13] A. Konno et al., Astrophys. J. 797, 16 (2014).

[14] A. Konno et al., Publ. Astron. Soc. Jpn. 70, S16 (2018).

[15] M. Ouchi et al., Astrophys. J. 723, 869 (2010).

[16] J.D. Bowman, A.E.E. Rogers, R.A. Monsalve, T.J.
Mozdzen, and Nivedita Mahesh, Nature (London) 555,
67 (2018).

[17] R. Hills, G. Kulkarni, P. D. Meerburg, and E. Puchwein,
Nature (London) 564, E32 (2018).

[18] S. Singh, T.J. Nambissan, R. Subrahmanyan, N. Udaya
Shankar, B.S. Girish, A. Raghunathan, R. Somashekar,
K.S. Srivani, and M. Sathyanarayana Rao, Nat. Astron. 6,
607 (2022).

[19] A. Liu, J.R. Pritchard, M. Tegmark, and A. Loeb, Phys.
Rev. D 87, 043002 (2013).

[20] C.H. Bye et al., arXiv:2602.02661.

[21] R. C. Cappallo et al., Publ. Astron. Soc. Pac. 137, 125002
(2025).

[22] E. de Lera Acedo et al., Nat. Astron. 6, 984 (2022).

[23] L. McKay et al., Nat. Astron. (2026).

[24] R. A. Monsalve et al., Mon. Not. R. Astron. Soc. 530, 4125
(2024).

[25] D.R. DeBoer et al., Publ. Astron. Soc. Pac. 129, 045001
(2017).

[26] S.J. Tingay et al., Pub. Astron. Soc. Aust. 30, e007 (2013).

[27] M.P. van Haarlem et al., Astron. Astrophys. 556, A2
(2013).

[28] T. Gessey-Jones et al., Mon. Not. R. Astron. Soc. 516, 841
(2022).

[29] T. Gessey-Jones et al., Nat. Astron. 9, 1268 (2025).

[30] J. Mirocha et al., Mon. Not. R. Astron. Soc. 478, 5591
(2018).

[31] E. M. Ventura, Y. Qin, S. Balu, and J. S. B. Wyithe, Mon.
Not. R. Astron. Soc. 540, 483 (2025).

[32] Planck Collaboration et al., Astron. Astrophys. 641, A6
(2020).

[33] J.R. Pritchard and A. Loeb, Phys. Rev. D 82, 023006
(2010).

[34] G.B. Field, Astrophys. J. 129, 536 (1959).

[35] S. A. Wouthuysen. Astron. J. 57, 31 (1952).

[36] R.S. Klessen and S.C.O. Glover. Annu. Rev. Astron.
Astrophys. 61, 65 (2023).

[37] A. Mesinger, S. Furlanetto, and R. Cen, Mon. Not. R.
Astron. Soc. 411, 955 (2011).

[38] T. Tanaka and K. Hasegawa, Mon. Not. R. Astron. Soc. 502,
463 (2021).

[39] L. Hui and N. Y. Gnedin, Mon. Not. R. Astron. Soc. 292, 27
(1997).

[40] E. Visbal, G. L. Bryan, and Z. Haiman, Astrophys. J. 897,
95 (2020).

[41] T. Tanaka et al., Mon. Not. R. Astron. Soc. 480, 1925
(2018).

[42] R. K. Sheth, H. J. Mo, and G. Tormen, Mon. Not. R. Astron.
Soc. 323, 1 (2001).

[43] H. Susa, K. Hasegawa, and N. Tominaga, Astrophys. J. 792,
32 (2014).

[44] H. Yajima and Y. Li, Mon. Not. R. Astron. Soc. 445, 3674
(2014).

[45] E. Visbal et al.,, Mon. Not. R. Astron. Soc. 445, 107
(2014).

[46] A. de Oliveira-Costa et al., Mon. Not. R. Astron. Soc. 388,
247 (2008).

[47] T. Hartwig et al., Astrophys. J. 936, 45 (2022).

[48] R. Sarmento, E. Scannapieco, and B. Co6té, Astrophys.
J. 871, 206 (2019).

063552-14


https://doi.org/10.1146/annurev-astro-081710-102608
https://doi.org/10.1146/annurev-astro-081710-102608
https://doi.org/10.1093/mnras/stv044
https://doi.org/10.3847/0004-637X/824/2/119
https://doi.org/10.1093/mnras/sty062
https://doi.org/10.1103/RevModPhys.85.809
https://doi.org/10.1103/RevModPhys.85.809
https://doi.org/10.1016/j.physrep.2006.08.002
https://doi.org/10.1016/j.physrep.2006.08.002
https://arXiv.org/abs/1603.01961
https://doi.org/10.1088/0034-4885/75/8/086901
https://doi.org/10.1088/0034-4885/75/8/086901
https://doi.org/10.1093/pasj/psac042
https://doi.org/10.1093/pasj/psac042
https://doi.org/10.1111/j.1365-2966.2006.10725.x
https://doi.org/10.3847/1538-4357/aca678
https://doi.org/10.1093/mnras/stu2449
https://doi.org/10.1093/mnras/stu2449
https://doi.org/10.1088/0004-637X/797/1/16
https://doi.org/10.1093/pasj/psx131
https://doi.org/10.1088/0004-637X/723/1/869
https://doi.org/10.1038/nature25792
https://doi.org/10.1038/nature25792
https://doi.org/10.1038/s41586-018-0796-5
https://doi.org/10.1038/s41550-022-01610-5
https://doi.org/10.1038/s41550-022-01610-5
https://doi.org/10.1103/PhysRevD.87.043002
https://doi.org/10.1103/PhysRevD.87.043002
https://arXiv.org/abs/2602.02661
https://doi.org/10.1088/1538-3873/ae1bd6
https://doi.org/10.1088/1538-3873/ae1bd6
https://doi.org/10.1038/s41550-022-01709-9
https://doi.org/10.1038/s41550-026-02888-5
https://doi.org/10.1093/mnras/stae1138
https://doi.org/10.1093/mnras/stae1138
https://doi.org/10.1088/1538-3873/129/974/045001
https://doi.org/10.1088/1538-3873/129/974/045001
https://doi.org/10.1017/pasa.2012.007
https://doi.org/10.1051/0004-6361/201220873
https://doi.org/10.1051/0004-6361/201220873
https://doi.org/10.1093/mnras/stac2049
https://doi.org/10.1093/mnras/stac2049
https://doi.org/10.1038/s41550-025-02575-x
https://doi.org/10.1093/mnras/sty1388
https://doi.org/10.1093/mnras/sty1388
https://doi.org/10.1093/mnras/staf699
https://doi.org/10.1093/mnras/staf699
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1103/PhysRevD.82.023006
https://doi.org/10.1103/PhysRevD.82.023006
https://doi.org/10.1086/146653
https://doi.org/10.1086/106661
https://doi.org/10.1146/annurev-astro-071221-053453
https://doi.org/10.1146/annurev-astro-071221-053453
https://doi.org/10.1111/j.1365-2966.2010.17731.x
https://doi.org/10.1111/j.1365-2966.2010.17731.x
https://doi.org/10.1093/mnras/stab072
https://doi.org/10.1093/mnras/stab072
https://doi.org/10.1093/mnras/292.1.27
https://doi.org/10.1093/mnras/292.1.27
https://doi.org/10.3847/1538-4357/ab994e
https://doi.org/10.3847/1538-4357/ab994e
https://doi.org/10.1093/mnras/sty1967
https://doi.org/10.1093/mnras/sty1967
https://doi.org/10.1046/j.1365-8711.2001.04006.x
https://doi.org/10.1046/j.1365-8711.2001.04006.x
https://doi.org/10.1088/0004-637X/792/1/32
https://doi.org/10.1088/0004-637X/792/1/32
https://doi.org/10.1093/mnras/stu1982
https://doi.org/10.1093/mnras/stu1982
https://doi.org/10.1093/mnras/stu1710
https://doi.org/10.1093/mnras/stu1710
https://doi.org/10.1111/j.1365-2966.2008.13376.x
https://doi.org/10.1111/j.1365-2966.2008.13376.x
https://doi.org/10.3847/1538-4357/ac7150
https://doi.org/10.3847/1538-4357/aafa1a
https://doi.org/10.3847/1538-4357/aafa1a

	Inferring population III star properties from the 21-cm global signal
	I. INTRODUCTION
	II. IMPACT OF FIRST STAR PROPERTIES ON 21-CM SIGNAL
	A. Local ionization around halos that host Pop III stars
	B. Escape fraction as a function of Pop III star mass and halo mass
	C. Photoheating of IGM by UV radiation
	D. LW feedback

	III. FISHER FORECAST
	IV. DISCUSSION
	V. SUMMARY
	ACKNOWLEDGMENTS
	DATA AVAILABILITY
	APPENDIX: DERIVATION OF THE FISHER MATRIX EXPRESSION
	1. Model assumptions
	2. Covariance term
	3. Mean-derivative term
	4. Final expression

	References


