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Abstract
The dark age of the universe, when no luminous object had existed, ended with the birth of the
first stars, galaxies, and blackholes. This epoch is called cosmic dawn. Cosmic reionization is
the major transition of the intergalactic medium (IGM) in the universe driven by ionizing photons
emitted from luminous objects. Although the epoch through the dark age to reionization is a
milestone in the universe, our knowledge of this epoch has not been sufficient yet. Cosmic
21cm signal, which is emitted from neutral hydrogen, is expected to open a new window for this
epoch. In this review paper, we first introduce the basic physics of the 21cm line and how first
stars impact on the 21cm line signal. Next, we briefly summarize how we extract astrophysical
information from the 21cm line signal by means of statistical and machine learning approaches.
We also discuss the synergy between the 21cm line signal and other emission lines. Finally,
we summarize the current status of 21cm experiments.
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1 Introduction
At the beginning of the universe, there had been no luminous
objects such as stars and galaxies. We call this epoch “Dark
ages”. Based on the hierarchical structure formation scenario
of the standard cosmology model, dark matter mini-halos had
formed, and the first stars(Pop.III stars) formed in the mini-
halos(e.g. Yoshida et al. 2003, 2006, 2008a). The first gener-
ations of stars, galaxies, and black holes are expected to have
formed by earlier than 1 billion year after the Big bang (Barkana

∗ shimabukuro@ynu.edu.cn

& Loeb 2001). This epoch is called “cosmic dawn”. Theoretical
studies indicate that high energetic photons emitted from such
black holes or X-ray binaries at the very early Universe heated
the Universe. The bulk of hydrogen atoms had kept a neu-
tral state before the first stars and galaxies formed. However,
the phase of the Universe had drastically changed by ultravio-
let (UV) photons emitted from the first stars in the first galax-
ies. These UV photons ionized neutral hydrogen atoms in the
Intergalactic medium (IGM) and then the whole of the Universe
had been gradually ionized(e.g. Fan et al. 2006). This epoch is
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called “Epoch of Reionization (EoR)”. The EoR is one of the
mysterious epochs in the Universe.

Planck satellites measured the optical depth of Thomson
scattering of Cosmic Microwave Background (CMB)
photons,τe = 0.066 ± 0.016, which corresponds to instanta-
neous reionization redshift zr = 8.8+1.7

−1.4 (Planck Collaboration
et al. 2016).

For the last 20 years, exciting optical/UV telescopes, such
as the Subaru telescope and Hubble telescope, have detected
high redshift galaxies at z > 6 (see review papers, e.g. Fan et al.
2006; Ouchi et al. 2020). We observe a steep faint-end slope of
the UV luminosity function at z ∼ 6− 8 down to an absolute
UV magnitude of MUV ∼−16 (Atek et al. 2015; Ishigaki et al.
2015). The observations of UV luminosity function give clues
about the property of ionizing source such as ionizing efficiency
(e.g. Robertson et al. 2015; Bouwens et al. 2015; Ishigaki et al.
2018). These results imply that high-redshift galaxies, in par-
ticular, faint ones are the main candidates for ionizing photon
sources which occur in neutral hydrogen reionization. Lyman
alpha emitter (LAE) galaxies have been one of the major obser-
vational probes of high redshift Universe. Since the Lyman al-
pha line is emitted around the star formation region, LAE is con-
sidered as young and high star formation rate galaxies. The ob-
servations of LAE galaxies luminosity function put constraints
on the neutral fraction of IGM during the late stage of reioniza-
tion around z∼ 6−7 (e.g. Ouchi et al. 2010; Konno et al. 2014,
2018). Absorption signatures in the spectra of quasars are also
one of the probes to investigate the nature of IGM. Especially, a
series of absorption lines seen at a wavelength shorter than the
Lyman alpha line (in the rest frame) is called the Lyman alpha
forest. The Lyman alpha forest seen in quasar spectrum at z > 7

has constrained the ionized history of the IGM at the late stage
of EoR (e.g. Bañados et al. 2018; Greig et al. 2019; Hoag et al.
2019; Yang et al. 2020). A zero-flux pixel in the Lyman alpha
or Lyman beta forests appeared in high-z quasar spectrum, is
called dark pixel(Mesinger 2010). The dark pixel results from
either a fully neutral region or residual neutral region inside the
ionized IGM. The dark fraction(fraction of the dark pixels) pro-
vides the (nearly) model-independent upper limit on the neutral
hydrogen fraction (e.g. McGreer et al. 2011, 2015). Recently,
extremely long(∼ 110h−1Mpc) and dark (the effective optical
depth τeff is larger than 7) Lyman alpha trough at z ∼ 5.5− 6.0

has been reported (Becker et al. 2015, 2018). To explain this
extreme Lyman alpha trough, some scenarios, such as fluctuat-
ing ultraviolet background driven by galaxies model(e.g. Davies
& Furlanetto 2016; D’Aloisio et al. 2018), fluctuating temper-
ature model(e.g. D’Aloisio et al. 2015) and ultra-late reioniza-
tion model(e.g. Kulkarni et al. 2019; Keating et al. 2020), are
suggested. However, the origin of the trough has been under
debate.

Apart from optical/UV wavelength, radio observations are

also powerful for studying high redshift galaxies. Atacama
Large Millimeter Array (ALMA) has been making outstand-
ing progress in observing millimeter/sub-millimeter galaxies.
Some of ALMA observations reported the detection of dust con-
tinuum in galaxies at z > 7 (e.g. Watson et al. 2015; Laporte
et al. 2017; Tamura et al. 2019). Since dust grains are mainly
formed by condensation of heavy elements, the observation of
dust gives a clue of the metallicity environment in the galax-
ies during the EoR. In addition to dust continuum, ALMA has
also detected [CII] 158µm and [OIII] 88µm emission lines in
high redshift galaxies at z > 7 (e.g. Pentericci et al. 2016;
Inoue et al. 2016; Hashimoto et al. 2018, 2019b; Harikane et al.
2020). In particular, Hashimoto et al. (2019b) reported the de-
tection of [OIII], [CII] emission lines and dust continuum from
the galaxy at z= 7.15. Since [CII] is one of the main Interstellar
medium (ISM) cooling lines and the brightest far-infrared line
in star-forming galaxies, [CII] is considered as a tracer of the
star formation rate (SFR) of the galaxies and their gas dy-
namics. While [CII] emission line mainly arises from neutral
ISM/photo-dissociation regions, [OIII] emission line arises from
HII region and it is bright in the young galaxy. The ratio of [OII
I]/[CII] provides us invaluable information on the chemical and
ionization properties of galaxies. For example, low metallicity
galaxies and highly ionized galaxies trend to be high [OIII]/[CI
I] ratio(e.g. see reference in Hashimoto et al. 2019b).

Both the Lyman alpha emission line and the [CII] emission
line are tracers of star-forming galaxies, but recently, by com-
bining Subaru and ALMA data, the results of anti-correlation
between [CII]/SFR and Lyman alpha equivalent width have
been obtained (Harikane et al. 2018, 2020). This result is
likely a consequence of high ionization parameter with strong
radiation at high redshift galaxy and/or [CII] emission coming
from high-density photo-dissociation regions in the galaxies.
However, it is still under debate.

As shown above, the observations of high redshift galaxies
not only confirm sources at the EoR but also provide physical
properties of the galaxies at the EoR, and also give constraints
on the ionization history of the IGM. However, it is difficult to
obtain detailed information on the structure of the ionized re-
gion in the IGM from such observations, and other observations
are needed to learn the IGM from the dark ages to the EoR.

A promising tool to investigate the IGM from the dark ages
to the EoR more directly is the cosmic 21cm line signal, which
is a spectral line emitted from neutral hydrogen atoms (Scott &
Rees 1990; Madau et al. 1997). Since the dominant baryonic
matter in the Universe is neutral hydrogen atoms, we can eas-
ily trace the ionized (neutral) structure of the IGM along with
redshift via a 21 cm line signal. To detect the 21cm line sig-
nal, some radio interferometric telescopes such as MWA(e.g.
Wayth et al. 2018a), LOFAR(e.g. van Haarlem et al. 2013a)
and HERA(e.g. DeBoer et al. 2017) have already started ob-
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servation. Recently, HERA gives tighter upper limits on the
21cm line power spectrum and constrains the cosmological and
astrophysical models obtained by the HERA observation (The
HERA Collaboration et al. 2021b).

Independent of the interferometric observations, single dish
type radio telescopes such as the Experiment to Detect the
Global Epoch of Reionization Signature (EDGES) (Bowman
et al. 2018a), the Large-aperture Experiment to Detect the Dark
Ages (LEDA)(Price et al. 2018), the Probing Radio Intensity at
high z from Marion(PRIZM)(Philip et al. 2019) and the Shaped
Antenna measurement of the background RAdio Spectrum2 &

3 (SARAS2&3)(Singh et al. 2018a; Nambissan T. et al. 2021)
are targeting to detect the 21cm line global signal, which is sky-
averaged 21cm line signal. Recently, Bowman et al. (2018a) has
reported the detection of 21cm line absorption line feature at 78
MHz. However, the reported absorption trough is too deep to
be explained by standard cosmology and astrophysics scenarios
(e.g. Cohen et al. 2017). To explain the absorption trough, many
scenarios beyond standard cosmology and astrophysics, such
as alternative dark matter scenario(e.g. Barkana 2018; Fialkov
et al. 2018; Muñoz & Loeb 2018) and excess radio background
model(e.g. Fialkov & Barkana 2019a; Reis et al. 2020), have
been suggested. The excess radio background predicts addi-
tional fluctuations in the 21cm fluctuations(Reis et al. 2020). On
the other hand, there is the argument that the EDGES results do
not require a model beyond the standard cosmology and astro-
physics, but that there was an oversight in the analysis of sys-
tematic errors(e.g. Bradley et al. 2019; Singh & Subrahmanyan
2019; Sims & Pober 2020). Further, SARAS3 has reported no
detection of the 21cm global signal(Singh et al. 2022). Thus,
the detection of the 21cm global signal reported by EDGES is
still under debate.

If we detect the 21cm line signal, it enables us to explore the
physics of the EoR and cosmic dawn (e.g. star formation rates,
ionizing escape fraction, and galaxy X-ray property) (e.g. Greig
& Mesinger 2015; Park et al. 2019). Furthermore, in the next
decade, Square Kilometre Array (SKA) is expected to revolu-
tionize our understanding of the epoch through the dark ages to
the EoR with its unprecedented sensitivity(e.g. Koopmans et al.
2015)

In this paper, we review the current progress of EoR and
21cm line studies. In section 2, we review the basic physics
of the 21cm line. Readers can learn what physical mechanism
determines the 21cm line signal. As astrophysics which affects
the 21cm line signal, we focus on the impact of first stars on
the 21cm line signal in section 3. In section 4, we review how
we extract astrophysical information from the 21cm line signal
statistically. Not only the 21cm line signal, but other lines are
also useful to extract information during EoR. In section 5, we
introduce synergy between the 21cm line signal and other lines.
Finally, we review the current 21cm line experiments status in

Fig. 1. A schematic figure of the radiative transfer

section 6.

2 Cosmic 21cm signal

The bulk of IGM before the EoR consists of the neutral hydro-
gen atom. The 21cm signal is emitted from a neutral hydrogen
atom due to the hyperfine structure. The 21cm line signal is a
powerful probe to explore the epochs through the dark ages to
EoR. In this section, we summarize the basis of the 21cm line
signal.

2.1 Basic physics of the 21cm line

Here, we introduce basic physics of the 21cm line. Based on
Rybicki & Lightman (1986), we start from radiative transfer
equation to describe the propagation of the radiation in the IGM.
The radiative transfer equation for an infinitesimal distance ds
is written by

dIν
ds

=−ανIν + jν , (1)

where subscript ν denotes the frequency. Iν is specific intensity
of incident light and αν is absorption coefficient. The incident
light passing through IGM is absorbed and intensity of incident
is decreased by ανIν . jν is the emission coefficient per volume
per solid angle. Here, we define new quantities, optical depth
τ and source function Sν . The (infinitesimal) optical depth dτν
is defined by dτν ≡ ανds and Sν is defined by Sν ≡ jν/αν .
The source function Sν is expressed by Planck function Bν in
thermal equilibrium state. With these quantities, eq.(1) is re-
written by

dIν
dτν

=−Iν +Bν (2)

Eq.2 gives a solution as follow

Iν = Iν(0)exp(−τν) +Bν [1− exp(−τν)]. (3)

The physical meaning of this equation is that first term ex-
presses the extinct incident absorbed by IGM with optical depth
τν and second term shows extinct emission from source. We
show schematic figure in Fig.1.
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In the condition of thermal equilibrium state and low fre-
quency regime relevant to 21cm line, we can use Rayleigh-
Jeans approximation. Thus, Iν , Iν(0) and Bν become Iν =

2kBTbν
2/c2, Iν(0) = 2kBTR(ν)ν2/c2, Bν = 2kBTexν

2/c2,
respectively. Tb, Tex and TR are called brightness tempera-
ture, excitation temperature and brightness of radio background
source, respectively. With these temperatures, eq.3 can be re-
written by

Tb = TR(ν)exp(−τν) +Tex[1− exp(−τν)] (4)

In the case of hypefine structure, excitation temperature Tex is
replaced with spin temperature TS. In the cosmological context,
the brightness temperature of background is CMB temperature
Tγ . The spin temperature TS is defined by the ratio between the
number density ni of hydrogen atom in the two hyperfine levels
(singlet n0 and triplet n1),

n1

n0
=
g1

g0
exp
(−hν21

kBTS

)
(5)

where, (g1/g0) = 3 is the ratio of statistical degeneracy of the
singlet and triplet, kB is Boltzmann constant and h is Planck
constant. ν21 = 1.42GHz is the frequency corresponding to
21cm wavelength.

We observe the contrast between hydrogen clouds and the
CMB. Thus, we measure differential 21cm brightness tempera-
ture (e.g. Scott & Rees 1990; Madau et al. 1997; Furlanetto et al.
2006; Mellema et al. 2013). The 21cm brightness temperature
is given by

δTb(x,z) =
TS−Tγ

1 + z
τν (6)

= 27xHI(x,z)[1 + δm(x,z)]

×
(

1− Tγ(z)

TS(x,z)

)(
1 +

1

H(z)

dv||

dr||

)−1

×
(

1 + z

10

0.15

Ωmh2

) 1
2
(

Ωbh
2

0.023

)
[mK], (7)

where TS is the spin temperature of the IGM, Tγ is the CMB
temperature, dv||/dr|| is a peculiar velocity along line of sight.
xHI(x, z) is neutral fraction of the hydrogen atom gas, and
δm(x, z) is matter density fluctuation. Others are cosmolog-
ical parameters. All variables are evaluated at the redshift
z = ν21(= 1.42GHz)/ν− 1.

2.2 Spin temperature

In this subsection, we describe how we determine the spin tem-
perature(e.g. Furlanetto et al. 2006a; Pritchard & Loeb 2012).
The spin temperature is determined by (1) absorption of the
CMB photons by neutral hydrogen atom, (2) collisions with
other hydrogen atoms and free electrons (3) resonant scattering
of Lyman-α photons. Here, we let C10 and P10 be de-excitation
rates by collisions and UV photon scattering, respectively. We

also let C01 and P01 be excitation rates. In the equilibrium state
the spin temperature is determined by the balance between ex-
citation and de-excitation described by

n1(C10+P10+A10+B10ICMB)=n0(C01+P01+B01ICMB),(8)

where A10,B01,B10 are Einstein coefficients. A10 coefficient
denotes the spontaneous emission and B01,B10 denotes pho-
ton absorption and induced emission, respectively. ICMB is the
intensity of CMB photon. The first and second terms on the left-
hand side express the transition from triplet to singlet due to the
collision and UV scattering respectively, third and fourth terms
express the transition from triplet to singlet due to the sponta-
neous emission and stimulated emission by CMB photons, re-
spectively. On the other hand, the first and second terms on the
right-hand side express the transition from singlet to triplet due
to the collision and UV scattering, respectively. The third term
on the right-hand side expresses the stimulated transition from
singlet to triplet by CMB photons.

According to Einstein relation, Einstein coefficients hold
following relation;

A10 =
2hν3

21

c2
B10 (9)

B01 = 3B10. (10)

As referred above Rayleigh-Jeans approximation can be ap-
plied to the CMB intensity. Thus, the CMB intensity is ex-
pressed with CMB temperature Tγ = 2.73(1 + z) as follow,

ICMB =
2ν2

21

c2
kBTγ . (11)

In the equilibrium state, the ratio between excitation and de-
excitation rates holds the following relation with kinetic tem-
perature Tgas(Field 1958):

C01

C10
=
g1

g0
exp

(
1− T∗

Tgas

)
= 3exp

(
1− T∗

Tgas

)
, (12)

where Tgas� T∗ = hν21/kB = 0.082mK. Here, we define the
color temperature of the Lyman-α photons TC via

P01

P10
≡ 3
(

1− T∗
Tα

)
(13)

Note that we often use a condition that Tα is coupled to kinetic
temperature Tgas (Tα=Tgas) due to the recoiling of Lyman-α
photons. This condition holds when there exists large number
of Lyman-α photons (Wouthuysen 1952; Field 1959a, 1959b).
Now, we can rewrite eq.(8) with eq.(9)-eq.(13).

T−1
S =

T−1
γ +xcT

−1
gas +xαT

−1
α

1 +xc +xα
, (14)

Here, we defined coupling coefficients for collisions and scat-
tering of Lyman-α scattering, xc,xα respectively;

xc ≡
C10T∗
A10Tγ

(15)

xα ≡
P10T∗
A10Tγ

(16)
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2.2.1 Collisional coupling
We consider the collisional excitation and de-excitation by scat-
tering between a hydrogen atom and other particles. The scat-
tering happens in dense gas. The main collision processes are
(1) neutral hydrogen atom collision (H-H) (2) neutral hydrogen
atom - electron collision (H-e) (3) neutral hydrogen atom - pro-
ton collision (H-p).

The coupling coefficient for species i (H-H, H-e, H-p) is ex-
pressed by

xic ≡
Ci10T∗
A10Tγ

=
niκ

i
10

A10

T∗
Tγ
, (17)

where κi10[cm3s−1] is the rate coefficient which describes how
often collisions occur. The rate coefficient is a function of tem-
perature. ni is the number density of each species. The to-
tal collisional coefficient is sum of each collisional coefficient
given by

xc = xHH
c +xeH

c +xpH
c , (18)

The rate coefficient can be calculated by quantum physics
(Zygelman 2005; Furlanetto & Furlanetto 2007a, 2007b). We
show κi for each collision in Fig.2. From Fig.2, we can see that
the rate coefficients for H-e and H-p collisions change gradually
as temperature increases. On the other hand, the rate coefficient
for H-H collisions changes drastically at around T ∼ 10K. This
is because hydrogen atom is unable to move violently due to
their heavy mass and small cross-section at T <∼ 10K. Before
the EoR, the neutral hydrogen atom is the dominant component,
thus H-H collision is the main process. Once the EoR started,
the number of electrons gradually increases. Thus, the collision
between hydrogen atom and electron starts to play an impor-
tant role. As we describe later, the kinetic temperature of the
IGM drastically increases and becomes larger than 104K after
X-ray heating turns on. At that time the collision between the
hydrogen atom and electron becomes most dominant.

100 101 102 103 104

Tgas[K]

10 13

10 12

10 11

10 10

10 9

10 8

10 7

(c
m

3 s
1 )

H-H
H-e
H-p

Fig. 2. The rate coefficients as function of temperature for each collisions,
H-H collisions(solid line), H-e collisions(dashed line), H-p collisions(dotted
line). Replot from Zygelman (2005); Furlanetto & Furlanetto (2007a, 2007b).

2.2.2 Wouthyusen-Field effect
We introduce an important physical mechanism related to spin
temperature. Resonant scattering of Lyman-α photons emitted
by first stars provides paths of energy transition between sin-
glet and triplet in the neutral hydrogen atom. This process is
known as “Wouthyusen-Field (WF) effect” (Wouthuysen 1952;
Field 1959a, 1959b). We show the schematic picture in Fig.3.
A hydrogen atom in the singlet state 10S1/2 is excited to 2P
states by absorbing Lyman-α photons. Some energy transitions
from 2P states to triplet state 11S1/2 are allowed by re-emission
of Lyman-α photons (Some paths are not allowed by the selec-
tion rule in quantum mechanics). Hydrogen atoms can change
their energy state between singlet and triplet through absorption
and re-emission of Lyman-α photons. As described in the WF
effect, Lyman-α photons play an important role to exchange
energy between singlet and triplet in a neutral hydrogen atom.
Field (1959a) showed that the WF effect leads to a coupling of
the color temperature to kinetic temperature (Tα ∼ Tgas) under
the condition where there is a large number of Lyman-α pho-
tons.

We here revisit coupling coefficient by Lyman-α scattering
shown in eq.16. The eq.16 is defined by de-excitaion rate P10.
This coupling coefficient is re-written with scattering rate of
Lyman-α photon, Pα, as follow1 (Field 1958, 1959a):

xα =
4PαT∗

27A10Tγ
. (19)

The scattering rate Pα is expressed by

Pα = 4πχα

∫
dνJν(ν)φα(ν) (20)

where χα ≡ (πe2/mec)fα, fα = 0.4162 is the oscillation
strength of Lyman-α transition and φα(ν) is the line profile for
Lyman-α absorption. Jν(ν) is angle averaged specific inten-
sity of the background radiation field. For example, Chen &
Miralda-Escudé (2004) and Hirata (2006) discussed the detail
treatment of Pα.

2.2.3 Excess radio background
In the last part of this section, as the scenario which affects
the spin temperature, we introduce an excess radio background
scenario. The excess radio background is one of the scenar-
ios to explain absorption feature detected by EDGES(Fialkov &
Barkana 2019a; Reis et al. 2020). Astrophysical sources such as
accreting supermassive blackholes or supernovae are candidates
of excess radio background sources. They generate excess ra-
dio background via synchrotron emission produced by electron
accelerated by magnetic fields. Interestingly, before EDGES
reported the deep trough at 78MHz, ARCADE2 instrument has
shown the evidence of excess radio background above CMB

1 You can find detail derivation of 4
27 in https://casper.astro.

berkeley.edu/astrobaki/index.php/Wouthuysen_Field_

effect
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Fig. 3. Hyperfine structure of the hydrogen atom. The transition between
S states and P states is related to the Wouthuysen-Field effect. Solid lines
show the process allowed by the selection rule and spin-flip can occur. While
dashed lines are allowed, these processes do not contribute to spin-flip.

at low frequency(Fixsen et al. 2011) and recently the excess
radio background is confirmed by LWA1 experiment at 40-80
MHz(Dowell & Taylor 2018). Thus, excess radio background
scenarios is not exotic scenario, but one of the possible scenar-
ios to explain EDGES’s result. In the excess radio background
scenario, total radio background has the form of sum of CMB
temperature and excess radio as shown by

Trad = TCMB(1 + z)

[
1 +Ar

(
νobs

78MHz

)β]
(21)

where νobs is the observed frequency, Ar is the amplitude de-
fined relative to CMB temperature and β is the spectral index.
By taking excess radio background into account, the spin tem-
perature formalism shown by eq.14 is modified. Thus, excess
radio background affects not only the local spin temperature,
but also the 21cm brightness temperature.

2.3 Thermal history

So far, we introduced the spin temperature and described cou-
pling coefficients. To calculate the spin temperature, we also
need to know how the gas kinetic temperature Tgas and the color
temperature Tα evolve. However, as we mentioned before, the
color temperature is coupled to gas kinetic temperature under
the condition in the large number of Lyman-α photons. Thus,
we just need to know how the gas kinetic temperature evolves.
The evolution of gas kinetic temperature is described by2 (see
e.g. Pritchard & Loeb 2012)

dTgas

dt
=

2Tgas

3n

dn

dt
+

2

3kB

∑
j

εj
n
. (22)

Here,n is the number density of gas particles, and εj is the

2 This equation comes from first law of thermodynamics

heating rate per unit volume for the process j. The first term ac-
counts for adiabatic cooling of the gas due to cosmic expansion
and the second term accounts for the heating or cooling pro-
cess. As heating mechanisms, we mainly have 3 processes. (1)
Compton heating, (2) X-ray heating, (3) Lyman-α heating. At
high redshift before first nonlinear objects emerge, the Compton
heating caused by scattering between CMB and residual free
electron is the dominant heating mechanism. As redshift is de-
creasing, the Compton heating becomes ineffective. Once non-
linear objects are formed, X-ray photons emitted from these ob-
jects heat IGM. X-ray heating is the most important source of
energy injection into the IGM. As the source of X-ray photons.
The IGM gas is first photoionized by X-ray photons and this
generates energetic photo-electrons. These photo-electrons dis-
tribute their energy into the IGM by collision with the HI atom
in the IGM. The X-ray photon with energyE has a long comov-
ing mean free path as shown(e.g. Furlanetto et al. 2006a)

λX ∼ 4.9 ¯xHI
−1/3

(
1 + z

15

)−2( E

300eV

)3

Mpc. (23)

Therefore, X-ray photons can heat the gas far from X-ray
sources. In nearby star-forming galaxies, high mass X-ray bi-
naries (HMXBs), which are X-ray binaries fed by the winds
of massive companion, are the main contributor to X-ray lu-
minosity(e.g. Gilfanov et al. 2004; Mineo et al. 2012). Thus,
HMXBs are also expected to be reliable X-ray sources at high
redshift(e.g. Fialkov et al. 2014; Jeon et al. 2014; Xu et al.
2014). We often extrapolate correlation between the star forma-
tion rate(SFR) and the X-ray luminosity LX correlation found
in local HMXBs to high redshift with unknown renormalization
factor fX.

LX = 3× 1040fX

(
SFR

M�yr−1

)
ergs−1. (24)

The HERA Collaboration et al. (2021b) implies that the
LX/SFR at high redshift is consistent with expectation of lo-
cal HMXB in metal-poor environment. In addition to HMXBs,
stellar objects in galaxies and quasars (and also supermas-
sive blackholes) are also candidates of the source of heat-
ing(e.g. Ross et al. 2017, 2019; Eide et al. 2018; Kohri et al.
2022). Roughly, the second term in eq.22 by X-ray hearing is
(2εX/3kBnH(z))∼ 103fX K (e.g Furlanetto et al. 2006a).

In addition that Lyman-α photon couples the spin temper-
ature to the kinetic temperature by scattering, resonant scat-
tering of Lyman-α photons also heat the gas through atomic
recoil scattered by Lyman-α photons. The second term of
the eq.22 contributed from the Lyman-α heating is roughly
2εα/(3HnHkBTgas) ≈ 0.80T

−4/3
gas (10/1 + z) when WF effect

is effective (e.g Furlanetto et al. 2006a). Thus, the heating by
the Lyman-alphas is negligibly small compared with the X-ray
heating. This is because the Lyman-α heating is nearly fully
compensated by cooling. The gas energy obtained by recoil
from Lyman-α photons is back to the Lyman-α photons be-
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cause some of the photons are scattered to the blue side of the
Lyman-α background profile and gain energy from the gas (See
more detail in Chen & Miralda-Escudé 2004; Furlanetto et al.
2006a). On the other hand, some works noted that the number
of photons used for heating and back to photons from the gas is
not similar(Furlanetto & Pritchard 2006; Hirata 2006; Chuzhoy
& Shapiro 2007). In that case, Lyman-α photons can heat the
gas to a temperature of ∼ 100 K(Chuzhoy & Shapiro 2007).
Recently, Reis et al. (2021) evaluated the effect of Lyman-α
heating taking multiple scattering of Lyman-α photons. They
also showed that gas temperature reaches ∼ 100 K at z = 6 if
we account for Lyman-α heating, although it is around a few K
if we do not account for Lyman-α heating. They conclude that
Lyman-α heating and CMB heating become important when X-
ray heating is inefficient (fX

<∼ 0.1 for a SED of X-ray binaries).

As another heating process, the CMB may play an important
roles. The energy of CMB is transferred to Lyman-α photons.
The Lyman-α photons heat the gas via atomic recoils. Thus, in
the absence of X-ray heating, the mechanism of energy transfer
between CMB photons and Lyman-α photons is worth consid-
ering (e.g. Venumadhav et al. 2018). However, we also note that
there is a controversy about CMB heating (e.g. Meiksin 2021).

In Fig.4, we show thermal evolution of each temperature by
using 21cmFAST with default parameter set (Mesinger et al.
2011a; Park et al. 2019). Note that this is the particular result
of the model used in 21cmFAST. We refer to the 21cmFAST in
section 2.5. We here explain the behavior of temperatures. Due
to cosmic expansion, the kinetic temperature (Tgas) decreases
adiabatically as redshift decreases. Once heating by high ener-
getic photons emitted by compact objects such as X-ray bina-
ries becomes effective, the kinetic temperature starts to increase
drastically. The spin temperature (TS) is coupled with CMB
temperature (Tγ) at high redshift before first luminous objects
form by the collision between CMB photons and neutral hydro-
gen atoms. Once the first luminous objects formed and emitted
Lyman-α photons, the WF effect becomes effective. Thus, the
spin temperature is coupled to the kinetic temperature and ther-
mally evolves together.

2.4 Global signal

The sky-averaged brightness temperature, called 21cm global
signal, is also a key quantity of the 21cm line signal. As sim-
ilar as Fig.4, we also plot 21cm global signal by using 21cm-
FAST in Fig.5. The 21cm global signal mainly traces the be-
havior of the spin temperature and neutral hydrogen atom frac-
tion. When the spin temperature is close to the CMB temper-
ature(at z >∼ 17), the global signal is close to zero. Once the
WF effect turns on, the spin temperature becomes below the
CMB temperature and approaches kinetic temperature, thus the
global signal becomes negative. After X-ray heating becomes
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Fig. 4. Time evolution of temperatures. We show the evolution of kinetic
temperature (blue solid line), spin temperature (red dash-dot line) and CMB
temperature(black dashed line).

effective and the spin temperature is above the CMB tempera-
ture, the global signal becomes positive and it produces a deep
trough at z ∼ 13. When the spin temperature becomes enough
higher than the CMB temperature, the global signal does not
depend on the spin temperature because it is saturated (see eq.
7) and ionization history determines the global signal. Since
the neutral fraction is decreasing at the EoR, the global signal is
also decreasing at the EoR and finally becomes zero.
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Fig. 5. The time evolution of global signal.

2.5 Modeling the 21cm signal

Cosmic 21cm signal is deeply related to the underlying astro-
physics driving reionization and cosmic dawn. To interpret the
cosmic 21cm signal properly, we need to model such astro-
physics. For this purpose, we have two types of simulations,
direct full-numerical simulations, and semi-numerical simula-
tions.

Full-numerical simulations are designed to investigate un-
derlying astrophysics most accurately by solving basic equa-
tions. The full-numerical simulations consist of the dynamics
of baryons and dark matter and the radiative transfer of photons
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responsible for ionizing or heating of the IGM.

Radiation hydrodynamics (RHD) simulations, in which the
radiative transfer is coupled with hydrodynamics, consistently
solve the evolution of the ionization field and the structure for-
mation (e.g. Gnedin & Ostriker 1997; Ciardi et al. 2000, 2003;
Hasegawa & Semelin 2013; Wise et al. 2014; So et al. 2014;
Ocvirk et al. 2016, 2020; Rosdahl et al. 2018; Kannan et al.
2022). The difficulty in RHD simulations is their expensive
computational cost. To simulate the representative evolution of
the Universe, a sufficiently large simulation box size (several
100Mpc) is required. Furthermore, high mass/spatial resolu-
tion is important to resolve all ionizing sources including mini-
halos. The computational cost for post-processing radiative
transfer simulations is relatively cheap but is still more expen-
sive than semi-numerical simulations described later(e.g. Iliev
et al. 2006; Trac & Cen 2007; Iliev et al. 2014; Inoue et al.
2018; Mao et al. 2020). In general, it is impossible to satisfy
both requirements, thus modeling of ionizing sources is crucial
even in the full-numerical simulations.

Rather than simulating all astrophysical processes per-
formed by full-numerical simulations, we have another choice
called semi-numerical simulation. In semi-numerical simula-
tions, we make a number of simplifying approximations in as-
trophysical processes to reduce computational costs. With sim-
plifying approximation in astrophysical process at small scales,
semi-numerical simulations can achieve large dynamical range,
that is to say, we can simulate the universe from small scales to
large scales. The 21cmFAST is one of the semi-numerical sim-
ulation(Mesinger et al. 2011a; Park et al. 2019). In the 21cm-
FAST, their treatment of ionization is based on excursion-set
formalism and bypass radiative transfer by replacing it with
an approximation in which we count the number of ionizing
photons and compare it with recombination(e.g. Mesinger &
Furlanetto 2007; Santos et al. 2010; Mesinger et al. 2011a;
Sobacchi & Mesinger 2014; Park et al. 2019). In Park et al.
(2019), they introduced flexible and physical parameters mo-
tivated by high redshift galaxy properties and implemented it
in the latest version of 21cmFAST. They model the star forma-
tion rate and ionizing escape fraction by scaling with masses
of their host dark matter halos, and directly compute inhomo-
geneous recombination with sub-grid model. They calibrated
their model by using current observations of rest-frame UV lu-
minosity function at high redshift.

2.6 21cm line power spectrum

To extract astrophysical and cosmological information from
cosmic 21cm line signal, we need to interpret observational
21cm line signal. As one of the simplest methods to exploit
fruitful information from cosmic 21cm line signal, we often use
21cm line power spectrum. The 21 cm power spectrum char-

acterizes the fluctuations in the 21 cm brightness temperature.
The 21 cm power spectrum is defined by (e.g. Furlanetto et al.
2006b)

〈δTb(k)δTb(k
′)〉= (2π)3δ(k+k′)P21(k). (25)

We often use the normalized 21 cm power spectrum,
k3P21(k)/2π2. Note that the normalized 21cm power spectrum
does not have a length dimension, but has the dimension of tem-
perature.

In Fig.6, we show the 21cm line power spectrum. As sim-
ilar as Fig.4, we calculate the power spectrum by 21cmFAST
with default parameter set. At the top panel of Fig.6, we show
the 21cm line power spectrum as a function of wavenumbers at
different neutral hydrogen fractions. We can see the bumps in
each 21cm line power spectrum around 0.1-0.3Mpc−1. These
bumps correspond to a typical size of ionized bubbles. We can
also see that the amplitude of the 21cm line power spectrum at
k >∼ 0.5Mpc−1 becomes smaller as a neutral fraction of hydro-
gen atom becomes smaller. This indicates that the 21cm line
power spectrum at smaller scales is dominated by the fluctu-
ation of the neutral hydrogen atom. At the bottom of Fig.6,
we show the redshift evolution of the 21cm line power spec-
trum at fixed wavenumbers. We can see characteristic peaks
in the 21cm line power spectrum as a function of redshift. For
k= 0.05,0.1Mpc−1, we can see three peaks. On the other hand,
we see only 2 peaks for k = 1.0Mpc−1. In section 4.2, we re-
visit the reason why the number of peaks differs depending on
the wavenumber scales in more detail. In this subsection, we
only explain each peak that appeared in the 21cm line power
spectrum in the case of k = 0.05,0.1Mpc.

Each peak corresponds to astrophysical effects. This means
that we can know the period when astrophysical effects become
effective utilizing the 21cm line power spectrum as a function
of redshift. The peak at z ∼ 14 is due to the Wouthuysen Field
(WF) effect. From Fig.4, we can understand this is due to the
WF effect. The WF effect becomes effective at z ∼ 15. The
peak at z ∼ 11 is due to X-ray heating. We also can see that
X-ray heating becomes effective at z ∼ 11 in Fig.4. The trough
corresponding to X-ray heating generates a characteristic peak
in the 21cm line power spectrum. The peak that appeared at
z ∼ 7 is generated by the reionization. Note that the behaviors
of the 21cm power spectrum shown in Fig6 are for the specific
case. However, for most standard astrophysics and cosmology
models, we can find similar behavior in the 21cm line power
spectrum.

3 21cm Signal from Pop III stars

In the previous section, we introduced basic physics of the 21cm
line. In this section, we look more in detail at the physics of
the 21cm line. One of the astrophysics which affects the 21cm



Publications of the Astronomical Society of Japan, (2014), Vol. 00, No. 0 9

10 1 100

k[Mpc 1]

10 1

100

101

k3 P
(k

)/2
2 [

m
K2 ]

xHI=0.32
xHI=0.53
xHI=0.62
xHI=0.72

6 8 10 12 14 16 18 20
z

10 1

100

101

102

k3 P
(k

)/2
2 [

m
K2 ]

k=0.05/Mpc
k=0.1/Mpc
k=1.0/Mpc

Fig. 6. (Top) The 21cm line power spectrum as function of wavenumber at
different neutral hydrogen fraction. (Bottom) The 21cm line power spectrum
as function of redshift at fixed wavenumbers.

line signal is Pop III star, which is the first generation of stars
formed in early universe. We focus on how Pop III stars impact
on the 21cm line signal. Pop III stars are theoretically predicted
to form in mini-halos (MHs) at high redshifts. Since the Pop III
stars in MHs are thought to be faint compared to typical high-z
galaxies, direct detection of their stellar light is almost impos-
sible even with the next generation telescopes such as JWST.
However indirect detection through the 21cm brightness tem-
perature, which is affected by the stellar radiation, could be pos-
sible. Therefore it is expected that we obtain the information of
the Pop III stars from observed 21cm signals. For the purpose
we need to understand the relation between the properties of
Pop III stars and the expected 21cm signal.

3.1 21cm signal around individual MHs

We first focus on 21cm signal around individual MHs. Chen
& Miralda-Escud’e (2008) have calculated the 21-cm signature
around a MH. Since Pop III stars have high effective tempera-
ture compared to galaxies composed of Pop II stars, the 21cm
signal around Pop III stars shows characteristic signature. In
the most vicinity of a Pop III star, 21cm signal does not ap-
pear because of high ionized fraction. The size of this region

is basically determined by the number of ionizing photons from
the Pop III star. Just outside the non-signal region, the gas is
partially ionized and heated above the CMB temperature. As a
result, 21cm signal appears as emission. The region outside the
emission region show 21cm absorption feature, since the spin
temperature is tightly coupled with the cold IGM via the strong
WF coupling. In the most distant region from the Pop III stars,
there is no remarkable feature because the spin temperature al-
most corresponds to the CMB temperature.

As mentioned above, the size of the 21cm signal region is
determined by the WF effect. Therefore it is important to solve
the radiative transfer (RT) of Lyman-α photons. Yajima & Li
(2014) have also calculated the 21cm signal around Pop III
stars, solving the RT of Lyman-α photons to evaluate the WF
coupling correctly. The computed 21cm signal distributions in-
dicated that the size of the individual signal is too small to detect
even with the SKA if a MH hosts a Pop III star with ∼ 102M�.

Tanaka et al. (2018) have further improved this study by fo-
cusing on the stellar and halo mass dependence of the 21cm
signal. They have performed RHD simulations, in which MHs
can be spatially resolved. Such RHD simulations allow us to
consider the appropriate escape fraction and the dynamical ex-
pansion of HII region. They showed that the size of 21cm signal
region strongly depends on the stellar and halo mass since the
escape fraction depends on them. They also found that the dy-
namical expansion of HII region hardly affects the size of 21cm
signal region.

In short, these studies have revealed that the 21cm signal
indeed reflects the properties of Pop III stars, but the individual
spatial distribution of the signal cannot be detected even with
the SKA. Therefore, in order to assess the properties of Pop III
stars, it is important to focus on the mean value like the global
signal and/or statistical values of the 21cm line.

3.2 Redshift evolution of the global 21cm signal

The global signal of the 21cm line can reflect the statistical
properties of star formation in the early Universe through UV
and X-ray radiation. While recent observations of galaxies have
revealed the star formation history up to redshift ∼ 7, the star
formation history above then is not well constrained due to the
sensitivity limitations of current observations. Since the cos-
mic reionization is now suggested to begin at redshifts above
7 (Planck Collaboration et al. 2020a), it is important to under-
stand the star formation history at the epoch. In particular, little
is known about Population III stars due to the lack of direct ob-
servations.

Current theoretical models predict that Population III stars
are typically massive unlike local metal-rich stars because of
the high gas accretion rate onto a proto-star (e.g., Bromm et al.
2002; Omukai & Palla 2003; Yoshida et al. 2008b). Therefore,
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they can be efficient sources of metal enrichment in the early
Universe through frequent supernova explosions. In addition,
some of Population III stars could form binary systems (Turk
et al. 2009), and their subsequent evolution into black hole bi-
nary systems might result in gravitational wave events in the
local Universe. Thus, it is extremely important to obtain infor-
mation not only on Population II stars in high-redshift galax-
ies, which are thought to be main cosmic reionization sources
(Yajima et al. 2011, 2014), but also on Population III stars
that form in mini-haloes. Recently, the global signal of 21cm-
line during the epoch of cosmic reionization was observed by
EDGES (Bowman et al. 2018b), showing a deep absorption sig-
nal at redshift∼ 17. Because the typical halo mass in this epoch
is small, UV radiation from Population III stars in mini-halos
could induce the signal by changing the spin temperature of the
hydrogen in the IGM. However, the UV photon density sensi-
tively depends on the formation rate density of Population III
stars and on the initial mass function, which has been poorly
understood.

Recent large-scale cosmological hydrodynamic simulations
are modeling the formation rate density of Population III stars
(e.g., Johnson et al. 2013; Abe et al. 2021). Yajima et al.
(2022) suggested that the transition of the main stellar popu-
lation depended on the place in the large-scale structure. They
showed, in the case of high-density regions, the transition from
Population III to Population II occurred at redshifts of >∼ 20

due to the early metal enrichment via the active star formation
as shown in Figure 7. The initial mass function of Population
III stars is also becoming clearer with recent numerical simula-
tions (Susa et al. 2014; Hirano et al. 2015; Sugimura et al. 2020;
Latif et al. 2022). These simulations show that the mass growth
of massive stars is suppressed by radiation feedback (see also,
Hosokawa et al. 2016). Hirano et al. (2015) suggested the log-
normal shape of the initial mass function with the mass range
from∼ 10 to∼ 1000M�. On the other hand, other simulations
proposed the different shapes of the initial mass function, and
hence it is still under debate. In particular, it is difficult to fol-
low fragmentations of circumstellar disks and their subsequent
evolution for a long time due to the limitation of computational
resources. Therefore, the number of the fragments changes with
the conditions of the numerical simulations (Susa 2019). Thus,
even with the state-of-the-art simulations, the statistical proper-
ties of Population III stars are still unclear. Therefore, it is ex-
tremely important to investigate Population III and Population
II stars in the early Universe using observation of the global
signal of 21cm line.

The study of the 21cm global signal is well suited to inves-
tigate the statistical properties of Population III and II stars in
the early Universe. For example, Furlanetto (2006a) studied the
relationship between the global signal and stellar populations.
According to their calculations, Population III stars decrease the
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Fig. 7.
Star formation rate histories of Population III and II stars. Red and black
lines represent the star formation rates of Population III stars alone and total
ones, respectively. Bottom panel shows the ratio of star formation rates of
Population II to Population III stars. Adapted from Yajima et al. (2022), by
permission of Oxford University press on behalf of the Royal Astronomical
Society.

absolute values of the negative signal of the differential bright-
ness temperature by heating IGM efficiently. Pritchard & Loeb
(2010) studied the parameter dependence of the 21cm global
signal on Lya and the X-ray background and suggested future
21-cm observations will be able to constrain the parameters of
Population III stars.

Yajima & Khochfar (2015) considered several parameters
for the redshift dependence of the star formation rate density of
Population III stars and investigated their impact on the 21cm
line global signal. Figure 8 shows that the redshift dependence
of the global signal changes significantly with the star forma-
tion rate densities of Population III stars. Red lines show the
models without Population III stars, and blue lines do the mod-
els with Population III stars. The blue dotted line shows the
Population III star formation rate density with a large peak at
redshift 15. The 21cm line signal shows a deep absorption sig-
nal of∼−170 mK before the peak of the star formation rate. At
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Fig. 8. Redshift evolution of differential brightness temperature δTb for dif-
ferent models . Red lines show the models without Population III stars, while
Blue lines contain them. Different line types represent the different models
of star formation histories of Population III and II stars. Blue thin solid and
dot lines represents the δTb without Lyα photons from ISM. Shaded regions
show the range covered by LOFAR (z <∼ 11.4) and SKA (z <∼ 26.4). Adapted
from Yajima & Khochfar (2015), by permission of Oxford University press on
behalf of the Royal Astronomical Society).

redshift 15, the absorption signal becomes much smaller due to
the ionization and heating from Population III stars. The solid
blue line considers a gradual increase and decrease in the star
formation history. In this case, the absorption signal deeper than
−50 mK can be observed over redshifts ∼ 17− 30. In addition
to these studies, Yajima & Khochfar (2015) also investigated
the relationship between the initial mass function of Population
III stars and the 21cm line signal. Thus, they suggested that
the shape of the redshift dependence of the 21cm global signal
above redshift 15 may provide constraints on the star formation
history of population III stars.

Recently, Qin et al. (2020) have semi-analytically modeled
the large-scale structure of the 21cm signal using a 21CMFAST
code (Mesinger et al. 2011b). Their calculations simultane-
ously reproduced the observed optical depth of CMB (Planck
Collaboration et al. 2020a) and the UV luminosity functions
from galaxy observations (e.g., Finkelstein et al. 2015). In
particular, they showed that the contribution from Population
III stars was necessary to explain the EDGES observation
(Bowman et al. 2018b). It is also suggested that the star for-
mation rate efficiency within the mini-halo should be at least
ten times smaller than that of high-redshift galaxies. Thus, the
21cm global signal can provide us with statistical properties of
star formation in the early Universe. Future SKA observations
will be a powerful tool to constrain these statistical properties
quantitatively.

3.3 Modeling Pop III stars for semi-numerical
simulations

Not only the global signal but also the power spectrum likely
reflects the properties of the Pop III stars. To compute the
21cm power spectra, we need to generate the spatial distribu-
tion of the signal. One of the most popular ways to generate the
map of 21cm signal is to use semi-numerical schemes, such as
21CMFAST. However the original 21CMFAST does not con-
tain a model of Pop III stars.

One of important effects during the epoch of Pop III star for-
mation is Lyman-Werner (LW) feedback. It is well known that
photons with LW band easily dissociate hydrogen molecules
which is the most important coolant for the Pop III star forma-
tion. Therefore the LW feedback regulates the star formation
rate in this epoch.

Fialkov et al. (2013) have proposed a recipe of the LW feed-
back for semi-numerical simulations, and Visbal et al. (2014)
have succeeded in incorporating the time-dependent LW back-
ground. Owing to the recipe we can compute the global star
formation rate density under the influence of LW feedback. The
most of semi-numerical simulations assumed a constant escape
fraction of ionizing photons for MHs hosting Pop III stars. Thus
Tanaka & Hasegawa (2021) have first incorporated the stellar
and halo mass dependent escape fraction into 21cmFAST. The
dependence is derived from spherically symmetric RHD sim-
ulations. They also considered the photo-heating in partially
ionized gas by stellar UV radiation.

Fig.9 shows the redshift evolution of ionized fractions and
star formation rate densities. Compared to a constant escape
fraction model of fesc = 0.5 (named Run-Fesc05), the mass de-
pendent escape fraction models (Run-Ms80, Run-Ms200, and
Run-Ms500) show smaller ionized fraction at lower redshifts.
This is because the Pop III star formation in less massive halos,
which have high escape fractions, is suppressed by LW feed-
back. In addition, the ionized fraction tends to be higher with
increasing stellar mass due to high escape fraction.

The simulated distributions of the brightness temperature are
shown in Fig.10. In Run-Ms500, photo-heating hardly affect the
brightness temperature since the ionized fraction is very small
in this case. On the other hand, in the constant escape fraction
model (Run-Fesc05), the overall absorption feature is relatively
weak due to the high mean ionized fraction. Furthermore the
impact of the photo-heating is remarkable on small scales.

Fig. 11 show the dimensionless power spectra of the
21cm differential brightness temperature at z = 20 in Fig. 11.
Focusing on the power spectrum obtained from Run-Ms500,
we notice that the power spectrum shows relatively flat shape
at the middle scale range (k ∼ 10−1 − 1 [Mpc−1]) and drops
at larger scale (k <∼ 10−1 [Mpc−1]). This trend mainly comes
form the fluctuation of overdensity, and consistent with the re-
sults of Mesinger et al. (2011b). Since the ionization fraction is
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Fig. 9. The box-averaged ionization fraction (top) and star formation rate
density (bottom) as functions of redshift. The red solid, orange dashed, blue
dotted, and the green dotted-dashed curves respectively indicate the runs of
Run-Ms500, Run-Ms200, Run-Ms80, and Run-Fesc05 (taken from Tanaka
& Hasegawa (2021), by permission of Oxford University press on behalf of
the Royal Astronomical Society)).

very small in Run-Ms500, the impact of the UV photo-heating
on the power spectrum is not noticeable. On the other hand, the
power spectrum in Run-Fesc05 is significantly affected by UV
photo-heating. As shown by Fig. 10, the UV photo-heating in-
duces fluctuations at small scales. In addition, the heating mod-
erates the large-scale-inhomogeneity of the brightness temper-
ature. Such relatively high ionization fraction can be achieved
if the escape fraction is higher than our model and/or the star
formation efficiency is higher.

In summary, the treatment of the escape fraction in semi-
numerical simulations is significantly important to predict the
21cm signature. The UV photo-heating by Pop III stars of-
ten have a notable impact on the small scale fluctuation of the
21cm signal. Therefore constructing the accurate escape frac-
tion model is a key in this kind of study. In addition, it should
be pointed out that the spectral shape of Pop III stars affects the
efficiency of the WF coupling, and thus the 21cm brightness
temperature. Indeed recent work by Gessey-Jones et al. (2022)
shows that the WF effect starts to work from earlier epoch if the
Pop III stars are typically massive.

4 Extracting information from the 21cm line
signal

So far, we reviewed the (astro)physics of the 21cm line signal.
In this chapter, we see how we extract the information from
the 21cm line signal. It is important to establish methods to

interpret the 21cm line signal in order to extract astrophysical
information. In section 2.6, we introduce the 21cm line power
spectrum as a method to extract astrophysical and cosmological
information. The first generation of telescopes are targeting to
detect the 21cm line power spectrum and the 21cm line power
spectrum brings us much information on the astrophysics dur-
ing the cosmic dawn and the EoR. One of the approaches to
exploit the information from the 21cm line power spectrum is
to explore model parameter space. For this purpose, we often
adopt Bayesian parameter inference implemented by Markov
Chain Monte Carlo (MCMC). Greig & Mesinger (2015) first
developed an MCMC analysis tool called 21CMMC, which in-
corporates astrophysical parameters used in the 21cmFAST. As
shown in Fig.12, the 21CMMC estimates astrophysical parame-
ter constraints from the 21cm power spectrum taking 21cm EoR
experiments into account (e.g. Greig & Mesinger 2015, 2017;
Park et al. 2019).

As we see above, the 21cm power spectrum with Bayesian
parameter inference brings us valuable information. Actually, if
the fluctuations of the 21cm line signal obey Gaussian distribu-
tion, the 21cm line power spectrum can perfectly describe the
statistical properties of the 21cm fluctuations. However, we ex-
pect that the fluctuations of the 21cm line signal deviate from
Gaussian distribution due to astrophysical processes. In this
section, we introduce statistical approaches beyond the 21cm
line power spectrum and how such statistics update our under-
standing. We also introduce a recent machine learning-based
approach to extract information from the 21cm line signal.

4.1 21cm line bispectrum

At cosmic dawn, the fluctuations in the 21cm line signal are
dominated by the fluctuations of the spin temperature. The fluc-
tuation of the spin temperature is contributed from Lyman-α
coupling and X-ray heating at cosmic dawn. During the EoR,
as reionization progresses, the 21cm fluctuations are dominated
by the fluctuations due to the distribution of ionized regions. In
Fig.13, we show each components of the 21cm power spectrum.
As components, we plot fluctuations of neutral fraction (xH),
spin temperature (η= 1−TS/Tγ), matter (m). In this figure, we
can see what fluctuation is dominated at each redshift. The fluc-
tuations by the spin temperature and neutral (ionized) fraction
are expected to generate non-Gaussiainty in the 21cm fluctua-
tions. To evaluate the non-Gaussianity of the 21cm fluctuations,
we introduce the bispectrum for 21cm fluctuations. The 21cm
bispectrum is a three-point correlation function in Fourier do-
main and defined by

〈δ21(k1)δ21(k2)δ21(k3)〉=(2π)3δ(k1+k2+k3)B(k1,k2,k3),(26)

where

δ21(x)≡ δTb(x)−〈δTb〉. (27)



Publications of the Astronomical Society of Japan, (2014), Vol. 00, No. 0 13

Fig. 10. Two-dimensional maps of the 21cm differential brightness temperature at redshift 20. The left and right top panels are the results from Run-Ms500 with
and without UV photo-heating, respectively. The left and right bottom panels are the results from Run-Fesc05 with and without UV photo-heating, respectively.
Each map is 512 Mpc on a side. The box-averaged ionization fractions are xe ∼ 1.4× 10−5 and ∼ 5.3× 10−2 in Run-Ms500 and Run-Fesc05 (teken from
Tanaka & Hasegawa (2021), by permission of Oxford University press on behalf of the Royal Astronomical Society).

Fig. 11. The power spectra of the 21cm differential brightness temperature
at redshift 20. The green solid and red dotted curves respectively indicate
the results of Run-Ms500 without and with UV photo-heating. The blue
dashed and magenta dashed-dotted curves are these of Run-Fesc05. The
shaded regions correspond to the 10 - 90 percentiles obtained from 10 real-
izations. This figure is taken from Tanaka & Hasegawa (2021), by permission
of Oxford University press on behalf of the Royal Astronomical Society.

0.05 0.2 0.4 0.6 0.8 1.0

fesc

0.0

0.2

0.4

0.6

0.8

1.0

P
D

F
(ζ

0
)

2

4

6

8

10

12

14

16

18

20

R
m

fp
(M

p
c
)

20 40 60 80 100
ζ0

4.0

4.2

4.4

4.6

4.8

5.0

5.2

lo
g

1
0
(T

F
e
e
d

v
ir

[K
])

LOFAR
HERA 331
SKA
1σ
2σ

0.0

0.2

0.4

0.6

0.8

1.0

P
D

F
(R

m
fp

)

2 4 6 8 10 12 14 16 18 20

Rmfp (Mpc)

4.0 4.2 4.4 4.6 4.8 5.0 5.2

log10(TFeed
vir [K])

0.0

0.2

0.4

0.6

0.8

1.0

P
D

F
(l

o
g

1
0
(T

F
e
e
d

v
ir

))

Fig. 12. The contour and posterior of EoR parameters calculated by
21CMMC. In this calculation, they compare the different arrays, LOFAR,
HERA 131 and SKA. This figure is reproduced from Greig & Mesinger (2015)
by permission of Oxford University press on behalf of the Royal Astronomical
Society.
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Fig. 13. Total and decomposed 21cm power spectrum as functions of red-
shift for k= 0.03 Mpc−1 (left top), 0.13 Mpc−1 (right top) and 1.0 Mpc−1

(left bottom). Reproduced from Shimabukuro et al. (2015), by permission of
Oxford University press on behalf of the Royal Astronomical Society.

〈δTb〉 is the mean brightness temperature in the 21cm map.
To compute the 21cm line bispectrum, we need to choose

three points to determine the shape of the triangle in k-space. To
determine the shape of the triangle, we use an isosceles ansatz
which is defined by k1 = k2 = k=αk3 (α≥ 1/2). For example,
the shape of the bispectrum is called ”squeezed type” or ”local
type” in the case of α� 1. In the case of α = 1 and α = 1/2,
we call ”equilateral type” and ”folded type”, respectively.

Some previous works studied the 21cm bispectrum (e.g.
Cooray 2005; Pillepich et al. 2007; Muñoz et al. 2015).
However, these works focused on the 21cm line bispectrum as a
measure of primordial non-gaussianity in matter fluctuations at
the Dark ages. Thus, they did not include astrophysical effects
such as the WF effect and X-ray heating. They analytically ex-
pressed the bispectrum, which is directly connected to biased
matter fluctuations.

On the other hand, Shimabukuro et al. (2016) focused on the
21cm line bispectrum at the cosmic dawn and EoR. Their tar-
get is not primordial non-gauassinity, but the non-gaussianity
coming from astrophysical effects. Thus, they calculated the
21cm line bispectrum directly from the 21cm image map,
which includes astrophysical effects, generated by 21cmFAST
(Mesinger et al. 2011a). In their work, they showed that the
21cm line bispectrum contains the information of correlation
between long-wavelength and short-wavelength modes when
we see the 21cm bispectrum as a function of redshift. They also
showed what configuration and component are dominant in the
21cm bispectrum shown in Fig.14. This feature helps us to sub-
tract the information from the 21cm line bispectrum. Yoshiura
et al. (2015) derived formalism to calculate the bispectrum con-
tributed from thermal noise and evaluated the feasibility of ob-
serving 21cm bispectrum.

Watkinson et al. (2017) and Majumdar et al. (2018) have also
developed an estimator to compute the 21cm line bispectrum

Fig. 14. Contour of the 21cm bispectrum and its components in k1/k3 −
k2/k3 plane with k3=1.0Mpc−1. Reproduced from Shimabukuro et al.
(2016), by permission of Oxford University press on behalf of the Royal
Astronomical Society.

called FFT-bispectrum estimator. Their estimator is different
from Shimabukuro et al. (2016). In the case of Shimabukuro
et al. (2016), they compute the absolute value of the bispec-
trum. Thus, their estimator can only evaluate the positive value
of the bispectrum. Meanwhile, the FFT-bispectrum estimator
uses the real part of the bispectrum, thus their bispectrum has
both positive and negative signs. In Majumdar et al. (2018),
they showed that the negative sign of bispectrum implies that
non-Gaussianity at the specific reionization is driven by size
distribution and topology of the ionized regions, while the pos-
itive bispectrum comes from matter bispectrum and other vari-
ous cross spectra. Furthermore, Hutter et al. (2020) more care-
fully studies how the 21cm bispectrum traces the topology of
the ionized bubble. They found that the 21cm bispectrum de-
pends strongly depends on the size distribution of ionized and
neutral regions. They also found that The 21cm bispectrum
changes its sign depending on whether the ionization region is
dominant or the neutral region is dominant. When ionized re-
gions are dominant, the 21cm bispectrum has a negative sign,
while it has a positive sign when neutral regions are dominant
(Shown in Fig.15). This means that the position of the change
of sign strongly depends on the typical size of ionized and neu-
tral regions. As shown in eq.7, the brightness temperature in-
cludes the peculiar velocity of the gas, the effect of redshift
space distortion (RSD) is expected to affect the 21cm bispec-
trum. Majumdar et al. (2020) studied the impact of RSD on the
21cm bispectrum. They found that RSD affects both the sign
and magnitude of the 21cm bispectrum significantly. The RSD
changes the magnitude of the bispectrum by 100-200 % at the
most and also flips the sign from negative to positive. Thus,
they concluded that it is important to take the effect of RSD
into account for correct interpretation of the 21cm bispectrum.
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Fig. 15. The 21cm bispectrum as a function of cosθ, which expresses the
configuration of the bispectrum. We can see that the 21cm bispectrum has
both positive and negative signs depending on whether the ionized region is
dominant or the neutral region is dominant. The figure is reproduced from
Hutter et al. (2020) by permission of Oxford University press on behalf of
Royal Astronomical Society.

Mondal et al. (2021) evaluates the impact of light-cone effect
on the bispectrum and they found that light cone effect becomes
important on scales k1

<∼ 0.1Mpc−1.

While the works introduced above consider the 21cm line
bispectrum at the EoR to study non-Gaussianity driven by ion-
ized regions, there are some works which focuses on the bis-
pectrum at cosmic dawn (e.g. Kamran et al. 2021a, 2021b). For
example, Kamran et al. (2021a) studied the impact of both RSD
and spin temperature on the 21cm bispectrum during cosmic
dawn. They found that the effect of spin temperature impacts
on the magnitude of the bispectrum for small triangle configu-
ration when Lyman-α coupling is saturated. They also found
that RSD affects the magnitude of the bispectrum and changes
the sign of the bispectrum in the case of a large triangle config-
uration.

The 21cm bispectrum is also applied for parameter estima-
tion as similar as power spectrum (e.g. Shimabukuro et al. 2017;
Watkinson et al. 2021; Tiwari et al. 2021). In Shimabukuro et al.
(2017), they performed Fisher forecast for EoR parameters with
the 21cm line bispectrum. They found that the bispectrum puts
tighter constraints on the parameters than the power spectrum
and the combination of bispectrum and power spectrum gives
more tighter constraints. Watkinson et al. (2021) and Tiwari
et al. (2021) also studied how the 21cm bispectrum impacts on
parameter constraints. They performed Bayesian parameter in-
ference implemented by MCMC with the 21cm line bispectrum
and found that 21cm bispectrum improves the constraints on

parameters.

4.2 One-point statistics

In previous sections, we introduced the 21cm power spectrum
and bispectrum as statistical quantities. The power spectrum
and bispectrum are quantities in Fourier space and we also can
statistical quantities in real space. Here, we introduce one-
point statistics. As a simple case of one-point statistics, some
works studied probability distribution function (PDF) of 21cm
fluctuations(e.g. Barkana & Loeb 2008; Ichikawa et al. 2010;
Gluscevic & Barkana 2010). Barkana & Loeb (2008) presented
and studied a PDF of the difference between two points of 21cm
brightness temperature. They showed that the PDF can mea-
sure statistics that directly depend only on ionized distribution
while the usual correlation function is determined by a compli-
cated mixture of density field and ionization field. Some works
considered variance and skewness of PDF of 21cm fluctuations,
which are higher-order moments of PDF (e.g. Watkinson &
Pritchard 2014, 2015; Shimabukuro et al. 2015; Gorce et al.
2021). The variance is the expectation of the squared deviation
of a random variable from its mean value and the skewness is a
measure of the asymmetry of PDF of a variable. The variance
and skewness of the 21cm map are calculated by

σ2 =
1

δTb

N∑
i=1

[
δTb−〈δTb〉

]2
(28)

γ =
1

Nσ3

N∑
i=1

[
δTb−〈δTb〉

]3
, (29)

where N is the number of pixels of the maps and 〈δTb〉 is aver-
age value of δTb in all pixels. The variance (skewness) is asso-
ciated with power spectrum (bispectrum) as follow (see Kubota
et al. (2016).

σ2 = 〈δTb〉2
∫

d3k

(2π)3
P (k) (30)

γ = 〈δTb〉3
∫

d3k1

(2π)3

∫
d3k2

(2π)3
B (k1,k2,−k1−k2) (31)

Watkinson & Pritchard (2014) applied one-point statistics to
distinguish models of reionization. They calculate variance σ2

and skewness γ for the 21cm brightness temperature as one-
point statistics. They consider the following 4 reionization mod-
els. Reionization is driven by 1.large ionized bubbles around
over-dense region(global inside-out), 2.small ionized bubbles
in over-dense region (local inside-out), 3.large ionized bubbles
around under-dense regions (global outside-in) and 4.small ion-
ized regions around under-dense regions (local outside-in).They
found that negative skewness is found only in the global inside-
out model. They also found that one-point statistics enable us
to distinguish them even by pre-SKA experiments although it
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is difficult to distinguish models using 21cm line power spec-
trum in pre-SKA experiments. While Watkinson & Pritchard
(2014) consider the one-point statistics at EoR, some works
consider the impact of X-ray heating on one-point statistics of
21cm brightness temperature at cosmic dawn(e.g. Watkinson &
Pritchard 2015; Ross et al. 2017). For example, Watkinson &
Pritchard (2015) found that the peaks of the skewness and vari-
ance of 21cm brightness temperature in the redshift evolution
are sensitive to X-ray efficiency. They also found that the am-
plitude of variance is sensitive to the hardness of X-ray SED.

Shimabukuro et al. (2015) applied one-point statistics to give
a physical interpretation of the 21cm line power spectrum at
cosmic dawn. They deeply studied the dip and peaks that ap-
peared in the 21cm power spectrum as a function of redshift
(see bottom of Fig.6) with one-point statistics. They found that
the redshift evolution of dip strongly depends on X-ray heating
and the skewness of 21cm brightness temperature becomes a
good indicator when X-ray heating becomes effective.

Although the works shown above include thermal noise, they
do not take instrumental effects into account. Some works con-
sider more realistic situation (e.g. Harker et al. 2009; Patil et al.
2014; Kittiwisit et al. 2018). Harker et al. (2009) suggested
one-point statistics as a probe to characterize cosmic 21cm sig-
nal after cleaning of foregrounds, thermal noise, and instrumen-
tal effects. They performed simulations of cosmological 21cm
signal, foregrounds, and instrumental noise and make realistic
mock data cube. They fit foregrounds with a three-order poly-
nomial in log frequency to each pixel. After the fitting, they
compute skewness from residuals and they found that they can
recover main features (dip appeared at the beginning of reion-
ization and rise that appears as reionization proceeds) of the
redshift evolution of skewness in the cosmological 21cm sig-
nal.Harker et al. (2009) showed the skewness is useful to ex-
tract the information of cosmological 21cm signal from real-
istic 21cm data. Patil et al. (2014) investigates the extraction
of variance of 21cm line signal and constrains global history
of the EoR assuming LOFAR experiment. They showed that
the LOFAR with 600 hours of integration time can detect vari-
ance of 21cm signal and recover parameters of the global evolu-
tion of the 21cm line signal. Similar to the LOFAR experiment,
Kittiwisit et al. (2018) showed HERA experiment can also de-
tect characteristic features of one-point statistics.

Another application of one-point statistics is parameter con-
straints. Kubota et al. (2016) performed Fisher analysis for
EoR parameters with one-point statistics assuming LOFAR and
MWA experiments. They showed that the combination of the
variance and skewness can strongly constrain the EoR parame-
ters.

As described above, one-point statistics is very useful to dis-
tinguish the EoR models, to characterize 21cm signal from re-
alistic mock data including the cosmic 21cm signal, the effects

Fig. 16. Typical architecture of an artificial neural network. The architecture
of the ANN consists of an input layer, a hidden and an output layer of neu-
rons. Each neuron connects the neurons in the next layer. The figure is
reproduced from Shimabukuro & Semelin (2017) by permission of Oxford
University press on behalf of the Royal Astronomical Society.

of foregrounds, and experimental noise, to give a physical inter-
pretation of the behavior of the 21cm line power spectrum, and
to constrain model parameters.

4.3 Machine learning approach

So far, we have discussed the analysis of the 21cm line signal
using conventionally used methods. In this section, we intro-
duce an approach based on machine learning methods that are
widely used these days. The concept of the machine learning
approach is that the machine itself automatically improves itself
by learning from data. In particular, Artificial Neural Networks
(ANNs) are often used in the context of 21cm study. The ANNs
are mathematical models inspired by the neuron network in our
brain. The main purpose of ANNs is to construct approximate
functions which associate input with output by using datasets.
This process is called training. To construct such an approx-
imate function, the ANN has to learn from training data. The
architecture of the ANN consists of three layers: the input layer,
the hidden layer, and the output layer. Each of them has several
neurons and each neuron is connected to other neurons as shown
in Fig.16. After training, the trained architecture can be applied
to unknown data called test data and predict output values from
input values.

In the context of the 21cm study, Shimabukuro & Semelin
(2017) first introduced the ANN for parameter estimation. In
Shimabukuro & Semelin (2017), the architecture of the ANN is
constructed by the 21cm line power spectrum and EoR param-
eters. They trained the architecture by training data which con-
sists of the 21cm line power spectrum and EoR parameter. With
the trained architecture, they predict EoR parameters from the
21cm line power spectrum shown in Fig.17. They showed that
the ANN successfully recover EoR parameters from the 21cm
line power spectrum with high accuracy compared to the true
values.
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Fig. 17. The comparison of the EoR parameters obtained from the 21cm line
spectrum with the ANN against true values. They use the 21cm line power
spectrum at z=9,10,11 and include both thermal noise and sample variance.
The figure is reproduced from Shimabukuro & Semelin (2017) by permission
of Oxford University press on behalf of the Royal Astronomical Society.

In Shimabukuro & Semelin (2017), they recovered the EoR
parameter used in the 21cmFAST from the 21cm line power
spectrum with the ANN. In their work, although they take ther-
mal noise into account, they do not include the effect of the fore-
ground. Choudhury et al. (2021b) evaluates the performance of
the ANN in the case that they include foreground. They showed
that the ANN can recover EoR parameters with 81-90% of ac-
curacy even if they include foreground in the case of the SKA
experiment. In the context of parameter recovery with the ANN,
Choudhury et al. (2020) used the ANN to extract the 21cm
global signal parameters from mock simulation data which in-
cludes the effects of foreground, instrumental effects, and noise
and Choudhury et al. (2021a) applied the ANN to predict signal
parameters from EDGES data as inputs.

The works shown above applied the ANN to recover pa-
rameters from 1-dimension inputs such as power spectrum and
global signal. On the other hand, some works have adopted a
deep neural network (or deep learning) which has multiple hid-
den layers to treat image maps. One of the most often used
deep neural networks is Convolution Neural Networks (CNN).
Some works developed a method to extract cosmological and
astrophysical information from 21cm image maps or light cone
maps. (e.g. Gillet et al. 2019; Hassan et al. 2020; Zhao et al.
2021; Billings et al. 2021; Kwon et al. 2020; List & Lewis
2020; Prelogović et al. 2022; Zhao et al. 2022). The advan-
tage of applying the CNN is that they can exploit more informa-
tion than 1-dimension inputs because image data is regarded as
multi-dimension vector and it contains more information than 1-
dimension values such as 21cm line power spectrum and global
signal. Actually, these works have shown astrophysical and
cosmological parameters can be determined with high accuracy
with deep neural networks.

Another application of the ANN is an emulator. The pur-

pose of the emulator is to build ANN architecture trained by
prepared simulation data in order to quickly calculate output
values for input values. In the context of 21cm studies, the em-
ulator is used to compute statistical quantities(power spectrum
and bispectrum) and global signals for given input astrophysi-
cal parameters. The emulator has an advantage when we com-
bine it with MCMC. To perform MCMC, it is necessary to run
simulations each time for different parameter samplings to com-
pute the likelihood function for comparing observation data (or
mock data) with theoretical models. However, the emulator can
save calculation costs for running simulations because the em-
ulator returns output value for given input parameters. Recent
works have developed emulators for the calculation of the 21cm
power spectrum and global signal for given input astrophysi-
cal parameters (e.g. Kern et al. 2017; Schmit & Pritchard 2018;
Cohen et al. 2020; Bevins et al. 2021b; Hellum Bye et al. 2021;
Sikder et al. 2022). For example, Schmit & Pritchard (2018)
constructed the emulator to calculate the 21cm line power spec-
trum from given input EoR parameters. They showed that the
emulator can speed up the parameter sampling speed by 3 or-
ders of magnitudes when performing MCMC.

As another example of the application of the ANN,
Shimabukuro et al. (2022) applied the ANN to recover ion-
ized bubble size distribution from the 21cm line power spec-
trum. They showed the ANN can successfully recover ion-
ize bubble size distribution from 21cm line power spectrum
by using ANN with a few % accuracy. The philosophy of
their work is to recover statistical quantity from another statis-
tical quantity with ANN. With the same philosophy, Yoshiura
et al. (2021a) applied Generative Adversarial Networks (GAN)
to generate 21cm image maps from the distribution of Lyman-
α galaxies. The GAN is often used to generate new data with
the same statistics as training datasets. They showed that the
distribution of 21cm brightness temperature can be reproduced
from Lyman-α galaxies distribution with correlation function of
∼ 0.5 at k < 0.1Mpc−1.

5 Synergy with other experiments

Ideally, we want to use 21cm line signal itself to extract astro-
physical information by using approaches introduced in section
4. However,we face some difficulties with 21cm line observa-
tion. For example, current upper limits on the 21cm power spec-
trum are not limited by the thermal noise but enormous fore-
ground contamination and systematics. The 21 cm line is more
than 4 orders of magnitude fainter than the foregrounds such
as synchrotron emission from galactic and extragalactic radio
sources (e.g. Chapman & Jelić 2019). Thus, the detection of the
21 cm line is impossible without foreground mitigation tech-
niques. The foregrounds are expected to be spectrally smooth
in frequency space, and the foreground power effectively de-
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creases at small scale in Fourier modes of k‖ which corresponds
to spacial scales along the line of sight. The mode mixing effect
due to interfermeteric nature generates spectrally non-smooth
contamination and propagates the foreground contamination to
higher k‖ at higher k⊥, which is angular scales perpendicu-
lar to the line of sight. Consequently there are Fourier spaces
called the “EoR window” (e.g. Liu et al. (2014)) where the
21 cm line signal can dominant the foreground. Such spec-
trally well behaved foregrounds also can be removed using
foreground removal methods (Chapman et al. 2015) such as
FastICA (Chapman et al. 2012), GMCA (Chapman et al. 2013),
and GPR (see e.g. Mertens et al. 2018; Kern & Liu 2021).
Theoretical works have shown that these strategies are promis-
ing to reduce the foreground contamination. However, these
methods can fail to perform ideal performance due to spectrally
non-smoothness of foregrounds caused from mode-mixing, in-
strumental systematics and data analysis (Barry et al. 2016).

In order to overcome the systematics and reduce the fore-
ground contamination, the 21 cm line cross correlation (CC)
with other observable should be useful. The low-z 21 cm line
has been detected by combining the foreground removal and the
CC with the galaxies (e.g. Chang et al. 2010). Thus, the CC is
the promising strategy to detect the 21 cm line from the EoR.
The CC is also important to validate the detection of 21 cm auto
power spectrum since the auto power spectrum is easily biased
by any systematic errors. The CC itself should have unique in-
formation of various astrophysics at high-z. Therefore the CC
is one of primary sciences for the SKA (Chang et al. 2015; Jelic
et al. 2015). Previous works have suggested several possible
partners to the CC. In this section, we introduce possible CCs
with the 21 cm line before the EoR by referencing Chang et al.
(2015); Jelic et al. (2015); Chang et al. (2019).

5.1 Cosmic Microwave Background, Near Infrared
Background And X-ray Background

Cosmic Microwave Background (CMB) is one of the most pow-
erful proves of reionization. For example, the optical depth to
the Thomson scattering for the CMB photon depends on the
total amount of ionized fraction from the last scattering sur-
face to the present, and the recent CMB observations constrain
the reionization history (Planck Collaboration et al. 2020b).
Furthermore, the CMB photon is scattered by dense ionized
bubbles during the EoR, and the CMB should obtain fluctua-
tions due to the peculiar motion of the ionized bubbles. This is
the kinematic Sunyaev-Zel’dovich (kSZ) effect which generates
fluctuations correlating with the 21 cm line. Many works have
predicted the cross correlation signal analytically and numeri-
cally (e.g. Cooray 2004; Salvaterra et al. 2005; Alvarez et al.
2006; Adshead & Furlanetto 2008; Jelić et al. 2010; Alvarez
2016). The signal is quite useful statistics because the amplitude

and sign of the signal depend on the ionized history and size of
ionized bubbles. However, the correlation is not strong enough,
the detection would be tough due to the cosmic variance of the
primary fluctuation of the CMB(e.g. Jelić et al. 2010; Alvarez
2016) and foregrounds (Yoshiura et al. 2019).

The CMB E-mode and B-mode are also useful partner for
CC (Tashiro et al. 2008; Kadota et al. 2019). The CC can give
constraints on the evolution of the reionization, while the de-
tectability is not high due to lower correlation coefficient. In
Tashiro et al. (2010), they have investigated the detectability of
the 21 cm CC with the anisotropy in the CMB temperature and
polarization using an analytic calculation, and found that the
CPS with the temperature is detectable with the Planck and the
SKA, while the CMB polarization is not.

Alternatively, feasibility for the 21cm-kSZ2 CC has been in-
vestigated in Ma et al. (2018b). The signal can be measured
by filtering out the primary CMB fluctuation using Wiener filter
(Doré et al. 2004). Recently the 21cm-kSZ-kSZ bispectrum has
been proposed as well (La Plante et al. 2020). On the other
hand, future observation of CMB polarization with CMB-S4
(Abazajian et al. 2019), PICO (Hanany et al. 2019) could re-
construct the 2D map of optical depth to Thomson scattering
τeff (Dvorkin & Smith 2009). Since the τeff depends on the
fluctuation of ionized fraction and fluctuation of gas density at
each line of sight, the 2D τeff also correlates with the 21 cm
signal (Roy et al. 2020). Noting that although both kSZ and τeff

maps are provided as 2D images, we can expect unique corre-
lation with the 21 cm signal at each redshift. This enables us
extract the redshift evolution of ionized fraction.

Near Infrared Background (NIRB) is also a possible part-
ner for the 21 cm CC (Wyithe et al. 2007; Fernandez et al.
2014; Mao 2014). The correlation is generated via the highly
redshifted UV photon emitted from stars and black holes (e.g.
Kashlinsky 2005; Kashlinsky et al. 2018) which can be the
source of excess component in NIRB. As shown in these pre-
vious works, the correlation coefficient expected to be negative
after ≈ 50% of HI is ionized since the star ionizes neutral hy-
drogen. In Mao (2014), they have shown that the SKA1 Low
can measure the CPS by combing CIBER-2 survey (Lanz et al.
2014).

The analysis of unresolved X-ray background has indicated
some contribution from high-z sources (e.g. Cappelluti et al.
2012). While the high-z component might be less than a few
percent (Ma et al. 2018a), the 21 cm line and X-ray background
(XRB) CC can be a useful tool to reveal the XRB source as
suggested in Shan & Qin (2009); Liang et al. (2016); Ma et al.
(2018a). In Ma et al. (2018a), they studied the CC using ra-
diative transfer simulation (Eide et al. 2020). The CC signal
shows positive correlation at the Epoch of Heating and negative
correlation at the EoR. In assumption of SKA1 Low, the de-
tectability is limited by the noise of X-ray observation, and thus
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the CC might require a mature of future X-ray survey.

The CC between XRB and cosmic infrared background
(CIRB) has suggested presence of high-z direct collapse black
holes (Li et al. 2018b; Mitchell-Wynne et al. 2016; Cappelluti
et al. 2013; Li et al. 2019b) as a source of excess fluctuation
in CIRB. The source is still controversial, and the CC with the
21 cm line and these background map might be an evidence for
the high-z components.

5.2 Line Intensity Mapping And High-z Galaxy

Synergy with other line intensity mapping also has a poten-
tial to detect the 21 cm line without foreground contamination
(Chang et al. 2019). For example, the CO(1-0) molecule line
at 115 GHz in rest from its rotational transitions is a tracer
of molecular gas and star formation at high-z. While the CO
model is uncertain at high-z, the CC with the 21 cm can prove
the models (Gong et al. 2011; Lidz et al. 2011; Zhou et al.
2020). The highest band of SKA1 Mid covers CO line from
z > 7.3. Thus, the 21cm-CO CC is a good synergy for the SKA
itself.

As a tracer of star formation, intensity mapping of [CII] fine-
structure emission line can be useful while there are large uncer-
tainty at high-z (e.g. Yue & Ferrara 2019; Padmanabhan 2022).
The 21 cm line should have anti-correlation with [CII] inten-
sity map at large scales (Gong et al. 2012; Silva et al. 2015;
Dumitru et al. 2019). The CC with the 21 cm line can con-
strain the model of [CII] to star formation rate and reionization.
For example, Dumitru et al. (2019) have shown that 21cm-[CII]
CC can be detected by combing LOFAR/SKA1Low and cur-
rent/future [CII] survey (CONCERTO Lagache 2018).

High-z [OIII] line emitting galaxy has been observed by
ALMA (Inoue et al. 2016; Carniani et al. 2017; Laporte et al.
2017; Hashimoto et al. 2019a, 2019b; Harikane et al. 2020).
In Moriwaki et al. (2019), they have predicted the CC of 21cm-
OIII galaxy and OIII intensity mapping using numerical simula-
tion where line luminosity of [OIII] is computed as in Moriwaki
et al. (2018). They have shown that the sign of the CPS at
k = 0.1 Mpc−1 is positive at z ≈ 10 due to hotter HI gas in
high dense regions and becomes negative at z < 8 due to large
ionized bubbles around the galaxies. The SKA1 Low can mea-
sure the CC in tandem with a large survey of [OIII] line emitting
galaxy.

The Lyman-α is emitted from galaxies and IGM mainly due
to recombination, and the radiation can be measured as Lyman-
α intensity mapping. The CC between the 21 cm line and
Lyman α intensity map can be detected. While the contami-
nation dominated by the galactic terms, by combining H-α line,
the IGM contribution will be separated (Silva et al. 2013; Neben
et al. 2017; Heneka et al. 2017; Cox et al. 2022; Heneka &
Cooray 2021).

The CC with 21 cm line and galaxies has succeeded in low-
z HI intensity mapping (Chang et al. 2010; Masui et al. 2013;
Wolz et al. 2017; Anderson et al. 2018). Therefore, high-
z galaxy is one of the most promising partner for the EoR
21 cm line CC investigated initially in Furlanetto & Lidz (2007);
Wyithe & Loeb (2007). Typically, as the galaxies create ion-
ized bubbles, the 21 cm line dims around the observed galaxies.
Thus, the CC between the 21 cm line and the number density of
galaxies is expected to be negative. For the CC with the 21 cm
line at the EoR, many recognized the possibility of CC with the
Lyman-α emitting galaxies which have already been observed
using narrow band filter (Ouchi et al. 2018).

One of promising partner is the high-z Lyman-α emitters
(LAEs). Previous studies has investigated the CC theoretically
(e.g. Lidz et al. 2009; Sobacchi et al. 2016; Feng et al. 2017;
Hutter et al. 2018; Heneka & Mesinger 2020). The detectabil-
ity of the 21cm-LAE CC has been explored in assumption of
the MWA observation (Park et al. 2014), LOFAR (Wiersma
et al. 2013; Vrbanec et al. 2016), SKA1 Low (Hutter et al.
2017; Kubota et al. 2018; Weinberger et al. 2020) in tandem
with the HSC/PFS LAE observation. Recently, in Hutter et al.
(2019); Vrbanec et al. (2020), they have explored that the SKA1
Low has an opportunity to collaborate with the Roman Space
Telescope 3 in the context of 21cm-LAE correlation. For exam-
ple, in series papers (Kubota et al. 2018; Yoshiura et al. 2018;
Kubota et al. 2020), they investigated detectability of the 21cm-
LAE CPS by employing a radiative transfer (RT) reionization
simulation (Hasegawa et al. 2016) and mock LAE samples. As
Subaru HSC surveys have produced massive LAE catalogue in
large field of view ∼ 20 deg2, they have focused on the 21cm-
LAE CPS analysis in assumption of future SKA1 Low and HSC
with followup spectrogragh observation using the Prime Focus
Spectrograph4 (Takada et al. 2014). In Kubota et al. (2018),
they showed the detectability of the 21cm-LAE CPS with as-
sumption of the MWA/SKA1 Low and HSC/HSC-PFS obser-
vation. For the 21 cm line observation by the MWA and SKA1
Low, we assumed 1000 hours of observation time. The error is
dominated by the sample variance and therefore only increasing
the field of view can reduce the error. In Kubota et al. (2020)m,
they showed 21cm-LAE CPS can constrain the model of LAEs.
In Inoue et al. (2018) they have introduced stochastic Lyman-
α production and transmission following the dispersing escape
fraction as shown in Yajima et al. (2018). While HSC have
published LAE catalogue at z = 5.7, they have focused only
on the LAE at z = 6.6 and 7.3 because the reionization is ex-
pected to end by the redshift. However, recently, the Lyman-α
fluctuation indicates the delay end of reionization, and the CPS
at z = 5.7 can verify the delay reionization model (Weinberger
et al. 2020).

3 http://roman.gsfc.nasa.gov
4 https://pfs.ipmu.jp
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The foreground of the 21 cm line observation has no corre-
lation with the distribution of the high-z galaxy, and thus the
foreground does not bias the power of the CPS. On the other
hand, the statistical variance can create large error which is typ-
ically ignored in previous works. For example, in Yoshiura et al.
(2018), they showed that the statistical error dominated by the
foreground contamination must be reduced by the foreground
removal and avoidance. This is not only for the cross correla-
tion with high-z galaxies but also for any cross correlation anal-
ysis. We note that the error of foreground can be reduced not
only foreground removal but also increasing the survey area.

We here demonstrate the detectability of 21cm-LAE CPS by
assuming the SKA1 Low and HSC-PFS observations at redshift
z= 6.6. We employ the RT simulation and LAE models used in
Kubota et al. (2018). To make a realistic prediction, the thermal
noise is evaluated using realistic configuration of SKA1 Low
(Dewdney et al. 2015). We assume a field of view of HSC/PFS
to (15 deg2)5 We first assume that the foregrounds are perfectly
removed, and then the error is calculated using all k modes.
Next, we use k modes within the EoR window in the assumption
of that the foreground contamination is well limited to below the
horizon limit.

Figure 18 shows the 21cm-LAE CPS and the errors. Under
the assumption of perfect foreground removal, the CPS can be
observed at large scales. On the other hand, when adopting the
EoR window method, the SNR of CPS becomes worse since
the error increases due to the reduction of the number of avail-
able k-mode 6. We also find that only 100 hours of observation
per pointings are required to detect the signal once the fore-
ground contamination is correctly removed. On the other hand,
999 hours of observation for each HSC field might be required
without foreground removal. As the SKA1 Low has significant
high sensitivity, the CPS error can be the cosmic variance dom-
inant at large scales. Thus, a shallow and wide survey might be
suitable rather than a deep observation.

6 Observations of the 21cm line

Before the summary of this review, we briefly report the cur-
rent status of the 21cm line observation and future prospects in

5 The HSC released LAE catalogue at deep/ultra deep fields at z =

6.6. There are four deep fields and two ultra deep fields. (See
https://hsc.mtk.nao.ac.jp/ssp/survey/). According to Ono et al. (2021), the
LAE catalogue at z = 6.6 will be available in three deep fields and 2 ul-
tra deep fields. Since one of deep field is at far northern sky (ELAIS-N1
have studied using the LOFAR (Gloudemans et al. 2021).), two deep fields
(COSMOS, DEEP2-3) and ultra deep fields (SXDS, COSMOS) would be
suitable for the SKA1 Low survey. Thus, in practice, only deep (5.31 deg2,
5.76 deg2) and ultra-deep (2.05 deg2, 2.02 deg2) are currently available.
Therefore, we assume a field of view of HSC/PFS to 15 deg2.

6 The sensitivity of small scale does not depend on the foreground avoid-
ance, but the signal highly depends on the model of reionization and LAEs
(Kubota et al. (2020)).

Fig. 18. Cross correlation of SKA1 Low and HSC Deep field at z = 6.6. The
SKA1 Low consists of 512 stations. We assume the effective area of antenna
Ae = 462m2 at 150MHz, a bandwidthB= 8MHz, frequency channel width
∆ν = 80kHz. Solid line is the absolute value of CPS, and squares and
circles are indicate negative and positive value. Dotted line is the error used
k modes within the EoR window. The dashed line is also the error where all
k-modes are used to evaluate by assuming the perfect foreground removal.
Here, we assume 999 hours of the SKA1 Low observation and 15 deg2 of
LAE survey area.

the SKA1 era. For readers who are interested in current sta-
tus and data analysis of 21cm observations, we recommend fol-
lowing references to the readers (e.g. Mesinger 2019; Liu &
Shaw 2020; Barry et al. 2021). On the basis of these references,
we review current updates of the 21cm observation and future
propects in this section.

6.1 Foreground and Systematics

The redshifted 21cm line observed at less than ν = 200 MHz
allows us to explore the dark ages to cosmic reionization. There
are a number of radio instruments measuring such low frequen-
cies toward the detection of the 21cm line. For example, the
21cm line global signal which was described in section 3.2
is measurable with a single dipole antenna with long integra-
tion time and accurate foreground removal method (see e.g.
Furlanetto (2006b); Liu et al. (2013)). The global signal ob-
servation has been operated by such as the EDGES (Monsalve
et al. 2017) and SARAS2 (Singh et al. 2018b). We must men-
tion that the EDGES low band analysis showed a strong ab-
sorption at z = 17.8 which was reported in Bowman et al.
(2018a). The result has significant impacts on this field as it
has extraordinary feature. At the same time that a number of
astrophysical models and cosmologies are suggested to explain
the absorption (e.g. Barkana 2018). Some concerns and sys-
tematic errors also have been pointed out; Hills et al. (2018)
early pointed out an unrecognized sinusoidal systematic; Bevins
et al. (2021a), using Maximally Smooth Functions, argued the
possibility that sinusoidal systematic exists in the EDGES low
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data; Singh & Subrahmanyan (2019) showed that an absorp-
tion, consistent standard cosmology, is favored for the EDGES
data; Sims & Pober (2020) showed no models of signal and
systematics has statistical significance; False signal can be pro-
duced from unmodeled beam chromaticity and Galactic diffuse
emission (Tauscher et al. 2020); The EDGES unexpected sig-
nal can be explained by ground plane resonances (Bradley et al.
2019). Another experiments have operated to detect the 21cm
global signal. Most importantly, the best fit absorption obtained
in Bowman et al. (2018a) has been rejected by SARAS3 (Singh
et al. 2022). As the EDGES observation might be suffered from
the Radio frequency interference (RFI) and Earth’s ionosphere
effect, some projects have planed with intent to measure the
global signal from the far side of the moon where we can ide-
ally avoid the RFI and the ionospheric effect (e.g. DAPPER;
Burns et al. (2021)). Such space projects also enable us to mea-
sure the 21cm line below 10 MHz, which is not detectable from
the ground due to the ionosphere reflection.

As observation of the 21cm line fluctuation (e.g. the power
spectrum described in section 4.2) needs spatial resolution, ra-
dio interferometers have operated such as PAPER (Parsons et al.
2010), GMRT (Paciga et al. 2013), MWA (Tingay et al. 2013;
Wayth et al. 2018b), LOFAR (van Haarlem et al. 2013b) and
HERA (DeBoer et al. 2017). The groups of these instruments
have published upper limits of the power spectrum at the EoR
and the Cosmic Dawn. The detection has not yet been achieved.
This is due to the strong foreground and complicated systemat-
ics. We will briefly describe these problems below.

Foreground contamination is dominated by the synchrotron
radiation from our Galaxy and extra-galactic radio sources such
as AGNs (Jelić et al. 2008; Chapman & Jelić 2019). Free-free
emission is also a subdominant source of foregrounds. Such
emissions are extremely brighter than the expected 21cm sig-
nal especially at the direction of the Galactic center and near
bright radio sources. Therefore the observation field is usually
chosen to be far from the Galactic centre and free of too bright
objects. However, even in the fainter fields, foregrounds are
more than 3 orders of magnitude brighter than the 21cm sig-
nal. Even more, due to the large primary beam and wide side
lobes of the low frequency radio telescopes can easily leak the
bright sources contamination at far field into the measurement
(Pober et al. 2016). Calibration error due to unmodeled sources
significantly biases the power spectrum analysis (Barry et al.
2016). Therefore, understanding and modelling of each fore-
ground source are key challenges. The radio source catalogues
in the southern sky, where the SKA1 Low will observe, are
available such as GLEAM survey (Wayth et al. 2015; Hurley-
Walker et al. 2017). Such a large radio survey is essential as the
beam has a response to a large area. The radio catalogue with
deep integration toward the targeted field has also been made so
far (Procopio et al. 2017; Lynch et al. 2021). Furthermore, the

modelling of extended sources is important as the residuals of
extremely bright sources has to be minimized (Line et al. 2020;
Rahimi et al. 2021). The radio catalogues are used for either
the removal of foreground and instrumental calibration. On the
other hand, in addition to the individual extra-galactic source,
the diffuse Galactic foreground has to be modeled. The diffuse
emission dominates the visibility observed by short baselines.
So, such a model will play an essential role to calibrate the short
baselines and to correct phased antenna array response. For ex-
ample, PyGSM (Price 2016) is available to predict the diffuse
emission based on previously observed all sky maps. Recently,
in Byrne et al. (2021), the polarized diffuse emission map was
created using MWA data. Such diffuse maps have a great po-
tential to improve the accuracy of calibration.

Rather than avoiding the foregrounds, the removal is essen-
tial to detect the signal at large scales. One of the ultimate goals
of 21cm line observation is the direct imaging of the 21cm sig-
nal in the SKA era, and then the foreground removal will be
required with high precision. There are various statistical meth-
ods such as polynomial fitting, principal component analysis,
FastICA (Chapman et al. 2012), GMCA (Chapman et al. 2013)
and GPR (Mertens et al. 2018). The GPR uses knowledge of
frequency covariance of the 21cm line, foregrounds, noise and
other components to extract the foreground contamination from
observed data. These methods should work pretty well based
on simulation results. In Patil et al. (2017a) and Mertens et al.
(2020), GMCA and GPR have been applied to the real LOFAR
data analysis and showed great improvements to reduce the up-
per limits of the power spectrum.

The EoR window and the foreground removal can be dis-
turbed by instrumental systematics and calibration error. Thus,
the understanding of possible systematics and developments of
calibration methods are essential. We describe known system-
atcs below.

Radio frequency interference (RFI) is a primary source of
systematics in any radio observation. To avoid the RFI pollu-
tion, the SKA1 Low will be constructed at the MRO which is
one of the radio quietest regions. The RFI environment in the
MRO was reported in Offringa et al. (2015). Although the re-
port shows only a few percent of RFI pollution, careful flagging
of RFI is still crucial. The AOFLAGGER has been used in,
such as, MWA and LOFAR teams as a powerful tool to identify
the RFI (Offringa et al. 2012). Furthermore, in Wilensky et al.
(2019), they showed that faint RFIs have not been flagged by
conventional tools and developed SSINS software. The SSINS
identifies the fainter RFIs by integrating the visibility of base-
lines and comparing the statistical property. Such faint RFIs
(e.g. DTV) can bias the power spectrum as shown in Wilensky
et al. (2020, 2021). In Barry et al. (2019b), data flagging using
the SSINS shows improvements on the power spectrum upper
limits. After the RFI flagging, the treatment of flagged visi-
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bility should be taken carefully. For example, in Offringa et al.
(2019), they showed that the images can have non-smooth spec-
trum and the power spectrum is biased due to the fluctuation of
the weights in the uv plane.

Earth’s ionosphere which is ionized atmospheric region from
50 km to 1000 km altitude is also a primary source of system-
atics of low frequency radio astronomy (e.g. Thompson et al.
2017). Incoming radio signal is refracted due to the ionosphere.
As the result, the phase of visibility is shifted and the shift cor-
responds to the shift of the apparent position of radio sources.
Feature of ionosphere has been investigated by MWA (e.g. Loi
et al. 2015) and LOFAR (e.g. Mevius et al. 2016). In terms
of foreground removal, the subtraction of bright sources could
leave residuals. The shift could also affect adversely on the
calibration based on the radio catalogue (e.g. Yoshiura et al.
2021b). Furthermore, the ionosphere effect is proportional to
1/ν2 at 1st order and higher order terms become important at
ν < 50MHz (e.g. de Gasperin et al. 2018). Currently various
methods have proposed such as peeling based correction (e.g.
Mitchell et al. 2008; Intema et al. 2009; Albert et al. 2020).
For example, in the RTS (Mitchell et al. 2008), the ionospheric
phase is well corrected by comparing the phase of visibility for
bright sources with the catalogue based model (Chege et al.
2021). Furthermore, influence on the power spectrum might be
avoidable by removing the data with active ionosphere (Jordan
et al. 2017; Trott et al. 2018).

Accurate modelling of the primary beam response is a cru-
cial challenge for the 21cm observation. The error of the beam
model easily affects the direction independent calibration and
the foreground removal. The tile of the MWA consists of 16
antennas and the modeling of beam for such phased array is re-
cently developed (e.g. Sutinjo et al. 2015). The model has to
include the mutual coupling (e.g. Sokolowski et al. 2017). The
beam shape would be affected by the status of each involving
antenna. Then the beam shape varies with frequency and the
variation could produce undesired frequency non-smoothness in
the foreground spectrum. Such foreground can contaminate the
EoR window and bias the power spectrum measurement (e.g.
Joseph et al. 2020). In particular, the side lobes can leak bright
foregrounds far from the pointing center into the visibility. The
side lobe can make far side lobe confusion noise and the confu-
sion limits the direct imaging of 21cm line with the SKA1 Low
(e.g. Mort et al. 2017). Thus, measurement of the phased array
is an active research field. For example, measurement of the
beam shape has been operated for the MWA (e.g. Neben et al.
2015; Line et al. 2018; Chokshi et al. 2021) and SKA1 Low (e.g.
de Lera Acedo et al. 2018) using satellites and drones. Antenna
Holography proposed in (e.g. Kiefner et al. 2021) could be use-
ful to calibrate the beam model of each SKA1 Low station.

As described, the detection of the 21cm line is suffered from
the wide-field beam and the ionospheric refraction. These sys-

tematics need to be corrected by performing the direction de-
pendent calibration (DDcal). The DDcal, for example, solves
the least-squares problem to determine Jones matrix for each
direction of calibrators within the beam. Several teams have de-
veloped calibration software such as FHD (Sullivan et al. 2012;
Barry et al. 2019a), RTS(Mitchell et al. 2008), OMNICAL
(Li et al. 2018a), SAGECAL-CO (Yatawatta 2016) and so
on. However, the DDcal can leave non-smooth gain structure,
which leaks foreground power into the EoR window, if gain is
allowed to be variable in frequency. So the gain might be en-
forced by a polynomial to be smooth (e.g. Mertens et al. 2020).
Furthermore, the DDcal could cause signal loss due to the mis-
modelling the Galactic diffuse emission (e.g. Patil et al. 2016).
The signal loss is avoidable by excluding the short baselines
from the calibration or creating appropriate models of the dif-
fuse emission (Byrne et al. 2021).

In addition, for example, the reflection due to impedance
mismatch between receiver and cable makes coherent delay sig-
nals (e.g. Fagnoni et al. 2021). Beam calibration error can leak
polarized emission into stokes I (e.g. Asad et al. 2015). The
leaked emission, even worth, can be non-smooth in frequency
due to the Faraday rotation. We emphasize that the possible sys-
tematics are not limited to things described above. As the upper
limit of the power spectrum becomes smaller, more unknown
systematics may be found which prevent the detection of the
power spectrum.

6.2 Current results

Using the calibrated and foreground removed visibility, the
power spectrum has been evaluated with power spectrum esti-
mation tools (e.g. CHIPS;Trott et al. (2016)). While the de-
tection of the 21cm power spectrum has not been achieved,
the upper limits on the power spectrum have been reported at
various redshifts and scales: PAPER(Kolopanis et al. 2019),
GMRT(Paciga et al. 2013), LWA(Eastwood et al. 2019; Garsden
et al. 2021), MWA(Dillon et al. 2015; Ewall-Wice et al. 2016;
Beardsley et al. 2016; Li et al. 2019a; Barry et al. 2019b; Trott
et al. 2020; Patwa et al. 2021; Yoshiura et al. 2021b; Rahimi
et al. 2021), LOFAR(Patil et al. 2017b; Gehlot et al. 2019;
Mertens et al. 2020; Gehlot et al. 2020) and HERA(The HERA
Collaboration et al. 2021a). Figure 19 compares the upper
limits and theoretical models of power spectrum at a range
of redshifts. For the reference, we show the evolution of the
power spectrum of fidutial model of 21cmFAST, faint galaxy
model, bright galaxy model (Mesinger et al. 2016) and no-
heating model (i.e. spin temperature is coupled with gas tem-
perature which cools adiabatically). Current upper limits are
still more than 2 orders of magnitude larger than the fiducial
models. However, the upper limits at the EoR have started to
constrain the astrophysical models (Greig et al. 2021a; Ghara
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Fig. 19. Current upper limits on the 21cm line power spectrum at a range of redshifts. We also show the power spectrum at k = 0.1 Mpc−1 as references.
Solid line is a fiducial model of 21cmFAST. Dashed and dot-dashed lines are the faint galaxy model and the bright galaxy model given in Mesinger et al.
(2016). Dotted line is the no-heating model which conflicts with the HERA’s result. The extremely strong absorption was reported at z= 17.8 in Bowman et al.
(2018a), and the extreme models interpreting the EDGES result predict strong fluctuations (e.g. Fialkov & Barkana 2019b). This figure is made by referencing
figure. 7 in Liu & Shaw (2020) and figure. 2 in Barry et al. (2021).

et al. 2021; Greig et al. 2021b; Mondal et al. 2020; The HERA
Collaboration et al. 2021b). The results indicate no-heating
model of reionization is strongly disfavored. Thus, for exam-
ple, to moderately heat up the IGM, the X-ray luminosity of
the source needs to be higher than that of the local source (The
HERA Collaboration et al. 2021b). This is partly demonstrated
in the Figure. 19. The no-heating model is inconsistent with the
HERA’s upper limit.

At the cosmic dawn (12 < z < 23), the most tight upper
limits were given in Yoshiura et al. (2021b), where they pro-
cessed more than 10 hours of MWA data at 75≤ ν ≤ 100 MHz

and at two MWA EoR fields which are far from the Galactic
center. They found that low quality DDcal leaves non-smooth
foreground residuals after the source subtraction, and therefore
they turned off the DDcal in the data reduction. Furthermore,
as the data suffered from strong ionospheric refraction and RFI
contamination at the FM band, careful data selection was per-
formed and roughly 3 hours of clean data sets were found for
each field. The resultant upper limits, however, are still 5 or-
ders of magnitude larger than the standard 21cm signal and sys-
tematic dominant. Even if looking at other projects, the upper
limits are also not tight enough to constrain any astrophysical
models. This could be because (i) understanding of systematics
is not well at the frequency because previous efforts are focused
on the EoR frequency (ii) foregrounds becomes powerful at the
cosmic dawn frequency due to the spectral index of synchrotron

emission (iii) ionospheric phase shift is proportional to ν−2 and
(iv) significant thermal noise disturbs the calibration. It would
be worth to mentioning that some theoretical models explaining
the strong absorption of the EDGES result predict significant
enhancement of the power spectrum (e.g. Fialkov & Barkana
2019b). Thus, the data analysis of the cosmic dawn frequency
has recently become more attractive.

While the power spectrum analysis has been actively con-
ducted, the bispectrum was also evaluated using MWA data and
obtained thermal noise limited results for some triangles (Trott
et al. 2019). Furthermore other statistical methods have been
attempted using actual radio data. For example, using MWA
data and Subaru LAE catalogue, the pre-whitening matched fil-
ter detector was used to constrain the IGM brightness tempera-
ture (Trott et al. 2021). Using the HERA data, the bispectrum
phase has been tested to detect the 21cm signal avoiding sys-
tematics (Thyagarajan et al. 2020).

6.3 Future Prospects

The theoretical sensitivity for the observation of the power spec-
trum, bispectrum and cross power spectrum has been estimated
in for example McQuinn et al. (2006),Yoshiura et al. (2015),
Kubota et al. (2018) and Weinberger et al. (2020). In terms of
foreground avoidance, because some k-modes are not available,
the scales to be observed are limited. Nevertheless, the ongoing
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instruments such as MWA, LOFAR and HERA have enough
sensitivity to detect the 21cm power spectrum. As the power
spectrum analysis is the primary stream of 21cm line analysis,
the astrophysical model would be first tested in terms of the
power spectrum. However, the upper limits of the 21cm line
power spectrum is limited to systematics rather than thermal
noise (although the recent HERA result is consistent with the
noise). Therefore, even for the SKA1 Low, further develop-
ments on the calibration are required.

Because the 21cm line observation is severely contaminated
with astrophysical foregrounds and instrumental systematics,
the validation of future detected signals would also be a huge
challenge. For example cross pipeline detection would be re-
quired to avoid the systematics caused by analysis (e.g. Jacobs
et al. 2016). Thus, the development of multiple calibration soft-
ware, multiple foreground removal methods and multiple statis-
tics is essential and is being actively conducted. Other than that,
observation of different sky fields would be required to vali-
date the bias due to the foregrounds contamination. Observation
with the precursors of the SKA1 should be proceeded as the de-
tection of the signal with different instruments is also important
to avoid the fake detection due to the instrumental systematics.
Furthermore, as mentioned in Sec. 5, the cross correlation with
external objects would definitely be strong evidence of the 21cm
line signal.

As we show in Figure. 19, the upper limits on the power
spectrum are getting reduced. The improvements have been
achieved thanks to longer integration, massive instruments and
most importantly the understanding of the systematics and ac-
tive development of software. Further upgrade of current in-
struments has been planned and done (e.g. LOFAR 2.0, MWA
Phase III and HERA full operation). Thus, we could expect the
upper limits will be improved in the next 5 years. Furthermore,
construction of SKA1 Low has begun in 2021, and the full op-
eration is scheduled to begin in 2028 ∼ 20297. Therefore, the
observation of the 21cm line by the SKA1 Low would bring
significant scientific results in the 2030s.

7 Summary
The epoch from the dark ages to cosmic reionization is the fron-
tier of the universe. Current galaxy observations conducted by
powerful telescopes such as subaru and ALMA are revealing the
end stage of the EoR. However, we need other approaches to ex-
plore more higher redshift beyond the end of the EoR. The cos-
mic 21cm line signal is a powerful tool to explore the epoch. To
exploit fruitful information from cosmological 21cm line sig-
nal, it is necessary to understand the properties of the 21cm line
signal and to establish the method to extract useful information
from the 21cm line signal. In this paper, we reviewed current

7 https://www.skatelescope.org/news/green-light-for-ska-construction

progress of cosmic dawn and EoR studies. At first, we intro-
duced basic physics of the 21cm line and then we review the
impact of first stars on the 21cm line signal (Chapter 2 & 3). To
extract information from 21cm line signal is crucial to interpret
the 21cm line signal. For this purpose, we introduced statisti-
cal and machine approaches as methods to extract information
from 21cm line signals in chapter 4. Not only 21cm line sig-
nal, but also synergy between 21cm line signal and other lines
is also important. We introduced the cross-correlation between
21cm line signal and other wavelength observations as a method
to consider the synergy between other emission lines and the
21cm line signal in chapter 5. Finally, we reviewed the aspects
of the 21cm line experiments in chapter 6. We summarized ob-
servational challenges such as foreground and systematics and
reported current constraints on the 21cm line power spectrum.
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