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The 21 cm probes to CD/EoR

Using CMB as background 

à 1. The sky-averaged 21-cm brightness -- the global 21cm spectrum

à 2. 21 cm tomography 

Using high-z radio point sources as background 

à 3. 21 cm forest (absorption lines) (e.g. Carilli et al. 2002; YX et al. 2009, 2010, 2011)
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Figure 1. The 21-centimeter cosmic hydrogen signal. (a) Time evolution of
fluctuations in the 21-cm brightness from just before the first stars formed through
to the end of the reionization epoch. This evolution is pieced together from
redshift slices through a simulated cosmic volume [1]. Coloration indicates the
strength of the 21-cm brightness as it evolves through two absorption phases
(purple and blue), separated by a period (black) where the excitation temperature
of the 21-cm hydrogen transition decouples from the temperature of the hydrogen
gas, before it transitions to emission (red) and finally disappears (black) owing to
the ionization of the hydrogen gas. (b) Expected evolution of the sky-averaged
21-cm brightness from the “dark ages” at redshift 200 to the end of reionization,
sometime before redshift 6 (solid curve indicates the signal; dashed curve indicates
Tb = 0). The frequency structure within this redshift range is driven by several
physical processes, including the formation of the first galaxies and the heating
and ionization of the hydrogen gas. There is considerable uncertainty in the exact
form of this signal, arising from the unknown properties of the first galaxies.

by a logarithmic slope or “tilt” nS = 0.95, and the variance of matter fluctuations
today smoothed on a scale of 8h�1 Mpc is �8 = 0.8. The values quoted are indicative
of those found by the latest measurements [2].

The layout of this review is as follows. We first discuss the basic atomic physics
of the 21 cm line in §2. In §3, we turn to the evolution of the sky averaged 21 cm
signal and the feasibility of observing it. In §4 we describe three-dimensional 21 cm
fluctuations, including predictions from analytical and numerical calculations. After
reionization, most of the 21 cm signal originates from cold gas in galaxies (which
is self-shielded from the background of ionizing radiation). In §5 we describe the
prospects for intensity mapping of this signal as well as using the same technique
to map the cumulative emission of other atomic and molecular lines from galaxies
without resolving the galaxies individually. The 21 cm forest that is expected against
radio bright sources is described in §6. Finally, we conclude with an outlook for the
future in §7.

We direct interested readers to a number of other worthy reviews on the subject.
Ref. [3] provides a comprehensive overview of the entire field, and Ref. [4] takes a
more observationally orientated approach focussing on the near term observations of
reionization.
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The global 21cm spectrum from cosmic dawn 
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Image credit:  Image credit: Yuan Shi
Extended Data Figure 1: The SARAS 3 antenna. The monocone antenna is shown, floating on water
on its raft. The antenna electronics is in an enclosure beneath the antenna ground plane and within the
raft; power is derived locally from Li-ion battery packs within the enclosure. Multi-core fibre optic cables
connect the antenna to the analogue signal conditioning unit (ASCU) in the base station on shore.
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observations using restricted spectral bands yield nearly identical 
best-fitting absorption profiles, with the highest signal-to-noise ratio 
reaching 52. In Fig. 2 we show representative cases of these fits.

We performed numerous hardware and processing tests to validate 
the detection. The 21-cm absorption profile is observed in data that 
span nearly two years and can be extracted at all local solar times and 
at all local sidereal times. It is detected by two identically designed 
instruments operated at the same site and located 150 m apart, and 
even after several hardware modifications to the instruments, includ-
ing orthogonal orientations of one of the antennas. Similar results for 
the absorption profile are obtained by using two independent pro-
cessing pipelines, which we tested using simulated data. The profile is 
detected using data processed via two different calibration techniques:  
absolute calibration and an additional differencing-based post- 
calibration process that reduces some possible instrumental errors. It 
is also detected using several sets of calibration solutions derived from 
 multiple laboratory measurements of the receivers and using  multiple 
on-site measurements of the reflection coefficients of the antennas. 
We modelled the sensitivity of the detection to several possible  
calibration errors and in all cases recovered profile amplitudes that 
are within the reported confidence range, as summarized in Table 1.  
An EDGES high-band instrument operates between 90 MHz and 
200 MHz at the same site using a nearly identical receiver and a scaled 
version of the low-band antennas. It does not produce a similar  feature 
at the scaled frequencies4. Analysis of radio-frequency interference 
in the observations, including in the FM radio band, shows that  
the absorption profile is inconsistent with typical spectral contribu-
tions from these sources.

We are not aware of any alternative astronomical or atmospheric 
mechanisms that are capable of producing the observed profile. H ii 
regions in the Galaxy have increasing optical depth with wavelength, 
blocking more background emission at lower frequencies, but they 
are observed primarily along the Galactic plane and generate mono-
tonic spectral profiles at the observed frequencies. Radio-frequency 
recombination lines in the Galactic plane create a ‘picket fence’ of 
narrow absorption lines separated by approximately 0.5 MHz at the 
observed frequencies5, but these lines are easy to identify and filter 
in the EDGES observations. The Earth’s ionosphere weakly absorbs 
radio signals at the observed frequencies and emits thermal radiation 
from hot electrons, but models and observations imply a broadband 
effect that varies depending on the ionospheric conditions6,7, including 
diurnal changes in the total electron content. This effect is fitted by 
our foreground model. Molecules of the hydroxyl radical and nitric 
oxide have spectral lines in the observed band and are present in the 
atmosphere, but the densities and line strengths are too low to produce 
substantial absorption.

The 21-cm line has a rest-frame frequency of 1,420 MHz. Expansion 
of the Universe redshifts the line to the observed band according to 
ν =  1,420/(1 +  z) MHz, where z is the redshift, which maps uniquely 
to the age of the Universe. The observed absorption profile is the con-
tinuous superposition of lines from gas across the observed redshift 
range and cosmological volume; hence, the shape of the profile traces 
the history of the gas across cosmic time and is not the result of the 

properties of an individual cloud. The observed absorption profile is 
centred at z ≈  17 and spans approximately 20 >  z >  15.

The intensity of the observable 21-cm signal from the early 
Universe is given as a brightness temperature relative to the micro-
wave background8:
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where xHi is the fraction of neutral hydrogen, Ωm and Ωb are the matter 
and baryon densities, respectively, in units of the critical density for a 
flat universe, h is the Hubble constant in units of 100 km s−1 Mpc−1, 
TR is the temperature of the background radiation, usually assumed to 
be from the background produced by the afterglow of the Big Bang, 
TS is the 21-cm spin temperature that defines the relative population 
of the hyperfine energy levels, and the factor of 0.023 K comes from 
atomic-line physics and the average gas density. The spin temperature 
is affected by the absorption of microwave photons, which couples TS 
to TR, as well as by resonant scattering of Lyman-α  photons and atomic 
collisions, both of which couple TS to the kinetic temperature of the 
gas TG.

The temperatures of the gas and the background radiation are 
 coupled in the early Universe through Compton scattering. This 
 coupling becomes ineffective in numerical models9,10 at z ≈  150, 
after which primordial gas cools adiabatically. In the absence of 
stars or non-standard physics, the gas temperature is expected to be 
9.3 K at z =  20, falling to 5.4 K at z =  15. The radiation temperature 
decreases more slowly owing to cosmological expansion, following 
T0(1 + z) with T0 =  2.725, and so is 57.2 K and 43.6 K at the same  
redshifts,  respectively. The spin temperature is initially coupled to the 
gas temperature as the gas cools below the radiation temperature, but 
eventually the decreasing density of the gas is insufficient to main-
tain this coupling and the spin temperature returns to the radiation 
temperature.
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Figure 2 | Best-fitting 21-cm absorption profiles for each hardware case. 
Each profile for the brightness temperature T21 is added to its residuals and 
plotted against the redshift z and the corresponding age of the Universe. 
The thick black line is the model fit for the hardware and analysis 
configuration with the highest signal-to-noise ratio (equal to 52; H2;  
see Methods), processed using 60–99 MHz and a four-term polynomial 
(see equation (2) in Methods) for the foreground model. The thin solid 
lines are the best fits from each of the other hardware configurations  
(H1, H3–H6). The dash-dotted line (P8), which extends to z >  26, is 
reproduced from Fig. 1e and uses the same data as for the thick black line 
(H2), but a different foreground model and the full frequency band.

Table 1 | Sensitivity to possible calibration errors

Error source
Estimated  
uncertainty

Modelled 
error level

Recovered  
amplitude (K)

LNA S11 magnitude 0.1 dB 1.0 dB 0.51
LNA S11 phase (delay) 20 ps 100 ps 0.48
Antenna S11 magnitude 0.02 dB 0.2 dB 0.50
Antenna S11 phase (delay) 20 ps 100 ps 0.48
No loss correction N/A N/A 0.51
No beam correction N/A N/A 0.48

The estimated uncertainty for each case is based on empirical values from laboratory 
 measurements and repeatability tests. Modelled error levels were chosen conservatively to 
be "ve and ten times larger than the estimated uncertainties for the phases and magnitudes, 
 respectively. LNA, low-noise ampli"er; S11, input re#ection coe$cient; N/A, not applicable.

Bowman et al. 2018

LETTERRESEARCH

Extended Data Figure 2 | Low-band antennas. a, The low-1 antenna 
with the 30 m ×  30 m mesh ground plane. The darker inner square is the 
original 10 m ×  10 m mesh. The control hut is 50 m from the antenna.  
b, A close view of the low-2 antenna. The two elevated metal panels form 

the dipole-based antenna and are supported by fibreglass legs. The balun 
consists of the two vertical brass tubes in the middle of the antenna. The 
balun shield is the shoebox-sized metal shroud around the bottom of the 
balun. The receiver is under the white metal platform and is not visible.

EDGES-Low-band

SARAS 3

Singh et al. 2112.06778 



The non-linear structure formation 
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The maximum global 21 cm signal 

At z = 17, dT21 = −190 mK ~ 15% decrement w.r.t. the homogeneous IGM case. 

Insufficient 
resolution

Insufficient 
box size

Fig. 2.— The T � � relation at z = 17 from
our simulation. The color denotes the number of
particles at a certain position on the T �� plane.
As a comparison, we plot a curve of T = 6.46�2/3

K with the dashed line.

and the density builds:

TK(�) = T0�
2/3

, (2)

where T0 is the temperature of the mean-density
gas. This adiabatic relation is widely adopted
when estimating the IGM temperature analyti-
cally. However, during the cosmic evolution, even
before the formation of any luminous objects,
the Compton heating that arise from scattering
with the CMB photons and the shock-heating in
over-dense regions that are undergoing non-linear
structure formation can a↵ect the gas tempera-
ture and break this relation. Fig. 2 shows the
probability distribution of particles on the T � �
plane from our simulation at z = 17. The color
denotes the number density of particles in T � �
space, the power law relation is clearly broken in
the simulation. For � . 1 the deviation is mainly
due to the Compton-heating, while for � & 1 the
shock-heating is the main source of heating. It
is therefore essential to take the Compton-heating
and shock-heating into account.

2.2. The maximum 21 cm signal

We convert the particle field into the density
field with the Cloud-in-Cell (CIC) method, and
calculate the global 21 cm signal from the simu-
lation. The 21 cm brightness temperature from a

Fig. 3.— The global 21 cm spectrum from cos-
mic dawn assuming saturated coupling between
the spin temperature of neutral hydrogen and the
gas kinetic temperature. The di↵erent thick lines
show results from simulations of di↵erent box sizes
and resolutions, while the thin solid line represents
the maximum signal level expected from the ho-
mogeneous IGM. The shaded regions of the same
color as the corresponding lines indicates the jack-
knife error.

uniform cell in the simulated box is

dT21 =
TS � T�

1 + z

�
1 � e

�⌧
�
, (3)

where TS is the spin temperature of the neutral
hydrogen, T� is the brightness temperature of the
background radiation, and ⌧ is the 21 cm optical
depth. In the absence of any extra radio back-
ground at cosmic dawn (e.g. Ewall-Wice et al.
2018), the only radio background is the cosmic
microwave background (CMB), so that T�(z) =
TCMB(z). As the peculiar velocity has only negli-
gible e↵ect on the sky-averaged 21 cm signal (Xu
et al. 2018), the optical depth can be written as

⌧ =
3

16

~ c
3
A10

kB ⌫
2

21

nHI

TS H(z)
. (4)

where A10 = 2.85⇥10�15
s
�1 is the Einstein coe�-

cient for the spontaneous decay of the 21 cm tran-
sition, ⌫21 = 1420.4 MHz is the frequency of the
transition, and nHI and H(z) are the local neutral
hydrogen number density and the Hubble parame-
ter, respectively. In the present work, we focus on

4
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Going to the far side of the Moon …

Credit: DAPPER collaboration

Current status - Laboratory model testingPRATUSH

Credit: PRATUSH collaboration
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Extended Data Figure 1: The SARAS 3 antenna. The monocone antenna is shown, floating on water
on its raft. The antenna electronics is in an enclosure beneath the antenna ground plane and within the
raft; power is derived locally from Li-ion battery packs within the enclosure. Multi-core fibre optic cables
connect the antenna to the analogue signal conditioning unit (ASCU) in the base station on shore.
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observations using restricted spectral bands yield nearly identical 
best-fitting absorption profiles, with the highest signal-to-noise ratio 
reaching 52. In Fig. 2 we show representative cases of these fits.

We performed numerous hardware and processing tests to validate 
the detection. The 21-cm absorption profile is observed in data that 
span nearly two years and can be extracted at all local solar times and 
at all local sidereal times. It is detected by two identically designed 
instruments operated at the same site and located 150 m apart, and 
even after several hardware modifications to the instruments, includ-
ing orthogonal orientations of one of the antennas. Similar results for 
the absorption profile are obtained by using two independent pro-
cessing pipelines, which we tested using simulated data. The profile is 
detected using data processed via two different calibration techniques:  
absolute calibration and an additional differencing-based post- 
calibration process that reduces some possible instrumental errors. It 
is also detected using several sets of calibration solutions derived from 
 multiple laboratory measurements of the receivers and using  multiple 
on-site measurements of the reflection coefficients of the antennas. 
We modelled the sensitivity of the detection to several possible  
calibration errors and in all cases recovered profile amplitudes that 
are within the reported confidence range, as summarized in Table 1.  
An EDGES high-band instrument operates between 90 MHz and 
200 MHz at the same site using a nearly identical receiver and a scaled 
version of the low-band antennas. It does not produce a similar  feature 
at the scaled frequencies4. Analysis of radio-frequency interference 
in the observations, including in the FM radio band, shows that  
the absorption profile is inconsistent with typical spectral contribu-
tions from these sources.

We are not aware of any alternative astronomical or atmospheric 
mechanisms that are capable of producing the observed profile. H ii 
regions in the Galaxy have increasing optical depth with wavelength, 
blocking more background emission at lower frequencies, but they 
are observed primarily along the Galactic plane and generate mono-
tonic spectral profiles at the observed frequencies. Radio-frequency 
recombination lines in the Galactic plane create a ‘picket fence’ of 
narrow absorption lines separated by approximately 0.5 MHz at the 
observed frequencies5, but these lines are easy to identify and filter 
in the EDGES observations. The Earth’s ionosphere weakly absorbs 
radio signals at the observed frequencies and emits thermal radiation 
from hot electrons, but models and observations imply a broadband 
effect that varies depending on the ionospheric conditions6,7, including 
diurnal changes in the total electron content. This effect is fitted by 
our foreground model. Molecules of the hydroxyl radical and nitric 
oxide have spectral lines in the observed band and are present in the 
atmosphere, but the densities and line strengths are too low to produce 
substantial absorption.

The 21-cm line has a rest-frame frequency of 1,420 MHz. Expansion 
of the Universe redshifts the line to the observed band according to 
ν =  1,420/(1 +  z) MHz, where z is the redshift, which maps uniquely 
to the age of the Universe. The observed absorption profile is the con-
tinuous superposition of lines from gas across the observed redshift 
range and cosmological volume; hence, the shape of the profile traces 
the history of the gas across cosmic time and is not the result of the 

properties of an individual cloud. The observed absorption profile is 
centred at z ≈  17 and spans approximately 20 >  z >  15.

The intensity of the observable 21-cm signal from the early 
Universe is given as a brightness temperature relative to the micro-
wave background8:
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where xHi is the fraction of neutral hydrogen, Ωm and Ωb are the matter 
and baryon densities, respectively, in units of the critical density for a 
flat universe, h is the Hubble constant in units of 100 km s−1 Mpc−1, 
TR is the temperature of the background radiation, usually assumed to 
be from the background produced by the afterglow of the Big Bang, 
TS is the 21-cm spin temperature that defines the relative population 
of the hyperfine energy levels, and the factor of 0.023 K comes from 
atomic-line physics and the average gas density. The spin temperature 
is affected by the absorption of microwave photons, which couples TS 
to TR, as well as by resonant scattering of Lyman-α  photons and atomic 
collisions, both of which couple TS to the kinetic temperature of the 
gas TG.

The temperatures of the gas and the background radiation are 
 coupled in the early Universe through Compton scattering. This 
 coupling becomes ineffective in numerical models9,10 at z ≈  150, 
after which primordial gas cools adiabatically. In the absence of 
stars or non-standard physics, the gas temperature is expected to be 
9.3 K at z =  20, falling to 5.4 K at z =  15. The radiation temperature 
decreases more slowly owing to cosmological expansion, following 
T0(1 + z) with T0 =  2.725, and so is 57.2 K and 43.6 K at the same  
redshifts,  respectively. The spin temperature is initially coupled to the 
gas temperature as the gas cools below the radiation temperature, but 
eventually the decreasing density of the gas is insufficient to main-
tain this coupling and the spin temperature returns to the radiation 
temperature.

Redshift, z

14161820222426

B
rig

ht
ne

ss
 te

m
pe

ra
tu

re
, T

21
 (K

)

–0.6

–0.4

–0.2

0

0.2

H1

H2

H3

H4

H5

H6

P8

Age of the Universe (Myr)

300250200150

Figure 2 | Best-fitting 21-cm absorption profiles for each hardware case. 
Each profile for the brightness temperature T21 is added to its residuals and 
plotted against the redshift z and the corresponding age of the Universe. 
The thick black line is the model fit for the hardware and analysis 
configuration with the highest signal-to-noise ratio (equal to 52; H2;  
see Methods), processed using 60–99 MHz and a four-term polynomial 
(see equation (2) in Methods) for the foreground model. The thin solid 
lines are the best fits from each of the other hardware configurations  
(H1, H3–H6). The dash-dotted line (P8), which extends to z >  26, is 
reproduced from Fig. 1e and uses the same data as for the thick black line 
(H2), but a different foreground model and the full frequency band.

Table 1 | Sensitivity to possible calibration errors

Error source
Estimated  
uncertainty

Modelled 
error level

Recovered  
amplitude (K)

LNA S11 magnitude 0.1 dB 1.0 dB 0.51
LNA S11 phase (delay) 20 ps 100 ps 0.48
Antenna S11 magnitude 0.02 dB 0.2 dB 0.50
Antenna S11 phase (delay) 20 ps 100 ps 0.48
No loss correction N/A N/A 0.51
No beam correction N/A N/A 0.48

The estimated uncertainty for each case is based on empirical values from laboratory 
 measurements and repeatability tests. Modelled error levels were chosen conservatively to 
be "ve and ten times larger than the estimated uncertainties for the phases and magnitudes, 
 respectively. LNA, low-noise ampli"er; S11, input re#ection coe$cient; N/A, not applicable.
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Extended Data Figure 2 | Low-band antennas. a, The low-1 antenna 
with the 30 m ×  30 m mesh ground plane. The darker inner square is the 
original 10 m ×  10 m mesh. The control hut is 50 m from the antenna.  
b, A close view of the low-2 antenna. The two elevated metal panels form 

the dipole-based antenna and are supported by fibreglass legs. The balun 
consists of the two vertical brass tubes in the middle of the antenna. The 
balun shield is the shoebox-sized metal shroud around the bottom of the 
balun. The receiver is under the white metal platform and is not visible.
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Interferometers

4 The HERA Collaboration

Figure 1. A view of HERA from January 2017. The data in this work were taken during Phase I, when HERA was composed
of 14m parabolic dishes with sleeved dipole feeds in mesh cages suspended at prime focus. These feeds were later replaced with
wide-band Vivaldi feeds, expanding HERA’s bandwidth from 100–200MHz (Phase I) to 50–250MHz (Phase II).

better handle the larger volume of data considered, the
core analysis techniques remain largely unchanged.2

We begin in Section 2 by detailing the observations
themselves and the basic cuts performed to ensure data
quality. Then in Section 3 we review the data reduction
steps performed to go from raw visibilities all the way
to power spectra, highlighting updated analysis tech-
niques and revised analysis choices. These techniques
are tested with end-to-end pipeline simulations designed
to validate our analysis choices and software in Section 4,
in which we quantify a number of potential small bi-
ases and reproduce a few key figures from Aguirre et al.
(2022) in the context of our new limits. In Section 5,
we can then present our final power spectrum estimates,
error bars, and upper limits. We build confidence in our
results in Section 6 by applying a variety of statistical
tests on our power spectra and how they integrate down
across baselines and time. In Section 7, we report the
impact of our new limits on the various approaches to as-
trophysical modeling and inference used in H22b, detail-
ing our updated constraints on the epoch of reionization
and the cosmic dawn. We conclude in Section 8, looking
forward to potential future analyses of these data and
data from the full HERA Phase II system.

2. OBSERVATIONS AND DATA SELECTION

In this work, we analyze observations with the HERA
Phase I system that were performed over the period from
September 29, 2017 (JD 2458026) through March 31,
2018 (JD 2458208). In Table 1, we summarize the key

2Following H22a, we also adopt a ⇤CDM cosmology (Planck
Collaboration et al. 2016) with ⌦⇤ = 0.6844, ⌦b = 0.04911,
⌦c = 0.26442, and H0 = 67.27 km/s/Mpc.

Table 1. HERA Phase I observing and array specifications.

Array Location �30.72�S, 21.43�E

Total Antennas Connected 47–71

Total Antennas Used 35–41

Shortest Baseline 14.6m

Longest Unflagged Baseline 124.8m

Minimum Frequency 100MHz

Maximum Frequency 200MHz

Channels 1024

Channel Width 97.66 kHz

Integration Time 10.7 s

Nightly Observing Duration 12 hours

Total Nights With Data 182

Total Nights Used 94

observational parameters of the instrument. For more
detail about the precise configuration of the instrument,
its signal chain components, and its FX correlator ar-
chitecture, we refer the reader to DeBoer et al. (2017)
and H22a. In this section, we discuss the process by
which a selection of high-quality nights and antennas
was performed.

2.1. Selection of Nights and Epochs

Of the 182 nights during this season of simultaneous
construction, commissioning, and observing, a signifi-
cant fraction of nights was discarded for a variety of
reasons. Most of these were hardware failures, including
network outages, power outages, too many low- and/or
high-power antennas, a briefly broadcasting antenna,
broken receivers, and broken X-engines. Some were due
to site issues, including high winds, a lightning storm,

1. 21 cm global spectrum 2. 21 cm tomography

HERA

21 cm Forest: never even tried?!



21-cm Forest: theoretical challenges

u Large-scale environment: 𝑥"(�⃑�), 𝑇(�⃑�).

1 Gpc

u Main contributor: minihalos & 
ambient IGM
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𝜌 & 𝑇# profiles, 
Local 𝑥" & 𝑣, 
𝑇$ coupling 

(collisional, Ly𝛼 , CMB)
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Methods

The 21-cm forest signal. Using high-redshift quasars or radio afterglows of GRBs as background

radio sources1,4, the HI in halos and in the IGM absorbs 21-cm photons along the line of sight. The

21-cm forest signal is the flux decrements due to 21-cm absorption with respect to the continuum

of a background radio source, which in the Rayleigh-Jeans limit is characterized by the differential

brightness temperature. In the optically-thin limit, which is usually the case for the 21-cm transi-

tion, the observed differential brightness of the 21-cm absorption signal, relative to the brightness

temperature of the background radiation T�(ŝ, ⌫0, z) at a specific direction ŝ and redshift z, is

�Tb(ŝ, ⌫) ⇡
TS(ŝ, z)� T�(ŝ, ⌫0, z)

1 + z
⌧⌫0(ŝ, z). (1)

Here ⌫0 = 1420.4 MHz is the rest-frame frequency of 21-cm photons, TS is the spin temperature

of the absorbing HI gas, and ⌧⌫0 is the 21-cm optical depth. In terms of the average gas properties

within each voxel, the 21-cm optical depth can be written as3,49,50

⌧⌫0(ŝ, z) ⇡ 0.0085 [1 + �(ŝ, z)] (1 + z)3/2

xHI(ŝ, z)

TS(ŝ, z)

� 
H(z)/(1 + z)

dvk/drk

�✓
⌦bh

2

0.022

◆✓
0.14

⌦mh
2

◆
,

(2)

where �(ŝ, z), xHI(ŝ, z), and H(z) are the gas overdensity, the neutral fraction of hydrogen gas,

and the Hubble parameter, respectively, and dvk/drk is the gradient of the proper velocity projected

to the line of sight.

The brightness temperature of the background radiation at the rest frame of the 21-cm ab-

sorption T�(ŝ, ⌫0, z) is related to the observed brightness temperature at a redshifted frequency ⌫,

20



u Probing thermal history⟺ easily 
suppressed (weak) The 21 cm forest with LOFAR 11

Figure 13. Upper panel: Spectrum of a source positioned at
z = 14 (i.e. ν ∼ 95 MHz), with an index of the power-law
α = 1.05 and a flux density Sin(zs) = 50 mJy. The lines are
the same as those in Figure 10. Here we have assumed the noise
σn given in eq. 3, a bandwidth ∆ν = 20 kHz, smoothing over
a scale s = 20 kHz, and an integration time tint = 1000 h. The
IGM absorption is calculated from the reference simulation L4.39.
Lower panel: σabs/σobs corresponding to the upper panel.

The most challenging aspect of the detection of a
21 cm forest remains the existence of high-z radio loud
sources. Although a QSO has been detected at z = 7.085
(Mortlock et al. 2011), the existence of even higher redshift
quasars is uncertain. The predicted number of radio sources
which can be used for 21 cm forest studies in the whole sky
per unit redshift at z = 10 varies in the range 10 − 104 de-
pending on the model adopted for the luminosity function
of such sources and the instrumental characteristics (e.g.
Carilli et al. 2002; Xu et al. 2009), making such a detection
an extremely challenging task. The possibility of using GRB
afterglows has been suggested by Ioka & Mészáros (2005),
concluding that it will be difficult to observe an absorption
line, even with the SKA, except for very energetic sources,
such as GRBs from the first stars. In fact, a similar calcula-
tion has been repeated more recently by Toma et al. (2010)
for massive metal-free stars, finding that the flux at the same
frequencies should typically be at least an order of magni-
tude higher than for a standard GRB.

An absorption feature stronger than the one produced
by the diffuse IGM, would be the one due to intervening star-
less minihalos or dwarf galaxies (i.e. Xu et al. 2011; Meiksin
2011), resulting in an easier detection. On the other hand
the optical depth would strongly depend on the feedback
effects acting on such objects. Because of the large uncer-
tainties about the nature and intensity of high-z feedback
effects (for a review see Ciardi & Ferrara 2005 and its ArXiv
updated version), it is not straightforward to estimate the
relative importance of these two absorption components un-

less a self-consistent calculation is performed. We defer this
investigation to a future paper.
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FIG. 11: Abundance of 21 cm absorption features per redshift
interval at z=10 for different values of TIGM as indicated in
the legend.

nal. Consequences for the halo dark matter profile of
massive neutrinos [60], RSI [61] and WDM [8, 62] have
been studied to some extent for galaxy- to cluster-scale
halos at low redshifts, indicating that they are affected
mainly in the central regions with r/rvir ! 0.1. Although
no corresponding work exists for high-redshift minihalos,
we may speculate that the impact is less than that due
to the mass function with regard to our results, for which
the outer regions of the halo are more relevant (Fig.2).
Nevertheless, this needs to be substantiated by future,
dedicated investigations. Third, we did not account for
neutral gas lying outside the virial radii of minihalos and
accreting onto them, which can provide a significant ad-
ditional contribution to the absorption feature [16, 20].
Albeit challenging to model accurately, such components
should be taken into account for more accurate predic-
tions in the future. Note also the possibility of further
absorption along the line of sight due to the incompletely
virialized cosmic web and/or the global IGM that is ex-
pected to be much weaker [17, 18, 22, 23], and that due
to the disks of larger galaxies that should be individually
stronger but much rarer [16]. Finally, the implications
of relative streaming velocity between baryons and dark

matter [63] may also be interesting for future studies of
the 21 cm forest.

To conclude, we have presented a novel approach to
probe small-scale cosmological fluctuations utilizing the
21 cm forest, that is, absorption features caused by HI
gas in minihalos in the spectrum of background radio
sources at redshifts at z ∼ 10 and above. The method
is potentially sensitive to scales k " 10 Mpc−1, much
smaller than can be currently studied via observations
of the CMB, galaxy clustering or the Lyα forest. New
insight can be expected into aspects of physics beyond
the standard ΛCDM cosmological model such as mas-
sive neutrinos, running of the primordial spectral index
and warm dark matter. Radio quasars or Population III
gamma-ray bursts are potential candidates for the back-
ground radio sources with the requisite brightness and
number at the appropriate redshifts for future observa-
tions with SKA.

Further potentially interesting cosmological applica-
tions of the 21 cm forest include probes of primor-
dial non-Gaussianity in relation to either the nonlinear,
scale-dependent bias [64] or the halo mass function [65],
and probes of isocurvature primordial perturbations (e.g
[66]). We note that several recent papers have discussed
the possibility of studying various aspects of the SSPS via
the 21 cm emission signal [67], although efficient removal
of the far brighter foreground emission poses a major ob-
servational challenge for realizing such prospects [29].
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other interpretations are possible and these observations
cannot yet be taken as definitive evidence of WDM or
measurement of its mass.

IV. DISCUSSION AND SUMMARY

We now turn to a discussion of the observability of the
21 cm forest due to minihalos. The principal question
is the existence of background radio sources with suffi-
cient brightness and number at the relevant frequency
and redshifts of z ∼ 10 − 20. The low temperatures
of minihalos imply that the width of the expected ab-
sorption features are narrow, necessitating spectroscopy
with frequency resolution of order ∆ν ∼ kHz at observer
frequencies νobs ∼ 70-130 MHz. Following and updat-
ing [16], in order to detect absorption features of optical
depth τ with frequency resolution ∆ν and signal-to-noise
S/N with an integration time tint, the required minimum
background source brightness is
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FIG. 10: Abundance of 21 cm absorption features per redshift
interval at z = 10 (top) and z = 20 (bottom) for WDM with
various particle masses as indicated in the legend.
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(22)

where the specifications anticipated for SKA2-low are
adopted for the effective collecting area Aeff and system
temperature Tsys [50, 51].
Our results in Section III at face value show that spec-

troscopy of a single source with such properties at z ∼ 10
may reveal tens to hundreds of absorption features with
τ ∼ 0.01 − 0.1, which could already provide important
information on the SSPS. Multiple sources would still be
desirable to characterize fluctuations along different lines
of sight. On the other hand, at z ∼ 10, our neglect of
astrophysical effects such as the UV background or reion-
ization and heating of the IGM is hardly justifiable. As
mentioned below, in reality, such effects may completely
dominate over any of the SSPS-related effects discussed
above, which were quite small already at z = 10 except
for the case of WDM.
In this regard, z ∼ 20 or higher would be much more

preferable, since the formation of stars and galaxies and

Shimabukuro et al. 2014
Xu YD et al. 2011



Key strategy #1: multi-scale hybrid modeling

u Large scales: semi-numerical simulation

~ kpc
5003 GridsBox 1 Gpc

Extended Data Figure 4 | Neutral hydrogen overdensity profiles inside and outside

the virial radius of a halo at z = 9. The green, yellow and red lines correspond to halo

mass of 106M�, 107M� and 108M�, respectively.

Extended Data Figure 5 | Probability density distribution of the gas overdensity at z

= 17. The black solid line is the probability density distribution from the GADGET simulation

with a box size of 4 h
�1Mpc and 2 ⇥ 8003 gas and DM particles. The blue dashed line

is the one derived from our hybrid approach with the same resolution as the GADGET

simulation.
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Extended Data Figure 8 | Evolution of the global gas temperature with redshift. The

blue, green, yellow and red lines correspond to fX = 0, 0.1, 1 and 3, respectively.

Extended Data Figure 9 | Temperature profiles of gas inside and outside the virial

radii of halos at z = 9 with an un-heated IGM (fX = 0). The green, yellow and red lines

correspond to halo masses of 106M�, 107M� and 108M�, respectively.
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u Small scales: analytic modeling
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The mock 21 cm signals

Figure 1 | The synthetic spectra of optical depth (upper panels) and brightness

temperature (lower panels) for a neutral patch of 10 comoving Mpc along the line of

sight, for an un-heated IGM (fX = 0) at z = 9. In each row, the four columns correspond

to the CDM model, and the WDM models with mWDM = 10 keV, 6 keV, and 3 keV, from left

to right respectively. In the lower panels, the green, yellow, and red spectra correspond to

the background source flux densities of S150 = 1 mJy, 10 mJy, and 100 mJy, respectively.

The spectra have been smoothed with a channel width of 1 kHz, and the dotted and

dashed lines are the thermal noise levels �T
N expected for SKA1-LOW and SKA2-LOW

respectively, with an integration time of �t = 100 hr.
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Figure 2 | The synthetic spectra of optical depth (upper panels) and brightness

temperature (lower panels) for a neutral patch of 10 comoving Mpc along the line

of sight, for the CDM model at z = 9. In each row, the four columns correspond to fX

= 0, 0.1, 1, and 3, from left to right respectively. In the lower panels, the green, yellow,

and red spectra correspond to S150 = 1 mJy, 10 mJy, and 100 mJy, respectively, and the

dotted and dashed lines are the thermal noise levels �T
N expected for SKA1-LOW and

SKA2-LOW respectively, with �⌫ = 1 kHz and �t = 100 hr. The zoom-in plots in the upper

panels show the 21-cm optical depth with different scales in the y-axes.
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SKA1-Low

SKA2-Low

where Ae↵ is the effective collecting area of the telescope, Tsys is the system temperature, �⌫ is the

channel width, and �t is the integration time. The corresponding thermal noise temperature is:

�T
N = �S

N

✓
�
2

z

2kB⌦

◆
⇡

�
2

zTsys

Ae↵⌦
p
2�⌫�t

, (16)

where �z is the observed wavelength, and ⌦ = ⇡(✓/2)2 is the solid angle of the telescope beam,

in which ✓ = 1.22�z/D is the angular resolution with D being the longest baseline of the ra-

dio telescope/array. For the SKA1-LOW, we adopt Ae↵/Tsys = 800m2K�1 31, and Ae↵/Tsys =

4000m2K�1 is expected for SKA2-LOW2. For both arrays, we assume D = 65 km and �t = 100

hr, and �⌫ = 1 kHz is assumed in order to resolve individual 21-cm lines. Correspondingly, the

synthetic spectra shown in Figs. 1 and 2 are smoothed with the same channel width. At redshift z =

9, the angular resolution is about 8.17 arcsec, and the noise temperature is plotted with dotted and

dashed lines in the lower panels in Figs. 1 and 2, for SKA1-LOW and SKA2-LOW respectively.

1-D power spectrum of 21-cm forest. It is seen from Fig. 2 that the direct measurement of in-

dividual absorption lines is vulnerably hampered by the early X-ray heating. In order to improve

the sensitivity for detecting the 21-cm forest signal, and to reveal the clustering properties of the

absorption lines so as to distinguish the effects between heating and WDM models, we follow the

algorithm in Ref.18, and compute the 1-D power spectrum of the brightness temperature on hypo-

thetical spectra against high-redshift background sources. The brightness temperature �Tb(ŝ, ⌫) as

a function of observed frequency ⌫ can be equivalently expressed in terms of line-of-sight distance
2https://www.skao.int/en/science-users/118/ska-telescope-specifications
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S150 = 1 mJy

S150 = 10 mJy

S150 = 100 mJy

100 hr, 1 kHz

800 m2 K−1

Aeff /Tsys = 

4000 m2 K−1



Key strategy #2: 1-D cross-power spectrum

u Cross-correlate two measurements to 
suppress the noise

Figure 3 | The expected 1-D power spectrum of 21-cm forest at z = 9 from a total

of 100 measurements on segments of 10 comoving Mpc length in neutral patches

along lines of sight against 10 background sources with S150 = 10 mJy. The left

panel shows the 1-D power spectra in the CDM model, and the blue, green, yellow and

red curves correspond to fX = 0, 0.1, 1 and 3, respectively. The right panel shows the 1-D

power spectra for an un-heated IGM (fX = 0), and the blue, green, yellow and red curves

correspond to the CDM model and the WDM models with mWDM = 10 keV, 6 keV, and 3

keV, respectively. The black dotted and dashed lines in each panel are the thermal noises

P
N expected for SKA1-LOW and SKA2-LOW respectively, with �t = 100 hr, and the error

bars show the total measurement errors of SKA2-LOW.
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rz, �T 0
b
(ŝ, rz), and the Fourier transform of �T 0

b (ŝ, rz) is

� eT 0 �ŝ, kk
�
=

Z
�T

0
b
(ŝ, rz) e

�ikkrz drz. (17)

The 1-D power spectrum along the line of sight is defined as:

P
�
ŝ, kk

�
=

���� eT 0 �ŝ, kk
����

2
✓

1

�rz

◆
. (18)

The term 1/�rz is the normalization factor, in which �rz is the length of sightline under consid-

eration. To reveal the small-scale structures we are interested in, we select neutral patches with

�rz = 10 comoving Mpc, and compute the 1-D power spectra from segments of 10 comoving

Mpc along the line of sight. For a reasonable number of O(10) high-z background sources, the

expected value of the power spectrum is obtained by averaging over 100 neutral patches on lines

of sight penetrating various environments3, i.e. P
�
kk
�
⌘

⌦
P
�
ŝ, kk

�↵
. For the rest of the paper,

we abbreviate kk as k, as here we are always interest in the k-modes along the line of sight.

Extended Data Fig. 10 shows the evolution of the 1-D power spectrum with redshift. The

solid lines in the left and middle panels show the power spectra in the CDM model and in the WDM

model with mWDM = 3 keV respectively, in the absence of X-rays. As the redshift increases, the

halo abundance decreases, and the small-scale fluctuations in the forest signal decrease, resulting

in steeper power spectra. The small-scale power is slightly more significantly suppressed in the
3On each quasar spectrum, we will be able to select ⇠ 10 segments of 10 comoving Mpc length in neutral patches;

as the neutral patches are intermittently separated by ionized regions during the EoR, we may need a spectrum covering

⇠ 200 comoving Mpc along the line of sight. A length of 200 comoving Mpc projects to a total bandwidth of about

14 MHz at redshift 9, corresponding to �z ⇠ 0.8, which is reasonable in practice.
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WDM model, as the halo formation is more delayed. However, the redshift evolution has only

a weak effect on the 1-D power spectrum in the absence of X-ray heating. The right panel of

Extended Data Fig. 10 illustrates the evolution of the 1-D power spectrum in the CDM model

with fX = 3. In the case of strong X-ray heating, the 1-D power spectrum of the 21-cm forest

is dramatically suppressed with the decreasing redshift, and the dominant reason is the rapidly

increasing IGM temperature. It implies that for the purpose of constraining DM properties, the

1-D power spectrum measurement at higher redshift is preferred, as long as a radio-bright source

at an even higher redshift is available.

Measurement error on 1-D power spectrum. The observational uncertainties in the 21-cm for-

est include the thermal noise, the sample variance, the contaminating spectral structures from

foreground sources in the chromatic sidelobes, and the bandpass calibration error. The bandpass

calibration error depends on specific calibration strategies, and mainly affects the broadband am-

plitude of the continuum, so we expect that it has a negligible effect on the small-scale features

we are interested in. The contaminating spectral structures from foregrounds are not likely affect-

ing the small structures we are aiming at, as the discriminating features locate at k & 3Mpc�1,

which are well within the “EoR window”18. Therefore, we consider only the thermal noise of an

interferometer array, and the sample variance in the power spectrum measurement.

The sample variance on the 1-D power spectrum is P
S = �P (k)/

p
Ns ·Nm, where �P (k)

is the standard deviation of P (k) from Ns · Nm measurements of the 1-D power spectrum at k,

in which Ns is the number of 1-D power spectrum measurements on different neutral patches of
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�rz, and Nm is the number of independent modes in each k-bin from each measurement. Using 10

high-redshift background radio sources, it is reasonable to expect about 100 independent measure-

ments of 1-D power spectra from segments of spectra, each corresponding to a comoving length

of 10 Mpc. We adopt Ns = 100, and �P (k) is obtained by simulating 21-cm forest signals from

Ns neutral segments of 10 comoving Mpc length penetrating various environments covering grid

densities from � = �0.7 to � = +1.5.

As for the thermal noise error, we follow the approach taken by Ref.18, and assume that each

spectrum is measured for two times separately, or the total integration time is divided into two

halves, and the cross-power spectrum is practically measured in order to avoid noise bias. Then

the observing time for each measurement of the spectrum is �t0.5 = 0.5 �t, and the thermal noise

on the spectrum is increased by a factor of
p
2. Then the thermal noise uncertainty on the 1-D

power spectrum is given by18

P
N =

1
p
Ns

✓
�
2

zTsys

Ae↵⌦

◆2 ✓ �rz

2�⌫z�t0.5

◆
, (19)

where �⌫z is the total observing bandwidth corresponding to �rz. A distance of 10 comoving Mpc

along the line of sight corresponds to a bandwidth of �⌫z = 0.56 MHz at z = 9. Assuming the

same telescope parameters of SKA1-LOW and SKA2-LOW as those for the direct measurement,

and the same observation time of �t = 100 hr (�t0.5 = 50 hr) on each source, the expected thermal

noise on the 1-D power spectrum of 21-cm forest is plotted in Figs. 3 and 4, as well as in Extended

Data Fig. 10, with dotted lines for SKA1-LOW and dashed lines for SKA2-LOW, respectively.

The total measurement errors including the thermal noises of SKA2-LOW and sample variance

are shown with the error bars in these figures. We have tested the extraction of 21-cm forest 1-
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~ 10 sources with S150 = 10 mJy at z = 9

tint = 2 * 50 hr

Shao Y., XuYD*, et al. 2023 



1-D cross-power spectrum

Figure 4 | The expected 1-D power spectrum of 21-cm forest at z = 9 for different

heating histories (upper panels) and different DM models (lower panels), assuming

a total of 100 measurements on segments of 10 comoving Mpc length in neutral

patches along lines of sight against 10 background sources. The upper panels show

the power spectra in the CDM model assuming fX = 0, 0.1, 1, and 3, from left to right

respectively. The lower panels show the power spectra for the CDM model and the WDM

models with mWDM = 10 keV, 6 keV, and 3 keV, from left to right respectively, assuming an

un-heated IGM (fX = 0). In each row, the green, yellow and red curves correspond to the

flux densities of the background point sources with S150 = 1 mJy, 10 mJy and 100 mJy,

respectively. The black dotted and dashed lines are the thermal noises P
N for SKA1-

LOW and SKA2-LOW respectively, with �t = 100 hr, and the error bars show the total

measurement errors of SKA2-LOW.
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1-D cross-power spectrum 
è Two birds with one stone

u Technologically:

1. Increase the sensitivity à
feasible

2. Breaking the degeneracy 
à simultaneous 
constraints

u Scientifically:

1. DM particle mass

2. Cosmic thermal history

Amplitude 

Slope 



SKA forecasts

u For	SKA1-Low:

𝝈𝒎𝐖𝐃𝐌 = 𝟏. 𝟑 𝐤𝐞𝐕 𝐚𝐧𝐝 𝝈𝑻𝐈𝐆𝐌 = 𝟑. 𝟕 𝐊

u For	SKA2-Low:

𝝈𝒎𝐖𝐃𝐌 = 𝟎. 𝟑 𝐤𝐞𝐕 𝐚𝐧𝐝 𝝈𝑻𝐈𝐆𝐌 = 𝟎. 𝟔 𝐊

u For	SKA2-Low:

𝝈𝒎𝐖𝐃𝐌 = 𝟎. 𝟔 𝐤𝐞𝐕 𝐚𝐧𝐝 𝝈𝑻𝐈𝐆𝐌 = 𝟖𝟖 𝐊

Using ~ 10 sources with S150 = 10 mJy at z = 9

Figure 6 | Constraints (68.3% and 95.4% confidence level) on TK and mWDM with

the 1-D power spectrum of 21-cm forest at z = 9, assuming a total of 100 measure-

ments on segments of 10 comoving Mpc length in neutral patches along lines of

sight against 10 background sources with S150 = 10 mJy. The gray and blue contours

correspond to results for SKA1-LOW and SKA2-LOW, respectively, including the sample

variance and the thermal noise with observation of 100 hr on each source. The fiducial

model of the left panel is mWDM = 6 keV and TK = 60 K (corresponding to fX = 0.1), and

the fiducial model of the right panel is mWDM = 6 keV and TK = 600 K (corresponding to

fX = 1).
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Figure 6 | Constraints (68.3% and 95.4% confidence level) on TK and mWDM with

the 1-D power spectrum of 21-cm forest at z = 9, assuming a total of 100 measure-

ments on segments of 10 comoving Mpc length in neutral patches along lines of

sight against 10 background sources with S150 = 10 mJy. The gray and blue contours

correspond to results for SKA1-LOW and SKA2-LOW, respectively, including the sample

variance and the thermal noise with observation of 100 hr on each source. The fiducial

model of the left panel is mWDM = 6 keV and TK = 60 K (corresponding to fX = 0.1), and

the fiducial model of the right panel is mWDM = 6 keV and TK = 600 K (corresponding to

fX = 1).
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High-redshift radio sources?? Yes!

u High-z radio-loud quasars
u ~ 250 quasars discovered at redshi3 z≥6
u ~ 12 radio-loud quasars at z > 6 

J1427+3312 at 𝑧 = 6.12 (McGreer et al. 2006);
J1429+5447 at 𝑧 = 6.18 (WilloC et al. 2010); 
J2318−3113 at 𝑧 = 6.44 (Decarli et al. 2018; Ighina et al. 2021);
J0309+2717 at 𝑧 = 6.10 (BelladiCa et al. 2020, 2022); 
J172.3556+18.7734 at 𝑧 = 6.82 (Bañados et al. 2021); 
J233153.20+112952.11 at z=6.57 (Koptelova & Hwang 2022); 
ILTJ1037+4033 at z = 6.07; 
ILTJ1133+4814 at z = 6.25; 
ILTJ1650+5457 at z = 6.06; 
ILTJ2336+1842 at z = 6.60 (Gloudemans+2022); 
DES J0320−35 at 𝑧 = 6.13 ± 0.05 
DES J0322−18 at 𝑧 = 6.09±0.05 (Ighina+2023).

è A few hundred radio quasars with > 8 mJy at z ∼ 6 are 
expected (Gloudemans+2021)

è ∼ 2000 sources with > 6 mJy at 8 < z < 12 (Haiman+2004) 

u Radio afterglows of high-z GRBs 

u GRB090423 at z = 8.1 (Salvaterra+2009)

u GRB090429B at z = 9.4 (Cucchiara+2011) 

è The expected detection rate of luminous GRBs from 
Population III stars is 3 – 20 yr−1 at z > 8 
(Kinugawa+2019)



21 cm forest: a simultaneous probe of 
DM & first galaxies

u Two birds with one stone è

1. DM particle mass: to be probed in an unexplored era in 

the structure formation history 

2. Cosmic heating history: probes the first galaxies

u Complement to global spectrum & 21 cm tomography

u Multi-scale hybrid modeling

u 1-D cross-power spectrum è

1. Make the probe actually feasible by increasing sensitivity

2. Constrain simultaneously DM & thermal history as it 
breaks the degeneracy

Figure 3 | The expected 1-D power spectrum of 21-cm forest at z = 9 from a total

of 100 measurements on segments of 10 comoving Mpc length in neutral patches

along lines of sight against 10 background sources with S150 = 10 mJy. The left

panel shows the 1-D power spectra in the CDM model, and the blue, green, yellow and

red curves correspond to fX = 0, 0.1, 1 and 3, respectively. The right panel shows the 1-D

power spectra for an un-heated IGM (fX = 0), and the blue, green, yellow and red curves

correspond to the CDM model and the WDM models with mWDM = 10 keV, 6 keV, and 3

keV, respectively. The black dotted and dashed lines in each panel are the thermal noises

P
N expected for SKA1-LOW and SKA2-LOW respectively, with �t = 100 hr, and the error

bars show the total measurement errors of SKA2-LOW.
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