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The Hydrogen 21-cm Line
The hydrogen in our galaxy has been mapped by the observation of the 21-
cm wavelength line of hydrogen gas. At 1420 MHz, this radiation from
hydrogen penetrates the dust clouds and gives us a more complete map of
the hydrogen than that of the stars themselves since their visible light won't
penetrate the dust clouds.

The 1420 MHz radiation comes from the transition between the two levels
of the hydrogen 1s ground state, slightly split by the interaction between the
electron spin and the nuclear spin. The splitting is known as hyperfine
structure. Because of the quantum properties of of radiation, hydrogen in its
lower state will absorb 1420 MHz and the observation of 1420 MHz in
emission implies a prior excitation to the upper state.

This splitting of the hydrogen ground state is extremely small compared to
the ground state energy of -13.6 eV, only about two parts in a million. The
two states come from the fact that both the electron and nuclear spins are 1/2
for the proton, so there are two possible states, spin parallel and spin
antiparallel. The state with the spins parallel is slightly higher in energy (less
tightly bound).

In visualizing the transition as a
spin-flip, it should be noted that
the quantum mechanical
property called "spin" is not
literally a classical spinning
charge sphere. It is a description
of the behavior of quantum
mechanical angular momentum
and does not have a definitive
classical analogy.

The observation of the 21cm line of hydrogen marked the birth of spectral-
line radio astronomy. It was first observed in 1951 by Harold Ewen and
Edward M. Purcell at Harvard, followed soon afterward by observers in
Holland and Australia. The prediction that the 21 cm line should be
observable in emission was made in 1944 by Dutch astronomer H. C. van de
Hulst.
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21cm from neutral hydrogen

neutral hydrogen (= source of 21cm)
Credit: NAOJ [https://www.eso.org]

After recombination, the Universe becomes neutral (neutral 
hydrogens are ubiquitous.)

21cm line from neutral hydrogen can also probe the so-called 
dark ages (which cannot be probed with other observations.)
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Intensity is often represented by an “effective” temperature 
called “brightness temperature” Tb

Definition:

Black body distribution

In Rayleigh-Jeans (low frequency) region, 

(brightness temperature = intensity)
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What determines the spin temperature?

Absorption (and spontaneous emission) of CMB photon

194 S.R. Furlanetto et al. / Physics Reports 433 (2006) 181 – 301

peculiar velocity. In the second line, we have substituted the velocity H(z)/(1 + z) appropriate for the uniform Hubble
expansion at high redshifts.

The two applications of Eq. (10) that will be most important here are:
1. The contrast between high-redshift hydrogen clouds and the CMB. Many of the observational strategies for the

21 cm line involve comparison of lines of sight through a cloud6 to (sometimes hypothetical) sightlines with clear
views of the CMB. Thus we hope to measure

!Tb(") = TS − T#(z)

1 + z
(1 − e−$"0 ) ≈ TS − T#(z)

1 + z
$"0 (17)

≈ 9xHI(1 + !)(1 + z)1/2
[

1 − T#(z)

TS

] [
H(z)/(1 + z)

dv‖/dr‖

]
mK. (18)

Note that !Tb saturates if TS?T#, but it can become arbitrarily large (and negative) if TS>T#. The observability of the
21 cm transition therefore hinges on the spin temperature; we will describe below the mechanisms that drive TS either
above or below T#(z), which dictate whether the 21 cm signal will appear in emission, absorption, or not at all.

2. Absorption against high redshift radio sources (Section 10). The brightness temperatures of nonthermal radio
continuum sources (Tsrc ≈ 106.1010 K) far exceed TS and T#, so the flux density received from the direction of a high
redshift radio source is S" ≈ Ssrc exp(−$"). High-redshift radio-loud quasars or radio galaxies would make superb
probes of cloud structure in the neutral or partially reionized IGM through their absorption line spectra.

Three competing processes determine TS : (1) absorption of CMB photons (as well as stimulated emission); (2)
collisions with other hydrogen atoms, free electrons, and protons; and (3) scattering of UV photons. We let C10 and P10
be the de-excitation rates (per atom) from collisions and UV scattering, respectively; they will be examined in detail
in the following sections. We also let C01 and P01 be the corresponding excitation rates. The spin temperature is then
determined in equilibrium by7

n1(C10 + P10 + A10 + B10ICMB) = n0(C01 + P01 + B01ICMB), (19)

where B01 and B10 are the appropriate Einstein coefficients and ICMB is the energy flux of CMB photons. With the
Rayleigh–Jeans approximation, Eq. (19) can be rewritten as [67]

T −1
S =

T −1
# + xcT

−1
K + x%T

−1
c

1 + xc + x%
, (20)

where xc and x% are coupling coefficients for collisions and UV scattering, respectively, and TK is the gas kinetic
temperature. Here we have used detailed balance through the relation

C01

C10
= g1

g0
e−T!/TK ≈ 3

(
1 − T!

TK

)
. (21)

We have then defined the effective color temperature of the UV radiation field Tc via

P01

P10
≡ 3

(
1 − T!

Tc

)
. (22)

The goal of the next two sections will be to calculate xc, x%, and Tc. In the limit in which Tc → TK (a reasonable
approximation in most situations of interest, as we will see in Section 2.3), Eq. (20) may be written as

1 − T#

TS
= xc + x%

1 + xc + x%

(
1 − T#

TK

)
. (23)

6 Here we use “cloud” to refer to any patch of the IGM; it need not be physically distinct from the surrounding gas.
7 Note that the relevant time scales are all much shorter than the expansion time, so equilibrium is an excellent approximation.
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expansion at high redshifts.
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Note that !Tb saturates if TS?T#, but it can become arbitrarily large (and negative) if TS>T#. The observability of the
21 cm transition therefore hinges on the spin temperature; we will describe below the mechanisms that drive TS either
above or below T#(z), which dictate whether the 21 cm signal will appear in emission, absorption, or not at all.

2. Absorption against high redshift radio sources (Section 10). The brightness temperatures of nonthermal radio
continuum sources (Tsrc ≈ 106.1010 K) far exceed TS and T#, so the flux density received from the direction of a high
redshift radio source is S" ≈ Ssrc exp(−$"). High-redshift radio-loud quasars or radio galaxies would make superb
probes of cloud structure in the neutral or partially reionized IGM through their absorption line spectra.

Three competing processes determine TS : (1) absorption of CMB photons (as well as stimulated emission); (2)
collisions with other hydrogen atoms, free electrons, and protons; and (3) scattering of UV photons. We let C10 and P10
be the de-excitation rates (per atom) from collisions and UV scattering, respectively; they will be examined in detail
in the following sections. We also let C01 and P01 be the corresponding excitation rates. The spin temperature is then
determined in equilibrium by7

n1(C10 + P10 + A10 + B10ICMB) = n0(C01 + P01 + B01ICMB), (19)

where B01 and B10 are the appropriate Einstein coefficients and ICMB is the energy flux of CMB photons. With the
Rayleigh–Jeans approximation, Eq. (19) can be rewritten as [67]

T −1
S =

T −1
# + xcT

−1
K + x%T

−1
c

1 + xc + x%
, (20)

where xc and x% are coupling coefficients for collisions and UV scattering, respectively, and TK is the gas kinetic
temperature. Here we have used detailed balance through the relation

C01

C10
= g1

g0
e−T!/TK ≈ 3

(
1 − T!

TK

)
. (21)

We have then defined the effective color temperature of the UV radiation field Tc via

P01

P10
≡ 3

(
1 − T!

Tc

)
. (22)

The goal of the next two sections will be to calculate xc, x%, and Tc. In the limit in which Tc → TK (a reasonable
approximation in most situations of interest, as we will see in Section 2.3), Eq. (20) may be written as

1 − T#

TS
= xc + x%

1 + xc + x%

(
1 − T#

TK

)
. (23)

6 Here we use “cloud” to refer to any patch of the IGM; it need not be physically distinct from the surrounding gas.
7 Note that the relevant time scales are all much shorter than the expansion time, so equilibrium is an excellent approximation.
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6 Here we use “cloud” to refer to any patch of the IGM; it need not be physically distinct from the surrounding gas.
7 Note that the relevant time scales are all much shorter than the expansion time, so equilibrium is an excellent approximation.
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)
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The goal of the next two sections will be to calculate xc, x%, and Tc. In the limit in which Tc → TK (a reasonable
approximation in most situations of interest, as we will see in Section 2.3), Eq. (20) may be written as
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. (23)

6 Here we use “cloud” to refer to any patch of the IGM; it need not be physically distinct from the surrounding gas.
7 Note that the relevant time scales are all much shorter than the expansion time, so equilibrium is an excellent approximation.
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peculiar velocity. In the second line, we have substituted the velocity H(z)/(1 + z) appropriate for the uniform Hubble
expansion at high redshifts.

The two applications of Eq. (10) that will be most important here are:
1. The contrast between high-redshift hydrogen clouds and the CMB. Many of the observational strategies for the

21 cm line involve comparison of lines of sight through a cloud6 to (sometimes hypothetical) sightlines with clear
views of the CMB. Thus we hope to measure
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Note that !Tb saturates if TS?T#, but it can become arbitrarily large (and negative) if TS>T#. The observability of the
21 cm transition therefore hinges on the spin temperature; we will describe below the mechanisms that drive TS either
above or below T#(z), which dictate whether the 21 cm signal will appear in emission, absorption, or not at all.

2. Absorption against high redshift radio sources (Section 10). The brightness temperatures of nonthermal radio
continuum sources (Tsrc ≈ 106.1010 K) far exceed TS and T#, so the flux density received from the direction of a high
redshift radio source is S" ≈ Ssrc exp(−$"). High-redshift radio-loud quasars or radio galaxies would make superb
probes of cloud structure in the neutral or partially reionized IGM through their absorption line spectra.

Three competing processes determine TS : (1) absorption of CMB photons (as well as stimulated emission); (2)
collisions with other hydrogen atoms, free electrons, and protons; and (3) scattering of UV photons. We let C10 and P10
be the de-excitation rates (per atom) from collisions and UV scattering, respectively; they will be examined in detail
in the following sections. We also let C01 and P01 be the corresponding excitation rates. The spin temperature is then
determined in equilibrium by7

n1(C10 + P10 + A10 + B10ICMB) = n0(C01 + P01 + B01ICMB), (19)

where B01 and B10 are the appropriate Einstein coefficients and ICMB is the energy flux of CMB photons. With the
Rayleigh–Jeans approximation, Eq. (19) can be rewritten as [67]
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6 Here we use “cloud” to refer to any patch of the IGM; it need not be physically distinct from the surrounding gas.
7 Note that the relevant time scales are all much shorter than the expansion time, so equilibrium is an excellent approximation.
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Appendix C). The quantity
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is the perturbed optical depth to 21 cm, where rauag is the
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The spin temperature varies between T& and Tg depending
on whether the radiation or collision terms dominate; see
Fig. 1. The second term in Eq. (31) due to the finite 21 cm
optical depth is generally very small, giving a correction to
the spin temperature of less than half a percent, and to
T& $ Ts of at most about 1%. The small effect on the
brightness is shown in Fig. 2. This is smaller than the
correction due to our assumption of a single velocity-
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FIG. 2 (color online). The background 21 cm brightness Tb,
optical depth !#, and )l&l# 1'Cl=2%*1=2 at l % 104 as a function
of source redshift. The dashed line shows the result for Tb
neglecting the second term in Eq. (31) due to the effect of
absorption on the ambient blackbody spectrum.
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FIG. 1 (color online). Evolution of the interaction times for H-
H, H-e, H-p, and H-photon spin-coupling processes, and how
this influences the spin temperature Ts relative to the background
CMB and gas temperatures. At high temperatures the H-H
collision time is short and collisions couple Ts to the gas
temperature Tg; at lower redshifts the gas is diffuse and CMB
photon interactions drive Ts to the CMB temperature T&. This
figure assumes purely linear evolution and no Lyman-* cou-
pling; in reality nonlinear effects are likely to change the result at
z & 30.
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peculiar velocity. In the second line, we have substituted the velocity H(z)/(1 + z) appropriate for the uniform Hubble
expansion at high redshifts.

The two applications of Eq. (10) that will be most important here are:
1. The contrast between high-redshift hydrogen clouds and the CMB. Many of the observational strategies for the

21 cm line involve comparison of lines of sight through a cloud6 to (sometimes hypothetical) sightlines with clear
views of the CMB. Thus we hope to measure

!Tb(") = TS − T#(z)

1 + z
(1 − e−$"0 ) ≈ TS − T#(z)

1 + z
$"0 (17)

≈ 9xHI(1 + !)(1 + z)1/2
[

1 − T#(z)

TS

] [
H(z)/(1 + z)

dv‖/dr‖

]
mK. (18)

Note that !Tb saturates if TS?T#, but it can become arbitrarily large (and negative) if TS>T#. The observability of the
21 cm transition therefore hinges on the spin temperature; we will describe below the mechanisms that drive TS either
above or below T#(z), which dictate whether the 21 cm signal will appear in emission, absorption, or not at all.

2. Absorption against high redshift radio sources (Section 10). The brightness temperatures of nonthermal radio
continuum sources (Tsrc ≈ 106.1010 K) far exceed TS and T#, so the flux density received from the direction of a high
redshift radio source is S" ≈ Ssrc exp(−$"). High-redshift radio-loud quasars or radio galaxies would make superb
probes of cloud structure in the neutral or partially reionized IGM through their absorption line spectra.

Three competing processes determine TS : (1) absorption of CMB photons (as well as stimulated emission); (2)
collisions with other hydrogen atoms, free electrons, and protons; and (3) scattering of UV photons. We let C10 and P10
be the de-excitation rates (per atom) from collisions and UV scattering, respectively; they will be examined in detail
in the following sections. We also let C01 and P01 be the corresponding excitation rates. The spin temperature is then
determined in equilibrium by7

n1(C10 + P10 + A10 + B10ICMB) = n0(C01 + P01 + B01ICMB), (19)

where B01 and B10 are the appropriate Einstein coefficients and ICMB is the energy flux of CMB photons. With the
Rayleigh–Jeans approximation, Eq. (19) can be rewritten as [67]
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where xc and x% are coupling coefficients for collisions and UV scattering, respectively, and TK is the gas kinetic
temperature. Here we have used detailed balance through the relation
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We have then defined the effective color temperature of the UV radiation field Tc via
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)
. (22)

The goal of the next two sections will be to calculate xc, x%, and Tc. In the limit in which Tc → TK (a reasonable
approximation in most situations of interest, as we will see in Section 2.3), Eq. (20) may be written as
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6 Here we use “cloud” to refer to any patch of the IGM; it need not be physically distinct from the surrounding gas.
7 Note that the relevant time scales are all much shorter than the expansion time, so equilibrium is an excellent approximation.
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redshift radio source is S" ≈ Ssrc exp(−$"). High-redshift radio-loud quasars or radio galaxies would make superb
probes of cloud structure in the neutral or partially reionized IGM through their absorption line spectra.

Three competing processes determine TS : (1) absorption of CMB photons (as well as stimulated emission); (2)
collisions with other hydrogen atoms, free electrons, and protons; and (3) scattering of UV photons. We let C10 and P10
be the de-excitation rates (per atom) from collisions and UV scattering, respectively; they will be examined in detail
in the following sections. We also let C01 and P01 be the corresponding excitation rates. The spin temperature is then
determined in equilibrium by7
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where B01 and B10 are the appropriate Einstein coefficients and ICMB is the energy flux of CMB photons. With the
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1 − T#

TS
= xc + x%

1 + xc + x%

(
1 − T#

TK

)
. (23)

6 Here we use “cloud” to refer to any patch of the IGM; it need not be physically distinct from the surrounding gas.
7 Note that the relevant time scales are all much shorter than the expansion time, so equilibrium is an excellent approximation.
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T −1
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1 + xc + x%
, (20)

where xc and x% are coupling coefficients for collisions and UV scattering, respectively, and TK is the gas kinetic
temperature. Here we have used detailed balance through the relation
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e−T!/TK ≈ 3

(
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TK

)
. (21)

We have then defined the effective color temperature of the UV radiation field Tc via

P01

P10
≡ 3

(
1 − T!

Tc

)
. (22)

The goal of the next two sections will be to calculate xc, x%, and Tc. In the limit in which Tc → TK (a reasonable
approximation in most situations of interest, as we will see in Section 2.3), Eq. (20) may be written as

1 − T#

TS
= xc + x%

1 + xc + x%

(
1 − T#

TK

)
. (23)

6 Here we use “cloud” to refer to any patch of the IGM; it need not be physically distinct from the surrounding gas.
7 Note that the relevant time scales are all much shorter than the expansion time, so equilibrium is an excellent approximation.
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peculiar velocity. In the second line, we have substituted the velocity H(z)/(1 + z) appropriate for the uniform Hubble
expansion at high redshifts.

The two applications of Eq. (10) that will be most important here are:
1. The contrast between high-redshift hydrogen clouds and the CMB. Many of the observational strategies for the

21 cm line involve comparison of lines of sight through a cloud6 to (sometimes hypothetical) sightlines with clear
views of the CMB. Thus we hope to measure
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Note that !Tb saturates if TS?T#, but it can become arbitrarily large (and negative) if TS>T#. The observability of the
21 cm transition therefore hinges on the spin temperature; we will describe below the mechanisms that drive TS either
above or below T#(z), which dictate whether the 21 cm signal will appear in emission, absorption, or not at all.

2. Absorption against high redshift radio sources (Section 10). The brightness temperatures of nonthermal radio
continuum sources (Tsrc ≈ 106.1010 K) far exceed TS and T#, so the flux density received from the direction of a high
redshift radio source is S" ≈ Ssrc exp(−$"). High-redshift radio-loud quasars or radio galaxies would make superb
probes of cloud structure in the neutral or partially reionized IGM through their absorption line spectra.

Three competing processes determine TS : (1) absorption of CMB photons (as well as stimulated emission); (2)
collisions with other hydrogen atoms, free electrons, and protons; and (3) scattering of UV photons. We let C10 and P10
be the de-excitation rates (per atom) from collisions and UV scattering, respectively; they will be examined in detail
in the following sections. We also let C01 and P01 be the corresponding excitation rates. The spin temperature is then
determined in equilibrium by7

n1(C10 + P10 + A10 + B10ICMB) = n0(C01 + P01 + B01ICMB), (19)

where B01 and B10 are the appropriate Einstein coefficients and ICMB is the energy flux of CMB photons. With the
Rayleigh–Jeans approximation, Eq. (19) can be rewritten as [67]
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1 + xc + x%
, (20)

where xc and x% are coupling coefficients for collisions and UV scattering, respectively, and TK is the gas kinetic
temperature. Here we have used detailed balance through the relation
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C10
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e−T!/TK ≈ 3
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)
. (21)

We have then defined the effective color temperature of the UV radiation field Tc via

P01
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≡ 3

(
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)
. (22)

The goal of the next two sections will be to calculate xc, x%, and Tc. In the limit in which Tc → TK (a reasonable
approximation in most situations of interest, as we will see in Section 2.3), Eq. (20) may be written as
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1 + xc + x%

(
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TK

)
. (23)

6 Here we use “cloud” to refer to any patch of the IGM; it need not be physically distinct from the surrounding gas.
7 Note that the relevant time scales are all much shorter than the expansion time, so equilibrium is an excellent approximation.
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peculiar velocity. In the second line, we have substituted the velocity H(z)/(1 + z) appropriate for the uniform Hubble
expansion at high redshifts.

The two applications of Eq. (10) that will be most important here are:
1. The contrast between high-redshift hydrogen clouds and the CMB. Many of the observational strategies for the

21 cm line involve comparison of lines of sight through a cloud6 to (sometimes hypothetical) sightlines with clear
views of the CMB. Thus we hope to measure

!Tb(") = TS − T#(z)

1 + z
(1 − e−$"0 ) ≈ TS − T#(z)

1 + z
$"0 (17)

≈ 9xHI(1 + !)(1 + z)1/2
[

1 − T#(z)

TS

] [
H(z)/(1 + z)

dv‖/dr‖

]
mK. (18)

Note that !Tb saturates if TS?T#, but it can become arbitrarily large (and negative) if TS>T#. The observability of the
21 cm transition therefore hinges on the spin temperature; we will describe below the mechanisms that drive TS either
above or below T#(z), which dictate whether the 21 cm signal will appear in emission, absorption, or not at all.

2. Absorption against high redshift radio sources (Section 10). The brightness temperatures of nonthermal radio
continuum sources (Tsrc ≈ 106.1010 K) far exceed TS and T#, so the flux density received from the direction of a high
redshift radio source is S" ≈ Ssrc exp(−$"). High-redshift radio-loud quasars or radio galaxies would make superb
probes of cloud structure in the neutral or partially reionized IGM through their absorption line spectra.

Three competing processes determine TS : (1) absorption of CMB photons (as well as stimulated emission); (2)
collisions with other hydrogen atoms, free electrons, and protons; and (3) scattering of UV photons. We let C10 and P10
be the de-excitation rates (per atom) from collisions and UV scattering, respectively; they will be examined in detail
in the following sections. We also let C01 and P01 be the corresponding excitation rates. The spin temperature is then
determined in equilibrium by7

n1(C10 + P10 + A10 + B10ICMB) = n0(C01 + P01 + B01ICMB), (19)

where B01 and B10 are the appropriate Einstein coefficients and ICMB is the energy flux of CMB photons. With the
Rayleigh–Jeans approximation, Eq. (19) can be rewritten as [67]
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, (20)

where xc and x% are coupling coefficients for collisions and UV scattering, respectively, and TK is the gas kinetic
temperature. Here we have used detailed balance through the relation

C01

C10
= g1

g0
e−T!/TK ≈ 3

(
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)
. (21)

We have then defined the effective color temperature of the UV radiation field Tc via

P01

P10
≡ 3

(
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)
. (22)

The goal of the next two sections will be to calculate xc, x%, and Tc. In the limit in which Tc → TK (a reasonable
approximation in most situations of interest, as we will see in Section 2.3), Eq. (20) may be written as
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= xc + x%

1 + xc + x%
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TK

)
. (23)

6 Here we use “cloud” to refer to any patch of the IGM; it need not be physically distinct from the surrounding gas.
7 Note that the relevant time scales are all much shorter than the expansion time, so equilibrium is an excellent approximation.
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peculiar velocity. In the second line, we have substituted the velocity H(z)/(1 + z) appropriate for the uniform Hubble
expansion at high redshifts.

The two applications of Eq. (10) that will be most important here are:
1. The contrast between high-redshift hydrogen clouds and the CMB. Many of the observational strategies for the

21 cm line involve comparison of lines of sight through a cloud6 to (sometimes hypothetical) sightlines with clear
views of the CMB. Thus we hope to measure
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Note that !Tb saturates if TS?T#, but it can become arbitrarily large (and negative) if TS>T#. The observability of the
21 cm transition therefore hinges on the spin temperature; we will describe below the mechanisms that drive TS either
above or below T#(z), which dictate whether the 21 cm signal will appear in emission, absorption, or not at all.

2. Absorption against high redshift radio sources (Section 10). The brightness temperatures of nonthermal radio
continuum sources (Tsrc ≈ 106.1010 K) far exceed TS and T#, so the flux density received from the direction of a high
redshift radio source is S" ≈ Ssrc exp(−$"). High-redshift radio-loud quasars or radio galaxies would make superb
probes of cloud structure in the neutral or partially reionized IGM through their absorption line spectra.

Three competing processes determine TS : (1) absorption of CMB photons (as well as stimulated emission); (2)
collisions with other hydrogen atoms, free electrons, and protons; and (3) scattering of UV photons. We let C10 and P10
be the de-excitation rates (per atom) from collisions and UV scattering, respectively; they will be examined in detail
in the following sections. We also let C01 and P01 be the corresponding excitation rates. The spin temperature is then
determined in equilibrium by7

n1(C10 + P10 + A10 + B10ICMB) = n0(C01 + P01 + B01ICMB), (19)

where B01 and B10 are the appropriate Einstein coefficients and ICMB is the energy flux of CMB photons. With the
Rayleigh–Jeans approximation, Eq. (19) can be rewritten as [67]
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where xc and x% are coupling coefficients for collisions and UV scattering, respectively, and TK is the gas kinetic
temperature. Here we have used detailed balance through the relation
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We have then defined the effective color temperature of the UV radiation field Tc via
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≡ 3
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The goal of the next two sections will be to calculate xc, x%, and Tc. In the limit in which Tc → TK (a reasonable
approximation in most situations of interest, as we will see in Section 2.3), Eq. (20) may be written as
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6 Here we use “cloud” to refer to any patch of the IGM; it need not be physically distinct from the surrounding gas.
7 Note that the relevant time scales are all much shorter than the expansion time, so equilibrium is an excellent approximation.
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peculiar velocity. In the second line, we have substituted the velocity H(z)/(1 + z) appropriate for the uniform Hubble
expansion at high redshifts.

The two applications of Eq. (10) that will be most important here are:
1. The contrast between high-redshift hydrogen clouds and the CMB. Many of the observational strategies for the

21 cm line involve comparison of lines of sight through a cloud6 to (sometimes hypothetical) sightlines with clear
views of the CMB. Thus we hope to measure
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Note that !Tb saturates if TS?T#, but it can become arbitrarily large (and negative) if TS>T#. The observability of the
21 cm transition therefore hinges on the spin temperature; we will describe below the mechanisms that drive TS either
above or below T#(z), which dictate whether the 21 cm signal will appear in emission, absorption, or not at all.

2. Absorption against high redshift radio sources (Section 10). The brightness temperatures of nonthermal radio
continuum sources (Tsrc ≈ 106.1010 K) far exceed TS and T#, so the flux density received from the direction of a high
redshift radio source is S" ≈ Ssrc exp(−$"). High-redshift radio-loud quasars or radio galaxies would make superb
probes of cloud structure in the neutral or partially reionized IGM through their absorption line spectra.

Three competing processes determine TS : (1) absorption of CMB photons (as well as stimulated emission); (2)
collisions with other hydrogen atoms, free electrons, and protons; and (3) scattering of UV photons. We let C10 and P10
be the de-excitation rates (per atom) from collisions and UV scattering, respectively; they will be examined in detail
in the following sections. We also let C01 and P01 be the corresponding excitation rates. The spin temperature is then
determined in equilibrium by7

n1(C10 + P10 + A10 + B10ICMB) = n0(C01 + P01 + B01ICMB), (19)

where B01 and B10 are the appropriate Einstein coefficients and ICMB is the energy flux of CMB photons. With the
Rayleigh–Jeans approximation, Eq. (19) can be rewritten as [67]
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where xc and x% are coupling coefficients for collisions and UV scattering, respectively, and TK is the gas kinetic
temperature. Here we have used detailed balance through the relation
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We have then defined the effective color temperature of the UV radiation field Tc via
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The goal of the next two sections will be to calculate xc, x%, and Tc. In the limit in which Tc → TK (a reasonable
approximation in most situations of interest, as we will see in Section 2.3), Eq. (20) may be written as
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6 Here we use “cloud” to refer to any patch of the IGM; it need not be physically distinct from the surrounding gas.
7 Note that the relevant time scales are all much shorter than the expansion time, so equilibrium is an excellent approximation.
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peculiar velocity. In the second line, we have substituted the velocity H(z)/(1 + z) appropriate for the uniform Hubble
expansion at high redshifts.

The two applications of Eq. (10) that will be most important here are:
1. The contrast between high-redshift hydrogen clouds and the CMB. Many of the observational strategies for the

21 cm line involve comparison of lines of sight through a cloud6 to (sometimes hypothetical) sightlines with clear
views of the CMB. Thus we hope to measure
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Note that !Tb saturates if TS?T#, but it can become arbitrarily large (and negative) if TS>T#. The observability of the
21 cm transition therefore hinges on the spin temperature; we will describe below the mechanisms that drive TS either
above or below T#(z), which dictate whether the 21 cm signal will appear in emission, absorption, or not at all.

2. Absorption against high redshift radio sources (Section 10). The brightness temperatures of nonthermal radio
continuum sources (Tsrc ≈ 106.1010 K) far exceed TS and T#, so the flux density received from the direction of a high
redshift radio source is S" ≈ Ssrc exp(−$"). High-redshift radio-loud quasars or radio galaxies would make superb
probes of cloud structure in the neutral or partially reionized IGM through their absorption line spectra.

Three competing processes determine TS : (1) absorption of CMB photons (as well as stimulated emission); (2)
collisions with other hydrogen atoms, free electrons, and protons; and (3) scattering of UV photons. We let C10 and P10
be the de-excitation rates (per atom) from collisions and UV scattering, respectively; they will be examined in detail
in the following sections. We also let C01 and P01 be the corresponding excitation rates. The spin temperature is then
determined in equilibrium by7

n1(C10 + P10 + A10 + B10ICMB) = n0(C01 + P01 + B01ICMB), (19)

where B01 and B10 are the appropriate Einstein coefficients and ICMB is the energy flux of CMB photons. With the
Rayleigh–Jeans approximation, Eq. (19) can be rewritten as [67]
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where xc and x% are coupling coefficients for collisions and UV scattering, respectively, and TK is the gas kinetic
temperature. Here we have used detailed balance through the relation
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We have then defined the effective color temperature of the UV radiation field Tc via
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The goal of the next two sections will be to calculate xc, x%, and Tc. In the limit in which Tc → TK (a reasonable
approximation in most situations of interest, as we will see in Section 2.3), Eq. (20) may be written as
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6 Here we use “cloud” to refer to any patch of the IGM; it need not be physically distinct from the surrounding gas.
7 Note that the relevant time scales are all much shorter than the expansion time, so equilibrium is an excellent approximation.
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Wouthuysen-Field effect
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Figure 2. Left panel: hyperfine structure of the hydrogen atom and the transitions relevant for the Wouthuysen–Field effect [25]. Solid line
transitions allow spin–flips, while dashed transitions are allowed but do not contribute to spin–flips. Right panel: illustration of how atomic
cascades convert Lyn photons into Lyα photons. Reproduced with permission from [25]. Copyright 2006 Wiley.

shells of the observable Universe, so that a 3D map can be
constructed. This is the main subject of section 4.

The second situation uses a radio-loud point source, for
example a radio-loud quasar, as the background. In this case,
the source will always be much brighter than the weak emission
from diffuse hydrogen gas, TR ! TS, so that the gas is seen in
absorption against the source. The appearance of lines from
regions of neutral gas at different distances to the source leads
to a ‘forest’ of lines known as the ‘21 cm forest’ in analogy to
the Lyα forest. The high brightness of the background source
allows the 21 cm forest to be studied with high frequency
resolution so probing small-scale structures (∼kpc) in the IGM.
For useful statistics, many lines of sight to different radio
sources are required, making the discovery of high redshift
radio sources a priority. We leave discussion of the 21 cm
forest to section 6.

Note that we have a number of different quantities
with units of temperature, many of which are not true
thermodynamic temperatures. TR and δTb are measures of
radio intensity. TS measures the relative occupation numbers
of the two hyperfine levels. Tα is a colour temperature
describing the photon distribution in the vicinity of the Lyα
transition. Only the CMB blackbody temperature TCMB and
TK are genuine thermodynamic temperatures.

2.2. Collisional coupling

Collisions between different particles may induce spin–flips
in a hydrogen atom and dominate the coupling in the early
Universe where the gas density is high. Three main channels
are available: collisions between two hydrogen atoms and
collisions between a hydrogen atom and an electron or a proton.
The collisional coupling for a species i is [4, 16]

xi
c ≡ C10

A10

T#

Tγ

=
niκ

i
10

A10

T#

Tγ

, (9)

whereC10 is the collisional excitation rate andκ i
10 is the specific

rate coefficient for spin deexcitation by collisions with species
i (in units of cm3 s−1).

The total collisional coupling coefficient can be written as

xc = xHH
c + xeH

c + xpH
c

= T#

A10Tγ

[
κHH

1−0(Tk)nH + κeH
1−0(Tk)ne + κ

pH
1−0(Tk)np

]
, (10)

where κHH
1−0 is the scattering rate between hydrogen atoms, κeH

1−0
is the scattering rate between electrons and hydrogen atoms
and κ

pH
1−0 is the scattering rate between protons and hydrogen

atoms.
The collisional rates require a quantum mechanical

calculation. Values for κHH
1−0 have been tabulated as a

function of Tk [17, 18], the scattering rate between electrons
and hydrogen atoms κeH

1−0 was considered in [19] and the
scattering rate between protons and hydrogen atoms κ

pH
1−0

was considered in [20]. Useful fitting functions exist for
these scattering rates: the H–H scattering rate is well fit
in the range 10 K < TK < 103 K by κHH

1−0(TK) ≈
3.1 × 10−11T 0.357

K exp(−32/TK) cm3 s−1 [21]; and the e–H
scattering rate is well fit by log(κeH

1−0/cm3 s−1) = −9.607 +
0.5 log TK × exp[−(log TK)4.5/1800] for T ! 104 K and
κeH

1−0(TK > 104 K) = κeH
1−0(104 K) [22].

During the cosmic Dark Ages, where the coupling is
dominated by collisional coupling the details of the process
become important. For example, the above calculations make
use of the assumption that the collisional cross-sections are
independent of velocity; the actual velocity dependance leads
to a non-thermal distribution for the hyperfine occupation [23].
This effect can lead to a suppression of the 21 cm signal at the
level of 5%, which although small is still important from the
perspective of using the 21 cm signal from the Dark Ages for
precision cosmology.

2.3. Wouthuysen–Field effect

For most of the redshifts that are likely to be observationally
probed in the near future collisional coupling of the 21 cm line
is inefficient. However, once star formation begins, resonant
scattering of Lyα photons provides a second channel for
coupling. This process is generally known as the Wouthuysen–
Field effect [16, 24] and is illustrated in figure 2, which shows
the hyperfine structure of the hydrogen 1S and 2P levels.
Suppose that hydrogen is initially in the hyperfine singlet state.
Absorption of a Lyα photon will excite the atom into either
of the central 2P hyperfine states (the dipole selection rules
&F = 0, 1 and no F = 0 → 0 transitions make the other two
hyperfine levels inaccessible). From here emission of a Lyα

photon can relax the atom to either of the two ground state
hyperfine levels. If relaxation takes the atom to the ground

5

Resonant scattering of Lyα photon gives a transition between the singlet 
and triplet state via 2P state.

[From Pritchard, Loeb 1109.6012]

1S (singlet) → 2P → 1S (triplet)

1S (triplet) → 2P → 1S (singlet)

(Electric dipole selection 
rules allow )ΔF = 0, ± 1
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peculiar velocity. In the second line, we have substituted the velocity H(z)/(1 + z) appropriate for the uniform Hubble
expansion at high redshifts.

The two applications of Eq. (10) that will be most important here are:
1. The contrast between high-redshift hydrogen clouds and the CMB. Many of the observational strategies for the

21 cm line involve comparison of lines of sight through a cloud6 to (sometimes hypothetical) sightlines with clear
views of the CMB. Thus we hope to measure
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Note that !Tb saturates if TS?T#, but it can become arbitrarily large (and negative) if TS>T#. The observability of the
21 cm transition therefore hinges on the spin temperature; we will describe below the mechanisms that drive TS either
above or below T#(z), which dictate whether the 21 cm signal will appear in emission, absorption, or not at all.

2. Absorption against high redshift radio sources (Section 10). The brightness temperatures of nonthermal radio
continuum sources (Tsrc ≈ 106.1010 K) far exceed TS and T#, so the flux density received from the direction of a high
redshift radio source is S" ≈ Ssrc exp(−$"). High-redshift radio-loud quasars or radio galaxies would make superb
probes of cloud structure in the neutral or partially reionized IGM through their absorption line spectra.

Three competing processes determine TS : (1) absorption of CMB photons (as well as stimulated emission); (2)
collisions with other hydrogen atoms, free electrons, and protons; and (3) scattering of UV photons. We let C10 and P10
be the de-excitation rates (per atom) from collisions and UV scattering, respectively; they will be examined in detail
in the following sections. We also let C01 and P01 be the corresponding excitation rates. The spin temperature is then
determined in equilibrium by7

n1(C10 + P10 + A10 + B10ICMB) = n0(C01 + P01 + B01ICMB), (19)

where B01 and B10 are the appropriate Einstein coefficients and ICMB is the energy flux of CMB photons. With the
Rayleigh–Jeans approximation, Eq. (19) can be rewritten as [67]
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, (20)

where xc and x% are coupling coefficients for collisions and UV scattering, respectively, and TK is the gas kinetic
temperature. Here we have used detailed balance through the relation
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We have then defined the effective color temperature of the UV radiation field Tc via
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)
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The goal of the next two sections will be to calculate xc, x%, and Tc. In the limit in which Tc → TK (a reasonable
approximation in most situations of interest, as we will see in Section 2.3), Eq. (20) may be written as
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)
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6 Here we use “cloud” to refer to any patch of the IGM; it need not be physically distinct from the surrounding gas.
7 Note that the relevant time scales are all much shorter than the expansion time, so equilibrium is an excellent approximation.
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peculiar velocity. In the second line, we have substituted the velocity H(z)/(1 + z) appropriate for the uniform Hubble
expansion at high redshifts.

The two applications of Eq. (10) that will be most important here are:
1. The contrast between high-redshift hydrogen clouds and the CMB. Many of the observational strategies for the

21 cm line involve comparison of lines of sight through a cloud6 to (sometimes hypothetical) sightlines with clear
views of the CMB. Thus we hope to measure

!Tb(") = TS − T#(z)

1 + z
(1 − e−$"0 ) ≈ TS − T#(z)

1 + z
$"0 (17)

≈ 9xHI(1 + !)(1 + z)1/2
[

1 − T#(z)

TS

] [
H(z)/(1 + z)

dv‖/dr‖

]
mK. (18)

Note that !Tb saturates if TS?T#, but it can become arbitrarily large (and negative) if TS>T#. The observability of the
21 cm transition therefore hinges on the spin temperature; we will describe below the mechanisms that drive TS either
above or below T#(z), which dictate whether the 21 cm signal will appear in emission, absorption, or not at all.

2. Absorption against high redshift radio sources (Section 10). The brightness temperatures of nonthermal radio
continuum sources (Tsrc ≈ 106.1010 K) far exceed TS and T#, so the flux density received from the direction of a high
redshift radio source is S" ≈ Ssrc exp(−$"). High-redshift radio-loud quasars or radio galaxies would make superb
probes of cloud structure in the neutral or partially reionized IGM through their absorption line spectra.

Three competing processes determine TS : (1) absorption of CMB photons (as well as stimulated emission); (2)
collisions with other hydrogen atoms, free electrons, and protons; and (3) scattering of UV photons. We let C10 and P10
be the de-excitation rates (per atom) from collisions and UV scattering, respectively; they will be examined in detail
in the following sections. We also let C01 and P01 be the corresponding excitation rates. The spin temperature is then
determined in equilibrium by7

n1(C10 + P10 + A10 + B10ICMB) = n0(C01 + P01 + B01ICMB), (19)

where B01 and B10 are the appropriate Einstein coefficients and ICMB is the energy flux of CMB photons. With the
Rayleigh–Jeans approximation, Eq. (19) can be rewritten as [67]

T −1
S =

T −1
# + xcT

−1
K + x%T

−1
c

1 + xc + x%
, (20)

where xc and x% are coupling coefficients for collisions and UV scattering, respectively, and TK is the gas kinetic
temperature. Here we have used detailed balance through the relation

C01

C10
= g1

g0
e−T!/TK ≈ 3

(
1 − T!

TK

)
. (21)

We have then defined the effective color temperature of the UV radiation field Tc via

P01

P10
≡ 3

(
1 − T!

Tc

)
. (22)

The goal of the next two sections will be to calculate xc, x%, and Tc. In the limit in which Tc → TK (a reasonable
approximation in most situations of interest, as we will see in Section 2.3), Eq. (20) may be written as

1 − T#

TS
= xc + x%

1 + xc + x%

(
1 − T#

TK

)
. (23)

6 Here we use “cloud” to refer to any patch of the IGM; it need not be physically distinct from the surrounding gas.
7 Note that the relevant time scales are all much shorter than the expansion time, so equilibrium is an excellent approximation.

xc �
C10

A10

T�
T�

x� �
P10

A10

T�
T�

Collision Scattering of Lyα photons

(In most cases of interest, Tk = Tc)

Einstein coefficientscollision Lyα
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between these models is the redshift of reionization that
cuts off the 21 cm signal at low redshift and is most
responsible for the different ! values. Model C has a
significantly decreased Ly" flux, which shows itself
through a decrease in the strength of the absorption signal.

The global evolution of the 21 cm signal is itself the
target of several experiments, e.g. the ‘‘Cosmological
Reionization Experiment’’ (CoRE) [67] and the
‘‘Experiment to Detect the Global EOR Signature’’
(EDGES) [68]. Although such an observation is concep-
tually simple, it is experimentally challenging.
Distinguishing between a global signal and other sources
of all sky emission, including galactic synchrotron, free-
free radiation, and the CMB is difficult. Experimental
detection relies upon reionization proceeding rapidly lead-
ing to a distinctive steplike feature in the frequency direc-
tion, which would not be expected to be produced by the
spectrally smooth foregrounds. With the assumption of
sharp reionization, EDGES [68] places an initial constraint
that !Tb < 450 mK at z ¼ 8. While this is far from the
expected signal amplitude, such constraints will improve
with time. Efforts are also underway to extend the fre-
quency coverage to # " 50 MHz to access the transition
from an absorption to emission signal. As Fig. 1 indicates,
this transition is likely to be significantly larger in ampli-
tude (# 100 mK) than that at the end of reionization (#
20 mK).

B. Fluctuation history

The three-dimensional nature of the 21 cm signal makes
it difficult to convey the evolution of the fluctuations with a
single two-dimensional plot. We therefore plot the evolu-
tion of four individual comoving wavenumbers k ¼ 0:01,
0.1, 1, and 10 Mpc$1, spanning the range that might be
observed. On large scales we expect contamination from
foregrounds to limit the detection of the power spectrum.
On small scales thermal broadening of the 21 cm line will
smooth the signal. It is also to be expected that many of our
approximations will break down as small-scale informa-
tion about the sources becomes important (see for example
[69] for the importance of higher order correlations on
small scales during reionization). For the mean histories
shown in Fig. 1, we calculate the evolution of the 21 cm
angle-averaged power spectrum, which is plotted in
Figs. 2–4, for models A, B, and C, respectively.

The evolution of !"Tb
clearly shows three regimes: the

post-reionization regime at low redshifts (z < zreion) where
the 21 cm fluctuations from residual hydrogen follow the
matter power spectrum, an intermediate redshift regime
(xreion < z < ztrans), where Ly" coupling produces a large
signal and complicated astrophysics leads to significant
scale dependence, and a high redshift collisionally coupled
regime where 21 cm fluctuations track the density field
(z > ztrans " 23). For pedagogical purposes, let us describe
the evolution on a single comoving scale (say, k ¼

FIG. 1. Top panel: Evolution of the CMB temperature TCMB

(dotted curve), the gas kinetic temperature TK (dashed curve),
and the spin temperature TS (solid curve). Middle panel:
Evolution of the gas fraction in ionized regions xi (solid curve)
and the ionized fraction outside these regions (due to diffuse x-
rays) xe (dotted curve). Bottom panel: Evolution of mean 21 cm
brightness temperature Tb. In each panel we plot curves for
Model A (thin curves), Model B (medium curves), and Model C
(thick curves).

FIG. 2. Redshift evolution of the angle-averaged 21 cm power
spectrum !"Tb

for Model A at k ¼ 0:01 (solid curve), 0.1 (dotted
curve), 1.0 (short-dashed curve), and 10.0 (long-dashed curve)
Mpc$1. Reionization at z ¼ 6:5.
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[Pritchard, Loeb 0802.2102]

Evolution of ΔTb
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Current and future observations



Detection of 21cm absorption line by EDGES
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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.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

In 2018, EDGES (Experiment to Detect the Global Epoch of Reionization 
Signature) has reported the detection of 21cm absorption trough at .z ∼ 17

Brightness temperature:
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Actually, this signal is too low to be explained 
by standard scenarios.

Motivated a lot of works 

[Bowman et al. Nature 555, 67 (2018)] 

- Some systematics? (foreground modeling? some artifact?)
[Draine et al. 1804.02250; Hill et al. 1805.01421; Bradley et al. 1810.0901; Singh, Subrahmanyan 1903.04540; Spinelli et al. 1908.05303] 

However, there have been several arguments regarding the detection.

- SARAS3 excluded the EDGES signal at ~  level.2σ [Singh et al.  2112.06778]



Detection of 21cm absorption line by EDGES

Detection signal depends on the assumption of foreground, noise 
and systematics

[Yoshiura, Minoda, TT 2305.11441]

(FG: including up to 5th order)
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EDGES
(Experiment to Detect the Global Epoch of Reionization Signature)

[100 - 200 MHz (high band),  50 - 100 MHz (low band)]

LEDA 
(Large-aperture Experiment to Detect the Dark Ages)

[40 - 85 MHz] 

https://www.haystack.mit.edu/ast/arrays/Edges/

http://www.tauceti.caltech.edu/leda/

[Bowman et al. Nature 555, 67 (2018)] 

[Bernardi et al. MNRAS 461, 2847 (2016)] 

Observations for the global 21cm signal (cosmic dawn/EoR)



SARAS 
(Shaped Antenna measurement of the background RAdio Spectrum)

[40 - 200 MHz] [Singh et al ApJ 858, 54 (2018)]

SCI-HI 
(Sonda Cosmológica de las Islas para la Detección de Hidrógeno Neutro)
[40 - 130 MHz] 

PRIZM
(Probing Radio Intensity at high z from Marion)

[40 - 130 MHz] 

[Voytek et al ApJL 782, L9 (2014)]

[Philip et al 1806.09531]

BIGHORNS
(Broadband Instrument for Global HydrOgen ReioNisation Signal)

[70 - 200 MHz] [Sokoloowski et al 1501.02922]

Observations for the global 21cm signal (cosmic dawn/EoR)



Observations for the global 21cm signal (during the dark ages)

(proposed observations on/around the moon)

Dapper (Dark Ages Polarimeter Pathfinder)
[Burns et al. 2103.05085] 

[https://www.colorado.edu/ness/dark-ages-polarimeter-pathfinder-dapper]

LCRT (Lunar Crater Radio Telescope)

[https://www.nasa.gov/directorates/spacetech/niac/2020_Phase_I_Phase_II/lunar_crater_radio_telescope/]

[Goel et al. 2205.05745] 

FARSIDE (Farside Array for Radio Science Investigations of the Dark ages 
and Exoplanets) [Burns et al. Astro2020: Decadal Survey on Astronomy and Astrophysics, APC white papers] 



[https://www.ru.nl/astrophysics/radboud-radio-lab/projects/netherlands-china-low-frequency-explorer-ncle/]

NCLE (Netherlands-China Low frequency Explorer )

DSL (Discovering the Sky at the Longest Wavelengths)

(proposed observations on/around the moon)

[Chen et al. 1907.10853] 

Observations for the global 21cm signal (during the dark ages)



TREED (The REceiver Exploring Dark-ages)

PI: Shintaro Yoshiura (NAOJ)

Our project

The first detection of 21cm line at the epoch of reionization

Observation in radio quiet zone (e.g. Ogasawara ?)as the first 21cm line observation in Japan

Development of instruments and software toward the 21cm observation using satellite from the moon

OML

The 
REceiver 
Exploring 
Dark-ages

[http://ska-jp.org/treed/]

[TT is one of the members]

(Japanese Project) 

Plan of TREED

Observations for the global 21cm signal (during the dark ages)



Examples of BSM and 21cm signal



Cosmology with 21cm global signal

Inflation (primordial fluctuations)

Power spectrum (Runnings, small scale amplitude, …)

Isocurvature fluctuations
[Yoshiura, K.Takahashi, TT 1805.11806;  Yoshiura, K.Takahashi, TT 1911.07442]

[Minoda, Yoshiura, TT 2112.15135]

Dark matter

Dark matter annihilation, decay 

Warm dark matter 

[Valdes et al. 1209.2120; Clark et al. 1803.09390, ….]

[Sitwell et al 1310.0029; Schneider 1805.00021, …]

sky-averaged signal

Dark components
Early dark energy [Hill, Baxter 1803.07555]
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Inflation (primordial fluctuations)
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Warm Dark Matter and 21cm



Warm dark matter (WDM)

[Inoue, Takahashi, TT, Ishiyama 1409.1326]

Constraints on warm dark matter from weak lensing in anomalous quadruple lenses 2707

component being WDM. Since we fix the abundance of WDM, its
mass mWDM and the temperature of WDM species TWDM are related
as

!WDMh2 =
(

TWDM

Tν

)3 (mWDM

94 eV

)
, (14)

where Tν is the temperature of neutrinos. By the effect of the free-
streaming of WDM particles, the cosmic structure can be erased
and the matter power spectrum damps on small scales, which is
commonly characterized by the free-streaming scale λfs, defined
by the comoving length that WDM particles free-stream until the
radiation-matter equality time. λfs is explicitly given by (Kolb &
Turner 1990)

λfs = 0.114 Mpc
(

1 keV
mWDM

) (
10.75
g∗(TD)

)1/3

×
[

2 + log
(

teq

tNR

)]
, (15)

where teq and tNR are the time of radiation-matter equality and
that when WDM particles become non-relativistic, respectively.
g∗(TD) is the effective number of degrees of freedom at the time of
decoupling of WDM particles, denoted by the temperature T = TD.
In the following analysis, we fix the energy density of WDM as
!WDM = 0.2647; hence, the temperature TWDM (or g∗(TD)) and the
mass mWDM are related through equation (14).

Above arguments are valid for thermally produced WDM species.
However, other candidates for WDM such as sterile neutrinos (Do-
delson & Widrow 1994) have also been discussed in the literature.
For the sterile neutrinos produced via active–sterile neutrino oscilla-
tions, its distribution function can be approximated by a generalized
Fermi–Dirac distribution, then the effect of sterile neutrino can be
regarded as the same as the one for WDM by using the following
identification for the mass (Colombi, Dodelson & Widrow 1996;
Viel et al. 2005):

ms = 4.46 keV
(mWDM

1 keV

)4/3
(

0.12
!WDMh2

)1/3

. (16)

From this formula, one can derive the constraint for the mass of
sterile neutrino once we obtain that for thermally produced WDM.

In Fig. 2, we show the linear matter power spectra in the
$CDM model, and WDM models with kfs = 2π/λfs = 140, 44,
15 and 4.8 h Mpc−1. The corresponding WDM masses are listed in
Table 1.

3.2 N-body simulation

We run cosmological N-body simulations to investigate the non-
linear matter power spectra of WDM models. Our purpose is to ob-
tain the fitting formula of non-linear power spectra used in our ana-
lytical formula (see Section 2). In order to cover a wide-range scale
of gravitational evolution, we run simulations with two different
boxes with a side of 100 and 10 h−1 Mpc−1, hereinafter referred to
as L100 and L10, respectively. The number of particles in the boxes
is set to 10243. The initial positions and velocities of particles are
given at redshift zinit = 24 based on second-order Lagrangian per-
turbation theory (Crocce, Pueblas & Scoccimarro 2006; Nishimichi
et al. 2009). We adopt a concordant CDM model and four WDM
models with free-streaming wavenumbers kfs = 2π/λfs = 140, 44,
15 and 4.8 h Mpc−1 in our simulations. The CDM and WDM mod-
els are summarized in Table 1. The input linear power spectra
of the CDM and WDM models are evaluated using CAMB (see
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Figure 2. Plots of linear matter power spectra for the $CDM model
(red solid line), WDM models with kfs = 2π/λfs = 140 h Mpc−1 (grey),
44 h Mpc−1 (blue), 15 h Mpc−1 (orange) and 4.8 h Mpc−1 (green).

Table 1. CDM and WDM models.

Model kfs(h Mpc−1) mWDM(keV)

CDM – –
WDM140 140 5.0
WDM44 44 1.9
WDM15 15 0.77
WDM4.8 4.8 0.29

Note. The CDM and WDM models in our
simulations. We show the free-streaming
wavenumbers kfs and WDM particle masses
mWDM.

Section 3.1). In our simulations, we ignore the thermal motion of
WDM particles, which can be verified as follows. The rms thermal
velocity of WDM particles at the initial redshift (zinit = 24) is σ v

$ 1.1 km s−1(gWDM/1.5)1/3(mWDM/keV)−4/3 in our cosmological
model, where gWDM is the degree of freedom of the WDM particle
(Bode, Ostriker & Turok 2001). On the other hand, the rms physical
peculiar velocity of the particles at the initial time is ! 10 km s−1

in our WDM models. Thus, we can ignore the thermal motion of
WDM particles (see also similar discussion in Angulo, Hahn &
Abel 2013).

To follow the gravitational evolution of the dark matter particles,
we employ publicly available tree-PM codes, GADGET2 (Springel,
Yoshida & White 2001; Springel 2005) for the large-box simulation
(L100) and GREEM (Ishiyama, Fukushige & Makino 2009; Ishiyama,
Nitadori & Makino 2012) for the small-box simulation (L10). GREEM

is tuned to accelerate the tree gravitational calculation, and it is faster
than GADGET2 especially in the strongly non-linear regime. Hence,
we employ GREEM for the small-box simulation. The PM meshes are
20483(5123) for the L100 (L10). The particle Nyquist wavenumbers
are kNyq = 32.2(322) h Mpc−1 for the L100 (L10). The gravitational
softening length is set to 3 per cent of the mean particle separation.
The simulation snapshots are dumped at redshifts z = 0, 0.3, 0.6,
1, 2 and 3. We prepare 3(5) independent realizations for the L100
(L10) for each CDM or WDM model to reduce the sample variance.
Our simulation settings are summarized in Table 2.

MNRAS 448, 2704–2716 (2015)
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mWDM = 5 keV

mWDM = 1.9 keV

mWDM = 0.77 keV
mWDM = 0.29 keV

● Erases small scale structure by free-streaming effect

● Free-streaming length:

● There exist well-motivated candidates in particle physics.

(sterile neutrino, gravitino, …)

- Relativistic dark matter particles erase fluctuations 
inside the scale .λ ∼ ct

- Below the free-streaming scale, 
power spectrum is suppressed.

● Can be a possible solution to the small-scale 
problems



Some of recent constraints on WDM mass

[Iršič et al 1702.01764]mWDM > 5.3 keV (95 % CL)

Lyman α

Gravitational lensing

Milky Way satellite

mWDM > 2.02 keV (95 % CL)

[Dekker et al. 2111.13137]mWDM > 4.4 keV (95 % CL)

[Newton et al. 2011.08865]

[Gilman et al., 1908.06983]

mWDM > 5.58 keV (95 % CL) [Hsueh et al. 1905.04182]

mWDM > 5.2 keV (95 % CL)

(thermal WDM)

UV luminosity function

mWDM > 3.3 keV (95 % CL) [Shinohara, Yoshiura, TT in prep.]

http://arxiv.org/abs/arXiv:1702.01764


Strong lens+Lyman α+Milky-Way satellites

[Enzi et al 2010.13802]mWDM > 6.048 keV (95 % CL)

Strong lens+Milky-Way satellites

[Nadler et al 2101.07810]mWDM > 9.7 keV (95 % CL)

Combinations of some data give a severer constraint:

Some of recent constraints on WDM mass (thermal WDM)

(NB:  Be cautious about the procedure of the analysis as constraints 
generally depend on the modelling/assumption, particularly some 
astrophysical uncertainties.)
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Figure 2. Mean spin temperatures T̄S for CDM and WDM models. The
dotted curves show T̄S for our fiducial CDM model (blue), WDM with
mX = 3 keV (red) and CDM with f∗/f∗fid = 0.1 (green). In addition, the
mean kinetic temperature T̄K of each model is plotted with a dashed curve
in the same colour used for T̄S. The grey solid line is the CMB temperature.

in T̄S as compared to the two other cases shown, since lowering
f∗ reduces the photon-production efficiency in stars of all masses.
In both non-fiducial cases shown, T̄S and thus δT̄b reach a lower
value in their absorption troughs since the gas undergoes further
cooling in the extra time needed for the X-ray heating to become
efficient.

The evolution of the mean brightness temperatures for WDM
models with mX = 2, 3, 4 keV is shown in Fig. 3.5 It is readily seen
that having WDM with a particle mass of a few keV can substantially
change the mean 21-cm brightness temperature evolution. While
lowering f∗ within CDM models can delay the strong absorption
signal, the resulting absorption trough is much wider than in WDM.
For the same delay in the minimum of δT̄b, the delay in reionization
is greater for CDM than for WDM. Although reionization may be
greatly delayed well past z = 6 in models with low values of f∗, our
primary focus is on the pre-reionization 21-cm signal. We caution
against automatically discarding these models, as the star formation
efficiency may diverge from earlier values by reionization.

Examining the gradient of the global signal in Fig. 3(b), we see
that suppressing f∗ in CDM models only shifts the mean signal to
lower redshifts. On the other hand, decreasing mX in WDM mod-
els increases the gradients of the mean signal. In CDM models,
∂δT̄b/∂z attains values near 33 mK (−45 mK) near its maximum
(minimum) regardless of its f∗ value. This can increase significantly
in WDM models, for example to ∼64 mK (∼ −77 mK) at its max-
imum (minimum) for WDM with mX = 2 keV.

The effect of WDM on the global 21-cm signal can be tracked
through different ‘critical points’ in the signal’s evolution. We
choose these points to be the redshift zmin at which δT̄b reaches
its minimum value, the redshift zh when the kinetic temperature
of the gas is heated above the CMB temperature and the redshift

5 We caution the reader that WDM models with mX = 2, 3 keV are dis-
favoured by recent Lyman α observations (Viel et al. 2013). However,
Lyman α forest constraints are still susceptible to astrophysical (thermal
and ionization history) and observational (sky and continuum subtraction)
degeneracies. Therefore, it is still useful to confirm these constraints using
the redshifted 21-cm signal.

of reionization zr taken to be the redshift where the mean ionized
fraction is x̄i(zr) = 0.5. These points are plotted for both CDM and
WDM in Fig. 4(a). The solid curves track the effect of lowering f∗
on the redshifts of the critical points in CDM models (the values of
f∗ can be read from the upper horizontal axis). The dashed curves
show the effect of WDM on these redshifts, where the value of mX

for each model can be read from the lower horizontal axis.
We begin to explore possible degeneracies between CDM and

WDM cosmologies by finding the value of f∗ required in CDM that
would have a particular critical point occurring at the same redshift
as it would in WDM with a particular value of mX. In other words,
for a particular event that occurs at redshift ze, we would like to
find the curve that satisfies ze(f∗|CDM) = ze(mX|WDM). These
curves for zmin, zh and zr can be seen in Fig. 4(b). We can see that if
one uses the milestone zr to distinguish between CDM and WDM
with mX = 2, 3, 4 keV, then f∗ has to be known within a factor
of 3.0, 1.8 and 1.4, respectively. Using zmin instead, f∗ only has to
be known within a factor of 50, 13 and 4.8 for mX = 2, 3, 4 keV,
respectively, since the impact of WDM is larger at higher redshifts.
Near mX = 15 keV, using zmin to distinguish WDM from CDM
requires f∗ to be known within a factor of 1.1 and drops to 1.01 by
mX ∼ 20 keV (although the astrophysical motivations for WDM as
mentioned in the introduction loses much of its appeal past a few
keV).

As the value of mX is lowered, the curves in Fig. 4(b) diverge
from one another, as the more rapid growth of structure in WDM
changes the relative timing of the milestones. Therefore, if f∗ is
approximately constant throughout the epochs under consideration,
adjusting the value of f∗ in CDM so that a particular critical point
occurs at the same redshift as it does in WDM will misalign other
critical points and thus cannot reproduce the whole history of δT̄b

in WDM models.
However, we can mimic the WDM mean brightness tempera-

ture evolution with CDM if we allow f∗ to vary in time. To illus-
trate this, Fig. 5 shows the form of f∗(z) needed to reproduce the
mean 21-cm signal for WDM with mX = 2, 4 keV. At high redshifts
(z ! 15, 25 for mX = 2, 4 keV), f∗ is more than an order of magni-
tude smaller than its value at the end of reionization to compensate
for the delay of structure formation in WDM. When more massive
haloes start to collapse (near z = 10, 20 for mX = 2, 4 keV), f∗ rises
quickly by roughly an order of magnitude to mimic the more rapid
change of the collapse fraction in WDM and finally levels off during
reionization. While this evolution of f∗ may be possible, it seems
contrived without an underlying model of such evolution.

Even in cases where f∗ evolves in such a way as to mimic the
mean brightness temperature in WDM, one can differentiate be-
tween WDM and CDM by examining the spectrum of perturbations
in the 21-cm signal at certain points in its evolution. Perturbations
in the UV and X-ray fields add power to the 21-cm power spec-
trum #2

21 on large scales. Since the bias of sources in WDM can be
greater than that in CDM (Smith & Markovic 2011), more power
is added on large scales in WDM than in CDM. This effect is most
easily seen at times when inhomogeneities in xα or TK are at their
maximum. Fig. 6 shows the evolution of the power spectrum for the
modes k = 0.08 and 0.18 Mpc−1, showing a three-peak structure,
where the peaks from high to low redshift are associated with inho-
mogeneities in xα , TK and xH I, respectively. When inhomogeneities
in TK are at their maximum, the power at k = 0.08, 0.18 Mpc−1 can
be boosted in WDM by as much as a factor of 2.4, 2.0 (1.3, 1.1)
for mX = 2 keV (4 keV). When inhomogeneities in xα are near their
height, the power at k = 0.08 Mpc−1 can be increased by a factor
of 1.5 (1.2) for WDM with mX = 2 keV (4 keV).

MNRAS 438, 2664–2671 (2014)
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[Sitwell et al 1310.0029]
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X
=3keV)

f*/f*(fid) =0.1 (CDM)

(f*: fraction of baryon incorporated into star)

Effects of warm DM on the 21cm global signal

In WDM models,  small scales structure 
are suppressed.

Structure formation is delayed.

Early star formation is delayed.

Production of UV and X-ray 
background is delayed.

Affects the evolution of the spin temperature.



Constraining warm dark matter
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FIG. 3. Absorption signal of various DM models assuming Tmin = 103 K (including atomic and molecular cooling) and f⇤ = 0.03
(corresponding to the largest allowed stellar-to-baryon fraction in haloes). From top left to bottom right: thermal warm DM,
mixed DM, fuzzy DM, and sterile neutrino DM from resonant production. Coloured arrows illustrate that all absorption signals
are allowed to move towards smaller but never towards larger redshifts. Models are excluded if the minimum of their absorption
trough is further left than the signal from EDGES (dashed vertical line). Bottom-right panel: Sterile neutrino DM models that
are in tension with limits from X-ray observations are shown with dashed lines.

represents the limit beyond which the star-formation-
rate strongly disagrees with results from radiation-
hydrodynamics simulations (see discussion in Sec. II).
For any realistic model, the minimum of the absorption
trough is allowed to shift towards smaller (but never
larger) redshifts as indicated by the coloured arrows.
Hence, all models of Fig. 3 with an absorption minimum
at redshifts below z = 17.2 (corresponding to the signal
from EDGES, see vertical dashed line) are excluded. The
four panels of Fig. 3 show di↵erent DM scenarios (with
varying model parameters) that we will now discuss in
more detail.

The thermal warm DM scenario (top-left panel of
Fig. 3) is fully characterised by the particle mass mTH.
Based on the procedure described above, all models with
mass below mTH = 6.1 keV are in tension with the
EDGES signal. This is visible in Fig. 3, where models
with smaller mTH have their absorption minima (arrows)
to the left of the vertical dashed black line.

Our constraints on WDM are significantly tighter than
results from previous work [36, 67]. One important rea-
son for this is the sharp-k mass function used in our anal-
ysis. As shown in Sec. III, the sharp-k halo mass function
accounts for the characteristic downturn of the WDM
halo abundance towards small scales, making it signifi-
cantly more accurate than the standard Press-Schechter
approach. Compared to Ref. [67] (who reported a limit of
mTH > 3 keV based in EDGES) we gain further leverage

by comparing the minimum of the full absorption signal
instead of only focusing on the UV coupling coe�cient.

The mixed DM scenario (top-right panel of Fig. 3)
consists of a composition of both warm/hot and cold
dark matter, parametrised by the particle mass of
the warm/hot species (mTH) and the fraction f =
⌦WDM/(⌦WDM + ⌦CDM). As long as the warm compo-
nent is su�ciently hot (mTH

<⇠ 1 keV) the 21-cm absorp-
tion signal is only a↵ected by the fraction f . We obtain a
limit of f  0.17 as indicated in Fig. 3. This means that
no more than 17 percent of the DM can be hot without
disagreeing with the timing of the EDGES signal.

The fuzzy DM scenario (bottom-left panel of Fig. 3)
consists of an ultra-light boson (i.e. axion-like particle)
parametrised by the particle mass ma [68, 69]. Ultra-
light axion models are characterised by a large de Broglie
wavelength leading to a suppression of the linear power
spectrum [64] as well as novel features at very nonlinear
scales [70]. For fuzzy DM we obtain a limit of ma >

8⇥ 10�21 eV. The limit can be deduced by means of an
interpolation by eye between the models shown in Fig. 3.

Finally, the resonantly produced sterile neutrino DM
model (bottom-right panel of Fig. 3) is characterised by
the particle mass (ms) and the mixing angle (✓) with
active neutrinos [71, 72]. Depending on these parameters,
a variety of non-thermal particle distribution functions
are found [we use the code sterile-dm, see Ref. 73].
The particle mass in the keV range plus the non-thermal

[Schneider 1805.00021]

Demanding that the timing of the absorption should be consistent with 
EDGES, one can obtain a bound on DM parameters (mass, …)

(Shaded area between lines quantifies the uncertainty of the gas heating process.)

(for thermal WDM)mWDM > 6.1 keV



Dark Matter annihilation and decay



Dark Matter annihilation effect on 21cm signal

Dark matter annihilation deposits energy into IGM.

Affects the ionization fraction, kinetic temperature of the gas 
and the spin temperature.

Ionization fraction (or neutral fraction)

Kinetic gas temperature:

Color (Lyα) temperature 
Spin temperature

194 S.R. Furlanetto et al. / Physics Reports 433 (2006) 181 – 301

peculiar velocity. In the second line, we have substituted the velocity H(z)/(1 + z) appropriate for the uniform Hubble
expansion at high redshifts.

The two applications of Eq. (10) that will be most important here are:
1. The contrast between high-redshift hydrogen clouds and the CMB. Many of the observational strategies for the

21 cm line involve comparison of lines of sight through a cloud6 to (sometimes hypothetical) sightlines with clear
views of the CMB. Thus we hope to measure

!Tb(") = TS − T#(z)

1 + z
(1 − e−$"0 ) ≈ TS − T#(z)

1 + z
$"0 (17)

≈ 9xHI(1 + !)(1 + z)1/2
[

1 − T#(z)

TS

] [
H(z)/(1 + z)

dv‖/dr‖

]
mK. (18)

Note that !Tb saturates if TS?T#, but it can become arbitrarily large (and negative) if TS>T#. The observability of the
21 cm transition therefore hinges on the spin temperature; we will describe below the mechanisms that drive TS either
above or below T#(z), which dictate whether the 21 cm signal will appear in emission, absorption, or not at all.

2. Absorption against high redshift radio sources (Section 10). The brightness temperatures of nonthermal radio
continuum sources (Tsrc ≈ 106.1010 K) far exceed TS and T#, so the flux density received from the direction of a high
redshift radio source is S" ≈ Ssrc exp(−$"). High-redshift radio-loud quasars or radio galaxies would make superb
probes of cloud structure in the neutral or partially reionized IGM through their absorption line spectra.

Three competing processes determine TS : (1) absorption of CMB photons (as well as stimulated emission); (2)
collisions with other hydrogen atoms, free electrons, and protons; and (3) scattering of UV photons. We let C10 and P10
be the de-excitation rates (per atom) from collisions and UV scattering, respectively; they will be examined in detail
in the following sections. We also let C01 and P01 be the corresponding excitation rates. The spin temperature is then
determined in equilibrium by7

n1(C10 + P10 + A10 + B10ICMB) = n0(C01 + P01 + B01ICMB), (19)

where B01 and B10 are the appropriate Einstein coefficients and ICMB is the energy flux of CMB photons. With the
Rayleigh–Jeans approximation, Eq. (19) can be rewritten as [67]

T −1
S =

T −1
# + xcT

−1
K + x%T

−1
c

1 + xc + x%
, (20)

where xc and x% are coupling coefficients for collisions and UV scattering, respectively, and TK is the gas kinetic
temperature. Here we have used detailed balance through the relation

C01

C10
= g1

g0
e−T!/TK ≈ 3

(
1 − T!

TK

)
. (21)

We have then defined the effective color temperature of the UV radiation field Tc via

P01

P10
≡ 3

(
1 − T!

Tc

)
. (22)

The goal of the next two sections will be to calculate xc, x%, and Tc. In the limit in which Tc → TK (a reasonable
approximation in most situations of interest, as we will see in Section 2.3), Eq. (20) may be written as

1 − T#

TS
= xc + x%

1 + xc + x%

(
1 − T#

TK

)
. (23)

6 Here we use “cloud” to refer to any patch of the IGM; it need not be physically distinct from the surrounding gas.
7 Note that the relevant time scales are all much shorter than the expansion time, so equilibrium is an excellent approximation.



Evolution of ionization fraction [Valdes et al 1209.2120]
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3 M E T H O D

We first constrain the properties of our DM candidates from CMB
data. This allows us to associate to each particle a range of allowed
values for the annihilation cross-section 〈σv〉. We then use the
fractional energy depositions from MEDEA2 (Evoli et al. 2012b) and
the galactic radiation fields from 21 CMFAST (Mesinger, Furlanetto &
Cen 2011) in order to compute the thermal and ionization evolution
of the IGM and the associated global 21 cm signal. We describe
each of these steps in turn.

3.1 DM heating

Including the formation of substructures at redshift !50 naturally
enhances the effects of DM annihilations: while they do not dramat-
ically impact the global reionization history (Cirelli et al. 2009b)
the increased energy injection could alter predictions of the observ-
able 21 cm signal by heating the IGM. The total energy release by
DM annihilations per unit volume is given by (see e.g. Cirelli et al.
2009b; Chluba 2010)

dEχ

dt
= 2Mχc2〈σv〉n2

χ (1 + B(z)), (1)

where 〈σv〉 is the thermally averaged annihilation cross-section,
Mχ is the DM particle mass and nχ = n0, χ (1 + z)3 is the number
density of DM particles and anti-particles with present day value:

n0,χ = 1.2 × 10−8 cm−3
(

#χ h2

0.11

) (
Mχc2

100 GeV

)−1

. (2)

The term B(z) defines the effective averaged DM density resulting
from structure formation and can be written as

B(z) = $vir(z)
3ρc#M

∫ ∞

Mmin

dMM
dn

dM
(z, M)F (M, z) (3)

where dn/dM is the halo mass function obtained adopting the Press–
Schechter formalism (Press & Schechter 1974) and F(M, z) is the
concentration function depending on the distribution of DM inside
haloes, a function that peaks typically for sub-halo masses Msh ∼
1 M' at z = 20 (see Fig. 6; we refer the reader to Cirelli et al.
2009b for details).7 We use here a prescription for the effect of
substructures and consider a minimum mass for primordial proto-
haloes of Mmin = 10−6 M' for the 10 GeV Bino, and Mmin = 10−9

M' for the other two more massive candidates. This choice is
motivated by recent calculations of the exponential cutoff mass in
the power spectrum as a function of neutralino mass, resulting from
free-streaming of the DM particles after the kinetic decoupling (see
e.g. Bringmann 2009; van den Aarssen, Bringmann & Goedecke
2012).

Recent works (e.g. Galli et al. 2009; Slatyer, Padmanabhan &
Finkbeiner 2009) have investigated the possible role of Sommerfeld
enhancements due to which 〈σv〉 can be considerably boosted and
becomes a function of redshift. We choose not to make assumptions
on the physical processes that could boost 〈σv〉 and treat it as a
parameter constrained by CMB observations.

We covered until now the energy production by DM annihilations.
The most relevant quantity for our purposes is, however, the energy

7 Although extrapolating the halo mass function down to such small masses
is highly uncertain, we note that at the scales and redshifts of interest,
the Press–Schechter and Sheth–Thormen cumulative mass functions (Press
& Schechter 1974; Sheth & Tormen 1999; Jenkins et al. 2001) agree
to ∼10 per cent.

deposition into the IGM. Only a small fraction of the energy released
by DM annihilations is finally deposited into the IGM in the form
of heat, excitations and ionizations either of hydrogen and helium.
The absorbed fraction depends on the DM candidate – in the form
of the initial energy spectrum from the annihilation event – and on
the environment where the annihilation takes place, specifically on
the ionized fraction of the ambient gas and on the energy density of
CMB photons, important for the inverse Compton (IC) scatterings.

To model this, we use the Monte Carlo scheme MEDEA2 (for details
see Evoli et al. 2012b). Through MEDEA2 we are able to calculate
what fraction of the energy released by a single annihilation event
goes into: (i) H and He ionizations; (ii) excitations and (iii) heating.
A set of handy fitting formulae that take into account the dependence
on z and xe are then given for the respective quantities fion(xe, z),
fa(xe, z), fh(xe, z).

3.2 CMB constraints

We compute the modifications induced by DM annihilations on
the CMB power spectra and on the integrated Thomson optical
depth to verify that our models are consistent with 7-year Wilkinson
Microwave Anisotropy Probe (WMAP7) observations and to put
upper limits on 〈σv〉 for the considered DM candidates. To do so
we modify the public code CAMB (Lewis & Challinor 2011) and add a
DM term to the evolution equations of the IGM kinetic temperature
and ionized fraction (Fig. 1).

With this modified version of CAMB code we can calculate the ef-
fects of DM annihilations on the temperature (TT), polarization (EE)
and temperature–polarization (TE) CMB spectra. The TT spectrum
allows us to put the most sensitive constraints of DM properties (see
Fig. 2). Our results are obtained assuming that the cosmological pa-
rameters have best-fitting values as indicated by the 7-yr WMAP
data (Komatsu et al. 2011). For each DM candidate we increase the
value of the thermally averaged annihilation cross-section from the
standard value 〈σv〉th = 3 × 10−26 cm3 s−1 up to a value 〈σv〉max

for which the computed TT CMB spectrum exceeds by more than
3σ from the best fit the WMAP7 data. The upper limits 〈σv〉max for
each of the considered DM candidates are given in Table 1 along
with the colour and line-style later used in the plots. CMB observa-
tions by Planck will allow us to put more stringent constraints on

Figure 1. IGM ionization fraction as a function of redshift. Black solid
line is the case without annihilating DM (for the colour scheme of the DM
models see Table 1).
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Figure 2. Top panel: TT CMB power-spectrum for the DM models in
Table 1. Black solid line is the case without annihilating DM. Bottom:
residual of the CMB power-spectrum with respect to the case without DM
annihilations. The DM models are presented in red (10 GeV), blue (200 GeV)
and green (1 TeV). The triangles and squares are used for 〈σv〉th and 〈σv〉max,
respectively.

the properties of the DM candidates in the near future (The Planck
Collaboration 2006; Galli et al. 2009).

We then calculate the contribution of DM to the Thomson optical
depth, δτ e, by integration:

δτe =
∫ 103

6
cσT δxe(z)Nb(z)

∣∣∣∣
dt

dz

∣∣∣∣ dz (4)

where δxe is the difference in the ionized fraction between the stan-
dard scenario and the case in which DM annihilates. We assume
here that the Universe is fully ionized at redshift z < 6: this con-
tributes by a factor τ e ≈ 0.04 to the WMAP measured total optical
depth τ e = 0.088 ± 0.015 (Komatsu et al. 2011; Shull et al. 2012).
Note that DM annihilations are only imprinted on the CMB as an
additional source of ionization. Therefore the above procedure is
effectively the same as choosing an upper limit for the extra con-
tribution to τ e from DM annihilations. From Table 1 we see that
this is δτ e ≈ 0.06, making the total optical depth (in the absence of
any additional astrophysical sources at z > 6): τ e ≈ 0.1. This limit
is conservatively low, roughly corresponding to the 1σ upper limit
from WMAP7 obtained from the TE cross-correlation (Komatsu
et al. 2011).

Notice that the heating/ionization contribution of the two heavier
DM candidates assuming 〈σv〉max increases proportionally by a
larger factor over the case with 〈σv〉th than what found for the

10 GeV Bino when assuming 〈σv〉max rather than 〈σv〉th. This is
due to our assumption of a smaller minimum halo mass Mmin =
10−9 M% that enhances strongly the effects of substructures and to
which the CMB constraints are, on the other hand, less sensitive.

3.3 21 cm signal

One of the observable quantities most likely to carry a trace of
the effects of DM annihilations is the redshifted 21 cm line associ-
ated with the hyperfine transition between the triplet and the singlet
levels of the neutral hydrogen ground state. This signal is most
commonly expressed in terms of the differential brightness temper-
ature between a neutral hydrogen patch and the CMB (neglecting
redshift-space distortions):

δTb = TS − TCMB

1 + z
(1 − e−τ )

≈ 27xH I(1 + δ)
(

1 − TCMB

TS

)

×
(

1 + z

10
0.15
$Mh2

)1/2 (
$bh

2

0.023

)
mK, (5)

where xH I is the neutral fraction of the gas, δ the overdensity and
TS the spin temperature which is set by the number densities of
hydrogen atoms in the singlet (n0) and triplet (n1) ground hyperfine
levels, n1/n0 = 3exp (−0.068 K/TS).

It is theoretically well known that in the presence of the CMB
alone, TS reaches thermal equilibrium with TCMB = 2.73 (1 +
z) K on a short time-scale, making the H I undetectable in emis-
sion or absorption. However, collisions and scattering of Lyα pho-
tons − the so-called Wouthuysen-Field process or Lyα pumping
(e.g. Wouthuysen 1952; Field 1959; Hirata 2006) – can couple TS

to TK.
The spin temperature can be written as (e.g. Furlanetto, Oh &

Briggs 2006a)

TS
−1 = TCMB

−1 + xαTα
−1 + xcTK

−1

1 + xα + xc
(6)

where Tα is the colour temperature, which is closely coupled to TK

(Field 1959), and xα and xc are the two coupling coefficients relative
to Lyα scattering and collisions, respectively. If either collisions or
Lyα radiation couple TS to TK then the neutral hydrogen will be
visible in absorption or emission depending on whether the gas is
colder or hotter than the CMB, respectively.

For details about the physics associated with the H I 21 cm line
and with the determination of TS, the quantity that governs it, we
refer the reader to, e.g., Furlanetto et al. (2006a), Hirata (2006)
and Valdés & Ferrara (2008). For our purposes it is important to
state here that the physical quantities that determine TS are: (i) the
gas density nH; (ii) the CMB temperature TCMB; (iii) the kinetic
temperature of the gas, TK; (iv) the ionized fraction xe; and (v) the
Lyα background intensity Jα .

Table 1. The DM models described in Section 2.

DM model Mass (GeV) 〈σv〉 (cm3 s−1) ε0 (eV s−1) δτ e Line style

W+W− 200 〈σv〉th = 3.0 × 10−26 5.35 × 10−25 1.53 × 10−3 Blue solid
W+W− 200 〈σv〉max = 1.2 × 10−24 2.14 × 10−23 6.09 × 10−2 Blue dashed

bb̄ 10 〈σv〉th = 3.0 × 10−26 1.07 × 10−23 1.80 × 10−2 Red solid
bb̄ 10 〈σv〉max = 1.0 × 10−25 3.57 × 10−23 5.76 × 10−2 Red dashed

µ+µ− 1000 〈σv〉th = 3.0 × 10−26 1.07 × 10−25 1.42 × 10−4 Green solid
µ+µ− 1000 〈σv〉max = 1.4 × 10−23 4.99 × 10−23 6.18 × 10−2 Green dashed
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The nature of DM from the global 21 cm signal 1709

While we know the average evolution of nH and TCMB we have
to determine the others as a function of redshift. The equations
that describe the average evolution of the ionized fraction xe and
of the kinetic temperature TK are the following (see e.g. Chen &
Kamionkowski 2004; Mesinger et al. 2011):

dxe

dz
= dt

dz

[
!ion − αBx2

e nbfH
]
,

dTK

dz
= 2TK

1 + z
+ 2

3kB(1 + fHe + xe)
dt

dz

∑

p

εp, (7)

where nb = nb, 0(1 + z)3 is the mean baryon number density, εp(z)
is the heating rate per baryon for each process p in erg s−1, !ion

is the ionization rate per baryon, αB is the case-B recombination
coefficient, kB is the Boltzmann constant and fHe is the helium
fraction by mass.

The term !ion includes both the contribution from galaxies and
the term that accounts for DM annihilations. Similarly we have that
εp(z) = εCMB(z) + εX(z) + εDM(z) is the sum of three contributions:
(i) εCMB(z) is Compton heating from CMB photons; (ii) εX(z) is
heating from astrophysical sources, which we take to be dominated
by X-rays; (iii) εDM(z) is DM heating. Notice that when including
DM in the terms !ion and εp(z) we use the specific fractional energy
depositions fh(xe, z), fion(xe, z) from Evoli et al. (2012b).

The last equation needed to compute the 21 cm background is the
one describing the evolution of the Lyα background intensity Jα :

Jα = Jα,R + Jα,C + Jα,∗ + Jα,X + Jα,DM, (8)

where the contributions on the RHS correspond to recombinations,
collisional excitations by electron impacts, direct stellar emission,
X-ray excitation of H I and DM annihilations (respectively) (see e.g.
Madau, Meiksin & Rees 1997; Valdés et al. 2007; Mesinger et al.
2011). The coupling coefficient, xα , is proportional to the Lyman α

background flux, Jα (e.g. Furlanetto et al. 2006a).
In general, if we neglect the energy input from DM, we expect

TK and TS to track TCMB down to z ∼ 300, when TK decouples from
TCMB and starts decreasing adiabatically as the Universe expands. TS

is then coupled to TK due to the high gas density and the consequent
strong collisional coupling. At z ∼ 70 TS gradually couples to TCMB

until, at z ∼ 30 becoming virtually identical to it. It is believed,
however, that at around this redshift the first collapsed luminous
sources would ignite. Radiation produced by the first galaxies starts
to ionize and heat the gas: on a short time-scale, at a redshift zWF ∼
25–30, the Lyα pumping effectively couples TS to TK, and only
later, at zheat ∼ 18–22, heating from galaxies drives TK to values
higher than TCMB, making the neutral regions in the IGM visible
in emission. Therefore a second absorption feature is expected at
zheat ! z ! zWF (see e.g. Furlanetto et al. 2006a; Pritchard & Loeb
2008). We can divide the global evolution of δTb in six main phases:

(i) δTb = 0 for z " 300;
(ii) δTb < 0 for 30 ! z ! 300: this extended absorption feature

has a minimum of ∼45 mK at z ∼ 90;
(iii) δTb ∼ 0 for zWF ! z ! 30;
(iv) δTb < 0 at zheat ! z ! zWF, a second absorption feature

less extended in redshift than the previous one but deeper, with
δTb, min ∼ −150 mK;

(v) δTb > 0, i.e. in emission, due to heating by galaxies at z !
zheat down to the EoR at z = zEoR ∼ 6–8;

(vi) δTb ∼ 0 for 0 ! z ! zEoR, where we still have a signal only
from self-shielded systems.

Introducing the effects of DM annihilations in the standard sce-
nario described above can produce deviations on δTb: in particular
the second absorption feature can be strongly modified by energy
release by DM annihilations, at a redshift range 15 ! z ! 25 that
will be probed by the next generation of radio observatories such as
LEDA and SKA.

3.4 Radiation from astrophysical sources

To compute the astrophysical contribution to !ion, εp and Jα , we use
the publicly available code, 21 CMFAST.8 This code uses a combina-
tion of perturbation theory and excursion-set formalism to compute
various cosmic fields, and is in good agreement with radiative trans-
fer simulations of reionization (e.g. Mesinger & Furlanetto 2007;
Mesinger et al. 2011; Zahn et al. 2011). The code is fully described
in Mesinger et al. (2011), to which we refer the interested reader
for more details. Here, we briefly note that the code takes into
account inhomogeneous X-ray ionization and heating, as well as
Lyα pumping from the first UV sources, integrating the evolution
of cosmic structures and radiation fields along the light cone. Al-
though 21 CMFAST computes 3D realizations, in this work we only
study the global 21 cm signal, deferring the analysis of the spatial
structure to future work.

The simulation boxes are 750 Mpc on a side, with a final resolu-
tion of 5003. The initial conditions are sampled on a 15003 grid. In
Fig. 3 are presented the 1-cell thick (1.5 Mpc deep) slices through
the H I 21 cm brightness temperature maps for two models with
different prescriptions for the galaxy properties (Mesinger et al.
2012a). The top panel corresponds to a ‘fiducial’9 model, in which
the X-ray luminosity of primordial galaxies is the same as that ob-
served in nearby starburst galaxies (e.g. Furlanetto 2006 and refer-
ences therein). The lower panel corresponds to an ‘extreme’ model
in which primordial galaxies, albeit rarer and appearing later, were
much more efficient in generating hard X-rays. The later scenario
is inspired by recent theoretical (e.g. Linden, Profumo & Anderson
2010; Mirabel et al. 2011) and observational (Reichardt et al. 2011;
Mesinger, McQuinn & Spergel 2012b) claims. More specifically,
these two models have the following characteristics.

(i) Fiducial (top panel). Galaxies hosting UV and X-ray sources
reside in atomically cooled haloes with virial temperatures Tvir >

104 K (corresponding to halo masses of Mhalo > 3 × 107 M% at z ≈
20). Lyα pumping (i.e. spin temperature coupling) is dominated by
early UV sources, assuming PopII stellar spectra (e.g. Barkana &
Loeb 2005) and a 10 per cent efficiency of conversion of gas into
stars. The X-ray luminosity of galaxies follows a hν−1.5 power-
law shape with a lower limit of hν0 = 300 eV (e.g. Madau et al.
2004), and an X-ray efficiency corresponding to ∼2 X-ray photons
per stellar baryon. Similar models, inspired by lower-redshift X-ray
binary-dominated starburst galaxies, have been explored in prior
analytic studies (e.g. Furlanetto 2006; Pritchard & Furlanetto 2007).

8 http://homepage.sns.it/mesinger/Sim.html
9 Notice that our ‘fiducial’ model does not exactly correspond to the

fiducial model in Mesinger et al. (2012a) (consistent with the recent
measurement of the 0.5–8 keV X-ray luminosity of star-forming galaxies
from Mineo, Gilfanov & Sunyaev 2012), but instead corresponds to their
T1e4_fuv1_fx5_1keV model (based on an extrapolation of the 2–10 keV
data from Gilfanov, Grimm & Sunyaev 2004). This model represents a more
conservative choice since the astrophysical heating is four times higher, thus
making the DM annihilation signal less apparent.
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Figure 4. TS, Tk (thin black solid line) and TCMB (black short-dashed
line) as a function of redshift. The coloured TS curves show the modified
behaviour due to DM annihilations following the colour scheme given in
Table 1. The solid thick black line is the standard TS without DM energy
input. The top and bottom panels represent the calculations done for the
fiducial and extreme models, respectively. The box on the lower right corner
in each panel shows the behaviour of TS for the considered DM candidates
without including radiation from luminous sources.

4.1 10 GeV Bino

The lightest considered DM candidate, the 10 GeV Bino, produces
the largest signature in the ‘fiducial’ model (top panel of Fig. 5),
both when assuming a standard thermal cross-section 〈σv〉th = 3 ×
10−26 cm3 s−1 (solid red curves in Fig. 5) and when taking into
account the maximum cross-section allowed by CMB data, in this
case 〈σv〉max = 1.0 × 10−25 cm3 s−1 (dashed red curves). In the
first case the signal is δTb ∼ 4–10 mK on a redshift range 45 !
z ! 300, with a peak of ∼10 mK at z ∼ 100, and is much more
substantial for the second absorption feature at 16 ! z ! 30, with
a deviation with respect to the standard case in which DM does not
annihilate (which we denote hereafter as δTb, 0) of #Tb, DM ≡ |δTb −
δTb, 0| ∼ 100 mK, a large signal at frequencies ν ∼ 80 MHz. The
effect is enhanced essentially by a factor of 2 for the higher allowed
annihilation cross-section and reaches values of #Tb, DM ∼ 20 mK at
45 ! z ! 300, while the second absorption feature at lower redshift is
essentially erased, with the IGM appearing in even emission already
by z ! 25. These very large signals, both for 〈σv〉max and for 〈σv〉th,
could be detected by future radio observations (see Section 4.5). In
the ‘extreme’ model case (bottom panel) the DM signature before
the first astrophysical sources turn on (z ∼ 45 − 300) is obviously
identical to the ‘fiducial’ model case. The second absorption feature

Figure 5. δTb as a function of redshift for all the considered DM models.
The standard case with no energy input from DM annihilations is represented
with the thick black line. The coloured lines follow the scheme given in
Table 1. The top and bottom panels represent the calculations done for the
fiducial and extreme models, respectively. The red dotted curve in the upper
panel corresponds to the thermal Bino model, but ignoring the X-rays from
astrophysical sources (i.e. assuming astrophysical sources of X-rays ignited
at later times). Notice that some of the curves relative to the DM models are
below the black curves at z = 30–40. This is due to the term Jα,DM, i.e. the
extra Lyα coupling from the DM annihilations.

Table 2. DM signal for the considered DM models.

Mass (GeV) 〈σv〉 Model Peak #Tb, DM (mK)

200 〈σv〉th Fiducial 15 mK at z ∼ 23
200 〈σv〉max Fiducial 160 mK at z ∼ 23
200 〈σv〉th Extreme 5 mK at z ∼ 21
200 〈σv〉max Extreme 45 mK at z ∼ 21
10 〈σv〉th Fiducial 100 mK at z ∼ 23
10 〈σv〉max Fiducial 160 mK at z ∼ 23
10 〈σv〉th Extreme 30 mK at z ∼ 21
10 〈σv〉max Extreme 45 mK at z ∼ 21

1000 〈σv〉th Fiducial 2 mK at z ∼ 23
1000 〈σv〉max Fiducial 65 mK at z ∼ 23
1000 〈σv〉th Extreme 0.5 mK at z ∼ 21
1000 〈σv〉max Extreme 25 mK at z ∼ 21

instead changes substantially and is both shallower, with a minimum
value of δTb ∼−60 mK at z ∼ 21, and narrower in redshift at z ∼ 18–
25. This reflects on the DM signal: when assuming 〈σv〉th (〈σv〉max),
#Tb, DM ∼ 30 (45) mK at z ∼ 21.
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Black solid: no DM ann.

1708 M. Valdés et al.

Figure 2. Top panel: TT CMB power-spectrum for the DM models in
Table 1. Black solid line is the case without annihilating DM. Bottom:
residual of the CMB power-spectrum with respect to the case without DM
annihilations. The DM models are presented in red (10 GeV), blue (200 GeV)
and green (1 TeV). The triangles and squares are used for 〈σv〉th and 〈σv〉max,
respectively.

the properties of the DM candidates in the near future (The Planck
Collaboration 2006; Galli et al. 2009).

We then calculate the contribution of DM to the Thomson optical
depth, δτ e, by integration:

δτe =
∫ 103

6
cσT δxe(z)Nb(z)

∣∣∣∣
dt

dz

∣∣∣∣ dz (4)

where δxe is the difference in the ionized fraction between the stan-
dard scenario and the case in which DM annihilates. We assume
here that the Universe is fully ionized at redshift z < 6: this con-
tributes by a factor τ e ≈ 0.04 to the WMAP measured total optical
depth τ e = 0.088 ± 0.015 (Komatsu et al. 2011; Shull et al. 2012).
Note that DM annihilations are only imprinted on the CMB as an
additional source of ionization. Therefore the above procedure is
effectively the same as choosing an upper limit for the extra con-
tribution to τ e from DM annihilations. From Table 1 we see that
this is δτ e ≈ 0.06, making the total optical depth (in the absence of
any additional astrophysical sources at z > 6): τ e ≈ 0.1. This limit
is conservatively low, roughly corresponding to the 1σ upper limit
from WMAP7 obtained from the TE cross-correlation (Komatsu
et al. 2011).

Notice that the heating/ionization contribution of the two heavier
DM candidates assuming 〈σv〉max increases proportionally by a
larger factor over the case with 〈σv〉th than what found for the

10 GeV Bino when assuming 〈σv〉max rather than 〈σv〉th. This is
due to our assumption of a smaller minimum halo mass Mmin =
10−9 M% that enhances strongly the effects of substructures and to
which the CMB constraints are, on the other hand, less sensitive.

3.3 21 cm signal

One of the observable quantities most likely to carry a trace of
the effects of DM annihilations is the redshifted 21 cm line associ-
ated with the hyperfine transition between the triplet and the singlet
levels of the neutral hydrogen ground state. This signal is most
commonly expressed in terms of the differential brightness temper-
ature between a neutral hydrogen patch and the CMB (neglecting
redshift-space distortions):

δTb = TS − TCMB

1 + z
(1 − e−τ )

≈ 27xH I(1 + δ)
(

1 − TCMB

TS

)

×
(

1 + z

10
0.15
$Mh2

)1/2 (
$bh

2

0.023

)
mK, (5)

where xH I is the neutral fraction of the gas, δ the overdensity and
TS the spin temperature which is set by the number densities of
hydrogen atoms in the singlet (n0) and triplet (n1) ground hyperfine
levels, n1/n0 = 3exp (−0.068 K/TS).

It is theoretically well known that in the presence of the CMB
alone, TS reaches thermal equilibrium with TCMB = 2.73 (1 +
z) K on a short time-scale, making the H I undetectable in emis-
sion or absorption. However, collisions and scattering of Lyα pho-
tons − the so-called Wouthuysen-Field process or Lyα pumping
(e.g. Wouthuysen 1952; Field 1959; Hirata 2006) – can couple TS

to TK.
The spin temperature can be written as (e.g. Furlanetto, Oh &

Briggs 2006a)

TS
−1 = TCMB

−1 + xαTα
−1 + xcTK

−1

1 + xα + xc
(6)

where Tα is the colour temperature, which is closely coupled to TK

(Field 1959), and xα and xc are the two coupling coefficients relative
to Lyα scattering and collisions, respectively. If either collisions or
Lyα radiation couple TS to TK then the neutral hydrogen will be
visible in absorption or emission depending on whether the gas is
colder or hotter than the CMB, respectively.

For details about the physics associated with the H I 21 cm line
and with the determination of TS, the quantity that governs it, we
refer the reader to, e.g., Furlanetto et al. (2006a), Hirata (2006)
and Valdés & Ferrara (2008). For our purposes it is important to
state here that the physical quantities that determine TS are: (i) the
gas density nH; (ii) the CMB temperature TCMB; (iii) the kinetic
temperature of the gas, TK; (iv) the ionized fraction xe; and (v) the
Lyα background intensity Jα .

Table 1. The DM models described in Section 2.

DM model Mass (GeV) 〈σv〉 (cm3 s−1) ε0 (eV s−1) δτ e Line style

W+W− 200 〈σv〉th = 3.0 × 10−26 5.35 × 10−25 1.53 × 10−3 Blue solid
W+W− 200 〈σv〉max = 1.2 × 10−24 2.14 × 10−23 6.09 × 10−2 Blue dashed

bb̄ 10 〈σv〉th = 3.0 × 10−26 1.07 × 10−23 1.80 × 10−2 Red solid
bb̄ 10 〈σv〉max = 1.0 × 10−25 3.57 × 10−23 5.76 × 10−2 Red dashed

µ+µ− 1000 〈σv〉th = 3.0 × 10−26 1.07 × 10−25 1.42 × 10−4 Green solid
µ+µ− 1000 〈σv〉max = 1.4 × 10−23 4.99 × 10−23 6.18 × 10−2 Green dashed
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While we know the average evolution of nH and TCMB we have
to determine the others as a function of redshift. The equations
that describe the average evolution of the ionized fraction xe and
of the kinetic temperature TK are the following (see e.g. Chen &
Kamionkowski 2004; Mesinger et al. 2011):

dxe

dz
= dt

dz

[
!ion − αBx2

e nbfH
]
,

dTK

dz
= 2TK

1 + z
+ 2

3kB(1 + fHe + xe)
dt

dz

∑

p

εp, (7)

where nb = nb, 0(1 + z)3 is the mean baryon number density, εp(z)
is the heating rate per baryon for each process p in erg s−1, !ion

is the ionization rate per baryon, αB is the case-B recombination
coefficient, kB is the Boltzmann constant and fHe is the helium
fraction by mass.

The term !ion includes both the contribution from galaxies and
the term that accounts for DM annihilations. Similarly we have that
εp(z) = εCMB(z) + εX(z) + εDM(z) is the sum of three contributions:
(i) εCMB(z) is Compton heating from CMB photons; (ii) εX(z) is
heating from astrophysical sources, which we take to be dominated
by X-rays; (iii) εDM(z) is DM heating. Notice that when including
DM in the terms !ion and εp(z) we use the specific fractional energy
depositions fh(xe, z), fion(xe, z) from Evoli et al. (2012b).

The last equation needed to compute the 21 cm background is the
one describing the evolution of the Lyα background intensity Jα :

Jα = Jα,R + Jα,C + Jα,∗ + Jα,X + Jα,DM, (8)

where the contributions on the RHS correspond to recombinations,
collisional excitations by electron impacts, direct stellar emission,
X-ray excitation of H I and DM annihilations (respectively) (see e.g.
Madau, Meiksin & Rees 1997; Valdés et al. 2007; Mesinger et al.
2011). The coupling coefficient, xα , is proportional to the Lyman α

background flux, Jα (e.g. Furlanetto et al. 2006a).
In general, if we neglect the energy input from DM, we expect

TK and TS to track TCMB down to z ∼ 300, when TK decouples from
TCMB and starts decreasing adiabatically as the Universe expands. TS

is then coupled to TK due to the high gas density and the consequent
strong collisional coupling. At z ∼ 70 TS gradually couples to TCMB

until, at z ∼ 30 becoming virtually identical to it. It is believed,
however, that at around this redshift the first collapsed luminous
sources would ignite. Radiation produced by the first galaxies starts
to ionize and heat the gas: on a short time-scale, at a redshift zWF ∼
25–30, the Lyα pumping effectively couples TS to TK, and only
later, at zheat ∼ 18–22, heating from galaxies drives TK to values
higher than TCMB, making the neutral regions in the IGM visible
in emission. Therefore a second absorption feature is expected at
zheat ! z ! zWF (see e.g. Furlanetto et al. 2006a; Pritchard & Loeb
2008). We can divide the global evolution of δTb in six main phases:

(i) δTb = 0 for z " 300;
(ii) δTb < 0 for 30 ! z ! 300: this extended absorption feature

has a minimum of ∼45 mK at z ∼ 90;
(iii) δTb ∼ 0 for zWF ! z ! 30;
(iv) δTb < 0 at zheat ! z ! zWF, a second absorption feature

less extended in redshift than the previous one but deeper, with
δTb, min ∼ −150 mK;

(v) δTb > 0, i.e. in emission, due to heating by galaxies at z !
zheat down to the EoR at z = zEoR ∼ 6–8;

(vi) δTb ∼ 0 for 0 ! z ! zEoR, where we still have a signal only
from self-shielded systems.

Introducing the effects of DM annihilations in the standard sce-
nario described above can produce deviations on δTb: in particular
the second absorption feature can be strongly modified by energy
release by DM annihilations, at a redshift range 15 ! z ! 25 that
will be probed by the next generation of radio observatories such as
LEDA and SKA.

3.4 Radiation from astrophysical sources

To compute the astrophysical contribution to !ion, εp and Jα , we use
the publicly available code, 21 CMFAST.8 This code uses a combina-
tion of perturbation theory and excursion-set formalism to compute
various cosmic fields, and is in good agreement with radiative trans-
fer simulations of reionization (e.g. Mesinger & Furlanetto 2007;
Mesinger et al. 2011; Zahn et al. 2011). The code is fully described
in Mesinger et al. (2011), to which we refer the interested reader
for more details. Here, we briefly note that the code takes into
account inhomogeneous X-ray ionization and heating, as well as
Lyα pumping from the first UV sources, integrating the evolution
of cosmic structures and radiation fields along the light cone. Al-
though 21 CMFAST computes 3D realizations, in this work we only
study the global 21 cm signal, deferring the analysis of the spatial
structure to future work.

The simulation boxes are 750 Mpc on a side, with a final resolu-
tion of 5003. The initial conditions are sampled on a 15003 grid. In
Fig. 3 are presented the 1-cell thick (1.5 Mpc deep) slices through
the H I 21 cm brightness temperature maps for two models with
different prescriptions for the galaxy properties (Mesinger et al.
2012a). The top panel corresponds to a ‘fiducial’9 model, in which
the X-ray luminosity of primordial galaxies is the same as that ob-
served in nearby starburst galaxies (e.g. Furlanetto 2006 and refer-
ences therein). The lower panel corresponds to an ‘extreme’ model
in which primordial galaxies, albeit rarer and appearing later, were
much more efficient in generating hard X-rays. The later scenario
is inspired by recent theoretical (e.g. Linden, Profumo & Anderson
2010; Mirabel et al. 2011) and observational (Reichardt et al. 2011;
Mesinger, McQuinn & Spergel 2012b) claims. More specifically,
these two models have the following characteristics.

(i) Fiducial (top panel). Galaxies hosting UV and X-ray sources
reside in atomically cooled haloes with virial temperatures Tvir >

104 K (corresponding to halo masses of Mhalo > 3 × 107 M% at z ≈
20). Lyα pumping (i.e. spin temperature coupling) is dominated by
early UV sources, assuming PopII stellar spectra (e.g. Barkana &
Loeb 2005) and a 10 per cent efficiency of conversion of gas into
stars. The X-ray luminosity of galaxies follows a hν−1.5 power-
law shape with a lower limit of hν0 = 300 eV (e.g. Madau et al.
2004), and an X-ray efficiency corresponding to ∼2 X-ray photons
per stellar baryon. Similar models, inspired by lower-redshift X-ray
binary-dominated starburst galaxies, have been explored in prior
analytic studies (e.g. Furlanetto 2006; Pritchard & Furlanetto 2007).

8 http://homepage.sns.it/mesinger/Sim.html
9 Notice that our ‘fiducial’ model does not exactly correspond to the

fiducial model in Mesinger et al. (2012a) (consistent with the recent
measurement of the 0.5–8 keV X-ray luminosity of star-forming galaxies
from Mineo, Gilfanov & Sunyaev 2012), but instead corresponds to their
T1e4_fuv1_fx5_1keV model (based on an extrapolation of the 2–10 keV
data from Gilfanov, Grimm & Sunyaev 2004). This model represents a more
conservative choice since the astrophysical heating is four times higher, thus
making the DM annihilation signal less apparent.
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peculiar velocity. In the second line, we have substituted the velocity H(z)/(1 + z) appropriate for the uniform Hubble
expansion at high redshifts.

The two applications of Eq. (10) that will be most important here are:
1. The contrast between high-redshift hydrogen clouds and the CMB. Many of the observational strategies for the

21 cm line involve comparison of lines of sight through a cloud6 to (sometimes hypothetical) sightlines with clear
views of the CMB. Thus we hope to measure

!Tb(") = TS − T#(z)

1 + z
(1 − e−$"0 ) ≈ TS − T#(z)

1 + z
$"0 (17)

≈ 9xHI(1 + !)(1 + z)1/2
[

1 − T#(z)

TS

] [
H(z)/(1 + z)

dv‖/dr‖

]
mK. (18)

Note that !Tb saturates if TS?T#, but it can become arbitrarily large (and negative) if TS>T#. The observability of the
21 cm transition therefore hinges on the spin temperature; we will describe below the mechanisms that drive TS either
above or below T#(z), which dictate whether the 21 cm signal will appear in emission, absorption, or not at all.

2. Absorption against high redshift radio sources (Section 10). The brightness temperatures of nonthermal radio
continuum sources (Tsrc ≈ 106.1010 K) far exceed TS and T#, so the flux density received from the direction of a high
redshift radio source is S" ≈ Ssrc exp(−$"). High-redshift radio-loud quasars or radio galaxies would make superb
probes of cloud structure in the neutral or partially reionized IGM through their absorption line spectra.

Three competing processes determine TS : (1) absorption of CMB photons (as well as stimulated emission); (2)
collisions with other hydrogen atoms, free electrons, and protons; and (3) scattering of UV photons. We let C10 and P10
be the de-excitation rates (per atom) from collisions and UV scattering, respectively; they will be examined in detail
in the following sections. We also let C01 and P01 be the corresponding excitation rates. The spin temperature is then
determined in equilibrium by7

n1(C10 + P10 + A10 + B10ICMB) = n0(C01 + P01 + B01ICMB), (19)

where B01 and B10 are the appropriate Einstein coefficients and ICMB is the energy flux of CMB photons. With the
Rayleigh–Jeans approximation, Eq. (19) can be rewritten as [67]

T −1
S =

T −1
# + xcT

−1
K + x%T

−1
c

1 + xc + x%
, (20)

where xc and x% are coupling coefficients for collisions and UV scattering, respectively, and TK is the gas kinetic
temperature. Here we have used detailed balance through the relation

C01

C10
= g1

g0
e−T!/TK ≈ 3

(
1 − T!

TK

)
. (21)

We have then defined the effective color temperature of the UV radiation field Tc via

P01

P10
≡ 3

(
1 − T!

Tc

)
. (22)

The goal of the next two sections will be to calculate xc, x%, and Tc. In the limit in which Tc → TK (a reasonable
approximation in most situations of interest, as we will see in Section 2.3), Eq. (20) may be written as

1 − T#

TS
= xc + x%

1 + xc + x%

(
1 − T#

TK

)
. (23)

6 Here we use “cloud” to refer to any patch of the IGM; it need not be physically distinct from the surrounding gas.
7 Note that the relevant time scales are all much shorter than the expansion time, so equilibrium is an excellent approximation.

xα ∝Jα

where Jα is the Lya flux
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Effects on differential brightness temperature

[Valdes et al 1209.2120]
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Figure 4. TS, Tk (thin black solid line) and TCMB (black short-dashed
line) as a function of redshift. The coloured TS curves show the modified
behaviour due to DM annihilations following the colour scheme given in
Table 1. The solid thick black line is the standard TS without DM energy
input. The top and bottom panels represent the calculations done for the
fiducial and extreme models, respectively. The box on the lower right corner
in each panel shows the behaviour of TS for the considered DM candidates
without including radiation from luminous sources.

4.1 10 GeV Bino

The lightest considered DM candidate, the 10 GeV Bino, produces
the largest signature in the ‘fiducial’ model (top panel of Fig. 5),
both when assuming a standard thermal cross-section 〈σv〉th = 3 ×
10−26 cm3 s−1 (solid red curves in Fig. 5) and when taking into
account the maximum cross-section allowed by CMB data, in this
case 〈σv〉max = 1.0 × 10−25 cm3 s−1 (dashed red curves). In the
first case the signal is δTb ∼ 4–10 mK on a redshift range 45 !
z ! 300, with a peak of ∼10 mK at z ∼ 100, and is much more
substantial for the second absorption feature at 16 ! z ! 30, with
a deviation with respect to the standard case in which DM does not
annihilate (which we denote hereafter as δTb, 0) of #Tb, DM ≡ |δTb −
δTb, 0| ∼ 100 mK, a large signal at frequencies ν ∼ 80 MHz. The
effect is enhanced essentially by a factor of 2 for the higher allowed
annihilation cross-section and reaches values of #Tb, DM ∼ 20 mK at
45 ! z ! 300, while the second absorption feature at lower redshift is
essentially erased, with the IGM appearing in even emission already
by z ! 25. These very large signals, both for 〈σv〉max and for 〈σv〉th,
could be detected by future radio observations (see Section 4.5). In
the ‘extreme’ model case (bottom panel) the DM signature before
the first astrophysical sources turn on (z ∼ 45 − 300) is obviously
identical to the ‘fiducial’ model case. The second absorption feature

Figure 5. δTb as a function of redshift for all the considered DM models.
The standard case with no energy input from DM annihilations is represented
with the thick black line. The coloured lines follow the scheme given in
Table 1. The top and bottom panels represent the calculations done for the
fiducial and extreme models, respectively. The red dotted curve in the upper
panel corresponds to the thermal Bino model, but ignoring the X-rays from
astrophysical sources (i.e. assuming astrophysical sources of X-rays ignited
at later times). Notice that some of the curves relative to the DM models are
below the black curves at z = 30–40. This is due to the term Jα,DM, i.e. the
extra Lyα coupling from the DM annihilations.

Table 2. DM signal for the considered DM models.

Mass (GeV) 〈σv〉 Model Peak #Tb, DM (mK)

200 〈σv〉th Fiducial 15 mK at z ∼ 23
200 〈σv〉max Fiducial 160 mK at z ∼ 23
200 〈σv〉th Extreme 5 mK at z ∼ 21
200 〈σv〉max Extreme 45 mK at z ∼ 21
10 〈σv〉th Fiducial 100 mK at z ∼ 23
10 〈σv〉max Fiducial 160 mK at z ∼ 23
10 〈σv〉th Extreme 30 mK at z ∼ 21
10 〈σv〉max Extreme 45 mK at z ∼ 21

1000 〈σv〉th Fiducial 2 mK at z ∼ 23
1000 〈σv〉max Fiducial 65 mK at z ∼ 23
1000 〈σv〉th Extreme 0.5 mK at z ∼ 21
1000 〈σv〉max Extreme 25 mK at z ∼ 21

instead changes substantially and is both shallower, with a minimum
value of δTb ∼−60 mK at z ∼ 21, and narrower in redshift at z ∼ 18–
25. This reflects on the DM signal: when assuming 〈σv〉th (〈σv〉max),
#Tb, DM ∼ 30 (45) mK at z ∼ 21.
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Due to additional heating from DM annihilation, Ts is driven to 
closer to Tcmb, which reduces the absorption features.
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Using the EDGES result to constrain DM properties (not explaining the 
absorption signal)

[Clark et al. 1803.09390]

Due to the energy injection from decay (annihilation) of DM, the gas is heated.

Constraints on life-time (decay rate) of DM.
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FIG. 2. Dark matter decay (left) and primordial black hole evaporation (right) e↵ects lead to higher T21 in the reionization
epoch. Here dark matter mass has 100 GeV mass and decays into an e+e� final state. The black mass is assumed to 1016 g.

overcome the radiation pressure and makes over-density growth possible, leading to a characteristic PBH size. In
matter dominated phases, however, PBH formation can be a lot more complicated. The lack of radiation pressure
allows for black hole formation over a wide range of mass, and the mass profile can depend on the geometric symmetry
of density fluctuations [36, 37]. For a review of PBH formation and relevant constraints, see Ref. [38, 39]. Also see
Ref. [40–42] for recent studies of PBH formation under nonthermal conditions.

Relevant PBHs for post-recombination energy injection need to be long-lived such that its evaporation time scale
is longer than the age of Universe. PBHs with MBH > 1015g can survive to today, and the PBH in the mass range
1015 � 1017g are subject to indirect searches of extragalactic cosmic rays [43] and CMB damping constraint [23].

A black hole of mass MBH gives away its mass at the Hawking radiation rate [12],

ṀBH = �5.34⇥ 1025
 
X

i

�i

!
M�2

BH
g3s�1, (15)

where the coe�cients �i is the fraction of evaporation power and sums over all particle degrees of freedom that
are lighter in mass than the BH’s temperature TBH = (8⇡GMBH)�1. Here we use the Greek letter � to avoid
confusion with the e↵ective absorption coe�cient fi. The relevant emission are photons and electrons as they can
interact with the intergalactic medium. Other emission species, like neutrinos, do not deposit their energy into the
intergalactic medium in an e�cient manner. For each particle degree of freedom in photons and electrons, ��

1
= 0.06

and �e
±

1/2
= 0.142 [44]. Note these � values are normalized to the emission of a 1017g black hole. The PBH injection

also scales as (1 + z)3 and depends on the abundance of black holes,

dE

dV dt
=

X

i=�,e±

�i ·
ṀBH

MBH

⇢c,0⌦BH(1 + z)3, (16)

where ṀBH/MBH / M�3

BH
is a mass loss rate. For MBH � 1015g, MBH can be consider within the age of the

Universe. Comparing with Eq. 2, PBH’s injection rate has the same redshift dependence as that in the dark matter
decay scenario. The treatment of interaction of photon and electrons with the intergalactic medium follows the same
procedure as discussed in the previous subsection. The impact on T21 is shown in the right panel of Fig. 2 for a 1016g
mass PBH with a few sample abundance between 10�5 and 10�4 of the Universe’s matter density.

III. CONSTRAINTS FROM 21CM

By requiring the T21 correction to its standard astrophysical value at z ' 17 to be less than 100 and 150 mK,
namely T21(z = 17) < �100 and �50 mK respectively, we obtain strong constraints on the lifetime of decaying dark
matter, and the maximally allowed abundance of primordial black holes.

Fig. 3 illustrates the constraint on the decay lifetime ⌧DM for DM mass from MeV up to 100 TeV. The constraint
assumes generic two-body decay channels. The DM! e+e� channel is the most stringently constrained due to its
highest fraction of electrons in the final state. µ+µ� and bb̄ final states are also plotted, which have lower f(E, z)
in comparison. µ+µ�, bb̄ are also much smoother than e+e� due to the wide spectra of stable final particles which

- (example) Decaying dark matter
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II. ENERGY INJECTION EFFECTS

Decaying dark matter particles with a lifetime much longer than the age of the Universe can be a steady source of
the Standard Model (SM) particles. The stable particles from such injection, the photons, electron/positron and to
a generally low fraction of (anti)protons can collide with and deposit energy to the intergalactic medium. The main
e↵ects from such energy deposition include enhanced ionization of the hydrogen, leading to corrections in xe, xHI ,
and higher gas temperature TG, especially at low redshift as the energy injection can build up over time. A higher
ionization fraction xe leads to earlier reionization and more damping in the CMB’s temperature and polarization
correlation spectra, see Ref. [20–23] for recent studies with the Planck data. For 21cm measurements, both the
corrections to xe and TG can a↵ect T21, especially at a time when TS re-coupled to TG. A reasonable choice is at
the central redshift z ' 17 where EDGES detected absorption signals. By requiring the heating from new physics
raises the radiation temperature by �T21 no more than 100 or 150 mK, this limit corresponds to a less than half
or 3/4 suppression of the standard astrophysical T21 = �200 mK absorption strength. In standard astrophysics this
temperature rise can wipe out or greatly suppress the 21cm absorption signal. It is also larger than EDGES’s T21 1�
up-fluctuation uncertainty (+200 mK by 99% credence level [1]).

A. Decaying dark matter

The decay of dark matter is insensitive to the small-scale matter density distribution and gives a steady energy
injection rate,

dE

dV dt
= �DM · ⇢c,0⌦DM(1 + z)3, (2)

where � is the dark matter decay width, ⇢c,0 is the current critical density of the Universe. In comparison to the
(1 + z)6 redshift dependence in the DM annihilation case, the injection rate from DM decay drops much slower than
that in annihilation, and can be more significant at lower z.

The photons and electrons are injected at high energy that can typically reach up to O(10�1)MDM. They gradually
lose energy by interacting [24–26] with the intergalactic medium via ionization, Lyman-↵ excitations, gas temperature
heating, as well as scattering o↵ the background continuum photons that is studied in Ref. [27] as another explanation
of the EDGES data with a heated photon radiation background. Being relativistic, these particles may take a long time
to deposit all their energy into the environment. Each energy deposition channel’s rate will accumulate contribution
from all injection from earlier times.

The energy deposition introduces additional terms in the evolution of ionization fraction and the Hydrogen tem-
perature:

dxe

dz
=

dxe

dz

����
orig

�
1

(1 + z)H(z)
[IXi(z) + IX↵(z)], (3)

dTG

dz
=

dTG

dz

����
orig

�
2

3kB(1 + z)H(z)

Kh

1 + fHe + xe

. (4)

In the additional terms, fHe is the Helium fraction in the intergalactic medium, kB and H(z) are the usual Boltzmann
constant and the Hubble parameter. The IXi (IX↵) factors correspond to the energy deposition into ionization from
the Hydrogen ground (excited) states. Kh takes account of the heating of intergalactic gas. These factors relate to
energy injection rate by

IXi(z) =
fi(E, z)

HH(z)Ei

dE

dV dt
, (5)

IX↵(z) = (1� C)
f↵(E, z)

nH(z)E↵

dE

dV dt
, (6)

Kh(z) =
fh(E, z)

nH(z)

dE

dV dt
(7)

C =
1 +K⇤2s,1snH(1 + xe)

1 +K⇤2s,1snH(1� xe) +K�BnH(1� xe)
. (8)

nH is the Hydrogen number density, and Ei, E↵ are the electron energy levels at the ground and excited states of
the Hydrogen atom. ⇤2s,1s is the decay rate from the 2s to 1s energy level. �B is the e↵ective photoionization rate,

Decaying DM
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FIG. 3. 21cm lower-bounds on dark matter decay lifetime, and primordial black hole abundance. The DM decay panels assume
DM ! e+e� (top left), DM ! �� (top right), DM ! µ+µ� (bottom left) and DM ! bb̄ (bottom right) final states. Current
CMB damping constraints [20] from Planck (solid) and dwarf galaxy bounds [45] from Fermi-LAT (gray dashed) are also shown
for comparison.

results in most features of f averaging out. As lower energy injection requires less time to deposit its energy into the
intergalactic medium, f increases with lower MDM, as demonstrated in the shape of ⌧DM constraint. This leads to a
significant O(1027)s bound for sub-GeV dark matter lifetime that is complementary to gamma ray search limits [45, 46]
from Fermi-LAT data. The 21cm bound is also stronger than the CMB damping constraint from Planck [23] by more
than one order of magnitude. This indicates that the TS ' TG in the reionization epoch is also a very sensitive test
of energy injection. µ+µ� and bb̄ final states produce weaker bounds than gamma-ray measurements from Fermi-
LAT [45] for masses above 20 GeV. However, because e+e� produces fewer gamma-rays and has a higher f(E, z), it
is expected to be much more constraining than Fermi-LAT. The shape of the constraints is a direct result from the
e↵ective e�ciency maps discussed in Sec. II. Masses that occur near a peak absorption e�ciency have a corresponding
high constraint. The shifting of the peaks between Planck and 21cm results is due to the z dependence of the e↵ective
e�ciency. Dominant features present in the e�ciency map shift to higher DM and lower PBH masses at late redshift
and are observed in calculated maps [23, 26].

Also note the enhanced lifetime in the �� channel at injection below 0.1 MeV due to higher photon energy absorption
e�ciency. At ⇠KeV mass DM the lifetime bound is higher than 1027s. This bound is below the 1029s·(MDM/KeV) [47]
requirement for explaining the 3.5 KeV X-ray excess [48]. Testing this signal would need O(mK) T21 sensitivity at
future measurements.

For PBHs, the injection rate ṀBH/MBH / MBH
�3 quickly drops for higher BH masses. Also, for BH mass much

higher than 1016 g, the BH temperature drops below the electron mass, reducing the amount of electron injection and
the impact on the intergalactic medium’s temperature. Fig. 4 shows the 21cm-constrained maximal fraction of the
Universe’s dark matter in the form of primordial black holes. Comparing with CMB damping limit from Planck, the
21cm bound is stronger by one order of magnitude throughout the relevant mass range.

Decaying DM

By requiring the correction to Tb (=T21) less than -50 mK or -100 mK, 
one can obtain the constraint on the lifetime of decaying DM.

Similar analysis also applies for primordial black holes.

[Clark et al. 1803.09390]
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Effects of early dark energy on 21cm signal

The change of the expansion rate affects the timing of the decoupling

[Hill, Baxter 1803.07555]
[see also, Minoda, TT, Yamauchi, Yoshiura 2309.06762]

2

severely constrained by other observations [9, 10]. Al-

ternatively, models of excess photon production at high

redshift have been proposed, ranging from purely phe-

nomenological proposals [11] (see also Ref. [12] for a gen-

eral treatment of the e↵ects of photon injection at early

times) to physical models based on populations of ob-

scured black holes [13], soft photon emission from light

dark matter [14], or resonant oscillation of dark photons

into regular photons in the Rayleigh-Jeans tail of the

CMB [15].

Here, we consider an interpretation of the EDGES sig-

nal in terms of an unexpectedly low gas temperature at

the redshift corresponding to the onset of the observed

absorption feature.
1

This e↵ect can be achieved by push-

ing the time at which the gas and CMB temperatures de-

couple to earlier times than in the standard scenario (i.e.,

z & 150). In this case, the gas has su�cient time to cool

adiabatically by z ⇡ 20 to explain the amplitude of the

EDGES signal. In our model, the early decoupling oc-

curs as a result of “early dark energy” (EDE). We model

EDE as a contribution to the energy density that has

equation of state parameter w = �1 at high redshift, but

then decays into a component with w = 1 (i.e., the equa-

tion of state for a free scalar field) rapidly at some crit-

ical redshift, zc, in order to satisfy the range of existing

cosmological constraints. The EDE leads to an increase

in the Hubble parameter H(z) at early times compared

to its evolution in ⇤CDM, which leads to the Compton-

heating process between gas and photons falling out of

equilibrium at a higher redshift than it does in ⇤CDM.

EDE scenarios have attracted interest over the past

decade, from both phenomenological and fundamental-

physics perspectives (e.g., [16–20]). Phenomenological

interest has arisen due to hints of excess relativistic en-

ergy density in the pre-recombination Universe (which

have largely vanished in most recent CMB data analy-

ses) [17] and the possibility of explaining the current ten-

sion in inferences of the Hubble constant from CMB data

and low-redshift astronomical data [19]. From the fun-

damental physics standpoint, string axiverse models pre-

dict the existence of many light (pseudo)scalar fields [21],

some of which could give rise to periods of accelerated

expansion in earlier epochs of the Universe [22, 23]. It

is also possible that our vacuum decayed to its current

(small) value from a higher-energy metastable state, e.g.,

in the context of the string landscape (e.g., [24]). In this

paper, we adopt a purely phenomenological approach,

and assess whether an EDE scenario could potentially

explain the EDGES signal, while remaining consistent

with other cosmological constraints.

Unless stated otherwise, we assume cos-

mological parameter values from the Planck

2015 “TT+lowP+lensing” analysis, e.g., H0 =

1 We do not attempt to explain the shape of the absorption feature,
but rather only the large depth at its onset.

67.74 km/s/Mpc, ⌦m = 0.3075, and ⌦b = 0.0486 [25].

II. THERMAL HISTORY IN EARLY DARK
ENERGY MODELS

We adopt the phenomenological EDE model of

Ref. [19], which in turn was inspired by string axiverse

scenarios [23]. In this model, the EDE contribution to

the cosmological energy density is given by:

⇢ee(a) = ⇢c⌦ee

✓
1 + a

6

c

a6 + a6
c

◆
, (1)

where a is the scale factor of the Universe, ⇢c is the

critical density at z = 0, ⌦ee ⌘ ⇢ee(a = 1)/⇢c, and

ac ⌘ 1/(1 + zc) corresponds to the critical redshift at

which the EDE transitions from w = �1 to w = 1 be-

havior. The pressure of the EDE is given by:

pee(a) = ⇢ee(a)

✓
a
6 � a

6

c

a6 + a6
c

◆
. (2)

The EDE thus behaves as a cosmological constant (w =

�1) at z � zc and as a free scalar field (w = 1) at z ⌧ zc.

We treat zc and ⌦ee as free parameters in the following.

For simplicity, our calculations only include changes to

the background cosmology due to EDE, leaving out a full

treatment of cosmological perturbation theory in these

models (e.g., [26]). This approximation su�ces for the

observables considered below.

We compute the thermal history of the Universe using

the most recent version of Recfast [27–31]. We modify the

code to implement the e↵ects of EDE on the expansion

history, which then alters the thermal history via the

coupled di↵erential equations describing the temperature

and ionization evolution of the various components in the

Universe. Concretely, the gas temperature evolution is

given by (e.g., [28, 32]):

dTgas

dz
=

Tgas(z) � T�(z)

(1 + z)H(z)tC(z)
+

2Tgas(z)

(1 + z)
, (3)

where we assume the photon temperature T�(z) ⌘
TCMB(z) = 2.726(1 + z) K and the Compton-heating

timescale is

tC(z) =
3mec

8�TaRT 4
� (z)

✓
1 + fHe(z) + xe(z)

xe(z)

◆
. (4)

Here, me is the electron mass, c is the speed of light,

�T is the Thomson scattering cross-section, aR is the

radiation constant, fHe(z) is the fractional abundance of

helium by number, and xe(z) is the free electron fraction

normalized to the hydrogen number density. The gas

temperature decouples from the radiation temperature

when H ⇡ 1/tC , after which it cools adiabatically until

the first luminous sources form.

In order to explain the EDGES signal, the EDE must

significantly impact H(z) in the redshift window relevant

- Evolution equation of the gas temperature:
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severely constrained by other observations [9, 10]. Al-

ternatively, models of excess photon production at high

redshift have been proposed, ranging from purely phe-

nomenological proposals [11] (see also Ref. [12] for a gen-

eral treatment of the e↵ects of photon injection at early

times) to physical models based on populations of ob-

scured black holes [13], soft photon emission from light

dark matter [14], or resonant oscillation of dark photons

into regular photons in the Rayleigh-Jeans tail of the

CMB [15].

Here, we consider an interpretation of the EDGES sig-

nal in terms of an unexpectedly low gas temperature at

the redshift corresponding to the onset of the observed

absorption feature.
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ing the time at which the gas and CMB temperatures de-

couple to earlier times than in the standard scenario (i.e.,

z & 150). In this case, the gas has su�cient time to cool

adiabatically by z ⇡ 20 to explain the amplitude of the

EDGES signal. In our model, the early decoupling oc-

curs as a result of “early dark energy” (EDE). We model

EDE as a contribution to the energy density that has

equation of state parameter w = �1 at high redshift, but

then decays into a component with w = 1 (i.e., the equa-

tion of state for a free scalar field) rapidly at some crit-

ical redshift, zc, in order to satisfy the range of existing

cosmological constraints. The EDE leads to an increase

in the Hubble parameter H(z) at early times compared

to its evolution in ⇤CDM, which leads to the Compton-

heating process between gas and photons falling out of

equilibrium at a higher redshift than it does in ⇤CDM.

EDE scenarios have attracted interest over the past

decade, from both phenomenological and fundamental-

physics perspectives (e.g., [16–20]). Phenomenological

interest has arisen due to hints of excess relativistic en-

ergy density in the pre-recombination Universe (which

have largely vanished in most recent CMB data analy-

ses) [17] and the possibility of explaining the current ten-

sion in inferences of the Hubble constant from CMB data

and low-redshift astronomical data [19]. From the fun-

damental physics standpoint, string axiverse models pre-

dict the existence of many light (pseudo)scalar fields [21],

some of which could give rise to periods of accelerated

expansion in earlier epochs of the Universe [22, 23]. It

is also possible that our vacuum decayed to its current

(small) value from a higher-energy metastable state, e.g.,

in the context of the string landscape (e.g., [24]). In this

paper, we adopt a purely phenomenological approach,

and assess whether an EDE scenario could potentially

explain the EDGES signal, while remaining consistent

with other cosmological constraints.

Unless stated otherwise, we assume cos-

mological parameter values from the Planck

2015 “TT+lowP+lensing” analysis, e.g., H0 =

1 We do not attempt to explain the shape of the absorption feature,
but rather only the large depth at its onset.

67.74 km/s/Mpc, ⌦m = 0.3075, and ⌦b = 0.0486 [25].

II. THERMAL HISTORY IN EARLY DARK
ENERGY MODELS

We adopt the phenomenological EDE model of

Ref. [19], which in turn was inspired by string axiverse

scenarios [23]. In this model, the EDE contribution to

the cosmological energy density is given by:

⇢ee(a) = ⇢c⌦ee
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where a is the scale factor of the Universe, ⇢c is the

critical density at z = 0, ⌦ee ⌘ ⇢ee(a = 1)/⇢c, and

ac ⌘ 1/(1 + zc) corresponds to the critical redshift at

which the EDE transitions from w = �1 to w = 1 be-

havior. The pressure of the EDE is given by:
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The EDE thus behaves as a cosmological constant (w =

�1) at z � zc and as a free scalar field (w = 1) at z ⌧ zc.

We treat zc and ⌦ee as free parameters in the following.

For simplicity, our calculations only include changes to

the background cosmology due to EDE, leaving out a full

treatment of cosmological perturbation theory in these

models (e.g., [26]). This approximation su�ces for the

observables considered below.

We compute the thermal history of the Universe using

the most recent version of Recfast [27–31]. We modify the

code to implement the e↵ects of EDE on the expansion

history, which then alters the thermal history via the

coupled di↵erential equations describing the temperature

and ionization evolution of the various components in the

Universe. Concretely, the gas temperature evolution is

given by (e.g., [28, 32]):
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dz
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, (3)

where we assume the photon temperature T�(z) ⌘
TCMB(z) = 2.726(1 + z) K and the Compton-heating

timescale is

tC(z) =
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. (4)

Here, me is the electron mass, c is the speed of light,

�T is the Thomson scattering cross-section, aR is the

radiation constant, fHe(z) is the fractional abundance of

helium by number, and xe(z) is the free electron fraction

normalized to the hydrogen number density. The gas

temperature decouples from the radiation temperature

when H ⇡ 1/tC , after which it cools adiabatically until

the first luminous sources form.

In order to explain the EDGES signal, the EDE must

significantly impact H(z) in the redshift window relevant

- Compton heating time scale:

When H(t) ~ 1/ tc(t), the gas temperature decouples.

A faster expansion rate leads to an earlier 
decoupling.

The gas temperature gets cooler.
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Effects of early dark energy on 21cm signal

The 21cm global signal deviates from the  one.ΛCDM

(Due to the cooler matter temperature, the absorption signal gets deeper.) 
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Dark age consistency ratio as a probe of BSM
[Okamatsu, Minoda, TT, Yamauchi, Yoshiura 2309.06762]



21cm global signal during the dark ages

The dark age 21cm signal can be determined only from cosmology.

(After astrophysical objects have been formed, uncertainties from 
astrophysics obscure cosmological information.)

So far, no observation has been done for the 21cm during the dark ages due 
to the Earth’s ionosphere, radio frequency interference (RFI) and so on. 

However, to avoid those obstacles, telescopes on the moon/satellites around 
the moon are now being under serious consideration.

Therefore it is quite timely to consider the 21cm signal from the dark ages 
and investigate what aspects of BSM can be explored. 



21cm global signal during the dark ages

Evolutions of the temperatures during the dark ages
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21cm global signal during the dark ages

21cm global signal for the standard case (  model)ΛCDM

-50

-40

-30

-20

-10

 0

 100

T b
 [m

K
]

z

  
-5σ

-3σ

-σ
mean
σ

3σ

5σ

-50

-40

-30

-20

-10

 0

 100

T b
 [m

K
]

z

  
-5σ

-3σ

-σ
mean
σ

3σ

5σ

-50

-40

-30

-20

-10

 0

 100

T b
 [m

K
]

z

  
-5σ

-3σ

-σ
mean
σ

3σ

5σ

-50
-45
-40
-35
-30
-25
-20
-15
-10
-5
 0

 100

T b
 [m

K
]

z

<latexit sha1_base64="qBPGycdh6Knj0PQzz8oTGLvqMSE="></latexit>

⌦bh
2 varied

<latexit sha1_base64="H9LrZYbRYcyxMLvDmYaMxjrjaOQ="></latexit>

⌦ch
2 varied

<latexit sha1_base64="l0ISytOEhTylLSQOw2bYl0/Ccss="></latexit>

Yp varied

<latexit sha1_base64="3Dmhu26f3zFIpZ03Llwn++1TZU0="></latexit>

all varied

<latexit sha1_base64="3Dmhu26f3zFIpZ03Llwn++1TZU0="></latexit>

all varied
<latexit sha1_base64="3Dmhu26f3zFIpZ03Llwn++1TZU0="></latexit>

all varied

<latexit sha1_base64="3Dmhu26f3zFIpZ03Llwn++1TZU0="></latexit>

all varied

The shape of the signal depends on the cosmological parameters.

(Parameters are varied 
within 5σ limits from Planck)



“Shape” of the 21cm signal

The shape of the 21cm signal is almost unchanged even if the cosmological 
parameters are varied by rescaling with the factor of

The shape of the signal depends on the cosmological parameters.

(in the  model during the dark ages)ΛCDM
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From this expression one can see that we just need to
specify the following cosmological parameters to calcu-
late Tb in the standard ⇤-Cold-Dark-Matter (⇤CDM)
model): baryon density !b ⌘ ⌦bh

2, cold dark matter
density !m ⌘ ⌦ch

2, with ⌦i the energy density of i-th
component normalized by the critical energy density and
h the Hubble constant in units of 100 km/s/Mpc.

The evolution of the spin temperature can be given
by [45]

T
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k + x↵T
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k

1 + xc + x↵
, (4)

where Tk is the matter temperature and xc is the coeffi-
cient for atomic interactions, which is mainly determined
by HH collisions during the dark ages and depends on
the cosmological parameters as xc / !b(1 � Yp) since it
depends on the number density of the hydrogen. x↵ is
the coefficient for the Wouthuysen–Field effect [45, 46],
in which Lyman-↵ photons effectively induce the tran-
sition between the hyperfine states. Actually it can be
neglected during the dark ages in the standard ⇤CDM
case, although one needs to take it into account in some
cosmological scenarios beyond the ⇤CDM model. Notice
that Eq. (4) in the ⇤CDM model during the dark ages
gives,
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, (5)

and in the later stage of the dark ages (30 . z . 80),
xc ⌧ 1 is realized, and then one can find the the scaling
of the brightness temperature against the cosmological
parameters as
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1/2
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The scaling of !b and !m has also been noticed in [41].
Actually, by defining the following quantity
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and rescaling Tb as

T
sc

b (⌫; e✓,✓) = Tb(⌫;✓)
C(e✓)
C(✓)

, (8)

where ✓ = (!b,!m, Yp), one can obtain an almost iden-
tical brightness temperature. In Fig. 1, we show the
Tb with and without the rescaling according to Eq. (8),

where we varied the cosmological parameters in the range
of 5� bounds from Planck data [47] for !b and !m, and
that from Hsyu et al. [48] for Yp [49]. For calculations
of the brightness temperature, we used a modified ver-
sion of recfast [50–53]. As seen from the figure, the
rescaled Tb (red) have almost the identical shape, due
to the fact that Tb scales as Eq. (6) and the position of
the absorption trough remains unchanged even when the
cosmological parameters are varied. On the other hand,
Tb without the rescaling (blue) are widely distributed.

FIG. 1: Tb with (without) the rescaling of Eq. (8) is shown
in red (blue). Here we vary !b, !m and Yp within 5� ranges
from Planck !b = 0.02237 ± 0.00015,!c = 0.12 ± 0.0012 [47]
and Hsyu et al. Yp = 0.2436± 0.00395 [48].

To see more clearly that the shape of Tb as a function
of the frequency is cosmological-parameter independent
in the ⇤CDM model, in Fig. 2, we plot Tb(⌫) divided
by that at some reference frequency ⌫⇤ (red), which we
take ⌫⇤ = 30MHz for illustration purposes, with !b,
!m and Yp being varied within 5� ranges as done in
Fig. 1. For comparison, we also show Tb(⌫) just divided
by �20.3 mK (blue), which corresponds to the value of
Tb(⌫ = 30MHz) for the case assuming the mean values
for the cosmological parameters. As seen from the figure,
different cosmological parameters give almost identical
shapes for Tb(⌫), particularly for the frequency range of
20MHz < ⌫ < 50MHz, which corresponds to the later
stage of the dark ages 30 . z . 80.

Consistency ratio as a new observable— The above
arguments motivate us to consider the ratio of Tb at two
different frequencies, which should take an almost certain
definite value regardless of the cosmological parameters
and can be used as a consistency check of the model.

We define the ratio as

R⌫i/⌫j
⌘ Tb(⌫ = ⌫i [MHz])

Tb(⌫ = ⌫j [MHz])
, (9)

where ⌫i and ⌫j are two different frequencies, which we
call the “the dark-age consistency ratio” since this ratio
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2, cold dark matter
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where Tk is the matter temperature and xc is the coeffi-
cient for atomic interactions, which is mainly determined
by HH collisions during the dark ages and depends on
the cosmological parameters as xc / !b(1 � Yp) since it
depends on the number density of the hydrogen. x↵ is
the coefficient for the Wouthuysen–Field effect [45, 46],
in which Lyman-↵ photons effectively induce the tran-
sition between the hyperfine states. Actually it can be
neglected during the dark ages in the standard ⇤CDM
case, although one needs to take it into account in some
cosmological scenarios beyond the ⇤CDM model. Notice
that Eq. (4) in the ⇤CDM model during the dark ages
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where ✓ = (!b,!m, Yp), one can obtain an almost iden-
tical brightness temperature. In Fig. 1, we show the
Tb with and without the rescaling according to Eq. (8),

where we varied the cosmological parameters in the range
of 5� bounds from Planck data [47] for !b and !m, and
that from Hsyu et al. [48] for Yp [49]. For calculations
of the brightness temperature, we used a modified ver-
sion of recfast [50–53]. As seen from the figure, the
rescaled Tb (red) have almost the identical shape, due
to the fact that Tb scales as Eq. (6) and the position of
the absorption trough remains unchanged even when the
cosmological parameters are varied. On the other hand,
Tb without the rescaling (blue) are widely distributed.

FIG. 1: Tb with (without) the rescaling of Eq. (8) is shown
in red (blue). Here we vary !b, !m and Yp within 5� ranges
from Planck !b = 0.02237 ± 0.00015,!c = 0.12 ± 0.0012 [47]
and Hsyu et al. Yp = 0.2436± 0.00395 [48].

To see more clearly that the shape of Tb as a function
of the frequency is cosmological-parameter independent
in the ⇤CDM model, in Fig. 2, we plot Tb(⌫) divided
by that at some reference frequency ⌫⇤ (red), which we
take ⌫⇤ = 30MHz for illustration purposes, with !b,
!m and Yp being varied within 5� ranges as done in
Fig. 1. For comparison, we also show Tb(⌫) just divided
by �20.3 mK (blue), which corresponds to the value of
Tb(⌫ = 30MHz) for the case assuming the mean values
for the cosmological parameters. As seen from the figure,
different cosmological parameters give almost identical
shapes for Tb(⌫), particularly for the frequency range of
20MHz < ⌫ < 50MHz, which corresponds to the later
stage of the dark ages 30 . z . 80.

Consistency ratio as a new observable— The above
arguments motivate us to consider the ratio of Tb at two
different frequencies, which should take an almost certain
definite value regardless of the cosmological parameters
and can be used as a consistency check of the model.

We define the ratio as
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⌘ Tb(⌫ = ⌫i [MHz])

Tb(⌫ = ⌫j [MHz])
, (9)

where ⌫i and ⌫j are two different frequencies, which we
call the “the dark-age consistency ratio” since this ratio

-50

-40

-30

-20

-10

 0

 100

T b
 [m

K
]

z

rescaled

not rescaled
(cosmo. param. varied)

One can rewrite the temperature 
dependent parts as

2

⌧⌫ ⌧ 1, one obtains

Tb ' 85mK

✓
Ts � T�

Ts

◆⇣
!b

0.02237

⌘

⇥
✓
0.144

!m

◆1/2 ✓
1� Yp

1� 0.24

◆✓
1 + z

100

◆1/2

xHI .(3)

From this expression one can see that we just need to
specify the following cosmological parameters to calcu-
late Tb in the standard ⇤-Cold-Dark-Matter (⇤CDM)
model): baryon density !b ⌘ ⌦bh

2, cold dark matter
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2, with ⌦i the energy density of i-th
component normalized by the critical energy density and
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by [45]
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where Tk is the matter temperature and xc is the coeffi-
cient for atomic interactions, which is mainly determined
by HH collisions during the dark ages and depends on
the cosmological parameters as xc / !b(1 � Yp) since it
depends on the number density of the hydrogen. x↵ is
the coefficient for the Wouthuysen–Field effect [45, 46],
in which Lyman-↵ photons effectively induce the tran-
sition between the hyperfine states. Actually it can be
neglected during the dark ages in the standard ⇤CDM
case, although one needs to take it into account in some
cosmological scenarios beyond the ⇤CDM model. Notice
that Eq. (4) in the ⇤CDM model during the dark ages
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where ✓ = (!b,!m, Yp), one can obtain an almost iden-
tical brightness temperature. In Fig. 1, we show the
Tb with and without the rescaling according to Eq. (8),

where we varied the cosmological parameters in the range
of 5� bounds from Planck data [47] for !b and !m, and
that from Hsyu et al. [48] for Yp [49]. For calculations
of the brightness temperature, we used a modified ver-
sion of recfast [50–53]. As seen from the figure, the
rescaled Tb (red) have almost the identical shape, due
to the fact that Tb scales as Eq. (6) and the position of
the absorption trough remains unchanged even when the
cosmological parameters are varied. On the other hand,
Tb without the rescaling (blue) are widely distributed.

FIG. 1: Tb with (without) the rescaling of Eq. (8) is shown
in red (blue). Here we vary !b, !m and Yp within 5� ranges
from Planck !b = 0.02237 ± 0.00015,!c = 0.12 ± 0.0012 [47]
and Hsyu et al. Yp = 0.2436± 0.00395 [48].

To see more clearly that the shape of Tb as a function
of the frequency is cosmological-parameter independent
in the ⇤CDM model, in Fig. 2, we plot Tb(⌫) divided
by that at some reference frequency ⌫⇤ (red), which we
take ⌫⇤ = 30MHz for illustration purposes, with !b,
!m and Yp being varied within 5� ranges as done in
Fig. 1. For comparison, we also show Tb(⌫) just divided
by �20.3 mK (blue), which corresponds to the value of
Tb(⌫ = 30MHz) for the case assuming the mean values
for the cosmological parameters. As seen from the figure,
different cosmological parameters give almost identical
shapes for Tb(⌫), particularly for the frequency range of
20MHz < ⌫ < 50MHz, which corresponds to the later
stage of the dark ages 30 . z . 80.

Consistency ratio as a new observable— The above
arguments motivate us to consider the ratio of Tb at two
different frequencies, which should take an almost certain
definite value regardless of the cosmological parameters
and can be used as a consistency check of the model.

We define the ratio as
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specify the following cosmological parameters to calcu-
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where Tk is the matter temperature and xc is the coeffi-
cient for atomic interactions, which is mainly determined
by HH collisions during the dark ages and depends on
the cosmological parameters as xc / !b(1 � Yp) since it
depends on the number density of the hydrogen. x↵ is
the coefficient for the Wouthuysen–Field effect [45, 46],
in which Lyman-↵ photons effectively induce the tran-
sition between the hyperfine states. Actually it can be
neglected during the dark ages in the standard ⇤CDM
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where we varied the cosmological parameters in the range
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sion of recfast [50–53]. As seen from the figure, the
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the absorption trough remains unchanged even when the
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FIG. 1: Tb with (without) the rescaling of Eq. (8) is shown
in red (blue). Here we vary !b, !m and Yp within 5� ranges
from Planck !b = 0.02237 ± 0.00015,!c = 0.12 ± 0.0012 [47]
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To see more clearly that the shape of Tb as a function
of the frequency is cosmological-parameter independent
in the ⇤CDM model, in Fig. 2, we plot Tb(⌫) divided
by that at some reference frequency ⌫⇤ (red), which we
take ⌫⇤ = 30MHz for illustration purposes, with !b,
!m and Yp being varied within 5� ranges as done in
Fig. 1. For comparison, we also show Tb(⌫) just divided
by �20.3 mK (blue), which corresponds to the value of
Tb(⌫ = 30MHz) for the case assuming the mean values
for the cosmological parameters. As seen from the figure,
different cosmological parameters give almost identical
shapes for Tb(⌫), particularly for the frequency range of
20MHz < ⌫ < 50MHz, which corresponds to the later
stage of the dark ages 30 . z . 80.
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arguments motivate us to consider the ratio of Tb at two
different frequencies, which should take an almost certain
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and can be used as a consistency check of the model.
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where Tk is the matter temperature and xc is the coeffi-
cient for atomic interactions, which is mainly determined
by HH collisions during the dark ages and depends on
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depends on the number density of the hydrogen. x↵ is
the coefficient for the Wouthuysen–Field effect [45, 46],
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cosmological scenarios beyond the ⇤CDM model. Notice
that Eq. (4) in the ⇤CDM model during the dark ages
gives,

Ts � T�

Ts
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✓
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◆
, (5)

and in the later stage of the dark ages (30 . z . 80),
xc ⌧ 1 is realized, and then one can find the the scaling
of the brightness temperature against the cosmological
parameters as
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The scaling of !b and !m has also been noticed in [41].
Actually, by defining the following quantity
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, (7)

and rescaling Tb as

T
sc

b (⌫; e✓,✓) = Tb(⌫;✓)
C(e✓)
C(✓)

, (8)

where ✓ = (!b,!m, Yp), one can obtain an almost iden-
tical brightness temperature. In Fig. 1, we show the
Tb with and without the rescaling according to Eq. (8),

where we varied the cosmological parameters in the range
of 5� bounds from Planck data [47] for !b and !m, and
that from Hsyu et al. [48] for Yp [49]. For calculations
of the brightness temperature, we used a modified ver-
sion of recfast [50–53]. As seen from the figure, the
rescaled Tb (red) have almost the identical shape, due
to the fact that Tb scales as Eq. (6) and the position of
the absorption trough remains unchanged even when the
cosmological parameters are varied. On the other hand,
Tb without the rescaling (blue) are widely distributed.

FIG. 1: Tb with (without) the rescaling of Eq. (8) is shown
in red (blue). Here we vary !b, !m and Yp within 5� ranges
from Planck !b = 0.02237 ± 0.00015,!c = 0.12 ± 0.0012 [47]
and Hsyu et al. Yp = 0.2436± 0.00395 [48].

To see more clearly that the shape of Tb as a function
of the frequency is cosmological-parameter independent
in the ⇤CDM model, in Fig. 2, we plot Tb(⌫) divided
by that at some reference frequency ⌫⇤ (red), which we
take ⌫⇤ = 30MHz for illustration purposes, with !b,
!m and Yp being varied within 5� ranges as done in
Fig. 1. For comparison, we also show Tb(⌫) just divided
by �20.3 mK (blue), which corresponds to the value of
Tb(⌫ = 30MHz) for the case assuming the mean values
for the cosmological parameters. As seen from the figure,
different cosmological parameters give almost identical
shapes for Tb(⌫), particularly for the frequency range of
20MHz < ⌫ < 50MHz, which corresponds to the later
stage of the dark ages 30 . z . 80.

Consistency ratio as a new observable— The above
arguments motivate us to consider the ratio of Tb at two
different frequencies, which should take an almost certain
definite value regardless of the cosmological parameters
and can be used as a consistency check of the model.

We define the ratio as

R⌫i/⌫j
⌘ Tb(⌫ = ⌫i [MHz])

Tb(⌫ = ⌫j [MHz])
, (9)

where ⌫i and ⌫j are two different frequencies, which we
call the “the dark-age consistency ratio” since this ratio

Brightness temperature:
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Since the 21cm signal in the  model during the dark ages keeps its 
shape, the ratio of the amplitude between some frequency (redshift) is 
(almost) fixed.

ΛCDM

However, this ratio takes a different value in BSM models.
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From this expression one can see that we just need to
specify the following cosmological parameters to calcu-
late Tb in the standard ⇤-Cold-Dark-Matter (⇤CDM)
model): baryon density !b ⌘ ⌦bh

2, cold dark matter
density !m ⌘ ⌦ch

2, with ⌦i the energy density of i-th
component normalized by the critical energy density and
h the Hubble constant in units of 100 km/s/Mpc.
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by [45]
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where Tk is the matter temperature and xc is the coeffi-
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depends on the number density of the hydrogen. x↵ is
the coefficient for the Wouthuysen–Field effect [45, 46],
in which Lyman-↵ photons effectively induce the tran-
sition between the hyperfine states. Actually it can be
neglected during the dark ages in the standard ⇤CDM
case, although one needs to take it into account in some
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where ✓ = (!b,!m, Yp), one can obtain an almost iden-
tical brightness temperature. In Fig. 1, we show the
Tb with and without the rescaling according to Eq. (8),

where we varied the cosmological parameters in the range
of 5� bounds from Planck data [47] for !b and !m, and
that from Hsyu et al. [48] for Yp [49]. For calculations
of the brightness temperature, we used a modified ver-
sion of recfast [50–53]. As seen from the figure, the
rescaled Tb (red) have almost the identical shape, due
to the fact that Tb scales as Eq. (6) and the position of
the absorption trough remains unchanged even when the
cosmological parameters are varied. On the other hand,
Tb without the rescaling (blue) are widely distributed.

FIG. 1: Tb with (without) the rescaling of Eq. (8) is shown
in red (blue). Here we vary !b, !m and Yp within 5� ranges
from Planck !b = 0.02237 ± 0.00015,!c = 0.12 ± 0.0012 [47]
and Hsyu et al. Yp = 0.2436± 0.00395 [48].

To see more clearly that the shape of Tb as a function
of the frequency is cosmological-parameter independent
in the ⇤CDM model, in Fig. 2, we plot Tb(⌫) divided
by that at some reference frequency ⌫⇤ (red), which we
take ⌫⇤ = 30MHz for illustration purposes, with !b,
!m and Yp being varied within 5� ranges as done in
Fig. 1. For comparison, we also show Tb(⌫) just divided
by �20.3 mK (blue), which corresponds to the value of
Tb(⌫ = 30MHz) for the case assuming the mean values
for the cosmological parameters. As seen from the figure,
different cosmological parameters give almost identical
shapes for Tb(⌫), particularly for the frequency range of
20MHz < ⌫ < 50MHz, which corresponds to the later
stage of the dark ages 30 . z . 80.

Consistency ratio as a new observable— The above
arguments motivate us to consider the ratio of Tb at two
different frequencies, which should take an almost certain
definite value regardless of the cosmological parameters
and can be used as a consistency check of the model.

We define the ratio as

R⌫i/⌫j
⌘ Tb(⌫ = ⌫i [MHz])

Tb(⌫ = ⌫j [MHz])
, (9)

where ⌫i and ⌫j are two different frequencies, which we
call the “the dark-age consistency ratio” since this ratio

Dark age consistency ratio:
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FIG. 2: Plots of Tb(⌫)/Tb(⌫ = 30MHz) with !b, !m and
Yp being varied within 5� ranges (red). For comparison,
the case where Tb(⌫) is just normalized by a constant as
Tb(⌫)/(�20.3mK) is also depicted (blue).

⌫i R⌫i/30 Tb(⌫i) [mK]

40 0.3873± 0.0029 (0.76%) �7.923± 1.0107 (12.76%)
35 0.6401± 0.0016 (0.24%) �13.10± 1.7301 (13.20%)

25 1.4454± 0.0023 (0.16%) �29.59± 3.9133 (13.23%)

20 1.8487± 0.0126 (0.68%) �37.82± 4.8074 (12.71%)

TABLE I: Ratio R⌫i/30 for several cases of ⌫i in the ⇤CDM
model. The uncertainty refers to the variation when the cos-
mological parameters (⌦bh

2,⌦mh2, Yp) are varied within the
5� range. For comparison, the range of Tb for the 5� variation
of the cosmological parameters are also tabulated.

would remain to take the same value in the ⇤CDM model
to a high accuracy (although it is not exact) even when we
vary the cosmological parameters, particularly for ⌫i and
⌫j being taken in the range of 20MHz < ⌫ < 50MHz.
In Table I, we show the ratios for several values of ⌫i

with the reference frequency ⌫j = 30MHz. As one can
see from the table, the dark-age consistency ratios in the
⇤CDM model are determined better than one percent
accuracy regardless of the values of the cosmological pa-
rameters. Therefore if some observation indicates a devi-
ation of R⌫i/⌫j

from the prediction of the ⇤CDM model,
it suggests a model beyond the standard one. In partic-
ular, the consistency ratio proposed here would be very
useful, even in the early stage of lunar missions men-
tioned in the introduction where the data of some limited
frequency bands may be available. Even in such a case,
the consistency ratio just needs measurements of Tb at
just two separate frequency bands. Detailed discussion
on expected constraints on the consistency ratio in future
missions will be given in a separate work [54].

Testing cosmology with the consistency ratio — The
consistency ratio defined in Eq. (9) should be useful to
probe cosmological models since, as discussed above, it
takes a definite constant value to a high accuracy during
the dark ages in the ⇤CDM model as shown in Table I.
A possible deviation from the ⇤CDM value can arise by
violating (one or more) following assumptions during the
dark ages:

(i) The Universe is matter-dominated.

(ii) Lyman-↵ sources are negligible.

(iii) Matter and photons are coupled via the Compton
scattering.

(iv) Radiation field is determined by CMB.

An example of the violation of (i) is the so-called early
dark energy (EDE) scenario where a component behaving
like dark energy exists in some early times much before
the current accelerating Universe. EDE has been attract-
ing attention in several occasions such as a possible solu-
tion to the Hubble tension [55, 56] (for the current status
of the tension, see, e.g., [57, 58]). EDE may also be able
to address the so-called Helium anomaly [59] where the
primordial Helium abundance measured by EMPRESS
[60] may suggest a non-standard cosmological scenario.
Actually EDE has also been considered to explain the
EDGES signal [61], in which EDE can become a non-
negligible component, or even a dominant one during the
dark ages. To describe the energy density of EDE, we can
consider the following functional form adopted in [61]:

⇢EDE = CEDE

1 + a
p
c

ap + a
p
c
, (10)

where ac is the scale factor at which the behavior of
the EDE energy density changes from ⇢EDE = const. to
⇢EDE / a

�p. CEDE can be fixed by giving the fraction of
EDE at ac which is defined as

fEDE =
⇢EDE(z)

⇢tot(z)

����
z=zc

=
⇢EDE(zc)

⇢r,m,⇤(zc) + ⇢EDE(zc)
, (11)

where ⇢r,m,⇤(z) is the sum of energy densities of radia-
tion, matter and the cosmological constant. In Fig. 3,
we show Tb in the EDE model with (fEDE, zc, p) =

(0.8, 150, 6) and (0.8, 300, 4) as examples.
The assumptions (ii) and/or (iii) can be violated, for

instance, in models where dark matter (DM) annihilates
or decays since DM annihilation/decay can produce pho-
tons in the energy range of Lyman-↵ and give an ex-
tra heating source for the gas temperature Tk. Indeed
there have been many works regarding the effects of DM
annihilation/decay on the 21cm signal, in particular see
[25–27] for its implications for the 21cm signal during
the dark ages. In Fig. 3, we show Tb in models with light
DM decay for the mass of 3MeV and 10MeV for illustra-
tion which are calculated in the same manner as in [26].
The details of the calculations and cases with some other
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Dark age consistency ratio deviates from the  value when one (or 
more) of the following conditions are broken:

ΛCDM

(i) The Universe is matter dominated.

(ii) Lyman α sources are negligible.

(iii) Matter and photons are coupled via the Compton scattering.

(iv) Radiation field is determined by CMB.

ex) Change of the expansion rate
(e.g., Early Dark Energy)

ex) DM annihilation/decay

ex) DM annihilation/decay, 
baryon-DM interaction

ex) Extra radio emission 
(from the decay of some 
exotic particles)



Dark age consistency ratio as a probe of BSM

Dark age consistency ratio can be used as a diagnostics of models beyond 
the standard .ΛCDM



Summary

Various aspects of cosmology and astrophysics can be probed 
by the signal of 21cm line.

A lot of observations are going on/planned/proposed.

21cm cosmology will bring a lot of insight into cosmology 
and astrophysics. 

Dark age consistency ratio is a new observable to probe, 
especially, models beyond the standard .ΛCDM

(we mainly discussed the 21cm signal as a probe of BSM.)

(including those for the dark ages)


