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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 cosmology … 

21cm line can probe dark ages (which cannot be probed 
with other observations.)

21cm can probe 3D directions (can do tomography).

SKA will operate in 2020s and is expected to give us a lot 
of information.

(e.g., 21cm can probe fNL better than CMB, …)

[For review, see Furlanetto, Oh, Briggs astro-ph/0608032; Pritchard, Loeb 1109.6012 ]
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Radiative transfer equation
(describes the evolution of the intensity)

I�(0)

dI�

ds
= ���I� + j�

ds

Absorption coefficient
Emission coefficient

s  (Line of sight distance)

Rewriting this equation with the optical depth  

Radiative transfer equation:

d�� = ��dsoptical depth:

Source function



Radiative transfer equation

When Emission = Absorption

When                    is constant over the line of sight, 

Compared to 
w/ backlight:

:Absorption :Emission

assuming



Brightness temperature
Intensity is often represented by an “effective” temperature 
called “brightness temperature”

Definition:

Black body distribution

In Rayleigh-Jeans (low frequency) region, 



Brightness temperature

With Tb, the radiative transfer equation can be written as:

Temperature of the medium (from       )

Emission

Absorption

No signal

The evolution of T is very important.



Spin temperature
Number densities of the states (intergalactic medium: IGM) 
can be described by Boltzmann distribution.

n1

n0
� g1

g0
e�E10/kBTs = 3e�T�/Ts

(T� = E10/kB = 68 mK)

11S1/2

10S1/2

Spin temperature

=3

=1



A little wrap up…

Intensity is often represented by an “effective” temperature 
called “brightness temperature”

(brightness temperature ~ intensity)

The temperature of IGM (gas of neutral hydrogen) is called 
“the spin temperature.”

21cm signal (absorption, emission) depends on the spin 
temperature (relative to the CMB).



Optical depth

d�� = ��dsDefinition:
dI�

ds
= ���I� + j�

Absorption coefficient

To evaluate the intensity (brightness temperature), we 
need to know the explicit forms of absorption and 
emission coefficients.

The absorption and emission coefficients are determined 
by microscopic processes.



Einstein coefficients
Description of the 2 level system

1

0

Spontaneous emission

Probability:

(Einstein A coefficient)

Absorption 

1

0
Probability:
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Microscopic description 
of radiative transfer equation

emissionAbsorption 
Line profile function

(Unit: /time/area/sr)

(induced emission included here 
since it depends on      )

The absorption coefficient is determined as



Optical depth

[Einstein’s relation]

[Number density ratio]

After some calculations…

[Line profile]



Differential brightness temperature
(observed quantity)

=
Ts � T�(z)

1 + z
(1� e��� )� Ts � T�(z)

1 + z
��

ΔTb  depends on baryon density, neutral fraction 
and the spin temperature

Ts < T� Ts > T�: absorption : emission 



What determines the spin temperature?

Absorption (and spontaneous emission) of  CMB photon

Collisions ( HH, He and Hp )

Scattering of Lyα photons 
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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.

TK : Gas temperature

: Color temperature
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Tc

(After first astrophysical sources are switched on.)

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.

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.

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.

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
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where xc and x% are coupling coefficients for collisions and UV scattering, respectively, and TK is the gas kinetic
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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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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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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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Fig. 6. (a) IGM temperature evolution if only adiabatic cooling and Compton heating are involved. The spin temperature TS includes only collisional
coupling. (b) Differential brightness temperature against the CMB for TS shown in panel a.

where we have assumed that TK ∝ (1 + z) (i.e., coupling to the CMB is still strong). Freeze-out occurs when this is
of order unity; at later times x̄i remains roughly constant because the recombination time then exceeds the expansion
timescale. Numerical calculations with RECFAST yield x̄i =3.1×10−4 at z=200 (which is past freeze-out). Inserting
this into (63), we find

1
H(z)TK

dTK

dt
∼ 10−7

!bh2 (T"/TK − 1)(1 + z)5/2. (65)

Thus thermal decoupling occurs when

1 + zdec ≈ 150(!bh
2/0.023)2/5. (66)

Fig. 6a shows a more detailed calculation (from RECFAST). The dashed curve shows T" and the dotted curve TK .
We see that Compton heating begins to become inefficient at z ∼ 300 and is negligible by z ∼ 150. Past this point,
TK ∝ (1 + z)2, as expected for an adiabatically expanding non-relativistic gas.

We must next determine the spin temperature. Obviously x# = 0 during this epoch (barring any exotic processes
[162]). But at sufficiently high redshifts, the Universe was dense enough for collisions with neutral atoms to be efficient
in the mean density IGM. The effectiveness of collisional coupling can be computed exactly for any given temperature
history from the rate coefficients presented in Section 2.2. A convenient estimate of their importance is the critical
overdensity, $coll, at which xc = 1:

1 + $coll = 1.06
!
%10(88 K)

%10(TK)

"#
0.023
!bh2

$#
70

1 + z

$2

, (67)

where we have inserted the expected temperature at 1 + z = 70. Thus for redshifts z!70, TS → T"; by z ∼ 30 the IGM
essentially becomes invisible. It is worth emphasizing that %10 is extremely sensitive to TK in this regime (see Fig. 2).
If the universe is somehow heated above the fiducial value, the threshold density can remain modest: $coll ≈ 1 at z=40
if TK = 300 K. The solid line in Fig. 6a shows the spin temperature TS during the dark ages, and Fig. 6b shows the
corresponding brightness temperature. The signal peaks (in absorption) at z ∼ 80, where TK is small but collisional

Evolution of ΔTb

[Furlanetto, Oh, Briggs astro-ph/0608032 ]
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Fig. 6. (a) IGM temperature evolution if only adiabatic cooling and Compton heating are involved. The spin temperature TS includes only collisional
coupling. (b) Differential brightness temperature against the CMB for TS shown in panel a.
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coupling. (b) Differential brightness temperature against the CMB for TS shown in panel a.

where we have assumed that TK ∝ (1 + z) (i.e., coupling to the CMB is still strong). Freeze-out occurs when this is
of order unity; at later times x̄i remains roughly constant because the recombination time then exceeds the expansion
timescale. Numerical calculations with RECFAST yield x̄i =3.1×10−4 at z=200 (which is past freeze-out). Inserting
this into (63), we find
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Thus thermal decoupling occurs when
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Fig. 6a shows a more detailed calculation (from RECFAST). The dashed curve shows T" and the dotted curve TK .
We see that Compton heating begins to become inefficient at z ∼ 300 and is negligible by z ∼ 150. Past this point,
TK ∝ (1 + z)2, as expected for an adiabatically expanding non-relativistic gas.

We must next determine the spin temperature. Obviously x# = 0 during this epoch (barring any exotic processes
[162]). But at sufficiently high redshifts, the Universe was dense enough for collisions with neutral atoms to be efficient
in the mean density IGM. The effectiveness of collisional coupling can be computed exactly for any given temperature
history from the rate coefficients presented in Section 2.2. A convenient estimate of their importance is the critical
overdensity, $coll, at which xc = 1:
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where we have inserted the expected temperature at 1 + z = 70. Thus for redshifts z!70, TS → T"; by z ∼ 30 the IGM
essentially becomes invisible. It is worth emphasizing that %10 is extremely sensitive to TK in this regime (see Fig. 2).
If the universe is somehow heated above the fiducial value, the threshold density can remain modest: $coll ≈ 1 at z=40
if TK = 300 K. The solid line in Fig. 6a shows the spin temperature TS during the dark ages, and Fig. 6b shows the
corresponding brightness temperature. The signal peaks (in absorption) at z ∼ 80, where TK is small but collisional
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Fig. 6. (a) IGM temperature evolution if only adiabatic cooling and Compton heating are involved. The spin temperature TS includes only collisional
coupling. (b) Differential brightness temperature against the CMB for TS shown in panel a.
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where we have inserted the expected temperature at 1 + z = 70. Thus for redshifts z!70, TS → T"; by z ∼ 30 the IGM
essentially becomes invisible. It is worth emphasizing that %10 is extremely sensitive to TK in this regime (see Fig. 2).
If the universe is somehow heated above the fiducial value, the threshold density can remain modest: $coll ≈ 1 at z=40
if TK = 300 K. The solid line in Fig. 6a shows the spin temperature TS during the dark ages, and Fig. 6b shows the
corresponding brightness temperature. The signal peaks (in absorption) at z ∼ 80, where TK is small but collisional
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coupling. (b) Differential brightness temperature against the CMB for TS shown in panel a.
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Fig. 6a shows a more detailed calculation (from RECFAST). The dashed curve shows T" and the dotted curve TK .
We see that Compton heating begins to become inefficient at z ∼ 300 and is negligible by z ∼ 150. Past this point,
TK ∝ (1 + z)2, as expected for an adiabatically expanding non-relativistic gas.

We must next determine the spin temperature. Obviously x# = 0 during this epoch (barring any exotic processes
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where we have inserted the expected temperature at 1 + z = 70. Thus for redshifts z!70, TS → T"; by z ∼ 30 the IGM
essentially becomes invisible. It is worth emphasizing that %10 is extremely sensitive to TK in this regime (see Fig. 2).
If the universe is somehow heated above the fiducial value, the threshold density can remain modest: $coll ≈ 1 at z=40
if TK = 300 K. The solid line in Fig. 6a shows the spin temperature TS during the dark ages, and Fig. 6b shows the
corresponding brightness temperature. The signal peaks (in absorption) at z ∼ 80, where TK is small but collisional
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Fig. 6. (a) IGM temperature evolution if only adiabatic cooling and Compton heating are involved. The spin temperature TS includes only collisional
coupling. (b) Differential brightness temperature against the CMB for TS shown in panel a.
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Fig. 6a shows a more detailed calculation (from RECFAST). The dashed curve shows T" and the dotted curve TK .
We see that Compton heating begins to become inefficient at z ∼ 300 and is negligible by z ∼ 150. Past this point,
TK ∝ (1 + z)2, as expected for an adiabatically expanding non-relativistic gas.

We must next determine the spin temperature. Obviously x# = 0 during this epoch (barring any exotic processes
[162]). But at sufficiently high redshifts, the Universe was dense enough for collisions with neutral atoms to be efficient
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where we have inserted the expected temperature at 1 + z = 70. Thus for redshifts z!70, TS → T"; by z ∼ 30 the IGM
essentially becomes invisible. It is worth emphasizing that %10 is extremely sensitive to TK in this regime (see Fig. 2).
If the universe is somehow heated above the fiducial value, the threshold density can remain modest: $coll ≈ 1 at z=40
if TK = 300 K. The solid line in Fig. 6a shows the spin temperature TS during the dark ages, and Fig. 6b shows the
corresponding brightness temperature. The signal peaks (in absorption) at z ∼ 80, where TK is small but collisional
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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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Dark Matter annihilation effect 
on 21cm signal

Dark matter annihilation deposits energy into IGM.

[Valdes et al 2013]

The nature of DM from the global 21 cm signal 1711

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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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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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).
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Effects of warm DM
[Sitwell et al 2014]

Non-negligible velocity by WDM 
suppresses the formation of low-
mass halos.

The star formation is delayed.

The change in the early sources 
affects the 21 cm signal.
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f*/f*(fid) =0.1 (CDM)

(f*: fraction of baryon incorporated into star)



Fluctuations of 21 cm 



Fluctuations in ΔTb

These parts can fluctuate

Define fluctuation in ΔTb:

(Differential) brightness temperature can also 
fluctuate in space:
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21cm power spectrum can probe in 3D.
[For review, see Furlanetto, Oh, Briggs astro-ph/0608032; Pritchard, Loeb 1109.6012 ]



Power spectrum

Figure 2 shows the angular power spectrum at various
redshifts. The ability to probe the small-scale power of
density fluctuations is limited only by the Jeans scale,
below which the dark matter inhomogeneities are washed
out by the finite pressure of the gas. Interestingly, the
cosmological Jeans mass reaches its minimum value,
!3" 104M#, within the redshift interval of interest
here [2]. During the epoch of reionization, photoioniza-
tion heating raises the Jeans mass by several orders of
magnitude and broadens spectral features, thus limiting
the ability of other probes of the intergalactic medium,
such as the Ly! forest, from accessing the same very low
mass scales. The 21 cm tomography has the additional
advantage of probing the majority of the cosmic gas,
instead of the trace amount (!10$5) of neutral hydrogen
probed by the Ly! forest after reionization. Similar to the
primary CMB anisotropies, the 21 cm signal is simply
shaped by gravity, adiabatic cosmic expansion, and well-
known atomic physics, and is not contaminated by com-
plex astrophysical processes that affect the intergalactic
medium at z & 30.

The small-scale power spectrum.—In most models of
inflation, the evolution of the Hubble parameter during
inflation leads to departures from a scale-invariant spec-
trum that are of order 1=Nefold with Nefold ! 60 being the
number of e-folds between the time when the scale of our
horizon was of order the horizon during inflation and the
end of inflation [11]. Recent WMAP data combined with
other measures of the power on smaller scales suggest that
the power spectrum changes with scale much faster than
inflation would have predicted [7], although this result is
still somewhat controversial. Independent hints that the
standard !CDM model may have too much power on
galactic scales have inspired several proposals for sup-
pressing the power on small scales. Examples include the
possibility that the dark matter is warm and it decoupled
while being relativistic so that its free streaming erased

small-scale power [8], or direct modifications of inflation
that produce a cutoff in the power on small scales [12]. An
unavoidable collisionless component of the cosmic mass
budget beyond cold dark matter is provided by massive
neutrinos (see [13] for a review). Particle physics experi-
ments established the mass splittings among different
species, which translate into a lower limit on the fraction
of the dark matter accounted for by neutrinos of f" >
0:3%, while current constraints based on galaxies as
tracers of the small-scale power imply f" < 12% [14].

In Fig. 3 we show the 21 cm power spectrum for
various models that differ in their level of small-scale
power. It is clear that a precise measurement of the 21 cm
power spectrum will dramatically improve current con-
straints on alternatives to the standard !CDM spectrum.

Unprecedented information.—The 21 cm signal con-
tains a wealth of information about the initial fluctua-
tions. A full sky map at a single photon frequency
measured up to lmax, can probe the power spectrum up
to kmax ! %lmax=104& Mpc$1. Such a map contains l2max
independent samples. By shifting the photon frequency,
one may obtain many independent measurements of the
power. When measuring a mode l, which corresponds to a
wave number k! l=r, two maps at different photon fre-
quencies will be independent if they are separated in
radial distance by 1=k. Thus, an experiment that covers
a spatial range "r can probe a total of k"r! l"r=r
independent maps. An experiment that detects the 21 cm
signal over a range "" centered on a frequency " is
sensitive to "r=r! 0:5%""="&%1' z&$1=2, and so it mea-
sures a total of N21 cm ! 3" 1016%lmax=106&3%""="& "
%z=100&$1=2 independent samples.

FIG. 2 (color online). Angular power spectrum of 21 cm
anisotropies on the sky at various redshifts. From top to
bottom, z ( 55; 40; 80; 30; 120; 25; 170.

FIG. 3 (color online). Upper panel: Power spectrum of 21 cm
anisotropies at z ( 55 for a !CDM scale-invariant power
spectrum, a model with n ( 0:98, a model with n ( 0:98
and !r ) 1

2 %d2 lnP=d lnk2& ( $0:07, a model of warm dark
matter particles with a mass of 1 keV, and a model in which
f" ( 10% of the matter density is in three species of massive
neutrinos with a mass of 0:4 eV each. Lower panel: Ratios
between the different power spectra and the scale-invariant
spectrum.

P H Y S I C A L R E V I E W L E T T E R S week ending
28 MAY 2004VOLUME 92, NUMBER 21

211301-3 211301-3

[Loeb, Zaldarriaga 2004]

Power spectrum as a function of multipole for a fixed z



Detecting the peaks of the cosmological 21cm signal 7

Figure 3. Top panels: Amplitude of the 21cm power at k = 0.1 Mpc�1 in various models. We also plot the (1�) sensitivity curves corresponding to a 2000h
observation with: MWA128T, LOFAR, SKA on the left, and MWA256T, PAPER, and the proposed HERA instrument on the right. The recent upper limit
from Parsons et al. (2013) is shown at z = 7.7. Bottom panels: The corresponding average 21cm brightness temperature offset from the CMB.

Figure 4. Various quantities evaluated at the redshift where the k = 0.1 Mpc�1 power is the largest in each model. Shown are power amplitude, redshift, mean
neutral fraction, and mean brightness temperature, clockwise from top left. Overlaid are the Thompson scattering optical depth, ⌧e, contours corresponding
to 1 and 2 � constraints from the 9yr release of WMAP data (WMAP9; Hinshaw et al. 2013). The right-side y-axis shows the corresponding values of the
WDM particle mass, mwdm, computed according to the approximation in eq. (5). Regions of the parameter space in which the peak power occurs during the
reionization or X-ray heating epochs are demarcated with the appropriate labels in some panels.

c� 0000 RAS, MNRAS 000, 000–000

Power spectrum

[Mesinger et al 2014]

Power spectrum as a function of z for a fixed k
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Cosmic 21 cm fluctuations as a probe of fundamental physics

Figure 1. The scales probed by cosmic microwave background anisotropies
(solid line) and cosmic 21 cm fluctuations (dashed line). The two power
spectra have been aligned using the small-scale relation k ≃ l/dA(zCMB), where
dA(zCMB) ≃ 13.6 Gpc is the comoving angular diameter distance at the surface
of recombination in the standard cosmological model.

neutral hydrogen as a probe of the cosmic dark ages [19]–[35]5. As we will see, these
21 cm observations have the potential to sidestep the limitations of the CMB and provide
a powerful technique for studying the Universe during and before inflation. There are
two reasons for this. First, the data probes a different and complementary range of scales
relative to the CMB at an epoch when these scales are essentially linear (see figure 1).
Second, the quantity of data available is so large (cosmic 21 cm fluctuations probe a volume
rather than a surface, down to much smaller scales than CMB anisotropies) that the in-
principle cosmic variance limit on the precision improves dramatically (see section 3).

5 See [35] for a comprehensive review of 21 cm physics, astrophysics, and phenomenology.

Journal of Cosmology and Astroparticle Physics 08 (2007) 009 (stacks.iop.org/JCAP/2007/i=08/a=009) 3

[Kleban et al., 2007]

21cm can probe smaller scales than CMB.



Power spectrum: current dataNew Limits on the 21 cm Power Spectrum at z = 8.4 17

Fig. 18.— Measured power spectrum (black dots with 2� error bars) at z = 8.4 resulting from a 135 day observation with PAPER-64.
The dashed vertical lines at 0.6h Mpc�1 show the bounds of the delay filter described in Section 3.3. The predicted 2� upper limit in
the absence of the a celestial signal is shown in dashed cyan, assuming T

sys

= 500K. The triangles indicate 2 � upper limits from GMRT
(Paciga et al. 2011) (yellow) at z = 8.6, MWA (Dillon et al. 2014) at z = 9.5 (magenta), and the previous PAPER upper limit (P14) at
z = 7.7 (green). The magenta curve shows a predicted model 21 cm power spectrum at 50% ionization (Lidz et al. 2008).

Fig. 19.— Diagnostic power spectra in the style of Figure 18 illustrating the impact of various analysis stages. The blue power spectrum
uses the P14 fringe-rate filter combined with crosstalk removal. Green illustrates the result using the improved fringe-rate filter, but without
crosstalk removal. A power spectrum derived without the application of OMNICAL is shown in orange. Black includes improved fringe-rate
filtering, crosstalk removal, and OMNICAL calibration; it is the same power spectrum shown in Figure 18.

[Parsons et al 1502.06016] 

GMRT at z=8.6

MWA at z=9.5

PAPER-32 at z=7.7

theoretical prediction 
(xi=0.5)

PAPER-64 at z=8.4

(2σ upper bound)



Observations of 21 cm line



MWA (Murchison Widefield Array)

On-going observations:

LOFAR (LOw Frequency ARray)

PAPER (Precision Array to Probe the Epoch of Reionization)

[Netherlands]

[western Australia]

[South Africa]

ν = 115 - 230 MHz,   30-80 MHz

[http://eor.berkeley.edu]

[http://www.mwatelescope.org/science]

ν = 80 - 300 MHz

[http://www.lofar.org]

ν = 100 - 200 MHz

ν = 70 MHz z ~ 20 ν = 200 MHz z ~ 6



Future observation
SKA (Square Kilometer Array)

SKA1 (Phase 1): 2018 - 2023 construction (2020+early science)

SKA2 (Phase 2): 2023 - 2030 construction

SKA1-mid: 0.95-1.76 GHz, 4.6-14(24) GHz, 0.13-1.1 GHz [South Africa]

SKA1-low: 50-350 MHz [Australia]

Omniscope (next+1 generation) [Tegmark & Zaldarriaga, 2009]

[https://www.skatelescope.org]

[South Africa & Australia]



Cosmology with 21 cm



Cosmology with 21 cm

Dark matter

Dark matter annihilation [Furlanetto, Oh, Pierpaori  2006;  Valdes et al., 2007;  
Natarajan, Dominik, Schwarz 2009; .........]

Warm dark matter [Sitwell et al 2013; Sekiguchi, Tashiro 2014; Carucci et al 2015]

Differentiating CDM and bayron isocurvature modes
[Kawasaki, Sekiguchi, TT 2011]

Neutrino

Neutrino masses [Pritchard, Pierpaoli 2008;  Oyama, Shimizu, Kohri 2012]

Lepton asymmetry [Kohri, Oyama, Sekiguchi, TT 2014]



Cosmology with 21 cm

Inflation (primordial fluctuations)

Primordial non-Gaussianity [Cooray 2006; Pillepich et al 2007; Yokoyama et al 
2011; Joudaki et al 2011; Chongchitnan, Silk 2012; 
Yamauchi et al 2014; Munos et al 2015…]

Precise measurement of power spectrum
[Barger et al, 2009;  Adshead et al 2010, Kohri, Oyama, Sekiguchi TT 2013]

Initial state for the inflation [Kleban et al, 2007]

Compensated isocurvature fluctuation [Gordon, Pritchard  2009]



Cosmology with 21 cm

Cosmological parameter estimation
[Mao et al 2008; McQuinn et al 2006, ….]

Dark energy

Cosmic string
[Brandenberger et al 2006; Khatri, Wandelt 2008; Hernandez et al 2011, 2012, …]

[Wyithe et al 2008;  Archidiacono et al 2014; Bull et al 2014; 
Kohri, Oyama, Sekiguchi, TT in prep….]



Primordial Non-Gaussianity

Primordial non-Gaussianity is one of the important 
observable to check the inflation.



Bispectrum

�⇥⇤k1
⇥⇤k2

⇥⇤k3
⇥ = (2⇤)3B�(k1, k2, k3)�(�k1 + �k2 + �k3).

(amplitude) x (shape dependent function)

fNL F (k1, k2, k3)

Non-Gaussianity is usually characterized by fNL 

�
fNL �

B�

P 2
�

�

If fluctuations are Gaussian, fNL = 0



Primordial non-Gaussianity is one of the important 
observable to check the inflation.

Planck has already obtained a severe constraint on fNL.

f (local)

NL

= 0.8± 5.0, f (equil)

NL

= �4± 43, f (ortho)

NL

= �26± 21
(68 % CL)

(Temperature+polarization)

[Planck collaboration 2015] 

Standard single-field inflation models predict fNL~O(0.01)

Future CMB (e.g. CMBpol) can reach fNL~O(1).

Primordial Non-Gaussianity

(Multi-field models can predict fNL~O(1).)



In computing the Fisher matrix for the combination of
Euclid and SKA surveys, we adopt 9; 000 deg2 as the area
of the overlap region and we neglect the contributions from
the derivative of the cross correlations between Euclid and
SKA for simplicity. We focus on constraints on fNL and
marginalize over the other parameters.
Before showing expected constraints from Euclid and

SKA surveys, let us check the dependence of the efficiency
of the multitracer technique on the overlapping survey area
and different mass binning, considering a simple case of two
tracers observed by a Euclid-like survey. In Fig. 1, we plot
the marginalized error on fNL as a function of the overlap
fraction Ωð12Þ

w =Ωw for a single redshift bin 0.7 < z < 1.2.
Different curves represent different mass binning varying
the mass ratio Mð2Þ=Mð1Þ. Here we assume that the sky

coverages for both tracers are the same,Ωð11Þ
w ¼ Ωð22Þ

w ≡Ωw.
We find that the nonvanishing overlap region leads to
improved constraints on fNL, which becomes smallest in
the case of the maximal overlap. One can also see that in the
case of the maximal overlap there is a critical value of the
mass ratioMð2Þ=Mð1Þwhich results in the tightest constraint.
This behavior can be understood as follows: once we fix the
mass ratio, the number density for each mass bin, N̄iðbÞ, is
determined through Eq. (6). Changing the value of the mass
ratio leads to the larger shot noise for one of the mass bins
and smaller shot noise for the other. We find that the tightest
constraint is obtained when the shot noise for the two mass
bins becomes comparative. This is the reason for our choice
of separating masses by the same number density, as
explained above.
Next, we focus on the Euclid survey. Figure 2 shows

the marginalized constraints on fNL as a function of the
number of tracers for a single redshift bin 0.7 < z < 1.2
with the maximal overlap among tracers. We find that the
constraining power increases with NM. Even 2 tracers
drastically improve the constraint, simply because the
multitracer technique does not take effect for the one tracer

case. Furthermore, combining multiple redshift bins
improves substantially the constraint, as is shown in
Fig. 3. We find that galaxy samples as far as z ¼ 3.2 (sixth
bin) contribute significantly to the constraint. When five
mass bins and eight redshift bins are taken into account, the
Euclid photometric survey can reach σðfNLÞ ¼ 0.46.
Although the use of galaxies out to z ¼ 4.2 is probably
too optimistic, even in a more realistic situation where we
use redshift bins up to z ¼ 2.7 (five bins) the improvement
is still significant, σðfNLÞ ¼ 0.66. In the reminder of the
paper we conservatively adopt zmax ¼ 2.7 as the maximal
redshift for Euclid.
Finally, Fig. 4 shows the expected marginalized con-

straints on fNL for each survey and their combinations.
The constraints on fNL from SKA1 and SKA2 are
σðfNLÞ ¼ 1.64, 0.66, respectively, which are consistent
with Ref. [7]. The results of SKA2 and SKA1 are compa-
rable to or relatively weaker than that from Euclid, presum-
ably because the redshift information obtained from the
photometric survey ismore advantageous than the larger sky
coverage and the larger number of galaxy samples from
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FIG. 1 (color online). The marginalized error on fNL as the
function of the overlap fraction, for the single redshift bin of
0.7 < z < 1.2. Different lines show results with different mass
ratio Mð2Þ=Mð1Þ.
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FIG. 2 (color online). The marginalized error on fNL as the
function of the number of the tracers in the single redshift bin
0.7 < z < 1.2. The mass bins are divided such that they have the
equal shot noises.
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FIG. 3 (color online). The marginalized constraint on fNL as a
function of the maximum redshift, assuming the redshift range
0.2 < z < zmax with width Δz ¼ 0.5. Here we take five tracers
(mass bins) for each redshift bin.
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[Yamauchi et al 2014] 

Probing primordial Non-Gaussianity w/21cm

SKA can reach fNL ~ O(0.1)

In principle, 21cm can reach fNL ~ O(0.01)

12

for two di↵erent bandwidths (�⌫ =1 and 0.1 MHz). For
fsky < 1 all the results scale as �

f

NL

/ f�1
sky.

In summary, with a bandwidth of 1 MHz we could
cross the fNL = O(1) threshold, enabling us to rule out a
big class of models of inflation if no PNG is detected. In-
creasing the frequency resolution to 0.1 MHz the numbers
improve to fNL ⇠ few 10�2, which would be close to the
ultimate limit of the consistency relation (fNL ⇠ n

s

� 1),
and hence should be present even in the simplest model
of inflation.

PNG type �f
NL

(1 MHz) �f
NL

(0.1 MHz)

Local 0.12 0.03

Equilateral 0.39 0.04

Orthogonal 0.29 0.03

J = 1 1.1 0.1

J = 2 0.33 0.05

J = 3 0.85 0.09

TABLE II. Minimum f
NL

detectable integrating all redshift
slices between z = 30 and z = 100 for f

sky

= 1. In the central
column we show the result for a bandwidth of �⌫ = 1 MHz
and in the right column for �⌫ = 0.1 MHz.

V. CONCLUSIONS

Now that the information from the CMB on non-
gaussianity has been almost fully mined, it is time to
consider other potential data sets. Intensity fluctuations
in the 21-cm line during the dark ages o↵er a window into
yet unexplored times and scales, and a promising future
probe of PNGs.

The technical challenges that need to be overcome be-
fore the required experiments see the light of day are
daunting. Because of atmospheric attenuation it would
require an observatory on the Moon. Even then, care
should be taken with intense Galactic foreground emis-
sion. Nevertheless, this is not an impossible task.

An additional issue is that the 21-cm signal is intrinsi-
cally highly non-gaussian, due to non-linear gravitational
growth, and the non-linear mapping between brightness
temperature and the underlying density field. In this pa-
per we have, for the first time, addressed this issue with
a rigorous Fisher analysis approach, assuming cosmic-
variance limited experiments with a finite angular and
frequency resolution. We have shown that for a single
redshift slice the secondary bispectrum is significantly
degenerate with the primordial one, which results in a
noticeable decrease of the forecasted signal-to-noise ratio
(SNR) for PNGs. This contrasts with the results of pre-
vious work, where this degeneracy was either neglected
when forecasting the SNR [26], or where it was claimed to
be weak [25]. We then co-added the information of inde-

pendent redshift slices while enforcing a smooth variation
of the secondary bispectrum amplitudes with redshift.

For a full-sky experiment with �⌫ = 0.1 MHz and 0.1-
arcminute resolution, we forecast a sensitivity �

f

local

NL

⇡
0.03, which would enable us to check the famous inflation-
ary consistency relation. We also forecast �

f

equil ⇡ 0.04,
�
f

ortho

⇡ 0.04, fJ=1 ⇡ 0.1, fJ=2 ⇡ 0.05, and fJ=3 ⇡ 0.09.
Measurements of 21-cm fluctuations therefore have the
potential to significantly improve upon cosmic-variance-
limited CMB bounds.
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- Scale-dependent bias

- Multi-tracer technique

- Cosmic-variance-limited

- 30 < z < 100
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Constraints on inflationary models

16 Planck Collaboration: Constraints on inflation

Fig. 11. Marginalized joint 68 % and 95 % CL regions for (✏1 , ✏2 , ✏3) (top panels) and (✏V , ⌘V , ⇠2V ) (bottom panels) for Planck
TT+lowP (red contours), Planck TT,TE,EE+lowP (blue contours), and compared with the Planck 2013 results (grey contours).

Fig. 12. Marginalized joint 68 % and 95 % CL regions for ns and r0.002 from Planck in combination with other data sets, compared
to the theoretical predictions of selected inflationary models.

(Planck/BICEP2/Keck)
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ABSTRACT

We present the implications for cosmic inflation of the Planck measurements of the cosmic microwave background (CMB) anisotropies in both
temperature and polarization based on the full Planck survey, which includes more than twice the integration time of the nominal survey used
for the 2013 Release papers. The Planck full mission temperature data and a first release of polarization data on large angular scales measure the
spectral index of curvature perturbations to be ns = 0.968 ± 0.006 and tightly constrain its scale dependence to dns/d ln k = �0.003 ± 0.007 when
combined with the Planck lensing likelihood. When the Planck high-` polarization data is included, the results are consistent and uncertainties are
further reduced. The upper bound on the tensor-to-scalar ratio is r0.002 < 0.11 (95 % CL). This upper limit is consistent with the B-mode polarization
constraint r < 0.12 (95 % CL) obtained from a joint analysis of the BICEP2/Keck Array and Planck data. These results imply that V(�) / �2 and
natural inflation are now disfavoured compared to models predicting a smaller tensor-to-scalar ratio, such as R2 inflation. We search for several
physically motivated deviations from a simple power-law spectrum of curvature perturbations, including those motivated by a reconstruction of
the inflaton potential not relying on the slow-roll approximation. We find that such models are not preferred, either according to a Bayesian model
comparison or according to a frequentist simulation-based analysis. Three independent methods reconstructing the primordial power spectrum
consistently recover a featureless and smooth PR(k) over the range of scales 0.008 Mpc�1 . k . 0.1 Mpc�1. At large scales, each method finds
deviations from a power law, connected to a deficit at multipoles ` ⇡ 20–40 in the temperature power spectrum, but at an uncompelling statistical
significance owing to the large cosmic variance present at these multipoles. By combining power spectrum and non-Gaussianity bounds, we
constrain models with generalized Lagrangians, including Galileon models and axion monodromy models. The Planck data are consistent with
adiabatic primordial perturbations, and the estimated values for the parameters of the base ⇤CDM model are not significantly altered when more
general initial conditions are admitted. In correlated mixed adiabatic and isocurvature models, the 95 % CL upper bound for the non-adiabatic
contribution to the observed CMB temperature variance is |↵non-adi| < 1.9 %, 4.0 %, and 2.9 % for cold dark matter (CDM), neutrino density, and
neutrino velocity isocurvature modes, respectively. We have tested inflationary models producing an anisotropic modulation of the primordial
curvature power spectrum finding that the dipolar modulation in the CMB temperature field induced by a CDM isocurvature perturbation is not
preferred at a statistically significant level. We also establish tight constraints on a possible quadrupolar modulation of the curvature perturbation.
These results are consistent with the Planck 2013 analysis based on the nominal mission data and further constrain slow-roll single-field inflationary
models, as expected from the increased precision of Planck data using the full set of observations.
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further reduced. The upper bound on the tensor-to-scalar ratio is r0.002 < 0.11 (95 % CL). This upper limit is consistent with the B-mode polarization
constraint r < 0.12 (95 % CL) obtained from a joint analysis of the BICEP2/Keck Array and Planck data. These results imply that V(�) / �2 and
natural inflation are now disfavoured compared to models predicting a smaller tensor-to-scalar ratio, such as R2 inflation. We search for several
physically motivated deviations from a simple power-law spectrum of curvature perturbations, including those motivated by a reconstruction of
the inflaton potential not relying on the slow-roll approximation. We find that such models are not preferred, either according to a Bayesian model
comparison or according to a frequentist simulation-based analysis. Three independent methods reconstructing the primordial power spectrum
consistently recover a featureless and smooth PR(k) over the range of scales 0.008 Mpc�1 . k . 0.1 Mpc�1. At large scales, each method finds
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curvature power spectrum finding that the dipolar modulation in the CMB temperature field induced by a CDM isocurvature perturbation is not
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Precise measurement 
of power spectrum

Inflation models can be probed with spectral index ns and 
the tensor-to-scalar ratio r.

To test inflationary models, more information would be 
necessary.

More precise measurements of power spectrum may be 
very useful.

(Non-Gaussianity does not help for standard single-field inflation models.)

higher order scale-dependence might help



Power spectrum

Spectral index:

[Planck]

Primordial (scalar) power spectrum:

P�(k) = As(kref)
�

k

kref

�ns�1+ 1
2 � ln(k/kref )+

1
6 � ln2(k/kref )

Running of ns: 

Running of the running of ns: 

~O(SR^2) 

~O(SR^3) 

[Planck TT+TE+EE+lowP, Planck collaboration 2015](68% CL)

futuristic 21cm observations can probe more
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Running of running may be useful in some cases

Running of running: useful ?

(mutated hybrid)



Precise measurement of power spectrum
JCAP10(2013)065

Figure 3. Projected constraints from Planck, Planck+SKA phase1, Planck+SKA phase2,
Planck+Omniscope (top panels) , CMBpol, CMBpol+SKA phase1, CMBpol+SKA phase2,
CMBpol+Omniscope (middle panels) and COrE, COrE+SKA phase1, COrE+SKA phase2,
COrE+Omniscope (bottom panels) in the n
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Planck + 21cm



Precise measurement of power spectrum

CMBPol + 21cm
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Figure 3. Projected constraints from Planck, Planck+SKA phase1, Planck+SKA phase2,
Planck+Omniscope (top panels) , CMBpol, CMBpol+SKA phase1, CMBpol+SKA phase2,
CMBpol+Omniscope (middle panels) and COrE, COrE+SKA phase1, COrE+SKA phase2,
COrE+Omniscope (bottom panels) in the n
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The total Fisher matrix is given by

Fij = F
(21cm)
ij + F

(CMB)
ij , (3.24)

– 13 –

[Kohri, Oyama, Sekiguchi, TT 2013]

future 21cm observations can probe 



Summary
21cm line of neutral hydrogen can probe the dark age 
which cannot be seen with any other observations.

21cm line can probe various aspects of cosmology.
(inflation, dark matter, neutrino, …)

SKA will operate in 2020s.

21cm cosmology will bring us a lot of information which 
cannot be probed with other cosmological observations.


