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Probing the early (inflationary) Universe with 21cm

Probing the early Universe with 21cm global signal

Probing the inflationary Universe with 21cm fluctuations

- Running(s) of primordial power spectrum

- Running(s) of primordial power spectrum

- Non-Gaussianities

Toyokazu Sekiguchi’s talk 

(- Primordial magnetic field) [Minoda, Tashiro, TT 1812.00730]

[Yoshiura, K.Takahashi, TT 1805.11806]

[Sekiguchi,  TT,  Tashiro, Yokoyama 1807.02008]

[Sekiguchi, TT, Tashiro, Yokoyama 1705.00405]
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How can we probe inflationary epoch?

Curvature perturbation (scalar mode) 
is generated.

(Its amplitude depends on models and their 
model parameters.)

Gravitational waves (tensor mode) 
are also generated. 

(Its amplitude depends on models and their 
model parameters.)

We can probe the nature of primordial perturbations with CMB, 
large scale structure and so on.

During inflation:



Curvature perturbation power spectrum (scalar mode)

Gravitational wave power spectrum (tensor mode)
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(Example)
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Scalar spectral index
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(Slow-roll parameters)

where

Characterizing the observables

Tensor-to-scalar ratio

r = 16✏

Spectral index and tensor-to-scalar ratio are discriminators of 
inflationary models.
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Spectral index: 

Tensor-to-scalar ratio:

[Planck collaboration 1807.06211] 

Inflationary models: current status

[BICEP2/Keck Array 1810.05216] 

[Planck 2018]

[Planck + BK15+ …]

Many inflation models are now ruled out,  but …
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Multi-field models

A wide “variation” of inflation models

Extension of gravity

(Curvaton model, modulated reheating, …)

(Starobinsky model, non-minimally coupled models, …)

Single-field models

If you allow possibilities of wider class of models, you may be able 
cook up any models consistent with observations…
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(example: quadratic potential w/non-minimal coupling)

[Boubekeur, et al., 1502.05193]

For ξ > 0, r ⤵ For ξ < 0, r ⤴

Quadratic chaotic inflation model becomes viable w/non-minimal coupling.



Predictions for ns and r for multi-field models
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By changing the fraction of the contribution from the spectator field, 
the predictions for ns and r are affected.

(Example)

Chaotic inflation φ                 + spectator field σ

[See Enqvist, TT 1306.5958; 
Vennin, Koyama, Wands1507.07575]



Predictions for ns and r in some models…

[Sekiguchi, TT, Tashiro, Yokoyama 1705.00405]10-3
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Some models may be degenerate in the ns-r plane…

Brane inflation

Inverse monomial inflation



Predictions for ns and runnings 
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[Sekiguchi, TT, Tashiro, Yokoyama 1705.00405]

Predictions for runnings are separated even for degenerate ns and r.
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some typical size of the runnings: 
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Observables to probe the inflationary Universe

Amplitude scale dependence
(ns, nT, nfNL, ..) running(s)

Scalar power 
spectrum

Tensor (GW) power 
spectrum

(scalar) Non-Gaussianity 
(bispectrum)

(scalar) Non-Gaussianity 
(trispectrum)

well measured relatively well constrained

poorly constrained
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(currently) no constraint



Observables which may should be more explored

(scalar) spectral running(s) � =
dns

d ln k
� =

d2ns

d ln k2

Tensor spectral running

Scale-dependence of non-Gaussianity
<latexit sha1_base64="nKHzMU4dkDQ6BrVq64EDg8W0nPU="></latexit>

<latexit sha1_base64="jSviLZWUYW6snY1db2izMasqkrk="></latexit>

Higher order non-Gaussianity (scalar)
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Observables which may should be more explored

(scalar) spectral running(s) � =
dns

d ln k
� =

d2ns

d ln k2

Tensor spectral running

Scale-dependence of non-Gaussianity
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Higher order non-Gaussianity (scalar)
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Probing runnings with future observations

21 cm fluctuations/global signal

- Signals from intergalactic medium (IGM) [Kohri, Oyama, Sekiguchi, TT 1303.1688]

- Signals from minihalos

- Intensity mapping (IM) [Pourtsidou 1612.05138]

 [Basse et al., 1409.3469; Muñoz et al, 1611.05883; Li et al, 1806.02515, …]

[Sekiguchi, TT, Tashiro, Yokoyama 1705.00405]

 - EDGES                  [Yoshiura, K.Takahashi, TT 1805.11806]

Galaxy surveys (+CMB)

- Euclid, LSST, WFIRST



- Multi-tracer (SKA+Euclid)

fNL ~ O(0.1), τNL ~ O(10) can be probed with SKA/Euclid.
SKA survey. Combining Euclid and SKA, the constraint
can improve further to σðfNLÞ ¼ 0.61 (Euclid þ SKA1),
0.50 (Euclid þ SKA2), suggesting that the joint analysis
between Euclid and surveys are quite effective to constrain
primordial non-Gaussianity.We again note that the improve-
ment of the constraint is mainly due to the availability of the
multiple tracer, as seen in Fig. 2. Although the results
presented would be sensitive to the assumptions we con-
sidered in this paper, the constraining power due to the
multitracer technique is expected to be generic and the
behavior of the results would remain the same.

V. SUMMARY

To summarize, we have discussed the potential
power of the multitracer technique for the combination
of the Euclid photometric survey and the SKA continuum
survey. Splitting the galaxy samples into the subsamples

by the inferred halo mass and redshift, constraints
on fNL drastically improve. We have shown that con-
straints of σðfNLÞ ¼ Oð1Þ can be obtained even with
a single survey. Combining Euclid and SKA, even
stronger constraints of σðfNLÞ ¼ Oð0.1Þ can be
obtained.
In this paper, we have made several simplified

assumptions. In future galaxy surveys, the systematic
uncertainties likely play a more important role than
statistical errors. Here we considered only the uncertainty
in the halo mass estimation. For instance, the uncertainty
in photometric redshifts and the effect of the stochastic
bias may become important. We should also address
the identification of the optical and infrared counterparts
in the overlap region of SKA and Euclid surveys. While
we conservatively assumed no redshift information
for the SKA survey, checking the counterparts in
Euclid or other surveys would provide valuable informa-
tion on redshifts of individual SKA sources, which
may allow the tomographic analysis in the SKA survey
to lead further improvements of the constraints
(see [20]). We hope to come back to these issues in
the near future.
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[Yamauchi et al 1407.5453; 1509.07585; 1611.03590] 

21cm fluctuations

In principle (in ideal case), 21cm survey can reach fNL ~O(0.01).
[Cooray astro-ph/0610257; Munos et al 1506.04152] 

Scale-dependent bias

- Minihalo (angular power spectrum)

[Dalal et al. 0710.4560; Smith et al. 1106.0503]

[Yamauchi et al 1407.5453] 

[Sekiguchi,  TT,  Tashiro, Yokoyama 1807.02008]

fNL ~ O(1), τNL ~ O(10),  gNL ~ O(103) can be probed with SKA.

(fNL ~ O(0.1), τNL ~ O(1),  gNL ~ O(100) in futuristic obs.)

Probing non-Gaussianities with future observations



Observables which may should be more explored

(scalar) spectral running(s) � =
dns

d ln k
� =

d2ns

d ln k2

Tensor spectral running

Scale-dependence of non-Gaussianity
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Higher order non-Gaussianity (scalar)
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21cm line may would be very useful to probe the early 
(inflationary) Universe.



Probing the early Universe with 
21cm global signal



What is 21cm?
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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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Frequency observed:
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21cm from neutral hydrogen

absorption

emission

observer

z~1000

CMB photon
as backlight

z~6

dark age

z=0
today reionization 

completed

z~30
First star

neutral hydrogen (HI) gas



Evolution of the intensity (radiative transfer eq.)

I�(0)

ds

s  (Line of sight distance)

Rewriting this equation with the optical depth  

d�� = ��dsoptical depth:

Source function



Evolution of the intensity (radiative transfer eq.)

I�(0)

ds

s  (Line of sight distance)

Assuming                    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 = intensity)



Differential brightness temperature

=
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 

Spin temperature 
n1

n0
� g1

g0
e�E10/kBTs = 3e�T�/Ts

(T� = E10/kB = 68 mK)
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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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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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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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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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After recombination, there remains residual free electrons to 
keep Tγ and TK via Compton scattering.

Collisional couplings are strong:  TK = Ts

(no 21cm signal)



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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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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Coupling between CMB photon and the gas becomes 
ineffective (collisional couplings are effective).

TK CMB cools down adiabatically: 

(absorption signal)



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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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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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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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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As the gas density decreases, the collisional coupling between 
Ts and  TK becomes ineffective.

Relatively, coupling between Ts and Tα becomes  bigger to give 
Ts = Tγ.

(no 21cm signal)



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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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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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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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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After astrophysical sources are switched on,  Ts ~ TK.

Heating is not enough to reach TK > Tγ
(absorption signal)



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.

JONATHAN R. PRITCHARD AND ABRAHAM LOEB PHYSICAL REVIEW D 78, 103511 (2008)

103511-6

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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Evolution of ΔTb (after first astrophysical sources switched on)
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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.
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tion about the sources becomes important (see for example
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Evolution of ΔTb (after first astrophysical sources switched on)
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Heating becomes significant, the gas temperature exceed  Tγ.

Spin temperature follow TK.

(emission signal)
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Probing runnings with future observations

21 cm fluctuations/global signal

- Signals from intergalactic medium (IGM) [Kohri, Oyama, Sekiguchi, TT 1303.1688]

- Signals from minihalos

- Intensity mapping (IM) [Pourtsidou 1612.05138]

 [Basse et al., 1409.3469; Muñoz et al, 1611.05883; Li et al, 1806.02515, …]

[Sekiguchi, TT, Tashiro, Yokoyama 1705.00405]

 - EDGES                  [Yoshiura, K.Takahashi, TT 1805.11806]

Galaxy surveys (+CMB)

- Euclid, LSST, WFIRST



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

Table 1 | Sensitivity to possible calibration errors

Error source
Estimated  
uncertainty

Modelled 
error level

Recovered  
amplitude (K)

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

The estimated uncertainty for each case is based on empirical values from laboratory 
 measurements and repeatability tests. Modelled error levels were chosen conservatively to 
be five and ten times larger than the estimated uncertainties for the phases and magnitudes, 
 respectively. LNA, low-noise amplifier; S11, input reflection coefficient; N/A, not applicable.

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

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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This signal is too low to be explained by 
standard scenarios.

Motivated a lot of works 

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

(- foreground modeling should be more carefully investigated?) [Hill et al. 1805.01421] 

(- the ground plane artifact?) [Bradley et al. 1810.0901]

NB:



Constraining primordial power spectrum
[Yoshiura, K.Takahashi, TT 1805.11806]

We can constrain the primordial power spectrum, particularly the running 
parameters by the EDGES result.

1 Introduction

The nature of primordial fluctuations reflects the physical mechanism behind the inflation-
ary Universe and hence a great deal of effort has been made to understand it both from
observational and theoretical viewpoints. Current cosmological observations such as cos-
mic microwave background (CMB) from Planck satellite have measured primordial power
spectrum, in particular, its amplitude and the spectral index ns very accurately [1, 2], and
together with the bound on the amplitude of primordial gravitational waves such as from
CMB B-mode observations like BICEP2/KECK [3], the inflationary models are now severely
tested. Nevertheless there remains a large variety of inflationary models consistent with those
observations and we are still far from a thorough understanding of the inflationary Universe.
Therefore it is imperative to go further to probe primordial fluctuations.

One direction would be to measure the primordial power spectrum more precisely. For
this purpose, it is common to adopt the following parametrization for the primordial spec-
trum:

Pζ(k) = As(kref)

(

k

kref

)ns−1+ 1

2
αs ln(k/kref)+

1

3!
βs ln2(k/kref)

, (1.1)

where As(kref) is the amplitude at the reference scale kref , ns is the spectral index, αs and
βs are the so-called running parameters and represent the scale dependence of ns as

αs =
dns

d ln k
, βs =

d2ns

d ln k2
. (1.2)

Although one can obtain the bounds on the running parameters from Planck data, they are
not so severe and thus it is worth exploring a possibility of probing the runnings by using
yet another observation to measure them more accurately.

When one wishes to determine the runnings precisely, probing the power spectrum on
a wide range of scales would be helpful. Since CMB measures cosmic fluctuations on large
scales, one needs observations on small scales. As such, expected constraints from future
observations of 21cm fluctuations of neutral hydrogen from intergalactic medium [4, 5] and
minihalos [6], and CMB spectral µ distortions [7–9] have been studied.

We in this paper investigate how the nature of primordial power spectrum affects the 21cm
global signal and the impact of the recent EDGES result [10] on the running parameters.
EDGES has reported that the absorption peak is observed at the frequency corresponding to
z = 17.2 and its brightness temperature relative to CMB is Tb = −500+200

−500 mK (99% C.L.),
whose value is too low to be explained in the standard cosmological and astrophysical scenar-
ios#1. This result has stimulated many works which aim to explain its non-standard value by
resorting to dark matter (DM) interactions to cool the gas (baryon) [12–19], which could be
confronted with other cosmological/astrophysical observations [20–22]. Other possibilities
to explain the signal have been discussed in models with producing photons at radio wave-
length [23–28], dark sector properties [29–31] and so on. On the other hand, there have been

#1 See, however, Ref. [11] for the discussion on the analysis and its interpretation.
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Evolution of ΔTb

21cm global signal is affected by small scale fluctuations.
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Effects of the running parameters on 21cm global signal
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Figure 1: [Left panel]: Evolution of Tk (solid), Ts (dashed) and TCMB (dotted). [Right
panel]: Evolution of the brightness temperature Tb. Cases with (ns,αs, βs) = (0.9586, 0, 0)
(red), (0.9586, 0.009, 0.025) (blue) and (0.9586,−0.009,−0.025) (green) are shown. Light
blue hatched regions correspond to the ones inconsistent with the EDGES result. Black
hatched one indicates that there is no data in the redshift range.

0.6727 as assumed in Fig. 1 since these parameters are well measured by Planck [1]. By
doing so in the analysis, we effectively combine the Planck results with the 21cm global
signal by EDGES. Regarding the spectral index ns, its effect on the brightness temperature
is degenerate with the running parameters αs and βs, and hence we consider two cases with
ns = 0.9586 and 0.9530, which correspond to the central value and 1σ lower bound from
Planck [2]. Other astrophysical parameters are assumed as Tvir = 104 K, f∗ = 0.05 and
ζX = 2× 1056/M⊙. With this value of ζX , 0.3 X-ray photons are emitted per stellar baryon.

As seen from the figure, large positive and negative values of αs and βs give too high
or too low redshift of the absorption trough, and thus such regions can be considered to be
excluded by the EDGES result. It should be noted here that the constraints on αs and βs

from Planck TT, TE, EE+lowP analysis are [2]

αs = 0.009± 0.010 , βs = 0.025± 0.013 , (3.5)

which is also indicated in Fig 2. Interestingly, some parameter region for αs and βs allowed
by Planck at 1σ is now ruled out by the EDGES, which shows that the 21cm global signal
is powerful in constraining the runnings of primordial power spectrum although some of
the parameter space cannot be constrained since the EDGES measures the redshift range of
14 ! z ! 27. We should also note that, although the recent result from EDGES may need to
be confirmed by other observations of the 21cm global signal, as far as the frequency range
of the absorption trough persists (even if the size of the absorption signal is weakened), the
constraint obtained in this paper will still be valid.

Here it should also be mentioned that in obtaining the constraint shown in Fig. 2, we have
fixed the astrophysical parameters such as Tvir, f∗ and ζX , however, as briefly mentioned in

4

Demanding that the absorption line should not appear z < 14, 22 < z, 
we can constrain the running parameters

No data

EDGES suggests no signal in 
these redshifts

(Just using the information of the position of the absorption trough.)
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Constraints on the running parameters from EDGES

- Only with the position of the absorption trough, the runnings can be 
constrained and check with Planck constraint.

Planck constraint

- Uncertainties in astrophysics would affect the constraints.



Summary

Current cosmological observations now severely constrain 
primordial fluctuations.

However, they are not enough to pin down the inflationary model.

We need to probe yet other quantities more precisely to test the 
inflationary models. 

Future observations of 21cm line may be able to give a critical 
test to models of inflations.


