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21cm Line
• 21cm line or H I line is 

emitted when a triplet 
neutral hydrogen atom 
changes to the singlet.  

• frequency ~ 1420MHz  
wavelength ~ 21cm  

• photon’s energy 
ΔE=5.9*10-6 eV 
T⇤ = 0.068K

https://en.wikipedia.org/wiki/Centimetre


• The number ratio for hydrogens in the excited and ground states is  

• Ts is the defined effective spin temperature, and      =0.068K is the 
equivalent temperature for the energy difference 

• absorption or emission 

•
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21cm Cosmology
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xHI: neutral fraction of the hydrogen atom Furlanetto+,2006
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21cm Cosmology

Factors: star formation efficiency, X-ray 
efficiency, spectral energy distribution of 
X-ray sources, feedback mechanism
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Rep. Prog. Phys. 75 (2012) 086901 J R Pritchard and A Loeb

Figure 1. The 21 cm cosmic hydrogen signal. (a) Time evolution of fluctuations in the 21 cm brightness from just before the first stars
formed through to the end of the reionization epoch. This evolution is pieced together from redshift slices through a simulated cosmic
volume [1]. Coloration indicates the strength of the 21 cm brightness as it evolves through two absorption phases (purple and blue),
separated by a period (black) where the excitation temperature of the 21 cm hydrogen transition decouples from the temperature of the
hydrogen gas, before it transitions to emission (red) and finally disappears (black) owing to the ionization of the hydrogen gas. (b) Expected
evolution of the sky-averaged 21 cm brightness from the ‘Dark Ages’ at redshift 200 to the end of reionization, sometime before redshift 6
(solid curve indicates the signal; dashed curve indicates Tb = 0). The frequency structure within this redshift range is driven by several
physical processes, including the formation of the first galaxies and the heating and ionization of the hydrogen gas. There is considerable
uncertainty in the exact form of this signal, arising from the unknown properties of the first galaxies. Reproduced with permission from [2].
Copyright 2010 Nature Publishing Group.

the Hubble parameter H0 = 100h km s−1 Mpc−1 with h =
0.74. Finally, the spectrum of fluctuations is described by
a logarithmic slope or ‘tilt’ nS = 0.95, and the variance of
matter fluctuations today smoothed on a scale of 8h−1 Mpc is
σ8 = 0.8. The values quoted are indicative of those found by
the latest measurements [3].

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

We direct interested readers to a number of other
worthy reviews on the subject. Reference [4] provides a
comprehensive overview of the entire field, and [5] takes a
more observationally orientated approach focusing on the near
term observations of reionization.

2. Physics of the 21 cm line of atomic hydrogen

2.1. Basic 21 cm physics

As the most common atomic species present in the Universe,
hydrogen is a useful tracer of local properties of the gas.

The simplicity of its structure—a proton and electron—belies
the richness of the associated physics. In this review, we will be
focusing on the 21 cm line of hydrogen, which arises from the
hyperfine splitting of the 1S ground state due to the interaction
of the magnetic moments of the proton and the electron. This
splitting leads to two distinct energy levels separated by "E =
5.9×10−6 eV, corresponding to a wavelength of 21.1 cm and a
frequency of 1420 MHz. This frequency is one of the most pre-
cisely known quantities in astrophysics having been measured
to great accuracy from studies of hydrogen masers [6].

The 21 cm line was theoretically predicted by van de Hulst
in 1942 [7] and has been used as a probe of astrophysics
since it was first detected by Ewen and Purcell in 1951 [8].
Radio telescopes look for emission by warm hydrogen gas
within galaxies. Since the line is narrow with a well measured
rest frame frequency it can be used in the local Universe as
a probe of the velocity distribution of gas within our galaxy
and other nearby galaxies. The 21 cm rotation curves are
often used to trace galactic dynamics. Traditional techniques
for observing 21 cm emission have only detected the line in
relatively local galaxies, although the 21 cm line has been
seen in absorption against radio-loud background sources from
individual systems at redshifts z ! 3 [9, 10]. A new generation
of radio telescopes offers the exciting prospect of using the
21 cm line as a probe of cosmology.

In passing, we note that other atomic species show
hyperfine transitions that may be useful in probing cosmology.
Of particular interest are the 8.7 GHz hyperfine transition
of 3He+ [11, 12], which could provide a probe of helium
reionization, and the 92 cm deuterium analogue of the 21 cm
line [13]. The much lower abundance of deuterium and 3He
compared with neutral hydrogen makes it more difficult to take
advantage of these transitions.
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the astrophysical properties of early galaxies could be quite differ-
ent from those suggested by extrapolations of observed galaxies,
and it is important to keep an open mind until direct observational
evidence becomes available.

In what follows, as we lay out the large parameter space possible
for the global 21-cm signal, we try to characterize the properties
of this signal and find relations between the shape of the global
signal and the astrophysical parameters at high redshifts. Mirocha,
Harker & Burns (2013) previously addressed parameter reconstruc-
tion using a physical model for the global signal. In this (as well
as the follow-up works by Mirocha, Harker & Burns 2015; Harker
et al. 2016, where the authors study how well current and near-future
experiments could constrain the four parameters of their model us-
ing the measurements of the signal’s three key points and taking into
account the foreground and the noise), the authors used analytical
formulas or simple models that account only for the mean evolution
of the Universe. In contrast, our more realistic simulations include
spatial fluctuations in star formation and take into account the finite
effective horizons of the radiative backgrounds, spatially inhomo-
geneous feedback processes and time delay effects. We also capture
a wider parameter space, as our code includes the possibility of hav-
ing substantial star formation in haloes below the atomic cooling
threshold, in which case spatially inhomogeneous processes such
as the streaming velocity and LW feedback play a key role (and are
included in our 21-cm code but not in others).

This paper is organized as follows. In Section 2, we briefly discuss
the general properties of the 21-cm signal as well as our numerical
methods. We present and discuss our specific choice of the parame-
ters and their ranges in Section 3, and show the resulting parameter
space spun by the 21-cm signal in Section 4. Finally, we summarize
our results and discuss our conclusions in Section 5.

2 SI M U L AT E D 2 1 - C M S I G NA L

In order to explore the parameter space of the early universe and
produce a library of possible global 21-cm signals in the redshift
range of z = 6–40, we use a semi-numerical approach (Mesinger,
Furlanetto & Cen 2011; Visbal et al. 2012; Fialkov, Barkana &
Visbal 2014). Our code is a combination of numerical simulation
and analytical calculations and has enough flexibility to explore
the large dynamical range of astrophysical parameters. We simu-
late large cosmological volumes of the universe (3843 Mpc3; all
distances comoving unless indicated otherwise) with a 3 Mpc res-
olution, and the outcome of the simulation is the resulting inho-
mogeneous 21-cm signal which for our purposes in this paper we
average over the box. In addition, inhomogeneous backgrounds
of X-ray, Ly α, LW and ionizing radiation at every redshift are
computed. In our simulation, the statistically generated initial con-
ditions for structure formation, i.e. the density field and the su-
personic relative velocity between dark matter and baryons (Tseli-
akhovich & Hirata 2010; Tseliakhovich, Barkana & Hirata 2011;
Visbal et al. 2012), are linearly evolved from recombination to
lower redshifts. Using the values of large-scale density and veloc-
ity in each cell, we apply the extended Press–Schechter formalism
(Barkana & Loeb 2004; Press & Schechter 1974), as modified by
the large-scale density fluctuations and the supersonic relative ve-
locities, to calculate the local fraction of gas in collapsed structures
in each pixel and at each redshift. We then populate each pixel with
stars, given the star formation efficiency, as described in Section 3.
To calculate the intensities of the various radiative backgrounds, we
use the star formation rate (SFR), which is determined by the time
derivative of the collapsed fraction and the SFE. We use the standard

Figure 1. The 21-cm global signal as a function of redshift for our standard
case (black line), with red points marking the three turning points (from
left to right: the high-z maximum, the minimum and the low-z maximum).
Light-blue lines show the entire set of realizations of the 21-cm signal for the
193 different astrophysical models discussed in this paper and summarized
in Table 1. The full list of models appears in the Appendix.

spectra of Population II stars from Barkana & Loeb (2005b) (based
on Leitherer et al. 1999) to determine the spectrum and intensity
of Ly α and LW photons, the strong LW feedback from Fialkov
et al. (2013) (when LW feedback is applied) and the standard cos-
mological parameters (Planck Collaboration et al. 2014). Star for-
mation is also subject to the photoheating feedback (Sobacchi &
Mesinger 2013; Cohen et al. 2016).

The observed cosmic mean 21-cm brightness temperature relative
to the CMB can be expressed as (Madau, Meiksin & Rees 1997;
Furlanetto, Oh & Briggs 2006; Barkana 2016)

Tb = 26.8 xH I

(
1 + z

10

)1/2

(1 + δ)
[

1 − TCMB

TS

]
mK, (1)

where xH I is the neutral hydrogen fraction, δ is the matter overden-
sity, TCMB is the CMB temperature and TS is the spin temperature,
which can be expressed as

T −1
S =

T −1
CMB + xcT

−1
gas + xαT

−1
c

1 + xc + xα

. (2)

Here, Tgas is the (kinetic) gas temperature, Tc is the effective (colour)
Ly α temperature that is very close to Tgas, and xc and xα are the
coupling coefficients for collisions and Ly α scattering, respectively.
In equation (1), we neglect the peculiar velocity term since in the
global signal it averages out to linear order and adds only a tiny
correction (Bharadwaj & Ali 2004; Barkana & Loeb 2005a).

A typical dependence of the sky-averaged signal (‘the 21-cm
global signal’) on frequency is shown in Fig. 1 (black line, our stan-
dard case as will be explained below). Its characteristic structure of
peaks and troughs encodes information about global cosmic events
(Furlanetto 2006). At early times z ! 40 collisions between neutral
hydrogen atoms and each other (and with other species) drive TS →
Tgas, and the signal is seen in absorption, because in the absence of
heating sources Tgas < TCMB. As the universe expands and cools, col-
lisions become rare and hydrogen atoms are driven towards thermal
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ABSTRACT
The early star-forming Universe is still poorly constrained, with the properties of high-redshift
stars, the first heating sources and reionization highly uncertain. This leaves observers planning
21-cm experiments with little theoretical guidance. In this work, we explore the possible range
of high-redshift parameters including the star formation efficiency and the minimal mass of
star-forming haloes; the efficiency, spectral energy distribution and redshift evolution of the first
X-ray sources; and the history of reionization. These parameters are only weakly constrained
by available observations, mainly the optical depth to the cosmic microwave background.
We use realistic semi-numerical simulations to produce the global 21-cm signal over the
redshift range z = 6–40 for each of 193 different combinations of the astrophysical parameters
spanning the allowed range. We show that the expected signal fills a large parameter space,
but with a fixed general shape for the global 21-cm curve. Even with our wide selection of
models, we still find clear correlations between the key features of the global 21-cm signal and
underlying astrophysical properties of the high-redshift Universe, namely the Ly α intensity,
the X-ray heating rate and the production rate of ionizing photons. These correlations can be
used to directly link future measurements of the global 21-cm signal to astrophysical quantities
in a mostly model-independent way. We identify additional correlations that can be used as
consistency checks.

Key words: galaxies: formation – galaxies: high-redshift – intergalactic medium – cosm-
ology: theory.

1 IN T RO D U C T I O N

Some of the most exciting epochs in cosmic history, including the
cosmic dark ages, the formation of the first radiative sources (cosmic
dawn) and the onset of the epoch of reionization during which the
entire Universe became ionized, are currently inaccessible obser-
vationally. Our theoretical understanding of galaxy formation gives
us significant guidance, but this is limited by astrophysical uncer-
tainties (Barkana 2016). A major focus are three cosmic events
expected at early times (Madau, Meiksin & Rees 1997): cosmic
reionization [known to have occurred given the highly ionized Uni-
verse at present (Gunn & Peterson 1965)], cosmic heating (likely by
X-rays) and Ly α coupling (an event specific to 21-cm cosmology).

In the hierarchical picture of structure formation, haloes grew
gradually during the dark ages, assembling mass via gravitational
interactions. Massive enough haloes were able to retain gas that
could radiatively cool, condense and form stars, with the first

⋆ E-mail: aviadc11@gmail.com

stellar objects forming at z ∼ 65 (Naoz & Barkana 2006; Fialkov
et al. 2012). The minimal mass of haloes within which stars can
form, Mmin, depends on the chemical composition of the gas, and
in the pristine conditions at high redshifts, two cooling channels
dominate: (1) radiative cooling of molecular hydrogen happens
in the smallest haloes, with mass above 105 M⊙ (e.g. Tegmark
et al. 1997; Bromm, Coppi & Larson 2002; Yoshida et al. 2003),
and (2) radiative cooling of atomic hydrogen takes place in haloes
with mass above 107 M⊙ (e.g. Barkana & Loeb 2001). Star forma-
tion in small haloes is a vulnerable process and is believed to be
affected by several feedback mechanisms that can either boost or
suppress the formation of the next generation of stars. One of the
mechanisms discussed in the literature is the Lyman–Werner (LW)
feedback. UV radiation in the LW band emitted by the first stars
can dissociate hydrogen molecules (Haiman, Rees & Loeb 1997),
depleting the reservoirs of gas available for the formation of the
future stars (however, the efficiency of the LW feedback is poorly
understood, e.g. Visbal et al. 2014; Schauer et al. 2015). Because
LW photons reach up to ∼100 comoving Mpc, this feedback is
not local and star formation activity at one site can potentially

C⃝ 2017 The Authors
Published by Oxford University Press on behalf of the Royal Astronomical SocietyDownloaded from https://academic.oup.com/mnras/article-abstract/472/2/1915/4082839

by University of Tokyo Library user
on 06 March 2018
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EDGES
• Experiment to Detect the Global Epoch of Reionization 

Signature(EDGES), located at Murchison Radio-
astronomy Observatory in Western Australia;
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Extended Data Figure 2 | Low-band antennas. a, The low-1 antenna 
with the 30 m ×  30 m mesh ground plane. The darker inner square is the 
original 10 m ×  10 m mesh. The control hut is 50 m from the antenna.  
b, A close view of the low-2 antenna. The two elevated metal panels form 

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

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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EDGES
• Experiment to Detect the Global Epoch of Reionization 

Signature(EDGES), located at Murchison Radio-
astronomy Observatory in Western Australia;
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LETTERRESEARCH

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

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

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

• excess signal the low-band for 
50-100MHz (27>z>13), centered 
at 78MHz(z=17.z) 

• The absorption is about factor 2 
larger than the largest expected 
value from theory.
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An absorption profile centred at 78 megahertz in the 
sky-averaged spectrum
Judd D. Bowman1, Alan E. E. Rogers2, Raul A. Monsalve1,3,4, Thomas J. Mozdzen1 & Nivedita Mahesh1

After stars formed in the early Universe, their ultraviolet light is 
expected, eventually, to have penetrated the primordial hydrogen 
gas and altered the excitation state of its 21-centimetre hyperfine 
line. This alteration would cause the gas to absorb photons from 
the cosmic microwave background, producing a spectral distortion 
that should be observable today at radio frequencies of less than  
200 megahertz1. Here we report the detection of a flattened 
absorption profile in the sky-averaged radio spectrum, which is 
centred at a frequency of 78 megahertz and has a best-fitting full-
width at half-maximum of 19 megahertz and an amplitude of 0.5 
kelvin. The profile is largely consistent with expectations for the 
21-centimetre signal induced by early stars; however, the best-fitting 
amplitude of the profile is more than a factor of two greater than 
the largest predictions2. This discrepancy suggests that either the 
primordial gas was much colder than expected or the background 
radiation temperature was hotter than expected. Astrophysical 
phenomena (such as radiation from stars and stellar remnants) are 
unlikely to account for this discrepancy; of the proposed extensions 
to the standard model of cosmology and particle physics, only 
cooling of the gas as a result of interactions between dark matter 
and baryons seems to explain the observed amplitude3. The low-
frequency edge of the observed profile indicates that stars existed 
and had produced a background of Lyman-α photons by 180 million 
years after the Big Bang. The high-frequency edge indicates that 
the gas was heated to above the radiation temperature less than 
100 million years later.

Observations with the Experiment to Detect the Global Epoch of 
Reionization Signature (EDGES) low-band instruments, which began 
in August 2015, were used to detect the absorption profile. Each of the 
two low-band instruments consists of a radio receiver and a zenith- 
pointing, single-polarization dipole antenna. Spectra of the brightness 
temperature of the radio-frequency sky noise, spatially averaged over 
the large beams of the instruments, were recorded between 50 MHz 
and 100 MHz. Raw spectra were calibrated, filtered and integrated over 
 hundreds of hours. Automated measurements of the reflection coeffi-
cients of the antennas were performed in the field. Other measurements  
were performed in the laboratory, including of the noise waves and 
reflection coefficients of the low-noise amplifiers and additional  
calibration constants. Details of the instruments, calibration, verifica-
tion and model fitting are described in Methods.

In Fig. 1 we summarize the detection. It shows the spectrum 
observed by one of the instruments and the results of model fits. 
Galactic synchrotron emission dominates the observed sky noise, 
 yielding a power-law spectral profile that decreases from about 
5,000 K at 50 MHz to about 1,000 K at 100 MHz for the high Galactic 
latitudes shown. Fitting and removing the Galactic emission and  
ionospheric contributions from the spectrum using a five-term,  
physically motivated foreground model (equation (1) in Methods) 
results in a residual with a root-mean-square (r.m.s.) of 0.087 K.  

The absorption profile is found by fitting the integrated spectrum 
with the foreground model and a model for the 21-cm signal  
simultaneously. The best-fitting 21-cm model yields a symmetric 
U-shaped absorption profile that is centred at a frequency of 
78 ±   1 MHz and has a full-width at half- maximum of −

+19 MHz2
4 , an 

amplitude of . − .+ .0 5 K0 2
0 5  and a flattening factor of τ = −

+7 3
5 (where the 

bounds provide 99% confidence intervals including estimates of  
systematic uncertainties; see Methods for model definition). 
Uncertainties in the parameters of the fitted profile are estimated 
from statistical uncertainty in the model fits and from  systematic 
differences between the various validation trials that were performed 
using observations from both instruments and several  different data 
cuts. The 99% confidence intervals that we report are calculated as 
the outer bounds of (1) the marginalized statistical 99% confidence 
intervals from fits to the primary dataset and (2) the range of best- 
fitting values for each parameter across the validation trials. Fitting 
with both the foreground and 21-cm models lowers the residuals to 
an r.m.s. of 0.025 K. The fit shown in Fig. 1 has a signal-to-noise ratio 
of 37, calculated as the best-fitting amplitude of the profile divided 
by the statistical uncertainty of the amplitude fit, including the cova-
riance between model parameters. Additional analyses of the 

1School of Earth and Space Exploration, Arizona State University, Tempe, Arizona 85287, USA. 2Haystack Observatory, Massachusetts Institute of Technology, Westford, Massachusetts 01886, USA. 
3Center for Astrophysics and Space Astronomy, University of Colorado, Boulder, Colorado 80309, USA. 4Facultad de Ingeniería, Universidad Católica de la Santísima Concepción, Alonso de Ribera 
2850, Concepción, Chile.
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Figure 1 | Summary of detection. a, Measured spectrum for the reference 
dataset after filtering for data quality and radio-frequency interference. 
The spectrum is dominated by Galactic synchrotron emission.  
b, c, Residuals after fitting and removing only the foreground  
model (b) or the foreground and 21-cm models (c). d, Recovered  
model profile of the 21-cm absorption, with a signal-to-noise  
ratio of 37, amplitude of 0.53 K, centre frequency of 78.1 MHz and  
width of 18.7 MHz. e, Sum of the 21-cm model (d) and its residuals (c).
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Possible Explanations

• Colder Gas 
• DM-baryon scattering ( Ωh2 < 1%) 

• Hotter Radiation 
• New contributions to CMB at low frequency 

• Dark Photon 
• Axion
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[ Pospelov, Pradler, Ruderman & Urbano (2018) ]
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Axion-Photon Mixing
• axion-photon coupling [axion-like-particle (ALP), a] 

• In the presence of background magnetic field B, an 
effective mixing rises between a and photon 

• Plasma frequency

!9

ga: the strength of the ALP-photon coupling.

M2 =

✓
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a EgaB?
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Lint = �1

4
gaaFµ⌫

eFµ⌫ = gaaE ·B,



Yong TANG(UCAS)       Axion-Photon Conversion and 21cm Line                  KIAS

Plasma Frequency
• Free electron fraction

!10
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Axion-Photon Mixing
• ALP-photon system evolves as 

• Two mass eigenstates  

• Masses and mixing angle

!11
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Conversion Probability
• If propagate adiabatically from A to B 

• In this case, conversion probability is given by  

• Adiabatic approximation is not valid in our setup, 
mostly-violated around the resonance regime
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Conversion Probability
• Generally 

• Landau-Zener transition 

• Our case

!13

r
�1 ⌘

d ln!2
p

dt
= 3H +

d lnXe

dt
,

H : Hubble parameterEgaB? ⌧ m2
a

Pa!� = 1� exp

✓
�2⇡r sin2 ✓

2E/m2
a

◆
' ⇡rg2aB

2
?E

m2
a

,

sin ✓ =
EgaB?p

(2EgaB?)2 + (m2
a)

2
' EgaB?

m2
a

<latexit sha1_base64="BlgWgVBa30GPyJRg5oqGBXIhz/M="></latexit>

Pa!� ' 1

2
+

✓
P � 1

2

◆
cos 2✓A cos 2✓B , 0  P  1

<latexit sha1_base64="evIC12iC1+mhSD5AtZEZ5kUYapo="></latexit> P = 0 adiabatic
<latexit sha1_base64="MvMZ/nZzJDrC1c1j/hQGg+O0yKY="></latexit>

[Mirizzi, Redondo & Sigl(2009)]

) P = exp


�

2⇡H2
12

|d(H11 �H22)/dt|

�

<latexit sha1_base64="rGydYhpXykbH2WKvIsYXDo7E0y4="></latexit>

H ⌘
M

2

2E
=

1

2E

✓
m2

a EgaB?
EgaB? !2

p

◆

<latexit sha1_base64="fSkIdz18zeEOaVWBG/PCDOdIuY8="></latexit>

Level-crossing Probability



Yong TANG(UCAS)       Axion-Photon Conversion and 21cm Line                  KIAS

Conversion Probability
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netic fields explains the EDGES anomaly.2 Cosmological effects of 
(resonant) axion conversion into the photon have been considered 
in Refs. [25–27], but the case of axion dark radiation with energy 
much lower than the CMB photon was not considered so far. We 
will show that actually the axion dark radiation with such low en-
ergy can modify the CMB spectrum of its Rayleigh–Jeans tail and 
hence it can affect the 21 cm observation.

2. Resonant conversion of axion into photon

The ALP, represented by a, is assumed to have a coupling to 
photon as

L = −1
4

gaaFµν F̃ µν , (2)

where Fµν is the electromagnetic field strength tensor, F̃ µν is its 
dual, and ga represents the strength of the ALP-photon coupling. 
Under the background magnetic field B⃗ , it gives an effective mixing 
between the ALP and photon [28]. Let us consider ALP/photon with 
energy E which passes through the region with non-vanishing 
magnetic field. The effective mass matrix of the ALP and photon 
looks like

M2 =
(

m2
a Ega B⊥

Ega B⊥ ω2
p

)
, (3)

where B⊥ denotes the strength of the magnetic field perpendicular 
to the ALP/photon momentum direction and we have included the 
effective photon mass, the so-called plasma frequency,

ωp(z) =
√

4παne(z)
me

≃ 1.6 × 10−14 eV (1 + z)3/2 X1/2
e . (4)

Here α is the electromagnetic fine structure constant, me is the 
electron mass, z is the redshift, and Xe denotes the ionization frac-
tion of the hydrogen atom. The mixing angle between photon and 
ALP is found to be

sin2(2θ) = (2Ega B⊥ )2

(2Ega B⊥ )2 + (ω2
p − m2

a)2
. (5)

Since ωp(z) changes with Hubble expansion, there is an epoch, de-
noted by z = zres, at which ω2

p becomes equal to m2
a for a certain 

range of ALP mass. For the resonant conversion to happen after 
the matter-radiation equality, for example, the ALP mass should be 
in the following range: ma ∼ 10−14 eV–10−9 eV. Then the mixing 
angle becomes maximum and the resonant conversion of the ALP 
into photon (or the opposite process) happens [25,29]. The conver-
sion probability of the ALP into photon after the resonance is [29]

Pa→γ = 1
2

[

1 − exp

(

−2πrg2
a B2

⊥ E

m2
a

)]

≃ πrg2
a B2

⊥ E

m2
a

, (6)

where, denoting the expansion rate of the Hubble parameter as H ,

r−1 ≡
d lnω2

p

dt
= 3H + d ln Xe

dt
, (7)

with all quantities being evaluated at z = zres. Here, we have as-
sumed the probability is much smaller than unity in the last sim-
ilarity of (6). As we will see below, such a condition holds for the 
case of our interest. Note that in a cosmological setup, the relative 

2 See also Refs. [22,23] for some other relations between the axion and 21 cm 
signal, and Ref. [24] for modification of recombination history.

Fig. 1. The conversion probability Pa→γ as a function of the redshift at he resonance 
zres . We have used ga B0 = 10−12 GeV−1 nG and E0 = 0.3 µeV for illustration.

direction of B⃗ is random against the ALP/photon momentum direc-
tion, and hence B2

⊥ in (6) should be regarded as 
〈
B2

⊥
〉
= B2/3. We 

assume B(z) = B0(1 + z)2 [21].
In Fig. 1 we show the conversion probability Pa→γ as a func-

tion of redshift at the resonance, zres. We have taken ga B0 =
10−12 GeV−1 nG and E0 = 0.3 µeV for illustration (with E0 being 
the present energy of ALP/photon); the EDGES frequency range 
50 MHz–100 MHz corresponds to E0 ≃ (0.2–0.4) µeV.3 We have 
used HyRec code for the calculation of Xe [30]. The sudden jump 
around redshift z ≃ 1000 is due to the recombination effect. At 
the recombination epoch the ionization fraction Xe decreases dra-
matically, which leads to a much smaller plasma mass. Therefore, 
the probability of the resonant conversion is greatly enhanced for 
zres ! 1000. We also give an approximate formula of the conver-
sion probability as

Pa→γ ∼ 1.7 × 10−7
(

E0

1 µeV

)(
ga

10−11 GeV−1

)2 (
B0

1 nG

)2

×
(

10−14 eV
ma

)2

(1 + zres)
7/2. (8)

In the above expression, we have assumed that the resonance hap-
pens in the matter-dominated era and approximated r ∼ (3H)−1. 
Note that m2

a ∝ (1 + zres)
3 and hence Eq. (8) is weakly dependent 

on zres as Pa→γ ∝ √
1 + zres. Note also that such low-energy pho-

tons may experience bremsstrahlung absorption above the redshift 
z " 1700 [31], and hence the resonant redshift may be constrained 
as zres ! 1700.

We have made several assumptions for deriving the conversion 
probability. One is that the oscillation length is shorter than the 
typical coherent length of the magnetic field. The oscillation length 
is given by

ℓosc ∼ 4E

|ω2
p − m2

a |

∣∣∣∣∣
z=zres

∼ 4
√

Er
ma

∣∣∣∣∣
z=zres

∼ 70 kpc
(

10−14 eV
ma

)(
E0

1 µeV

)1/2

(1 + zres)
−1/4, (9)

where we have assumed that the resonance happens in the matter-
dominated era and approximated r ∼ (3H)−1 in the last line. The 
coherent length of the magnetic field is assumed to be [21]

ℓB ∼ 1 Mpc (1 + z)−1. (10)

3 The relation between energy E and frequency f is given as E = 2π f ≃
4.14 µeV( f /1 GHz).
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Application to EDGES
• Differential energy fraction
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The other condition is that the oscillation length is shorter than 
the mean free path of the photon,

ℓγ = (σTne)
−1 = 3m2

e

8πα2ne
≃ 2 × 106 Mpc (1 + z)−3 X−1

e , (11)

where σT denotes the cross section of Thomson scattering. For 
the parameters of our interest 20 ! zres ! 1700, ℓosc is typically 
smaller than ℓB and ℓγ and hence we can use (6) as a conversion 
probability.

3. Effect of ALP-photon conversion on the CMB

Let us consider a process that a moduli-like scalar field φ de-
cays into the ALP pair, φ → aa and assume that the interaction of 
ALP is weak enough so that ALPs are regarded as free particles. 
The ALP number density spectrum at the redshift z is given as

E
dna

dE
(z) = 2nφ(zi)a3(zi)

τφ H(zi)a3(z)
, (12)

where mφ and τφ are the mass and lifetime of φ respectively, E ′ =
E(1 + z′)/(1 + z) and zi is the redshift at the production of the ALP 
with energy E at z, which is given by 1 + zi = mφ(1 + z)/(2E). The 
number density of φ is given by

nφ(z) = Yφ s(z)exp
(

− t(z)
τφ

)
, (13)

where Yφ parametrizes the number density of φ. The total ALP 
energy density is given by

ρa(z) =
∫

dE E
dna

dE
(z). (14)

The present CMB spectrum arising from the conversion of ALP is 
given by

E0
dnγ

dE0
=

(
E

dna

dE

)

z=zres

Pa→γ (zres)

(
1

1 + zres

)3

=
(

E
dna

dE

)

z=0
Pa→γ (zres). (15)

An example of the present ALP dark radiation spectrum compared 
with the CMB (without any absorption and emission by the 21 cm 
line) as a function of the ALP/photon frequency is shown in Fig. 2. 
The vertical axis corresponds to the energy spectrum Edρa/dE
or Edργ /dE normalized by the total CMB energy density. Two 
vertical lines show the EDGES frequency range. We have taken 
mφ = 40 µeV, τφ = 1015 sec and Yφ = 22. We have )Neff ≃ 0.26
(see below) in this parameter set.

Now let us estimate the required conversion probability for ex-
plaining the EDGES anomaly. The energy fraction of the CMB in the 
EDGES frequency range is

f (EDGES)
γ ≡ π−2 ∫

T0 E2dE

π2T 4
0/15

≃ 2.5 × 10−10, (16)

where T0 is the present CMB temperature and the integration 
range is E = (0.2–0.4) µeV. On the other hand, the energy fraction 
of the ALP dark radiation in the EDGES frequency range is

f (EDGES)
a ≡

∫
dE Edna/dE

ρa
, (17)

where the integration range in the numerator is again E =
(0.2–0.4) µeV. Of course f (EDGES)

a depends on the position of the 

Fig. 2. An example of the present ALP dark radiation spectrum compared with the 
CMB as a function of the ALP/photon frequency. The vertical axis corresponds to the 
energy spectrum Edρa/dE or Edργ /dE normalized by the total CMB energy density. 
Two vertical lines show the EDGES frequency range. We have taken mφ = 40 µeV, 
τφ = 1015 sec and Yφ = 22 for illustration.

peak ALP energy. Numerically we find that it takes a maximum 
value f (EDGES)

a ∼ 0.4 when the peak energy is ∼ 0.7 µeV. Therefore, 
in order to increase the photon energy density in the EDGES range 
by an amount of O(1) due to the ALP-photon conversion, we need

ρa f (EDGES)
a Pa→γ (E0) ∼ ργ f (EDGES)

γ , (18)

with E0 being the EDGES energy range. Thus the required conver-
sion probability is given by

Pa→γ (E0) ∼ 1.1 × 10−9
(

f (EDGES)
a )Neff

)−1
, (19)

where we have parameterized the ALP energy density by the extra 
effective number of neutrino species )Neff , which is given by

)Neff ≃ ρa

0.23ργ
, (20)

with 0.23ργ corresponding to the neutrino energy density of one 
species. The Planck constraint is )Neff ! 0.33 [32].4 Therefore we 
need at least Pa→γ (E0) " 8 × 10−9 at the EDGES frequency range.

There are several constraints on the parameters. The CAST ex-
periment is searching for axions from the Sun and the current 
constraint is ga ! 6.6 ×10−11 GeV−1 [33]. Constraint from the cool-
ing of horizontal branch star is comparable. The CMB observation 
constrains on the magnetic field on the Mpc scale as B0 ! a few 
nG [21,34]. The primordial magnetic field also affects the spin 
temperature through the extra heating processes due to some dis-
sipative effects on the plasma [35–38]. It may heat up the gas too 
much for B0 ∼ 1 nG, but the effect much depends on the shape of 
power spectrum of the primordial magnetic field. The most impor-
tant constraint in our scenario comes from the inverse conversion 
process: CMB photon conversion into the ALP. Since the conver-
sion rate is proportional to E , it can be important at the CMB 
peak frequency range. Ref. [29] derived constraint on the combi-
nation ga B0 from the distortion of the CMB due to the conver-
sion of CMB photon into the ALP. The constraint reads ga B0 !
10−13–10−11 GeV−1nG for ma ∼ 10−14 eV–10−9 eV from the mea-
surement by the COBE FIRAS experiment [39]. The ARCADE2 ex-
periment also measured the CMB flux above the frequency 3 GHz, 
although it does not give a stringent bound compared with the 
above [40].

In Fig. 3, on the (ma, ga B0) plane, we show the contours of con-
stant conversion probability Pa→γ for E0 ≃ 0.3 µeV as well as the 

4 If ALP dark radiation is produced well after the recombination, larger dark ra-
diation energy density may be allowed. Also, the upper limit on )Neff depends on 
the cosmological models and some scenarios still allow )Neff ! 0.7 [32].
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Estimations
• Energy fraction of photon in EDGES frequency range 

• Energy fraction of ALP 

• To increase ργ in the EDGES range by an amount
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Parameter Space

• Above the solid red curve, excluded by CMB distortion
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Fig. 3. Contours for conversion probability Pa→γ = 8  ×10−9 , 2 ×10−8 and 1 ×10−7, 
shown in orange long-dashed, purple dot-dashed and blue dotted lines, respec-
tively. The red solid line marks the upper limit on ga B0 from the CMB spectral 
distortion [29 ]. Three dashed vertical lines indicate the redshifts at the resonant 
conversion, zres = 20, 1700, and 2 × 104, respectively. (For interpretation of the col-
ors in the figure(s), the reader is referred to the web version of this article.)

constraint from distortion of the CMB spectrum. The long-dashed 
orange line gives the conversion probability Pa→γ ! 8  × 10−9 , 
while the purple dot-dashed and blue dotted ones give Pa→γ =
2 × 10−8 and 1 × 10−7, respectively. The red solid line is the up-
per bound on the product ga B0 from the CMB spectral distortion 
given in Ref. [29 ]. We also indicate the redshifts at the resonant 
conversion zres = 20, 1700 and 2 × 104 with vertical dashed lines. 
To avoid the efficient absorption of the converted photons, we may 
need zres " 1700 [31] as mentioned earlier. It is seen that there 
are parameter regions in which Pa→γ ! 10−8 , which is required 
for explaining the EDGES anomaly.

So far we have not specified the origin of φ. A general discus-
sion about the possibility of φ is beyond the scope of this paper. 
Here, we propose one viable scenario, a simple one based on a 
supersymmetric model; we consider a scenario in which the ALP, 
a pseudo Nambu–Goldstone boson, is embedded into a complex 
scalar field and the radial component of the complex scalar field 
plays the role of φ. (Thus, φ is also called as “saxion” hereafter.) 
For simplicity, we assume that the potential of φ is well approx-
imated by a parabolic one, which is the case in a large class of 
supersymmetric model. The decay rate of φ into the ALP pair may 
be given by [41]

τ−1
φ = $φ→2a = 1

64π

m3
φ

f 2 , (21)

where f is the associated symmetry breaking scale, which is ex-
pected to be related to ga as ga ∼ α/16π f . The parent particle 
φ mostly decays at the epoch at H ∼ $φ→2a . The ALP has a en-
ergy of mφ/2 at the production and it is red-shifted to the EDGES 
frequency. We can derive a consistency condition as

mφ ∼

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

4 × 103 GeV
(

f
108 GeV

)2 (
1 µeV
Epeak

)2

if $φ→2a < HT =TR

2 × 104 GeV
(

f
109 GeV

)4/3 (
1 µeV
Epeak

)(
TR

103 GeV

)

if $φ→2a > HT =TR

, (22)

where TR denotes the reheating temperature and Epeak denotes the 
peak energy of the present ALP spectrum. Here we simply assume 

mφ/2 = Epeak(1 + zdec) with zdec being the redshift at the cosmic 
time comparable to the lifetime of φ, i.e., H(zdec) = $φ→2a . For 
the case of low reheating temperature so that mφ > HT =TR , for 
example, the abundance of φ in the form of coherent oscillation is 
given by

mφYφ = 1
8

TR

(
φi

MP

)2

≃ 1.3 × 102 GeV
(

TR

103 GeV

)(
φi

MP

)2

,

(23)

where φi is the initial amplitude of φ and MP the reduced Planck 
scale. Choosing φi appropriately (close to MP), it is possible to 
yield ALP with 'Neff ∼ O(0.1) by the decay of φ.5 In order for 
the momentum distribution of produced ALP not to be modified 
by the scattering with thermal photons, it is necessary to satisfy 
αg2

a T 3 " H , which implies, in the radiation-dominated universe,

T " 104 GeV ×
(

ga

10−10 GeV−1

)−2

. (24)

Based on Eq. (22), we may adopt f ∼ 108 GeV (and ga ∼
10−12 GeV−1), mφ ∼ 103 GeV, and TR ∼ 103 GeV, with which the 
constraint (24) is satisfied while P ! 10−8 is possible taking 
B0 ! 0.1 − 1 nG to produce enough amount of radiation in the 
Rayleigh–Jeans tail.

Before closing this section, let us discuss possibilities to test 
our scenario with future experiments. Interestingly, the future ax-
ion helioscope experiment IAXO [44] can reach the sensitivity of 
ga = (a few) × 10−12 GeV−1. Thus, preferred region to explain the 
EDGES result may be covered. Future CMB experiments such as 
PIXIE [45 ] or PRISM [46] will also significantly improve the con-
straint from CMB spectral distortion, which may confirm or rule 
out this scenario. In the present scenario, 'Neff is required to 
be larger than ∼ 10−2; future improvement of the constraints on 
'Neff [47] provides another test of the present scenario.

We would also like to compare our scenario with the one pro-
posed in Ref. [19 ]. Although both scenarios introduce some hypo-
thetical particle (i.e., ALP or dark photon) that can convert into 
photon, the involved physics is different, which would give dis-
tinguishable signals that can be probed by future experiments. In 
particular, the transition probability of dark photon to photon is 
inversely proportional to the energy [19 ], while for ALP it is pro-
portional to the energy (see Eq. (6)). As a result, the expected mod-
ifications to CMB spectrum would be quite different.6 As long as 
future experiments have sensitivity on the relevant energy range, 
it should be possible to distinguish those two scenarios by com-
paring CMB spectral distortion.

4. Conclusions

Motivated by the recent anomalous enhanced absorption of 
21 cm radio signal reported by the EDGES experiment, we have 
explored a possible explanation by the ALP-photon resonant con-
version. In this scenario, ALP has a mixing with photon and can 
convert to photon under intergalactic magnetic field, which effec-
tively increases the brightness temperature at the radio band. As 
long as the resonant conversion occurs before the redshift z ! 20, 
the intensity of the observable 21 cm signal can be enhanced rela-
tive to the purely astrophysical effects. Our scenario does not suffer 

5 The saxion can have amplitude much large than f in a supersymmetric 
setup [42]. There is also a thermal contribution to the abundance of φ [43], but 
it is subdominant compared with coherent oscillation if φi is close to MP.

6 For future constraints on dark photon and ALP due to the spectral distortion of 
the CMB, see Refs. [48 ] and [49 ], respectively.

[Mirizzi, Redondo & Sigl(2009)]

ga . 6.6⇥ 10�11 GeV�1

CAST

B0 . a few nG
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Future Tests
• Axion experiments 

•  IAXO,…  

• CMB measurements 
• PIXIE or PRISM 
• a 

• 21cm observations 
• SKA, HERA, …
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Summary
• We discuss a scenario that the recent observed 

excess of 21cm signal at EDGES is explained 
by increasing the radiation temperature at the 
low frequency range. 

• Especially, we present a scenario where axion 
is converted to photon resonantly. 

• Future experiments on Axion, CMB Neff, and 
21cm can provide further tests.
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Thank you!

!20



Yong TANG(UCAS)       Axion-Photon Conversion and 21cm Line                  KIAS

Backup
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EDGES

!22

6 8  |  N A T U R E  |  V O L  5 5 5  |  1  M A R C H  2 0 1 8

LETTERRESEARCH

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.
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Conversion Probability
• Adiabatic 

• Generally
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Decay
• Moduli Decay 

• Abundance
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