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Years since
the Big Bang

~300000
(z~1000)

~100 million
(z~20-40)

~1 billion
(z~6)

~13 billion
(z=0)

ß Big Bang: 
the Universe is filled with ionized gas
ß Recombination:The gas cools and becomes neutral

ß The first structures begin to form.

Reionization starts (z ~12)

ßReionization is complete 

ß Today�s structures

Dark Ages

Reionization

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

measured in a radial direction r̂ at redshift z (corre-
sponding to 21-cm radiation observed at frequency ν =
c/[λ21(1+z)]). Here, A is the Einstein spontaneous emis-
sion coefficient for the 21-cm transition, Vr is the phys-
ical velocity in the radial direction (including both the
Hubble flow and the peculiar velocity of the gas v), and
∂Vr/∂r is the velocity gradient in the radial direction.
Explicitly, we have

∂Vr

∂r
=

H(z)

1 + z
+

∂(v · r̂)
∂r

. (8)

Combining Eqs. (7) and (8) and expanding to linear or-
der, we find

δTb = −T b
1 + z

H(z)

∂vr

∂r
+

∂Tb

∂δ
δ, (9)

where T b is the mean brightness temperature, vr = v · r̂

is the peculiar velocity in the radial direction, and δ =
(nH − nH)/nH is the overdensity of the gas.

Moving to Fourier space, we find

δT̃b = −T b
1 + z

H(z)
µ2 (ikṽ) +

∂Tb

∂δ
δ̃, (10)

δT̃b = T b

[
µ2 + ξ

]
δ̃, (11)

where µ = k̂ · r̂ = cos θk is the cosine of the angle
between the radial direction and the direction of the
wavevector k, and ξ is defined by ξ ≡ (1/T b)(∂Tb/∂δ).
The second line, Eq. (11), uses the additional relation
δ̃ = −(ikṽ)(1 + z)/H , which is, strictly speaking, valid
on scales larger than the Jean’s length during the mat-
ter dominated epoch. The total brightness-temperature
power spectrum is thus [32, 51]

⟨δT̃b(k)δT̃b(k
′)⟩ = (2π)3δ(3)(k + k′)PTb

(k), (12)

Kleban+(2007)

What can we do with 21cm? ΔP/P ∼ 1/ N
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Bullock+(2017)

Figure 2

The ⇤CDM dimensionless power spectrum (solid lines, Equation 1) plotted as a function of linear
wavenumber k (bottom axis) and corresponding linear mass Ml (top axis). The bottom panel
spans all physical scales relevant for standard CDM models, from the particle horizon to the
free-streaming scale for dark matter composed of standard 100 GeV WIMPs on the far right. The
top panel zooms in on the scales of interest for this review, marked with a rectangle in the bottom
panel. Known dwarf galaxies are consistent with occupying a relatively narrow 2 decade range of
this parameter space – 109 � 1011 M� – even though dwarf galaxies span approximately 7 decades
in stellar mass. The e↵ect of WDM models on the power spectrum is illustrated by the dashed,
dotted, and dash-dotted lines, which map to the (thermal) WDM particle masses listed. See
Section 3.2.1 for a discussion of power suppression in WDM.
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mWDM : 1keV, 3keV, 10keV

21cm forest:

50 ≲ k ≲ 103/Mpc

mWDM ≳ 5keV mWDM ≳ 50keVLy-alpha:                                  



TCMBNeutral	hydrogen	
gas	clouds

TS

τ
Tb

Brightness temperature Tb

Tb ≡ TCMBe−τ + TS(1 − e−τ)

Differential brightness temperature

δTb =
Tb − TCMB

1 + z
≈

Ts − TCMB

1 + z
τ

emission (T_s>Tcmb) or absorption (T_s<Tcmb)

What does the 21cm signal actually measure? 
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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.
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FIG. 3. Absorption signal of various DM models assuming Tmin = 103 K (including atomic and molecular cooling) and f⇤ = 0.03
(corresponding to the largest allowed stellar-to-baryon fraction in haloes). From top left to bottom right: thermal warm DM,
mixed DM, fuzzy DM, and sterile neutrino DM from resonant production. Coloured arrows illustrate that all absorption signals
are allowed to move towards smaller but never towards larger redshifts. Models are excluded if the minimum of their absorption
trough is further left than the signal from EDGES (dashed vertical line). Bottom-right panel: Sterile neutrino DM models that
are in tension with limits from X-ray observations are shown with dashed lines.

imum of the 21-cm absorption trough. The minimum is
a good measure for the timing of the signal because it
does not change if additional mechanisms decreasing Tk

or increasing T� are assumed (this is only true of course,
as long as the mechanism in question has no strong red-
shift dependence around the minimum). Note that this
point is particularly important since the signal measured
by EDGES is significantly stronger than expected.

Fig. 3 shows the 21-cm absorption troughs of the most
extreme model (with Tmin = 103 K and f⇤ = 0.03)
that represents the limit beyond which the star-formation
rate strongly disagrees with results from radiation-
hydrodynamic simulations (see discussion in Sec. II).
For any realistic model, the minimum of the absorption
trough is allowed to shift towards smaller (but never
larger) redshifts as indicated by the coloured arrows.
Hence, all models of Fig. 3 with an absorption minimum
at redshifts below z = 17.2 (corresponding to the signal
from EDGES, see vertical dashed line) are excluded. The
four panels of Fig. 3 show di↵erent DM scenarios (with
varying model parameters) that we will now discuss in
more detail.

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

to the left of the vertical dashed black line.

Our constraints on WDM are significantly tighter than
previous results based on the 21-cm signal [38, 76]. One
important reason for this improvement is the sharp-k
halo mass function used in our analysis. As shown in
Sec. III, the sharp-k mass function is in good agree-
ment with simulations of non-cold DM models, while the
standard Press-Schechter approach over-predicts the halo
abundance towards small masses. Compared to Ref. [76]
who reported a limit of mTH > 3 keV based on EDGES,
we gain further leverage by focusing on the full absorp-
tion signal instead of solely the UV coupling coe�cient
(x↵). The former allows to directly compare theoreti-
cal predictions with observations without relying on the
arbitrary choice of a maximum value for x↵.

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

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

The fuzzy DM scenario (bottom-left panel of Fig. 3)
consists of an ultra-light boson (i.e. axion-like particle)
parametrised by the particle mass ma [77, 78]. Ultra-
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Schneider (2018)

ma ≥ 8 × 10−21eV

mWDM ≥ 6.1keV

Bowman+(2018)

Example:  global brightness temperature by EDGES
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Figure 3. Radio spectral energy distribution of P352–15,
including data from our VLA 3GHz follow-up observation
as well as from the NVSS, GLEAM, and TGSS surveys. We
only show GLEAM detections with a signal-to-noise ratio
greater than five. The lower frequency measurements have a
large scatter but they are consistent with a steep radio slope
of �1.06 . ↵150

1400 . �0.89. The error bars for the 1.4 and
3GHz measurements are smaller than the plotted symbols.

summarize the radio and optical properties of P352–15
in Table 1.

Another point worth mentioning is that the quasar
spectrum shows a possible associated absorption system
in Ly↵ and Nv at z = 5.8213 (Figure 1). If the ab-
sorption is confirmed with future observations, it may
indicate a dense local environment. Associated absorp-
tion could also be a probe of the interstellar medium of
the host galaxy, often indicating strong outflows driven
by radio-mode feedback associated with the expanding
radio source (e.g., Vayner et al. 2017).

4. CONCLUDING REMARKS

The existence of this bright radio quasar at z ⇠ 6 is
promising for future 21 cm forest studies in the epoch
of reionization (e.g., Semelin 2016). If the associated
absorber is confirmed (Figure 1), P352–15 could enable
one of the key science cases of the Square Kilometre
Array, H i 21 cm absorption spectroscopy in the epoch
of reionization (Kanekar & Briggs 2004; Morganti et al.
2015), but in a much nearer future. At z ⇠ 5.8, the
21 cm line is shifted to ⇠ 208 MHz, a frequency that can
be studied with existing radio interferometers such as
the MWA and the GMRT.

This radio-loud quasar will likely be an unprecedented
laboratory for a number of studies, including the follow-
ing.
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Figure 4. Rest-frame 5GHz radio luminosity vs. rest-frame
4400 Å optical luminosity for all redshift z > 5.5 quasars de-
tected at 1.4GHz or with strong limits (figure adapted from
Bañados et al. 2015). The arrows represent 3� upper limits.
The red circle corresponds to P352–15, the quasar discussed
in this Letter. We show the average of the radio luminosity
using two radio slopes (↵ = �0.89 and ↵ = �1.06). We note
that the symbol size is bigger in the y-axis than the whole
range allowed by the two radio slopes (see also Table 1).

• VLBA (Momjian et al. 2018) and X-ray studies
of jet properties at the earliest cosmic times will
provide a direct observational test for the e↵ects
of the cosmic microwave background on the most
distant powerful jets (Ghisellini et al. 2015).

• The role of radio-jets for the formation and growth
of supermassive black holes (Volonteri et al. 2015).

• Search for direct evidence of radio-mode feedback
as an important process during the formation of
the first massive galaxies in the universe (Fabian
2012).

We thank the referee for suggestions that improved the
clarity of this Letter. We thank Daniel D. Kelson for his
support with the FourStar data. F.W. and B.P.V. ac-
knowledge funding through ERC grants “Cosmic Dawn”
and “Cosmic Gas.” This Letter includes data gathered
with the 6.5 m Magellan Telescopes located at Las Cam-
panas Observatory, Chile. We are grateful to the VLA
sta↵ for providing DDT observations for this program.
The National Radio Astronomy Observatory is a facil-
ity of the National Science Foundation operated under
cooperative agreement by Associated Universities, Inc.
The Pan-STARRS1 Surveys (PS1) and the PS1 public
science archive have been made possible through contri-
butions by the Institute for Astronomy, the University
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KK, Mao, Ichiki, Silk (2013)
m /H0 = 105, fa = 0.05

3

FIG. 1. (top) The e↵ect of ULPs on matter power spectrum for di↵erent ULP abundance fu = ⌦u/⌦DM for the ULP masses
m/H0 = 109, 1013. (bottom). The relative change in the matter power spectrum, defined by eq.(1). [Kenji: fu is used in the
paper and fa is used in the figure. The ULP is also cold dark matter. You can change PCDM ! Pno ULP ]

FIG. 2. (top) The e↵ect of ULPs on matter power spectrum for the di↵erent ULP masses for a given fu. (bottom) The
corresopnding relative change of the matter power spectrum. [Kenji: The zigzag shape is due to the Jeans oscillations?]
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FIG. 2. (top) The e↵ect of ULPs on matter power spectrum for the di↵erent ULP masses for a given fu. (bottom) The
corresopnding relative change of the matter power spectrum. [Kenji: The zigzag shape is due to the Jeans oscillations?]

Model: ALP (Axion-like particles) 
i.e. Ultra-light scalars

( String axiverse (Arvanitaki+(2009),

  Fuzzy DM (Hu+(2000)…)

mu : 10−10 − 10−33eV

Two free parameters: 


fu( ≡ Ωu/ΩDM)mu,
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7

FIG. 4. (top) The number of the 21cm absorption lines varying fa at fixing m/H0 = 1014 and di↵erence between CDM model
and ULP models.(bottom) Same as top panel except m/H0 = 1015.

FIG. 5. The number of 21cm absorption lines in the case of
fa=1 varying m/H0 = 1013, 1014, 1015.

becomes tighter as fa increases because the ULA with
larger fa has larger e↵ects on the matter power spectrum
and thus the number of absorption lines.

In tables I and II, we show marginalized errors on fa

and log
10
(ma/H0) for the same fiducial models presented

in Figs. 6 and 7. From the tables we find that the pivot
scales of the ULA parameters that the 21cm forest can
probe are around fa ⇡ 0.3 and log

10
(ma/H0) ⇡ 13.0

where the fractional errors are minimum.
The reason why the pivot scales arise is as follows.

If fa ⌧ 0.1, the amount of suppression in the matter
power spectrum due to ULA becomes negligibly small
and it is not possible to place a constraint on ULA pa-
rameters in this limit. If fa � 0.1, on the other hand,
the suppression e↵ect becomes too large and we can not
have an enough number of absorption lines for our statis-
tics. As for the mass parameter ma, the reason is more
straightforward. The mass of minihalos that create 21cm
forest absorption lines ranges from 104 < M� < 108

[38], which corresponds to the comoving wavenumber of
50 < k < 1000 [Mpc�1]. Therefore the ULA models
whose Jeans scale falls within this range can be probed
by 21cm forest observations, and the Jeans scale for the
ULA mass of log

10
(ma/H0) ⇡ 13 is in the middle of this

range.
Finally, we performed a fisher analysis fixing fa = 1

to explore how large ma can be probed in principle by
21cm forest observation. The results are shown in ta-
ble III. It is shown that 21cm forest observation may

Shimabukuro, Ichiki, Kadota (to appear)

n = ∫
∞

τmin

d2N
dτdz

dτΔz

Total number of absorption lines
21cm forest:

Ly-alpha:                                  

mFDM ≳ 10−18eV

mFDM ≳ 10−21eV
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Error minimum at fu ∼ 0.3 & mu ∼ 10−20eV

50 ≲ k ≲ 103Mpc

kJ ∼ 3 × 10−5(mu /H0)1/2[h /Mpc]
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FIG. 6. Expected constraints on the fa and log10(ma/H0) plane for log10(ma/H0) = 12.0, 13.0 and 13.5 from left to right,
respectively. The fiducial value of the ULA dark matter fraction is fixed to fa = 0.2. For log10(ma/H0) = 14.0 we can not
obtain any sensible constraints.
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FIG. 7. Expected constraints on the fa and log10(ma/H0) plane for fa = 0.2, 0.3 and 0.4 from left to right, respectively. The
fiducial value of the ULA dark matter fraction is fixed to log10(ma/H0) = 13.0.

Shimabukuro, Ichiki, KK , to appear

21cm forest can probe

log(ma /H0) = 12 log(ma /H0) = 13 log(ma /H0) = 14
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mFDM ≳ 10−18eV

mFDM ≳ 10−21eV


