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2 EDGES Signal from Cosmic Dawn

The EDGES radio telescope has detected
a signal from the cosmic dawn
The absorption in the 21 cm signal
at z = 17 is unexpectedly strong



3 Evolution of the Universe



4 Intensity of the Signal

The intensity of the 21 cm signal is proportional to

δT ∝ 1− TR(z)
TS(z)

≈ 1− TR(z)
TK(z)

due to Lyman-α
If TR > TS then δT < 0: absorption
If TR < TS then δT > 0: emission



5 Changes in TS

Scattering with gas,
free electrons & protons (TS → TK)
Interaction with the soft
radiation background (TS → TR)
Interaction with UV-photons,
mainly Lyman-α (TS → TL ≈ TK)



6 EDGES Signal
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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.

Bowman 2018

δTEDGES = −500+200
−500 mK, δTΛCDM = −200 mK



7 Possible explanations

δT ∝ 1− TR(z)
TS(z)

≈ 1− TR(z)
TK(z)

Cool hydrogen by scattering with
dark matter ; keep TR = TCMB

Increase soft photon background TR > TCMB



8 Cooling of Hydrogen TS?

New baryon-dark matter velocity dependent
interaction with σ ∝ 1

v4
Enhanced at the dark ages – the coldest ever era
of the Universe
Barkana 1803.06698



9 Cooling of Hydrogen TS?

Milli-charged dark matter fraction
O(1%)
Muños & Loeb 1802.10094

Momentum transfer cross section

σt = xe
2πα2ε2ξ
μ2ξ,tv

4

E.g. mDM = 10 MeV, fDM = 0.1,
ε = 10−6

γ

p+, e−

DM

p+, e−

DM



10 Cooling of Hydrogen TS?
Scattering only on ionised fraction of gas
xe ≈ 10−4

EDGES requires

σt(z = 20) = 4× 10−12 cm2

Scaling to recombination (z = 1100) with xe = 1
gives

σt(z = 1100) = 5× 10−20 cm2,

much larger than the CMB bound 10−26 cm2 for
mDM = 10 MeV
Barely possible for 10 × smaller fDM
Berlin et al. 1803.02804



11 Raising of Radiation TR?8 Fixsen et al.

the sky temperature uncertainty in table 3.

5.4. Galactic Emission Uncertainty

The extragalactic sky temperature is defined as the
residual remaining after subtracting a model of Galactic
emission. We define the absolute temperature of Galac-
tic emission along 3 independent lines of sight using the
mean of the temperatures derived from the plane-parallel
spatial morphology of the Galaxy or the observed correla-
tion between radio and atomic line emission. The three
reference lines of sight provide consistent estimates for
the total Galactic emission, with scatter 5 mK at 3 GHz,
0.5 mK at 8 GHz, and 0.4 mK at 10 GHz.

5.5. Instrument and Atmosphere Emission Uncertainty

The emission from the reflector and the flight train
was modeled and measured and the two agree within the
measurement uncertainties. The careful measurement of
the beam from the mouth of the antenna allows a very
complete model. The tipping tests demonstrate that the
model is essentially correct. The major uncertainty in the
model is the emissivity of the aluminum foil on the foam.
By calibrating against the measurement this uncertainty
is reduced.

The minimal contribution of the atmosphere at 37 km
is from Danese & Partridge (1989) and Liebe (1981). We
assume a 30% uncertainty in both of these sources.

5.6. Instrument Drifts

Of some concern are the possible drifts of the instru-
ment gain and offset in the instrument. The offset of
the high frequency amplifiers is effectively canceled by
chopping between the reference and the sky/calibrator
at 75 Hz. The gain of these amplifiers might be temper-
ature dependent. The cold HEMT amplifier is expressly
checked in the model, although excluding the amplifier
temperature from the fit does not result in a significant
change in the final temperature estimation. The warm
amplifiers were cooling very slowly during the observa-
tions. Including a linear gain drift did not significantly
improve the fit or alter the final temperature, and thus it
was not included in the final fit. The helium liquid level
changed over the course of the observations. But all of
the components of the radiometers were well above the
liquid helium for the entire set of observations.

A camera showing the exposed parts of the ARCADE
instrument at ∼2.5 K shows some nitrogen ice buildup
on the insulators and outer parts of the ARCADE 2 in-
strument. Ice here has no radiometric effects. The ra-
diometric contribution from nitrogen ice collecting on the
aperture plane and flares visible in our camera is negli-
gible as it remains at the temperature of the aperture
plate or flare.

The efflux of 5 m3 s−1 of boiloff helium gas prevented
nitrogen ice from accumulating on the optics. No conden-
sation is visible on the horn antennas. If small amounts
were to collect within the horns, it would freeze out at
the horn mouth since the flow of helium gas from the
horn impedes nitrogen flow into the interior. Any nitro-
gen freezing on the horn will have negligible radiometric
impact since solid nitrogen has no rotational modes and
hence no emission lines at centimeter wavelengths. Fur-
thermore, since it is in thermal contact with the horn it

Fig. 4.— The thermodynamic temperature as a function of
frequency. The solid line is the best fit to the ARCADE 2 data with
a constant CMB temperature plus a synchrotron like component
with an assumed -2.62 index. The vertical lines are ±1σ. The
dotted line is the FIRAS CMB temperature.

must remain close to the horn temperature. Its effects
are limited to changing the dielectric surface of the horn
near its mouth, where the electric field is largely decou-
pled from the walls. Finally, whatever minimal effect ni-
trogen snow might have will cancel in the sky/calibrator
comparison.

It is difficult for nitrogen to collect on the inside of the
calibrator as the back of the calibrator is sealed and the
front of the calibrator is closed by the aperture plane or
the horn. Both of these are well below the freezing point
of nitrogen so any nitrogen getting to the surface of the
horn or aperture plane will freeze immediately and stay
where it first comes into contact with the aperture plane
or flare. The calibrator looks down so no nitrogen snow
or oxygen rain can fall into it.

Many voltage, current, and other temperatures (both
cryogenic and ambient) were tested for correlation with
residuals. Such a test can show some connection even if
the connection is not immediately understood. None of
the auxiliary sensors showed any significant correlations
with the residuals.

6. EXTRA-GALACTIC SPECTRUM

Figure 4 shows the extragalactic spectrum measured by
the ARCADE 2 instrument. Although the data at 10, 30,
and 90 GHz are consistent with the CMB temperature
2.725 ± 0.001 K measured by the COBE/FIRAS instru-
ment at frequencies above 60 GHz (Fixsen & Mather,
2002), the data at 8 and 3 GHz show a clear excess. The
excess is statistically significant, with both 3 GHz chan-
nels lying more than 5 standard deviations above the
FIRAS value.

The ARCADE 2 data alone can not constrain the spec-
tral dependence of the excess signal to extrapolate to
other frequencies. Additional data from the literature
were selected to compare to the ARCADE 2 data. Al-
though there are many published measurements at fre-
quencies below 3 GHz, only a few have small enough
beam and sufficient sky coverage to separate the Galac-
tic component from the extragalactic component. We

ARCADE2 did measure a photon excess…

Fixsen et al. 0901.0555



12 Raising of Radiation TR

Difficult: need to avoid extra heating
of hydrogen gas
The amount of soft photons in the
65− 90× (1+ z) MHz ranges must be approx.
doubled



13 Photosphere at z = 17
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For a wide spectrum (I ≈ ν−1), lots of radiation is
absorbed and heats the gas in the UV



14 Photosphere at z = 17



15 Raising of Radiation TR

Annihilation or decay of light WIMPs?
Axions, ALPs, light oscillating spin-2
dark matter, light excited dark matter



16 Raising of Radiation TR

X
γ

γ

Dark matter decay
Eγ = mX/2

X

X̄

γ

Dark matter de-excitation
Eγ = mX − mX̄

We parameterise

ΓX =
E3γ
Λ2

Photons must be in the energy window
3× 10−7 eV < Eγ < 4× 10−4 eV today



17 Raising of Radiation TR
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18 Raising of Radiation TR: Scalar DM
1
4gVXFμνFμν +

1
4gAXFμνF̃μν

The corresponding decay width is

ΓX =
E3γ
8π(g

2
V + g2A)

with Eγ = mX/2
Axion-photon coupling is severely constrained by
helioscope experiments: gA, gV ≪ 10−10GeV−1

Patrignani et al. (PDG) 2016; Inoue et al. 0806.2230;
Masso & Toldra hep-ph/9503293

Implied
√

8π/(g2V + g2A) = Λ > 1010GeV is much
larger than Λ < 105GeV needed



19 Raising of Radiation TR: Spin-2 DM

L ⊃ α
MP

XμμT
μν
EM and ΓX =

Eγ3

10π
α2

M2
P
with Eγ = mX/2

Fifth force searches require α ≤ 10−2 for
mX ≤ 10−3 eV, implying Λ > 1021 GeV



20 Raising of Radiation TR: Excited DM

− i
2FμνX̄σ

μν(μX + dXγ5)X̃+ h.c. withσμν ≡ i[γμ, γν]/2

Decay rate into photons

ΓX =
E3γ
π
(μ2X + d2X)

with Eγ = mX − mX̃

EW precision measurements imply Λ > 400 GeV
or mX < 20 eV: DM decouples too late and is
too warm Sigurdson et al. astro-ph/0406355



21 Enhanced ALP Collective Decay

Enhanced collective decay
(parametric resonance)
Gravitationally bound ALP mini-clusters that
explode into photons
Tkachev 1986; Hogan 1988; Kolb 1993; Tkachev 2014

Mini-clusters of ALPs with mass in the
10−6 − 10−3 eV range



22 Enhanced ALP Collective Decay

When you have eliminated all which is impos-
sible, then whatever remains, however improb-
able, must be the truth.

—Sherlock Holmes



23 Conclusions

The EDGES 21 cm measurement
hints at new physics
Cooling hydrogen by dark matter
scattering may be possible
but highly constrained
Injection of energy into radiation
– perhaps by enhanced decay
of very light dark matter –
looks like a better solution



24 Cosmological 21 cm Signal
CONTENTS 5

Figure 1. The 21-centimeter 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.

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 �8 = 0.8. The values quoted are indicative
of those found by the latest measurements [2].

The layout of this review is as follows. We first discuss the basic atomic physics
of the 21 cm line in §2. In §3, we turn to the evolution of the sky averaged 21 cm
signal and the feasibility of observing it. In §4 we describe three-dimensional 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 §5 we describe the
prospects for intensity mapping 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 §6. Finally, we conclude with an outlook for the
future in §7.

We direct interested readers to a number of other worthy reviews on the subject.
Ref. [3] provides a comprehensive overview of the entire field, and Ref. [4] takes a
more observationally orientated approach focussing on the near term observations of
reionization.

Pritchard & Loeb 2011


