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Outline/takeaways

Ø  In 2018 EDGES detected cosmic dawn at radio 
frequencies. According to one interpretation of their 
data, the hydrogen gas at z ~ 17 is significantly colder 
than expected.

Ø  H-H’ oscillations and H’-DM scattering could be 
responsible for the super-adiabatic cooling.

Ø  The mixing strength picked out by cosmology is at an 
interesting scale for colliders, and the scenario as a 
whole has some startling astrophysical implications.
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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.

The EDGES anomaly
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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.

3

The standard timeline

Pritchard & Loeb 2012

T21 This dip corresponds to the
EDGES absorption trough



What could account for the anomalous depth?

²  Systematics

² Unexpected astrophysics (hotter background)

²  BSM physics (colder gas)  

e.g., modeling synchrotron emission, the ionosphere, etc.

e.g., radio-loud accretion onto black holes

e.g., scattering between SM particles and dark matter  

Ewall-Wice et al. 2019

Hills et al. 2018

Barkana 2018



SM-DM scattering

Basic idea:
The baryonic gas loses heat to DM

(which is assumed to be colder than the gas).

Drawbacks: ²  The simplest scenario has DM coupling to H as a whole,
      but it’s strongly constrained by 5th-force experiments.

Barkana et al. 2018

²  The gas could cool by interacting with millicharged DM,
      but mDM would only be a small fraction of all DM—and 
      even then it’s highly constrained.

Muñoz & Loeb 2018; Berlin et al. 2018; Liu et al. 2019

Tashiro et al. 2014; Muñoz et al. 2015



Suppose that EDGES does indicate new physics. Maybe it’s a
hint that the new physics has only shown up in connection
to neutral hydrogen…

Johns & Koren, 2012.06584 (mixing/cooling scenario)
Johns & Koren, 2012.06591 (particle-physics model + other astro implications)

H H
0

Oscillation

Hydrogen Mirror hydrogen

²  The SM & mirror sectors are related by a Z2 symmetry.
² At a fundamental level, the sectors are connected by
     leptoquarks. (More on this later.)
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We need cooling to occur
before z ~ 20, so that TS
recouples to a colder Tg

than shown here



H’
 mostly

reconverted

Negligible
H’

density

SM gas
thermally

coupled to CMB

Mixing
equilibrium,
DM cooling

Gas heated by
astrophysical

sources

z ~ 1100 z ~ 200 z ~ 17 z ~ 7

Dark Ages Cosmic Dawn ReionizationRecombination

Sequence from two slides back
(oscillations & heat transfer
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Timeline of the hydrogen portal



Estimating the energy scale of mixing

Suppose that H oscillates ~1 period between
scattering events during the late dark ages:

� ⇠ �H

Mixing parameter
(oscillation frequency)

H scattering rate

z ⇠ 30: � ⇠ O
�
10�37

�
GeV

Mixing at this level is exquisitely sensitive to
any physics that distinguishes H and H’:

terrestrial experiments, mass splitting, …



H-H’ mixing
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Forward scattering
& collisions

The viability of the H-H’ mixing scenario
hinges on hydrogen’s interactions over
cosmic history.

Dark ages H-H scattering H-H scattering

ΓH ∆VH

Reionization Photoionization H-H scattering

Subdominant processes:
H-e- scattering, Rayleigh scattering, B-field coupling, …
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The origin of H-H’ mixing
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The missing baryons problem
A. de Graa↵ et al.: Probing the missing baryons with the Sunyaev-Zel’dovich e↵ect from filaments

Fig. 8. Summary of the baryon budget of the late-time Universe.
Table values are adjusted from Fukugita & Peebles (2004), Shull et al.
(2012) and Nicastro et al. (2017). (a) Stellar component of galax-
ies. (b) Cold gas in galaxies estimated from observation of HI and
H2. (c) Circum-galactic medium observed through Ly↵ O VI absorp-
tions (Prochaska et al. 2011). (d) Intracluster medium observed via
X-ray emission. The recent detection of X-ray filaments near a massive
nearby cluster (Eckert et al. 2015), and SZ signal between interacting
clusters (Planck Collaboration Int. VIII 2013) measures hot gas in a
similar phase as in this category. (e) Warm-hot intergalactic medium
(WHIM) detected via the thermal SZ e↵ect; the value is estimated
at z ' 0.5, which is consistent with the estimate by Nicastro et al.
(2018) from the observation of two OVII absorbers. (f) and (g) WHIM
observed via Broad Ly↵ and O VI absorptions; Shull et al. (2012)
noted that there is some overlap between BLA and O VI. According to
Nicastro et al. (2017), they trace the same gas. This is the biggest uncer-
tainty for the amount of baryons which is still missing. (h) Gas observed
via photonionised Ly↵ absorbers. Note that the recent detection of the
kinetic SZ e↵ect (Hernández-Monteagudo et al. 2015; Hill et al. 2016;
Schaan et al. 2016; De Bernardis et al. 2017) constrains the baryon con-
tent in and around collapsed objects, and therefore falls into the category
of (c) and (d).

uncorrelated sources and dust in the Milky Way, bound gas in
haloes correlated with the galaxy pairs, and systematic leakage
from the CIB into the SZ y-map. We conclude that the only sig-
nificant source of contamination is due to bound gas in correlated
structures, which may contribute up to 20% of the measured
residual signal.

To estimate the filament gas properties we measured their
gravitational lensing signal by stacking the Planck -map for
the same sample of galaxy pairs, finding a mean convergence
 = (0.6 ± 0.3) ⇥ 10�3, a marginal detection of 1.9�. Assuming
a cylindrical filament model in which both the baryons and dark
matter follow a Gaussian profile, we obtain a filament gas den-
sity ⇢b = (5.5 ± 2.9) ⇥ ⇢̄b and temperature T = (2.7 ± 1.7) ⇥
106 K, which (albeit with large uncertainty) is consistent with
predictions from hydrodynamical simulations. Considering the
total volume spanned by the CMASS galaxies, this measure-
ment can account for 11 ± 7% of the total baryon content of the
Universe.

Additionally, we have found evidence that the filaments
extend beyond the galaxy pairs. Including the contribution from
this extended region increases the significance of the filament

signal to 3.8� and 3.1� for the SZ and lensing measurement
respectively, and overall this extended filament region may
account for 28 ± 12% of the total baryon content.

Our method complements other probes for the intergalac-
tic medium such as X-ray and quasar absorption; it provides
evidence for the presence of the WHIM in filaments and
opens up a new window to search for missing baryons in the
cosmic web.
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Did a fraction of baryons never make it back?
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Stars & black holes
Once a gas cloud reaches high enough density, mixing shuts off:

Solid black = Γosc (varying δ)
Dashed = present age of universe
Red = gravitational free-fall time

When the first stars are forming, the
mirror sector lacks the free electrons
that catalyze H2 formation:
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The absence of H2 cooling may lead to
mirror gas clouds directly collapsing
to SMBH seeds.

Mirror stars are also possible.
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Summary

Ø  In 2018 EDGES detected cosmic dawn at radio 
frequencies. According to one interpretation of their 
data, the hydrogen gas at z ~ 17 is significantly colder 
than expected.

Ø  H-H’ oscillations and H’-DM scattering could be 
responsible for the super-adiabatic cooling.

Ø  The mixing strength picked out by cosmology is at an 
interesting scale for colliders, and the scenario as a 
whole has some startling astrophysical implications.


