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I.What is the global 21-cm 
signal? What is weird 
about the EDGES signal?


II.What are the leading 
ideas for the anomalous 
depth of the EDGES 
signal?


III.What does the EDGES 
signal tell us about 
galaxy formation?



Part I: 
The Global 21-cm Signal

Tomography: Madau et al. (1997) 
Monopole: Shaver et al. (1999)
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Wouthuysen*-Field Effect
S.R. Furlanetto et al. / Physics Reports 433 (2006) 181 – 301 199

Fig. 3. Level diagram illustrating the Wouthuysen–Field effect. We show the hyperfine splittings of the 1S and 2P levels. The solid lines label
transitions that mix the ground state hyperfine levels, while the dashed lines label complementary transitions that do not participate in mixing.
From [130].

excited to the triplet state (requiring significantly more energy than the cold neutral IGM can provide; see [111] for
a detailed discussion). Ionized helium avoids this problem and may be significant in partially ionized gas (though the
accompanying free electrons will still dominate because of their larger velocities). To our knowledge, these rates have
not yet been calculated.

Finally, we have collisions with trace elements. Spin exchange cross sections in H–D collisions have been evaluated by
[120] (see Section 2.6).Although they are much larger than the corresponding H–H cross sections at small temperatures,
their rarity means that they still have no significant effect on TS .

2.3. The Wouthuysen–Field effect

A less obvious coupling process has become known as the Wouthuysen–Field mechanism9 [66,67]. It is illustrated
in Fig. 3, where we have drawn the hyperfine sublevels of the 1S and 2P states of HI. Suppose a hydrogen atom in the
hyperfine singlet state absorbs a Ly! photon. The electric dipole selection rules allow !F =0, 1 except that F =0 → 0
is prohibited (here F is the total angular momentum of the atom). Thus the atom will jump to either of the central
2P states. However, these rules allow this state to decay to the 1S1/2 triplet level.10 Thus atoms can change hyperfine
states through the absorption and spontaneous re-emission of a Ly! photon (or indeed any Lyman-series photon; see
Section 2.4 below). This is analogous to the well-known “Raman scattering” process, which often determines the level
populations of metastable atomic states, except that in this case the atom undergoes a real (rather than virtual) transition
to the 2P state.

2.3.1. An approximate treatment
We begin with a relatively simple and intuitive treatment of this process. Reality is considerably more complicated;

we discuss more precise calculations in Section 2.3.3 below. The Wouthuysen–Field coupling must depend on the total
rate (per atom) at which Ly! photons are scattered within the gas,

P! = 4"#!

∫
d$ J$($)%!($), (37)

9 As a guide to the English-speaking reader, “Wouthuysen” is pronounced as roughly “Vowt-how-sen,” although in reality the “uy” construction
is a diphthong with no precise counterpart in English.

10 Here we use the notation F LJ , where L and J are the orbital and total angular momentum of the electron.

Wouthuysen (1952)
Field (1958)

Absorption and 
spontaneous 
emission of Ly-
photons mixes 
hyperfine levels!

↵

*vowt-how-sen

from Pritchard & Furlanetto (2006)
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The Global 21-cm Signal
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Enter: EDGES

Observing site:  
Murchison Radio Observatory (W. Australia)

Bowman et al. 2018

See also, e.g., Bowman & Rogers (2010), 
Monsalve et al. (2017)Published in Nature, March 1, 2018
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Requires 
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predicted 

in ~adiabatically 
cooling IGM
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EDGES: Key Features

EDGES 
signal for 
the rest 

of the talk.



~default model in public  
codes like 21cmFAST, ARES

EDGES: Key Features



~default model in public  
codes like 21cmFAST, ARES

NOT well-matched to other  
high-z observations. Will revisit 

this momentarily.

EDGES: Key Features



Part II: 
Explanations for the 

anomalous EDGES amplitude
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Q. How to amplify signal by a factor of 2-3?

1. Decrease TS via baryon-DM interactions.

• Barkana, Munoz & Loeb, Fialkov et al., Berlin et al., Slatyer & Wu

Note: inclusion in these lists does not imply authors’ endorsement of the solution!
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Q. How to amplify signal by a factor of 2-3?

1. Decrease TS via baryon-DM interactions.

• Barkana, Munoz & Loeb, Fialkov et al., Berlin et al., Slatyer & Wu

2. Increase TR via DM decay or synchrotron from BHs, galaxies.

• Feng & Holder, Ewall-Wice et al., Fraser et al., Mirocha & Furlanetto

Note: inclusion in these lists does not imply authors’ endorsement of the solution!

�Tb ' 27 xH i(1 + �)

✓
⌦b,0h

2

0.023

◆✓
0.15

⌦m,0h
2

1 + z

10

◆1/2 ✓
1� TR

TS

◆
mK



Initial Considerations

Q. How to amplify signal by a factor of 2-3?

1. Decrease TS via baryon-DM interactions.

• Barkana, Munoz & Loeb, Fialkov et al., Berlin et al., Slatyer & Wu

2. Increase TR via DM decay or synchrotron from BHs, galaxies.

• Feng & Holder, Ewall-Wice et al., Fraser et al., Mirocha & Furlanetto

3. Alter the cosmology.

• McGaugh, Costa et al., Hill et al. 

Note: inclusion in these lists does not imply authors’ endorsement of the solution!
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Responses to EDGES
pre-prints only

Focus of papers

Includes explanations for signal amplitude and  
use of its timing to constrain WDM.  
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dark matter that is initially cold, the thermal motion generated by 
baryon–dark matter scattering may produce effects similar to those 
predicted by models of warm dark matter (see Methods).

Astronomical testing of the observed signal5 and of its interpreta-
tion in terms of baryon–dark matter scattering will probably begin 
with other global 21-cm experiments, such as the Shaped Antenna 
Measurement of the Background Radio Spectrum (SARAS)28 and 
the Large-Aperture Experiment to Detect the Dark Ages (LEDA)29, 
that will attempt to confirm the measured global signal. Additionally, 
upcoming 21-cm fluctuation experiments aimed at cosmic dawn will 
provide a definitive test because the expected spatial pattern of the 
21-cm intensity should clearly display a transformed version of the 
spatial pattern of the baryon–dark matter relative velocity (Fig. 1).  
Experiments such as the Hydrogen Epoch of Reionization Array 
(HERA)6 and the Square Kilometre Array (SKA)7 should be able to 
measure the corresponding 21-cm power spectrum because the r.m.s. 
fluctuation predicted by a model that assumes baryon–dark matter scat-
tering (Fig. 1) is 140 mK (the previously expected maximum value was 
about 20 mK). Moreover, because of its large spatial scale (of the order 
of 100 co-moving Mpc, which corresponds to half a degree), the fluctu-
ation pattern should be easy to observe, so no high angular resolution is 
necessary. As in the case of the galaxy-driven effect of the baryon–dark 
matter relative velocity21–23, the power spectrum should show a strong 

signature of the baryon acoustic oscillations (of order unity in this case) 
because this velocity arises in part from the participation of baryons in 
the sound waves of the primordial baryon–photon fluid. A precision 
measurement at cosmic dawn of the scale of the baryon acoustic oscil-
lations (and thus of the angular diameter distances of the corresponding  
redshifts) would be a useful cosmological tool to add to current con-
straints that are based on similar measurements from low-redshift 
galaxy clustering30. If most stars form in galactic haloes with masses 
lower than about 107 solar masses at cosmic dawn, then their spatial 
distribution should show a similar pattern 21–23 and be strongly anti-
correlated with the baryon temperature.

The predicted spatial pattern (Fig. 1) should enable 21-cm imaging 
of cosmic dawn with the SKA, given the expected sensitivity of the 
array7. The probability distribution function of the 21-cm intensity is 
expected to be a transformed Maxwellian, which is highly asymmetric, 
and imaging could verify this unanticipated non-Gaussianity directly. 
Because the presence of dark matter has historically been inferred from 
the general theory of relativity on galactic and cosmological scales, 
confirmation of the existence of dark matter would constitute not only 
a discovery of physics beyond the standard model, but also verification 
of this theory.
Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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Figure 2 | Global 21-cm signal in models with baryon–dark matter 
scattering. The globally averaged 21-cm brightness temperature T21 
(in millikelvin) is shown at an observed frequency ν (in megahertz), with 
the corresponding value of 1 + z displayed at the top. We chart some of 
the space of possible 21-cm signals (see Methods for a discussion on their 
shapes) using three models (solid curves), with: σ1 = 8 × 10−20 cm2 and 
mχ = 0.3 GeV (red; roughly matching the most likely observed value5 
of the peak absorption); σ1 = 3 × 10−19 cm2 and mχ = 2 GeV (green); 
and σ1 = 1 × 10−18 cm2 and mχ = 0.01 GeV (blue). The astrophysical 
parameters assumed by these models are given in Methods. The 
corresponding 21-cm signals in the absence of baryon–dark matter 
scattering are shown as short-dashed curves. Also shown for comparison 
(brown long-dashed line) is the standard prediction for future dark 
ages measurements assuming no baryon–dark matter scattering for 
ν < 33 MHz (matches all the short-dashed curves in this range) and the 
lowest global 21-cm signal at each redshift that is possible with no baryon–
dark matter scattering, regardless of the astrophysical parameters used 
(for ν > 33 MHz).
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Figure 3 | Constraints on dark-matter properties using cosmic dawn 
observations. The minimum possible 21-cm brightness temperature 
T21 (expressed as the logarithm of its absolute value) is shown at z = 17 
(ν = 78.9 MHz), regardless of the astrophysical parameters used (that 
is, assuming saturated Lyman-α coupling and no X-ray heating), as a 
function of mχ and σ1 (equation (2)). Also shown (solid black curves) 
are contours corresponding to the following values of T21 (from right to 
left): −231 mK, which corresponds to 10% stronger absorption than the 
highest value obtained without baryon–dark matter scattering (−210 mK 
at z = 17, or 2.32 on the logarithmic scale); −300 mK, which is the minimal 
absorption depth in the data at a 99% confidence level; and −500 mK, 
the most likely absorption depth in the data. The hatched region is 
excluded if we assume absorption5 by at least −231 mK at z = 17; this 
3.5σ observational result implies σ1 > 1.5 × 10−21 cm2 (corresponding to 
σc > 1.9 × 10−43 cm2 for σ(v) ∝ v−4) and mχ < 23 GeV. (Although any mχ 
above a few gigaelectronvolts requires high σ1, this parameter combination 
could be in conflict with other constraints; see Methods.) If we adopt the 
observed minimum absorption of T21 = −300 mK, then (again, regardless 
of astrophysics) the dark matter must satisfy σ1 > 3.4 × 10−21 cm2 
(σc > 4.2 × 10−43 cm2) and mχ < 4.3 GeV; a brightness temperature 
of −500 mK implies σ1 > 5.0 × 10−21 cm2 (σc > 6.2 × 10−43 cm2) and 
mχ < 1.5 GeV. We also illustrate the redshift dependence of these limits via 
the corresponding 10% contours at z = 14 (dashed) and z = 20 (dotted).

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

Barkana (2018)
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function of mχ and σ1 (equation (2)). Also shown (solid black curves) 
are contours corresponding to the following values of T21 (from right to 
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highest value obtained without baryon–dark matter scattering (−210 mK 
at z = 17, or 2.32 on the logarithmic scale); −300 mK, which is the minimal 
absorption depth in the data at a 99% confidence level; and −500 mK, 
the most likely absorption depth in the data. The hatched region is 
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dark matter that is initially cold, the thermal motion generated by 
baryon–dark matter scattering may produce effects similar to those 
predicted by models of warm dark matter (see Methods).

Astronomical testing of the observed signal5 and of its interpreta-
tion in terms of baryon–dark matter scattering will probably begin 
with other global 21-cm experiments, such as the Shaped Antenna 
Measurement of the Background Radio Spectrum (SARAS)28 and 
the Large-Aperture Experiment to Detect the Dark Ages (LEDA)29, 
that will attempt to confirm the measured global signal. Additionally, 
upcoming 21-cm fluctuation experiments aimed at cosmic dawn will 
provide a definitive test because the expected spatial pattern of the 
21-cm intensity should clearly display a transformed version of the 
spatial pattern of the baryon–dark matter relative velocity (Fig. 1).  
Experiments such as the Hydrogen Epoch of Reionization Array 
(HERA)6 and the Square Kilometre Array (SKA)7 should be able to 
measure the corresponding 21-cm power spectrum because the r.m.s. 
fluctuation predicted by a model that assumes baryon–dark matter scat-
tering (Fig. 1) is 140 mK (the previously expected maximum value was 
about 20 mK). Moreover, because of its large spatial scale (of the order 
of 100 co-moving Mpc, which corresponds to half a degree), the fluctu-
ation pattern should be easy to observe, so no high angular resolution is 
necessary. As in the case of the galaxy-driven effect of the baryon–dark 
matter relative velocity21–23, the power spectrum should show a strong 

signature of the baryon acoustic oscillations (of order unity in this case) 
because this velocity arises in part from the participation of baryons in 
the sound waves of the primordial baryon–photon fluid. A precision 
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lations (and thus of the angular diameter distances of the corresponding  
redshifts) would be a useful cosmological tool to add to current con-
straints that are based on similar measurements from low-redshift 
galaxy clustering30. If most stars form in galactic haloes with masses 
lower than about 107 solar masses at cosmic dawn, then their spatial 
distribution should show a similar pattern 21–23 and be strongly anti-
correlated with the baryon temperature.

The predicted spatial pattern (Fig. 1) should enable 21-cm imaging 
of cosmic dawn with the SKA, given the expected sensitivity of the 
array7. The probability distribution function of the 21-cm intensity is 
expected to be a transformed Maxwellian, which is highly asymmetric, 
and imaging could verify this unanticipated non-Gaussianity directly. 
Because the presence of dark matter has historically been inferred from 
the general theory of relativity on galactic and cosmological scales, 
confirmation of the existence of dark matter would constitute not only 
a discovery of physics beyond the standard model, but also verification 
of this theory.
Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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Figure 2 | Global 21-cm signal in models with baryon–dark matter 
scattering. The globally averaged 21-cm brightness temperature T21 
(in millikelvin) is shown at an observed frequency ν (in megahertz), with 
the corresponding value of 1 + z displayed at the top. We chart some of 
the space of possible 21-cm signals (see Methods for a discussion on their 
shapes) using three models (solid curves), with: σ1 = 8 × 10−20 cm2 and 
mχ = 0.3 GeV (red; roughly matching the most likely observed value5 
of the peak absorption); σ1 = 3 × 10−19 cm2 and mχ = 2 GeV (green); 
and σ1 = 1 × 10−18 cm2 and mχ = 0.01 GeV (blue). The astrophysical 
parameters assumed by these models are given in Methods. The 
corresponding 21-cm signals in the absence of baryon–dark matter 
scattering are shown as short-dashed curves. Also shown for comparison 
(brown long-dashed line) is the standard prediction for future dark 
ages measurements assuming no baryon–dark matter scattering for 
ν < 33 MHz (matches all the short-dashed curves in this range) and the 
lowest global 21-cm signal at each redshift that is possible with no baryon–
dark matter scattering, regardless of the astrophysical parameters used 
(for ν > 33 MHz).
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Figure 3 | Constraints on dark-matter properties using cosmic dawn 
observations. The minimum possible 21-cm brightness temperature 
T21 (expressed as the logarithm of its absolute value) is shown at z = 17 
(ν = 78.9 MHz), regardless of the astrophysical parameters used (that 
is, assuming saturated Lyman-α coupling and no X-ray heating), as a 
function of mχ and σ1 (equation (2)). Also shown (solid black curves) 
are contours corresponding to the following values of T21 (from right to 
left): −231 mK, which corresponds to 10% stronger absorption than the 
highest value obtained without baryon–dark matter scattering (−210 mK 
at z = 17, or 2.32 on the logarithmic scale); −300 mK, which is the minimal 
absorption depth in the data at a 99% confidence level; and −500 mK, 
the most likely absorption depth in the data. The hatched region is 
excluded if we assume absorption5 by at least −231 mK at z = 17; this 
3.5σ observational result implies σ1 > 1.5 × 10−21 cm2 (corresponding to 
σc > 1.9 × 10−43 cm2 for σ(v) ∝ v−4) and mχ < 23 GeV. (Although any mχ 
above a few gigaelectronvolts requires high σ1, this parameter combination 
could be in conflict with other constraints; see Methods.) If we adopt the 
observed minimum absorption of T21 = −300 mK, then (again, regardless 
of astrophysics) the dark matter must satisfy σ1 > 3.4 × 10−21 cm2 
(σc > 4.2 × 10−43 cm2) and mχ < 4.3 GeV; a brightness temperature 
of −500 mK implies σ1 > 5.0 × 10−21 cm2 (σc > 6.2 × 10−43 cm2) and 
mχ < 1.5 GeV. We also illustrate the redshift dependence of these limits via 
the corresponding 10% contours at z = 14 (dashed) and z = 20 (dotted).
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dark matter that is initially cold, the thermal motion generated by 
baryon–dark matter scattering may produce effects similar to those 
predicted by models of warm dark matter (see Methods).

Astronomical testing of the observed signal5 and of its interpreta-
tion in terms of baryon–dark matter scattering will probably begin 
with other global 21-cm experiments, such as the Shaped Antenna 
Measurement of the Background Radio Spectrum (SARAS)28 and 
the Large-Aperture Experiment to Detect the Dark Ages (LEDA)29, 
that will attempt to confirm the measured global signal. Additionally, 
upcoming 21-cm fluctuation experiments aimed at cosmic dawn will 
provide a definitive test because the expected spatial pattern of the 
21-cm intensity should clearly display a transformed version of the 
spatial pattern of the baryon–dark matter relative velocity (Fig. 1).  
Experiments such as the Hydrogen Epoch of Reionization Array 
(HERA)6 and the Square Kilometre Array (SKA)7 should be able to 
measure the corresponding 21-cm power spectrum because the r.m.s. 
fluctuation predicted by a model that assumes baryon–dark matter scat-
tering (Fig. 1) is 140 mK (the previously expected maximum value was 
about 20 mK). Moreover, because of its large spatial scale (of the order 
of 100 co-moving Mpc, which corresponds to half a degree), the fluctu-
ation pattern should be easy to observe, so no high angular resolution is 
necessary. As in the case of the galaxy-driven effect of the baryon–dark 
matter relative velocity21–23, the power spectrum should show a strong 

signature of the baryon acoustic oscillations (of order unity in this case) 
because this velocity arises in part from the participation of baryons in 
the sound waves of the primordial baryon–photon fluid. A precision 
measurement at cosmic dawn of the scale of the baryon acoustic oscil-
lations (and thus of the angular diameter distances of the corresponding  
redshifts) would be a useful cosmological tool to add to current con-
straints that are based on similar measurements from low-redshift 
galaxy clustering30. If most stars form in galactic haloes with masses 
lower than about 107 solar masses at cosmic dawn, then their spatial 
distribution should show a similar pattern 21–23 and be strongly anti-
correlated with the baryon temperature.

The predicted spatial pattern (Fig. 1) should enable 21-cm imaging 
of cosmic dawn with the SKA, given the expected sensitivity of the 
array7. The probability distribution function of the 21-cm intensity is 
expected to be a transformed Maxwellian, which is highly asymmetric, 
and imaging could verify this unanticipated non-Gaussianity directly. 
Because the presence of dark matter has historically been inferred from 
the general theory of relativity on galactic and cosmological scales, 
confirmation of the existence of dark matter would constitute not only 
a discovery of physics beyond the standard model, but also verification 
of this theory.
Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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Figure 2 | Global 21-cm signal in models with baryon–dark matter 
scattering. The globally averaged 21-cm brightness temperature T21 
(in millikelvin) is shown at an observed frequency ν (in megahertz), with 
the corresponding value of 1 + z displayed at the top. We chart some of 
the space of possible 21-cm signals (see Methods for a discussion on their 
shapes) using three models (solid curves), with: σ1 = 8 × 10−20 cm2 and 
mχ = 0.3 GeV (red; roughly matching the most likely observed value5 
of the peak absorption); σ1 = 3 × 10−19 cm2 and mχ = 2 GeV (green); 
and σ1 = 1 × 10−18 cm2 and mχ = 0.01 GeV (blue). The astrophysical 
parameters assumed by these models are given in Methods. The 
corresponding 21-cm signals in the absence of baryon–dark matter 
scattering are shown as short-dashed curves. Also shown for comparison 
(brown long-dashed line) is the standard prediction for future dark 
ages measurements assuming no baryon–dark matter scattering for 
ν < 33 MHz (matches all the short-dashed curves in this range) and the 
lowest global 21-cm signal at each redshift that is possible with no baryon–
dark matter scattering, regardless of the astrophysical parameters used 
(for ν > 33 MHz).
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Figure 3 | Constraints on dark-matter properties using cosmic dawn 
observations. The minimum possible 21-cm brightness temperature 
T21 (expressed as the logarithm of its absolute value) is shown at z = 17 
(ν = 78.9 MHz), regardless of the astrophysical parameters used (that 
is, assuming saturated Lyman-α coupling and no X-ray heating), as a 
function of mχ and σ1 (equation (2)). Also shown (solid black curves) 
are contours corresponding to the following values of T21 (from right to 
left): −231 mK, which corresponds to 10% stronger absorption than the 
highest value obtained without baryon–dark matter scattering (−210 mK 
at z = 17, or 2.32 on the logarithmic scale); −300 mK, which is the minimal 
absorption depth in the data at a 99% confidence level; and −500 mK, 
the most likely absorption depth in the data. The hatched region is 
excluded if we assume absorption5 by at least −231 mK at z = 17; this 
3.5σ observational result implies σ1 > 1.5 × 10−21 cm2 (corresponding to 
σc > 1.9 × 10−43 cm2 for σ(v) ∝ v−4) and mχ < 23 GeV. (Although any mχ 
above a few gigaelectronvolts requires high σ1, this parameter combination 
could be in conflict with other constraints; see Methods.) If we adopt the 
observed minimum absorption of T21 = −300 mK, then (again, regardless 
of astrophysics) the dark matter must satisfy σ1 > 3.4 × 10−21 cm2 
(σc > 4.2 × 10−43 cm2) and mχ < 4.3 GeV; a brightness temperature 
of −500 mK implies σ1 > 5.0 × 10−21 cm2 (σc > 6.2 × 10−43 cm2) and 
mχ < 1.5 GeV. We also illustrate the redshift dependence of these limits via 
the corresponding 10% contours at z = 14 (dashed) and z = 20 (dotted).
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dark matter that is initially cold, the thermal motion generated by 
baryon–dark matter scattering may produce effects similar to those 
predicted by models of warm dark matter (see Methods).

Astronomical testing of the observed signal5 and of its interpreta-
tion in terms of baryon–dark matter scattering will probably begin 
with other global 21-cm experiments, such as the Shaped Antenna 
Measurement of the Background Radio Spectrum (SARAS)28 and 
the Large-Aperture Experiment to Detect the Dark Ages (LEDA)29, 
that will attempt to confirm the measured global signal. Additionally, 
upcoming 21-cm fluctuation experiments aimed at cosmic dawn will 
provide a definitive test because the expected spatial pattern of the 
21-cm intensity should clearly display a transformed version of the 
spatial pattern of the baryon–dark matter relative velocity (Fig. 1).  
Experiments such as the Hydrogen Epoch of Reionization Array 
(HERA)6 and the Square Kilometre Array (SKA)7 should be able to 
measure the corresponding 21-cm power spectrum because the r.m.s. 
fluctuation predicted by a model that assumes baryon–dark matter scat-
tering (Fig. 1) is 140 mK (the previously expected maximum value was 
about 20 mK). Moreover, because of its large spatial scale (of the order 
of 100 co-moving Mpc, which corresponds to half a degree), the fluctu-
ation pattern should be easy to observe, so no high angular resolution is 
necessary. As in the case of the galaxy-driven effect of the baryon–dark 
matter relative velocity21–23, the power spectrum should show a strong 

signature of the baryon acoustic oscillations (of order unity in this case) 
because this velocity arises in part from the participation of baryons in 
the sound waves of the primordial baryon–photon fluid. A precision 
measurement at cosmic dawn of the scale of the baryon acoustic oscil-
lations (and thus of the angular diameter distances of the corresponding  
redshifts) would be a useful cosmological tool to add to current con-
straints that are based on similar measurements from low-redshift 
galaxy clustering30. If most stars form in galactic haloes with masses 
lower than about 107 solar masses at cosmic dawn, then their spatial 
distribution should show a similar pattern 21–23 and be strongly anti-
correlated with the baryon temperature.

The predicted spatial pattern (Fig. 1) should enable 21-cm imaging 
of cosmic dawn with the SKA, given the expected sensitivity of the 
array7. The probability distribution function of the 21-cm intensity is 
expected to be a transformed Maxwellian, which is highly asymmetric, 
and imaging could verify this unanticipated non-Gaussianity directly. 
Because the presence of dark matter has historically been inferred from 
the general theory of relativity on galactic and cosmological scales, 
confirmation of the existence of dark matter would constitute not only 
a discovery of physics beyond the standard model, but also verification 
of this theory.
Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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Figure 2 | Global 21-cm signal in models with baryon–dark matter 
scattering. The globally averaged 21-cm brightness temperature T21 
(in millikelvin) is shown at an observed frequency ν (in megahertz), with 
the corresponding value of 1 + z displayed at the top. We chart some of 
the space of possible 21-cm signals (see Methods for a discussion on their 
shapes) using three models (solid curves), with: σ1 = 8 × 10−20 cm2 and 
mχ = 0.3 GeV (red; roughly matching the most likely observed value5 
of the peak absorption); σ1 = 3 × 10−19 cm2 and mχ = 2 GeV (green); 
and σ1 = 1 × 10−18 cm2 and mχ = 0.01 GeV (blue). The astrophysical 
parameters assumed by these models are given in Methods. The 
corresponding 21-cm signals in the absence of baryon–dark matter 
scattering are shown as short-dashed curves. Also shown for comparison 
(brown long-dashed line) is the standard prediction for future dark 
ages measurements assuming no baryon–dark matter scattering for 
ν < 33 MHz (matches all the short-dashed curves in this range) and the 
lowest global 21-cm signal at each redshift that is possible with no baryon–
dark matter scattering, regardless of the astrophysical parameters used 
(for ν > 33 MHz).
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Figure 3 | Constraints on dark-matter properties using cosmic dawn 
observations. The minimum possible 21-cm brightness temperature 
T21 (expressed as the logarithm of its absolute value) is shown at z = 17 
(ν = 78.9 MHz), regardless of the astrophysical parameters used (that 
is, assuming saturated Lyman-α coupling and no X-ray heating), as a 
function of mχ and σ1 (equation (2)). Also shown (solid black curves) 
are contours corresponding to the following values of T21 (from right to 
left): −231 mK, which corresponds to 10% stronger absorption than the 
highest value obtained without baryon–dark matter scattering (−210 mK 
at z = 17, or 2.32 on the logarithmic scale); −300 mK, which is the minimal 
absorption depth in the data at a 99% confidence level; and −500 mK, 
the most likely absorption depth in the data. The hatched region is 
excluded if we assume absorption5 by at least −231 mK at z = 17; this 
3.5σ observational result implies σ1 > 1.5 × 10−21 cm2 (corresponding to 
σc > 1.9 × 10−43 cm2 for σ(v) ∝ v−4) and mχ < 23 GeV. (Although any mχ 
above a few gigaelectronvolts requires high σ1, this parameter combination 
could be in conflict with other constraints; see Methods.) If we adopt the 
observed minimum absorption of T21 = −300 mK, then (again, regardless 
of astrophysics) the dark matter must satisfy σ1 > 3.4 × 10−21 cm2 
(σc > 4.2 × 10−43 cm2) and mχ < 4.3 GeV; a brightness temperature 
of −500 mK implies σ1 > 5.0 × 10−21 cm2 (σc > 6.2 × 10−43 cm2) and 
mχ < 1.5 GeV. We also illustrate the redshift dependence of these limits via 
the corresponding 10% contours at z = 14 (dashed) and z = 20 (dotted).
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Table 5
Covariance Matrix for the Data Including the Covariance from the Galactic Modeling

Ch 90 31 29 10.5 9.72 8.33 7.98 3.41 3.20 1.42 0.408 0.045 0.022

0.022 0 0 0 3.8e4 4.0e4 5.9e4 5.1e4 5.0e5 5.6e5 5.3e6 8.4e9 2.8e10 2.7e13
0.045 0 0 0 8700 9000 1.3e4 1.1e4 1.1e5 1.3e5 1.2e6 3.9e7 2.5e11
0.408 0 0 0 53 55 82 71 700 780 7300 1.2e7
1.42 0 0 0 1.6 1.7 2.47 2.1 21 24 2.8e5
3.20 13. 4.1 3.9 2.5 2.86 26.9 23.4 6.78 93.9
3.41 7.2 2.70 2.50 1.76 2.04 14.8 13.0 69
7.98 41.0 11.8 11.0 5.48 6.79 86 173
8.33 47.2 13.4 12.6 6.16 7.72 222
9.72 4.3 1.9 1.8 1.19 30.1
10.5 3.5 1.7 1.6 30.3
29.5 5.7 2.2 2.4e4
31 6.1 5800
90 370

Notes. Units are mK2 thermodynamic. See the text for a discussion of individual contributions.

Table 6
Various Combinations of Low-frequency Data (LF), ARCADE 2 Data (ARC), and FIRAS Data (FR) Used to Determine

the Temperature (Thermodynamic) of the CMB and the Excess Radio Emission (Antenna Temperature)

Data Sets T0 (K) Index TR (K) ν0 @1 GHz χ2/dof

LR+ARC+FR 2.725 ± 0.001 −2.599 ± 0.036 24.1 ± 2.1 310 1.148 17.4/11
LR+ARC 2.731 ± 0.004 −2.623 ± 0.042 95.3 ± 9.2 180 1.060 15.1/10
LR+FR 2.725 ± 0.001 −2.586 ± 0.097 3110 ± 360 48 1.209 0.54/2
ARC+FR 2.725 ± 0.001 −2.60 23.9 ± 3.0 310 1.136 16.8/8
LR 2.77 ± 0.58 −2.589 ± 0.095 3670 ± 420 45 1.197 0.54/1
ARC 2.731 ± 0.004 −2.60 21.1 ± 3.0 310 1.006 14.3/7

Notes. The reference frequencies are selected separately for each data set combination. For each combination, the radio spectrum is
evaluated at 1 GHz for ease of comparison. The FIRAS data are treated as a single independent point with an effective frequency of
250 GHz.

covariance results in substantially, the same answers although
the final uncertainty is higher with the full covariance treatment.

Inclusion of low-frequency radio surveys allows unambigu-
ous characterization of the excess signal in the ARCADE 2 data.
The data from Table 4 are fit to the form

T (ν) = T0 + TR(ν/ν0)β , (6)

where T0 is the CMB thermodynamic temperature and TR is the
normalization for a radio background. The radio background
is expressed in units of antenna temperature, related to the
thermodynamic temperature T by

TA =
(

x

ex − 1

)
T , (7)

where x = hν/kT , h is Planck’s constant, and k is Boltzmann’s
constant.

The errors and their correlations in the data are described by
the matrix shown in Table 5. Although the covariances are not
shown in the plots, they are used in the calculations. The fit
is nonlinear so strictly speaking the final uncertainties are not
Gaussian. At the solution the fit is not strongly nonlinear so the
Gaussian approximation is still valid. However, the selection
of the reference frequency, although irrelevant to the final
χ2 or model, does affect covariances of the parameters. The
correlation between the β uncertainty and the TR uncertainty is
strongly affected by the choice of ν0 and the best choice of ν0
depends on the frequencies and uncertainties of the data sets
being fit. The details are addressed in the Appendix. We obtain
best-fit values T0 = 2.725 ± 0.001 K, TR = 24.1 ± 2.1 K,
and β = −2.599 ± 0.036 with χ2 = 17.4, for reference

Figure 5. Excess antenna temperature as a function of frequency. The line is
the best-fit line with a −2.6 index. Diamonds are low-frequency points from
the literature. Squares are ARCADE 2 data. The 30 GHz data point is included
in the fit but since its excess temperature comes out negative it does not appear
on the plot. The 90 GHz error bar just appears at the lower right corner of the
plot. The covariances are not shown, but they are included in the fit.

frequency ν0 = 310 MHz and 11 dof. Figure 5 shows the radio
background after subtracting off the best-fit CMB temperature.
The ARCADE 2 data are in good agreement with the excess
radio spectrum derived from the low-frequency surveys.

A χ2 of 17.4 for 11 dof should be expected ∼10% of the
time. Most of this excess χ2 is from two points, the 8 GHz low
channel and the 30 GHz high channel. If these two points are
excised the result is T0 = 2.725 ± 0.001 K, TR = 24.4 ± 2.1 K,
and β = −2.595 ± 0.037 with a χ2 of 8.2 for 9 dof. This shows
the result does not depend on these two points. We have no a
priori reason that these two points should be bad. Further each
of the points is only effectively 2σ and in a data set this large
one 2σ point should be expected. We thus include all data when
fitting for the uniform temperature.
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covariance results in substantially, the same answers although
the final uncertainty is higher with the full covariance treatment.

Inclusion of low-frequency radio surveys allows unambigu-
ous characterization of the excess signal in the ARCADE 2 data.
The data from Table 4 are fit to the form

T (ν) = T0 + TR(ν/ν0)β , (6)

where T0 is the CMB thermodynamic temperature and TR is the
normalization for a radio background. The radio background
is expressed in units of antenna temperature, related to the
thermodynamic temperature T by
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where x = hν/kT , h is Planck’s constant, and k is Boltzmann’s
constant.

The errors and their correlations in the data are described by
the matrix shown in Table 5. Although the covariances are not
shown in the plots, they are used in the calculations. The fit
is nonlinear so strictly speaking the final uncertainties are not
Gaussian. At the solution the fit is not strongly nonlinear so the
Gaussian approximation is still valid. However, the selection
of the reference frequency, although irrelevant to the final
χ2 or model, does affect covariances of the parameters. The
correlation between the β uncertainty and the TR uncertainty is
strongly affected by the choice of ν0 and the best choice of ν0
depends on the frequencies and uncertainties of the data sets
being fit. The details are addressed in the Appendix. We obtain
best-fit values T0 = 2.725 ± 0.001 K, TR = 24.1 ± 2.1 K,
and β = −2.599 ± 0.036 with χ2 = 17.4, for reference

Figure 5. Excess antenna temperature as a function of frequency. The line is
the best-fit line with a −2.6 index. Diamonds are low-frequency points from
the literature. Squares are ARCADE 2 data. The 30 GHz data point is included
in the fit but since its excess temperature comes out negative it does not appear
on the plot. The 90 GHz error bar just appears at the lower right corner of the
plot. The covariances are not shown, but they are included in the fit.

frequency ν0 = 310 MHz and 11 dof. Figure 5 shows the radio
background after subtracting off the best-fit CMB temperature.
The ARCADE 2 data are in good agreement with the excess
radio spectrum derived from the low-frequency surveys.

A χ2 of 17.4 for 11 dof should be expected ∼10% of the
time. Most of this excess χ2 is from two points, the 8 GHz low
channel and the 30 GHz high channel. If these two points are
excised the result is T0 = 2.725 ± 0.001 K, TR = 24.4 ± 2.1 K,
and β = −2.595 ± 0.037 with a χ2 of 8.2 for 9 dof. This shows
the result does not depend on these two points. We have no a
priori reason that these two points should be bad. Further each
of the points is only effectively 2σ and in a data set this large
one 2σ point should be expected. We thus include all data when
fitting for the uniform temperature.
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Table 5
Covariance Matrix for the Data Including the Covariance from the Galactic Modeling

Ch 90 31 29 10.5 9.72 8.33 7.98 3.41 3.20 1.42 0.408 0.045 0.022

0.022 0 0 0 3.8e4 4.0e4 5.9e4 5.1e4 5.0e5 5.6e5 5.3e6 8.4e9 2.8e10 2.7e13
0.045 0 0 0 8700 9000 1.3e4 1.1e4 1.1e5 1.3e5 1.2e6 3.9e7 2.5e11
0.408 0 0 0 53 55 82 71 700 780 7300 1.2e7
1.42 0 0 0 1.6 1.7 2.47 2.1 21 24 2.8e5
3.20 13. 4.1 3.9 2.5 2.86 26.9 23.4 6.78 93.9
3.41 7.2 2.70 2.50 1.76 2.04 14.8 13.0 69
7.98 41.0 11.8 11.0 5.48 6.79 86 173
8.33 47.2 13.4 12.6 6.16 7.72 222
9.72 4.3 1.9 1.8 1.19 30.1
10.5 3.5 1.7 1.6 30.3
29.5 5.7 2.2 2.4e4
31 6.1 5800
90 370

Notes. Units are mK2 thermodynamic. See the text for a discussion of individual contributions.

Table 6
Various Combinations of Low-frequency Data (LF), ARCADE 2 Data (ARC), and FIRAS Data (FR) Used to Determine

the Temperature (Thermodynamic) of the CMB and the Excess Radio Emission (Antenna Temperature)

Data Sets T0 (K) Index TR (K) ν0 @1 GHz χ2/dof

LR+ARC+FR 2.725 ± 0.001 −2.599 ± 0.036 24.1 ± 2.1 310 1.148 17.4/11
LR+ARC 2.731 ± 0.004 −2.623 ± 0.042 95.3 ± 9.2 180 1.060 15.1/10
LR+FR 2.725 ± 0.001 −2.586 ± 0.097 3110 ± 360 48 1.209 0.54/2
ARC+FR 2.725 ± 0.001 −2.60 23.9 ± 3.0 310 1.136 16.8/8
LR 2.77 ± 0.58 −2.589 ± 0.095 3670 ± 420 45 1.197 0.54/1
ARC 2.731 ± 0.004 −2.60 21.1 ± 3.0 310 1.006 14.3/7

Notes. The reference frequencies are selected separately for each data set combination. For each combination, the radio spectrum is
evaluated at 1 GHz for ease of comparison. The FIRAS data are treated as a single independent point with an effective frequency of
250 GHz.

covariance results in substantially, the same answers although
the final uncertainty is higher with the full covariance treatment.

Inclusion of low-frequency radio surveys allows unambigu-
ous characterization of the excess signal in the ARCADE 2 data.
The data from Table 4 are fit to the form

T (ν) = T0 + TR(ν/ν0)β , (6)

where T0 is the CMB thermodynamic temperature and TR is the
normalization for a radio background. The radio background
is expressed in units of antenna temperature, related to the
thermodynamic temperature T by

TA =
(

x

ex − 1

)
T , (7)

where x = hν/kT , h is Planck’s constant, and k is Boltzmann’s
constant.

The errors and their correlations in the data are described by
the matrix shown in Table 5. Although the covariances are not
shown in the plots, they are used in the calculations. The fit
is nonlinear so strictly speaking the final uncertainties are not
Gaussian. At the solution the fit is not strongly nonlinear so the
Gaussian approximation is still valid. However, the selection
of the reference frequency, although irrelevant to the final
χ2 or model, does affect covariances of the parameters. The
correlation between the β uncertainty and the TR uncertainty is
strongly affected by the choice of ν0 and the best choice of ν0
depends on the frequencies and uncertainties of the data sets
being fit. The details are addressed in the Appendix. We obtain
best-fit values T0 = 2.725 ± 0.001 K, TR = 24.1 ± 2.1 K,
and β = −2.599 ± 0.036 with χ2 = 17.4, for reference

Figure 5. Excess antenna temperature as a function of frequency. The line is
the best-fit line with a −2.6 index. Diamonds are low-frequency points from
the literature. Squares are ARCADE 2 data. The 30 GHz data point is included
in the fit but since its excess temperature comes out negative it does not appear
on the plot. The 90 GHz error bar just appears at the lower right corner of the
plot. The covariances are not shown, but they are included in the fit.

frequency ν0 = 310 MHz and 11 dof. Figure 5 shows the radio
background after subtracting off the best-fit CMB temperature.
The ARCADE 2 data are in good agreement with the excess
radio spectrum derived from the low-frequency surveys.

A χ2 of 17.4 for 11 dof should be expected ∼10% of the
time. Most of this excess χ2 is from two points, the 8 GHz low
channel and the 30 GHz high channel. If these two points are
excised the result is T0 = 2.725 ± 0.001 K, TR = 24.4 ± 2.1 K,
and β = −2.595 ± 0.037 with a χ2 of 8.2 for 9 dof. This shows
the result does not depend on these two points. We have no a
priori reason that these two points should be bad. Further each
of the points is only effectively 2σ and in a data set this large
one 2σ point should be expected. We thus include all data when
fitting for the uniform temperature.
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shown in the plots, they are used in the calculations. The fit
is nonlinear so strictly speaking the final uncertainties are not
Gaussian. At the solution the fit is not strongly nonlinear so the
Gaussian approximation is still valid. However, the selection
of the reference frequency, although irrelevant to the final
χ2 or model, does affect covariances of the parameters. The
correlation between the β uncertainty and the TR uncertainty is
strongly affected by the choice of ν0 and the best choice of ν0
depends on the frequencies and uncertainties of the data sets
being fit. The details are addressed in the Appendix. We obtain
best-fit values T0 = 2.725 ± 0.001 K, TR = 24.1 ± 2.1 K,
and β = −2.599 ± 0.036 with χ2 = 17.4, for reference

Figure 5. Excess antenna temperature as a function of frequency. The line is
the best-fit line with a −2.6 index. Diamonds are low-frequency points from
the literature. Squares are ARCADE 2 data. The 30 GHz data point is included
in the fit but since its excess temperature comes out negative it does not appear
on the plot. The 90 GHz error bar just appears at the lower right corner of the
plot. The covariances are not shown, but they are included in the fit.

frequency ν0 = 310 MHz and 11 dof. Figure 5 shows the radio
background after subtracting off the best-fit CMB temperature.
The ARCADE 2 data are in good agreement with the excess
radio spectrum derived from the low-frequency surveys.

A χ2 of 17.4 for 11 dof should be expected ∼10% of the
time. Most of this excess χ2 is from two points, the 8 GHz low
channel and the 30 GHz high channel. If these two points are
excised the result is T0 = 2.725 ± 0.001 K, TR = 24.4 ± 2.1 K,
and β = −2.595 ± 0.037 with a χ2 of 8.2 for 9 dof. This shows
the result does not depend on these two points. We have no a
priori reason that these two points should be bad. Further each
of the points is only effectively 2σ and in a data set this large
one 2σ point should be expected. We thus include all data when
fitting for the uniform temperature.
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frequency ν0 = 310 MHz and 11 dof. Figure 5 shows the radio
background after subtracting off the best-fit CMB temperature.
The ARCADE 2 data are in good agreement with the excess
radio spectrum derived from the low-frequency surveys.

A χ2 of 17.4 for 11 dof should be expected ∼10% of the
time. Most of this excess χ2 is from two points, the 8 GHz low
channel and the 30 GHz high channel. If these two points are
excised the result is T0 = 2.725 ± 0.001 K, TR = 24.4 ± 2.1 K,
and β = −2.595 ± 0.037 with a χ2 of 8.2 for 9 dof. This shows
the result does not depend on these two points. We have no a
priori reason that these two points should be bad. Further each
of the points is only effectively 2σ and in a data set this large
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ARCADE-2 Excess Radio BG
• Excess in the z=0 radio background 
reported by ARCADE-2 (left) and LWA 
(Dowell & Taylor).

• Only ~10% from high-z needed to cause 
EDGES-like signal (Feng & Holder). 
Maybe this isn’t crazy?

• If produced by BHs, require efficient 
accretion (fedd~1, fduty~1) in smallest 
halos (Ewall-Wice et al.).

• If associated with star formation, require 
~103x boost in low-frequency production 
efficiency per SFR (Mirocha & 
Furlanetto).
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EDGES in Context

High-z galaxy luminosity functions from 
Bouwens+ 2015 (4 < z < 8), Oesch+ 2018 (z~10)

calibrate  
to LFs
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High-z galaxy luminosity functions from 
Bouwens+ 2015 (4 < z < 8), Oesch+ 2018 (z~10)
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Q. What must SFE be to fit EDGES signal?

*Flattened SFE need not persist to late times.
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Engineering a Solution

Mirocha & Furlanetto (2018), astro-ph/1803.03272

Predicted galaxy counts for JWST, WFIRST

If a JWST UDF 
sees anything 
at z~12-15, maybe 
this isn’t crazy.



•Fit UVLF and EDGES 
simultaneously, vary SFE 
parameters, LX-SFR 
relation. Limit to atomic 
cooling halos.


•Allow excess cooling 
(parametric approach)


•Generate radio 
background assuming LR 
~ fR x SFR.

Shape Problems

Mirocha & Furlanetto (2018), astro-ph/1803.03272
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Reconstructed thermal history
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• TS is not fully coupled to TK 
at peak of signal!

• TK has already been 
affected by sources!

• i.e., another situation in 
which galaxy formation 
physics may be a nuisance 
for DM-focused inference.

Words of Caution

Reconstructed thermal history

Mirocha & Furlanetto (2018), astro-ph/1803.03272

TEDGES



Words of Caution
Harker+ (2012)
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This is a really hard measurement.



Conclusions
•Viable charged DM parameter space 
is likely quite limited.


•Radio background explanation puts 
a lot of pressure on astrophysical 
sources, both to generate a strong 
enough background at z > 20 and to 
shut down beyond z ~ 10-15.


•The timing of the EDGES signal is 
also odd, implying there is more star 
formation at z > 10 than simple 
models predict, independent of 
amplification mechanism.

excess cooling
radio BG



Tweetable Conclusions

The #EDGES global 21-cm signal is weird -- in amplitude, 
shape, *and* timing. This might be evidence of exciting 
new physics and astrophysics, or, depending on your 
inclination, reason to be skeptical. Excited to see what 
#HERA, #PRIZM, #SARAS, #JWST, and #SKA will find!
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Quick Aside: PopIII
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PopII
PopII+PopIII

Mirocha et al., 2018
Mebane, Mirocha, & Furlanetto (2018)

Difficult to induce dramatic  
change with minihalos!


