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

the dipole-based antenna and are supported by fibreglass legs. The balun 
consists of the two vertical brass tubes in the middle of the antenna. The 
balun shield is the shoebox-sized metal shroud around the bottom of the 
balun. The receiver is under the white metal platform and is not visible.
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After stars formed in the early Universe, their ultraviolet light is 
expected, eventually, to have penetrated the primordial hydrogen 
gas and altered the excitation state of its 21-centimetre hyperfine 
line. This alteration would cause the gas to absorb photons from 
the cosmic microwave background, producing a spectral distortion 
that should be observable today at radio frequencies of less than  
200 megahertz1. Here we report the detection of a flattened 
absorption profile in the sky-averaged radio spectrum, which is 
centred at a frequency of 78 megahertz and has a best-fitting full-
width at half-maximum of 19 megahertz and an amplitude of 0.5 
kelvin. The profile is largely consistent with expectations for the 
21-centimetre signal induced by early stars; however, the best-fitting 
amplitude of the profile is more than a factor of two greater than 
the largest predictions2. This discrepancy suggests that either the 
primordial gas was much colder than expected or the background 
radiation temperature was hotter than expected. Astrophysical 
phenomena (such as radiation from stars and stellar remnants) are 
unlikely to account for this discrepancy; of the proposed extensions 
to the standard model of cosmology and particle physics, only 
cooling of the gas as a result of interactions between dark matter 
and baryons seems to explain the observed amplitude3. The low-
frequency edge of the observed profile indicates that stars existed 
and had produced a background of Lyman-α photons by 180 million 
years after the Big Bang. The high-frequency edge indicates that 
the gas was heated to above the radiation temperature less than 
100 million years later.

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

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

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

+19 MHz2
4 , an 

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

+7 3
5 (where the 

bounds provide 99% confidence intervals including estimates of  
systematic uncertainties; see Methods for model definition). 
Uncertainties in the parameters of the fitted profile are estimated 
from statistical uncertainty in the model fits and from  systematic 
differences between the various validation trials that were performed 
using observations from both instruments and several  different data 
cuts. The 99% confidence intervals that we report are calculated as 
the outer bounds of (1) the marginalized statistical 99% confidence 
intervals from fits to the primary dataset and (2) the range of best- 
fitting values for each parameter across the validation trials. Fitting 
with both the foreground and 21-cm models lowers the residuals to 
an r.m.s. of 0.025 K. The fit shown in Fig. 1 has a signal-to-noise ratio 
of 37, calculated as the best-fitting amplitude of the profile divided 
by the statistical uncertainty of the amplitude fit, including the cova-
riance between model parameters. Additional analyses of the 
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Figure 1 | Summary of detection. a, Measured spectrum for the reference 
dataset after filtering for data quality and radio-frequency interference. 
The spectrum is dominated by Galactic synchrotron emission.  
b, c, Residuals after fitting and removing only the foreground  
model (b) or the foreground and 21-cm models (c). d, Recovered  
model profile of the 21-cm absorption, with a signal-to-noise  
ratio of 37, amplitude of 0.53 K, centre frequency of 78.1 MHz and  
width of 18.7 MHz. e, Sum of the 21-cm model (d) and its residuals (c).
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gas and altered the excitation state of its 21-centimetre hyperfine 
line. This alteration would cause the gas to absorb photons from 
the cosmic microwave background, producing a spectral distortion 
that should be observable today at radio frequencies of less than  
200 megahertz1. Here we report the detection of a flattened 
absorption profile in the sky-averaged radio spectrum, which is 
centred at a frequency of 78 megahertz and has a best-fitting full-
width at half-maximum of 19 megahertz and an amplitude of 0.5 
kelvin. The profile is largely consistent with expectations for the 
21-centimetre signal induced by early stars; however, the best-fitting 
amplitude of the profile is more than a factor of two greater than 
the largest predictions2. This discrepancy suggests that either the 
primordial gas was much colder than expected or the background 
radiation temperature was hotter than expected. Astrophysical 
phenomena (such as radiation from stars and stellar remnants) are 
unlikely to account for this discrepancy; of the proposed extensions 
to the standard model of cosmology and particle physics, only 
cooling of the gas as a result of interactions between dark matter 
and baryons seems to explain the observed amplitude3. The low-
frequency edge of the observed profile indicates that stars existed 
and had produced a background of Lyman-α photons by 180 million 
years after the Big Bang. The high-frequency edge indicates that 
the gas was heated to above the radiation temperature less than 
100 million years later.

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

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

The absorption profile is found by fitting the integrated spectrum 
with the foreground model and a model for the 21-cm signal  
simultaneously. The best-fitting 21-cm model yields a symmetric 
U-shaped absorption profile that is centred at a frequency of 
78 ±  1 MHz and has a full-width at half- maximum of −
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Uncertainties in the parameters of the fitted profile are estimated 
from statistical uncertainty in the model fits and from  systematic 
differences between the various validation trials that were performed 
using observations from both instruments and several  different data 
cuts. The 99% confidence intervals that we report are calculated as 
the outer bounds of (1) the marginalized statistical 99% confidence 
intervals from fits to the primary dataset and (2) the range of best- 
fitting values for each parameter across the validation trials. Fitting 
with both the foreground and 21-cm models lowers the residuals to 
an r.m.s. of 0.025 K. The fit shown in Fig. 1 has a signal-to-noise ratio 
of 37, calculated as the best-fitting amplitude of the profile divided 
by the statistical uncertainty of the amplitude fit, including the cova-
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Figure 1 | Summary of detection. a, Measured spectrum for the reference 
dataset after filtering for data quality and radio-frequency interference. 
The spectrum is dominated by Galactic synchrotron emission.  
b, c, Residuals after fitting and removing only the foreground  
model (b) or the foreground and 21-cm models (c). d, Recovered  
model profile of the 21-cm absorption, with a signal-to-noise  
ratio of 37, amplitude of 0.53 K, centre frequency of 78.1 MHz and  
width of 18.7 MHz. e, Sum of the 21-cm model (d) and its residuals (c).
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After stars formed in the early Universe, their ultraviolet light is 
expected, eventually, to have penetrated the primordial hydrogen 
gas and altered the excitation state of its 21-centimetre hyperfine 
line. This alteration would cause the gas to absorb photons from 
the cosmic microwave background, producing a spectral distortion 
that should be observable today at radio frequencies of less than  
200 megahertz1. Here we report the detection of a flattened 
absorption profile in the sky-averaged radio spectrum, which is 
centred at a frequency of 78 megahertz and has a best-fitting full-
width at half-maximum of 19 megahertz and an amplitude of 0.5 
kelvin. The profile is largely consistent with expectations for the 
21-centimetre signal induced by early stars; however, the best-fitting 
amplitude of the profile is more than a factor of two greater than 
the largest predictions2. This discrepancy suggests that either the 
primordial gas was much colder than expected or the background 
radiation temperature was hotter than expected. Astrophysical 
phenomena (such as radiation from stars and stellar remnants) are 
unlikely to account for this discrepancy; of the proposed extensions 
to the standard model of cosmology and particle physics, only 
cooling of the gas as a result of interactions between dark matter 
and baryons seems to explain the observed amplitude3. The low-
frequency edge of the observed profile indicates that stars existed 
and had produced a background of Lyman-α photons by 180 million 
years after the Big Bang. The high-frequency edge indicates that 
the gas was heated to above the radiation temperature less than 
100 million years later.

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

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

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

+19 MHz2
4 , an 

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

+7 3
5 (where the 

bounds provide 99% confidence intervals including estimates of  
systematic uncertainties; see Methods for model definition). 
Uncertainties in the parameters of the fitted profile are estimated 
from statistical uncertainty in the model fits and from  systematic 
differences between the various validation trials that were performed 
using observations from both instruments and several  different data 
cuts. The 99% confidence intervals that we report are calculated as 
the outer bounds of (1) the marginalized statistical 99% confidence 
intervals from fits to the primary dataset and (2) the range of best- 
fitting values for each parameter across the validation trials. Fitting 
with both the foreground and 21-cm models lowers the residuals to 
an r.m.s. of 0.025 K. The fit shown in Fig. 1 has a signal-to-noise ratio 
of 37, calculated as the best-fitting amplitude of the profile divided 
by the statistical uncertainty of the amplitude fit, including the cova-
riance between model parameters. Additional analyses of the 
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Figure 1 | Summary of detection. a, Measured spectrum for the reference 
dataset after filtering for data quality and radio-frequency interference. 
The spectrum is dominated by Galactic synchrotron emission.  
b, c, Residuals after fitting and removing only the foreground  
model (b) or the foreground and 21-cm models (c). d, Recovered  
model profile of the 21-cm absorption, with a signal-to-noise  
ratio of 37, amplitude of 0.53 K, centre frequency of 78.1 MHz and  
width of 18.7 MHz. e, Sum of the 21-cm model (d) and its residuals (c).
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After stars formed in the early Universe, their ultraviolet light is 
expected, eventually, to have penetrated the primordial hydrogen 
gas and altered the excitation state of its 21-centimetre hyperfine 
line. This alteration would cause the gas to absorb photons from 
the cosmic microwave background, producing a spectral distortion 
that should be observable today at radio frequencies of less than  
200 megahertz1. Here we report the detection of a flattened 
absorption profile in the sky-averaged radio spectrum, which is 
centred at a frequency of 78 megahertz and has a best-fitting full-
width at half-maximum of 19 megahertz and an amplitude of 0.5 
kelvin. The profile is largely consistent with expectations for the 
21-centimetre signal induced by early stars; however, the best-fitting 
amplitude of the profile is more than a factor of two greater than 
the largest predictions2. This discrepancy suggests that either the 
primordial gas was much colder than expected or the background 
radiation temperature was hotter than expected. Astrophysical 
phenomena (such as radiation from stars and stellar remnants) are 
unlikely to account for this discrepancy; of the proposed extensions 
to the standard model of cosmology and particle physics, only 
cooling of the gas as a result of interactions between dark matter 
and baryons seems to explain the observed amplitude3. The low-
frequency edge of the observed profile indicates that stars existed 
and had produced a background of Lyman-α photons by 180 million 
years after the Big Bang. The high-frequency edge indicates that 
the gas was heated to above the radiation temperature less than 
100 million years later.

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

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

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

+19 MHz2
4 , an 

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

+7 3
5 (where the 

bounds provide 99% confidence intervals including estimates of  
systematic uncertainties; see Methods for model definition). 
Uncertainties in the parameters of the fitted profile are estimated 
from statistical uncertainty in the model fits and from  systematic 
differences between the various validation trials that were performed 
using observations from both instruments and several  different data 
cuts. The 99% confidence intervals that we report are calculated as 
the outer bounds of (1) the marginalized statistical 99% confidence 
intervals from fits to the primary dataset and (2) the range of best- 
fitting values for each parameter across the validation trials. Fitting 
with both the foreground and 21-cm models lowers the residuals to 
an r.m.s. of 0.025 K. The fit shown in Fig. 1 has a signal-to-noise ratio 
of 37, calculated as the best-fitting amplitude of the profile divided 
by the statistical uncertainty of the amplitude fit, including the cova-
riance between model parameters. Additional analyses of the 
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Figure 1 | Summary of detection. a, Measured spectrum for the reference 
dataset after filtering for data quality and radio-frequency interference. 
The spectrum is dominated by Galactic synchrotron emission.  
b, c, Residuals after fitting and removing only the foreground  
model (b) or the foreground and 21-cm models (c). d, Recovered  
model profile of the 21-cm absorption, with a signal-to-noise  
ratio of 37, amplitude of 0.53 K, centre frequency of 78.1 MHz and  
width of 18.7 MHz. e, Sum of the 21-cm model (d) and its residuals (c).
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gas and altered the excitation state of its 21-centimetre hyperfine 
line. This alteration would cause the gas to absorb photons from 
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that should be observable today at radio frequencies of less than  
200 megahertz1. Here we report the detection of a flattened 
absorption profile in the sky-averaged radio spectrum, which is 
centred at a frequency of 78 megahertz and has a best-fitting full-
width at half-maximum of 19 megahertz and an amplitude of 0.5 
kelvin. The profile is largely consistent with expectations for the 
21-centimetre signal induced by early stars; however, the best-fitting 
amplitude of the profile is more than a factor of two greater than 
the largest predictions2. This discrepancy suggests that either the 
primordial gas was much colder than expected or the background 
radiation temperature was hotter than expected. Astrophysical 
phenomena (such as radiation from stars and stellar remnants) are 
unlikely to account for this discrepancy; of the proposed extensions 
to the standard model of cosmology and particle physics, only 
cooling of the gas as a result of interactions between dark matter 
and baryons seems to explain the observed amplitude3. The low-
frequency edge of the observed profile indicates that stars existed 
and had produced a background of Lyman-α photons by 180 million 
years after the Big Bang. The high-frequency edge indicates that 
the gas was heated to above the radiation temperature less than 
100 million years later.

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

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

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

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

bounds provide 99% confidence intervals including estimates of  
systematic uncertainties; see Methods for model definition). 
Uncertainties in the parameters of the fitted profile are estimated 
from statistical uncertainty in the model fits and from  systematic 
differences between the various validation trials that were performed 
using observations from both instruments and several  different data 
cuts. The 99% confidence intervals that we report are calculated as 
the outer bounds of (1) the marginalized statistical 99% confidence 
intervals from fits to the primary dataset and (2) the range of best- 
fitting values for each parameter across the validation trials. Fitting 
with both the foreground and 21-cm models lowers the residuals to 
an r.m.s. of 0.025 K. The fit shown in Fig. 1 has a signal-to-noise ratio 
of 37, calculated as the best-fitting amplitude of the profile divided 
by the statistical uncertainty of the amplitude fit, including the cova-
riance between model parameters. Additional analyses of the 
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Figure 1 | Summary of detection. a, Measured spectrum for the reference 
dataset after filtering for data quality and radio-frequency interference. 
The spectrum is dominated by Galactic synchrotron emission.  
b, c, Residuals after fitting and removing only the foreground  
model (b) or the foreground and 21-cm models (c). d, Recovered  
model profile of the 21-cm absorption, with a signal-to-noise  
ratio of 37, amplitude of 0.53 K, centre frequency of 78.1 MHz and  
width of 18.7 MHz. e, Sum of the 21-cm model (d) and its residuals (c).
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After stars formed in the early Universe, their ultraviolet light is 
expected, eventually, to have penetrated the primordial hydrogen 
gas and altered the excitation state of its 21-centimetre hyperfine 
line. This alteration would cause the gas to absorb photons from 
the cosmic microwave background, producing a spectral distortion 
that should be observable today at radio frequencies of less than  
200 megahertz1. Here we report the detection of a flattened 
absorption profile in the sky-averaged radio spectrum, which is 
centred at a frequency of 78 megahertz and has a best-fitting full-
width at half-maximum of 19 megahertz and an amplitude of 0.5 
kelvin. The profile is largely consistent with expectations for the 
21-centimetre signal induced by early stars; however, the best-fitting 
amplitude of the profile is more than a factor of two greater than 
the largest predictions2. This discrepancy suggests that either the 
primordial gas was much colder than expected or the background 
radiation temperature was hotter than expected. Astrophysical 
phenomena (such as radiation from stars and stellar remnants) are 
unlikely to account for this discrepancy; of the proposed extensions 
to the standard model of cosmology and particle physics, only 
cooling of the gas as a result of interactions between dark matter 
and baryons seems to explain the observed amplitude3. The low-
frequency edge of the observed profile indicates that stars existed 
and had produced a background of Lyman-α photons by 180 million 
years after the Big Bang. The high-frequency edge indicates that 
the gas was heated to above the radiation temperature less than 
100 million years later.

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

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

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

+19 MHz2
4 , an 

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

+7 3
5 (where the 

bounds provide 99% confidence intervals including estimates of  
systematic uncertainties; see Methods for model definition). 
Uncertainties in the parameters of the fitted profile are estimated 
from statistical uncertainty in the model fits and from  systematic 
differences between the various validation trials that were performed 
using observations from both instruments and several  different data 
cuts. The 99% confidence intervals that we report are calculated as 
the outer bounds of (1) the marginalized statistical 99% confidence 
intervals from fits to the primary dataset and (2) the range of best- 
fitting values for each parameter across the validation trials. Fitting 
with both the foreground and 21-cm models lowers the residuals to 
an r.m.s. of 0.025 K. The fit shown in Fig. 1 has a signal-to-noise ratio 
of 37, calculated as the best-fitting amplitude of the profile divided 
by the statistical uncertainty of the amplitude fit, including the cova-
riance between model parameters. Additional analyses of the 
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Figure 1 | Summary of detection. a, Measured spectrum for the reference 
dataset after filtering for data quality and radio-frequency interference. 
The spectrum is dominated by Galactic synchrotron emission.  
b, c, Residuals after fitting and removing only the foreground  
model (b) or the foreground and 21-cm models (c). d, Recovered  
model profile of the 21-cm absorption, with a signal-to-noise  
ratio of 37, amplitude of 0.53 K, centre frequency of 78.1 MHz and  
width of 18.7 MHz. e, Sum of the 21-cm model (d) and its residuals (c).
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After stars formed in the early Universe, their ultraviolet light is 
expected, eventually, to have penetrated the primordial hydrogen 
gas and altered the excitation state of its 21-centimetre hyperfine 
line. This alteration would cause the gas to absorb photons from 
the cosmic microwave background, producing a spectral distortion 
that should be observable today at radio frequencies of less than  
200 megahertz1. Here we report the detection of a flattened 
absorption profile in the sky-averaged radio spectrum, which is 
centred at a frequency of 78 megahertz and has a best-fitting full-
width at half-maximum of 19 megahertz and an amplitude of 0.5 
kelvin. The profile is largely consistent with expectations for the 
21-centimetre signal induced by early stars; however, the best-fitting 
amplitude of the profile is more than a factor of two greater than 
the largest predictions2. This discrepancy suggests that either the 
primordial gas was much colder than expected or the background 
radiation temperature was hotter than expected. Astrophysical 
phenomena (such as radiation from stars and stellar remnants) are 
unlikely to account for this discrepancy; of the proposed extensions 
to the standard model of cosmology and particle physics, only 
cooling of the gas as a result of interactions between dark matter 
and baryons seems to explain the observed amplitude3. The low-
frequency edge of the observed profile indicates that stars existed 
and had produced a background of Lyman-α photons by 180 million 
years after the Big Bang. The high-frequency edge indicates that 
the gas was heated to above the radiation temperature less than 
100 million years later.

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

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

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

+19 MHz2
4 , an 

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

+7 3
5 (where the 

bounds provide 99% confidence intervals including estimates of  
systematic uncertainties; see Methods for model definition). 
Uncertainties in the parameters of the fitted profile are estimated 
from statistical uncertainty in the model fits and from  systematic 
differences between the various validation trials that were performed 
using observations from both instruments and several  different data 
cuts. The 99% confidence intervals that we report are calculated as 
the outer bounds of (1) the marginalized statistical 99% confidence 
intervals from fits to the primary dataset and (2) the range of best- 
fitting values for each parameter across the validation trials. Fitting 
with both the foreground and 21-cm models lowers the residuals to 
an r.m.s. of 0.025 K. The fit shown in Fig. 1 has a signal-to-noise ratio 
of 37, calculated as the best-fitting amplitude of the profile divided 
by the statistical uncertainty of the amplitude fit, including the cova-
riance between model parameters. Additional analyses of the 
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Figure 1 | Summary of detection. a, Measured spectrum for the reference 
dataset after filtering for data quality and radio-frequency interference. 
The spectrum is dominated by Galactic synchrotron emission.  
b, c, Residuals after fitting and removing only the foreground  
model (b) or the foreground and 21-cm models (c). d, Recovered  
model profile of the 21-cm absorption, with a signal-to-noise  
ratio of 37, amplitude of 0.53 K, centre frequency of 78.1 MHz and  
width of 18.7 MHz. e, Sum of the 21-cm model (d) and its residuals (c).
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sky-averaged spectrum
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After stars formed in the early Universe, their ultraviolet light is 
expected, eventually, to have penetrated the primordial hydrogen 
gas and altered the excitation state of its 21-centimetre hyperfine 
line. This alteration would cause the gas to absorb photons from 
the cosmic microwave background, producing a spectral distortion 
that should be observable today at radio frequencies of less than  
200 megahertz1. Here we report the detection of a flattened 
absorption profile in the sky-averaged radio spectrum, which is 
centred at a frequency of 78 megahertz and has a best-fitting full-
width at half-maximum of 19 megahertz and an amplitude of 0.5 
kelvin. The profile is largely consistent with expectations for the 
21-centimetre signal induced by early stars; however, the best-fitting 
amplitude of the profile is more than a factor of two greater than 
the largest predictions2. This discrepancy suggests that either the 
primordial gas was much colder than expected or the background 
radiation temperature was hotter than expected. Astrophysical 
phenomena (such as radiation from stars and stellar remnants) are 
unlikely to account for this discrepancy; of the proposed extensions 
to the standard model of cosmology and particle physics, only 
cooling of the gas as a result of interactions between dark matter 
and baryons seems to explain the observed amplitude3. The low-
frequency edge of the observed profile indicates that stars existed 
and had produced a background of Lyman-α photons by 180 million 
years after the Big Bang. The high-frequency edge indicates that 
the gas was heated to above the radiation temperature less than 
100 million years later.

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

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

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

+19 MHz2
4 , an 

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

+7 3
5 (where the 

bounds provide 99% confidence intervals including estimates of  
systematic uncertainties; see Methods for model definition). 
Uncertainties in the parameters of the fitted profile are estimated 
from statistical uncertainty in the model fits and from  systematic 
differences between the various validation trials that were performed 
using observations from both instruments and several  different data 
cuts. The 99% confidence intervals that we report are calculated as 
the outer bounds of (1) the marginalized statistical 99% confidence 
intervals from fits to the primary dataset and (2) the range of best- 
fitting values for each parameter across the validation trials. Fitting 
with both the foreground and 21-cm models lowers the residuals to 
an r.m.s. of 0.025 K. The fit shown in Fig. 1 has a signal-to-noise ratio 
of 37, calculated as the best-fitting amplitude of the profile divided 
by the statistical uncertainty of the amplitude fit, including the cova-
riance between model parameters. Additional analyses of the 
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Figure 1 | Summary of detection. a, Measured spectrum for the reference 
dataset after filtering for data quality and radio-frequency interference. 
The spectrum is dominated by Galactic synchrotron emission.  
b, c, Residuals after fitting and removing only the foreground  
model (b) or the foreground and 21-cm models (c). d, Recovered  
model profile of the 21-cm absorption, with a signal-to-noise  
ratio of 37, amplitude of 0.53 K, centre frequency of 78.1 MHz and  
width of 18.7 MHz. e, Sum of the 21-cm model (d) and its residuals (c).

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

1  M A R C H  2 0 1 8  |  V O L  5 5 5  |  N A T U R E  |  6 7

LETTER
doi:10.1038/nature25792

An absorption profile centred at 78 megahertz in the 
sky-averaged spectrum
Judd D. Bowman1, Alan E. E. Rogers2, Raul A. Monsalve1,3,4, Thomas J. Mozdzen1 & Nivedita Mahesh1

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

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

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

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

+19 MHz2
4 , an 

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

+7 3
5 (where the 

bounds provide 99% confidence intervals including estimates of  
systematic uncertainties; see Methods for model definition). 
Uncertainties in the parameters of the fitted profile are estimated 
from statistical uncertainty in the model fits and from  systematic 
differences between the various validation trials that were performed 
using observations from both instruments and several  different data 
cuts. The 99% confidence intervals that we report are calculated as 
the outer bounds of (1) the marginalized statistical 99% confidence 
intervals from fits to the primary dataset and (2) the range of best- 
fitting values for each parameter across the validation trials. Fitting 
with both the foreground and 21-cm models lowers the residuals to 
an r.m.s. of 0.025 K. The fit shown in Fig. 1 has a signal-to-noise ratio 
of 37, calculated as the best-fitting amplitude of the profile divided 
by the statistical uncertainty of the amplitude fit, including the cova-
riance between model parameters. Additional analyses of the 
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Figure 1 | Summary of detection. a, Measured spectrum for the reference 
dataset after filtering for data quality and radio-frequency interference. 
The spectrum is dominated by Galactic synchrotron emission.  
b, c, Residuals after fitting and removing only the foreground  
model (b) or the foreground and 21-cm models (c). d, Recovered  
model profile of the 21-cm absorption, with a signal-to-noise  
ratio of 37, amplitude of 0.53 K, centre frequency of 78.1 MHz and  
width of 18.7 MHz. e, Sum of the 21-cm model (d) and its residuals (c).
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An absorption profile centred at 78 megahertz in the 
sky-averaged spectrum
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After stars formed in the early Universe, their ultraviolet light is 
expected, eventually, to have penetrated the primordial hydrogen 
gas and altered the excitation state of its 21-centimetre hyperfine 
line. This alteration would cause the gas to absorb photons from 
the cosmic microwave background, producing a spectral distortion 
that should be observable today at radio frequencies of less than  
200 megahertz1. Here we report the detection of a flattened 
absorption profile in the sky-averaged radio spectrum, which is 
centred at a frequency of 78 megahertz and has a best-fitting full-
width at half-maximum of 19 megahertz and an amplitude of 0.5 
kelvin. The profile is largely consistent with expectations for the 
21-centimetre signal induced by early stars; however, the best-fitting 
amplitude of the profile is more than a factor of two greater than 
the largest predictions2. This discrepancy suggests that either the 
primordial gas was much colder than expected or the background 
radiation temperature was hotter than expected. Astrophysical 
phenomena (such as radiation from stars and stellar remnants) are 
unlikely to account for this discrepancy; of the proposed extensions 
to the standard model of cosmology and particle physics, only 
cooling of the gas as a result of interactions between dark matter 
and baryons seems to explain the observed amplitude3. The low-
frequency edge of the observed profile indicates that stars existed 
and had produced a background of Lyman-α photons by 180 million 
years after the Big Bang. The high-frequency edge indicates that 
the gas was heated to above the radiation temperature less than 
100 million years later.

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

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

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

+19 MHz2
4 , an 

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

+7 3
5 (where the 

bounds provide 99% confidence intervals including estimates of  
systematic uncertainties; see Methods for model definition). 
Uncertainties in the parameters of the fitted profile are estimated 
from statistical uncertainty in the model fits and from  systematic 
differences between the various validation trials that were performed 
using observations from both instruments and several  different data 
cuts. The 99% confidence intervals that we report are calculated as 
the outer bounds of (1) the marginalized statistical 99% confidence 
intervals from fits to the primary dataset and (2) the range of best- 
fitting values for each parameter across the validation trials. Fitting 
with both the foreground and 21-cm models lowers the residuals to 
an r.m.s. of 0.025 K. The fit shown in Fig. 1 has a signal-to-noise ratio 
of 37, calculated as the best-fitting amplitude of the profile divided 
by the statistical uncertainty of the amplitude fit, including the cova-
riance between model parameters. Additional analyses of the 
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Figure 1 | Summary of detection. a, Measured spectrum for the reference 
dataset after filtering for data quality and radio-frequency interference. 
The spectrum is dominated by Galactic synchrotron emission.  
b, c, Residuals after fitting and removing only the foreground  
model (b) or the foreground and 21-cm models (c). d, Recovered  
model profile of the 21-cm absorption, with a signal-to-noise  
ratio of 37, amplitude of 0.53 K, centre frequency of 78.1 MHz and  
width of 18.7 MHz. e, Sum of the 21-cm model (d) and its residuals (c).

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

1  M A R C H  2 0 1 8  |  V O L  5 5 5  |  N A T U R E  |  6 7

LETTER
doi:10.1038/nature25792

An absorption profile centred at 78 megahertz in the 
sky-averaged spectrum
Judd D. Bowman1, Alan E. E. Rogers2, Raul A. Monsalve1,3,4, Thomas J. Mozdzen1 & Nivedita Mahesh1

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

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

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

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

+19 MHz2
4 , an 

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

+7 3
5 (where the 

bounds provide 99% confidence intervals including estimates of  
systematic uncertainties; see Methods for model definition). 
Uncertainties in the parameters of the fitted profile are estimated 
from statistical uncertainty in the model fits and from  systematic 
differences between the various validation trials that were performed 
using observations from both instruments and several  different data 
cuts. The 99% confidence intervals that we report are calculated as 
the outer bounds of (1) the marginalized statistical 99% confidence 
intervals from fits to the primary dataset and (2) the range of best- 
fitting values for each parameter across the validation trials. Fitting 
with both the foreground and 21-cm models lowers the residuals to 
an r.m.s. of 0.025 K. The fit shown in Fig. 1 has a signal-to-noise ratio 
of 37, calculated as the best-fitting amplitude of the profile divided 
by the statistical uncertainty of the amplitude fit, including the cova-
riance between model parameters. Additional analyses of the 
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Figure 1 | Summary of detection. a, Measured spectrum for the reference 
dataset after filtering for data quality and radio-frequency interference. 
The spectrum is dominated by Galactic synchrotron emission.  
b, c, Residuals after fitting and removing only the foreground  
model (b) or the foreground and 21-cm models (c). d, Recovered  
model profile of the 21-cm absorption, with a signal-to-noise  
ratio of 37, amplitude of 0.53 K, centre frequency of 78.1 MHz and  
width of 18.7 MHz. e, Sum of the 21-cm model (d) and its residuals (c).
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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. 4. Constraints on the charge, Q, of a millicharged
particle as a function of the DM mass. The red line indi-
cates the minimal cross section needed to explain the EDGES
measurement, assuming the millicharged particle constitutes
only 1% of the DM density. The dashed-gray lines show
contours of constant �̂. Constraints from cooling of the
supernova (SN) 1987A [6] (purple), direct detection lim-
its from XENON10 [55, 62] (green), SLAC millicharge ex-
periment [22] (gray), and cooling of white-dwarfs (WD),
horizontal-branch (HB) stars and red-giants (RG) [8] (pink
and brown) are shown in the shaded regions.

light hidden photon case and we postpone such a study
to future work.

In Fig. 4 we plot the measured EDGES signal on top
of the existing constraints in the Q�m� plane, assuming
only 1% of DM is in the form of MCP. As evident from
comparison to Fig. 3, the parameter space opens signif-
icantly. As explained earlier, the reason for that stems
from the fact that the BBN and CMB Ne↵ bounds were
calculated assuming the presence of a hidden photon [8].
Weaker cosmological constraints may still apply. The
constraints from XENON10 were re-scaled to account for
the smaller DM fraction. We also cut the XENON10 ex-
clusion region at Q = 10�7 to account for our ignorance
in quantifying the terrestrial e↵ect on the charged par-
ticle flux penetrating the earth. This e↵ects to date has
only been studied for a much heavier mediator [72] and
our cut is expected to be very conservative.

V. CONCLUSIONS

In this paper we studied the possibility that the strong
21-cm absorption line observed by the EDGES collab-
oration can be explained due to the cooling of the hy-

drogen gas via its scattering with cold dark matter. In
order to explain the observed signal, dark matter must
strongly interact with the gas at around z = 20, imply-
ing that Rutherford-like (velocity-enhanced) interactions
must induce the cooling.

Such scatterings require a very light mediator and two
possibilities exist: Either the hydrogen or helium are
charged under the new long-range force (meaning that
the nucleons and electrons do not screen the interaction)
or they are neutral. In the former case, 5th-force ex-
periments strongly constrain the possibility of mediating
the required strong interaction between the DM and the
visible sector. The latter case can arise from either the
interaction with the visible photon or with a hidden pho-
ton that kinematically mixes with the visible one. We
showed that both of these possibilities are strongly con-
strained due to limits on millicharge dark matter and
self-interacting dark matter respectively. Consequently,
the dominant DM component cannot cool the hydro-
gen enough to explain the observed signal. In the case
of a millicharged particle, a subcomponent of the DM
(. 1%) may explain the signal while marginally evading
the bounds.
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FIG. 7. Parameter space for hidden-photons (A0) with mass mA0 < 1 MeV (see Fig. 6 for

mA0 > 1 MeV). Colored regions are: experimentally excluded regions (dark green), constraints

from astronomical observations (gray) or from astrophysical, or cosmological arguments (blue),

and sensitivity of planned and suggested experiments (light green) (ADMX [14], ALPS-II [15],

Dish antenna [19], AGN/SNR [151]). Shown in red are boundaries where the A0 would account

for all the DM produced either thermally in the Big Bang or non-thermally by the misalignment

mechanism (the corresponding line is an upper bound). Regions bounded by dotted lines show

predictions from string theory corresponding to di↵erent possibilities for the nature of the A0 mass:

Hidden-Higgs, a Fayet-Iliopoulos term, or the Stückelberg mechanism. Predictions are uncertain

by O(1)-factors.

ordinary matter. An A0 in this mass range is motivated by the theoretical considerations

discussed above, by anomalies related to DM [165, 166], and by the discrepancy between the

measured and calculated value of the anomalous magnetic moment of the muon [120–122].

Fig. 6 shows existing constraints for mA0 > 1 MeV [116] and the sensitivity of several

planned experiments that will explore part of the remaining allowed parameter space. These

include the future fixed-target experiments APEX [126, 132], HPS [133], DarkLight [134] at

Je↵erson Laboratory, an experiment using VEPP-3 [135, 136], and experiments using the

MAMI and MESA [137] at the University of Mainz. Existing and future e+e� colliders can

also probe large parts of the parameter space for ✏ > 10�4�10�3, and include BABAR, Belle,

KLOE, SuperB, Belle II, and KLOE-2 (Fig. 6 only shows existing constraints, and no future
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FIG. 2. Left. E↵ective photon mass mA as function of redshift. Resonant oscillation occurs when the mA crosses the dark
photon mass, which should happen during the dark ages (green) in order to impact the 21 cm absorption signal. Right.
Conversion probability as a function of redshift, corrected for the probability of photon absorption, in the limit PA0!A ⌧ 1.
We consider photons with energy x = !/TCMB = 1.4 ⇥ 10�3, which implies a wavelength of 21 cm at z = 17. Photons with
x ⇠ 10�3 that are injected in the gray region, z >⇠ 1700, are rapidly absorbed by the plasma, as shown by the solid curve.

and DM, n
DR

is the number density of DR quanta,
and n

RJ

represents the low-energy Rayleigh-Jeans (RJ)
tail of the standard CMB Planck distribution, n

RJ

⇡
T!2

max

/(2⇡2) ⇡ 0.21x2

max

n
CMB

, where we use units h̄ =
c = k = 1, and where we define the normalized pho-
ton energy, x ⌘ !/T

CMB

. n
CMB

= 2⇣(3)/⇡2 T 3

CMB

'
0.24T 3

CMB

is the full Planckian number density and
x

max

= !
max

/T
CMB

is a (somewhat arbitrary) maximum
frequency of the low-energy RJ interval, x

max

⌧ 1. If
for example we take x

max

= 2 ⇥ 10�3, then we find
n

RJ

/n
CMB

' 10�6.
The number of DR quanta may significantly exceed

n
RJ

. Saturating the constraint on N
eff

for the DR that
matches the CMB frequencies with x

max

⇠ 2 ⇥ 10�3,
we find n

DR

 1.5 ⇥ 102 n
CMB

. Alternatively, letting
5% of the DM energy density [11, 12] convert to DR in
the same frequency range after CMB decoupling, n

DR


3.3 ⇥ 105 n

CMB

. Thus, soft DR quanta can outnumber
the RJ CMB photons by up to 11 orders of magnitude.

What are the observational consequences of such soft
and numerous DR quanta? Very light fields often have
their interactions enhanced (suppressed) at high (low)
energies. This is the case for neutrinos, that have Fermi-
type interactions with atomic constituents, as well as
for axions that have e↵ective interactions with fermions
and gauge bosons. This type of DR would be very di�-
cult to see directly. There is, however, one class of new
fields that can manifest their interactions at low energies
and low densities. These are light vector particles (of-
ten called dark photons), A0, that develop a mixing with
ordinary photons, ✏F 0

µ⌫

F
µ⌫

[14]. The apparent number
count of CMB radiation can be modified by photon/dark
photon oscillation:

dn
A

d!
! dn

A

d!
⇥ P

A!A

+
dn

A

0

d!
⇥ P

A

0!A

, (2)

where P
A!A

= 1 � P
A!A

0 is the photon survival proba-
bility, while P

A

0!A

is the probability of A0 ! A con-
version. Previous constraints from A ! A0 were de-
rived [15, 16] using COBE-FIRAS data [17]. The point
of the present letter is that the RJ tail of the CMB can
get a significant boost due to the second term in (2) with-
out contradicting FIRAS. The physics of the 21 cm line
provides a useful tool to probe DR through the apparent
modification of the low-energy tail of the CMB. Previous
studies [18–20] have considered A0 ! A when A0 is cold
DM instead of DR.

The EDGES experiment recently presented a tentative
detection of 21 cm absorption coming from the interval of
redshifts z = 15�20 [21]. The strength of the absorption
signal is expected to be proportional to 1�T

CMB

/T
s

[22],
where T

CMB

counts the number of CMB photons inter-
acting with the two-level hydrogen hyperfine system, and
T

s

is the spin temperature. The relevant photons have
energy !

0

= 5.9 µeV at redshift z ⇡ 17, and therefore
reside deep within the RJ tail, x ⇡ 1.4 ⇥ 10�3. This is
much lower energy than direct measurements from FI-
RAS, at x > 0.23 [17], and ARCADE 2, which probes as
low as x = 0.053 [23]. Earlier measurements constrain
x ⇠ 0.02 � 0.04 with larger uncertainties [24, 25].

The locations of the left/right boundaries of the
claimed EDGES signal agree with standard cosmolog-
ical expectations, but the amount of absorption seems
to indicate a more negative 1 � T

CMB

/T
s

temperature
contrast than expected. Given that the spin tempera-
ture T

s

cannot drop below the baryon temperature T
b

, a
naive interpretation of this result could consist in lower-
than-expected T

b

, or higher T
CMB

. Together with related
prior work [26, 27], a number of possible models were
suggested [28–32], which typically have di�culty passing
other constraints [33–38]. Our mechanism, the oscilla-
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FIG. 2. Left. E↵ective photon mass mA as function of redshift. Resonant oscillation occurs when the mA crosses the dark
photon mass, which should happen during the dark ages (green) in order to impact the 21 cm absorption signal. Right.
Conversion probability as a function of redshift, corrected for the probability of photon absorption, in the limit PA0!A ⌧ 1.
We consider photons with energy x = !/TCMB = 1.4 ⇥ 10�3, which implies a wavelength of 21 cm at z = 17. Photons with
x ⇠ 10�3 that are injected in the gray region, z >⇠ 1700, are rapidly absorbed by the plasma, as shown by the solid curve.

and DM, n
DR

is the number density of DR quanta,
and n

RJ

represents the low-energy Rayleigh-Jeans (RJ)
tail of the standard CMB Planck distribution, n

RJ

⇡
T!2

max

/(2⇡2) ⇡ 0.21x2

max

n
CMB

, where we use units h̄ =
c = k = 1, and where we define the normalized pho-
ton energy, x ⌘ !/T

CMB
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CMB

= 2⇣(3)/⇡2 T 3

CMB
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0.24T 3

CMB

is the full Planckian number density and
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max
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CMB

is a (somewhat arbitrary) maximum
frequency of the low-energy RJ interval, x

max

⌧ 1. If
for example we take x

max

= 2 ⇥ 10�3, then we find
n

RJ

/n
CMB

' 10�6.
The number of DR quanta may significantly exceed

n
RJ

. Saturating the constraint on N
eff

for the DR that
matches the CMB frequencies with x

max

⇠ 2 ⇥ 10�3,
we find n

DR

 1.5 ⇥ 102 n
CMB

. Alternatively, letting
5% of the DM energy density [11, 12] convert to DR in
the same frequency range after CMB decoupling, n

DR


3.3 ⇥ 105 n

CMB

. Thus, soft DR quanta can outnumber
the RJ CMB photons by up to 11 orders of magnitude.

What are the observational consequences of such soft
and numerous DR quanta? Very light fields often have
their interactions enhanced (suppressed) at high (low)
energies. This is the case for neutrinos, that have Fermi-
type interactions with atomic constituents, as well as
for axions that have e↵ective interactions with fermions
and gauge bosons. This type of DR would be very di�-
cult to see directly. There is, however, one class of new
fields that can manifest their interactions at low energies
and low densities. These are light vector particles (of-
ten called dark photons), A0, that develop a mixing with
ordinary photons, ✏F 0

µ⌫

F
µ⌫

[14]. The apparent number
count of CMB radiation can be modified by photon/dark
photon oscillation:
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+
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, (2)

where P
A!A

= 1 � P
A!A

0 is the photon survival proba-
bility, while P

A

0!A

is the probability of A0 ! A con-
version. Previous constraints from A ! A0 were de-
rived [15, 16] using COBE-FIRAS data [17]. The point
of the present letter is that the RJ tail of the CMB can
get a significant boost due to the second term in (2) with-
out contradicting FIRAS. The physics of the 21 cm line
provides a useful tool to probe DR through the apparent
modification of the low-energy tail of the CMB. Previous
studies [18–20] have considered A0 ! A when A0 is cold
DM instead of DR.

The EDGES experiment recently presented a tentative
detection of 21 cm absorption coming from the interval of
redshifts z = 15�20 [21]. The strength of the absorption
signal is expected to be proportional to 1�T

CMB

/T
s

[22],
where T

CMB

counts the number of CMB photons inter-
acting with the two-level hydrogen hyperfine system, and
T

s

is the spin temperature. The relevant photons have
energy !

0

= 5.9 µeV at redshift z ⇡ 17, and therefore
reside deep within the RJ tail, x ⇡ 1.4 ⇥ 10�3. This is
much lower energy than direct measurements from FI-
RAS, at x > 0.23 [17], and ARCADE 2, which probes as
low as x = 0.053 [23]. Earlier measurements constrain
x ⇠ 0.02 � 0.04 with larger uncertainties [24, 25].

The locations of the left/right boundaries of the
claimed EDGES signal agree with standard cosmolog-
ical expectations, but the amount of absorption seems
to indicate a more negative 1 � T

CMB

/T
s

temperature
contrast than expected. Given that the spin tempera-
ture T

s

cannot drop below the baryon temperature T
b

, a
naive interpretation of this result could consist in lower-
than-expected T

b

, or higher T
CMB

. Together with related
prior work [26, 27], a number of possible models were
suggested [28–32], which typically have di�culty passing
other constraints [33–38]. Our mechanism, the oscilla-
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FIG. 3. Left panel. We show the values of the DM mass ma that are relevant for 21 cm, as a function of the dark photon
mass (bottom axis) or, equivalently, as a function of resonant redshift z

res

(top axis). In the red region, ma/TCMB

< 2xmin

21

,
implying that the produced photons are too soft to impact 21 cm. In the region above the purple line, DM is heavy enough
that it produces photons at the energies measured precisely by COBE-FIRAS, implying a tight constraint (depending on ✏ and
the a-lifetime). Note that the region delineated by the dotted purple line corresponds to resonant conversion after the redshift
relevant for the 21 cm absorption signal. The vertical orange band shows the region of dark photon mass constrained by black
hole superradiance [34]. The blue star corresponds to the benchmark case (z

res

= 500, ma = 10�3 eV) further explored in
the rest of the figures. Right panel. Comparison between the RJ tail of the CMB (orange) and the energy spectrum of the
photon population generated from the resonant oscillation (solid black). In our benchmark example the resonance took place
at z

res

= 500, and we assume the decaying particle with mass ma = 10�3 eV and lifetime ⌧a = 100⇥ ⌧

U

constitutes the whole
DM in the Universe. For comparison, we also show–rescaled by a factor 10�4–the original number density distribution of dark
photon before resonant oscillation (dotted black). The spectra are plotted as a function of the redshift-independent variable
x = !/T

CMB

, and therefore apply to all redshifts z < z

res

. We choose ✏ = 2.1 ⇥ 10�7, such that the number of photons is
doubled in the window x

min

21

< x < x

max

21

.

where nT is the number density of transverse plasmons
(photons) and mA is the standard plasma frequency,
m2

A = 4⇡↵ne/me. Observing that it has the same
scaling as the emission rate for a pair of Dirac neu-
trinos due to their magnetic moment µ, QA⇤!⌫⌫̄ =
µ2m4

AnT (24⇡)�1 [35, 36], we recast the corresponding
bound µ  3⇥ 10�12(e/2me) [37] to obtain

✏⇥ f�1

a < 2⇥ 10�9 ⇥GeV�1 . (9)

In addition, the ✏-parameter is limited via A ! A0

oscillations [38], and depends rather sensitively on mA0 .
Stellar energy losses via these oscillations are important
only for the higher mass range of A0, mA0 > 10�5 eV, as
the emission is suppressed bym2

A0/m2

A inside stars, which
is a small parameter [39, 40]. Cosmological A $ A0 os-
cillations may be significant if the resonant condition is
met, mA0 = mA(z), where mA(z) is the plasma mass of
photons at redshift z [14, 15]. In the course of cosmologi-

cal evolution mA(z) ' 1.6⇥10�14 eV⇥ (1+z)3/2X1/2
e (z)

scans many orders of magnitude; Xe is the free electron
fraction that we take from [15]. For any mA0 in the range
10�14 � 10�9 eV, the resonance happens at some red-
shift, z

res

, within the cosmic dark ages, see the left panel
of Fig. 2. The resonance ensures that the probability of

oscillation is much larger than the vacuum value of ✏2.
Following [14, 41], we take it to be

PA!A0 = PA0!A =
⇡✏2m2

A0

!
⇥
����
d logm2

A

dt

����
�1

. (10)

We remark that this expression is valid only in the limit
PA0!A ⌧ 1. For large ✏ the probability saturates, and
in such cases we use its full expression. We notice that
the probability of oscillation for RJ photons, x ⇠ 10�3,
can be three orders of magnitude larger than for photons
with x ⇠ 1, due to the !�1 dependence. The redshift
dependence of (10) is shown in the right panel of Fig. 2,
assuming a dark photon energy that is relevant for 21 cm,
x
0

= 1.4⇥ 10�3.

Dark age resonance and EDGES signal: For z
abs


1700, the Universe becomes transparent to photons that
are converted into the RJ tail of the CMB, x ⇠ 10�3,
whereas for z > z

abs

these soft photons are e�ciently
absorbed [42]. Therefore, only dark photons with mA <
mA0(z

abs

) ' 10�9 eV—possibly injected at a much ear-
lier epoch—will yield excess radiation at 21 cm. Focusing
on a mono-chromatic injection of A0 with cosmologically
long lifetime ⌧a > ⌧U , the energy spectrum at redshift z
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<latexit sha1_base64="BmQd8RBplfLDuXbfcbjTw1R7Ct0=">AAACLXicbVDLSgMxFM34rPU16rKbYBFcSJkRQZdFNy4r2Ae0pdzJpG1okhmSTLUMXfg1LtWPcSGIWz/CjWk7C217IHA4517uyQlizrTxvA9nZXVtfWMzt5Xf3tnd23cPDms6ShShVRLxSDUC0JQzSauGGU4bsaIgAk7rweBm4teHVGkWyXszimlbQE+yLiNgrNRxC60eCAGdELcU6/UNKBU94Ex0i17JmwIvEj8jRZSh0nF/WmFEEkGlIRy0bvpebNopKMMIp+N8K9E0BjKAHm1aKkFQ3U6nnxjjE6uEuBsp+6TBU/XvRgpC65EI7KQA09fz3kRc5jUT071qp0zGiaGSzA51E45NhCeN4JApSgwfWQJEMZsVkz4oIMb2tjTzWThksc7iP87y521b/nw3i6R2XvK9kn93USxfZ73lUAEdo1Pko0tURreogqqIoCf0jF7Rm/PivDufztdsdMXJdo7QPzjfvwwZqaI=</latexit><latexit sha1_base64="BmQd8RBplfLDuXbfcbjTw1R7Ct0=">AAACLXicbVDLSgMxFM34rPU16rKbYBFcSJkRQZdFNy4r2Ae0pdzJpG1okhmSTLUMXfg1LtWPcSGIWz/CjWk7C217IHA4517uyQlizrTxvA9nZXVtfWMzt5Xf3tnd23cPDms6ShShVRLxSDUC0JQzSauGGU4bsaIgAk7rweBm4teHVGkWyXszimlbQE+yLiNgrNRxC60eCAGdELcU6/UNKBU94Ex0i17JmwIvEj8jRZSh0nF/WmFEEkGlIRy0bvpebNopKMMIp+N8K9E0BjKAHm1aKkFQ3U6nnxjjE6uEuBsp+6TBU/XvRgpC65EI7KQA09fz3kRc5jUT071qp0zGiaGSzA51E45NhCeN4JApSgwfWQJEMZsVkz4oIMb2tjTzWThksc7iP87y521b/nw3i6R2XvK9kn93USxfZ73lUAEdo1Pko0tURreogqqIoCf0jF7Rm/PivDufztdsdMXJdo7QPzjfvwwZqaI=</latexit><latexit sha1_base64="BmQd8RBplfLDuXbfcbjTw1R7Ct0=">AAACLXicbVDLSgMxFM34rPU16rKbYBFcSJkRQZdFNy4r2Ae0pdzJpG1okhmSTLUMXfg1LtWPcSGIWz/CjWk7C217IHA4517uyQlizrTxvA9nZXVtfWMzt5Xf3tnd23cPDms6ShShVRLxSDUC0JQzSauGGU4bsaIgAk7rweBm4teHVGkWyXszimlbQE+yLiNgrNRxC60eCAGdELcU6/UNKBU94Ex0i17JmwIvEj8jRZSh0nF/WmFEEkGlIRy0bvpebNopKMMIp+N8K9E0BjKAHm1aKkFQ3U6nnxjjE6uEuBsp+6TBU/XvRgpC65EI7KQA09fz3kRc5jUT071qp0zGiaGSzA51E45NhCeN4JApSgwfWQJEMZsVkz4oIMb2tjTzWThksc7iP87y521b/nw3i6R2XvK9kn93USxfZ73lUAEdo1Pko0tURreogqqIoCf0jF7Rm/PivDufztdsdMXJdo7QPzjfvwwZqaI=</latexit><latexit sha1_base64="BmQd8RBplfLDuXbfcbjTw1R7Ct0=">AAACLXicbVDLSgMxFM34rPU16rKbYBFcSJkRQZdFNy4r2Ae0pdzJpG1okhmSTLUMXfg1LtWPcSGIWz/CjWk7C217IHA4517uyQlizrTxvA9nZXVtfWMzt5Xf3tnd23cPDms6ShShVRLxSDUC0JQzSauGGU4bsaIgAk7rweBm4teHVGkWyXszimlbQE+yLiNgrNRxC60eCAGdELcU6/UNKBU94Ex0i17JmwIvEj8jRZSh0nF/WmFEEkGlIRy0bvpebNopKMMIp+N8K9E0BjKAHm1aKkFQ3U6nnxjjE6uEuBsp+6TBU/XvRgpC65EI7KQA09fz3kRc5jUT071qp0zGiaGSzA51E45NhCeN4JApSgwfWQJEMZsVkz4oIMb2tjTzWThksc7iP87y521b/nw3i6R2XvK9kn93USxfZ73lUAEdo1Pko0tURreogqqIoCf0jF7Rm/PivDufztdsdMXJdo7QPzjfvwwZqaI=</latexit>

m�d = 5⇥ 10�12 eV
<latexit sha1_base64="Cgm5UQtipYSL95dAe9bdb21wDpY="></latexit><latexit sha1_base64="Cgm5UQtipYSL95dAe9bdb21wDpY="></latexit><latexit sha1_base64="Cgm5UQtipYSL95dAe9bdb21wDpY="></latexit><latexit sha1_base64="Cgm5UQtipYSL95dAe9bdb21wDpY="></latexit>

✏ = 4⇥ 10�7
<latexit sha1_base64="YWeRi1v2jWRklH6QNg5cOtVcQ4w=">AAACLXicbVDLSgMxFM34rPU16rKbYBFcaJmRQt0IRTcuK9gHdMaSyaRtaCYZkkyxDF34NS7Vj3EhiFs/wo1pOwtteyBwOOde7skJYkaVdpwPa2V1bX1jM7eV397Z3du3Dw4bSiQSkzoWTMhWgBRhlJO6ppqRViwJigJGmsHgZuI3h0QqKvi9HsXEj1CP0y7FSBupYxc8EivKBIdXsAw9TSOioOs8pOeVcccuOiVnCrhI3IwUQYZax/7xQoGTiHCNGVKq7Tqx9lMkNcWMjPNeokiM8AD1SNtQjswxP51+YgxPjBLCrpDmcQ2n6t+NFEVKjaLATEZI99W8NxGXee1Edy/9lPI40YTj2aFuwqAWcNIIDKkkWLORIQhLarJC3EcSYW16W5r5LBzSWGXxH2f586Ytd76bRdK4KLlOyb0rF6vXWW85UADH4BS4oAKq4BbUQB1g8ASewSt4s16sd+vT+pqNrljZzhH4B+v7F3BRqBw=</latexit><latexit sha1_base64="YWeRi1v2jWRklH6QNg5cOtVcQ4w=">AAACLXicbVDLSgMxFM34rPU16rKbYBFcaJmRQt0IRTcuK9gHdMaSyaRtaCYZkkyxDF34NS7Vj3EhiFs/wo1pOwtteyBwOOde7skJYkaVdpwPa2V1bX1jM7eV397Z3du3Dw4bSiQSkzoWTMhWgBRhlJO6ppqRViwJigJGmsHgZuI3h0QqKvi9HsXEj1CP0y7FSBupYxc8EivKBIdXsAw9TSOioOs8pOeVcccuOiVnCrhI3IwUQYZax/7xQoGTiHCNGVKq7Tqx9lMkNcWMjPNeokiM8AD1SNtQjswxP51+YgxPjBLCrpDmcQ2n6t+NFEVKjaLATEZI99W8NxGXee1Edy/9lPI40YTj2aFuwqAWcNIIDKkkWLORIQhLarJC3EcSYW16W5r5LBzSWGXxH2f586Ytd76bRdK4KLlOyb0rF6vXWW85UADH4BS4oAKq4BbUQB1g8ASewSt4s16sd+vT+pqNrljZzhH4B+v7F3BRqBw=</latexit><latexit sha1_base64="YWeRi1v2jWRklH6QNg5cOtVcQ4w=">AAACLXicbVDLSgMxFM34rPU16rKbYBFcaJmRQt0IRTcuK9gHdMaSyaRtaCYZkkyxDF34NS7Vj3EhiFs/wo1pOwtteyBwOOde7skJYkaVdpwPa2V1bX1jM7eV397Z3du3Dw4bSiQSkzoWTMhWgBRhlJO6ppqRViwJigJGmsHgZuI3h0QqKvi9HsXEj1CP0y7FSBupYxc8EivKBIdXsAw9TSOioOs8pOeVcccuOiVnCrhI3IwUQYZax/7xQoGTiHCNGVKq7Tqx9lMkNcWMjPNeokiM8AD1SNtQjswxP51+YgxPjBLCrpDmcQ2n6t+NFEVKjaLATEZI99W8NxGXee1Edy/9lPI40YTj2aFuwqAWcNIIDKkkWLORIQhLarJC3EcSYW16W5r5LBzSWGXxH2f586Ytd76bRdK4KLlOyb0rF6vXWW85UADH4BS4oAKq4BbUQB1g8ASewSt4s16sd+vT+pqNrljZzhH4B+v7F3BRqBw=</latexit><latexit sha1_base64="YWeRi1v2jWRklH6QNg5cOtVcQ4w=">AAACLXicbVDLSgMxFM34rPU16rKbYBFcaJmRQt0IRTcuK9gHdMaSyaRtaCYZkkyxDF34NS7Vj3EhiFs/wo1pOwtteyBwOOde7skJYkaVdpwPa2V1bX1jM7eV397Z3du3Dw4bSiQSkzoWTMhWgBRhlJO6ppqRViwJigJGmsHgZuI3h0QqKvi9HsXEj1CP0y7FSBupYxc8EivKBIdXsAw9TSOioOs8pOeVcccuOiVnCrhI3IwUQYZax/7xQoGTiHCNGVKq7Tqx9lMkNcWMjPNeokiM8AD1SNtQjswxP51+YgxPjBLCrpDmcQ2n6t+NFEVKjaLATEZI99W8NxGXee1Edy/9lPI40YTj2aFuwqAWcNIIDKkkWLORIQhLarJC3EcSYW16W5r5LBzSWGXxH2f586Ytd76bRdK4KLlOyb0rF6vXWW85UADH4BS4oAKq4BbUQB1g8ASewSt4s16sd+vT+pqNrljZzhH4B+v7F3BRqBw=</latexit>

ma = 10�3 eV
<latexit sha1_base64="nT25TO0A9VzXed7zrTiBL3KVT4g=">AAACLnicbVDLSsNAFJ34rPUVdamLwSK4qCVRQTdC0Y3LCvYBTS2TyaQdOpOEmUmxhGz8GpfqxwguxK3/4MZJm4W2PTBwOOde7pnjRoxKZVkfxsLi0vLKamGtuL6xubVt7uw2ZBgLTOo4ZKFouUgSRgNSV1Qx0ooEQdxlpOkObjK/OSRC0jC4V6OIdDjqBdSnGCktdc0D3kXwCtrWQ3JylkKnDB2OVF/whDTSrlmyKtYYcJbYOSmBHLWu+eN4IY45CRRmSMq2bUWqkyChKGYkLTqxJBHCA9QjbU0DxInsJONfpPBIKx70Q6FfoOBY/buRIC7liLt6Mosop71MnOe1Y+VfdhIaRLEiAZ4c8mMGVQizSqBHBcGKjTRBWFCdFeI+EggrXdzczGVvSCOZx3+c5C/qtuzpbmZJ47RiWxX77rxUvc57K4B9cAiOgQ0uQBXcghqoAwyewDN4BW/Gi/FufBpfk9EFI9/ZA/9gfP8C+XeoZw==</latexit><latexit sha1_base64="nT25TO0A9VzXed7zrTiBL3KVT4g=">AAACLnicbVDLSsNAFJ34rPUVdamLwSK4qCVRQTdC0Y3LCvYBTS2TyaQdOpOEmUmxhGz8GpfqxwguxK3/4MZJm4W2PTBwOOde7pnjRoxKZVkfxsLi0vLKamGtuL6xubVt7uw2ZBgLTOo4ZKFouUgSRgNSV1Qx0ooEQdxlpOkObjK/OSRC0jC4V6OIdDjqBdSnGCktdc0D3kXwCtrWQ3JylkKnDB2OVF/whDTSrlmyKtYYcJbYOSmBHLWu+eN4IY45CRRmSMq2bUWqkyChKGYkLTqxJBHCA9QjbU0DxInsJONfpPBIKx70Q6FfoOBY/buRIC7liLt6Mosop71MnOe1Y+VfdhIaRLEiAZ4c8mMGVQizSqBHBcGKjTRBWFCdFeI+EggrXdzczGVvSCOZx3+c5C/qtuzpbmZJ47RiWxX77rxUvc57K4B9cAiOgQ0uQBXcghqoAwyewDN4BW/Gi/FufBpfk9EFI9/ZA/9gfP8C+XeoZw==</latexit><latexit sha1_base64="nT25TO0A9VzXed7zrTiBL3KVT4g=">AAACLnicbVDLSsNAFJ34rPUVdamLwSK4qCVRQTdC0Y3LCvYBTS2TyaQdOpOEmUmxhGz8GpfqxwguxK3/4MZJm4W2PTBwOOde7pnjRoxKZVkfxsLi0vLKamGtuL6xubVt7uw2ZBgLTOo4ZKFouUgSRgNSV1Qx0ooEQdxlpOkObjK/OSRC0jC4V6OIdDjqBdSnGCktdc0D3kXwCtrWQ3JylkKnDB2OVF/whDTSrlmyKtYYcJbYOSmBHLWu+eN4IY45CRRmSMq2bUWqkyChKGYkLTqxJBHCA9QjbU0DxInsJONfpPBIKx70Q6FfoOBY/buRIC7liLt6Mosop71MnOe1Y+VfdhIaRLEiAZ4c8mMGVQizSqBHBcGKjTRBWFCdFeI+EggrXdzczGVvSCOZx3+c5C/qtuzpbmZJ47RiWxX77rxUvc57K4B9cAiOgQ0uQBXcghqoAwyewDN4BW/Gi/FufBpfk9EFI9/ZA/9gfP8C+XeoZw==</latexit><latexit sha1_base64="nT25TO0A9VzXed7zrTiBL3KVT4g=">AAACLnicbVDLSsNAFJ34rPUVdamLwSK4qCVRQTdC0Y3LCvYBTS2TyaQdOpOEmUmxhGz8GpfqxwguxK3/4MZJm4W2PTBwOOde7pnjRoxKZVkfxsLi0vLKamGtuL6xubVt7uw2ZBgLTOo4ZKFouUgSRgNSV1Qx0ooEQdxlpOkObjK/OSRC0jC4V6OIdDjqBdSnGCktdc0D3kXwCtrWQ3JylkKnDB2OVF/whDTSrlmyKtYYcJbYOSmBHLWu+eN4IY45CRRmSMq2bUWqkyChKGYkLTqxJBHCA9QjbU0DxInsJONfpPBIKx70Q6FfoOBY/buRIC7liLt6Mosop71MnOe1Y+VfdhIaRLEiAZ4c8mMGVQizSqBHBcGKjTRBWFCdFeI+EggrXdzczGVvSCOZx3+c5C/qtuzpbmZJ47RiWxX77rxUvc57K4B9cAiOgQ0uQBXcghqoAwyewDN4BW/Gi/FufBpfk9EFI9/ZA/9gfP8C+XeoZw==</latexit>

evolution equations from:  Venumadhav, Dai, Kaurov, Zaldarriaga, 1804.02406

Standard Model
�d ! �

<latexit sha1_base64="BmQd8RBplfLDuXbfcbjTw1R7Ct0=">AAACLXicbVDLSgMxFM34rPU16rKbYBFcSJkRQZdFNy4r2Ae0pdzJpG1okhmSTLUMXfg1LtWPcSGIWz/CjWk7C217IHA4517uyQlizrTxvA9nZXVtfWMzt5Xf3tnd23cPDms6ShShVRLxSDUC0JQzSauGGU4bsaIgAk7rweBm4teHVGkWyXszimlbQE+yLiNgrNRxC60eCAGdELcU6/UNKBU94Ex0i17JmwIvEj8jRZSh0nF/WmFEEkGlIRy0bvpebNopKMMIp+N8K9E0BjKAHm1aKkFQ3U6nnxjjE6uEuBsp+6TBU/XvRgpC65EI7KQA09fz3kRc5jUT071qp0zGiaGSzA51E45NhCeN4JApSgwfWQJEMZsVkz4oIMb2tjTzWThksc7iP87y521b/nw3i6R2XvK9kn93USxfZ73lUAEdo1Pko0tURreogqqIoCf0jF7Rm/PivDufztdsdMXJdo7QPzjfvwwZqaI=</latexit><latexit sha1_base64="BmQd8RBplfLDuXbfcbjTw1R7Ct0=">AAACLXicbVDLSgMxFM34rPU16rKbYBFcSJkRQZdFNy4r2Ae0pdzJpG1okhmSTLUMXfg1LtWPcSGIWz/CjWk7C217IHA4517uyQlizrTxvA9nZXVtfWMzt5Xf3tnd23cPDms6ShShVRLxSDUC0JQzSauGGU4bsaIgAk7rweBm4teHVGkWyXszimlbQE+yLiNgrNRxC60eCAGdELcU6/UNKBU94Ex0i17JmwIvEj8jRZSh0nF/WmFEEkGlIRy0bvpebNopKMMIp+N8K9E0BjKAHm1aKkFQ3U6nnxjjE6uEuBsp+6TBU/XvRgpC65EI7KQA09fz3kRc5jUT071qp0zGiaGSzA51E45NhCeN4JApSgwfWQJEMZsVkz4oIMb2tjTzWThksc7iP87y521b/nw3i6R2XvK9kn93USxfZ73lUAEdo1Pko0tURreogqqIoCf0jF7Rm/PivDufztdsdMXJdo7QPzjfvwwZqaI=</latexit><latexit sha1_base64="BmQd8RBplfLDuXbfcbjTw1R7Ct0=">AAACLXicbVDLSgMxFM34rPU16rKbYBFcSJkRQZdFNy4r2Ae0pdzJpG1okhmSTLUMXfg1LtWPcSGIWz/CjWk7C217IHA4517uyQlizrTxvA9nZXVtfWMzt5Xf3tnd23cPDms6ShShVRLxSDUC0JQzSauGGU4bsaIgAk7rweBm4teHVGkWyXszimlbQE+yLiNgrNRxC60eCAGdELcU6/UNKBU94Ex0i17JmwIvEj8jRZSh0nF/WmFEEkGlIRy0bvpebNopKMMIp+N8K9E0BjKAHm1aKkFQ3U6nnxjjE6uEuBsp+6TBU/XvRgpC65EI7KQA09fz3kRc5jUT071qp0zGiaGSzA51E45NhCeN4JApSgwfWQJEMZsVkz4oIMb2tjTzWThksc7iP87y521b/nw3i6R2XvK9kn93USxfZ73lUAEdo1Pko0tURreogqqIoCf0jF7Rm/PivDufztdsdMXJdo7QPzjfvwwZqaI=</latexit><latexit sha1_base64="BmQd8RBplfLDuXbfcbjTw1R7Ct0=">AAACLXicbVDLSgMxFM34rPU16rKbYBFcSJkRQZdFNy4r2Ae0pdzJpG1okhmSTLUMXfg1LtWPcSGIWz/CjWk7C217IHA4517uyQlizrTxvA9nZXVtfWMzt5Xf3tnd23cPDms6ShShVRLxSDUC0JQzSauGGU4bsaIgAk7rweBm4teHVGkWyXszimlbQE+yLiNgrNRxC60eCAGdELcU6/UNKBU94Ex0i17JmwIvEj8jRZSh0nF/WmFEEkGlIRy0bvpebNopKMMIp+N8K9E0BjKAHm1aKkFQ3U6nnxjjE6uEuBsp+6TBU/XvRgpC65EI7KQA09fz3kRc5jUT071qp0zGiaGSzA51E45NhCeN4JApSgwfWQJEMZsVkz4oIMb2tjTzWThksc7iP87y521b/nw3i6R2XvK9kn93USxfZ73lUAEdo1Pko0tURreogqqIoCf0jF7Rm/PivDufztdsdMXJdo7QPzjfvwwZqaI=</latexit>

⌧a = 1012 y
<latexit sha1_base64="dGuBpqVscve4X1C+J5Xds6jIl/0=">AAACL3icbVDLSsNAFJ3UV62vqEsRBovgopSkCLoRim5cVrAPaGKYTKbt0MmDmUkxhKz8Gpfqx4gbces3uHHSZqFtDwwczrmXe+a4EaNCGsaHVlpZXVvfKG9WtrZ3dvf0/YOOCGOOSRuHLOQ9FwnCaEDakkpGehEnyHcZ6brjm9zvTggXNAzuZRIR20fDgA4oRlJJjn5sSRQ7CF5B03hIzUZm1aDlIznifppkjl416sYUcJGYBamCAi1H/7G8EMc+CSRmSIi+aUTSThGXFDOSVaxYkAjhMRqSvqIB8omw0+k3MniqFA8OQq5eIOFU/buRIl+IxHfVZJ5QzHu5uMzrx3Jwaac0iGJJAjw7NIgZlCHMO4Ee5QRLliiCMKcqK8QjxBGWqrmlmWvehEaiiP84y19RbZnz3SySTqNuGnXz7rzavC56K4MjcALOgAkuQBPcghZoAwyewDN4BW/ai/aufWpfs9GSVuwcgn/Qvn8Bn3SpSw==</latexit><latexit sha1_base64="dGuBpqVscve4X1C+J5Xds6jIl/0=">AAACL3icbVDLSsNAFJ3UV62vqEsRBovgopSkCLoRim5cVrAPaGKYTKbt0MmDmUkxhKz8Gpfqx4gbces3uHHSZqFtDwwczrmXe+a4EaNCGsaHVlpZXVvfKG9WtrZ3dvf0/YOOCGOOSRuHLOQ9FwnCaEDakkpGehEnyHcZ6brjm9zvTggXNAzuZRIR20fDgA4oRlJJjn5sSRQ7CF5B03hIzUZm1aDlIznifppkjl416sYUcJGYBamCAi1H/7G8EMc+CSRmSIi+aUTSThGXFDOSVaxYkAjhMRqSvqIB8omw0+k3MniqFA8OQq5eIOFU/buRIl+IxHfVZJ5QzHu5uMzrx3Jwaac0iGJJAjw7NIgZlCHMO4Ee5QRLliiCMKcqK8QjxBGWqrmlmWvehEaiiP84y19RbZnz3SySTqNuGnXz7rzavC56K4MjcALOgAkuQBPcghZoAwyewDN4BW/ai/aufWpfs9GSVuwcgn/Qvn8Bn3SpSw==</latexit><latexit sha1_base64="dGuBpqVscve4X1C+J5Xds6jIl/0=">AAACL3icbVDLSsNAFJ3UV62vqEsRBovgopSkCLoRim5cVrAPaGKYTKbt0MmDmUkxhKz8Gpfqx4gbces3uHHSZqFtDwwczrmXe+a4EaNCGsaHVlpZXVvfKG9WtrZ3dvf0/YOOCGOOSRuHLOQ9FwnCaEDakkpGehEnyHcZ6brjm9zvTggXNAzuZRIR20fDgA4oRlJJjn5sSRQ7CF5B03hIzUZm1aDlIznifppkjl416sYUcJGYBamCAi1H/7G8EMc+CSRmSIi+aUTSThGXFDOSVaxYkAjhMRqSvqIB8omw0+k3MniqFA8OQq5eIOFU/buRIl+IxHfVZJ5QzHu5uMzrx3Jwaac0iGJJAjw7NIgZlCHMO4Ee5QRLliiCMKcqK8QjxBGWqrmlmWvehEaiiP84y19RbZnz3SySTqNuGnXz7rzavC56K4MjcALOgAkuQBPcghZoAwyewDN4BW/ai/aufWpfs9GSVuwcgn/Qvn8Bn3SpSw==</latexit><latexit sha1_base64="dGuBpqVscve4X1C+J5Xds6jIl/0=">AAACL3icbVDLSsNAFJ3UV62vqEsRBovgopSkCLoRim5cVrAPaGKYTKbt0MmDmUkxhKz8Gpfqx4gbces3uHHSZqFtDwwczrmXe+a4EaNCGsaHVlpZXVvfKG9WtrZ3dvf0/YOOCGOOSRuHLOQ9FwnCaEDakkpGehEnyHcZ6brjm9zvTggXNAzuZRIR20fDgA4oRlJJjn5sSRQ7CF5B03hIzUZm1aDlIznifppkjl416sYUcJGYBamCAi1H/7G8EMc+CSRmSIi+aUTSThGXFDOSVaxYkAjhMRqSvqIB8omw0+k3MniqFA8OQq5eIOFU/buRIl+IxHfVZJ5QzHu5uMzrx3Jwaac0iGJJAjw7NIgZlCHMO4Ee5QRLliiCMKcqK8QjxBGWqrmlmWvehEaiiP84y19RbZnz3SySTqNuGnXz7rzavC56K4MjcALOgAkuQBPcghZoAwyewDN4BW/ai/aufWpfs9GSVuwcgn/Qvn8Bn3SpSw==</latexit>



Temperature Evolution and Absorption
with �d ! �

<latexit sha1_base64="BmQd8RBplfLDuXbfcbjTw1R7Ct0=">AAACLXicbVDLSgMxFM34rPU16rKbYBFcSJkRQZdFNy4r2Ae0pdzJpG1okhmSTLUMXfg1LtWPcSGIWz/CjWk7C217IHA4517uyQlizrTxvA9nZXVtfWMzt5Xf3tnd23cPDms6ShShVRLxSDUC0JQzSauGGU4bsaIgAk7rweBm4teHVGkWyXszimlbQE+yLiNgrNRxC60eCAGdELcU6/UNKBU94Ex0i17JmwIvEj8jRZSh0nF/WmFEEkGlIRy0bvpebNopKMMIp+N8K9E0BjKAHm1aKkFQ3U6nnxjjE6uEuBsp+6TBU/XvRgpC65EI7KQA09fz3kRc5jUT071qp0zGiaGSzA51E45NhCeN4JApSgwfWQJEMZsVkz4oIMb2tjTzWThksc7iP87y521b/nw3i6R2XvK9kn93USxfZ73lUAEdo1Pko0tURreogqqIoCf0jF7Rm/PivDufztdsdMXJdo7QPzjfvwwZqaI=</latexit><latexit sha1_base64="BmQd8RBplfLDuXbfcbjTw1R7Ct0=">AAACLXicbVDLSgMxFM34rPU16rKbYBFcSJkRQZdFNy4r2Ae0pdzJpG1okhmSTLUMXfg1LtWPcSGIWz/CjWk7C217IHA4517uyQlizrTxvA9nZXVtfWMzt5Xf3tnd23cPDms6ShShVRLxSDUC0JQzSauGGU4bsaIgAk7rweBm4teHVGkWyXszimlbQE+yLiNgrNRxC60eCAGdELcU6/UNKBU94Ex0i17JmwIvEj8jRZSh0nF/WmFEEkGlIRy0bvpebNopKMMIp+N8K9E0BjKAHm1aKkFQ3U6nnxjjE6uEuBsp+6TBU/XvRgpC65EI7KQA09fz3kRc5jUT071qp0zGiaGSzA51E45NhCeN4JApSgwfWQJEMZsVkz4oIMb2tjTzWThksc7iP87y521b/nw3i6R2XvK9kn93USxfZ73lUAEdo1Pko0tURreogqqIoCf0jF7Rm/PivDufztdsdMXJdo7QPzjfvwwZqaI=</latexit><latexit sha1_base64="BmQd8RBplfLDuXbfcbjTw1R7Ct0=">AAACLXicbVDLSgMxFM34rPU16rKbYBFcSJkRQZdFNy4r2Ae0pdzJpG1okhmSTLUMXfg1LtWPcSGIWz/CjWk7C217IHA4517uyQlizrTxvA9nZXVtfWMzt5Xf3tnd23cPDms6ShShVRLxSDUC0JQzSauGGU4bsaIgAk7rweBm4teHVGkWyXszimlbQE+yLiNgrNRxC60eCAGdELcU6/UNKBU94Ex0i17JmwIvEj8jRZSh0nF/WmFEEkGlIRy0bvpebNopKMMIp+N8K9E0BjKAHm1aKkFQ3U6nnxjjE6uEuBsp+6TBU/XvRgpC65EI7KQA09fz3kRc5jUT071qp0zGiaGSzA51E45NhCeN4JApSgwfWQJEMZsVkz4oIMb2tjTzWThksc7iP87y521b/nw3i6R2XvK9kn93USxfZ73lUAEdo1Pko0tURreogqqIoCf0jF7Rm/PivDufztdsdMXJdo7QPzjfvwwZqaI=</latexit><latexit sha1_base64="BmQd8RBplfLDuXbfcbjTw1R7Ct0=">AAACLXicbVDLSgMxFM34rPU16rKbYBFcSJkRQZdFNy4r2Ae0pdzJpG1okhmSTLUMXfg1LtWPcSGIWz/CjWk7C217IHA4517uyQlizrTxvA9nZXVtfWMzt5Xf3tnd23cPDms6ShShVRLxSDUC0JQzSauGGU4bsaIgAk7rweBm4teHVGkWyXszimlbQE+yLiNgrNRxC60eCAGdELcU6/UNKBU94Ex0i17JmwIvEj8jRZSh0nF/WmFEEkGlIRy0bvpebNopKMMIp+N8K9E0BjKAHm1aKkFQ3U6nnxjjE6uEuBsp+6TBU/XvRgpC65EI7KQA09fz3kRc5jUT071qp0zGiaGSzA51E45NhCeN4JApSgwfWQJEMZsVkz4oIMb2tjTzWThksc7iP87y521b/nw3i6R2XvK9kn93USxfZ73lUAEdo1Pko0tURreogqqIoCf0jF7Rm/PivDufztdsdMXJdo7QPzjfvwwZqaI=</latexit>
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evolution equations from:  Venumadhav, Dai, Kaurov, Zaldarriaga, 1804.02406

temperature evolution 21cm absorption

Standard Model
�d ! �

<latexit sha1_base64="BmQd8RBplfLDuXbfcbjTw1R7Ct0=">AAACLXicbVDLSgMxFM34rPU16rKbYBFcSJkRQZdFNy4r2Ae0pdzJpG1okhmSTLUMXfg1LtWPcSGIWz/CjWk7C217IHA4517uyQlizrTxvA9nZXVtfWMzt5Xf3tnd23cPDms6ShShVRLxSDUC0JQzSauGGU4bsaIgAk7rweBm4teHVGkWyXszimlbQE+yLiNgrNRxC60eCAGdELcU6/UNKBU94Ex0i17JmwIvEj8jRZSh0nF/WmFEEkGlIRy0bvpebNopKMMIp+N8K9E0BjKAHm1aKkFQ3U6nnxjjE6uEuBsp+6TBU/XvRgpC65EI7KQA09fz3kRc5jUT071qp0zGiaGSzA51E45NhCeN4JApSgwfWQJEMZsVkz4oIMb2tjTzWThksc7iP87y521b/nw3i6R2XvK9kn93USxfZ73lUAEdo1Pko0tURreogqqIoCf0jF7Rm/PivDufztdsdMXJdo7QPzjfvwwZqaI=</latexit><latexit sha1_base64="BmQd8RBplfLDuXbfcbjTw1R7Ct0=">AAACLXicbVDLSgMxFM34rPU16rKbYBFcSJkRQZdFNy4r2Ae0pdzJpG1okhmSTLUMXfg1LtWPcSGIWz/CjWk7C217IHA4517uyQlizrTxvA9nZXVtfWMzt5Xf3tnd23cPDms6ShShVRLxSDUC0JQzSauGGU4bsaIgAk7rweBm4teHVGkWyXszimlbQE+yLiNgrNRxC60eCAGdELcU6/UNKBU94Ex0i17JmwIvEj8jRZSh0nF/WmFEEkGlIRy0bvpebNopKMMIp+N8K9E0BjKAHm1aKkFQ3U6nnxjjE6uEuBsp+6TBU/XvRgpC65EI7KQA09fz3kRc5jUT071qp0zGiaGSzA51E45NhCeN4JApSgwfWQJEMZsVkz4oIMb2tjTzWThksc7iP87y521b/nw3i6R2XvK9kn93USxfZ73lUAEdo1Pko0tURreogqqIoCf0jF7Rm/PivDufztdsdMXJdo7QPzjfvwwZqaI=</latexit><latexit sha1_base64="BmQd8RBplfLDuXbfcbjTw1R7Ct0=">AAACLXicbVDLSgMxFM34rPU16rKbYBFcSJkRQZdFNy4r2Ae0pdzJpG1okhmSTLUMXfg1LtWPcSGIWz/CjWk7C217IHA4517uyQlizrTxvA9nZXVtfWMzt5Xf3tnd23cPDms6ShShVRLxSDUC0JQzSauGGU4bsaIgAk7rweBm4teHVGkWyXszimlbQE+yLiNgrNRxC60eCAGdELcU6/UNKBU94Ex0i17JmwIvEj8jRZSh0nF/WmFEEkGlIRy0bvpebNopKMMIp+N8K9E0BjKAHm1aKkFQ3U6nnxjjE6uEuBsp+6TBU/XvRgpC65EI7KQA09fz3kRc5jUT071qp0zGiaGSzA51E45NhCeN4JApSgwfWQJEMZsVkz4oIMb2tjTzWThksc7iP87y521b/nw3i6R2XvK9kn93USxfZ73lUAEdo1Pko0tURreogqqIoCf0jF7Rm/PivDufztdsdMXJdo7QPzjfvwwZqaI=</latexit><latexit sha1_base64="BmQd8RBplfLDuXbfcbjTw1R7Ct0=">AAACLXicbVDLSgMxFM34rPU16rKbYBFcSJkRQZdFNy4r2Ae0pdzJpG1okhmSTLUMXfg1LtWPcSGIWz/CjWk7C217IHA4517uyQlizrTxvA9nZXVtfWMzt5Xf3tnd23cPDms6ShShVRLxSDUC0JQzSauGGU4bsaIgAk7rweBm4teHVGkWyXszimlbQE+yLiNgrNRxC60eCAGdELcU6/UNKBU94Ex0i17JmwIvEj8jRZSh0nF/WmFEEkGlIRy0bvpebNopKMMIp+N8K9E0BjKAHm1aKkFQ3U6nnxjjE6uEuBsp+6TBU/XvRgpC65EI7KQA09fz3kRc5jUT071qp0zGiaGSzA51E45NhCeN4JApSgwfWQJEMZsVkz4oIMb2tjTzWThksc7iP87y521b/nw3i6R2XvK9kn93USxfZ73lUAEdo1Pko0tURreogqqIoCf0jF7Rm/PivDufztdsdMXJdo7QPzjfvwwZqaI=</latexit>

m�d = 5⇥ 10�12 eV
<latexit sha1_base64="Cgm5UQtipYSL95dAe9bdb21wDpY="></latexit><latexit sha1_base64="Cgm5UQtipYSL95dAe9bdb21wDpY="></latexit><latexit sha1_base64="Cgm5UQtipYSL95dAe9bdb21wDpY="></latexit><latexit sha1_base64="Cgm5UQtipYSL95dAe9bdb21wDpY="></latexit>

✏ = 4⇥ 10�7
<latexit sha1_base64="YWeRi1v2jWRklH6QNg5cOtVcQ4w=">AAACLXicbVDLSgMxFM34rPU16rKbYBFcaJmRQt0IRTcuK9gHdMaSyaRtaCYZkkyxDF34NS7Vj3EhiFs/wo1pOwtteyBwOOde7skJYkaVdpwPa2V1bX1jM7eV397Z3du3Dw4bSiQSkzoWTMhWgBRhlJO6ppqRViwJigJGmsHgZuI3h0QqKvi9HsXEj1CP0y7FSBupYxc8EivKBIdXsAw9TSOioOs8pOeVcccuOiVnCrhI3IwUQYZax/7xQoGTiHCNGVKq7Tqx9lMkNcWMjPNeokiM8AD1SNtQjswxP51+YgxPjBLCrpDmcQ2n6t+NFEVKjaLATEZI99W8NxGXee1Edy/9lPI40YTj2aFuwqAWcNIIDKkkWLORIQhLarJC3EcSYW16W5r5LBzSWGXxH2f586Ytd76bRdK4KLlOyb0rF6vXWW85UADH4BS4oAKq4BbUQB1g8ASewSt4s16sd+vT+pqNrljZzhH4B+v7F3BRqBw=</latexit><latexit sha1_base64="YWeRi1v2jWRklH6QNg5cOtVcQ4w=">AAACLXicbVDLSgMxFM34rPU16rKbYBFcaJmRQt0IRTcuK9gHdMaSyaRtaCYZkkyxDF34NS7Vj3EhiFs/wo1pOwtteyBwOOde7skJYkaVdpwPa2V1bX1jM7eV397Z3du3Dw4bSiQSkzoWTMhWgBRhlJO6ppqRViwJigJGmsHgZuI3h0QqKvi9HsXEj1CP0y7FSBupYxc8EivKBIdXsAw9TSOioOs8pOeVcccuOiVnCrhI3IwUQYZax/7xQoGTiHCNGVKq7Tqx9lMkNcWMjPNeokiM8AD1SNtQjswxP51+YgxPjBLCrpDmcQ2n6t+NFEVKjaLATEZI99W8NxGXee1Edy/9lPI40YTj2aFuwqAWcNIIDKkkWLORIQhLarJC3EcSYW16W5r5LBzSWGXxH2f586Ytd76bRdK4KLlOyb0rF6vXWW85UADH4BS4oAKq4BbUQB1g8ASewSt4s16sd+vT+pqNrljZzhH4B+v7F3BRqBw=</latexit><latexit sha1_base64="YWeRi1v2jWRklH6QNg5cOtVcQ4w=">AAACLXicbVDLSgMxFM34rPU16rKbYBFcaJmRQt0IRTcuK9gHdMaSyaRtaCYZkkyxDF34NS7Vj3EhiFs/wo1pOwtteyBwOOde7skJYkaVdpwPa2V1bX1jM7eV397Z3du3Dw4bSiQSkzoWTMhWgBRhlJO6ppqRViwJigJGmsHgZuI3h0QqKvi9HsXEj1CP0y7FSBupYxc8EivKBIdXsAw9TSOioOs8pOeVcccuOiVnCrhI3IwUQYZax/7xQoGTiHCNGVKq7Tqx9lMkNcWMjPNeokiM8AD1SNtQjswxP51+YgxPjBLCrpDmcQ2n6t+NFEVKjaLATEZI99W8NxGXee1Edy/9lPI40YTj2aFuwqAWcNIIDKkkWLORIQhLarJC3EcSYW16W5r5LBzSWGXxH2f586Ytd76bRdK4KLlOyb0rF6vXWW85UADH4BS4oAKq4BbUQB1g8ASewSt4s16sd+vT+pqNrljZzhH4B+v7F3BRqBw=</latexit><latexit sha1_base64="YWeRi1v2jWRklH6QNg5cOtVcQ4w=">AAACLXicbVDLSgMxFM34rPU16rKbYBFcaJmRQt0IRTcuK9gHdMaSyaRtaCYZkkyxDF34NS7Vj3EhiFs/wo1pOwtteyBwOOde7skJYkaVdpwPa2V1bX1jM7eV397Z3du3Dw4bSiQSkzoWTMhWgBRhlJO6ppqRViwJigJGmsHgZuI3h0QqKvi9HsXEj1CP0y7FSBupYxc8EivKBIdXsAw9TSOioOs8pOeVcccuOiVnCrhI3IwUQYZax/7xQoGTiHCNGVKq7Tqx9lMkNcWMjPNeokiM8AD1SNtQjswxP51+YgxPjBLCrpDmcQ2n6t+NFEVKjaLATEZI99W8NxGXee1Edy/9lPI40YTj2aFuwqAWcNIIDKkkWLORIQhLarJC3EcSYW16W5r5LBzSWGXxH2f586Ytd76bRdK4KLlOyb0rF6vXWW85UADH4BS4oAKq4BbUQB1g8ASewSt4s16sd+vT+pqNrljZzhH4B+v7F3BRqBw=</latexit>

ma = 10�3 eV
<latexit sha1_base64="nT25TO0A9VzXed7zrTiBL3KVT4g=">AAACLnicbVDLSsNAFJ34rPUVdamLwSK4qCVRQTdC0Y3LCvYBTS2TyaQdOpOEmUmxhGz8GpfqxwguxK3/4MZJm4W2PTBwOOde7pnjRoxKZVkfxsLi0vLKamGtuL6xubVt7uw2ZBgLTOo4ZKFouUgSRgNSV1Qx0ooEQdxlpOkObjK/OSRC0jC4V6OIdDjqBdSnGCktdc0D3kXwCtrWQ3JylkKnDB2OVF/whDTSrlmyKtYYcJbYOSmBHLWu+eN4IY45CRRmSMq2bUWqkyChKGYkLTqxJBHCA9QjbU0DxInsJONfpPBIKx70Q6FfoOBY/buRIC7liLt6Mosop71MnOe1Y+VfdhIaRLEiAZ4c8mMGVQizSqBHBcGKjTRBWFCdFeI+EggrXdzczGVvSCOZx3+c5C/qtuzpbmZJ47RiWxX77rxUvc57K4B9cAiOgQ0uQBXcghqoAwyewDN4BW/Gi/FufBpfk9EFI9/ZA/9gfP8C+XeoZw==</latexit><latexit sha1_base64="nT25TO0A9VzXed7zrTiBL3KVT4g=">AAACLnicbVDLSsNAFJ34rPUVdamLwSK4qCVRQTdC0Y3LCvYBTS2TyaQdOpOEmUmxhGz8GpfqxwguxK3/4MZJm4W2PTBwOOde7pnjRoxKZVkfxsLi0vLKamGtuL6xubVt7uw2ZBgLTOo4ZKFouUgSRgNSV1Qx0ooEQdxlpOkObjK/OSRC0jC4V6OIdDjqBdSnGCktdc0D3kXwCtrWQ3JylkKnDB2OVF/whDTSrlmyKtYYcJbYOSmBHLWu+eN4IY45CRRmSMq2bUWqkyChKGYkLTqxJBHCA9QjbU0DxInsJONfpPBIKx70Q6FfoOBY/buRIC7liLt6Mosop71MnOe1Y+VfdhIaRLEiAZ4c8mMGVQizSqBHBcGKjTRBWFCdFeI+EggrXdzczGVvSCOZx3+c5C/qtuzpbmZJ47RiWxX77rxUvc57K4B9cAiOgQ0uQBXcghqoAwyewDN4BW/Gi/FufBpfk9EFI9/ZA/9gfP8C+XeoZw==</latexit><latexit sha1_base64="nT25TO0A9VzXed7zrTiBL3KVT4g=">AAACLnicbVDLSsNAFJ34rPUVdamLwSK4qCVRQTdC0Y3LCvYBTS2TyaQdOpOEmUmxhGz8GpfqxwguxK3/4MZJm4W2PTBwOOde7pnjRoxKZVkfxsLi0vLKamGtuL6xubVt7uw2ZBgLTOo4ZKFouUgSRgNSV1Qx0ooEQdxlpOkObjK/OSRC0jC4V6OIdDjqBdSnGCktdc0D3kXwCtrWQ3JylkKnDB2OVF/whDTSrlmyKtYYcJbYOSmBHLWu+eN4IY45CRRmSMq2bUWqkyChKGYkLTqxJBHCA9QjbU0DxInsJONfpPBIKx70Q6FfoOBY/buRIC7liLt6Mosop71MnOe1Y+VfdhIaRLEiAZ4c8mMGVQizSqBHBcGKjTRBWFCdFeI+EggrXdzczGVvSCOZx3+c5C/qtuzpbmZJ47RiWxX77rxUvc57K4B9cAiOgQ0uQBXcghqoAwyewDN4BW/Gi/FufBpfk9EFI9/ZA/9gfP8C+XeoZw==</latexit><latexit sha1_base64="nT25TO0A9VzXed7zrTiBL3KVT4g=">AAACLnicbVDLSsNAFJ34rPUVdamLwSK4qCVRQTdC0Y3LCvYBTS2TyaQdOpOEmUmxhGz8GpfqxwguxK3/4MZJm4W2PTBwOOde7pnjRoxKZVkfxsLi0vLKamGtuL6xubVt7uw2ZBgLTOo4ZKFouUgSRgNSV1Qx0ooEQdxlpOkObjK/OSRC0jC4V6OIdDjqBdSnGCktdc0D3kXwCtrWQ3JylkKnDB2OVF/whDTSrlmyKtYYcJbYOSmBHLWu+eN4IY45CRRmSMq2bUWqkyChKGYkLTqxJBHCA9QjbU0DxInsJONfpPBIKx70Q6FfoOBY/buRIC7liLt6Mosop71MnOe1Y+VfdhIaRLEiAZ4c8mMGVQizSqBHBcGKjTRBWFCdFeI+EggrXdzczGVvSCOZx3+c5C/qtuzpbmZJ47RiWxX77rxUvc57K4B9cAiOgQ0uQBXcghqoAwyewDN4BW/Gi/FufBpfk9EFI9/ZA/9gfP8C+XeoZw==</latexit>

⌧a = 1012 y
<latexit sha1_base64="dGuBpqVscve4X1C+J5Xds6jIl/0=">AAACL3icbVDLSsNAFJ3UV62vqEsRBovgopSkCLoRim5cVrAPaGKYTKbt0MmDmUkxhKz8Gpfqx4gbces3uHHSZqFtDwwczrmXe+a4EaNCGsaHVlpZXVvfKG9WtrZ3dvf0/YOOCGOOSRuHLOQ9FwnCaEDakkpGehEnyHcZ6brjm9zvTggXNAzuZRIR20fDgA4oRlJJjn5sSRQ7CF5B03hIzUZm1aDlIznifppkjl416sYUcJGYBamCAi1H/7G8EMc+CSRmSIi+aUTSThGXFDOSVaxYkAjhMRqSvqIB8omw0+k3MniqFA8OQq5eIOFU/buRIl+IxHfVZJ5QzHu5uMzrx3Jwaac0iGJJAjw7NIgZlCHMO4Ee5QRLliiCMKcqK8QjxBGWqrmlmWvehEaiiP84y19RbZnz3SySTqNuGnXz7rzavC56K4MjcALOgAkuQBPcghZoAwyewDN4BW/ai/aufWpfs9GSVuwcgn/Qvn8Bn3SpSw==</latexit><latexit sha1_base64="dGuBpqVscve4X1C+J5Xds6jIl/0=">AAACL3icbVDLSsNAFJ3UV62vqEsRBovgopSkCLoRim5cVrAPaGKYTKbt0MmDmUkxhKz8Gpfqx4gbces3uHHSZqFtDwwczrmXe+a4EaNCGsaHVlpZXVvfKG9WtrZ3dvf0/YOOCGOOSRuHLOQ9FwnCaEDakkpGehEnyHcZ6brjm9zvTggXNAzuZRIR20fDgA4oRlJJjn5sSRQ7CF5B03hIzUZm1aDlIznifppkjl416sYUcJGYBamCAi1H/7G8EMc+CSRmSIi+aUTSThGXFDOSVaxYkAjhMRqSvqIB8omw0+k3MniqFA8OQq5eIOFU/buRIl+IxHfVZJ5QzHu5uMzrx3Jwaac0iGJJAjw7NIgZlCHMO4Ee5QRLliiCMKcqK8QjxBGWqrmlmWvehEaiiP84y19RbZnz3SySTqNuGnXz7rzavC56K4MjcALOgAkuQBPcghZoAwyewDN4BW/ai/aufWpfs9GSVuwcgn/Qvn8Bn3SpSw==</latexit><latexit sha1_base64="dGuBpqVscve4X1C+J5Xds6jIl/0=">AAACL3icbVDLSsNAFJ3UV62vqEsRBovgopSkCLoRim5cVrAPaGKYTKbt0MmDmUkxhKz8Gpfqx4gbces3uHHSZqFtDwwczrmXe+a4EaNCGsaHVlpZXVvfKG9WtrZ3dvf0/YOOCGOOSRuHLOQ9FwnCaEDakkpGehEnyHcZ6brjm9zvTggXNAzuZRIR20fDgA4oRlJJjn5sSRQ7CF5B03hIzUZm1aDlIznifppkjl416sYUcJGYBamCAi1H/7G8EMc+CSRmSIi+aUTSThGXFDOSVaxYkAjhMRqSvqIB8omw0+k3MniqFA8OQq5eIOFU/buRIl+IxHfVZJ5QzHu5uMzrx3Jwaac0iGJJAjw7NIgZlCHMO4Ee5QRLliiCMKcqK8QjxBGWqrmlmWvehEaiiP84y19RbZnz3SySTqNuGnXz7rzavC56K4MjcALOgAkuQBPcghZoAwyewDN4BW/ai/aufWpfs9GSVuwcgn/Qvn8Bn3SpSw==</latexit><latexit sha1_base64="dGuBpqVscve4X1C+J5Xds6jIl/0=">AAACL3icbVDLSsNAFJ3UV62vqEsRBovgopSkCLoRim5cVrAPaGKYTKbt0MmDmUkxhKz8Gpfqx4gbces3uHHSZqFtDwwczrmXe+a4EaNCGsaHVlpZXVvfKG9WtrZ3dvf0/YOOCGOOSRuHLOQ9FwnCaEDakkpGehEnyHcZ6brjm9zvTggXNAzuZRIR20fDgA4oRlJJjn5sSRQ7CF5B03hIzUZm1aDlIznifppkjl416sYUcJGYBamCAi1H/7G8EMc+CSRmSIi+aUTSThGXFDOSVaxYkAjhMRqSvqIB8omw0+k3MniqFA8OQq5eIOFU/buRIl+IxHfVZJ5QzHu5uMzrx3Jwaac0iGJJAjw7NIgZlCHMO4Ee5QRLliiCMKcqK8QjxBGWqrmlmWvehEaiiP84y19RbZnz3SySTqNuGnXz7rzavC56K4MjcALOgAkuQBPcghZoAwyewDN4BW/ai/aufWpfs9GSVuwcgn/Qvn8Bn3SpSw==</latexit>
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FIG. 4. Left. Allowed region in the DM lifetime versus the ratio of number of number of photons from resonant conversion
to the number of CMB photons, nA0!A/nRJ

, in the energy window relevant for 21 cm, xmin

21

< x < x

max

21

. The blue region is
excluded by stellar energy loses and the purple region would require a conversion probability larger than 1. Right. Allowed
parameter space in the (mA0

, ✏) plane. The DM lifetime is chosen at each point such that nA0!A/nRJ

= 1 in the 21 cm signal
region. The region with orange lines is possibly disfavored by black hole superradiance [13]. In both plots ma = 103µeV, the
brown region is excluded by a limit on the DM lifetime [12], the red region (red dashed line) is excluded by FIRAS (will be
probed by PIXIE/PRISM) due to A ! A

0 oscillations [16].

m
A

(z), where m
A

(z) is the plasma mass of photons at
redshift z [15, 16]. In the course of cosmological evolu-

tion m
A

(z) ' 1.7 ⇥ 10�14 eV ⇥ (1 + z)3/2X
1/2

e

(z) scans
many orders of magnitude; X

e

is the free electron frac-
tion that we take from [16]. For any m

A

0 in the range
10�14�10�9 eV, the resonance happens at some redshift,
z
res

corresponding to cosmic time t
res

; see the left panel
of Fig. 2. The resonance ensures that the probability of
oscillation is much larger than the vacuum value of ✏2.
Following [15, 45],

P
A!A

0 = P
A

0!A

=
⇡✏2m2

A

0

!
⇥
����
d logm2

A

dt

����
�1

t=tres

. (6)

This expression is valid in the limit P
A

0!A

⌧ 1; when
the probability saturates, we use the full expression
of [46]. The probability of oscillation for RJ photons with
x ⇠ 10�3 can be 103 times larger than for typical CMB
photons with x ⇠ 1, because of the !�1 scaling. The
redshift dependence of (6) is shown in the right panel
of Fig. 2, assuming x

0

= 1.4 ⇥ 10�3. We multiply the
conversion probability times the photon survival proba-
bility to include the e↵ect of free-free (bremsstrahlung)
absorption. The latter is given by P

s

(x, z) ⇡ e�⌧ff (x,z),
where ⌧

↵

is the free-free absorption optical depth [47].
For x ⇡ x

0

, photon absorption becomes relevant at red-
shift z >⇠ z

abs

= 1700.
Before proceeding, we comment on another possible

signature from conversion at low redshifts, as the decay

of a inside clusters of galaxies will lead to a flux of A0.
The latter could be converted to regular photons as dark
photons travel outside such a cluster, from high to low
density. The typical density of electrons inside clusters,
n

e

⇠ 10�3cm�3 [48], implies resonant conversions when
m

A

0 ⇠ 10�12 eV. Thus, radio and microwave emission
from clusters may contain new line components; this will
be addressed separately.

Dark age resonance and EDGES signal: For z 
z
abs

, the Universe becomes transparent to photons that
are converted into the RJ tail of the CMB, x ⇠ 10�3,
whereas for z > z

abs

these soft photons are e�ciently
absorbed [47]. Therefore, only dark photons with m

A

<
m

A

0(z
abs

) ' 10�9 eV will yield excess radiation at 21 cm.
Focusing on a mono-chromatic injection of A0 with cos-
mologically long lifetime ⌧

a

> ⌧
U

, the energy spectrum
at redshift z reads,

dn
A

0

d!
(!, z) =

2⌦
a

⇢
c

(1 + z)3

m
a

⌧
a

!H(↵ � 1)
⇥(↵ � 1 � z) . (7)

Here, ⇢
c

is the critical density, ⌦
a

h2 = 0.12, and the
Hubble rate, H(z), is evaluated at redshift ↵ � 1, where
↵ ⌘ m

a

(1 + z)/(2!). The total number of injected A0

grows with cosmic time t(z), and can eventually outgrow
n

CMB

by a large margin, n
A

0(z) = (6 eV/m
a

)(t(z)/⌧
a

)⇥
n

CMB

(z).
Once the resonance condition is met at z = z

res

, a
fraction of A0 will be converted as per Eq. (2). The final
spectrum of converted photons at z

res

is given by Eq. (7)


