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Figure 22.1: Precise measurements of the CMB spectrum. The line represents
a 2.73 K blackbody, which describes the spectrum very well, especially around
the peak of intensity. The spectrum is less well constrained at 10 cm and longer
wavelengths. (References for this figure are at the end of this section under “CMB
Spectrum References.”)

of the electron pressure nekTe along the line of sight. For standard thermal histories
y < 1 for epochs later than z ≃ 105.

The resulting CMB distortion is a temperature decrement

∆TRJ = −2y Tγ (22.2)

in the Rayleigh-Jeans (x ≡ hν/kT ≪ 1) portion of the spectrum, and a rise in temperature
in the Wien (x ≫ 1) region, i.e. photons are shifted from low to high frequencies. The
magnitude of the distortion is related to the total energy transfer [5] ∆E by

∆E/ECBR = e4y − 1 ≃ 4y . (22.3)

A prime candidate for producing a Comptonized spectrum is a hot intergalactic medium.
A hot (Te > 105 K) medium in clusters of galaxies can and does produce a partially
Comptonized spectrum as seen through the cluster, known as the Sunyaev-Zel’dovich
effect [6]. Based upon X-ray data, the predicted large angular scale total combined effect
of the hot intracluster medium should produce y ∼ 10−6 [7]. Detection of the S-Z effect
through clusters demonstrates that the CMB is universal and can be used to estimate the
Hubble constant, and counts of such clusters as a function of redshift hold the promise of
constraining the equation of state of the Dark Energy.
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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 
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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 
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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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the gas was heated to above the radiation temperature less than 
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the large beams of the instruments, were recorded between 50 MHz 
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 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).
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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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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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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).
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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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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.
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21cm Line of Hydrogen
• hyperfine splitting of hydrogen 1s:

1s
triplet

singlet
!21 = 5.9µeV
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• redshift:

•  hydrogen spin temperature:
nt

ns
= 3 e�!21/TS
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!
obs

=
!
21

1 + z
<latexit sha1_base64="nJPQ2X887j0NBQc5H24LvCzEDHM="></latexit><latexit sha1_base64="nJPQ2X887j0NBQc5H24LvCzEDHM="></latexit><latexit sha1_base64="nJPQ2X887j0NBQc5H24LvCzEDHM="></latexit><latexit sha1_base64="nJPQ2X887j0NBQc5H24LvCzEDHM="></latexit>



H

�CMB
<latexit sha1_base64="4w7ET35Uz/Mnm5frOfN+eJ5RtZY=">AAACM3icbVDLSsNAFJ34rPVVdelmtAgupCQi6FLajRuhgq1CU8pkclsHZ5IwcyMtIWu/xqX6LeJO3PoFbpy2Wfg6MHA45947hxMkUhh03RdnZnZufmGxtFReXlldW69sbLZNnGoOLR7LWF8HzIAUEbRQoITrRANTgYSr4LYx9q/uQBsRR5c4SqCr2CASfcEZWqlX2fERhji5k2kI88wfMKVYL/O1oo3zep73KlW35k5A/xKvIFVSoNmrfPphzFMFEXLJjOl4boLdjGkUXEJe9lMDCeO3bAAdSyOmwHSzSYSc7lklpP1Y2xchnajfNzKmjBmpwE4qhjfmtzcW//M6KfZPupmIkhQh4tOP+qmkGNNxLzQUGjjKkSWMa2GzUn7DNONo2/s380F4JxJTxB9O85dtW97vbv6S9mHNc2vexVH1tF70ViLbZJfsE48ck1NyRpqkRTi5Jw/kiTw7j86r8+a8T0dnnGJni/yA8/EFIg+sxg==</latexit><latexit sha1_base64="4w7ET35Uz/Mnm5frOfN+eJ5RtZY=">AAACM3icbVDLSsNAFJ34rPVVdelmtAgupCQi6FLajRuhgq1CU8pkclsHZ5IwcyMtIWu/xqX6LeJO3PoFbpy2Wfg6MHA45947hxMkUhh03RdnZnZufmGxtFReXlldW69sbLZNnGoOLR7LWF8HzIAUEbRQoITrRANTgYSr4LYx9q/uQBsRR5c4SqCr2CASfcEZWqlX2fERhji5k2kI88wfMKVYL/O1oo3zep73KlW35k5A/xKvIFVSoNmrfPphzFMFEXLJjOl4boLdjGkUXEJe9lMDCeO3bAAdSyOmwHSzSYSc7lklpP1Y2xchnajfNzKmjBmpwE4qhjfmtzcW//M6KfZPupmIkhQh4tOP+qmkGNNxLzQUGjjKkSWMa2GzUn7DNONo2/s380F4JxJTxB9O85dtW97vbv6S9mHNc2vexVH1tF70ViLbZJfsE48ck1NyRpqkRTi5Jw/kiTw7j86r8+a8T0dnnGJni/yA8/EFIg+sxg==</latexit><latexit sha1_base64="4w7ET35Uz/Mnm5frOfN+eJ5RtZY=">AAACM3icbVDLSsNAFJ34rPVVdelmtAgupCQi6FLajRuhgq1CU8pkclsHZ5IwcyMtIWu/xqX6LeJO3PoFbpy2Wfg6MHA45947hxMkUhh03RdnZnZufmGxtFReXlldW69sbLZNnGoOLR7LWF8HzIAUEbRQoITrRANTgYSr4LYx9q/uQBsRR5c4SqCr2CASfcEZWqlX2fERhji5k2kI88wfMKVYL/O1oo3zep73KlW35k5A/xKvIFVSoNmrfPphzFMFEXLJjOl4boLdjGkUXEJe9lMDCeO3bAAdSyOmwHSzSYSc7lklpP1Y2xchnajfNzKmjBmpwE4qhjfmtzcW//M6KfZPupmIkhQh4tOP+qmkGNNxLzQUGjjKkSWMa2GzUn7DNONo2/s380F4JxJTxB9O85dtW97vbv6S9mHNc2vexVH1tF70ViLbZJfsE48ck1NyRpqkRTi5Jw/kiTw7j86r8+a8T0dnnGJni/yA8/EFIg+sxg==</latexit><latexit sha1_base64="4w7ET35Uz/Mnm5frOfN+eJ5RtZY=">AAACM3icbVDLSsNAFJ34rPVVdelmtAgupCQi6FLajRuhgq1CU8pkclsHZ5IwcyMtIWu/xqX6LeJO3PoFbpy2Wfg6MHA45947hxMkUhh03RdnZnZufmGxtFReXlldW69sbLZNnGoOLR7LWF8HzIAUEbRQoITrRANTgYSr4LYx9q/uQBsRR5c4SqCr2CASfcEZWqlX2fERhji5k2kI88wfMKVYL/O1oo3zep73KlW35k5A/xKvIFVSoNmrfPphzFMFEXLJjOl4boLdjGkUXEJe9lMDCeO3bAAdSyOmwHSzSYSc7lklpP1Y2xchnajfNzKmjBmpwE4qhjfmtzcW//M6KfZPupmIkhQh4tOP+qmkGNNxLzQUGjjKkSWMa2GzUn7DNONo2/s380F4JxJTxB9O85dtW97vbv6S9mHNc2vexVH1tF70ViLbZJfsE48ck1NyRpqkRTi5Jw/kiTw7j86r8+a8T0dnnGJni/yA8/EFIg+sxg==</latexit>

�
obs

<latexit sha1_base64="iuRuccpmEZfhikwV25l4LLseUWM=">AAACM3icbVBNS8NAFNz4WetX1aOX1SJ4kJKIoMeiF48VrApNKZvNa13cTcLuS2kJOftrPKq/RbyJV3+BF7dtDlo7sDDMvPd2mCCRwqDrvjlz8wuLS8ullfLq2vrGZmVr+8bEqebQ5LGM9V3ADEgRQRMFSrhLNDAVSLgNHi5G/m0ftBFxdI3DBNqK9SLRFZyhlTqVPR9hgOM7mYYwz/weU4p1Ml8rGgcmzzuVqltzx6D/iVeQKinQ6FS+/TDmqYIIuWTGtDw3wXbGNAouIS/7qYGE8QfWg5alEVNg2tk4Qk4PrBLSbqzti5CO1d8bGVPGDFVgJxXDezPtjcRZXivF7lk7E1GSIkR88lE3lRRjOuqFhkIDRzm0hHEtbFbK75lmHG17MzMfhX2RmCL+YJK/bNvyprv5T26Oa55b865OqvXzorcS2SX75JB45JTUySVpkCbh5JE8kRfy6jw7786H8zkZnXOKnR3yB87XD+JqrTg=</latexit><latexit sha1_base64="iuRuccpmEZfhikwV25l4LLseUWM=">AAACM3icbVBNS8NAFNz4WetX1aOX1SJ4kJKIoMeiF48VrApNKZvNa13cTcLuS2kJOftrPKq/RbyJV3+BF7dtDlo7sDDMvPd2mCCRwqDrvjlz8wuLS8ullfLq2vrGZmVr+8bEqebQ5LGM9V3ADEgRQRMFSrhLNDAVSLgNHi5G/m0ftBFxdI3DBNqK9SLRFZyhlTqVPR9hgOM7mYYwz/weU4p1Ml8rGgcmzzuVqltzx6D/iVeQKinQ6FS+/TDmqYIIuWTGtDw3wXbGNAouIS/7qYGE8QfWg5alEVNg2tk4Qk4PrBLSbqzti5CO1d8bGVPGDFVgJxXDezPtjcRZXivF7lk7E1GSIkR88lE3lRRjOuqFhkIDRzm0hHEtbFbK75lmHG17MzMfhX2RmCL+YJK/bNvyprv5T26Oa55b865OqvXzorcS2SX75JB45JTUySVpkCbh5JE8kRfy6jw7786H8zkZnXOKnR3yB87XD+JqrTg=</latexit><latexit sha1_base64="iuRuccpmEZfhikwV25l4LLseUWM=">AAACM3icbVBNS8NAFNz4WetX1aOX1SJ4kJKIoMeiF48VrApNKZvNa13cTcLuS2kJOftrPKq/RbyJV3+BF7dtDlo7sDDMvPd2mCCRwqDrvjlz8wuLS8ullfLq2vrGZmVr+8bEqebQ5LGM9V3ADEgRQRMFSrhLNDAVSLgNHi5G/m0ftBFxdI3DBNqK9SLRFZyhlTqVPR9hgOM7mYYwz/weU4p1Ml8rGgcmzzuVqltzx6D/iVeQKinQ6FS+/TDmqYIIuWTGtDw3wXbGNAouIS/7qYGE8QfWg5alEVNg2tk4Qk4PrBLSbqzti5CO1d8bGVPGDFVgJxXDezPtjcRZXivF7lk7E1GSIkR88lE3lRRjOuqFhkIDRzm0hHEtbFbK75lmHG17MzMfhX2RmCL+YJK/bNvyprv5T26Oa55b865OqvXzorcS2SX75JB45JTUySVpkCbh5JE8kRfy6jw7786H8zkZnXOKnR3yB87XD+JqrTg=</latexit><latexit sha1_base64="iuRuccpmEZfhikwV25l4LLseUWM=">AAACM3icbVBNS8NAFNz4WetX1aOX1SJ4kJKIoMeiF48VrApNKZvNa13cTcLuS2kJOftrPKq/RbyJV3+BF7dtDlo7sDDMvPd2mCCRwqDrvjlz8wuLS8ullfLq2vrGZmVr+8bEqebQ5LGM9V3ADEgRQRMFSrhLNDAVSLgNHi5G/m0ftBFxdI3DBNqK9SLRFZyhlTqVPR9hgOM7mYYwz/weU4p1Ml8rGgcmzzuVqltzx6D/iVeQKinQ6FS+/TDmqYIIuWTGtDw3wXbGNAouIS/7qYGE8QfWg5alEVNg2tk4Qk4PrBLSbqzti5CO1d8bGVPGDFVgJxXDezPtjcRZXivF7lk7E1GSIkR88lE3lRRjOuqFhkIDRzm0hHEtbFbK75lmHG17MzMfhX2RmCL+YJK/bNvyprv5T26Oa55b865OqvXzorcS2SX75JB45JTUySVpkCbh5JE8kRfy6jw7786H8zkZnXOKnR3yB87XD+JqrTg=</latexit>

z ⇠ 15� 20
<latexit sha1_base64="OVkPY5wY1m2DFjxC836dIsTnV6w=">AAACHHicbVDLSgMxFM3UV62vqks3wSK40DJTFF0W3bisYB/QGUomk2lDk0xIMsVa+hsu1Y9xJ24Fv8WNaTsLbXvgwuGce7mHE0pGtXHdbye3srq2vpHfLGxt7+zuFfcPGjpJFSZ1nLBEtUKkCaOC1A01jLSkIoiHjDTD/u3Ebw6I0jQRD2YoScBRV9CYYmSs5D9BX1MOvcvzitspltyyOwVcJF5GSiBDrVP88aMEp5wIgxnSuu250gQjpAzFjIwLfqqJRLiPuqRtqUCc6GA0zTyGJ1aJYJwoO8LAqfr3YoS41kMe2k2OTE/PexNxmddOTXwdjKiQqSECzx7FKYMmgZMCYEQVwYYNLUFYUZsV4h5SCBtb09LMZ9GASp3Ff5zlL9i2vPluFkmjUvbcsnd/UareZL3lwRE4BqfAA1egCu5ADdQBBhI8g1fw5rw4786H8zlbzTnZzSH4B+frFxT/ock=</latexit><latexit sha1_base64="OVkPY5wY1m2DFjxC836dIsTnV6w=">AAACHHicbVDLSgMxFM3UV62vqks3wSK40DJTFF0W3bisYB/QGUomk2lDk0xIMsVa+hsu1Y9xJ24Fv8WNaTsLbXvgwuGce7mHE0pGtXHdbye3srq2vpHfLGxt7+zuFfcPGjpJFSZ1nLBEtUKkCaOC1A01jLSkIoiHjDTD/u3Ebw6I0jQRD2YoScBRV9CYYmSs5D9BX1MOvcvzitspltyyOwVcJF5GSiBDrVP88aMEp5wIgxnSuu250gQjpAzFjIwLfqqJRLiPuqRtqUCc6GA0zTyGJ1aJYJwoO8LAqfr3YoS41kMe2k2OTE/PexNxmddOTXwdjKiQqSECzx7FKYMmgZMCYEQVwYYNLUFYUZsV4h5SCBtb09LMZ9GASp3Ff5zlL9i2vPluFkmjUvbcsnd/UareZL3lwRE4BqfAA1egCu5ADdQBBhI8g1fw5rw4786H8zlbzTnZzSH4B+frFxT/ock=</latexit><latexit sha1_base64="OVkPY5wY1m2DFjxC836dIsTnV6w=">AAACHHicbVDLSgMxFM3UV62vqks3wSK40DJTFF0W3bisYB/QGUomk2lDk0xIMsVa+hsu1Y9xJ24Fv8WNaTsLbXvgwuGce7mHE0pGtXHdbye3srq2vpHfLGxt7+zuFfcPGjpJFSZ1nLBEtUKkCaOC1A01jLSkIoiHjDTD/u3Ebw6I0jQRD2YoScBRV9CYYmSs5D9BX1MOvcvzitspltyyOwVcJF5GSiBDrVP88aMEp5wIgxnSuu250gQjpAzFjIwLfqqJRLiPuqRtqUCc6GA0zTyGJ1aJYJwoO8LAqfr3YoS41kMe2k2OTE/PexNxmddOTXwdjKiQqSECzx7FKYMmgZMCYEQVwYYNLUFYUZsV4h5SCBtb09LMZ9GASp3Ff5zlL9i2vPluFkmjUvbcsnd/UareZL3lwRE4BqfAA1egCu5ADdQBBhI8g1fw5rw4786H8zlbzTnZzSH4B+frFxT/ock=</latexit><latexit sha1_base64="OVkPY5wY1m2DFjxC836dIsTnV6w=">AAACHHicbVDLSgMxFM3UV62vqks3wSK40DJTFF0W3bisYB/QGUomk2lDk0xIMsVa+hsu1Y9xJ24Fv8WNaTsLbXvgwuGce7mHE0pGtXHdbye3srq2vpHfLGxt7+zuFfcPGjpJFSZ1nLBEtUKkCaOC1A01jLSkIoiHjDTD/u3Ebw6I0jQRD2YoScBRV9CYYmSs5D9BX1MOvcvzitspltyyOwVcJF5GSiBDrVP88aMEp5wIgxnSuu250gQjpAzFjIwLfqqJRLiPuqRtqUCc6GA0zTyGJ1aJYJwoO8LAqfr3YoS41kMe2k2OTE/PexNxmddOTXwdjKiQqSECzx7FKYMmgZMCYEQVwYYNLUFYUZsV4h5SCBtb09LMZ9GASp3Ff5zlL9i2vPluFkmjUvbcsnd/UareZL3lwRE4BqfAA1egCu5ADdQBBhI8g1fw5rw4786H8zlbzTnZzSH4B+frFxT/ock=</latexit>

Temperatures and Absorption

temperatures:

T�
<latexit sha1_base64="TM6JGpgxYMVcqIA+dXjh24ZtKmo=">AAACK3icbVDLSsNAFJ3UV62vqitxEyyCCymJCLosunFZoS9oS5lMbtuhM0mYuSktofg1LtWPcaW49SvcOG2z0LYHBg7n3Dv3cLxIcI2O82Fl1tY3Nrey27md3b39g/zhUU2HsWJQZaEIVcOjGgQPoIocBTQiBVR6Aure4H7q14egNA+DCo4jaEvaC3iXM4pG6uRPWggjnP2TKPAnSaXT6lEp6aSTLzhFZwZ7mbgpKZAU5U7+p+WHLJYQIBNU66brRNhOqELOBExyrVhDRNmA9qBpaEAl6HYyOz2xz43i291QmRegPVP/biRUaj2WnpmUFPt60ZuKq7xmjN3bdsKDKEYI2PxQNxY2hva0D9vnChiKsSGUKW6y2qxPFWVoWluZ+dIf8kin8Ufz/DnTlrvYzTKpXRVdp+g+XhdKd2lvWXJKzsgFcckNKZEHUiZVwsgTeSav5M16sd6tT+trPpqx0p1j8g/W9y/gO6ml</latexit><latexit sha1_base64="TM6JGpgxYMVcqIA+dXjh24ZtKmo=">AAACK3icbVDLSsNAFJ3UV62vqitxEyyCCymJCLosunFZoS9oS5lMbtuhM0mYuSktofg1LtWPcaW49SvcOG2z0LYHBg7n3Dv3cLxIcI2O82Fl1tY3Nrey27md3b39g/zhUU2HsWJQZaEIVcOjGgQPoIocBTQiBVR6Aure4H7q14egNA+DCo4jaEvaC3iXM4pG6uRPWggjnP2TKPAnSaXT6lEp6aSTLzhFZwZ7mbgpKZAU5U7+p+WHLJYQIBNU66brRNhOqELOBExyrVhDRNmA9qBpaEAl6HYyOz2xz43i291QmRegPVP/biRUaj2WnpmUFPt60ZuKq7xmjN3bdsKDKEYI2PxQNxY2hva0D9vnChiKsSGUKW6y2qxPFWVoWluZ+dIf8kin8Ufz/DnTlrvYzTKpXRVdp+g+XhdKd2lvWXJKzsgFcckNKZEHUiZVwsgTeSav5M16sd6tT+trPpqx0p1j8g/W9y/gO6ml</latexit><latexit sha1_base64="TM6JGpgxYMVcqIA+dXjh24ZtKmo=">AAACK3icbVDLSsNAFJ3UV62vqitxEyyCCymJCLosunFZoS9oS5lMbtuhM0mYuSktofg1LtWPcaW49SvcOG2z0LYHBg7n3Dv3cLxIcI2O82Fl1tY3Nrey27md3b39g/zhUU2HsWJQZaEIVcOjGgQPoIocBTQiBVR6Aure4H7q14egNA+DCo4jaEvaC3iXM4pG6uRPWggjnP2TKPAnSaXT6lEp6aSTLzhFZwZ7mbgpKZAU5U7+p+WHLJYQIBNU66brRNhOqELOBExyrVhDRNmA9qBpaEAl6HYyOz2xz43i291QmRegPVP/biRUaj2WnpmUFPt60ZuKq7xmjN3bdsKDKEYI2PxQNxY2hva0D9vnChiKsSGUKW6y2qxPFWVoWluZ+dIf8kin8Ufz/DnTlrvYzTKpXRVdp+g+XhdKd2lvWXJKzsgFcckNKZEHUiZVwsgTeSav5M16sd6tT+trPpqx0p1j8g/W9y/gO6ml</latexit><latexit sha1_base64="TM6JGpgxYMVcqIA+dXjh24ZtKmo=">AAACK3icbVDLSsNAFJ3UV62vqitxEyyCCymJCLosunFZoS9oS5lMbtuhM0mYuSktofg1LtWPcaW49SvcOG2z0LYHBg7n3Dv3cLxIcI2O82Fl1tY3Nrey27md3b39g/zhUU2HsWJQZaEIVcOjGgQPoIocBTQiBVR6Aure4H7q14egNA+DCo4jaEvaC3iXM4pG6uRPWggjnP2TKPAnSaXT6lEp6aSTLzhFZwZ7mbgpKZAU5U7+p+WHLJYQIBNU66brRNhOqELOBExyrVhDRNmA9qBpaEAl6HYyOz2xz43i291QmRegPVP/biRUaj2WnpmUFPt60ZuKq7xmjN3bdsKDKEYI2PxQNxY2hva0D9vnChiKsSGUKW6y2qxPFWVoWluZ+dIf8kin8Ufz/DnTlrvYzTKpXRVdp+g+XhdKd2lvWXJKzsgFcckNKZEHUiZVwsgTeSav5M16sd6tT+trPpqx0p1j8g/W9y/gO6ml</latexit>

Ts
<latexit sha1_base64="3OT8Bz/VToIQkgCt5+w4rnMt5/k=">AAACJ3icbVDLSsNAFJ34rPUVFVdugkVwISURQZdFNy4r9AVtCJPJpB06k4SZm9IS+jEu1Y9xJ7r0O9w4TbPQtgcGDufcO/dw/IQzBbb9Zaytb2xubZd2yrt7+weH5tFxS8WpJLRJYh7Ljo8V5SyiTWDAaSeRFAuf07Y/fJj57RGVisVRAyYJdQXuRyxkBIOWPPO0B3QM+T9ZnadimjU8NfXMil21c1jLxClIBRWoe+ZPL4hJKmgEhGOluo6dgJthCYxwOi33UkUTTIa4T7uaRlhQ5Wb52al1oZXACmOpXwRWrv7dyLBQaiJ8PSkwDNSiNxNXed0Uwjs3Y1GSAo3I/FCYcgtia9aFFTBJCfCJJphIprNaZIAlJqAbW5n5KhixRBXxx/P8Zd2Ws9jNMmldVx276jzdVGr3RW8ldIbO0SVy0C2qoUdUR01EUIae0St6M16Md+PD+JyPrhnFzgn6B+P7F5I7p/Q=</latexit><latexit sha1_base64="3OT8Bz/VToIQkgCt5+w4rnMt5/k=">AAACJ3icbVDLSsNAFJ34rPUVFVdugkVwISURQZdFNy4r9AVtCJPJpB06k4SZm9IS+jEu1Y9xJ7r0O9w4TbPQtgcGDufcO/dw/IQzBbb9Zaytb2xubZd2yrt7+weH5tFxS8WpJLRJYh7Ljo8V5SyiTWDAaSeRFAuf07Y/fJj57RGVisVRAyYJdQXuRyxkBIOWPPO0B3QM+T9ZnadimjU8NfXMil21c1jLxClIBRWoe+ZPL4hJKmgEhGOluo6dgJthCYxwOi33UkUTTIa4T7uaRlhQ5Wb52al1oZXACmOpXwRWrv7dyLBQaiJ8PSkwDNSiNxNXed0Uwjs3Y1GSAo3I/FCYcgtia9aFFTBJCfCJJphIprNaZIAlJqAbW5n5KhixRBXxx/P8Zd2Ws9jNMmldVx276jzdVGr3RW8ldIbO0SVy0C2qoUdUR01EUIae0St6M16Md+PD+JyPrhnFzgn6B+P7F5I7p/Q=</latexit><latexit sha1_base64="3OT8Bz/VToIQkgCt5+w4rnMt5/k=">AAACJ3icbVDLSsNAFJ34rPUVFVdugkVwISURQZdFNy4r9AVtCJPJpB06k4SZm9IS+jEu1Y9xJ7r0O9w4TbPQtgcGDufcO/dw/IQzBbb9Zaytb2xubZd2yrt7+weH5tFxS8WpJLRJYh7Ljo8V5SyiTWDAaSeRFAuf07Y/fJj57RGVisVRAyYJdQXuRyxkBIOWPPO0B3QM+T9ZnadimjU8NfXMil21c1jLxClIBRWoe+ZPL4hJKmgEhGOluo6dgJthCYxwOi33UkUTTIa4T7uaRlhQ5Wb52al1oZXACmOpXwRWrv7dyLBQaiJ8PSkwDNSiNxNXed0Uwjs3Y1GSAo3I/FCYcgtia9aFFTBJCfCJJphIprNaZIAlJqAbW5n5KhixRBXxx/P8Zd2Ws9jNMmldVx276jzdVGr3RW8ldIbO0SVy0C2qoUdUR01EUIae0St6M16Md+PD+JyPrhnFzgn6B+P7F5I7p/Q=</latexit><latexit sha1_base64="3OT8Bz/VToIQkgCt5+w4rnMt5/k=">AAACJ3icbVDLSsNAFJ34rPUVFVdugkVwISURQZdFNy4r9AVtCJPJpB06k4SZm9IS+jEu1Y9xJ7r0O9w4TbPQtgcGDufcO/dw/IQzBbb9Zaytb2xubZd2yrt7+weH5tFxS8WpJLRJYh7Ljo8V5SyiTWDAaSeRFAuf07Y/fJj57RGVisVRAyYJdQXuRyxkBIOWPPO0B3QM+T9ZnadimjU8NfXMil21c1jLxClIBRWoe+ZPL4hJKmgEhGOluo6dgJthCYxwOi33UkUTTIa4T7uaRlhQ5Wb52al1oZXACmOpXwRWrv7dyLBQaiJ8PSkwDNSiNxNXed0Uwjs3Y1GSAo3I/FCYcgtia9aFFTBJCfCJJphIprNaZIAlJqAbW5n5KhixRBXxx/P8Zd2Ws9jNMmldVx276jzdVGr3RW8ldIbO0SVy0C2qoUdUR01EUIae0St6M16Md+PD+JyPrhnFzgn6B+P7F5I7p/Q=</latexit>

Tk
<latexit sha1_base64="WT0FNQhpbwzWrll1Sbl9ec8ujPw=">AAACJ3icbVDLSsNAFJ34rPVVFVdugkVwISURQZdFNy4r9AVtKZPJbTt0MgkzN6Ul5GNcqh/jTnTpd7hx2mahbQ8MHM65d+7heJHgGh3ny1pb39jc2s7t5Hf39g8OC0fHdR3GikGNhSJUTY9qEFxCDTkKaEYKaOAJaHjDh6nfGIHSPJRVnETQCWhf8h5nFI3ULZy2EcY4+yfxRAxpUu0O026h6JScGexl4makSDJUuoWfth+yOACJTFCtW64TYSehCjkTkObbsYaIsiHtQ8tQSQPQnWR2NrUvjOLbvVCZJ9GeqX83EhpoPQk8MxlQHOhFbyqu8lox9u46CZdRjCDZ/FAvFjaG9rQL2+cKGIqJIZQpbrLabEAVZWgaW5n5yh/xSGfxx/P8edOWu9jNMqlfl1yn5D7dFMv3WW85ckbOySVxyS0pk0dSITXCSEKeySt5s16sd+vD+pyPrlnZzgn5B+v7F5X/p/Y=</latexit><latexit sha1_base64="WT0FNQhpbwzWrll1Sbl9ec8ujPw=">AAACJ3icbVDLSsNAFJ34rPVVFVdugkVwISURQZdFNy4r9AVtKZPJbTt0MgkzN6Ul5GNcqh/jTnTpd7hx2mahbQ8MHM65d+7heJHgGh3ny1pb39jc2s7t5Hf39g8OC0fHdR3GikGNhSJUTY9qEFxCDTkKaEYKaOAJaHjDh6nfGIHSPJRVnETQCWhf8h5nFI3ULZy2EcY4+yfxRAxpUu0O026h6JScGexl4makSDJUuoWfth+yOACJTFCtW64TYSehCjkTkObbsYaIsiHtQ8tQSQPQnWR2NrUvjOLbvVCZJ9GeqX83EhpoPQk8MxlQHOhFbyqu8lox9u46CZdRjCDZ/FAvFjaG9rQL2+cKGIqJIZQpbrLabEAVZWgaW5n5yh/xSGfxx/P8edOWu9jNMqlfl1yn5D7dFMv3WW85ckbOySVxyS0pk0dSITXCSEKeySt5s16sd+vD+pyPrlnZzgn5B+v7F5X/p/Y=</latexit><latexit sha1_base64="WT0FNQhpbwzWrll1Sbl9ec8ujPw=">AAACJ3icbVDLSsNAFJ34rPVVFVdugkVwISURQZdFNy4r9AVtKZPJbTt0MgkzN6Ul5GNcqh/jTnTpd7hx2mahbQ8MHM65d+7heJHgGh3ny1pb39jc2s7t5Hf39g8OC0fHdR3GikGNhSJUTY9qEFxCDTkKaEYKaOAJaHjDh6nfGIHSPJRVnETQCWhf8h5nFI3ULZy2EcY4+yfxRAxpUu0O026h6JScGexl4makSDJUuoWfth+yOACJTFCtW64TYSehCjkTkObbsYaIsiHtQ8tQSQPQnWR2NrUvjOLbvVCZJ9GeqX83EhpoPQk8MxlQHOhFbyqu8lox9u46CZdRjCDZ/FAvFjaG9rQL2+cKGIqJIZQpbrLabEAVZWgaW5n5yh/xSGfxx/P8edOWu9jNMqlfl1yn5D7dFMv3WW85ckbOySVxyS0pk0dSITXCSEKeySt5s16sd+vD+pyPrlnZzgn5B+v7F5X/p/Y=</latexit><latexit sha1_base64="WT0FNQhpbwzWrll1Sbl9ec8ujPw=">AAACJ3icbVDLSsNAFJ34rPVVFVdugkVwISURQZdFNy4r9AVtKZPJbTt0MgkzN6Ul5GNcqh/jTnTpd7hx2mahbQ8MHM65d+7heJHgGh3ny1pb39jc2s7t5Hf39g8OC0fHdR3GikGNhSJUTY9qEFxCDTkKaEYKaOAJaHjDh6nfGIHSPJRVnETQCWhf8h5nFI3ULZy2EcY4+yfxRAxpUu0O026h6JScGexl4makSDJUuoWfth+yOACJTFCtW64TYSehCjkTkObbsYaIsiHtQ8tQSQPQnWR2NrUvjOLbvVCZJ9GeqX83EhpoPQk8MxlQHOhFbyqu8lox9u46CZdRjCDZ/FAvFjaG9rQL2+cKGIqJIZQpbrLabEAVZWgaW5n5yh/xSGfxx/P8edOWu9jNMqlfl1yn5D7dFMv3WW85ckbOySVxyS0pk0dSITXCSEKeySt5s16sd+vD+pyPrlnZzgn5B+v7F5X/p/Y=</latexit>

• photon:

• hydrogen kinetic: Tk
<latexit sha1_base64="wVwH6Yd9F/5vv4yWMOUnb9eTosw=">AAACKHicbVBNS0JBFJ1nX2Zfr4I2bYYkaBHyXgS1lNq0NPALVGTeeNXBeR/M3CfKyz/Tsvox7cJtf6NNo75FqQcGDufcO/dwvEgKjY4ztTIbm1vbO9nd3N7+weGRfXxS1WGsOFR4KENV95gGKQKooEAJ9UgB8z0JNW/wOPNrQ1BahEEZxxG0fNYLRFdwhkZq22dNhBHO/0k8GcMkKbcHE9q2807BmYOuEjcleZKi1LZ/mp2Qxz4EyCXTuuE6EbYSplBwCZNcM9YQMT5gPWgYGjAfdCuZ353QS6N0aDdU5gVI5+rfjYT5Wo99z0z6DPt62ZuJ67xGjN37ViKCKEYI+OJQN5YUQzorg3aEAo5ybAjjSpislPeZYhxNZWszX3eGItJp/NEif8605S53s0qqNwXXKbjPt/niQ9pblpyTC3JFXHJHiuSJlEiFcPJCXsk7+bDerE/ry5ouRjNWunNK/sH6/gX56agg</latexit><latexit sha1_base64="wVwH6Yd9F/5vv4yWMOUnb9eTosw=">AAACKHicbVBNS0JBFJ1nX2Zfr4I2bYYkaBHyXgS1lNq0NPALVGTeeNXBeR/M3CfKyz/Tsvox7cJtf6NNo75FqQcGDufcO/dwvEgKjY4ztTIbm1vbO9nd3N7+weGRfXxS1WGsOFR4KENV95gGKQKooEAJ9UgB8z0JNW/wOPNrQ1BahEEZxxG0fNYLRFdwhkZq22dNhBHO/0k8GcMkKbcHE9q2807BmYOuEjcleZKi1LZ/mp2Qxz4EyCXTuuE6EbYSplBwCZNcM9YQMT5gPWgYGjAfdCuZ353QS6N0aDdU5gVI5+rfjYT5Wo99z0z6DPt62ZuJ67xGjN37ViKCKEYI+OJQN5YUQzorg3aEAo5ybAjjSpislPeZYhxNZWszX3eGItJp/NEif8605S53s0qqNwXXKbjPt/niQ9pblpyTC3JFXHJHiuSJlEiFcPJCXsk7+bDerE/ry5ouRjNWunNK/sH6/gX56agg</latexit><latexit sha1_base64="wVwH6Yd9F/5vv4yWMOUnb9eTosw=">AAACKHicbVBNS0JBFJ1nX2Zfr4I2bYYkaBHyXgS1lNq0NPALVGTeeNXBeR/M3CfKyz/Tsvox7cJtf6NNo75FqQcGDufcO/dwvEgKjY4ztTIbm1vbO9nd3N7+weGRfXxS1WGsOFR4KENV95gGKQKooEAJ9UgB8z0JNW/wOPNrQ1BahEEZxxG0fNYLRFdwhkZq22dNhBHO/0k8GcMkKbcHE9q2807BmYOuEjcleZKi1LZ/mp2Qxz4EyCXTuuE6EbYSplBwCZNcM9YQMT5gPWgYGjAfdCuZ353QS6N0aDdU5gVI5+rfjYT5Wo99z0z6DPt62ZuJ67xGjN37ViKCKEYI+OJQN5YUQzorg3aEAo5ybAjjSpislPeZYhxNZWszX3eGItJp/NEif8605S53s0qqNwXXKbjPt/niQ9pblpyTC3JFXHJHiuSJlEiFcPJCXsk7+bDerE/ry5ouRjNWunNK/sH6/gX56agg</latexit><latexit sha1_base64="wVwH6Yd9F/5vv4yWMOUnb9eTosw=">AAACKHicbVBNS0JBFJ1nX2Zfr4I2bYYkaBHyXgS1lNq0NPALVGTeeNXBeR/M3CfKyz/Tsvox7cJtf6NNo75FqQcGDufcO/dwvEgKjY4ztTIbm1vbO9nd3N7+weGRfXxS1WGsOFR4KENV95gGKQKooEAJ9UgB8z0JNW/wOPNrQ1BahEEZxxG0fNYLRFdwhkZq22dNhBHO/0k8GcMkKbcHE9q2807BmYOuEjcleZKi1LZ/mp2Qxz4EyCXTuuE6EbYSplBwCZNcM9YQMT5gPWgYGjAfdCuZ353QS6N0aDdU5gVI5+rfjYT5Wo99z0z6DPt62ZuJ67xGjN37ViKCKEYI+OJQN5YUQzorg3aEAo5ybAjjSpislPeZYhxNZWszX3eGItJp/NEif8605S53s0qqNwXXKbjPt/niQ9pblpyTC3JFXHJHiuSJlEiFcPJCXsk7+bDerE/ry5ouRjNWunNK/sH6/gX56agg</latexit>

• hydrogen spin: Ts
<latexit sha1_base64="kfwDY4U/51Va410eSz9kUO2aheI=">AAACKHicbVDLSgMxFM3UV62vUcGNm2ARXEiZEUGXRTcuK/QFbRkymbQNTWaG5E5pGfszLtWPcSfd+htuTNtZaNsDgcM59+Yejh8LrsFxplZuY3Nreye/W9jbPzg8so9P6jpKFGU1GolINX2imeAhqwEHwZqxYkT6gjX8wePMbwyZ0jwKqzCOWUeSXsi7nBIwkmeftYGNYP5PWhGJnKRVT0+wZxedkjMHXiVuRoooQ8Wzf9pBRBPJQqCCaN1ynRg6KVHAqWCTQjvRLCZ0QHqsZWhIJNOddH53gi+NEuBupMwLAc/VvxspkVqPpW8mJYG+XvZm4jqvlUD3vpPyME6AhXRxqJsIDBGelYEDrhgFMTaEUMVNVkz7RBEKprK1ma+DIY91Fn+0yF8wbbnL3ayS+k3JdUru822x/JD1lkfn6AJdIRfdoTJ6QhVUQxS9oFf0jj6sN+vT+rKmi9Gcle2con+wvn8B9iOoHg==</latexit><latexit sha1_base64="kfwDY4U/51Va410eSz9kUO2aheI=">AAACKHicbVDLSgMxFM3UV62vUcGNm2ARXEiZEUGXRTcuK/QFbRkymbQNTWaG5E5pGfszLtWPcSfd+htuTNtZaNsDgcM59+Yejh8LrsFxplZuY3Nreye/W9jbPzg8so9P6jpKFGU1GolINX2imeAhqwEHwZqxYkT6gjX8wePMbwyZ0jwKqzCOWUeSXsi7nBIwkmeftYGNYP5PWhGJnKRVT0+wZxedkjMHXiVuRoooQ8Wzf9pBRBPJQqCCaN1ynRg6KVHAqWCTQjvRLCZ0QHqsZWhIJNOddH53gi+NEuBupMwLAc/VvxspkVqPpW8mJYG+XvZm4jqvlUD3vpPyME6AhXRxqJsIDBGelYEDrhgFMTaEUMVNVkz7RBEKprK1ma+DIY91Fn+0yF8wbbnL3ayS+k3JdUru822x/JD1lkfn6AJdIRfdoTJ6QhVUQxS9oFf0jj6sN+vT+rKmi9Gcle2con+wvn8B9iOoHg==</latexit><latexit sha1_base64="kfwDY4U/51Va410eSz9kUO2aheI=">AAACKHicbVDLSgMxFM3UV62vUcGNm2ARXEiZEUGXRTcuK/QFbRkymbQNTWaG5E5pGfszLtWPcSfd+htuTNtZaNsDgcM59+Yejh8LrsFxplZuY3Nreye/W9jbPzg8so9P6jpKFGU1GolINX2imeAhqwEHwZqxYkT6gjX8wePMbwyZ0jwKqzCOWUeSXsi7nBIwkmeftYGNYP5PWhGJnKRVT0+wZxedkjMHXiVuRoooQ8Wzf9pBRBPJQqCCaN1ynRg6KVHAqWCTQjvRLCZ0QHqsZWhIJNOddH53gi+NEuBupMwLAc/VvxspkVqPpW8mJYG+XvZm4jqvlUD3vpPyME6AhXRxqJsIDBGelYEDrhgFMTaEUMVNVkz7RBEKprK1ma+DIY91Fn+0yF8wbbnL3ayS+k3JdUru822x/JD1lkfn6AJdIRfdoTJ6QhVUQxS9oFf0jj6sN+vT+rKmi9Gcle2con+wvn8B9iOoHg==</latexit><latexit sha1_base64="kfwDY4U/51Va410eSz9kUO2aheI=">AAACKHicbVDLSgMxFM3UV62vUcGNm2ARXEiZEUGXRTcuK/QFbRkymbQNTWaG5E5pGfszLtWPcSfd+htuTNtZaNsDgcM59+Yejh8LrsFxplZuY3Nreye/W9jbPzg8so9P6jpKFGU1GolINX2imeAhqwEHwZqxYkT6gjX8wePMbwyZ0jwKqzCOWUeSXsi7nBIwkmeftYGNYP5PWhGJnKRVT0+wZxedkjMHXiVuRoooQ8Wzf9pBRBPJQqCCaN1ynRg6KVHAqWCTQjvRLCZ0QHqsZWhIJNOddH53gi+NEuBupMwLAc/VvxspkVqPpW8mJYG+XvZm4jqvlUD3vpPyME6AhXRxqJsIDBGelYEDrhgFMTaEUMVNVkz7RBEKprK1ma+DIY91Fn+0yF8wbbnL3ayS+k3JdUru822x/JD1lkfn6AJdIRfdoTJ6QhVUQxS9oFf0jj6sN+vT+rKmi9Gcle2con+wvn8B9iOoHg==</latexit>

T� = TCMB = 2.73K (1 + z)
<latexit sha1_base64="WUtco0X83aZXSrg2M1ysAfd/ulY="></latexit><latexit sha1_base64="WUtco0X83aZXSrg2M1ysAfd/ulY="></latexit><latexit sha1_base64="WUtco0X83aZXSrg2M1ysAfd/ulY="></latexit><latexit sha1_base64="WUtco0X83aZXSrg2M1ysAfd/ulY="></latexit>

absorption: �T21(z) = 32mK⇥
✓
1� T�(z)

Ts(z)

◆r
1 + z

18
<latexit sha1_base64="nmrsmm3bPKm1KjZU809ESPyxLEM="></latexit><latexit sha1_base64="nmrsmm3bPKm1KjZU809ESPyxLEM="></latexit><latexit sha1_base64="nmrsmm3bPKm1KjZU809ESPyxLEM="></latexit><latexit sha1_base64="nmrsmm3bPKm1KjZU809ESPyxLEM="></latexit>

T� , Tk, Ts
<latexit sha1_base64="IFtYP26RO5ZtZSaC82iWC5nfRqQ="></latexit><latexit sha1_base64="IFtYP26RO5ZtZSaC82iWC5nfRqQ="></latexit><latexit sha1_base64="IFtYP26RO5ZtZSaC82iWC5nfRqQ="></latexit><latexit sha1_base64="IFtYP26RO5ZtZSaC82iWC5nfRqQ="></latexit>



Temperature Evolution

z
<latexit sha1_base64="HmCjAr6xzzIJsdckQ3FkDlJ8O3c=">AAACEXicbVDLSsNAFL2pr1pfVZdugkVwISURQZdFNy5bsA9oQ5lMbtuhk0mYmRRr6Be4VD/Gnbj1C/wWN07bLLTtgYHDOfdyzxw/5kxpx/m2cmvrG5tb+e3Czu7e/kHx8KihokRSrNOIR7LlE4WcCaxrpjm2Yokk9Dk2/eHd1G+OUCoWiQc9jtELSV+wHqNEG6n21C2WnLIzg71M3IyUIEO1W/zpBBFNQhSacqJU23Vi7aVEakY5TgqdRGFM6JD0sW2oICEqL50FndhnRgnsXiTNE9qeqX83UhIqNQ59MxkSPVCL3lRc5bUT3bvxUibiRKOg80O9hNs6sqe/tgMmkWo+NoRQyUxWmw6IJFSbblZmvghGLFZZ/Md5/oJpy13sZpk0LsuuU3ZrV6XKbdZbHk7gFM7BhWuowD1UoQ4UEJ7hFd6sF+vd+rA+56M5K9s5hn+wvn4Bn/megQ==</latexit><latexit sha1_base64="HmCjAr6xzzIJsdckQ3FkDlJ8O3c=">AAACEXicbVDLSsNAFL2pr1pfVZdugkVwISURQZdFNy5bsA9oQ5lMbtuhk0mYmRRr6Be4VD/Gnbj1C/wWN07bLLTtgYHDOfdyzxw/5kxpx/m2cmvrG5tb+e3Czu7e/kHx8KihokRSrNOIR7LlE4WcCaxrpjm2Yokk9Dk2/eHd1G+OUCoWiQc9jtELSV+wHqNEG6n21C2WnLIzg71M3IyUIEO1W/zpBBFNQhSacqJU23Vi7aVEakY5TgqdRGFM6JD0sW2oICEqL50FndhnRgnsXiTNE9qeqX83UhIqNQ59MxkSPVCL3lRc5bUT3bvxUibiRKOg80O9hNs6sqe/tgMmkWo+NoRQyUxWmw6IJFSbblZmvghGLFZZ/Md5/oJpy13sZpk0LsuuU3ZrV6XKbdZbHk7gFM7BhWuowD1UoQ4UEJ7hFd6sF+vd+rA+56M5K9s5hn+wvn4Bn/megQ==</latexit><latexit sha1_base64="HmCjAr6xzzIJsdckQ3FkDlJ8O3c=">AAACEXicbVDLSsNAFL2pr1pfVZdugkVwISURQZdFNy5bsA9oQ5lMbtuhk0mYmRRr6Be4VD/Gnbj1C/wWN07bLLTtgYHDOfdyzxw/5kxpx/m2cmvrG5tb+e3Czu7e/kHx8KihokRSrNOIR7LlE4WcCaxrpjm2Yokk9Dk2/eHd1G+OUCoWiQc9jtELSV+wHqNEG6n21C2WnLIzg71M3IyUIEO1W/zpBBFNQhSacqJU23Vi7aVEakY5TgqdRGFM6JD0sW2oICEqL50FndhnRgnsXiTNE9qeqX83UhIqNQ59MxkSPVCL3lRc5bUT3bvxUibiRKOg80O9hNs6sqe/tgMmkWo+NoRQyUxWmw6IJFSbblZmvghGLFZZ/Md5/oJpy13sZpk0LsuuU3ZrV6XKbdZbHk7gFM7BhWuowD1UoQ4UEJ7hFd6sF+vd+rA+56M5K9s5hn+wvn4Bn/megQ==</latexit><latexit sha1_base64="HmCjAr6xzzIJsdckQ3FkDlJ8O3c=">AAACEXicbVDLSsNAFL2pr1pfVZdugkVwISURQZdFNy5bsA9oQ5lMbtuhk0mYmRRr6Be4VD/Gnbj1C/wWN07bLLTtgYHDOfdyzxw/5kxpx/m2cmvrG5tb+e3Czu7e/kHx8KihokRSrNOIR7LlE4WcCaxrpjm2Yokk9Dk2/eHd1G+OUCoWiQc9jtELSV+wHqNEG6n21C2WnLIzg71M3IyUIEO1W/zpBBFNQhSacqJU23Vi7aVEakY5TgqdRGFM6JD0sW2oICEqL50FndhnRgnsXiTNE9qeqX83UhIqNQ59MxkSPVCL3lRc5bUT3bvxUibiRKOg80O9hNs6sqe/tgMmkWo+NoRQyUxWmw6IJFSbblZmvghGLFZZ/Md5/oJpy13sZpk0LsuuU3ZrV6XKbdZbHk7gFM7BhWuowD1UoQ4UEJ7hFd6sF+vd+rA+56M5K9s5hn+wvn4Bn/megQ==</latexit>
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Ts,k ⇡ T�
<latexit sha1_base64="qD54yWPCTsIM7Oq6y++HLXuTkZ8="></latexit><latexit sha1_base64="qD54yWPCTsIM7Oq6y++HLXuTkZ8="></latexit><latexit sha1_base64="qD54yWPCTsIM7Oq6y++HLXuTkZ8="></latexit><latexit sha1_base64="qD54yWPCTsIM7Oq6y++HLXuTkZ8="></latexit>

Tk  Ts  T�
<latexit sha1_base64="wpMCFZszV6GnFngfOtzWeawlC5E="></latexit><latexit sha1_base64="wpMCFZszV6GnFngfOtzWeawlC5E="></latexit><latexit sha1_base64="wpMCFZszV6GnFngfOtzWeawlC5E="></latexit><latexit sha1_base64="wpMCFZszV6GnFngfOtzWeawlC5E="></latexit>

Woutuysen-Field Effect:

Tk / (1 + z)2
<latexit sha1_base64="4mx08sADT4zV7qRZe3mhSwq9AF0=">AAACN3icbVDLSgMxFM34tr6qLt0ES6GilBkRdCm6canQF7S1ZNLbNjQzE5I7Yh36BX6NS/VLXLkTt67dmLaz0NoDgcM59yYnx1dSGHTdN2dufmFxaXllNbO2vrG5ld3eqZgo1hzKPJKRrvnMgBQhlFGghJrSwAJfQtXvX4786h1oI6KwhAMFzYB1Q9ERnKGVWtl8A+Eex/ckvoxhmJRa/SFtKB0pjGjBO3w4uD1uZXNu0R2D/ideSnIkxXUr+91oRzwOIEQumTF1z1XYTJhGwSUMM43YgGK8z7pQtzRkAZhmMo4xpHmrtGkn0vaESMfq742EBcYMAt9OBgx7ZtobibO8eoyds2YiQhUjhHzyUCeW1H501A1tCw0c5cASxrWwWSnvMc042gZnZj5q3wll0vj3k/wZ25Y33c1/Ujkuem7RuznJnV+kva2QPbJPCsQjp+ScXJFrUiacPJIn8kJenWfn3flwPiejc066s0v+wPn6AfZPrY0=</latexit><latexit sha1_base64="4mx08sADT4zV7qRZe3mhSwq9AF0=">AAACN3icbVDLSgMxFM34tr6qLt0ES6GilBkRdCm6canQF7S1ZNLbNjQzE5I7Yh36BX6NS/VLXLkTt67dmLaz0NoDgcM59yYnx1dSGHTdN2dufmFxaXllNbO2vrG5ld3eqZgo1hzKPJKRrvnMgBQhlFGghJrSwAJfQtXvX4786h1oI6KwhAMFzYB1Q9ERnKGVWtl8A+Eex/ckvoxhmJRa/SFtKB0pjGjBO3w4uD1uZXNu0R2D/ideSnIkxXUr+91oRzwOIEQumTF1z1XYTJhGwSUMM43YgGK8z7pQtzRkAZhmMo4xpHmrtGkn0vaESMfq742EBcYMAt9OBgx7ZtobibO8eoyds2YiQhUjhHzyUCeW1H501A1tCw0c5cASxrWwWSnvMc042gZnZj5q3wll0vj3k/wZ25Y33c1/Ujkuem7RuznJnV+kva2QPbJPCsQjp+ScXJFrUiacPJIn8kJenWfn3flwPiejc066s0v+wPn6AfZPrY0=</latexit><latexit sha1_base64="4mx08sADT4zV7qRZe3mhSwq9AF0=">AAACN3icbVDLSgMxFM34tr6qLt0ES6GilBkRdCm6canQF7S1ZNLbNjQzE5I7Yh36BX6NS/VLXLkTt67dmLaz0NoDgcM59yYnx1dSGHTdN2dufmFxaXllNbO2vrG5ld3eqZgo1hzKPJKRrvnMgBQhlFGghJrSwAJfQtXvX4786h1oI6KwhAMFzYB1Q9ERnKGVWtl8A+Eex/ckvoxhmJRa/SFtKB0pjGjBO3w4uD1uZXNu0R2D/ideSnIkxXUr+91oRzwOIEQumTF1z1XYTJhGwSUMM43YgGK8z7pQtzRkAZhmMo4xpHmrtGkn0vaESMfq742EBcYMAt9OBgx7ZtobibO8eoyds2YiQhUjhHzyUCeW1H501A1tCw0c5cASxrWwWSnvMc042gZnZj5q3wll0vj3k/wZ25Y33c1/Ujkuem7RuznJnV+kva2QPbJPCsQjp+ScXJFrUiacPJIn8kJenWfn3flwPiejc066s0v+wPn6AfZPrY0=</latexit><latexit sha1_base64="4mx08sADT4zV7qRZe3mhSwq9AF0=">AAACN3icbVDLSgMxFM34tr6qLt0ES6GilBkRdCm6canQF7S1ZNLbNjQzE5I7Yh36BX6NS/VLXLkTt67dmLaz0NoDgcM59yYnx1dSGHTdN2dufmFxaXllNbO2vrG5ld3eqZgo1hzKPJKRrvnMgBQhlFGghJrSwAJfQtXvX4786h1oI6KwhAMFzYB1Q9ERnKGVWtl8A+Eex/ckvoxhmJRa/SFtKB0pjGjBO3w4uD1uZXNu0R2D/ideSnIkxXUr+91oRzwOIEQumTF1z1XYTJhGwSUMM43YgGK8z7pQtzRkAZhmMo4xpHmrtGkn0vaESMfq742EBcYMAt9OBgx7ZtobibO8eoyds2YiQhUjhHzyUCeW1H501A1tCw0c5cASxrWwWSnvMc042gZnZj5q3wll0vj3k/wZ25Y33c1/Ujkuem7RuznJnV+kva2QPbJPCsQjp+ScXJFrUiacPJIn8kJenWfn3flwPiejc066s0v+wPn6AfZPrY0=</latexit>

T� / (1 + z)
<latexit sha1_base64="SB9RzQK/iMicz6Akiny8zvXVU40=">AAACOXicbVDLSgMxFM34tr6qLt0Ei6goZUYEXYpuXFZoVeiUksnc1mAyE5I7Yh36CX6NS/VDXLoTty7dmLaz8HUgcDjn3uTkRFoKi77/4o2NT0xOTc/MlubmFxaXyssr5zbNDIcGT2VqLiNmQYoEGihQwqU2wFQk4SK6Phn4FzdgrEiTOvY0tBTrJqIjOEMntcubIcItDu/JDcT9vN4Ou0wp1qehNqnGlG4FO3fb7XLFr/pD0L8kKEiFFKi1y59hnPJMQYJcMmubga+xlTODgkvol8LMgmb8mnWh6WjCFNhWPgzSpxtOiWknNe4kSIfq942cKWt7KnKTiuGV/e0NxP+8Zoadw1YuEp0hJHz0UCeT1H1z0A6NhQGOsucI40a4rJRfMcM4ug7/zbwb3whti/i3o/wl11bwu5u/5HyvGvjV4Gy/cnRc9DZD1sg62SIBOSBH5JTUSINwck8eyBN59h69V+/Nex+NjnnFzir5Ae/jC/8Erpg=</latexit><latexit sha1_base64="SB9RzQK/iMicz6Akiny8zvXVU40=">AAACOXicbVDLSgMxFM34tr6qLt0Ei6goZUYEXYpuXFZoVeiUksnc1mAyE5I7Yh36CX6NS/VDXLoTty7dmLaz8HUgcDjn3uTkRFoKi77/4o2NT0xOTc/MlubmFxaXyssr5zbNDIcGT2VqLiNmQYoEGihQwqU2wFQk4SK6Phn4FzdgrEiTOvY0tBTrJqIjOEMntcubIcItDu/JDcT9vN4Ou0wp1qehNqnGlG4FO3fb7XLFr/pD0L8kKEiFFKi1y59hnPJMQYJcMmubga+xlTODgkvol8LMgmb8mnWh6WjCFNhWPgzSpxtOiWknNe4kSIfq942cKWt7KnKTiuGV/e0NxP+8Zoadw1YuEp0hJHz0UCeT1H1z0A6NhQGOsucI40a4rJRfMcM4ug7/zbwb3whti/i3o/wl11bwu5u/5HyvGvjV4Gy/cnRc9DZD1sg62SIBOSBH5JTUSINwck8eyBN59h69V+/Nex+NjnnFzir5Ae/jC/8Erpg=</latexit><latexit sha1_base64="SB9RzQK/iMicz6Akiny8zvXVU40=">AAACOXicbVDLSgMxFM34tr6qLt0Ei6goZUYEXYpuXFZoVeiUksnc1mAyE5I7Yh36CX6NS/VDXLoTty7dmLaz8HUgcDjn3uTkRFoKi77/4o2NT0xOTc/MlubmFxaXyssr5zbNDIcGT2VqLiNmQYoEGihQwqU2wFQk4SK6Phn4FzdgrEiTOvY0tBTrJqIjOEMntcubIcItDu/JDcT9vN4Ou0wp1qehNqnGlG4FO3fb7XLFr/pD0L8kKEiFFKi1y59hnPJMQYJcMmubga+xlTODgkvol8LMgmb8mnWh6WjCFNhWPgzSpxtOiWknNe4kSIfq942cKWt7KnKTiuGV/e0NxP+8Zoadw1YuEp0hJHz0UCeT1H1z0A6NhQGOsucI40a4rJRfMcM4ug7/zbwb3whti/i3o/wl11bwu5u/5HyvGvjV4Gy/cnRc9DZD1sg62SIBOSBH5JTUSINwck8eyBN59h69V+/Nex+NjnnFzir5Ae/jC/8Erpg=</latexit><latexit sha1_base64="SB9RzQK/iMicz6Akiny8zvXVU40=">AAACOXicbVDLSgMxFM34tr6qLt0Ei6goZUYEXYpuXFZoVeiUksnc1mAyE5I7Yh36CX6NS/VDXLoTty7dmLaz8HUgcDjn3uTkRFoKi77/4o2NT0xOTc/MlubmFxaXyssr5zbNDIcGT2VqLiNmQYoEGihQwqU2wFQk4SK6Phn4FzdgrEiTOvY0tBTrJqIjOEMntcubIcItDu/JDcT9vN4Ou0wp1qehNqnGlG4FO3fb7XLFr/pD0L8kKEiFFKi1y59hnPJMQYJcMmubga+xlTODgkvol8LMgmb8mnWh6WjCFNhWPgzSpxtOiWknNe4kSIfq942cKWt7KnKTiuGV/e0NxP+8Zoadw1YuEp0hJHz0UCeT1H1z0A6NhQGOsucI40a4rJRfMcM4ug7/zbwb3whti/i3o/wl11bwu5u/5HyvGvjV4Gy/cnRc9DZD1sg62SIBOSBH5JTUSINwck8eyBN59h69V+/Nex+NjnnFzir5Ae/jC/8Erpg=</latexit>

T� / (1 + z)
<latexit sha1_base64="SB9RzQK/iMicz6Akiny8zvXVU40=">AAACOXicbVDLSgMxFM34tr6qLt0Ei6goZUYEXYpuXFZoVeiUksnc1mAyE5I7Yh36CX6NS/VDXLoTty7dmLaz8HUgcDjn3uTkRFoKi77/4o2NT0xOTc/MlubmFxaXyssr5zbNDIcGT2VqLiNmQYoEGihQwqU2wFQk4SK6Phn4FzdgrEiTOvY0tBTrJqIjOEMntcubIcItDu/JDcT9vN4Ou0wp1qehNqnGlG4FO3fb7XLFr/pD0L8kKEiFFKi1y59hnPJMQYJcMmubga+xlTODgkvol8LMgmb8mnWh6WjCFNhWPgzSpxtOiWknNe4kSIfq942cKWt7KnKTiuGV/e0NxP+8Zoadw1YuEp0hJHz0UCeT1H1z0A6NhQGOsucI40a4rJRfMcM4ug7/zbwb3whti/i3o/wl11bwu5u/5HyvGvjV4Gy/cnRc9DZD1sg62SIBOSBH5JTUSINwck8eyBN59h69V+/Nex+NjnnFzir5Ae/jC/8Erpg=</latexit><latexit sha1_base64="SB9RzQK/iMicz6Akiny8zvXVU40=">AAACOXicbVDLSgMxFM34tr6qLt0Ei6goZUYEXYpuXFZoVeiUksnc1mAyE5I7Yh36CX6NS/VDXLoTty7dmLaz8HUgcDjn3uTkRFoKi77/4o2NT0xOTc/MlubmFxaXyssr5zbNDIcGT2VqLiNmQYoEGihQwqU2wFQk4SK6Phn4FzdgrEiTOvY0tBTrJqIjOEMntcubIcItDu/JDcT9vN4Ou0wp1qehNqnGlG4FO3fb7XLFr/pD0L8kKEiFFKi1y59hnPJMQYJcMmubga+xlTODgkvol8LMgmb8mnWh6WjCFNhWPgzSpxtOiWknNe4kSIfq942cKWt7KnKTiuGV/e0NxP+8Zoadw1YuEp0hJHz0UCeT1H1z0A6NhQGOsucI40a4rJRfMcM4ug7/zbwb3whti/i3o/wl11bwu5u/5HyvGvjV4Gy/cnRc9DZD1sg62SIBOSBH5JTUSINwck8eyBN59h69V+/Nex+NjnnFzir5Ae/jC/8Erpg=</latexit><latexit sha1_base64="SB9RzQK/iMicz6Akiny8zvXVU40=">AAACOXicbVDLSgMxFM34tr6qLt0Ei6goZUYEXYpuXFZoVeiUksnc1mAyE5I7Yh36CX6NS/VDXLoTty7dmLaz8HUgcDjn3uTkRFoKi77/4o2NT0xOTc/MlubmFxaXyssr5zbNDIcGT2VqLiNmQYoEGihQwqU2wFQk4SK6Phn4FzdgrEiTOvY0tBTrJqIjOEMntcubIcItDu/JDcT9vN4Ou0wp1qehNqnGlG4FO3fb7XLFr/pD0L8kKEiFFKi1y59hnPJMQYJcMmubga+xlTODgkvol8LMgmb8mnWh6WjCFNhWPgzSpxtOiWknNe4kSIfq942cKWt7KnKTiuGV/e0NxP+8Zoadw1YuEp0hJHz0UCeT1H1z0A6NhQGOsucI40a4rJRfMcM4ug7/zbwb3whti/i3o/wl11bwu5u/5HyvGvjV4Gy/cnRc9DZD1sg62SIBOSBH5JTUSINwck8eyBN59h69V+/Nex+NjnnFzir5Ae/jC/8Erpg=</latexit><latexit sha1_base64="SB9RzQK/iMicz6Akiny8zvXVU40=">AAACOXicbVDLSgMxFM34tr6qLt0Ei6goZUYEXYpuXFZoVeiUksnc1mAyE5I7Yh36CX6NS/VDXLoTty7dmLaz8HUgcDjn3uTkRFoKi77/4o2NT0xOTc/MlubmFxaXyssr5zbNDIcGT2VqLiNmQYoEGihQwqU2wFQk4SK6Phn4FzdgrEiTOvY0tBTrJqIjOEMntcubIcItDu/JDcT9vN4Ou0wp1qehNqnGlG4FO3fb7XLFr/pD0L8kKEiFFKi1y59hnPJMQYJcMmubga+xlTODgkvol8LMgmb8mnWh6WjCFNhWPgzSpxtOiWknNe4kSIfq942cKWt7KnKTiuGV/e0NxP+8Zoadw1YuEp0hJHz0UCeT1H1z0A6NhQGOsucI40a4rJRfMcM4ug7/zbwb3whti/i3o/wl11bwu5u/5HyvGvjV4Gy/cnRc9DZD1sg62SIBOSBH5JTUSINwck8eyBN59h69V+/Nex+NjnnFzir5Ae/jC/8Erpg=</latexit>

UV light from first stars couples:

�
<latexit sha1_base64="lifvEciJI/g2FVPh9m4wzkD2S5M=">AAACKXicbVDLSsNAFJ3UV62vqgsXboJFcCElEUGXRTcuK9gHtKVMJrft0JkkzNyUlpCvcal+jDt162e4cdpmoW0PDBzOuXfu4XiR4Bod59PKra1vbG7ltws7u3v7B8XDo7oOY8WgxkIRqqZHNQgeQA05CmhGCqj0BDS84f3Ub4xAaR4GTziJoCNpP+A9zigaqVs8aSOMcfZPosBPk3afSknTbrHklJ0Z7GXiZqREMlS7xZ+2H7JYQoBMUK1brhNhJ6EKOROQFtqxhoiyIe1Dy9CAStCdZHY4tc+N4tu9UJkXoD1T/24kVGo9kZ6ZlBQHetGbiqu8Voy9207CgyhGCNj8UC8WNob2tA3b5woYiokhlClustpsQBVlaDpbmfnSH/FIZ/HH8/wF05a72M0yqV+VXafsPl6XKndZb3lySs7IBXHJDamQB1IlNcJISp7JK3mzXqx368P6mo/mrGznmPyD9f0LVm6o3g==</latexit><latexit sha1_base64="lifvEciJI/g2FVPh9m4wzkD2S5M=">AAACKXicbVDLSsNAFJ3UV62vqgsXboJFcCElEUGXRTcuK9gHtKVMJrft0JkkzNyUlpCvcal+jDt162e4cdpmoW0PDBzOuXfu4XiR4Bod59PKra1vbG7ltws7u3v7B8XDo7oOY8WgxkIRqqZHNQgeQA05CmhGCqj0BDS84f3Ub4xAaR4GTziJoCNpP+A9zigaqVs8aSOMcfZPosBPk3afSknTbrHklJ0Z7GXiZqREMlS7xZ+2H7JYQoBMUK1brhNhJ6EKOROQFtqxhoiyIe1Dy9CAStCdZHY4tc+N4tu9UJkXoD1T/24kVGo9kZ6ZlBQHetGbiqu8Voy9207CgyhGCNj8UC8WNob2tA3b5woYiokhlClustpsQBVlaDpbmfnSH/FIZ/HH8/wF05a72M0yqV+VXafsPl6XKndZb3lySs7IBXHJDamQB1IlNcJISp7JK3mzXqx368P6mo/mrGznmPyD9f0LVm6o3g==</latexit><latexit sha1_base64="lifvEciJI/g2FVPh9m4wzkD2S5M=">AAACKXicbVDLSsNAFJ3UV62vqgsXboJFcCElEUGXRTcuK9gHtKVMJrft0JkkzNyUlpCvcal+jDt162e4cdpmoW0PDBzOuXfu4XiR4Bod59PKra1vbG7ltws7u3v7B8XDo7oOY8WgxkIRqqZHNQgeQA05CmhGCqj0BDS84f3Ub4xAaR4GTziJoCNpP+A9zigaqVs8aSOMcfZPosBPk3afSknTbrHklJ0Z7GXiZqREMlS7xZ+2H7JYQoBMUK1brhNhJ6EKOROQFtqxhoiyIe1Dy9CAStCdZHY4tc+N4tu9UJkXoD1T/24kVGo9kZ6ZlBQHetGbiqu8Voy9207CgyhGCNj8UC8WNob2tA3b5woYiokhlClustpsQBVlaDpbmfnSH/FIZ/HH8/wF05a72M0yqV+VXafsPl6XKndZb3lySs7IBXHJDamQB1IlNcJISp7JK3mzXqx368P6mo/mrGznmPyD9f0LVm6o3g==</latexit><latexit sha1_base64="lifvEciJI/g2FVPh9m4wzkD2S5M=">AAACKXicbVDLSsNAFJ3UV62vqgsXboJFcCElEUGXRTcuK9gHtKVMJrft0JkkzNyUlpCvcal+jDt162e4cdpmoW0PDBzOuXfu4XiR4Bod59PKra1vbG7ltws7u3v7B8XDo7oOY8WgxkIRqqZHNQgeQA05CmhGCqj0BDS84f3Ub4xAaR4GTziJoCNpP+A9zigaqVs8aSOMcfZPosBPk3afSknTbrHklJ0Z7GXiZqREMlS7xZ+2H7JYQoBMUK1brhNhJ6EKOROQFtqxhoiyIe1Dy9CAStCdZHY4tc+N4tu9UJkXoD1T/24kVGo9kZ6ZlBQHetGbiqu8Voy9207CgyhGCNj8UC8WNob2tA3b5woYiokhlClustpsQBVlaDpbmfnSH/FIZ/HH8/wF05a72M0yqV+VXafsPl6XKndZb3lySs7IBXHJDamQB1IlNcJISp7JK3mzXqx368P6mo/mrGznmPyD9f0LVm6o3g==</latexit>

�
<latexit sha1_base64="lifvEciJI/g2FVPh9m4wzkD2S5M=">AAACKXicbVDLSsNAFJ3UV62vqgsXboJFcCElEUGXRTcuK9gHtKVMJrft0JkkzNyUlpCvcal+jDt162e4cdpmoW0PDBzOuXfu4XiR4Bod59PKra1vbG7ltws7u3v7B8XDo7oOY8WgxkIRqqZHNQgeQA05CmhGCqj0BDS84f3Ub4xAaR4GTziJoCNpP+A9zigaqVs8aSOMcfZPosBPk3afSknTbrHklJ0Z7GXiZqREMlS7xZ+2H7JYQoBMUK1brhNhJ6EKOROQFtqxhoiyIe1Dy9CAStCdZHY4tc+N4tu9UJkXoD1T/24kVGo9kZ6ZlBQHetGbiqu8Voy9207CgyhGCNj8UC8WNob2tA3b5woYiokhlClustpsQBVlaDpbmfnSH/FIZ/HH8/wF05a72M0yqV+VXafsPl6XKndZb3lySs7IBXHJDamQB1IlNcJISp7JK3mzXqx368P6mo/mrGznmPyD9f0LVm6o3g==</latexit><latexit sha1_base64="lifvEciJI/g2FVPh9m4wzkD2S5M=">AAACKXicbVDLSsNAFJ3UV62vqgsXboJFcCElEUGXRTcuK9gHtKVMJrft0JkkzNyUlpCvcal+jDt162e4cdpmoW0PDBzOuXfu4XiR4Bod59PKra1vbG7ltws7u3v7B8XDo7oOY8WgxkIRqqZHNQgeQA05CmhGCqj0BDS84f3Ub4xAaR4GTziJoCNpP+A9zigaqVs8aSOMcfZPosBPk3afSknTbrHklJ0Z7GXiZqREMlS7xZ+2H7JYQoBMUK1brhNhJ6EKOROQFtqxhoiyIe1Dy9CAStCdZHY4tc+N4tu9UJkXoD1T/24kVGo9kZ6ZlBQHetGbiqu8Voy9207CgyhGCNj8UC8WNob2tA3b5woYiokhlClustpsQBVlaDpbmfnSH/FIZ/HH8/wF05a72M0yqV+VXafsPl6XKndZb3lySs7IBXHJDamQB1IlNcJISp7JK3mzXqx368P6mo/mrGznmPyD9f0LVm6o3g==</latexit><latexit sha1_base64="lifvEciJI/g2FVPh9m4wzkD2S5M=">AAACKXicbVDLSsNAFJ3UV62vqgsXboJFcCElEUGXRTcuK9gHtKVMJrft0JkkzNyUlpCvcal+jDt162e4cdpmoW0PDBzOuXfu4XiR4Bod59PKra1vbG7ltws7u3v7B8XDo7oOY8WgxkIRqqZHNQgeQA05CmhGCqj0BDS84f3Ub4xAaR4GTziJoCNpP+A9zigaqVs8aSOMcfZPosBPk3afSknTbrHklJ0Z7GXiZqREMlS7xZ+2H7JYQoBMUK1brhNhJ6EKOROQFtqxhoiyIe1Dy9CAStCdZHY4tc+N4tu9UJkXoD1T/24kVGo9kZ6ZlBQHetGbiqu8Voy9207CgyhGCNj8UC8WNob2tA3b5woYiokhlClustpsQBVlaDpbmfnSH/FIZ/HH8/wF05a72M0yqV+VXafsPl6XKndZb3lySs7IBXHJDamQB1IlNcJISp7JK3mzXqx368P6mo/mrGznmPyD9f0LVm6o3g==</latexit><latexit sha1_base64="lifvEciJI/g2FVPh9m4wzkD2S5M=">AAACKXicbVDLSsNAFJ3UV62vqgsXboJFcCElEUGXRTcuK9gHtKVMJrft0JkkzNyUlpCvcal+jDt162e4cdpmoW0PDBzOuXfu4XiR4Bod59PKra1vbG7ltws7u3v7B8XDo7oOY8WgxkIRqqZHNQgeQA05CmhGCqj0BDS84f3Ub4xAaR4GTziJoCNpP+A9zigaqVs8aSOMcfZPosBPk3afSknTbrHklJ0Z7GXiZqREMlS7xZ+2H7JYQoBMUK1brhNhJ6EKOROQFtqxhoiyIe1Dy9CAStCdZHY4tc+N4tu9UJkXoD1T/24kVGo9kZ6ZlBQHetGbiqu8Voy9207CgyhGCNj8UC8WNob2tA3b5woYiokhlClustpsQBVlaDpbmfnSH/FIZ/HH8/wF05a72M0yqV+VXafsPl6XKndZb3lySs7IBXHJDamQB1IlNcJISp7JK3mzXqx368P6mo/mrGznmPyD9f0LVm6o3g==</latexit>

e�
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Temperatures and Absorption
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evolution equations from:  Venumadhav, Dai, Kaurov, Zaldarriaga, 1804.02406

T

�1
s =

xCMBT
�1
� + x̃↵T

�1
c + xcT

�1
k

xCMB + x̃↵ + xc
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WF

(1 + z)
dTk

dz

= 2Tk � EComp + ELy↵J/J0 + ECMB

1 + fHe + xe
Tk
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adiabatic cooling heating

with gas heating
without gas heating

temperature evolution 21cm absorption

WF



21cm Probes New Physics

T21 / 1� T�

Ts
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increasing 21cm absorption with new physics:

add photons

cool baryons*
DM DM

H H(hard)

(easy!)
T� > TCMB
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When to Add 21cm Photons
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e�
<latexit sha1_base64="2z4HdndHOFCmTBKfPpdu58HIwzE=">AAACE3icbVDLSgNBEOz1GeMr6tHLYBA8aNgVQY9BLx4jmgcka5id7U2GzD6YmQ2GkE/wqH6MN/HqB/gtXpwke9AkBQNFVTddU14iuNK2/W0tLa+srq3nNvKbW9s7u4W9/ZqKU8mwymIRy4ZHFQoeYVVzLbCRSKShJ7Du9W7Gfr2PUvE4etCDBN2QdiIecEa1ke7x8axdKNolewIyT5yMFCFDpV34afkxS0OMNBNUqaZjJ9odUqk5EzjKt1KFCWU92sGmoRENUbnDSdQROTaKT4JYmhdpMlH/bgxpqNQg9MxkSHVXzXpjcZHXTHVw5Q55lKQaIzY9FKSC6JiM/018LpFpMTCEMslNVsK6VFKmTTsLM5/6fZ6oLP7TNH/etOXMdjNPauclxy45dxfF8nXWWw4O4QhOwIFLKMMtVKAKDDrwDK/wZr1Y79aH9TkdXbKynQP4B+vrF7EKnws=</latexit><latexit sha1_base64="2z4HdndHOFCmTBKfPpdu58HIwzE=">AAACE3icbVDLSgNBEOz1GeMr6tHLYBA8aNgVQY9BLx4jmgcka5id7U2GzD6YmQ2GkE/wqH6MN/HqB/gtXpwke9AkBQNFVTddU14iuNK2/W0tLa+srq3nNvKbW9s7u4W9/ZqKU8mwymIRy4ZHFQoeYVVzLbCRSKShJ7Du9W7Gfr2PUvE4etCDBN2QdiIecEa1ke7x8axdKNolewIyT5yMFCFDpV34afkxS0OMNBNUqaZjJ9odUqk5EzjKt1KFCWU92sGmoRENUbnDSdQROTaKT4JYmhdpMlH/bgxpqNQg9MxkSHVXzXpjcZHXTHVw5Q55lKQaIzY9FKSC6JiM/018LpFpMTCEMslNVsK6VFKmTTsLM5/6fZ6oLP7TNH/etOXMdjNPauclxy45dxfF8nXWWw4O4QhOwIFLKMMtVKAKDDrwDK/wZr1Y79aH9TkdXbKynQP4B+vrF7EKnws=</latexit><latexit sha1_base64="2z4HdndHOFCmTBKfPpdu58HIwzE=">AAACE3icbVDLSgNBEOz1GeMr6tHLYBA8aNgVQY9BLx4jmgcka5id7U2GzD6YmQ2GkE/wqH6MN/HqB/gtXpwke9AkBQNFVTddU14iuNK2/W0tLa+srq3nNvKbW9s7u4W9/ZqKU8mwymIRy4ZHFQoeYVVzLbCRSKShJ7Du9W7Gfr2PUvE4etCDBN2QdiIecEa1ke7x8axdKNolewIyT5yMFCFDpV34afkxS0OMNBNUqaZjJ9odUqk5EzjKt1KFCWU92sGmoRENUbnDSdQROTaKT4JYmhdpMlH/bgxpqNQg9MxkSHVXzXpjcZHXTHVw5Q55lKQaIzY9FKSC6JiM/018LpFpMTCEMslNVsK6VFKmTTsLM5/6fZ6oLP7TNH/etOXMdjNPauclxy45dxfF8nXWWw4O4QhOwIFLKMMtVKAKDDrwDK/wZr1Y79aH9TkdXbKynQP4B+vrF7EKnws=</latexit><latexit sha1_base64="2z4HdndHOFCmTBKfPpdu58HIwzE=">AAACE3icbVDLSgNBEOz1GeMr6tHLYBA8aNgVQY9BLx4jmgcka5id7U2GzD6YmQ2GkE/wqH6MN/HqB/gtXpwke9AkBQNFVTddU14iuNK2/W0tLa+srq3nNvKbW9s7u4W9/ZqKU8mwymIRy4ZHFQoeYVVzLbCRSKShJ7Du9W7Gfr2PUvE4etCDBN2QdiIecEa1ke7x8axdKNolewIyT5yMFCFDpV34afkxS0OMNBNUqaZjJ9odUqk5EzjKt1KFCWU92sGmoRENUbnDSdQROTaKT4JYmhdpMlH/bgxpqNQg9MxkSHVXzXpjcZHXTHVw5Q55lKQaIzY9FKSC6JiM/018LpFpMTCEMslNVsK6VFKmTTsLM5/6fZ6oLP7TNH/etOXMdjNPauclxy45dxfF8nXWWw4O4QhOwIFLKMMtVKAKDDrwDK/wZr1Y79aH9TkdXbKynQP4B+vrF7EKnws=</latexit>

e�
<latexit sha1_base64="2z4HdndHOFCmTBKfPpdu58HIwzE=">AAACE3icbVDLSgNBEOz1GeMr6tHLYBA8aNgVQY9BLx4jmgcka5id7U2GzD6YmQ2GkE/wqH6MN/HqB/gtXpwke9AkBQNFVTddU14iuNK2/W0tLa+srq3nNvKbW9s7u4W9/ZqKU8mwymIRy4ZHFQoeYVVzLbCRSKShJ7Du9W7Gfr2PUvE4etCDBN2QdiIecEa1ke7x8axdKNolewIyT5yMFCFDpV34afkxS0OMNBNUqaZjJ9odUqk5EzjKt1KFCWU92sGmoRENUbnDSdQROTaKT4JYmhdpMlH/bgxpqNQg9MxkSHVXzXpjcZHXTHVw5Q55lKQaIzY9FKSC6JiM/018LpFpMTCEMslNVsK6VFKmTTsLM5/6fZ6oLP7TNH/etOXMdjNPauclxy45dxfF8nXWWw4O4QhOwIFLKMMtVKAKDDrwDK/wZr1Y79aH9TkdXbKynQP4B+vrF7EKnws=</latexit><latexit sha1_base64="2z4HdndHOFCmTBKfPpdu58HIwzE=">AAACE3icbVDLSgNBEOz1GeMr6tHLYBA8aNgVQY9BLx4jmgcka5id7U2GzD6YmQ2GkE/wqH6MN/HqB/gtXpwke9AkBQNFVTddU14iuNK2/W0tLa+srq3nNvKbW9s7u4W9/ZqKU8mwymIRy4ZHFQoeYVVzLbCRSKShJ7Du9W7Gfr2PUvE4etCDBN2QdiIecEa1ke7x8axdKNolewIyT5yMFCFDpV34afkxS0OMNBNUqaZjJ9odUqk5EzjKt1KFCWU92sGmoRENUbnDSdQROTaKT4JYmhdpMlH/bgxpqNQg9MxkSHVXzXpjcZHXTHVw5Q55lKQaIzY9FKSC6JiM/018LpFpMTCEMslNVsK6VFKmTTsLM5/6fZ6oLP7TNH/etOXMdjNPauclxy45dxfF8nXWWw4O4QhOwIFLKMMtVKAKDDrwDK/wZr1Y79aH9TkdXbKynQP4B+vrF7EKnws=</latexit><latexit sha1_base64="2z4HdndHOFCmTBKfPpdu58HIwzE=">AAACE3icbVDLSgNBEOz1GeMr6tHLYBA8aNgVQY9BLx4jmgcka5id7U2GzD6YmQ2GkE/wqH6MN/HqB/gtXpwke9AkBQNFVTddU14iuNK2/W0tLa+srq3nNvKbW9s7u4W9/ZqKU8mwymIRy4ZHFQoeYVVzLbCRSKShJ7Du9W7Gfr2PUvE4etCDBN2QdiIecEa1ke7x8axdKNolewIyT5yMFCFDpV34afkxS0OMNBNUqaZjJ9odUqk5EzjKt1KFCWU92sGmoRENUbnDSdQROTaKT4JYmhdpMlH/bgxpqNQg9MxkSHVXzXpjcZHXTHVw5Q55lKQaIzY9FKSC6JiM/018LpFpMTCEMslNVsK6VFKmTTsLM5/6fZ6oLP7TNH/etOXMdjNPauclxy45dxfF8nXWWw4O4QhOwIFLKMMtVKAKDDrwDK/wZr1Y79aH9TkdXbKynQP4B+vrF7EKnws=</latexit><latexit sha1_base64="2z4HdndHOFCmTBKfPpdu58HIwzE=">AAACE3icbVDLSgNBEOz1GeMr6tHLYBA8aNgVQY9BLx4jmgcka5id7U2GzD6YmQ2GkE/wqH6MN/HqB/gtXpwke9AkBQNFVTddU14iuNK2/W0tLa+srq3nNvKbW9s7u4W9/ZqKU8mwymIRy4ZHFQoeYVVzLbCRSKShJ7Du9W7Gfr2PUvE4etCDBN2QdiIecEa1ke7x8axdKNolewIyT5yMFCFDpV34afkxS0OMNBNUqaZjJ9odUqk5EzjKt1KFCWU92sGmoRENUbnDSdQROTaKT4JYmhdpMlH/bgxpqNQg9MxkSHVXzXpjcZHXTHVw5Q55lKQaIzY9FKSC6JiM/018LpFpMTCEMslNVsK6VFKmTTsLM5/6fZ6oLP7TNH/etOXMdjNPauclxy45dxfF8nXWWw4O4QhOwIFLKMMtVKAKDDrwDK/wZr1Y79aH9TkdXbKynQP4B+vrF7EKnws=</latexit>

p+
<latexit sha1_base64="SVzG5W/iTvTYPQTO2cz0fh1pB+g=">AAACE3icbVDLSgMxFL3js9ZX1aWbYBEEpcyIoMuiG5cV7QPasWQymTY0kwlJplhKP8Gl+jHuxK0f4Le4MW1noW0PBA7n3Ms9OYHkTBvX/XaWlldW19ZzG/nNre2d3cLefk0nqSK0ShKeqEaANeVM0KphhtOGVBTHAaf1oHcz9ut9qjRLxIMZSOrHuCNYxAg2VrqXj6ftQtEtuROgeeJlpAgZKu3CTytMSBpTYQjHWjc9Vxp/iJVhhNNRvpVqKjHp4Q5tWipwTLU/nEQdoWOrhChKlH3CoIn6d2OIY60HcWAnY2y6etYbi4u8ZmqiK3/IhEwNFWR6KEo5Mgka/xuFTFFi+MASTBSzWRHpYoWJse0szHwW9pnUWfynaf68bcub7Wae1M5Lnlvy7i6K5eustxwcwhGcgAeXUIZbqEAVCHTgGV7hzXlx3p0P53M6uuRkOwfwD87XL8A1nxQ=</latexit><latexit sha1_base64="SVzG5W/iTvTYPQTO2cz0fh1pB+g=">AAACE3icbVDLSgMxFL3js9ZX1aWbYBEEpcyIoMuiG5cV7QPasWQymTY0kwlJplhKP8Gl+jHuxK0f4Le4MW1noW0PBA7n3Ms9OYHkTBvX/XaWlldW19ZzG/nNre2d3cLefk0nqSK0ShKeqEaANeVM0KphhtOGVBTHAaf1oHcz9ut9qjRLxIMZSOrHuCNYxAg2VrqXj6ftQtEtuROgeeJlpAgZKu3CTytMSBpTYQjHWjc9Vxp/iJVhhNNRvpVqKjHp4Q5tWipwTLU/nEQdoWOrhChKlH3CoIn6d2OIY60HcWAnY2y6etYbi4u8ZmqiK3/IhEwNFWR6KEo5Mgka/xuFTFFi+MASTBSzWRHpYoWJse0szHwW9pnUWfynaf68bcub7Wae1M5Lnlvy7i6K5eustxwcwhGcgAeXUIZbqEAVCHTgGV7hzXlx3p0P53M6uuRkOwfwD87XL8A1nxQ=</latexit><latexit sha1_base64="SVzG5W/iTvTYPQTO2cz0fh1pB+g=">AAACE3icbVDLSgMxFL3js9ZX1aWbYBEEpcyIoMuiG5cV7QPasWQymTY0kwlJplhKP8Gl+jHuxK0f4Le4MW1noW0PBA7n3Ms9OYHkTBvX/XaWlldW19ZzG/nNre2d3cLefk0nqSK0ShKeqEaANeVM0KphhtOGVBTHAaf1oHcz9ut9qjRLxIMZSOrHuCNYxAg2VrqXj6ftQtEtuROgeeJlpAgZKu3CTytMSBpTYQjHWjc9Vxp/iJVhhNNRvpVqKjHp4Q5tWipwTLU/nEQdoWOrhChKlH3CoIn6d2OIY60HcWAnY2y6etYbi4u8ZmqiK3/IhEwNFWR6KEo5Mgka/xuFTFFi+MASTBSzWRHpYoWJse0szHwW9pnUWfynaf68bcub7Wae1M5Lnlvy7i6K5eustxwcwhGcgAeXUIZbqEAVCHTgGV7hzXlx3p0P53M6uuRkOwfwD87XL8A1nxQ=</latexit><latexit sha1_base64="SVzG5W/iTvTYPQTO2cz0fh1pB+g=">AAACE3icbVDLSgMxFL3js9ZX1aWbYBEEpcyIoMuiG5cV7QPasWQymTY0kwlJplhKP8Gl+jHuxK0f4Le4MW1noW0PBA7n3Ms9OYHkTBvX/XaWlldW19ZzG/nNre2d3cLefk0nqSK0ShKeqEaANeVM0KphhtOGVBTHAaf1oHcz9ut9qjRLxIMZSOrHuCNYxAg2VrqXj6ftQtEtuROgeeJlpAgZKu3CTytMSBpTYQjHWjc9Vxp/iJVhhNNRvpVqKjHp4Q5tWipwTLU/nEQdoWOrhChKlH3CoIn6d2OIY60HcWAnY2y6etYbi4u8ZmqiK3/IhEwNFWR6KEo5Mgka/xuFTFFi+MASTBSzWRHpYoWJse0szHwW9pnUWfynaf68bcub7Wae1M5Lnlvy7i6K5eustxwcwhGcgAeXUIZbqEAVCHTgGV7hzXlx3p0P53M6uuRkOwfwD87XL8A1nxQ=</latexit>

p+
<latexit sha1_base64="SVzG5W/iTvTYPQTO2cz0fh1pB+g=">AAACE3icbVDLSgMxFL3js9ZX1aWbYBEEpcyIoMuiG5cV7QPasWQymTY0kwlJplhKP8Gl+jHuxK0f4Le4MW1noW0PBA7n3Ms9OYHkTBvX/XaWlldW19ZzG/nNre2d3cLefk0nqSK0ShKeqEaANeVM0KphhtOGVBTHAaf1oHcz9ut9qjRLxIMZSOrHuCNYxAg2VrqXj6ftQtEtuROgeeJlpAgZKu3CTytMSBpTYQjHWjc9Vxp/iJVhhNNRvpVqKjHp4Q5tWipwTLU/nEQdoWOrhChKlH3CoIn6d2OIY60HcWAnY2y6etYbi4u8ZmqiK3/IhEwNFWR6KEo5Mgka/xuFTFFi+MASTBSzWRHpYoWJse0szHwW9pnUWfynaf68bcub7Wae1M5Lnlvy7i6K5eustxwcwhGcgAeXUIZbqEAVCHTgGV7hzXlx3p0P53M6uuRkOwfwD87XL8A1nxQ=</latexit><latexit sha1_base64="SVzG5W/iTvTYPQTO2cz0fh1pB+g=">AAACE3icbVDLSgMxFL3js9ZX1aWbYBEEpcyIoMuiG5cV7QPasWQymTY0kwlJplhKP8Gl+jHuxK0f4Le4MW1noW0PBA7n3Ms9OYHkTBvX/XaWlldW19ZzG/nNre2d3cLefk0nqSK0ShKeqEaANeVM0KphhtOGVBTHAaf1oHcz9ut9qjRLxIMZSOrHuCNYxAg2VrqXj6ftQtEtuROgeeJlpAgZKu3CTytMSBpTYQjHWjc9Vxp/iJVhhNNRvpVqKjHp4Q5tWipwTLU/nEQdoWOrhChKlH3CoIn6d2OIY60HcWAnY2y6etYbi4u8ZmqiK3/IhEwNFWR6KEo5Mgka/xuFTFFi+MASTBSzWRHpYoWJse0szHwW9pnUWfynaf68bcub7Wae1M5Lnlvy7i6K5eustxwcwhGcgAeXUIZbqEAVCHTgGV7hzXlx3p0P53M6uuRkOwfwD87XL8A1nxQ=</latexit><latexit sha1_base64="SVzG5W/iTvTYPQTO2cz0fh1pB+g=">AAACE3icbVDLSgMxFL3js9ZX1aWbYBEEpcyIoMuiG5cV7QPasWQymTY0kwlJplhKP8Gl+jHuxK0f4Le4MW1noW0PBA7n3Ms9OYHkTBvX/XaWlldW19ZzG/nNre2d3cLefk0nqSK0ShKeqEaANeVM0KphhtOGVBTHAaf1oHcz9ut9qjRLxIMZSOrHuCNYxAg2VrqXj6ftQtEtuROgeeJlpAgZKu3CTytMSBpTYQjHWjc9Vxp/iJVhhNNRvpVqKjHp4Q5tWipwTLU/nEQdoWOrhChKlH3CoIn6d2OIY60HcWAnY2y6etYbi4u8ZmqiK3/IhEwNFWR6KEo5Mgka/xuFTFFi+MASTBSzWRHpYoWJse0szHwW9pnUWfynaf68bcub7Wae1M5Lnlvy7i6K5eustxwcwhGcgAeXUIZbqEAVCHTgGV7hzXlx3p0P53M6uuRkOwfwD87XL8A1nxQ=</latexit><latexit sha1_base64="SVzG5W/iTvTYPQTO2cz0fh1pB+g=">AAACE3icbVDLSgMxFL3js9ZX1aWbYBEEpcyIoMuiG5cV7QPasWQymTY0kwlJplhKP8Gl+jHuxK0f4Le4MW1noW0PBA7n3Ms9OYHkTBvX/XaWlldW19ZzG/nNre2d3cLefk0nqSK0ShKeqEaANeVM0KphhtOGVBTHAaf1oHcz9ut9qjRLxIMZSOrHuCNYxAg2VrqXj6ftQtEtuROgeeJlpAgZKu3CTytMSBpTYQjHWjc9Vxp/iJVhhNNRvpVqKjHp4Q5tWipwTLU/nEQdoWOrhChKlH3CoIn6d2OIY60HcWAnY2y6etYbi4u8ZmqiK3/IhEwNFWR6KEo5Mgka/xuFTFFi+MASTBSzWRHpYoWJse0szHwW9pnUWfynaf68bcub7Wae1M5Lnlvy7i6K5eustxwcwhGcgAeXUIZbqEAVCHTgGV7hzXlx3p0P53M6uuRkOwfwD87XL8A1nxQ=</latexit>

free-free absorption:
survival probability



What if dark matter decays to photons?

a
<latexit sha1_base64="/K3WqTnSHNRKt6yTcHWy6wtLfc0=">AAACEXicbVDLSgNBEOz1GeMr6tHLYBA8SNgVQY9BLx4TMA9IljA725sMmX0wMxsMS77Ao/ox3sSrX+C3eHGS7EGTFAwUVd10TXmJ4Erb9re1tr6xubVd2Cnu7u0fHJaOjpsqTiXDBotFLNseVSh4hA3NtcB2IpGGnsCWN7yf+q0RSsXj6FGPE3RD2o94wBnVRqrTXqlsV+wZyDJxclKGHLVe6afrxywNMdJMUKU6jp1oN6NScyZwUuymChPKhrSPHUMjGqJys1nQCTk3ik+CWJoXaTJT/25kNFRqHHpmMqR6oBa9qbjK66Q6uHUzHiWpxojNDwWpIDom018Tn0tkWowNoUxyk5WwAZWUadPNysyX/ognKo//NM9fNG05i90sk+ZVxbErTv26XL3LeyvAKZzBBThwA1V4gBo0gAHCM7zCm/VivVsf1ud8dM3Kd07gH6yvX3YUnmg=</latexit><latexit sha1_base64="/K3WqTnSHNRKt6yTcHWy6wtLfc0=">AAACEXicbVDLSgNBEOz1GeMr6tHLYBA8SNgVQY9BLx4TMA9IljA725sMmX0wMxsMS77Ao/ox3sSrX+C3eHGS7EGTFAwUVd10TXmJ4Erb9re1tr6xubVd2Cnu7u0fHJaOjpsqTiXDBotFLNseVSh4hA3NtcB2IpGGnsCWN7yf+q0RSsXj6FGPE3RD2o94wBnVRqrTXqlsV+wZyDJxclKGHLVe6afrxywNMdJMUKU6jp1oN6NScyZwUuymChPKhrSPHUMjGqJys1nQCTk3ik+CWJoXaTJT/25kNFRqHHpmMqR6oBa9qbjK66Q6uHUzHiWpxojNDwWpIDom018Tn0tkWowNoUxyk5WwAZWUadPNysyX/ognKo//NM9fNG05i90sk+ZVxbErTv26XL3LeyvAKZzBBThwA1V4gBo0gAHCM7zCm/VivVsf1ud8dM3Kd07gH6yvX3YUnmg=</latexit><latexit sha1_base64="/K3WqTnSHNRKt6yTcHWy6wtLfc0=">AAACEXicbVDLSgNBEOz1GeMr6tHLYBA8SNgVQY9BLx4TMA9IljA725sMmX0wMxsMS77Ao/ox3sSrX+C3eHGS7EGTFAwUVd10TXmJ4Erb9re1tr6xubVd2Cnu7u0fHJaOjpsqTiXDBotFLNseVSh4hA3NtcB2IpGGnsCWN7yf+q0RSsXj6FGPE3RD2o94wBnVRqrTXqlsV+wZyDJxclKGHLVe6afrxywNMdJMUKU6jp1oN6NScyZwUuymChPKhrSPHUMjGqJys1nQCTk3ik+CWJoXaTJT/25kNFRqHHpmMqR6oBa9qbjK66Q6uHUzHiWpxojNDwWpIDom018Tn0tkWowNoUxyk5WwAZWUadPNysyX/ognKo//NM9fNG05i90sk+ZVxbErTv26XL3LeyvAKZzBBThwA1V4gBo0gAHCM7zCm/VivVsf1ud8dM3Kd07gH6yvX3YUnmg=</latexit><latexit sha1_base64="/K3WqTnSHNRKt6yTcHWy6wtLfc0=">AAACEXicbVDLSgNBEOz1GeMr6tHLYBA8SNgVQY9BLx4TMA9IljA725sMmX0wMxsMS77Ao/ox3sSrX+C3eHGS7EGTFAwUVd10TXmJ4Erb9re1tr6xubVd2Cnu7u0fHJaOjpsqTiXDBotFLNseVSh4hA3NtcB2IpGGnsCWN7yf+q0RSsXj6FGPE3RD2o94wBnVRqrTXqlsV+wZyDJxclKGHLVe6afrxywNMdJMUKU6jp1oN6NScyZwUuymChPKhrSPHUMjGqJys1nQCTk3ik+CWJoXaTJT/25kNFRqHHpmMqR6oBa9qbjK66Q6uHUzHiWpxojNDwWpIDom018Tn0tkWowNoUxyk5WwAZWUadPNysyX/ognKo//NM9fNG05i90sk+ZVxbErTv26XL3LeyvAKZzBBThwA1V4gBo0gAHCM7zCm/VivVsf1ud8dM3Kd07gH6yvX3YUnmg=</latexit>

�
<latexit sha1_base64="lifvEciJI/g2FVPh9m4wzkD2S5M=">AAACKXicbVDLSsNAFJ3UV62vqgsXboJFcCElEUGXRTcuK9gHtKVMJrft0JkkzNyUlpCvcal+jDt162e4cdpmoW0PDBzOuXfu4XiR4Bod59PKra1vbG7ltws7u3v7B8XDo7oOY8WgxkIRqqZHNQgeQA05CmhGCqj0BDS84f3Ub4xAaR4GTziJoCNpP+A9zigaqVs8aSOMcfZPosBPk3afSknTbrHklJ0Z7GXiZqREMlS7xZ+2H7JYQoBMUK1brhNhJ6EKOROQFtqxhoiyIe1Dy9CAStCdZHY4tc+N4tu9UJkXoD1T/24kVGo9kZ6ZlBQHetGbiqu8Voy9207CgyhGCNj8UC8WNob2tA3b5woYiokhlClustpsQBVlaDpbmfnSH/FIZ/HH8/wF05a72M0yqV+VXafsPl6XKndZb3lySs7IBXHJDamQB1IlNcJISp7JK3mzXqx368P6mo/mrGznmPyD9f0LVm6o3g==</latexit><latexit sha1_base64="lifvEciJI/g2FVPh9m4wzkD2S5M=">AAACKXicbVDLSsNAFJ3UV62vqgsXboJFcCElEUGXRTcuK9gHtKVMJrft0JkkzNyUlpCvcal+jDt162e4cdpmoW0PDBzOuXfu4XiR4Bod59PKra1vbG7ltws7u3v7B8XDo7oOY8WgxkIRqqZHNQgeQA05CmhGCqj0BDS84f3Ub4xAaR4GTziJoCNpP+A9zigaqVs8aSOMcfZPosBPk3afSknTbrHklJ0Z7GXiZqREMlS7xZ+2H7JYQoBMUK1brhNhJ6EKOROQFtqxhoiyIe1Dy9CAStCdZHY4tc+N4tu9UJkXoD1T/24kVGo9kZ6ZlBQHetGbiqu8Voy9207CgyhGCNj8UC8WNob2tA3b5woYiokhlClustpsQBVlaDpbmfnSH/FIZ/HH8/wF05a72M0yqV+VXafsPl6XKndZb3lySs7IBXHJDamQB1IlNcJISp7JK3mzXqx368P6mo/mrGznmPyD9f0LVm6o3g==</latexit><latexit sha1_base64="lifvEciJI/g2FVPh9m4wzkD2S5M=">AAACKXicbVDLSsNAFJ3UV62vqgsXboJFcCElEUGXRTcuK9gHtKVMJrft0JkkzNyUlpCvcal+jDt162e4cdpmoW0PDBzOuXfu4XiR4Bod59PKra1vbG7ltws7u3v7B8XDo7oOY8WgxkIRqqZHNQgeQA05CmhGCqj0BDS84f3Ub4xAaR4GTziJoCNpP+A9zigaqVs8aSOMcfZPosBPk3afSknTbrHklJ0Z7GXiZqREMlS7xZ+2H7JYQoBMUK1brhNhJ6EKOROQFtqxhoiyIe1Dy9CAStCdZHY4tc+N4tu9UJkXoD1T/24kVGo9kZ6ZlBQHetGbiqu8Voy9207CgyhGCNj8UC8WNob2tA3b5woYiokhlClustpsQBVlaDpbmfnSH/FIZ/HH8/wF05a72M0yqV+VXafsPl6XKndZb3lySs7IBXHJDamQB1IlNcJISp7JK3mzXqx368P6mo/mrGznmPyD9f0LVm6o3g==</latexit><latexit sha1_base64="lifvEciJI/g2FVPh9m4wzkD2S5M=">AAACKXicbVDLSsNAFJ3UV62vqgsXboJFcCElEUGXRTcuK9gHtKVMJrft0JkkzNyUlpCvcal+jDt162e4cdpmoW0PDBzOuXfu4XiR4Bod59PKra1vbG7ltws7u3v7B8XDo7oOY8WgxkIRqqZHNQgeQA05CmhGCqj0BDS84f3Ub4xAaR4GTziJoCNpP+A9zigaqVs8aSOMcfZPosBPk3afSknTbrHklJ0Z7GXiZqREMlS7xZ+2H7JYQoBMUK1brhNhJ6EKOROQFtqxhoiyIe1Dy9CAStCdZHY4tc+N4tu9UJkXoD1T/24kVGo9kZ6ZlBQHetGbiqu8Voy9207CgyhGCNj8UC8WNob2tA3b5woYiokhlClustpsQBVlaDpbmfnSH/FIZ/HH8/wF05a72M0yqV+VXafsPl6XKndZb3lySs7IBXHJDamQB1IlNcJISp7JK3mzXqx368P6mo/mrGznmPyD9f0LVm6o3g==</latexit>

�
<latexit sha1_base64="lifvEciJI/g2FVPh9m4wzkD2S5M=">AAACKXicbVDLSsNAFJ3UV62vqgsXboJFcCElEUGXRTcuK9gHtKVMJrft0JkkzNyUlpCvcal+jDt162e4cdpmoW0PDBzOuXfu4XiR4Bod59PKra1vbG7ltws7u3v7B8XDo7oOY8WgxkIRqqZHNQgeQA05CmhGCqj0BDS84f3Ub4xAaR4GTziJoCNpP+A9zigaqVs8aSOMcfZPosBPk3afSknTbrHklJ0Z7GXiZqREMlS7xZ+2H7JYQoBMUK1brhNhJ6EKOROQFtqxhoiyIe1Dy9CAStCdZHY4tc+N4tu9UJkXoD1T/24kVGo9kZ6ZlBQHetGbiqu8Voy9207CgyhGCNj8UC8WNob2tA3b5woYiokhlClustpsQBVlaDpbmfnSH/FIZ/HH8/wF05a72M0yqV+VXafsPl6XKndZb3lySs7IBXHJDamQB1IlNcJISp7JK3mzXqx368P6mo/mrGznmPyD9f0LVm6o3g==</latexit><latexit sha1_base64="lifvEciJI/g2FVPh9m4wzkD2S5M=">AAACKXicbVDLSsNAFJ3UV62vqgsXboJFcCElEUGXRTcuK9gHtKVMJrft0JkkzNyUlpCvcal+jDt162e4cdpmoW0PDBzOuXfu4XiR4Bod59PKra1vbG7ltws7u3v7B8XDo7oOY8WgxkIRqqZHNQgeQA05CmhGCqj0BDS84f3Ub4xAaR4GTziJoCNpP+A9zigaqVs8aSOMcfZPosBPk3afSknTbrHklJ0Z7GXiZqREMlS7xZ+2H7JYQoBMUK1brhNhJ6EKOROQFtqxhoiyIe1Dy9CAStCdZHY4tc+N4tu9UJkXoD1T/24kVGo9kZ6ZlBQHetGbiqu8Voy9207CgyhGCNj8UC8WNob2tA3b5woYiokhlClustpsQBVlaDpbmfnSH/FIZ/HH8/wF05a72M0yqV+VXafsPl6XKndZb3lySs7IBXHJDamQB1IlNcJISp7JK3mzXqx368P6mo/mrGznmPyD9f0LVm6o3g==</latexit><latexit sha1_base64="lifvEciJI/g2FVPh9m4wzkD2S5M=">AAACKXicbVDLSsNAFJ3UV62vqgsXboJFcCElEUGXRTcuK9gHtKVMJrft0JkkzNyUlpCvcal+jDt162e4cdpmoW0PDBzOuXfu4XiR4Bod59PKra1vbG7ltws7u3v7B8XDo7oOY8WgxkIRqqZHNQgeQA05CmhGCqj0BDS84f3Ub4xAaR4GTziJoCNpP+A9zigaqVs8aSOMcfZPosBPk3afSknTbrHklJ0Z7GXiZqREMlS7xZ+2H7JYQoBMUK1brhNhJ6EKOROQFtqxhoiyIe1Dy9CAStCdZHY4tc+N4tu9UJkXoD1T/24kVGo9kZ6ZlBQHetGbiqu8Voy9207CgyhGCNj8UC8WNob2tA3b5woYiokhlClustpsQBVlaDpbmfnSH/FIZ/HH8/wF05a72M0yqV+VXafsPl6XKndZb3lySs7IBXHJDamQB1IlNcJISp7JK3mzXqx368P6mo/mrGznmPyD9f0LVm6o3g==</latexit><latexit sha1_base64="lifvEciJI/g2FVPh9m4wzkD2S5M=">AAACKXicbVDLSsNAFJ3UV62vqgsXboJFcCElEUGXRTcuK9gHtKVMJrft0JkkzNyUlpCvcal+jDt162e4cdpmoW0PDBzOuXfu4XiR4Bod59PKra1vbG7ltws7u3v7B8XDo7oOY8WgxkIRqqZHNQgeQA05CmhGCqj0BDS84f3Ub4xAaR4GTziJoCNpP+A9zigaqVs8aSOMcfZPosBPk3afSknTbrHklJ0Z7GXiZqREMlS7xZ+2H7JYQoBMUK1brhNhJ6EKOROQFtqxhoiyIe1Dy9CAStCdZHY4tc+N4tu9UJkXoD1T/24kVGo9kZ6ZlBQHetGbiqu8Voy9207CgyhGCNj8UC8WNob2tA3b5woYiokhlClustpsQBVlaDpbmfnSH/FIZ/HH8/wF05a72M0yqV+VXafsPl6XKndZb3lySs7IBXHJDamQB1IlNcJISp7JK3mzXqx368P6mo/mrGznmPyD9f0LVm6o3g==</latexit>

10�5 eV < ma < 10�3 eV
<latexit sha1_base64="OLyPTbz4bg4Ans0G0f5/nKFN228="></latexit><latexit sha1_base64="OLyPTbz4bg4Ans0G0f5/nKFN228="></latexit><latexit sha1_base64="OLyPTbz4bg4Ans0G0f5/nKFN228="></latexit><latexit sha1_base64="OLyPTbz4bg4Ans0G0f5/nKFN228="></latexit>

ex)

� > 21 cm
<latexit sha1_base64="qMbdO5BACsHvLRiLUl+mpGLdeYE="></latexit><latexit sha1_base64="qMbdO5BACsHvLRiLUl+mpGLdeYE="></latexit><latexit sha1_base64="qMbdO5BACsHvLRiLUl+mpGLdeYE="></latexit><latexit sha1_base64="qMbdO5BACsHvLRiLUl+mpGLdeYE="></latexit>

21cm photons absorbed

1

f
aF F̃

<latexit sha1_base64="i3neAWYrGls9PfziGgA5a63hXXI="></latexit><latexit sha1_base64="i3neAWYrGls9PfziGgA5a63hXXI="></latexit><latexit sha1_base64="i3neAWYrGls9PfziGgA5a63hXXI="></latexit><latexit sha1_base64="i3neAWYrGls9PfziGgA5a63hXXI="></latexit>

Fraser et. al., 1803.03245 



a
<latexit sha1_base64="/K3WqTnSHNRKt6yTcHWy6wtLfc0=">AAACEXicbVDLSgNBEOz1GeMr6tHLYBA8SNgVQY9BLx4TMA9IljA725sMmX0wMxsMS77Ao/ox3sSrX+C3eHGS7EGTFAwUVd10TXmJ4Erb9re1tr6xubVd2Cnu7u0fHJaOjpsqTiXDBotFLNseVSh4hA3NtcB2IpGGnsCWN7yf+q0RSsXj6FGPE3RD2o94wBnVRqrTXqlsV+wZyDJxclKGHLVe6afrxywNMdJMUKU6jp1oN6NScyZwUuymChPKhrSPHUMjGqJys1nQCTk3ik+CWJoXaTJT/25kNFRqHHpmMqR6oBa9qbjK66Q6uHUzHiWpxojNDwWpIDom018Tn0tkWowNoUxyk5WwAZWUadPNysyX/ognKo//NM9fNG05i90sk+ZVxbErTv26XL3LeyvAKZzBBThwA1V4gBo0gAHCM7zCm/VivVsf1ud8dM3Kd07gH6yvX3YUnmg=</latexit><latexit sha1_base64="/K3WqTnSHNRKt6yTcHWy6wtLfc0=">AAACEXicbVDLSgNBEOz1GeMr6tHLYBA8SNgVQY9BLx4TMA9IljA725sMmX0wMxsMS77Ao/ox3sSrX+C3eHGS7EGTFAwUVd10TXmJ4Erb9re1tr6xubVd2Cnu7u0fHJaOjpsqTiXDBotFLNseVSh4hA3NtcB2IpGGnsCWN7yf+q0RSsXj6FGPE3RD2o94wBnVRqrTXqlsV+wZyDJxclKGHLVe6afrxywNMdJMUKU6jp1oN6NScyZwUuymChPKhrSPHUMjGqJys1nQCTk3ik+CWJoXaTJT/25kNFRqHHpmMqR6oBa9qbjK66Q6uHUzHiWpxojNDwWpIDom018Tn0tkWowNoUxyk5WwAZWUadPNysyX/ognKo//NM9fNG05i90sk+ZVxbErTv26XL3LeyvAKZzBBThwA1V4gBo0gAHCM7zCm/VivVsf1ud8dM3Kd07gH6yvX3YUnmg=</latexit><latexit sha1_base64="/K3WqTnSHNRKt6yTcHWy6wtLfc0=">AAACEXicbVDLSgNBEOz1GeMr6tHLYBA8SNgVQY9BLx4TMA9IljA725sMmX0wMxsMS77Ao/ox3sSrX+C3eHGS7EGTFAwUVd10TXmJ4Erb9re1tr6xubVd2Cnu7u0fHJaOjpsqTiXDBotFLNseVSh4hA3NtcB2IpGGnsCWN7yf+q0RSsXj6FGPE3RD2o94wBnVRqrTXqlsV+wZyDJxclKGHLVe6afrxywNMdJMUKU6jp1oN6NScyZwUuymChPKhrSPHUMjGqJys1nQCTk3ik+CWJoXaTJT/25kNFRqHHpmMqR6oBa9qbjK66Q6uHUzHiWpxojNDwWpIDom018Tn0tkWowNoUxyk5WwAZWUadPNysyX/ognKo//NM9fNG05i90sk+ZVxbErTv26XL3LeyvAKZzBBThwA1V4gBo0gAHCM7zCm/VivVsf1ud8dM3Kd07gH6yvX3YUnmg=</latexit><latexit sha1_base64="/K3WqTnSHNRKt6yTcHWy6wtLfc0=">AAACEXicbVDLSgNBEOz1GeMr6tHLYBA8SNgVQY9BLx4TMA9IljA725sMmX0wMxsMS77Ao/ox3sSrX+C3eHGS7EGTFAwUVd10TXmJ4Erb9re1tr6xubVd2Cnu7u0fHJaOjpsqTiXDBotFLNseVSh4hA3NtcB2IpGGnsCWN7yf+q0RSsXj6FGPE3RD2o94wBnVRqrTXqlsV+wZyDJxclKGHLVe6afrxywNMdJMUKU6jp1oN6NScyZwUuymChPKhrSPHUMjGqJys1nQCTk3ik+CWJoXaTJT/25kNFRqHHpmMqR6oBa9qbjK66Q6uHUzHiWpxojNDwWpIDom018Tn0tkWowNoUxyk5WwAZWUadPNysyX/ognKo//NM9fNG05i90sk+ZVxbErTv26XL3LeyvAKZzBBThwA1V4gBo0gAHCM7zCm/VivVsf1ud8dM3Kd07gH6yvX3YUnmg=</latexit>

�
<latexit sha1_base64="lifvEciJI/g2FVPh9m4wzkD2S5M=">AAACKXicbVDLSsNAFJ3UV62vqgsXboJFcCElEUGXRTcuK9gHtKVMJrft0JkkzNyUlpCvcal+jDt162e4cdpmoW0PDBzOuXfu4XiR4Bod59PKra1vbG7ltws7u3v7B8XDo7oOY8WgxkIRqqZHNQgeQA05CmhGCqj0BDS84f3Ub4xAaR4GTziJoCNpP+A9zigaqVs8aSOMcfZPosBPk3afSknTbrHklJ0Z7GXiZqREMlS7xZ+2H7JYQoBMUK1brhNhJ6EKOROQFtqxhoiyIe1Dy9CAStCdZHY4tc+N4tu9UJkXoD1T/24kVGo9kZ6ZlBQHetGbiqu8Voy9207CgyhGCNj8UC8WNob2tA3b5woYiokhlClustpsQBVlaDpbmfnSH/FIZ/HH8/wF05a72M0yqV+VXafsPl6XKndZb3lySs7IBXHJDamQB1IlNcJISp7JK3mzXqx368P6mo/mrGznmPyD9f0LVm6o3g==</latexit><latexit sha1_base64="lifvEciJI/g2FVPh9m4wzkD2S5M=">AAACKXicbVDLSsNAFJ3UV62vqgsXboJFcCElEUGXRTcuK9gHtKVMJrft0JkkzNyUlpCvcal+jDt162e4cdpmoW0PDBzOuXfu4XiR4Bod59PKra1vbG7ltws7u3v7B8XDo7oOY8WgxkIRqqZHNQgeQA05CmhGCqj0BDS84f3Ub4xAaR4GTziJoCNpP+A9zigaqVs8aSOMcfZPosBPk3afSknTbrHklJ0Z7GXiZqREMlS7xZ+2H7JYQoBMUK1brhNhJ6EKOROQFtqxhoiyIe1Dy9CAStCdZHY4tc+N4tu9UJkXoD1T/24kVGo9kZ6ZlBQHetGbiqu8Voy9207CgyhGCNj8UC8WNob2tA3b5woYiokhlClustpsQBVlaDpbmfnSH/FIZ/HH8/wF05a72M0yqV+VXafsPl6XKndZb3lySs7IBXHJDamQB1IlNcJISp7JK3mzXqx368P6mo/mrGznmPyD9f0LVm6o3g==</latexit><latexit sha1_base64="lifvEciJI/g2FVPh9m4wzkD2S5M=">AAACKXicbVDLSsNAFJ3UV62vqgsXboJFcCElEUGXRTcuK9gHtKVMJrft0JkkzNyUlpCvcal+jDt162e4cdpmoW0PDBzOuXfu4XiR4Bod59PKra1vbG7ltws7u3v7B8XDo7oOY8WgxkIRqqZHNQgeQA05CmhGCqj0BDS84f3Ub4xAaR4GTziJoCNpP+A9zigaqVs8aSOMcfZPosBPk3afSknTbrHklJ0Z7GXiZqREMlS7xZ+2H7JYQoBMUK1brhNhJ6EKOROQFtqxhoiyIe1Dy9CAStCdZHY4tc+N4tu9UJkXoD1T/24kVGo9kZ6ZlBQHetGbiqu8Voy9207CgyhGCNj8UC8WNob2tA3b5woYiokhlClustpsQBVlaDpbmfnSH/FIZ/HH8/wF05a72M0yqV+VXafsPl6XKndZb3lySs7IBXHJDamQB1IlNcJISp7JK3mzXqx368P6mo/mrGznmPyD9f0LVm6o3g==</latexit><latexit sha1_base64="lifvEciJI/g2FVPh9m4wzkD2S5M=">AAACKXicbVDLSsNAFJ3UV62vqgsXboJFcCElEUGXRTcuK9gHtKVMJrft0JkkzNyUlpCvcal+jDt162e4cdpmoW0PDBzOuXfu4XiR4Bod59PKra1vbG7ltws7u3v7B8XDo7oOY8WgxkIRqqZHNQgeQA05CmhGCqj0BDS84f3Ub4xAaR4GTziJoCNpP+A9zigaqVs8aSOMcfZPosBPk3afSknTbrHklJ0Z7GXiZqREMlS7xZ+2H7JYQoBMUK1brhNhJ6EKOROQFtqxhoiyIe1Dy9CAStCdZHY4tc+N4tu9UJkXoD1T/24kVGo9kZ6ZlBQHetGbiqu8Voy9207CgyhGCNj8UC8WNob2tA3b5woYiokhlClustpsQBVlaDpbmfnSH/FIZ/HH8/wF05a72M0yqV+VXafsPl6XKndZb3lySs7IBXHJDamQB1IlNcJISp7JK3mzXqx368P6mo/mrGznmPyD9f0LVm6o3g==</latexit>

�
<latexit sha1_base64="lifvEciJI/g2FVPh9m4wzkD2S5M=">AAACKXicbVDLSsNAFJ3UV62vqgsXboJFcCElEUGXRTcuK9gHtKVMJrft0JkkzNyUlpCvcal+jDt162e4cdpmoW0PDBzOuXfu4XiR4Bod59PKra1vbG7ltws7u3v7B8XDo7oOY8WgxkIRqqZHNQgeQA05CmhGCqj0BDS84f3Ub4xAaR4GTziJoCNpP+A9zigaqVs8aSOMcfZPosBPk3afSknTbrHklJ0Z7GXiZqREMlS7xZ+2H7JYQoBMUK1brhNhJ6EKOROQFtqxhoiyIe1Dy9CAStCdZHY4tc+N4tu9UJkXoD1T/24kVGo9kZ6ZlBQHetGbiqu8Voy9207CgyhGCNj8UC8WNob2tA3b5woYiokhlClustpsQBVlaDpbmfnSH/FIZ/HH8/wF05a72M0yqV+VXafsPl6XKndZb3lySs7IBXHJDamQB1IlNcJISp7JK3mzXqx368P6mo/mrGznmPyD9f0LVm6o3g==</latexit><latexit sha1_base64="lifvEciJI/g2FVPh9m4wzkD2S5M=">AAACKXicbVDLSsNAFJ3UV62vqgsXboJFcCElEUGXRTcuK9gHtKVMJrft0JkkzNyUlpCvcal+jDt162e4cdpmoW0PDBzOuXfu4XiR4Bod59PKra1vbG7ltws7u3v7B8XDo7oOY8WgxkIRqqZHNQgeQA05CmhGCqj0BDS84f3Ub4xAaR4GTziJoCNpP+A9zigaqVs8aSOMcfZPosBPk3afSknTbrHklJ0Z7GXiZqREMlS7xZ+2H7JYQoBMUK1brhNhJ6EKOROQFtqxhoiyIe1Dy9CAStCdZHY4tc+N4tu9UJkXoD1T/24kVGo9kZ6ZlBQHetGbiqu8Voy9207CgyhGCNj8UC8WNob2tA3b5woYiokhlClustpsQBVlaDpbmfnSH/FIZ/HH8/wF05a72M0yqV+VXafsPl6XKndZb3lySs7IBXHJDamQB1IlNcJISp7JK3mzXqx368P6mo/mrGznmPyD9f0LVm6o3g==</latexit><latexit sha1_base64="lifvEciJI/g2FVPh9m4wzkD2S5M=">AAACKXicbVDLSsNAFJ3UV62vqgsXboJFcCElEUGXRTcuK9gHtKVMJrft0JkkzNyUlpCvcal+jDt162e4cdpmoW0PDBzOuXfu4XiR4Bod59PKra1vbG7ltws7u3v7B8XDo7oOY8WgxkIRqqZHNQgeQA05CmhGCqj0BDS84f3Ub4xAaR4GTziJoCNpP+A9zigaqVs8aSOMcfZPosBPk3afSknTbrHklJ0Z7GXiZqREMlS7xZ+2H7JYQoBMUK1brhNhJ6EKOROQFtqxhoiyIe1Dy9CAStCdZHY4tc+N4tu9UJkXoD1T/24kVGo9kZ6ZlBQHetGbiqu8Voy9207CgyhGCNj8UC8WNob2tA3b5woYiokhlClustpsQBVlaDpbmfnSH/FIZ/HH8/wF05a72M0yqV+VXafsPl6XKndZb3lySs7IBXHJDamQB1IlNcJISp7JK3mzXqx368P6mo/mrGznmPyD9f0LVm6o3g==</latexit><latexit sha1_base64="lifvEciJI/g2FVPh9m4wzkD2S5M=">AAACKXicbVDLSsNAFJ3UV62vqgsXboJFcCElEUGXRTcuK9gHtKVMJrft0JkkzNyUlpCvcal+jDt162e4cdpmoW0PDBzOuXfu4XiR4Bod59PKra1vbG7ltws7u3v7B8XDo7oOY8WgxkIRqqZHNQgeQA05CmhGCqj0BDS84f3Ub4xAaR4GTziJoCNpP+A9zigaqVs8aSOMcfZPosBPk3afSknTbrHklJ0Z7GXiZqREMlS7xZ+2H7JYQoBMUK1brhNhJ6EKOROQFtqxhoiyIe1Dy9CAStCdZHY4tc+N4tu9UJkXoD1T/24kVGo9kZ6ZlBQHetGbiqu8Voy9207CgyhGCNj8UC8WNob2tA3b5woYiokhlClustpsQBVlaDpbmfnSH/FIZ/HH8/wF05a72M0yqV+VXafsPl6XKndZb3lySs7IBXHJDamQB1IlNcJISp7JK3mzXqx368P6mo/mrGznmPyD9f0LVm6o3g==</latexit>
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4 61. Axions and other similar particles
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Figure 61.1: Exclusion plot for axion-like particles as described in the text.

structure, for example when two NG bosons are attached to one fermion line as in axion
emission by nucleon bremsstrahlung [21].

In the DFSZ model [18], the tree-level coupling coefficient to electrons is [22]

Ce =
sin2 β

3
, (61.8)

where tan β = vu/vd is the ratio of the vacuum expectation value vu of the Higgs field Hu
giving masses to the up-type quarks and the vacuum expectation value vd of the Higgs
field Hd giving masses to the down-type quarks.

For nucleons, Cn,p have recently been determined as [11]

Cp = −0.47(3) + 0.88(3)Cu − 0.39(2)Cad − 0.038(5)Cs

− 0.012(5)Cc − 0.009(2)Cb − 0.0035(4)Ct ,

Cn = −0.02(3) + 0.88(3)Cd − 0.39(2)Cu − 0.038(5)Cs

− 0.012(5)Cc − 0.009(2)Cb − 0.0035(4)Ct ,

(61.9)

in terms of the corresponding model-dependent quark couplings Cq, q = u, d, s, c, b, t.
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What if dark matter decays to photons?
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�
<latexit sha1_base64="lifvEciJI/g2FVPh9m4wzkD2S5M=">AAACKXicbVDLSsNAFJ3UV62vqgsXboJFcCElEUGXRTcuK9gHtKVMJrft0JkkzNyUlpCvcal+jDt162e4cdpmoW0PDBzOuXfu4XiR4Bod59PKra1vbG7ltws7u3v7B8XDo7oOY8WgxkIRqqZHNQgeQA05CmhGCqj0BDS84f3Ub4xAaR4GTziJoCNpP+A9zigaqVs8aSOMcfZPosBPk3afSknTbrHklJ0Z7GXiZqREMlS7xZ+2H7JYQoBMUK1brhNhJ6EKOROQFtqxhoiyIe1Dy9CAStCdZHY4tc+N4tu9UJkXoD1T/24kVGo9kZ6ZlBQHetGbiqu8Voy9207CgyhGCNj8UC8WNob2tA3b5woYiokhlClustpsQBVlaDpbmfnSH/FIZ/HH8/wF05a72M0yqV+VXafsPl6XKndZb3lySs7IBXHJDamQB1IlNcJISp7JK3mzXqx368P6mo/mrGznmPyD9f0LVm6o3g==</latexit><latexit sha1_base64="lifvEciJI/g2FVPh9m4wzkD2S5M=">AAACKXicbVDLSsNAFJ3UV62vqgsXboJFcCElEUGXRTcuK9gHtKVMJrft0JkkzNyUlpCvcal+jDt162e4cdpmoW0PDBzOuXfu4XiR4Bod59PKra1vbG7ltws7u3v7B8XDo7oOY8WgxkIRqqZHNQgeQA05CmhGCqj0BDS84f3Ub4xAaR4GTziJoCNpP+A9zigaqVs8aSOMcfZPosBPk3afSknTbrHklJ0Z7GXiZqREMlS7xZ+2H7JYQoBMUK1brhNhJ6EKOROQFtqxhoiyIe1Dy9CAStCdZHY4tc+N4tu9UJkXoD1T/24kVGo9kZ6ZlBQHetGbiqu8Voy9207CgyhGCNj8UC8WNob2tA3b5woYiokhlClustpsQBVlaDpbmfnSH/FIZ/HH8/wF05a72M0yqV+VXafsPl6XKndZb3lySs7IBXHJDamQB1IlNcJISp7JK3mzXqx368P6mo/mrGznmPyD9f0LVm6o3g==</latexit><latexit sha1_base64="lifvEciJI/g2FVPh9m4wzkD2S5M=">AAACKXicbVDLSsNAFJ3UV62vqgsXboJFcCElEUGXRTcuK9gHtKVMJrft0JkkzNyUlpCvcal+jDt162e4cdpmoW0PDBzOuXfu4XiR4Bod59PKra1vbG7ltws7u3v7B8XDo7oOY8WgxkIRqqZHNQgeQA05CmhGCqj0BDS84f3Ub4xAaR4GTziJoCNpP+A9zigaqVs8aSOMcfZPosBPk3afSknTbrHklJ0Z7GXiZqREMlS7xZ+2H7JYQoBMUK1brhNhJ6EKOROQFtqxhoiyIe1Dy9CAStCdZHY4tc+N4tu9UJkXoD1T/24kVGo9kZ6ZlBQHetGbiqu8Voy9207CgyhGCNj8UC8WNob2tA3b5woYiokhlClustpsQBVlaDpbmfnSH/FIZ/HH8/wF05a72M0yqV+VXafsPl6XKndZb3lySs7IBXHJDamQB1IlNcJISp7JK3mzXqx368P6mo/mrGznmPyD9f0LVm6o3g==</latexit><latexit sha1_base64="lifvEciJI/g2FVPh9m4wzkD2S5M=">AAACKXicbVDLSsNAFJ3UV62vqgsXboJFcCElEUGXRTcuK9gHtKVMJrft0JkkzNyUlpCvcal+jDt162e4cdpmoW0PDBzOuXfu4XiR4Bod59PKra1vbG7ltws7u3v7B8XDo7oOY8WgxkIRqqZHNQgeQA05CmhGCqj0BDS84f3Ub4xAaR4GTziJoCNpP+A9zigaqVs8aSOMcfZPosBPk3afSknTbrHklJ0Z7GXiZqREMlS7xZ+2H7JYQoBMUK1brhNhJ6EKOROQFtqxhoiyIe1Dy9CAStCdZHY4tc+N4tu9UJkXoD1T/24kVGo9kZ6ZlBQHetGbiqu8Voy9207CgyhGCNj8UC8WNob2tA3b5woYiokhlClustpsQBVlaDpbmfnSH/FIZ/HH8/wF05a72M0yqV+VXafsPl6XKndZb3lySs7IBXHJDamQB1IlNcJISp7JK3mzXqx368P6mo/mrGznmPyD9f0LVm6o3g==</latexit>
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<latexit sha1_base64="28SW83vVWG+uD1cadK3hDL8vaUw="></latexit><latexit sha1_base64="28SW83vVWG+uD1cadK3hDL8vaUw="></latexit><latexit sha1_base64="28SW83vVWG+uD1cadK3hDL8vaUw="></latexit><latexit sha1_base64="28SW83vVWG+uD1cadK3hDL8vaUw="></latexit>

�d
<latexit sha1_base64="R6hqzviitfjmC9EyoXngEOTElPE=">AAACLHicbVDLSsNAFJ34rPVVdaebYBFcSElE0GXRjcsK9gFtKZPJbTt0JgkzN6UlFPwal+rHuBFx60+4cZpmoW0PDBzOuXfu4XiR4Bod58NaWV1b39jMbeW3d3b39gsHhzUdxopBlYUiVA2PahA8gCpyFNCIFFDpCah7g7upXx+C0jwMHnEcQVvSXsC7nFE0Uqdw3EIYYfpP4okYJkmrR6WkHX/SKRSdkpPCXiRuRookQ6VT+Gn5IYslBMgE1brpOhG2E6qQMwGTfCvWEFE2oD1oGhpQCbqdpLcn9plRfLsbKvMCtFP170ZCpdZj6ZlJSbGv572puMxrxti9aSc8iGKEgM0OdWNhY2hPC7F9roChGBtCmeImq836VFGGpralmS/8IY90Fn80y583bbnz3SyS2mXJdUruw1WxfJv1liMn5JScE5dckzK5JxVSJYw8kWfySt6sF+vd+rS+ZqMrVrZzRP7B+v4F4lqqLA==</latexit><latexit sha1_base64="R6hqzviitfjmC9EyoXngEOTElPE=">AAACLHicbVDLSsNAFJ34rPVVdaebYBFcSElE0GXRjcsK9gFtKZPJbTt0JgkzN6UlFPwal+rHuBFx60+4cZpmoW0PDBzOuXfu4XiR4Bod58NaWV1b39jMbeW3d3b39gsHhzUdxopBlYUiVA2PahA8gCpyFNCIFFDpCah7g7upXx+C0jwMHnEcQVvSXsC7nFE0Uqdw3EIYYfpP4okYJkmrR6WkHX/SKRSdkpPCXiRuRookQ6VT+Gn5IYslBMgE1brpOhG2E6qQMwGTfCvWEFE2oD1oGhpQCbqdpLcn9plRfLsbKvMCtFP170ZCpdZj6ZlJSbGv572puMxrxti9aSc8iGKEgM0OdWNhY2hPC7F9roChGBtCmeImq836VFGGpralmS/8IY90Fn80y583bbnz3SyS2mXJdUruw1WxfJv1liMn5JScE5dckzK5JxVSJYw8kWfySt6sF+vd+rS+ZqMrVrZzRP7B+v4F4lqqLA==</latexit><latexit sha1_base64="R6hqzviitfjmC9EyoXngEOTElPE=">AAACLHicbVDLSsNAFJ34rPVVdaebYBFcSElE0GXRjcsK9gFtKZPJbTt0JgkzN6UlFPwal+rHuBFx60+4cZpmoW0PDBzOuXfu4XiR4Bod58NaWV1b39jMbeW3d3b39gsHhzUdxopBlYUiVA2PahA8gCpyFNCIFFDpCah7g7upXx+C0jwMHnEcQVvSXsC7nFE0Uqdw3EIYYfpP4okYJkmrR6WkHX/SKRSdkpPCXiRuRookQ6VT+Gn5IYslBMgE1brpOhG2E6qQMwGTfCvWEFE2oD1oGhpQCbqdpLcn9plRfLsbKvMCtFP170ZCpdZj6ZlJSbGv572puMxrxti9aSc8iGKEgM0OdWNhY2hPC7F9roChGBtCmeImq836VFGGpralmS/8IY90Fn80y583bbnz3SyS2mXJdUruw1WxfJv1liMn5JScE5dckzK5JxVSJYw8kWfySt6sF+vd+rS+ZqMrVrZzRP7B+v4F4lqqLA==</latexit><latexit sha1_base64="R6hqzviitfjmC9EyoXngEOTElPE=">AAACLHicbVDLSsNAFJ34rPVVdaebYBFcSElE0GXRjcsK9gFtKZPJbTt0JgkzN6UlFPwal+rHuBFx60+4cZpmoW0PDBzOuXfu4XiR4Bod58NaWV1b39jMbeW3d3b39gsHhzUdxopBlYUiVA2PahA8gCpyFNCIFFDpCah7g7upXx+C0jwMHnEcQVvSXsC7nFE0Uqdw3EIYYfpP4okYJkmrR6WkHX/SKRSdkpPCXiRuRookQ6VT+Gn5IYslBMgE1brpOhG2E6qQMwGTfCvWEFE2oD1oGhpQCbqdpLcn9plRfLsbKvMCtFP170ZCpdZj6ZlJSbGv572puMxrxti9aSc8iGKEgM0OdWNhY2hPC7F9roChGBtCmeImq836VFGGpralmS/8IY90Fn80y583bbnz3SyS2mXJdUruw1WxfJv1liMn5JScE5dckzK5JxVSJYw8kWfySt6sF+vd+rS+ZqMrVrZzRP7B+v4F4lqqLA==</latexit>

�
<latexit sha1_base64="lifvEciJI/g2FVPh9m4wzkD2S5M=">AAACKXicbVDLSsNAFJ3UV62vqgsXboJFcCElEUGXRTcuK9gHtKVMJrft0JkkzNyUlpCvcal+jDt162e4cdpmoW0PDBzOuXfu4XiR4Bod59PKra1vbG7ltws7u3v7B8XDo7oOY8WgxkIRqqZHNQgeQA05CmhGCqj0BDS84f3Ub4xAaR4GTziJoCNpP+A9zigaqVs8aSOMcfZPosBPk3afSknTbrHklJ0Z7GXiZqREMlS7xZ+2H7JYQoBMUK1brhNhJ6EKOROQFtqxhoiyIe1Dy9CAStCdZHY4tc+N4tu9UJkXoD1T/24kVGo9kZ6ZlBQHetGbiqu8Voy9207CgyhGCNj8UC8WNob2tA3b5woYiokhlClustpsQBVlaDpbmfnSH/FIZ/HH8/wF05a72M0yqV+VXafsPl6XKndZb3lySs7IBXHJDamQB1IlNcJISp7JK3mzXqx368P6mo/mrGznmPyD9f0LVm6o3g==</latexit><latexit sha1_base64="lifvEciJI/g2FVPh9m4wzkD2S5M=">AAACKXicbVDLSsNAFJ3UV62vqgsXboJFcCElEUGXRTcuK9gHtKVMJrft0JkkzNyUlpCvcal+jDt162e4cdpmoW0PDBzOuXfu4XiR4Bod59PKra1vbG7ltws7u3v7B8XDo7oOY8WgxkIRqqZHNQgeQA05CmhGCqj0BDS84f3Ub4xAaR4GTziJoCNpP+A9zigaqVs8aSOMcfZPosBPk3afSknTbrHklJ0Z7GXiZqREMlS7xZ+2H7JYQoBMUK1brhNhJ6EKOROQFtqxhoiyIe1Dy9CAStCdZHY4tc+N4tu9UJkXoD1T/24kVGo9kZ6ZlBQHetGbiqu8Voy9207CgyhGCNj8UC8WNob2tA3b5woYiokhlClustpsQBVlaDpbmfnSH/FIZ/HH8/wF05a72M0yqV+VXafsPl6XKndZb3lySs7IBXHJDamQB1IlNcJISp7JK3mzXqx368P6mo/mrGznmPyD9f0LVm6o3g==</latexit><latexit sha1_base64="lifvEciJI/g2FVPh9m4wzkD2S5M=">AAACKXicbVDLSsNAFJ3UV62vqgsXboJFcCElEUGXRTcuK9gHtKVMJrft0JkkzNyUlpCvcal+jDt162e4cdpmoW0PDBzOuXfu4XiR4Bod59PKra1vbG7ltws7u3v7B8XDo7oOY8WgxkIRqqZHNQgeQA05CmhGCqj0BDS84f3Ub4xAaR4GTziJoCNpP+A9zigaqVs8aSOMcfZPosBPk3afSknTbrHklJ0Z7GXiZqREMlS7xZ+2H7JYQoBMUK1brhNhJ6EKOROQFtqxhoiyIe1Dy9CAStCdZHY4tc+N4tu9UJkXoD1T/24kVGo9kZ6ZlBQHetGbiqu8Voy9207CgyhGCNj8UC8WNob2tA3b5woYiokhlClustpsQBVlaDpbmfnSH/FIZ/HH8/wF05a72M0yqV+VXafsPl6XKndZb3lySs7IBXHJDamQB1IlNcJISp7JK3mzXqx368P6mo/mrGznmPyD9f0LVm6o3g==</latexit><latexit sha1_base64="lifvEciJI/g2FVPh9m4wzkD2S5M=">AAACKXicbVDLSsNAFJ3UV62vqgsXboJFcCElEUGXRTcuK9gHtKVMJrft0JkkzNyUlpCvcal+jDt162e4cdpmoW0PDBzOuXfu4XiR4Bod59PKra1vbG7ltws7u3v7B8XDo7oOY8WgxkIRqqZHNQgeQA05CmhGCqj0BDS84f3Ub4xAaR4GTziJoCNpP+A9zigaqVs8aSOMcfZPosBPk3afSknTbrHklJ0Z7GXiZqREMlS7xZ+2H7JYQoBMUK1brhNhJ6EKOROQFtqxhoiyIe1Dy9CAStCdZHY4tc+N4tu9UJkXoD1T/24kVGo9kZ6ZlBQHetGbiqu8Voy9207CgyhGCNj8UC8WNob2tA3b5woYiokhlClustpsQBVlaDpbmfnSH/FIZ/HH8/wF05a72M0yqV+VXafsPl6XKndZb3lySs7IBXHJDamQB1IlNcJISp7JK3mzXqx368P6mo/mrGznmPyD9f0LVm6o3g==</latexit>

✏
<latexit sha1_base64="dzYtA+HwjFBDQA/yPz3EXtgSuuk=">AAACLHicbVDLSsNAFJ34rPVVdaebYBFcSElE0GXRjcsK9gFtKJPJbTt0MgkzN6UlFPwal+rHuBFx60+4cdpmoW0PDBzOuXfu4fix4Bod58NaWV1b39jMbeW3d3b39gsHhzUdJYpBlUUiUg2fahBcQhU5CmjECmjoC6j7/buJXx+A0jySjziKwQtpV/IOZxSN1C4ctxCGOP0nrYgkHKctiDUXkRy3C0Wn5ExhLxI3I0WSodIu/LSCiCUhSGSCat10nRi9lCrkTMA430o0xJT1aReahkoagvbS6e2xfWaUwO5EyjyJ9lT9u5HSUOtR6JvJkGJPz3sTcZnXTLBz46VcxgmCZLNDnUTYGNmTQuyAK2AoRoZQprjJarMeVZShqW1p5otgwGOdxR/O8udNW+58N4ukdllynZL7cFUs32a95cgJOSXnxCXXpEzuSYVUCSNP5Jm8kjfrxXq3Pq2v2eiKle0ckX+wvn8BKMyqVg==</latexit><latexit sha1_base64="dzYtA+HwjFBDQA/yPz3EXtgSuuk=">AAACLHicbVDLSsNAFJ34rPVVdaebYBFcSElE0GXRjcsK9gFtKJPJbTt0MgkzN6UlFPwal+rHuBFx60+4cdpmoW0PDBzOuXfu4fix4Bod58NaWV1b39jMbeW3d3b39gsHhzUdJYpBlUUiUg2fahBcQhU5CmjECmjoC6j7/buJXx+A0jySjziKwQtpV/IOZxSN1C4ctxCGOP0nrYgkHKctiDUXkRy3C0Wn5ExhLxI3I0WSodIu/LSCiCUhSGSCat10nRi9lCrkTMA430o0xJT1aReahkoagvbS6e2xfWaUwO5EyjyJ9lT9u5HSUOtR6JvJkGJPz3sTcZnXTLBz46VcxgmCZLNDnUTYGNmTQuyAK2AoRoZQprjJarMeVZShqW1p5otgwGOdxR/O8udNW+58N4ukdllynZL7cFUs32a95cgJOSXnxCXXpEzuSYVUCSNP5Jm8kjfrxXq3Pq2v2eiKle0ckX+wvn8BKMyqVg==</latexit><latexit sha1_base64="dzYtA+HwjFBDQA/yPz3EXtgSuuk=">AAACLHicbVDLSsNAFJ34rPVVdaebYBFcSElE0GXRjcsK9gFtKJPJbTt0MgkzN6UlFPwal+rHuBFx60+4cdpmoW0PDBzOuXfu4fix4Bod58NaWV1b39jMbeW3d3b39gsHhzUdJYpBlUUiUg2fahBcQhU5CmjECmjoC6j7/buJXx+A0jySjziKwQtpV/IOZxSN1C4ctxCGOP0nrYgkHKctiDUXkRy3C0Wn5ExhLxI3I0WSodIu/LSCiCUhSGSCat10nRi9lCrkTMA430o0xJT1aReahkoagvbS6e2xfWaUwO5EyjyJ9lT9u5HSUOtR6JvJkGJPz3sTcZnXTLBz46VcxgmCZLNDnUTYGNmTQuyAK2AoRoZQprjJarMeVZShqW1p5otgwGOdxR/O8udNW+58N4ukdllynZL7cFUs32a95cgJOSXnxCXXpEzuSYVUCSNP5Jm8kjfrxXq3Pq2v2eiKle0ckX+wvn8BKMyqVg==</latexit><latexit sha1_base64="dzYtA+HwjFBDQA/yPz3EXtgSuuk=">AAACLHicbVDLSsNAFJ34rPVVdaebYBFcSElE0GXRjcsK9gFtKJPJbTt0MgkzN6UlFPwal+rHuBFx60+4cdpmoW0PDBzOuXfu4fix4Bod58NaWV1b39jMbeW3d3b39gsHhzUdJYpBlUUiUg2fahBcQhU5CmjECmjoC6j7/buJXx+A0jySjziKwQtpV/IOZxSN1C4ctxCGOP0nrYgkHKctiDUXkRy3C0Wn5ExhLxI3I0WSodIu/LSCiCUhSGSCat10nRi9lCrkTMA430o0xJT1aReahkoagvbS6e2xfWaUwO5EyjyJ9lT9u5HSUOtR6JvJkGJPz3sTcZnXTLBz46VcxgmCZLNDnUTYGNmTQuyAK2AoRoZQprjJarMeVZShqW1p5otgwGOdxR/O8udNW+58N4ukdllynZL7cFUs32a95cgJOSXnxCXXpEzuSYVUCSNP5Jm8kjfrxXq3Pq2v2eiKle0ckX+wvn8BKMyqVg==</latexit>



(✏,m�d)
<latexit sha1_base64="uUirJUZ7484gegrrXjIG2MeuU/Y=">AAACKnicbVDLSgMxFM34rPU16kZwEyxChVJmRNBl0Y3LCvYBnWHIZNI2NMkMSaZYhvo1LtWPcVfc+hduTNtZaNsDgcM593JPTpgwqrTjTKy19Y3Nre3CTnF3b//g0D46bqo4lZg0cMxi2Q6RIowK0tBUM9JOJEE8ZKQVDu6nfmtIpKKxeNKjhPgc9QTtUoy0kQL7tOyRRFEWiwrkQeb1EOcoiMaXgV1yqs4McJm4OSmBHPXA/vGiGKecCI0ZUqrjOon2MyQ1xYyMi16qSILwAPVIx1CBOFF+NvvBGF4YJYLdWJonNJypfzcyxJUa8dBMcqT7atGbiqu8Tqq7t35GRZJqIvD8UDdlUMdwWgeMqCRYs5EhCEtqskLcRxJhbUpbmbkSDWmi8vjP8/xF05a72M0yaV5VXafqPl6Xand5bwVwBs5BGbjgBtTAA6iDBsDgBbyCd/BhvVmf1sT6mo+uWfnOCfgH6/sX4Nun9w==</latexit><latexit sha1_base64="uUirJUZ7484gegrrXjIG2MeuU/Y=">AAACKnicbVDLSgMxFM34rPU16kZwEyxChVJmRNBl0Y3LCvYBnWHIZNI2NMkMSaZYhvo1LtWPcVfc+hduTNtZaNsDgcM593JPTpgwqrTjTKy19Y3Nre3CTnF3b//g0D46bqo4lZg0cMxi2Q6RIowK0tBUM9JOJEE8ZKQVDu6nfmtIpKKxeNKjhPgc9QTtUoy0kQL7tOyRRFEWiwrkQeb1EOcoiMaXgV1yqs4McJm4OSmBHPXA/vGiGKecCI0ZUqrjOon2MyQ1xYyMi16qSILwAPVIx1CBOFF+NvvBGF4YJYLdWJonNJypfzcyxJUa8dBMcqT7atGbiqu8Tqq7t35GRZJqIvD8UDdlUMdwWgeMqCRYs5EhCEtqskLcRxJhbUpbmbkSDWmi8vjP8/xF05a72M0yaV5VXafqPl6Xand5bwVwBs5BGbjgBtTAA6iDBsDgBbyCd/BhvVmf1sT6mo+uWfnOCfgH6/sX4Nun9w==</latexit><latexit sha1_base64="uUirJUZ7484gegrrXjIG2MeuU/Y=">AAACKnicbVDLSgMxFM34rPU16kZwEyxChVJmRNBl0Y3LCvYBnWHIZNI2NMkMSaZYhvo1LtWPcVfc+hduTNtZaNsDgcM593JPTpgwqrTjTKy19Y3Nre3CTnF3b//g0D46bqo4lZg0cMxi2Q6RIowK0tBUM9JOJEE8ZKQVDu6nfmtIpKKxeNKjhPgc9QTtUoy0kQL7tOyRRFEWiwrkQeb1EOcoiMaXgV1yqs4McJm4OSmBHPXA/vGiGKecCI0ZUqrjOon2MyQ1xYyMi16qSILwAPVIx1CBOFF+NvvBGF4YJYLdWJonNJypfzcyxJUa8dBMcqT7atGbiqu8Tqq7t35GRZJqIvD8UDdlUMdwWgeMqCRYs5EhCEtqskLcRxJhbUpbmbkSDWmi8vjP8/xF05a72M0yaV5VXafqPl6Xand5bwVwBs5BGbjgBtTAA6iDBsDgBbyCd/BhvVmf1sT6mo+uWfnOCfgH6/sX4Nun9w==</latexit><latexit sha1_base64="uUirJUZ7484gegrrXjIG2MeuU/Y=">AAACKnicbVDLSgMxFM34rPU16kZwEyxChVJmRNBl0Y3LCvYBnWHIZNI2NMkMSaZYhvo1LtWPcVfc+hduTNtZaNsDgcM593JPTpgwqrTjTKy19Y3Nre3CTnF3b//g0D46bqo4lZg0cMxi2Q6RIowK0tBUM9JOJEE8ZKQVDu6nfmtIpKKxeNKjhPgc9QTtUoy0kQL7tOyRRFEWiwrkQeb1EOcoiMaXgV1yqs4McJm4OSmBHPXA/vGiGKecCI0ZUqrjOon2MyQ1xYyMi16qSILwAPVIx1CBOFF+NvvBGF4YJYLdWJonNJypfzcyxJUa8dBMcqT7atGbiqu8Tqq7t35GRZJqIvD8UDdlUMdwWgeMqCRYs5EhCEtqskLcRxJhbUpbmbkSDWmi8vjP8/xF05a72M0yaV5VXafqPl6Xand5bwVwBs5BGbjgBtTAA6iDBsDgBbyCd/BhvVmf1sT6mo+uWfnOCfgH6/sX4Nun9w==</latexit>
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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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<latexit sha1_base64="HmCjAr6xzzIJsdckQ3FkDlJ8O3c=">AAACEXicbVDLSsNAFL2pr1pfVZdugkVwISURQZdFNy5bsA9oQ5lMbtuhk0mYmRRr6Be4VD/Gnbj1C/wWN07bLLTtgYHDOfdyzxw/5kxpx/m2cmvrG5tb+e3Czu7e/kHx8KihokRSrNOIR7LlE4WcCaxrpjm2Yokk9Dk2/eHd1G+OUCoWiQc9jtELSV+wHqNEG6n21C2WnLIzg71M3IyUIEO1W/zpBBFNQhSacqJU23Vi7aVEakY5TgqdRGFM6JD0sW2oICEqL50FndhnRgnsXiTNE9qeqX83UhIqNQ59MxkSPVCL3lRc5bUT3bvxUibiRKOg80O9hNs6sqe/tgMmkWo+NoRQyUxWmw6IJFSbblZmvghGLFZZ/Md5/oJpy13sZpk0LsuuU3ZrV6XKbdZbHk7gFM7BhWuowD1UoQ4UEJ7hFd6sF+vd+rA+56M5K9s5hn+wvn4Bn/megQ==</latexit><latexit sha1_base64="HmCjAr6xzzIJsdckQ3FkDlJ8O3c=">AAACEXicbVDLSsNAFL2pr1pfVZdugkVwISURQZdFNy5bsA9oQ5lMbtuhk0mYmRRr6Be4VD/Gnbj1C/wWN07bLLTtgYHDOfdyzxw/5kxpx/m2cmvrG5tb+e3Czu7e/kHx8KihokRSrNOIR7LlE4WcCaxrpjm2Yokk9Dk2/eHd1G+OUCoWiQc9jtELSV+wHqNEG6n21C2WnLIzg71M3IyUIEO1W/zpBBFNQhSacqJU23Vi7aVEakY5TgqdRGFM6JD0sW2oICEqL50FndhnRgnsXiTNE9qeqX83UhIqNQ59MxkSPVCL3lRc5bUT3bvxUibiRKOg80O9hNs6sqe/tgMmkWo+NoRQyUxWmw6IJFSbblZmvghGLFZZ/Md5/oJpy13sZpk0LsuuU3ZrV6XKbdZbHk7gFM7BhWuowD1UoQ4UEJ7hFd6sF+vd+rA+56M5K9s5hn+wvn4Bn/megQ==</latexit><latexit sha1_base64="HmCjAr6xzzIJsdckQ3FkDlJ8O3c=">AAACEXicbVDLSsNAFL2pr1pfVZdugkVwISURQZdFNy5bsA9oQ5lMbtuhk0mYmRRr6Be4VD/Gnbj1C/wWN07bLLTtgYHDOfdyzxw/5kxpx/m2cmvrG5tb+e3Czu7e/kHx8KihokRSrNOIR7LlE4WcCaxrpjm2Yokk9Dk2/eHd1G+OUCoWiQc9jtELSV+wHqNEG6n21C2WnLIzg71M3IyUIEO1W/zpBBFNQhSacqJU23Vi7aVEakY5TgqdRGFM6JD0sW2oICEqL50FndhnRgnsXiTNE9qeqX83UhIqNQ59MxkSPVCL3lRc5bUT3bvxUibiRKOg80O9hNs6sqe/tgMmkWo+NoRQyUxWmw6IJFSbblZmvghGLFZZ/Md5/oJpy13sZpk0LsuuU3ZrV6XKbdZbHk7gFM7BhWuowD1UoQ4UEJ7hFd6sF+vd+rA+56M5K9s5hn+wvn4Bn/megQ==</latexit><latexit sha1_base64="HmCjAr6xzzIJsdckQ3FkDlJ8O3c=">AAACEXicbVDLSsNAFL2pr1pfVZdugkVwISURQZdFNy5bsA9oQ5lMbtuhk0mYmRRr6Be4VD/Gnbj1C/wWN07bLLTtgYHDOfdyzxw/5kxpx/m2cmvrG5tb+e3Czu7e/kHx8KihokRSrNOIR7LlE4WcCaxrpjm2Yokk9Dk2/eHd1G+OUCoWiQc9jtELSV+wHqNEG6n21C2WnLIzg71M3IyUIEO1W/zpBBFNQhSacqJU23Vi7aVEakY5TgqdRGFM6JD0sW2oICEqL50FndhnRgnsXiTNE9qeqX83UhIqNQ59MxkSPVCL3lRc5bUT3bvxUibiRKOg80O9hNs6sqe/tgMmkWo+NoRQyUxWmw6IJFSbblZmvghGLFZZ/Md5/oJpy13sZpk0LsuuU3ZrV6XKbdZbHk7gFM7BhWuowD1UoQ4UEJ7hFd6sF+vd+rA+56M5K9s5hn+wvn4Bn/megQ==</latexit>
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resonance

�d ! �
<latexit sha1_base64="Uus5tI9VlIe06NS13/ZPaBS5t8o="></latexit><latexit sha1_base64="Uus5tI9VlIe06NS13/ZPaBS5t8o="></latexit><latexit sha1_base64="Uus5tI9VlIe06NS13/ZPaBS5t8o="></latexit><latexit sha1_base64="Uus5tI9VlIe06NS13/ZPaBS5t8o="></latexit>

need: nonthermal population of        during the dark ages �d
<latexit sha1_base64="52wm6nTm2erJG6aKCmFbMFyFRr0=">AAACLXicbVBNS8NAFNz4bf2qeuxlsQgepCQi6FH04rGCbYU2hM3mtV26m4TdF7GEHvw1HtUf40EQr/4IL27bHNR2YGGYeW/fMGEqhUHXfXcWFpeWV1bX1ksbm1vbO+XdvaZJMs2hwROZ6LuQGZAihgYKlHCXamAqlNAKB1djv3UP2ogkvsVhCr5ivVh0BWdopaBc6SA84OSfPJQZjPJOjynFgmhEg3LVrbkT0FniFaRKCtSD8ncnSnimIEYumTFtz03Rz5lGwSWMSp3MQMr4gPWgbWnMFBg/nxwf0UOrRLSbaPtipBP190bOlDFDFdpJxbBv/ntjcZ7XzrB77uciTjOEmE8PdTNJMaHjRmgkNHCUQ0sY18JmpbzPNONoe5ub+Ti6F6kp4j9M85dsW97/bmZJ86TmuTXv5rR6cVn0tkYq5IAcEY+ckQtyTeqkQTh5JE/khbw6z86b8+F8TkcXnGJnn/yB8/UDSGGqVg==</latexit><latexit sha1_base64="52wm6nTm2erJG6aKCmFbMFyFRr0=">AAACLXicbVBNS8NAFNz4bf2qeuxlsQgepCQi6FH04rGCbYU2hM3mtV26m4TdF7GEHvw1HtUf40EQr/4IL27bHNR2YGGYeW/fMGEqhUHXfXcWFpeWV1bX1ksbm1vbO+XdvaZJMs2hwROZ6LuQGZAihgYKlHCXamAqlNAKB1djv3UP2ogkvsVhCr5ivVh0BWdopaBc6SA84OSfPJQZjPJOjynFgmhEg3LVrbkT0FniFaRKCtSD8ncnSnimIEYumTFtz03Rz5lGwSWMSp3MQMr4gPWgbWnMFBg/nxwf0UOrRLSbaPtipBP190bOlDFDFdpJxbBv/ntjcZ7XzrB77uciTjOEmE8PdTNJMaHjRmgkNHCUQ0sY18JmpbzPNONoe5ub+Ti6F6kp4j9M85dsW97/bmZJ86TmuTXv5rR6cVn0tkYq5IAcEY+ckQtyTeqkQTh5JE/khbw6z86b8+F8TkcXnGJnn/yB8/UDSGGqVg==</latexit><latexit sha1_base64="52wm6nTm2erJG6aKCmFbMFyFRr0=">AAACLXicbVBNS8NAFNz4bf2qeuxlsQgepCQi6FH04rGCbYU2hM3mtV26m4TdF7GEHvw1HtUf40EQr/4IL27bHNR2YGGYeW/fMGEqhUHXfXcWFpeWV1bX1ksbm1vbO+XdvaZJMs2hwROZ6LuQGZAihgYKlHCXamAqlNAKB1djv3UP2ogkvsVhCr5ivVh0BWdopaBc6SA84OSfPJQZjPJOjynFgmhEg3LVrbkT0FniFaRKCtSD8ncnSnimIEYumTFtz03Rz5lGwSWMSp3MQMr4gPWgbWnMFBg/nxwf0UOrRLSbaPtipBP190bOlDFDFdpJxbBv/ntjcZ7XzrB77uciTjOEmE8PdTNJMaHjRmgkNHCUQ0sY18JmpbzPNONoe5ub+Ti6F6kp4j9M85dsW97/bmZJ86TmuTXv5rR6cVn0tkYq5IAcEY+ckQtyTeqkQTh5JE/khbw6z86b8+F8TkcXnGJnn/yB8/UDSGGqVg==</latexit><latexit sha1_base64="52wm6nTm2erJG6aKCmFbMFyFRr0=">AAACLXicbVBNS8NAFNz4bf2qeuxlsQgepCQi6FH04rGCbYU2hM3mtV26m4TdF7GEHvw1HtUf40EQr/4IL27bHNR2YGGYeW/fMGEqhUHXfXcWFpeWV1bX1ksbm1vbO+XdvaZJMs2hwROZ6LuQGZAihgYKlHCXamAqlNAKB1djv3UP2ogkvsVhCr5ivVh0BWdopaBc6SA84OSfPJQZjPJOjynFgmhEg3LVrbkT0FniFaRKCtSD8ncnSnimIEYumTFtz03Rz5lGwSWMSp3MQMr4gPWgbWnMFBg/nxwf0UOrRLSbaPtipBP190bOlDFDFdpJxbBv/ntjcZ7XzrB77uciTjOEmE8PdTNJMaHjRmgkNHCUQ0sY18JmpbzPNONoe5ub+Ti6F6kp4j9M85dsW97/bmZJ86TmuTXv5rR6cVn0tkYq5IAcEY+ckQtyTeqkQTh5JE/khbw6z86b8+F8TkcXnGJnn/yB8/UDSGGqVg==</latexit>

m�d ⇡ m�(z)
<latexit sha1_base64="HSDOdERwdZ455ksmltCEbzui3Y8="></latexit><latexit sha1_base64="HSDOdERwdZ455ksmltCEbzui3Y8="></latexit><latexit sha1_base64="HSDOdERwdZ455ksmltCEbzui3Y8="></latexit><latexit sha1_base64="HSDOdERwdZ455ksmltCEbzui3Y8="></latexit>



III.       from Decaying Dark Matter�d
<latexit sha1_base64="R6hqzviitfjmC9EyoXngEOTElPE=">AAACLHicbVDLSsNAFJ34rPVVdaebYBFcSElE0GXRjcsK9gFtKZPJbTt0JgkzN6UlFPwal+rHuBFx60+4cZpmoW0PDBzOuXfu4XiR4Bod58NaWV1b39jMbeW3d3b39gsHhzUdxopBlYUiVA2PahA8gCpyFNCIFFDpCah7g7upXx+C0jwMHnEcQVvSXsC7nFE0Uqdw3EIYYfpP4okYJkmrR6WkHX/SKRSdkpPCXiRuRookQ6VT+Gn5IYslBMgE1brpOhG2E6qQMwGTfCvWE FE2oD1oGhpQCbqdpLcn9plRfLsbKvMCtFP170ZCpdZj6ZlJSbGv572puMxrxti9aSc8iGKEgM0OdWNhY2hPC7F9roChGBtCmeImq836VFGGpralmS/8IY90Fn80y583bbnz3SyS2mXJdUruw1WxfJv1liMn5JScE5dckzK5JxVSJYw8kWfySt6sF+vd+rS+ZqMrVrZzRP7B+v4F4lqqLA==</latexit><latexit sha1_base64="R6hqzviitfjmC9EyoXngEOTElPE=">AAACLHicbVDLSsNAFJ34rPVVdaebYBFcSElE0GXRjcsK9gFtKZPJbTt0JgkzN6UlFPwal+rHuBFx60+4cZpmoW0PDBzOuXfu4XiR4Bod58NaWV1b39jMbeW3d3b39gsHhzUdxopBlYUiVA2PahA8gCpyFNCIFFDpCah7g7upXx+C0jwMHnEcQVvSXsC7nFE0Uqdw3EIYYfpP4okYJkmrR6WkHX/SKRSdkpPCXiRuRookQ6VT+Gn5IYslBMgE1brpOhG2E6qQMwGTfCvWE FE2oD1oGhpQCbqdpLcn9plRfLsbKvMCtFP170ZCpdZj6ZlJSbGv572puMxrxti9aSc8iGKEgM0OdWNhY2hPC7F9roChGBtCmeImq836VFGGpralmS/8IY90Fn80y583bbnz3SyS2mXJdUruw1WxfJv1liMn5JScE5dckzK5JxVSJYw8kWfySt6sF+vd+rS+ZqMrVrZzRP7B+v4F4lqqLA==</latexit><latexit sha1_base64="R6hqzviitfjmC9EyoXngEOTElPE=">AAACLHicbVDLSsNAFJ34rPVVdaebYBFcSElE0GXRjcsK9gFtKZPJbTt0JgkzN6UlFPwal+rHuBFx60+4cZpmoW0PDBzOuXfu4XiR4Bod58NaWV1b39jMbeW3d3b39gsHhzUdxopBlYUiVA2PahA8gCpyFNCIFFDpCah7g7upXx+C0jwMHnEcQVvSXsC7nFE0Uqdw3EIYYfpP4okYJkmrR6WkHX/SKRSdkpPCXiRuRookQ6VT+Gn5IYslBMgE1brpOhG2E6qQMwGTfCvWE FE2oD1oGhpQCbqdpLcn9plRfLsbKvMCtFP170ZCpdZj6ZlJSbGv572puMxrxti9aSc8iGKEgM0OdWNhY2hPC7F9roChGBtCmeImq836VFGGpralmS/8IY90Fn80y583bbnz3SyS2mXJdUruw1WxfJv1liMn5JScE5dckzK5JxVSJYw8kWfySt6sF+vd+rS+ZqMrVrZzRP7B+v4F4lqqLA==</latexit><latexit sha1_base64="R6hqzviitfjmC9EyoXngEOTElPE=">AAACLHicbVDLSsNAFJ34rPVVdaebYBFcSElE0GXRjcsK9gFtKZPJbTt0JgkzN6UlFPwal+rHuBFx60+4cZpmoW0PDBzOuXfu4XiR4Bod58NaWV1b39jMbeW3d3b39gsHhzUdxopBlYUiVA2PahA8gCpyFNCIFFDpCah7g7upXx+C0jwMHnEcQVvSXsC7nFE0Uqdw3EIYYfpP4okYJkmrR6WkHX/SKRSdkpPCXiRuRookQ6VT+Gn5IYslBMgE1brpOhG2E6qQMwGTfCvWE FE2oD1oGhpQCbqdpLcn9plRfLsbKvMCtFP170ZCpdZj6ZlJSbGv572puMxrxti9aSc8iGKEgM0OdWNhY2hPC7F9roChGBtCmeImq836VFGGpralmS/8IY90Fn80y583bbnz3SyS2mXJdUruw1WxfJv1liMn5JScE5dckzK5JxVSJYw8kWfySt6sF+vd+rS+ZqMrVrZzRP7B+v4F4lqqLA==</latexit>

�d
<latexit sha1_base64="R6hqzviitfjmC9EyoXngEOTElPE=">AAACLHicbVDLSsNAFJ34rPVVdaebYBFcSElE0GXRjcsK9gFtKZPJbTt0JgkzN6UlFPwal+rHuBFx60+4cZpmoW0PDBzOuXfu4XiR4Bod58NaWV1b39jMbeW3d3b39gsHhzUdxopBlYUiVA2PahA8gCpyFNCIFFDpCah7g7upXx+C0jwMHnEcQVvSXsC7nFE0Uqdw3EIYYfpP4okYJkmrR6WkHX/SKRSdkpPCXiRuRookQ6VT+Gn5IYslBMgE1brpOhG2E6qQMwGTfCvWEFE2oD1oGhpQCbqdpLcn9plRfLsbKvMCtFP170ZCpdZj6ZlJSbGv572puMxrxti9aSc8iGKEgM0OdWNhY2hPC7F9roChGBtCmeImq836VFGGpralmS/8IY90Fn80y583bbnz3SyS2mXJdUruw1WxfJv1liMn5JScE5dckzK5JxVSJYw8kWfySt6sF+vd+rS+ZqMrVrZzRP7B+v4F4lqqLA==</latexit><latexit sha1_base64="R6hqzviitfjmC9EyoXngEOTElPE=">AAACLHicbVDLSsNAFJ34rPVVdaebYBFcSElE0GXRjcsK9gFtKZPJbTt0JgkzN6UlFPwal+rHuBFx60+4cZpmoW0PDBzOuXfu4XiR4Bod58NaWV1b39jMbeW3d3b39gsHhzUdxopBlYUiVA2PahA8gCpyFNCIFFDpCah7g7upXx+C0jwMHnEcQVvSXsC7nFE0Uqdw3EIYYfpP4okYJkmrR6WkHX/SKRSdkpPCXiRuRookQ6VT+Gn5IYslBMgE1brpOhG2E6qQMwGTfCvWEFE2oD1oGhpQCbqdpLcn9plRfLsbKvMCtFP170ZCpdZj6ZlJSbGv572puMxrxti9aSc8iGKEgM0OdWNhY2hPC7F9roChGBtCmeImq836VFGGpralmS/8IY90Fn80y583bbnz3SyS2mXJdUruw1WxfJv1liMn5JScE5dckzK5JxVSJYw8kWfySt6sF+vd+rS+ZqMrVrZzRP7B+v4F4lqqLA==</latexit><latexit sha1_base64="R6hqzviitfjmC9EyoXngEOTElPE=">AAACLHicbVDLSsNAFJ34rPVVdaebYBFcSElE0GXRjcsK9gFtKZPJbTt0JgkzN6UlFPwal+rHuBFx60+4cZpmoW0PDBzOuXfu4XiR4Bod58NaWV1b39jMbeW3d3b39gsHhzUdxopBlYUiVA2PahA8gCpyFNCIFFDpCah7g7upXx+C0jwMHnEcQVvSXsC7nFE0Uqdw3EIYYfpP4okYJkmrR6WkHX/SKRSdkpPCXiRuRookQ6VT+Gn5IYslBMgE1brpOhG2E6qQMwGTfCvWEFE2oD1oGhpQCbqdpLcn9plRfLsbKvMCtFP170ZCpdZj6ZlJSbGv572puMxrxti9aSc8iGKEgM0OdWNhY2hPC7F9roChGBtCmeImq836VFGGpralmS/8IY90Fn80y583bbnz3SyS2mXJdUruw1WxfJv1liMn5JScE5dckzK5JxVSJYw8kWfySt6sF+vd+rS+ZqMrVrZzRP7B+v4F4lqqLA==</latexit><latexit sha1_base64="R6hqzviitfjmC9EyoXngEOTElPE=">AAACLHicbVDLSsNAFJ34rPVVdaebYBFcSElE0GXRjcsK9gFtKZPJbTt0JgkzN6UlFPwal+rHuBFx60+4cZpmoW0PDBzOuXfu4XiR4Bod58NaWV1b39jMbeW3d3b39gsHhzUdxopBlYUiVA2PahA8gCpyFNCIFFDpCah7g7upXx+C0jwMHnEcQVvSXsC7nFE0Uqdw3EIYYfpP4okYJkmrR6WkHX/SKRSdkpPCXiRuRookQ6VT+Gn5IYslBMgE1brpOhG2E6qQMwGTfCvWEFE2oD1oGhpQCbqdpLcn9plRfLsbKvMCtFP170ZCpdZj6ZlJSbGv572puMxrxti9aSc8iGKEgM0OdWNhY2hPC7F9roChGBtCmeImq836VFGGpralmS/8IY90Fn80y583bbnz3SyS2mXJdUruw1WxfJv1liMn5JScE5dckzK5JxVSJYw8kWfySt6sF+vd+rS+ZqMrVrZzRP7B+v4F4lqqLA==</latexit>
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<latexit sha1_base64="52wm6nTm2erJG6aKCmFbMFyFRr0=">AAACLXicbVBNS8NAFNz4bf2qeuxlsQgepCQi6FH04rGCbYU2hM3mtV26m4TdF7GEHvw1HtUf40EQr/4IL27bHNR2YGGYeW/fMGEqhUHXfXcWFpeWV1bX1ksbm1vbO+XdvaZJMs2hwROZ6LuQGZAihgYKlHCXamAqlNAKB1djv3UP2ogkvsVhCr5ivVh0BWdopaBc6SA84OSfPJQZjPJOjynFgmhEg3LVrbkT0FniFaRKCtSD8ncnSnimIEYumTFtz03Rz5lGwSWMSp3MQMr4gPWgbWnMFBg/nxwf0UOrRLSbaPtipBP190bOlDFDFdpJxbBv/ntjcZ7XzrB77uciTjOEmE8PdTNJMaHjRmgkNHCUQ0sY18JmpbzPNONoe5ub+Ti6F6kp4j9M85dsW97/bmZJ86TmuTXv5rR6cVn0tkYq5IAcEY+ckQtyTeqkQTh5JE/khbw6z86b8+F8TkcXnGJnn/yB8/UDSGGqVg==</latexit><latexit sha1_base64="52wm6nTm2erJG6aKCmFbMFyFRr0=">AAACLXicbVBNS8NAFNz4bf2qeuxlsQgepCQi6FH04rGCbYU2hM3mtV26m4TdF7GEHvw1HtUf40EQr/4IL27bHNR2YGGYeW/fMGEqhUHXfXcWFpeWV1bX1ksbm1vbO+XdvaZJMs2hwROZ6LuQGZAihgYKlHCXamAqlNAKB1djv3UP2ogkvsVhCr5ivVh0BWdopaBc6SA84OSfPJQZjPJOjynFgmhEg3LVrbkT0FniFaRKCtSD8ncnSnimIEYumTFtz03Rz5lGwSWMSp3MQMr4gPWgbWnMFBg/nxwf0UOrRLSbaPtipBP190bOlDFDFdpJxbBv/ntjcZ7XzrB77uciTjOEmE8PdTNJMaHjRmgkNHCUQ0sY18JmpbzPNONoe5ub+Ti6F6kp4j9M85dsW97/bmZJ86TmuTXv5rR6cVn0tkYq5IAcEY+ckQtyTeqkQTh5JE/khbw6z86b8+F8TkcXnGJnn/yB8/UDSGGqVg==</latexit><latexit sha1_base64="52wm6nTm2erJG6aKCmFbMFyFRr0=">AAACLXicbVBNS8NAFNz4bf2qeuxlsQgepCQi6FH04rGCbYU2hM3mtV26m4TdF7GEHvw1HtUf40EQr/4IL27bHNR2YGGYeW/fMGEqhUHXfXcWFpeWV1bX1ksbm1vbO+XdvaZJMs2hwROZ6LuQGZAihgYKlHCXamAqlNAKB1djv3UP2ogkvsVhCr5ivVh0BWdopaBc6SA84OSfPJQZjPJOjynFgmhEg3LVrbkT0FniFaRKCtSD8ncnSnimIEYumTFtz03Rz5lGwSWMSp3MQMr4gPWgbWnMFBg/nxwf0UOrRLSbaPtipBP190bOlDFDFdpJxbBv/ntjcZ7XzrB77uciTjOEmE8PdTNJMaHjRmgkNHCUQ0sY18JmpbzPNONoe5ub+Ti6F6kp4j9M85dsW97/bmZJ86TmuTXv5rR6cVn0tkYq5IAcEY+ckQtyTeqkQTh5JE/khbw6z86b8+F8TkcXnGJnn/yB8/UDSGGqVg==</latexit><latexit sha1_base64="52wm6nTm2erJG6aKCmFbMFyFRr0=">AAACLXicbVBNS8NAFNz4bf2qeuxlsQgepCQi6FH04rGCbYU2hM3mtV26m4TdF7GEHvw1HtUf40EQr/4IL27bHNR2YGGYeW/fMGEqhUHXfXcWFpeWV1bX1ksbm1vbO+XdvaZJMs2hwROZ6LuQGZAihgYKlHCXamAqlNAKB1djv3UP2ogkvsVhCr5ivVh0BWdopaBc6SA84OSfPJQZjPJOjynFgmhEg3LVrbkT0FniFaRKCtSD8ncnSnimIEYumTFtz03Rz5lGwSWMSp3MQMr4gPWgbWnMFBg/nxwf0UOrRLSbaPtipBP190bOlDFDFdpJxbBv/ntjcZ7XzrB77uciTjOEmE8PdTNJMaHjRmgkNHCUQ0sY18JmpbzPNONoe5ub+Ti6F6kp4j9M85dsW97/bmZJ86TmuTXv5rR6cVn0tkYq5IAcEY+ckQtyTeqkQTh5JE/khbw6z86b8+F8TkcXnGJnn/yB8/UDSGGqVg==</latexit>
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f
aFdF̃d

<latexit sha1_base64="yVzEsulFtskCpV3Kt1tVwEz4B8I="></latexit><latexit sha1_base64="yVzEsulFtskCpV3Kt1tVwEz4B8I="></latexit><latexit sha1_base64="yVzEsulFtskCpV3Kt1tVwEz4B8I="></latexit><latexit sha1_base64="yVzEsulFtskCpV3Kt1tVwEz4B8I="></latexit>

ma = 10�3 eV
<latexit sha1_base64="dQ1iYcscT4Jf+9yde8NAOtysa9Q="></latexit><latexit sha1_base64="dQ1iYcscT4Jf+9yde8NAOtysa9Q="></latexit><latexit sha1_base64="dQ1iYcscT4Jf+9yde8NAOtysa9Q="></latexit><latexit sha1_base64="dQ1iYcscT4Jf+9yde8NAOtysa9Q="></latexit>

ex)

f = 600GeV
<latexit sha1_base64="fZafvsNE0qkMjHV/dQR+7GqetxM=">AAACKHicbZBLSwMxFIUz9VXra1Rw4yZYBBelZETUjVB0ocsK9gGdoWQymTY08yDJFMvYP+NS/THupFv/hhsz7Sy07YHA4dx7ycdxY86kQmhiFFZW19Y3ipulre2d3T1z/6Apo0QQ2iARj0TbxZJyFtKGYorTdiwoDlxOW+7gLpu3hlRIFoVPahRTJ8C9kPmMYKWjrnnkwxt4iZBdgXaAVV8E6T1tjrtmGVXRVHDRWLkpg1z1rvljexFJAhoqwrGUHQvFykmxUIxwOi7ZiaQxJgPcox1tQxxQ6aRT/jE81YkH/UjoFyo4Tf9epDiQchS4ejNjlPOzLFw26yTKv3ZSFsaJoiGZfeQnHKoIZmVAjwlKFB9pg4lgmhWSPhaYKF3ZUuaKN2SxzPGfZ/wl3ZY1382iaZ5XLVS1Hi/Ktdu8tyI4BifgDFjgCtTAA6iDBiDgBbyCd/BhvBmfxpcxma0WjPzmEPyT8f0LVzamCg==</latexit><latexit sha1_base64="fZafvsNE0qkMjHV/dQR+7GqetxM=">AAACKHicbZBLSwMxFIUz9VXra1Rw4yZYBBelZETUjVB0ocsK9gGdoWQymTY08yDJFMvYP+NS/THupFv/hhsz7Sy07YHA4dx7ycdxY86kQmhiFFZW19Y3ipulre2d3T1z/6Apo0QQ2iARj0TbxZJyFtKGYorTdiwoDlxOW+7gLpu3hlRIFoVPahRTJ8C9kPmMYKWjrnnkwxt4iZBdgXaAVV8E6T1tjrtmGVXRVHDRWLkpg1z1rvljexFJAhoqwrGUHQvFykmxUIxwOi7ZiaQxJgPcox1tQxxQ6aRT/jE81YkH/UjoFyo4Tf9epDiQchS4ejNjlPOzLFw26yTKv3ZSFsaJoiGZfeQnHKoIZmVAjwlKFB9pg4lgmhWSPhaYKF3ZUuaKN2SxzPGfZ/wl3ZY1382iaZ5XLVS1Hi/Ktdu8tyI4BifgDFjgCtTAA6iDBiDgBbyCd/BhvBmfxpcxma0WjPzmEPyT8f0LVzamCg==</latexit><latexit sha1_base64="fZafvsNE0qkMjHV/dQR+7GqetxM=">AAACKHicbZBLSwMxFIUz9VXra1Rw4yZYBBelZETUjVB0ocsK9gGdoWQymTY08yDJFMvYP+NS/THupFv/hhsz7Sy07YHA4dx7ycdxY86kQmhiFFZW19Y3ipulre2d3T1z/6Apo0QQ2iARj0TbxZJyFtKGYorTdiwoDlxOW+7gLpu3hlRIFoVPahRTJ8C9kPmMYKWjrnnkwxt4iZBdgXaAVV8E6T1tjrtmGVXRVHDRWLkpg1z1rvljexFJAhoqwrGUHQvFykmxUIxwOi7ZiaQxJgPcox1tQxxQ6aRT/jE81YkH/UjoFyo4Tf9epDiQchS4ejNjlPOzLFw26yTKv3ZSFsaJoiGZfeQnHKoIZmVAjwlKFB9pg4lgmhWSPhaYKF3ZUuaKN2SxzPGfZ/wl3ZY1382iaZ5XLVS1Hi/Ktdu8tyI4BifgDFjgCtTAA6iDBiDgBbyCd/BhvBmfxpcxma0WjPzmEPyT8f0LVzamCg==</latexit><latexit sha1_base64="fZafvsNE0qkMjHV/dQR+7GqetxM=">AAACKHicbZBLSwMxFIUz9VXra1Rw4yZYBBelZETUjVB0ocsK9gGdoWQymTY08yDJFMvYP+NS/THupFv/hhsz7Sy07YHA4dx7ycdxY86kQmhiFFZW19Y3ipulre2d3T1z/6Apo0QQ2iARj0TbxZJyFtKGYorTdiwoDlxOW+7gLpu3hlRIFoVPahRTJ8C9kPmMYKWjrnnkwxt4iZBdgXaAVV8E6T1tjrtmGVXRVHDRWLkpg1z1rvljexFJAhoqwrGUHQvFykmxUIxwOi7ZiaQxJgPcox1tQxxQ6aRT/jE81YkH/UjoFyo4Tf9epDiQchS4ejNjlPOzLFw26yTKv3ZSFsaJoiGZfeQnHKoIZmVAjwlKFB9pg4lgmhWSPhaYKF3ZUuaKN2SxzPGfZ/wl3ZY1382iaZ5XLVS1Hi/Ktdu8tyI4BifgDFjgCtTAA6iDBiDgBbyCd/BhvBmfxpcxma0WjPzmEPyT8f0LVzamCg==</latexit>

⌧a = 1.4⇥ 1012 y
<latexit sha1_base64="6Z7L+ipLTE0YkiZkWRLwzZaHjE0="></latexit><latexit sha1_base64="6Z7L+ipLTE0YkiZkWRLwzZaHjE0="></latexit><latexit sha1_base64="6Z7L+ipLTE0YkiZkWRLwzZaHjE0="></latexit><latexit sha1_base64="6Z7L+ipLTE0YkiZkWRLwzZaHjE0="></latexit>

z = 500
<latexit sha1_base64="EG7+0IoxUKPgPMZ5c54RjtAMoUk=">AAACF3icbVDLSgMxFL3js9ZX1aWbYBFcSMmIohuh6MZlBfuAdiiZTKYNzWSGJFOspR/hUv0Yd+LWpd/ixrSdhbY9EDiccy/35PiJ4Npg/O0sLa+srq3nNvKbW9s7u4W9/ZqOU0VZlcYiVg2faCa4ZFXDjWCNRDES+YLV/d7t2K/3mdI8lg9mkDAvIh3JQ06JsVL9CV2jC4zbhSIu4QnQPHEzUoQMlXbhpxXENI2YNFQQrZsuTow3JMpwKtgo30o1SwjtkQ5rWipJxLQ3nMQdoWOrBCiMlX3SoIn6d2NIIq0HkW8nI2K6etYbi4u8ZmrCK2/IZZIaJun0UJgKZGI0/jsKuGLUiIElhCpusyLaJYpQYxtamPk06PNEZ/Efp/nzti13tpt5Ujsrubjk3p8XyzdZbzk4hCM4ARcuoQx3UIEqUOjBM7zCm/PivDsfzud0dMnJdg7gH5yvX08mn88=</latexit><latexit sha1_base64="EG7+0IoxUKPgPMZ5c54RjtAMoUk=">AAACF3icbVDLSgMxFL3js9ZX1aWbYBFcSMmIohuh6MZlBfuAdiiZTKYNzWSGJFOspR/hUv0Yd+LWpd/ixrSdhbY9EDiccy/35PiJ4Npg/O0sLa+srq3nNvKbW9s7u4W9/ZqOU0VZlcYiVg2faCa4ZFXDjWCNRDES+YLV/d7t2K/3mdI8lg9mkDAvIh3JQ06JsVL9CV2jC4zbhSIu4QnQPHEzUoQMlXbhpxXENI2YNFQQrZsuTow3JMpwKtgo30o1SwjtkQ5rWipJxLQ3nMQdoWOrBCiMlX3SoIn6d2NIIq0HkW8nI2K6etYbi4u8ZmrCK2/IZZIaJun0UJgKZGI0/jsKuGLUiIElhCpusyLaJYpQYxtamPk06PNEZ/Efp/nzti13tpt5Ujsrubjk3p8XyzdZbzk4hCM4ARcuoQx3UIEqUOjBM7zCm/PivDsfzud0dMnJdg7gH5yvX08mn88=</latexit><latexit sha1_base64="EG7+0IoxUKPgPMZ5c54RjtAMoUk=">AAACF3icbVDLSgMxFL3js9ZX1aWbYBFcSMmIohuh6MZlBfuAdiiZTKYNzWSGJFOspR/hUv0Yd+LWpd/ixrSdhbY9EDiccy/35PiJ4Npg/O0sLa+srq3nNvKbW9s7u4W9/ZqOU0VZlcYiVg2faCa4ZFXDjWCNRDES+YLV/d7t2K/3mdI8lg9mkDAvIh3JQ06JsVL9CV2jC4zbhSIu4QnQPHEzUoQMlXbhpxXENI2YNFQQrZsuTow3JMpwKtgo30o1SwjtkQ5rWipJxLQ3nMQdoWOrBCiMlX3SoIn6d2NIIq0HkW8nI2K6etYbi4u8ZmrCK2/IZZIaJun0UJgKZGI0/jsKuGLUiIElhCpusyLaJYpQYxtamPk06PNEZ/Efp/nzti13tpt5Ujsrubjk3p8XyzdZbzk4hCM4ARcuoQx3UIEqUOjBM7zCm/PivDsfzud0dMnJdg7gH5yvX08mn88=</latexit><latexit sha1_base64="EG7+0IoxUKPgPMZ5c54RjtAMoUk=">AAACF3icbVDLSgMxFL3js9ZX1aWbYBFcSMmIohuh6MZlBfuAdiiZTKYNzWSGJFOspR/hUv0Yd+LWpd/ixrSdhbY9EDiccy/35PiJ4Npg/O0sLa+srq3nNvKbW9s7u4W9/ZqOU0VZlcYiVg2faCa4ZFXDjWCNRDES+YLV/d7t2K/3mdI8lg9mkDAvIh3JQ06JsVL9CV2jC4zbhSIu4QnQPHEzUoQMlXbhpxXENI2YNFQQrZsuTow3JMpwKtgo30o1SwjtkQ5rWipJxLQ3nMQdoWOrBCiMlX3SoIn6d2NIIq0HkW8nI2K6etYbi4u8ZmrCK2/IZZIaJun0UJgKZGI0/jsKuGLUiIElhCpusyLaJYpQYxtamPk06PNEZ/Efp/nzti13tpt5Ujsrubjk3p8XyzdZbzk4hCM4ARcuoQx3UIEqUOjBM7zCm/PivDsfzud0dMnJdg7gH5yvX08mn88=</latexit>

Dark Matter Decays to Dark Photons
�d

<latexit sha1_base64="52wm6nTm2erJG6aKCmFbMFyFRr0=">AAACLXicbVBNS8NAFNz4bf2qeuxlsQgepCQi6FH04rGCbYU2hM3mtV26m4TdF7GEHvw1HtUf40EQr/4IL27bHNR2YGGYeW/fMGEqhUHXfXcWFpeWV1bX1ksbm1vbO+XdvaZJMs2hwROZ6LuQGZAihgYKlHCXamAqlNAKB1djv3UP2ogkvsVhCr5ivVh0BWdopaBc6SA84OSfPJQZjPJOjynFgmhEg3LVrbkT0FniFaRKCtSD8ncnSnimIEYumTFtz03Rz5lGwSWMSp3MQMr4gPWgbWnMFBg/nxwf0UOrRLSbaPtipBP190bOlDFDFdpJxbBv/ntjcZ7XzrB77uciTjOEmE8PdTNJMaHjRmgkNHCUQ0sY18JmpbzPNONoe5ub+Ti6F6kp4j9M85dsW97/bmZJ86TmuTXv5rR6cVn0tkYq5IAcEY+ckQtyTeqkQTh5JE/khbw6z86b8+F8TkcXnGJnn/yB8/UDSGGqVg==</latexit><latexit sha1_base64="52wm6nTm2erJG6aKCmFbMFyFRr0=">AAACLXicbVBNS8NAFNz4bf2qeuxlsQgepCQi6FH04rGCbYU2hM3mtV26m4TdF7GEHvw1HtUf40EQr/4IL27bHNR2YGGYeW/fMGEqhUHXfXcWFpeWV1bX1ksbm1vbO+XdvaZJMs2hwROZ6LuQGZAihgYKlHCXamAqlNAKB1djv3UP2ogkvsVhCr5ivVh0BWdopaBc6SA84OSfPJQZjPJOjynFgmhEg3LVrbkT0FniFaRKCtSD8ncnSnimIEYumTFtz03Rz5lGwSWMSp3MQMr4gPWgbWnMFBg/nxwf0UOrRLSbaPtipBP190bOlDFDFdpJxbBv/ntjcZ7XzrB77uciTjOEmE8PdTNJMaHjRmgkNHCUQ0sY18JmpbzPNONoe5ub+Ti6F6kp4j9M85dsW97/bmZJ86TmuTXv5rR6cVn0tkYq5IAcEY+ckQtyTeqkQTh5JE/khbw6z86b8+F8TkcXnGJnn/yB8/UDSGGqVg==</latexit><latexit sha1_base64="52wm6nTm2erJG6aKCmFbMFyFRr0=">AAACLXicbVBNS8NAFNz4bf2qeuxlsQgepCQi6FH04rGCbYU2hM3mtV26m4TdF7GEHvw1HtUf40EQr/4IL27bHNR2YGGYeW/fMGEqhUHXfXcWFpeWV1bX1ksbm1vbO+XdvaZJMs2hwROZ6LuQGZAihgYKlHCXamAqlNAKB1djv3UP2ogkvsVhCr5ivVh0BWdopaBc6SA84OSfPJQZjPJOjynFgmhEg3LVrbkT0FniFaRKCtSD8ncnSnimIEYumTFtz03Rz5lGwSWMSp3MQMr4gPWgbWnMFBg/nxwf0UOrRLSbaPtipBP190bOlDFDFdpJxbBv/ntjcZ7XzrB77uciTjOEmE8PdTNJMaHjRmgkNHCUQ0sY18JmpbzPNONoe5ub+Ti6F6kp4j9M85dsW97/bmZJ86TmuTXv5rR6cVn0tkYq5IAcEY+ckQtyTeqkQTh5JE/khbw6z86b8+F8TkcXnGJnn/yB8/UDSGGqVg==</latexit><latexit sha1_base64="52wm6nTm2erJG6aKCmFbMFyFRr0=">AAACLXicbVBNS8NAFNz4bf2qeuxlsQgepCQi6FH04rGCbYU2hM3mtV26m4TdF7GEHvw1HtUf40EQr/4IL27bHNR2YGGYeW/fMGEqhUHXfXcWFpeWV1bX1ksbm1vbO+XdvaZJMs2hwROZ6LuQGZAihgYKlHCXamAqlNAKB1djv3UP2ogkvsVhCr5ivVh0BWdopaBc6SA84OSfPJQZjPJOjynFgmhEg3LVrbkT0FniFaRKCtSD8ncnSnimIEYumTFtz03Rz5lGwSWMSp3MQMr4gPWgbWnMFBg/nxwf0UOrRLSbaPtipBP190bOlDFDFdpJxbBv/ntjcZ7XzrB77uciTjOEmE8PdTNJMaHjRmgkNHCUQ0sY18JmpbzPNONoe5ub+Ti6F6kp4j9M85dsW97/bmZJ86TmuTXv5rR6cVn0tkYq5IAcEY+ckQtyTeqkQTh5JE/khbw6z86b8+F8TkcXnGJnn/yB8/UDSGGqVg==</latexit>

�d
<latexit sha1_base64="52wm6nTm2erJG6aKCmFbMFyFRr0=">AAACLXicbVBNS8NAFNz4bf2qeuxlsQgepCQi6FH04rGCbYU2hM3mtV26m4TdF7GEHvw1HtUf40EQr/4IL27bHNR2YGGYeW/fMGEqhUHXfXcWFpeWV1bX1ksbm1vbO+XdvaZJMs2hwROZ6LuQGZAihgYKlHCXamAqlNAKB1djv3UP2ogkvsVhCr5ivVh0BWdopaBc6SA84OSfPJQZjPJOjynFgmhEg3LVrbkT0FniFaRKCtSD8ncnSnimIEYumTFtz03Rz5lGwSWMSp3MQMr4gPWgbWnMFBg/nxwf0UOrRLSbaPtipBP190bOlDFDFdpJxbBv/ntjcZ7XzrB77uciTjOEmE8PdTNJMaHjRmgkNHCUQ0sY18JmpbzPNONoe5ub+Ti6F6kp4j9M85dsW97/bmZJ86TmuTXv5rR6cVn0tkYq5IAcEY+ckQtyTeqkQTh5JE/khbw6z86b8+F8TkcXnGJnn/yB8/UDSGGqVg==</latexit><latexit sha1_base64="52wm6nTm2erJG6aKCmFbMFyFRr0=">AAACLXicbVBNS8NAFNz4bf2qeuxlsQgepCQi6FH04rGCbYU2hM3mtV26m4TdF7GEHvw1HtUf40EQr/4IL27bHNR2YGGYeW/fMGEqhUHXfXcWFpeWV1bX1ksbm1vbO+XdvaZJMs2hwROZ6LuQGZAihgYKlHCXamAqlNAKB1djv3UP2ogkvsVhCr5ivVh0BWdopaBc6SA84OSfPJQZjPJOjynFgmhEg3LVrbkT0FniFaRKCtSD8ncnSnimIEYumTFtz03Rz5lGwSWMSp3MQMr4gPWgbWnMFBg/nxwf0UOrRLSbaPtipBP190bOlDFDFdpJxbBv/ntjcZ7XzrB77uciTjOEmE8PdTNJMaHjRmgkNHCUQ0sY18JmpbzPNONoe5ub+Ti6F6kp4j9M85dsW97/bmZJ86TmuTXv5rR6cVn0tkYq5IAcEY+ckQtyTeqkQTh5JE/khbw6z86b8+F8TkcXnGJnn/yB8/UDSGGqVg==</latexit><latexit sha1_base64="52wm6nTm2erJG6aKCmFbMFyFRr0=">AAACLXicbVBNS8NAFNz4bf2qeuxlsQgepCQi6FH04rGCbYU2hM3mtV26m4TdF7GEHvw1HtUf40EQr/4IL27bHNR2YGGYeW/fMGEqhUHXfXcWFpeWV1bX1ksbm1vbO+XdvaZJMs2hwROZ6LuQGZAihgYKlHCXamAqlNAKB1djv3UP2ogkvsVhCr5ivVh0BWdopaBc6SA84OSfPJQZjPJOjynFgmhEg3LVrbkT0FniFaRKCtSD8ncnSnimIEYumTFtz03Rz5lGwSWMSp3MQMr4gPWgbWnMFBg/nxwf0UOrRLSbaPtipBP190bOlDFDFdpJxbBv/ntjcZ7XzrB77uciTjOEmE8PdTNJMaHjRmgkNHCUQ0sY18JmpbzPNONoe5ub+Ti6F6kp4j9M85dsW97/bmZJ86TmuTXv5rR6cVn0tkYq5IAcEY+ckQtyTeqkQTh5JE/khbw6z86b8+F8TkcXnGJnn/yB8/UDSGGqVg==</latexit><latexit sha1_base64="52wm6nTm2erJG6aKCmFbMFyFRr0=">AAACLXicbVBNS8NAFNz4bf2qeuxlsQgepCQi6FH04rGCbYU2hM3mtV26m4TdF7GEHvw1HtUf40EQr/4IL27bHNR2YGGYeW/fMGEqhUHXfXcWFpeWV1bX1ksbm1vbO+XdvaZJMs2hwROZ6LuQGZAihgYKlHCXamAqlNAKB1djv3UP2ogkvsVhCr5ivVh0BWdopaBc6SA84OSfPJQZjPJOjynFgmhEg3LVrbkT0FniFaRKCtSD8ncnSnimIEYumTFtz03Rz5lGwSWMSp3MQMr4gPWgbWnMFBg/nxwf0UOrRLSbaPtipBP190bOlDFDFdpJxbBv/ntjcZ7XzrB77uciTjOEmE8PdTNJMaHjRmgkNHCUQ0sY18JmpbzPNONoe5ub+Ti6F6kp4j9M85dsW97/bmZJ86TmuTXv5rR6cVn0tkYq5IAcEY+ckQtyTeqkQTh5JE/khbw6z86b8+F8TkcXnGJnn/yB8/UDSGGqVg==</latexit>

a
<latexit sha1_base64="qwbizPFEA4OHAN18vHgoqqV0Vuk=">AAACJ3icbVDLSsNAFJ3UV62vqrhyEyyCCymJCLosunFZwT6gDWUyuW2HTiZh5qa0hH6MS/Vj3Iku/Q43TtsstO2BgcM59849HD8WXKPjfFm5tfWNza38dmFnd2//oHh4VNdRohjUWCQi1fSpBsEl1JCjgGasgIa+gIY/uJ/6jSEozSP5hOMYvJD2JO9yRtFIneJJG2GEs3/SSFHZg0lKJ51iySk7M9jLxM1IiWSodoo/7SBiSQgSmaBat1wnRi+lCjkTMCm0Ew0xZQPag5ahkoagvXR2dmKfGyWwu5EyT6I9U/9upDTUehz6ZjKk2NeL3lRc5bUS7N56KZdxgiDZ/FA3ETZG9rQLO+AKGIqxIZQpbrLarE8VZWgaW5n5MhjyWGfxR/P8BdOWu9jNMqlflV2n7D5elyp3WW95ckrOyAVxyQ2pkAdSJTXCSEqeySt5s16sd+vD+pyP5qxs55j8g/X9C7y8qA0=</latexit><latexit sha1_base64="qwbizPFEA4OHAN18vHgoqqV0Vuk=">AAACJ3icbVDLSsNAFJ3UV62vqrhyEyyCCymJCLosunFZwT6gDWUyuW2HTiZh5qa0hH6MS/Vj3Iku/Q43TtsstO2BgcM59849HD8WXKPjfFm5tfWNza38dmFnd2//oHh4VNdRohjUWCQi1fSpBsEl1JCjgGasgIa+gIY/uJ/6jSEozSP5hOMYvJD2JO9yRtFIneJJG2GEs3/SSFHZg0lKJ51iySk7M9jLxM1IiWSodoo/7SBiSQgSmaBat1wnRi+lCjkTMCm0Ew0xZQPag5ahkoagvXR2dmKfGyWwu5EyT6I9U/9upDTUehz6ZjKk2NeL3lRc5bUS7N56KZdxgiDZ/FA3ETZG9rQLO+AKGIqxIZQpbrLarE8VZWgaW5n5MhjyWGfxR/P8BdOWu9jNMqlflV2n7D5elyp3WW95ckrOyAVxyQ2pkAdSJTXCSEqeySt5s16sd+vD+pyP5qxs55j8g/X9C7y8qA0=</latexit><latexit sha1_base64="qwbizPFEA4OHAN18vHgoqqV0Vuk=">AAACJ3icbVDLSsNAFJ3UV62vqrhyEyyCCymJCLosunFZwT6gDWUyuW2HTiZh5qa0hH6MS/Vj3Iku/Q43TtsstO2BgcM59849HD8WXKPjfFm5tfWNza38dmFnd2//oHh4VNdRohjUWCQi1fSpBsEl1JCjgGasgIa+gIY/uJ/6jSEozSP5hOMYvJD2JO9yRtFIneJJG2GEs3/SSFHZg0lKJ51iySk7M9jLxM1IiWSodoo/7SBiSQgSmaBat1wnRi+lCjkTMCm0Ew0xZQPag5ahkoagvXR2dmKfGyWwu5EyT6I9U/9upDTUehz6ZjKk2NeL3lRc5bUS7N56KZdxgiDZ/FA3ETZG9rQLO+AKGIqxIZQpbrLarE8VZWgaW5n5MhjyWGfxR/P8BdOWu9jNMqlflV2n7D5elyp3WW95ckrOyAVxyQ2pkAdSJTXCSEqeySt5s16sd+vD+pyP5qxs55j8g/X9C7y8qA0=</latexit><latexit sha1_base64="qwbizPFEA4OHAN18vHgoqqV0Vuk=">AAACJ3icbVDLSsNAFJ3UV62vqrhyEyyCCymJCLosunFZwT6gDWUyuW2HTiZh5qa0hH6MS/Vj3Iku/Q43TtsstO2BgcM59849HD8WXKPjfFm5tfWNza38dmFnd2//oHh4VNdRohjUWCQi1fSpBsEl1JCjgGasgIa+gIY/uJ/6jSEozSP5hOMYvJD2JO9yRtFIneJJG2GEs3/SSFHZg0lKJ51iySk7M9jLxM1IiWSodoo/7SBiSQgSmaBat1wnRi+lCjkTMCm0Ew0xZQPag5ahkoagvXR2dmKfGyWwu5EyT6I9U/9upDTUehz6ZjKk2NeL3lRc5bUS7N56KZdxgiDZ/FA3ETZG9rQLO+AKGIqxIZQpbrLarE8VZWgaW5n5MhjyWGfxR/P8BdOWu9jNMqlflV2n7D5elyp3WW95ckrOyAVxyQ2pkAdSJTXCSEqeySt5s16sd+vD+pyP5qxs55j8g/X9C7y8qA0=</latexit>



Dark Matter Decays to Dark Photons
�d

<latexit sha1_base64="52wm6nTm2erJG6aKCmFbMFyFRr0=">AAACLXicbVBNS8NAFNz4bf2qeuxlsQgepCQi6FH04rGCbYU2hM3mtV26m4TdF7GEHvw1HtUf40EQr/4IL27bHNR2YGGYeW/fMGEqhUHXfXcWFpeWV1bX1ksbm1vbO+XdvaZJMs2hwROZ6LuQGZAihgYKlHCXamAqlNAKB1djv3UP2ogkvsVhCr5ivVh0BWdopaBc6SA84OSfPJQZjPJOjynFgmhEg3LVrbkT0FniFaRKCtSD8ncnSnimIEYumTFtz03Rz5lGwSWMSp3MQMr4gPWgbWnMFBg/nxwf0UOrRLSbaPtipBP190bOlDFDFdpJxbBv/ntjcZ7XzrB77uciTjOEmE8PdTNJMaHjRmgkNHCUQ0sY18JmpbzPNONoe5ub+Ti6F6kp4j9M85dsW97/bmZJ86TmuTXv5rR6cVn0tkYq5IAcEY+ckQtyTeqkQTh5JE/khbw6z86b8+F8TkcXnGJnn/yB8/UDSGGqVg==</latexit><latexit sha1_base64="52wm6nTm2erJG6aKCmFbMFyFRr0=">AAACLXicbVBNS8NAFNz4bf2qeuxlsQgepCQi6FH04rGCbYU2hM3mtV26m4TdF7GEHvw1HtUf40EQr/4IL27bHNR2YGGYeW/fMGEqhUHXfXcWFpeWV1bX1ksbm1vbO+XdvaZJMs2hwROZ6LuQGZAihgYKlHCXamAqlNAKB1djv3UP2ogkvsVhCr5ivVh0BWdopaBc6SA84OSfPJQZjPJOjynFgmhEg3LVrbkT0FniFaRKCtSD8ncnSnimIEYumTFtz03Rz5lGwSWMSp3MQMr4gPWgbWnMFBg/nxwf0UOrRLSbaPtipBP190bOlDFDFdpJxbBv/ntjcZ7XzrB77uciTjOEmE8PdTNJMaHjRmgkNHCUQ0sY18JmpbzPNONoe5ub+Ti6F6kp4j9M85dsW97/bmZJ86TmuTXv5rR6cVn0tkYq5IAcEY+ckQtyTeqkQTh5JE/khbw6z86b8+F8TkcXnGJnn/yB8/UDSGGqVg==</latexit><latexit sha1_base64="52wm6nTm2erJG6aKCmFbMFyFRr0=">AAACLXicbVBNS8NAFNz4bf2qeuxlsQgepCQi6FH04rGCbYU2hM3mtV26m4TdF7GEHvw1HtUf40EQr/4IL27bHNR2YGGYeW/fMGEqhUHXfXcWFpeWV1bX1ksbm1vbO+XdvaZJMs2hwROZ6LuQGZAihgYKlHCXamAqlNAKB1djv3UP2ogkvsVhCr5ivVh0BWdopaBc6SA84OSfPJQZjPJOjynFgmhEg3LVrbkT0FniFaRKCtSD8ncnSnimIEYumTFtz03Rz5lGwSWMSp3MQMr4gPWgbWnMFBg/nxwf0UOrRLSbaPtipBP190bOlDFDFdpJxbBv/ntjcZ7XzrB77uciTjOEmE8PdTNJMaHjRmgkNHCUQ0sY18JmpbzPNONoe5ub+Ti6F6kp4j9M85dsW97/bmZJ86TmuTXv5rR6cVn0tkYq5IAcEY+ckQtyTeqkQTh5JE/khbw6z86b8+F8TkcXnGJnn/yB8/UDSGGqVg==</latexit><latexit sha1_base64="52wm6nTm2erJG6aKCmFbMFyFRr0=">AAACLXicbVBNS8NAFNz4bf2qeuxlsQgepCQi6FH04rGCbYU2hM3mtV26m4TdF7GEHvw1HtUf40EQr/4IL27bHNR2YGGYeW/fMGEqhUHXfXcWFpeWV1bX1ksbm1vbO+XdvaZJMs2hwROZ6LuQGZAihgYKlHCXamAqlNAKB1djv3UP2ogkvsVhCr5ivVh0BWdopaBc6SA84OSfPJQZjPJOjynFgmhEg3LVrbkT0FniFaRKCtSD8ncnSnimIEYumTFtz03Rz5lGwSWMSp3MQMr4gPWgbWnMFBg/nxwf0UOrRLSbaPtipBP190bOlDFDFdpJxbBv/ntjcZ7XzrB77uciTjOEmE8PdTNJMaHjRmgkNHCUQ0sY18JmpbzPNONoe5ub+Ti6F6kp4j9M85dsW97/bmZJ86TmuTXv5rR6cVn0tkYq5IAcEY+ckQtyTeqkQTh5JE/khbw6z86b8+F8TkcXnGJnn/yB8/UDSGGqVg==</latexit>

�d
<latexit sha1_base64="52wm6nTm2erJG6aKCmFbMFyFRr0=">AAACLXicbVBNS8NAFNz4bf2qeuxlsQgepCQi6FH04rGCbYU2hM3mtV26m4TdF7GEHvw1HtUf40EQr/4IL27bHNR2YGGYeW/fMGEqhUHXfXcWFpeWV1bX1ksbm1vbO+XdvaZJMs2hwROZ6LuQGZAihgYKlHCXamAqlNAKB1djv3UP2ogkvsVhCr5ivVh0BWdopaBc6SA84OSfPJQZjPJOjynFgmhEg3LVrbkT0FniFaRKCtSD8ncnSnimIEYumTFtz03Rz5lGwSWMSp3MQMr4gPWgbWnMFBg/nxwf0UOrRLSbaPtipBP190bOlDFDFdpJxbBv/ntjcZ7XzrB77uciTjOEmE8PdTNJMaHjRmgkNHCUQ0sY18JmpbzPNONoe5ub+Ti6F6kp4j9M85dsW97/bmZJ86TmuTXv5rR6cVn0tkYq5IAcEY+ckQtyTeqkQTh5JE/khbw6z86b8+F8TkcXnGJnn/yB8/UDSGGqVg==</latexit><latexit sha1_base64="52wm6nTm2erJG6aKCmFbMFyFRr0=">AAACLXicbVBNS8NAFNz4bf2qeuxlsQgepCQi6FH04rGCbYU2hM3mtV26m4TdF7GEHvw1HtUf40EQr/4IL27bHNR2YGGYeW/fMGEqhUHXfXcWFpeWV1bX1ksbm1vbO+XdvaZJMs2hwROZ6LuQGZAihgYKlHCXamAqlNAKB1djv3UP2ogkvsVhCr5ivVh0BWdopaBc6SA84OSfPJQZjPJOjynFgmhEg3LVrbkT0FniFaRKCtSD8ncnSnimIEYumTFtz03Rz5lGwSWMSp3MQMr4gPWgbWnMFBg/nxwf0UOrRLSbaPtipBP190bOlDFDFdpJxbBv/ntjcZ7XzrB77uciTjOEmE8PdTNJMaHjRmgkNHCUQ0sY18JmpbzPNONoe5ub+Ti6F6kp4j9M85dsW97/bmZJ86TmuTXv5rR6cVn0tkYq5IAcEY+ckQtyTeqkQTh5JE/khbw6z86b8+F8TkcXnGJnn/yB8/UDSGGqVg==</latexit><latexit sha1_base64="52wm6nTm2erJG6aKCmFbMFyFRr0=">AAACLXicbVBNS8NAFNz4bf2qeuxlsQgepCQi6FH04rGCbYU2hM3mtV26m4TdF7GEHvw1HtUf40EQr/4IL27bHNR2YGGYeW/fMGEqhUHXfXcWFpeWV1bX1ksbm1vbO+XdvaZJMs2hwROZ6LuQGZAihgYKlHCXamAqlNAKB1djv3UP2ogkvsVhCr5ivVh0BWdopaBc6SA84OSfPJQZjPJOjynFgmhEg3LVrbkT0FniFaRKCtSD8ncnSnimIEYumTFtz03Rz5lGwSWMSp3MQMr4gPWgbWnMFBg/nxwf0UOrRLSbaPtipBP190bOlDFDFdpJxbBv/ntjcZ7XzrB77uciTjOEmE8PdTNJMaHjRmgkNHCUQ0sY18JmpbzPNONoe5ub+Ti6F6kp4j9M85dsW97/bmZJ86TmuTXv5rR6cVn0tkYq5IAcEY+ckQtyTeqkQTh5JE/khbw6z86b8+F8TkcXnGJnn/yB8/UDSGGqVg==</latexit><latexit sha1_base64="52wm6nTm2erJG6aKCmFbMFyFRr0=">AAACLXicbVBNS8NAFNz4bf2qeuxlsQgepCQi6FH04rGCbYU2hM3mtV26m4TdF7GEHvw1HtUf40EQr/4IL27bHNR2YGGYeW/fMGEqhUHXfXcWFpeWV1bX1ksbm1vbO+XdvaZJMs2hwROZ6LuQGZAihgYKlHCXamAqlNAKB1djv3UP2ogkvsVhCr5ivVh0BWdopaBc6SA84OSfPJQZjPJOjynFgmhEg3LVrbkT0FniFaRKCtSD8ncnSnimIEYumTFtz03Rz5lGwSWMSp3MQMr4gPWgbWnMFBg/nxwf0UOrRLSbaPtipBP190bOlDFDFdpJxbBv/ntjcZ7XzrB77uciTjOEmE8PdTNJMaHjRmgkNHCUQ0sY18JmpbzPNONoe5ub+Ti6F6kp4j9M85dsW97/bmZJ86TmuTXv5rR6cVn0tkYq5IAcEY+ckQtyTeqkQTh5JE/khbw6z86b8+F8TkcXnGJnn/yB8/UDSGGqVg==</latexit>

a
<latexit sha1_base64="qwbizPFEA4OHAN18vHgoqqV0Vuk=">AAACJ3icbVDLSsNAFJ3UV62vqrhyEyyCCymJCLosunFZwT6gDWUyuW2HTiZh5qa0hH6MS/Vj3Iku/Q43TtsstO2BgcM59849HD8WXKPjfFm5tfWNza38dmFnd2//oHh4VNdRohjUWCQi1fSpBsEl1JCjgGasgIa+gIY/uJ/6jSEozSP5hOMYvJD2JO9yRtFIneJJG2GEs3/SSFHZg0lKJ51iySk7M9jLxM1IiWSodoo/7SBiSQgSmaBat1wnRi+lCjkTMCm0Ew0xZQPag5ahkoagvXR2dmKfGyWwu5EyT6I9U/9upDTUehz6ZjKk2NeL3lRc5bUS7N56KZdxgiDZ/FA3ETZG9rQLO+AKGIqxIZQpbrLarE8VZWgaW5n5MhjyWGfxR/P8BdOWu9jNMqlflV2n7D5elyp3WW95ckrOyAVxyQ2pkAdSJTXCSEqeySt5s16sd+vD+pyP5qxs55j8g/X9C7y8qA0=</latexit><latexit sha1_base64="qwbizPFEA4OHAN18vHgoqqV0Vuk=">AAACJ3icbVDLSsNAFJ3UV62vqrhyEyyCCymJCLosunFZwT6gDWUyuW2HTiZh5qa0hH6MS/Vj3Iku/Q43TtsstO2BgcM59849HD8WXKPjfFm5tfWNza38dmFnd2//oHh4VNdRohjUWCQi1fSpBsEl1JCjgGasgIa+gIY/uJ/6jSEozSP5hOMYvJD2JO9yRtFIneJJG2GEs3/SSFHZg0lKJ51iySk7M9jLxM1IiWSodoo/7SBiSQgSmaBat1wnRi+lCjkTMCm0Ew0xZQPag5ahkoagvXR2dmKfGyWwu5EyT6I9U/9upDTUehz6ZjKk2NeL3lRc5bUS7N56KZdxgiDZ/FA3ETZG9rQLO+AKGIqxIZQpbrLarE8VZWgaW5n5MhjyWGfxR/P8BdOWu9jNMqlflV2n7D5elyp3WW95ckrOyAVxyQ2pkAdSJTXCSEqeySt5s16sd+vD+pyP5qxs55j8g/X9C7y8qA0=</latexit><latexit sha1_base64="qwbizPFEA4OHAN18vHgoqqV0Vuk=">AAACJ3icbVDLSsNAFJ3UV62vqrhyEyyCCymJCLosunFZwT6gDWUyuW2HTiZh5qa0hH6MS/Vj3Iku/Q43TtsstO2BgcM59849HD8WXKPjfFm5tfWNza38dmFnd2//oHh4VNdRohjUWCQi1fSpBsEl1JCjgGasgIa+gIY/uJ/6jSEozSP5hOMYvJD2JO9yRtFIneJJG2GEs3/SSFHZg0lKJ51iySk7M9jLxM1IiWSodoo/7SBiSQgSmaBat1wnRi+lCjkTMCm0Ew0xZQPag5ahkoagvXR2dmKfGyWwu5EyT6I9U/9upDTUehz6ZjKk2NeL3lRc5bUS7N56KZdxgiDZ/FA3ETZG9rQLO+AKGIqxIZQpbrLarE8VZWgaW5n5MhjyWGfxR/P8BdOWu9jNMqlflV2n7D5elyp3WW95ckrOyAVxyQ2pkAdSJTXCSEqeySt5s16sd+vD+pyP5qxs55j8g/X9C7y8qA0=</latexit><latexit sha1_base64="qwbizPFEA4OHAN18vHgoqqV0Vuk=">AAACJ3icbVDLSsNAFJ3UV62vqrhyEyyCCymJCLosunFZwT6gDWUyuW2HTiZh5qa0hH6MS/Vj3Iku/Q43TtsstO2BgcM59849HD8WXKPjfFm5tfWNza38dmFnd2//oHh4VNdRohjUWCQi1fSpBsEl1JCjgGasgIa+gIY/uJ/6jSEozSP5hOMYvJD2JO9yRtFIneJJG2GEs3/SSFHZg0lKJ51iySk7M9jLxM1IiWSodoo/7SBiSQgSmaBat1wnRi+lCjkTMCm0Ew0xZQPag5ahkoagvXR2dmKfGyWwu5EyT6I9U/9upDTUehz6ZjKk2NeL3lRc5bUS7N56KZdxgiDZ/FA3ETZG9rQLO+AKGIqxIZQpbrLarE8VZWgaW5n5MhjyWGfxR/P8BdOWu9jNMqlflV2n7D5elyp3WW95ckrOyAVxyQ2pkAdSJTXCSEqeySt5s16sd+vD+pyP5qxs55j8g/X9C7y8qA0=</latexit>

ma = 10�3 eV
<latexit sha1_base64="dQ1iYcscT4Jf+9yde8NAOtysa9Q="></latexit><latexit sha1_base64="dQ1iYcscT4Jf+9yde8NAOtysa9Q="></latexit><latexit sha1_base64="dQ1iYcscT4Jf+9yde8NAOtysa9Q="></latexit><latexit sha1_base64="dQ1iYcscT4Jf+9yde8NAOtysa9Q="></latexit>

f = 600GeV
<latexit sha1_base64="fZafvsNE0qkMjHV/dQR+7GqetxM=">AAACKHicbZBLSwMxFIUz9VXra1Rw4yZYBBelZETUjVB0ocsK9gGdoWQymTY08yDJFMvYP+NS/THupFv/hhsz7Sy07YHA4dx7ycdxY86kQmhiFFZW19Y3ipulre2d3T1z/6Apo0QQ2iARj0TbxZJyFtKGYorTdiwoDlxOW+7gLpu3hlRIFoVPahRTJ8C9kPmMYKWjrnnkwxt4iZBdgXaAVV8E6T1tjrtmGVXRVHDRWLkpg1z1rvljexFJAhoqwrGUHQvFykmxUIxwOi7ZiaQxJgPcox1tQxxQ6aRT/jE81YkH/UjoFyo4Tf9epDiQchS4ejNjlPOzLFw26yTKv3ZSFsaJoiGZfeQnHKoIZmVAjwlKFB9pg4lgmhWSPhaYKF3ZUuaKN2SxzPGfZ/wl3ZY1382iaZ5XLVS1Hi/Ktdu8tyI4BifgDFjgCtTAA6iDBiDgBbyCd/BhvBmfxpcxma0WjPzmEPyT8f0LVzamCg==</latexit><latexit sha1_base64="fZafvsNE0qkMjHV/dQR+7GqetxM=">AAACKHicbZBLSwMxFIUz9VXra1Rw4yZYBBelZETUjVB0ocsK9gGdoWQymTY08yDJFMvYP+NS/THupFv/hhsz7Sy07YHA4dx7ycdxY86kQmhiFFZW19Y3ipulre2d3T1z/6Apo0QQ2iARj0TbxZJyFtKGYorTdiwoDlxOW+7gLpu3hlRIFoVPahRTJ8C9kPmMYKWjrnnkwxt4iZBdgXaAVV8E6T1tjrtmGVXRVHDRWLkpg1z1rvljexFJAhoqwrGUHQvFykmxUIxwOi7ZiaQxJgPcox1tQxxQ6aRT/jE81YkH/UjoFyo4Tf9epDiQchS4ejNjlPOzLFw26yTKv3ZSFsaJoiGZfeQnHKoIZmVAjwlKFB9pg4lgmhWSPhaYKF3ZUuaKN2SxzPGfZ/wl3ZY1382iaZ5XLVS1Hi/Ktdu8tyI4BifgDFjgCtTAA6iDBiDgBbyCd/BhvBmfxpcxma0WjPzmEPyT8f0LVzamCg==</latexit><latexit sha1_base64="fZafvsNE0qkMjHV/dQR+7GqetxM=">AAACKHicbZBLSwMxFIUz9VXra1Rw4yZYBBelZETUjVB0ocsK9gGdoWQymTY08yDJFMvYP+NS/THupFv/hhsz7Sy07YHA4dx7ycdxY86kQmhiFFZW19Y3ipulre2d3T1z/6Apo0QQ2iARj0TbxZJyFtKGYorTdiwoDlxOW+7gLpu3hlRIFoVPahRTJ8C9kPmMYKWjrnnkwxt4iZBdgXaAVV8E6T1tjrtmGVXRVHDRWLkpg1z1rvljexFJAhoqwrGUHQvFykmxUIxwOi7ZiaQxJgPcox1tQxxQ6aRT/jE81YkH/UjoFyo4Tf9epDiQchS4ejNjlPOzLFw26yTKv3ZSFsaJoiGZfeQnHKoIZmVAjwlKFB9pg4lgmhWSPhaYKF3ZUuaKN2SxzPGfZ/wl3ZY1382iaZ5XLVS1Hi/Ktdu8tyI4BifgDFjgCtTAA6iDBiDgBbyCd/BhvBmfxpcxma0WjPzmEPyT8f0LVzamCg==</latexit><latexit sha1_base64="fZafvsNE0qkMjHV/dQR+7GqetxM=">AAACKHicbZBLSwMxFIUz9VXra1Rw4yZYBBelZETUjVB0ocsK9gGdoWQymTY08yDJFMvYP+NS/THupFv/hhsz7Sy07YHA4dx7ycdxY86kQmhiFFZW19Y3ipulre2d3T1z/6Apo0QQ2iARj0TbxZJyFtKGYorTdiwoDlxOW+7gLpu3hlRIFoVPahRTJ8C9kPmMYKWjrnnkwxt4iZBdgXaAVV8E6T1tjrtmGVXRVHDRWLkpg1z1rvljexFJAhoqwrGUHQvFykmxUIxwOi7ZiaQxJgPcox1tQxxQ6aRT/jE81YkH/UjoFyo4Tf9epDiQchS4ejNjlPOzLFw26yTKv3ZSFsaJoiGZfeQnHKoIZmVAjwlKFB9pg4lgmhWSPhaYKF3ZUuaKN2SxzPGfZ/wl3ZY1382iaZ5XLVS1Hi/Ktdu8tyI4BifgDFjgCtTAA6iDBiDgBbyCd/BhvBmfxpcxma0WjPzmEPyT8f0LVzamCg==</latexit>

m�d = 5⇥ 10�12 eV
<latexit sha1_base64="GRAb6ePF955NI2dG4QMHRVo4Ars="></latexit><latexit sha1_base64="GRAb6ePF955NI2dG4QMHRVo4Ars="></latexit><latexit sha1_base64="GRAb6ePF955NI2dG4QMHRVo4Ars="></latexit><latexit sha1_base64="GRAb6ePF955NI2dG4QMHRVo4Ars="></latexit>

ex)

zres = 500
<latexit sha1_base64="Bp1xpzNQOoOBDR/+bH1aB4MAgZU=">AAACI3icbVDLSsNAFJ34rPWV6tLNYBFcSJmIohuh6MZlBfuANoTJZNIOnUzCzKRaQz/Fpfox7sSNC7/EjdM2C2174MLhnHu5h+MnnCmN0Je1tLyyurZe2Chubm3v7NqlvYaKU0loncQ8li0fK8qZoHXNNKetRFIc+Zw2/f7N2G8OqFQsFvd6mFA3wl3BQkawNpJnl568rCMjKKkawSt4jpBnl1EFTQDniZOTMshR8+yfThCTNKJCE46Vajso0W6GpWaE01GxkyqaYNLHXdo2VOCIKjebRB/BI6MEMIylGaHhRP17keFIqWHkm80I656a9cbiIq+d6vDSzZhIUk0FmT4KUw51DMc9wIBJSjQfGoKJZCYrJD0sMdGmrYWZT4IBS1Qe/3Gav2jacma7mSeN04qDKs7dWbl6nfdWAAfgEBwDB1yAKrgFNVAHBDyAZ/AK3qwX6936sD6nq0tWfrMP/sH6/gUbdqRg</latexit><latexit sha1_base64="Bp1xpzNQOoOBDR/+bH1aB4MAgZU=">AAACI3icbVDLSsNAFJ34rPWV6tLNYBFcSJmIohuh6MZlBfuANoTJZNIOnUzCzKRaQz/Fpfox7sSNC7/EjdM2C2174MLhnHu5h+MnnCmN0Je1tLyyurZe2Chubm3v7NqlvYaKU0loncQ8li0fK8qZoHXNNKetRFIc+Zw2/f7N2G8OqFQsFvd6mFA3wl3BQkawNpJnl568rCMjKKkawSt4jpBnl1EFTQDniZOTMshR8+yfThCTNKJCE46Vajso0W6GpWaE01GxkyqaYNLHXdo2VOCIKjebRB/BI6MEMIylGaHhRP17keFIqWHkm80I656a9cbiIq+d6vDSzZhIUk0FmT4KUw51DMc9wIBJSjQfGoKJZCYrJD0sMdGmrYWZT4IBS1Qe/3Gav2jacma7mSeN04qDKs7dWbl6nfdWAAfgEBwDB1yAKrgFNVAHBDyAZ/AK3qwX6936sD6nq0tWfrMP/sH6/gUbdqRg</latexit><latexit sha1_base64="Bp1xpzNQOoOBDR/+bH1aB4MAgZU=">AAACI3icbVDLSsNAFJ34rPWV6tLNYBFcSJmIohuh6MZlBfuANoTJZNIOnUzCzKRaQz/Fpfox7sSNC7/EjdM2C2174MLhnHu5h+MnnCmN0Je1tLyyurZe2Chubm3v7NqlvYaKU0loncQ8li0fK8qZoHXNNKetRFIc+Zw2/f7N2G8OqFQsFvd6mFA3wl3BQkawNpJnl568rCMjKKkawSt4jpBnl1EFTQDniZOTMshR8+yfThCTNKJCE46Vajso0W6GpWaE01GxkyqaYNLHXdo2VOCIKjebRB/BI6MEMIylGaHhRP17keFIqWHkm80I656a9cbiIq+d6vDSzZhIUk0FmT4KUw51DMc9wIBJSjQfGoKJZCYrJD0sMdGmrYWZT4IBS1Qe/3Gav2jacma7mSeN04qDKs7dWbl6nfdWAAfgEBwDB1yAKrgFNVAHBDyAZ/AK3qwX6936sD6nq0tWfrMP/sH6/gUbdqRg</latexit><latexit sha1_base64="Bp1xpzNQOoOBDR/+bH1aB4MAgZU=">AAACI3icbVDLSsNAFJ34rPWV6tLNYBFcSJmIohuh6MZlBfuANoTJZNIOnUzCzKRaQz/Fpfox7sSNC7/EjdM2C2174MLhnHu5h+MnnCmN0Je1tLyyurZe2Chubm3v7NqlvYaKU0loncQ8li0fK8qZoHXNNKetRFIc+Zw2/f7N2G8OqFQsFvd6mFA3wl3BQkawNpJnl568rCMjKKkawSt4jpBnl1EFTQDniZOTMshR8+yfThCTNKJCE46Vajso0W6GpWaE01GxkyqaYNLHXdo2VOCIKjebRB/BI6MEMIylGaHhRP17keFIqWHkm80I656a9cbiIq+d6vDSzZhIUk0FmT4KUw51DMc9wIBJSjQfGoKJZCYrJD0sMdGmrYWZT4IBS1Qe/3Gav2jacma7mSeN04qDKs7dWbl6nfdWAAfgEBwDB1yAKrgFNVAHBDyAZ/AK3qwX6936sD6nq0tWfrMP/sH6/gUbdqRg</latexit>

✏ = 4⇥ 10�7
<latexit sha1_base64="WvrCHKX7AIJLHEkVxHvygx7ssUo="></latexit><latexit sha1_base64="WvrCHKX7AIJLHEkVxHvygx7ssUo="></latexit><latexit sha1_base64="WvrCHKX7AIJLHEkVxHvygx7ssUo="></latexit><latexit sha1_base64="WvrCHKX7AIJLHEkVxHvygx7ssUo="></latexit>

�d
<latexit sha1_base64="R6hqzviitfjmC9EyoXngEOTElPE=">AAACLHicbVDLSsNAFJ34rPVVdaebYBFcSElE0GXRjcsK9gFtKZPJbTt0JgkzN6UlFPwal+rHuBFx60+4cZpmoW0PDBzOuXfu4XiR4Bod58NaWV1b39jMbeW3d3b39gsHhzUdxopBlYUiVA2PahA8gCpyFNCIFFDpCah7g7upXx+C0jwMHnEcQVvSXsC7nFE0Uqdw3EIYYfpP4okYJkmrR6WkHX/SKRSdkpPCXiRuRookQ6VT+Gn5IYslBMgE1brpOhG2E6qQMwGTfCvWEFE2oD1oGhpQCbqdpLcn9plRfLsbKvMCtFP170ZCpdZj6ZlJSbGv572puMxrxti9aSc8iGKEgM0OdWNhY2hPC7F9roChGBtCmeImq836VFGGpralmS/8IY90Fn80y583bbnz3SyS2mXJdUruw1WxfJv1liMn5JScE5dckzK5JxVSJYw8kWfySt6sF+vd+rS+ZqMrVrZzRP7B+v4F4lqqLA==</latexit><latexit sha1_base64="R6hqzviitfjmC9EyoXngEOTElPE=">AAACLHicbVDLSsNAFJ34rPVVdaebYBFcSElE0GXRjcsK9gFtKZPJbTt0JgkzN6UlFPwal+rHuBFx60+4cZpmoW0PDBzOuXfu4XiR4Bod58NaWV1b39jMbeW3d3b39gsHhzUdxopBlYUiVA2PahA8gCpyFNCIFFDpCah7g7upXx+C0jwMHnEcQVvSXsC7nFE0Uqdw3EIYYfpP4okYJkmrR6WkHX/SKRSdkpPCXiRuRookQ6VT+Gn5IYslBMgE1brpOhG2E6qQMwGTfCvWEFE2oD1oGhpQCbqdpLcn9plRfLsbKvMCtFP170ZCpdZj6ZlJSbGv572puMxrxti9aSc8iGKEgM0OdWNhY2hPC7F9roChGBtCmeImq836VFGGpralmS/8IY90Fn80y583bbnz3SyS2mXJdUruw1WxfJv1liMn5JScE5dckzK5JxVSJYw8kWfySt6sF+vd+rS+ZqMrVrZzRP7B+v4F4lqqLA==</latexit><latexit sha1_base64="R6hqzviitfjmC9EyoXngEOTElPE=">AAACLHicbVDLSsNAFJ34rPVVdaebYBFcSElE0GXRjcsK9gFtKZPJbTt0JgkzN6UlFPwal+rHuBFx60+4cZpmoW0PDBzOuXfu4XiR4Bod58NaWV1b39jMbeW3d3b39gsHhzUdxopBlYUiVA2PahA8gCpyFNCIFFDpCah7g7upXx+C0jwMHnEcQVvSXsC7nFE0Uqdw3EIYYfpP4okYJkmrR6WkHX/SKRSdkpPCXiRuRookQ6VT+Gn5IYslBMgE1brpOhG2E6qQMwGTfCvWEFE2oD1oGhpQCbqdpLcn9plRfLsbKvMCtFP170ZCpdZj6ZlJSbGv572puMxrxti9aSc8iGKEgM0OdWNhY2hPC7F9roChGBtCmeImq836VFGGpralmS/8IY90Fn80y583bbnz3SyS2mXJdUruw1WxfJv1liMn5JScE5dckzK5JxVSJYw8kWfySt6sF+vd+rS+ZqMrVrZzRP7B+v4F4lqqLA==</latexit><latexit sha1_base64="R6hqzviitfjmC9EyoXngEOTElPE=">AAACLHicbVDLSsNAFJ34rPVVdaebYBFcSElE0GXRjcsK9gFtKZPJbTt0JgkzN6UlFPwal+rHuBFx60+4cZpmoW0PDBzOuXfu4XiR4Bod58NaWV1b39jMbeW3d3b39gsHhzUdxopBlYUiVA2PahA8gCpyFNCIFFDpCah7g7upXx+C0jwMHnEcQVvSXsC7nFE0Uqdw3EIYYfpP4okYJkmrR6WkHX/SKRSdkpPCXiRuRookQ6VT+Gn5IYslBMgE1brpOhG2E6qQMwGTfCvWEFE2oD1oGhpQCbqdpLcn9plRfLsbKvMCtFP170ZCpdZj6ZlJSbGv572puMxrxti9aSc8iGKEgM0OdWNhY2hPC7F9roChGBtCmeImq836VFGGpralmS/8IY90Fn80y583bbnz3SyS2mXJdUruw1WxfJv1liMn5JScE5dckzK5JxVSJYw8kWfySt6sF+vd+rS+ZqMrVrZzRP7B+v4F4lqqLA==</latexit>

�
<latexit sha1_base64="lifvEciJI/g2FVPh9m4wzkD2S5M=">AAACKXicbVDLSsNAFJ3UV62vqgsXboJFcCElEUGXRTcuK9gHtKVMJrft0JkkzNyUlpCvcal+jDt162e4cdpmoW0PDBzOuXfu4XiR4Bod59PKra1vbG7ltws7u3v7B8XDo7oOY8WgxkIRqqZHNQgeQA05CmhGCqj0BDS84f3Ub4xAaR4GTziJoCNpP+A9zigaqVs8aSOMcfZPosBPk3afSknTbrHklJ0Z7GXiZqREMlS7xZ+2H7JYQoBMUK1brhNhJ6EKOROQFtqxhoiyIe1Dy9CAStCdZHY4tc+N4tu9UJkXoD1T/24kVGo9kZ6ZlBQHetGbiqu8Voy9207CgyhGCNj8UC8WNob2tA3b5woYiokhlClustpsQBVlaDpbmfnSH/FIZ/HH8/wF05a72M0yqV+VXafsPl6XKndZb3lySs7IBXHJDamQB1IlNcJISp7JK3mzXqx368P6mo/mrGznmPyD9f0LVm6o3g==</latexit><latexit sha1_base64="lifvEciJI/g2FVPh9m4wzkD2S5M=">AAACKXicbVDLSsNAFJ3UV62vqgsXboJFcCElEUGXRTcuK9gHtKVMJrft0JkkzNyUlpCvcal+jDt162e4cdpmoW0PDBzOuXfu4XiR4Bod59PKra1vbG7ltws7u3v7B8XDo7oOY8WgxkIRqqZHNQgeQA05CmhGCqj0BDS84f3Ub4xAaR4GTziJoCNpP+A9zigaqVs8aSOMcfZPosBPk3afSknTbrHklJ0Z7GXiZqREMlS7xZ+2H7JYQoBMUK1brhNhJ6EKOROQFtqxhoiyIe1Dy9CAStCdZHY4tc+N4tu9UJkXoD1T/24kVGo9kZ6ZlBQHetGbiqu8Voy9207CgyhGCNj8UC8WNob2tA3b5woYiokhlClustpsQBVlaDpbmfnSH/FIZ/HH8/wF05a72M0yqV+VXafsPl6XKndZb3lySs7IBXHJDamQB1IlNcJISp7JK3mzXqx368P6mo/mrGznmPyD9f0LVm6o3g==</latexit><latexit sha1_base64="lifvEciJI/g2FVPh9m4wzkD2S5M=">AAACKXicbVDLSsNAFJ3UV62vqgsXboJFcCElEUGXRTcuK9gHtKVMJrft0JkkzNyUlpCvcal+jDt162e4cdpmoW0PDBzOuXfu4XiR4Bod59PKra1vbG7ltws7u3v7B8XDo7oOY8WgxkIRqqZHNQgeQA05CmhGCqj0BDS84f3Ub4xAaR4GTziJoCNpP+A9zigaqVs8aSOMcfZPosBPk3afSknTbrHklJ0Z7GXiZqREMlS7xZ+2H7JYQoBMUK1brhNhJ6EKOROQFtqxhoiyIe1Dy9CAStCdZHY4tc+N4tu9UJkXoD1T/24kVGo9kZ6ZlBQHetGbiqu8Voy9207CgyhGCNj8UC8WNob2tA3b5woYiokhlClustpsQBVlaDpbmfnSH/FIZ/HH8/wF05a72M0yqV+VXafsPl6XKndZb3lySs7IBXHJDamQB1IlNcJISp7JK3mzXqx368P6mo/mrGznmPyD9f0LVm6o3g==</latexit><latexit sha1_base64="lifvEciJI/g2FVPh9m4wzkD2S5M=">AAACKXicbVDLSsNAFJ3UV62vqgsXboJFcCElEUGXRTcuK9gHtKVMJrft0JkkzNyUlpCvcal+jDt162e4cdpmoW0PDBzOuXfu4XiR4Bod59PKra1vbG7ltws7u3v7B8XDo7oOY8WgxkIRqqZHNQgeQA05CmhGCqj0BDS84f3Ub4xAaR4GTziJoCNpP+A9zigaqVs8aSOMcfZPosBPk3afSknTbrHklJ0Z7GXiZqREMlS7xZ+2H7JYQoBMUK1brhNhJ6EKOROQFtqxhoiyIe1Dy9CAStCdZHY4tc+N4tu9UJkXoD1T/24kVGo9kZ6ZlBQHetGbiqu8Voy9207CgyhGCNj8UC8WNob2tA3b5woYiokhlClustpsQBVlaDpbmfnSH/FIZ/HH8/wF05a72M0yqV+VXafsPl6XKndZb3lySs7IBXHJDamQB1IlNcJISp7JK3mzXqx368P6mo/mrGznmPyD9f0LVm6o3g==</latexit>

✏
<latexit sha1_base64="dzYtA+HwjFBDQA/yPz3EXtgSuuk=">AAACLHicbVDLSsNAFJ34rPVVdaebYBFcSElE0GXRjcsK9gFtKJPJbTt0MgkzN6UlFPwal+rHuBFx60+4cdpmoW0PDBzOuXfu4fix4Bod58NaWV1b39jMbeW3d3b39gsHhzUdJYpBlUUiUg2fahBcQhU5CmjECmjoC6j7/buJXx+A0jySjziKwQtpV/IOZxSN1C4ctxCGOP0nrYgkHKctiDUXkRy3C0Wn5ExhLxI3I0WSodIu/LSCiCUhSGSCat10nRi9lCrkTMA430o0xJT1aReahkoagvbS6e2xfWaUwO5EyjyJ9lT9u5HSUOtR6JvJkGJPz3sTcZnXTLBz46VcxgmCZLNDnUTYGNmTQuyAK2AoRoZQprjJarMeVZShqW1p5otgwGOdxR/O8udNW+58N4ukdllynZL7cFUs32a95cgJOSXnxCXXpEzuSYVUCSNP5Jm8kjfrxXq3Pq2v2eiKle0ckX+wvn8BKMyqVg==</latexit><latexit sha1_base64="dzYtA+HwjFBDQA/yPz3EXtgSuuk=">AAACLHicbVDLSsNAFJ34rPVVdaebYBFcSElE0GXRjcsK9gFtKJPJbTt0MgkzN6UlFPwal+rHuBFx60+4cdpmoW0PDBzOuXfu4fix4Bod58NaWV1b39jMbeW3d3b39gsHhzUdJYpBlUUiUg2fahBcQhU5CmjECmjoC6j7/buJXx+A0jySjziKwQtpV/IOZxSN1C4ctxCGOP0nrYgkHKctiDUXkRy3C0Wn5ExhLxI3I0WSodIu/LSCiCUhSGSCat10nRi9lCrkTMA430o0xJT1aReahkoagvbS6e2xfWaUwO5EyjyJ9lT9u5HSUOtR6JvJkGJPz3sTcZnXTLBz46VcxgmCZLNDnUTYGNmTQuyAK2AoRoZQprjJarMeVZShqW1p5otgwGOdxR/O8udNW+58N4ukdllynZL7cFUs32a95cgJOSXnxCXXpEzuSYVUCSNP5Jm8kjfrxXq3Pq2v2eiKle0ckX+wvn8BKMyqVg==</latexit><latexit sha1_base64="dzYtA+HwjFBDQA/yPz3EXtgSuuk=">AAACLHicbVDLSsNAFJ34rPVVdaebYBFcSElE0GXRjcsK9gFtKJPJbTt0MgkzN6UlFPwal+rHuBFx60+4cdpmoW0PDBzOuXfu4fix4Bod58NaWV1b39jMbeW3d3b39gsHhzUdJYpBlUUiUg2fahBcQhU5CmjECmjoC6j7/buJXx+A0jySjziKwQtpV/IOZxSN1C4ctxCGOP0nrYgkHKctiDUXkRy3C0Wn5ExhLxI3I0WSodIu/LSCiCUhSGSCat10nRi9lCrkTMA430o0xJT1aReahkoagvbS6e2xfWaUwO5EyjyJ9lT9u5HSUOtR6JvJkGJPz3sTcZnXTLBz46VcxgmCZLNDnUTYGNmTQuyAK2AoRoZQprjJarMeVZShqW1p5otgwGOdxR/O8udNW+58N4ukdllynZL7cFUs32a95cgJOSXnxCXXpEzuSYVUCSNP5Jm8kjfrxXq3Pq2v2eiKle0ckX+wvn8BKMyqVg==</latexit><latexit sha1_base64="dzYtA+HwjFBDQA/yPz3EXtgSuuk=">AAACLHicbVDLSsNAFJ34rPVVdaebYBFcSElE0GXRjcsK9gFtKJPJbTt0MgkzN6UlFPwal+rHuBFx60+4cdpmoW0PDBzOuXfu4fix4Bod58NaWV1b39jMbeW3d3b39gsHhzUdJYpBlUUiUg2fahBcQhU5CmjECmjoC6j7/buJXx+A0jySjziKwQtpV/IOZxSN1C4ctxCGOP0nrYgkHKctiDUXkRy3C0Wn5ExhLxI3I0WSodIu/LSCiCUhSGSCat10nRi9lCrkTMA430o0xJT1aReahkoagvbS6e2xfWaUwO5EyjyJ9lT9u5HSUOtR6JvJkGJPz3sTcZnXTLBz46VcxgmCZLNDnUTYGNmTQuyAK2AoRoZQprjJarMeVZShqW1p5otgwGOdxR/O8udNW+58N4ukdllynZL7cFUs32a95cgJOSXnxCXXpEzuSYVUCSNP5Jm8kjfrxXq3Pq2v2eiKle0ckX+wvn8BKMyqVg==</latexit>
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<latexit sha1_base64="laji3ygxTWbCtJlYabUlJpuMhqU="></latexit><latexit sha1_base64="laji3ygxTWbCtJlYabUlJpuMhqU="></latexit><latexit sha1_base64="laji3ygxTWbCtJlYabUlJpuMhqU="></latexit><latexit sha1_base64="laji3ygxTWbCtJlYabUlJpuMhqU="></latexit>

⌦�d

⌦�
= 6⇥ 10�6

<latexit sha1_base64="MLSaZnH47M3Eh45ENUYORv7ZZBc="></latexit><latexit sha1_base64="MLSaZnH47M3Eh45ENUYORv7ZZBc="></latexit><latexit sha1_base64="MLSaZnH47M3Eh45ENUYORv7ZZBc="></latexit><latexit sha1_base64="MLSaZnH47M3Eh45ENUYORv7ZZBc="></latexit>

P�d!� = 4⇥ 10�4
<latexit sha1_base64="wBvJ0jcDiPi9OoxzJbVW6sMg8Rw="></latexit><latexit sha1_base64="wBvJ0jcDiPi9OoxzJbVW6sMg8Rw="></latexit><latexit sha1_base64="wBvJ0jcDiPi9OoxzJbVW6sMg8Rw="></latexit><latexit sha1_base64="wBvJ0jcDiPi9OoxzJbVW6sMg8Rw="></latexit>
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<latexit sha1_base64="M+PO+cbBvVSLWm1By7k0w7ATf6I="></latexit><latexit sha1_base64="M+PO+cbBvVSLWm1By7k0w7ATf6I="></latexit><latexit sha1_base64="M+PO+cbBvVSLWm1By7k0w7ATf6I="></latexit><latexit sha1_base64="M+PO+cbBvVSLWm1By7k0w7ATf6I="></latexit>
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1 + fHe + xe
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<latexit sha1_base64="28fl7MiXic2aA5B0xKPm7EPeyLQ="></latexit><latexit sha1_base64="28fl7MiXic2aA5B0xKPm7EPeyLQ="></latexit><latexit sha1_base64="28fl7MiXic2aA5B0xKPm7EPeyLQ="></latexit><latexit sha1_base64="28fl7MiXic2aA5B0xKPm7EPeyLQ="></latexit>

adiabatic cooling heating

Temperatures and Absorption
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>
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ma = 10�3 eV
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such that 
at 21cm
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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)

m�d (eV)
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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.
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We show that despite stringent constraints on the shape of the main part of the CMB spectrum,
there is considerable room for its modification within its Rayleigh-Jeans (RJ) end, ! ⌧ T

CMB

. We
construct explicit New Physics models that give an order one (or larger) increase of power in the RJ
tail, which can be tested by existing and upcoming experiments aiming to detect the cosmological
21 cm emission/absorption signal. This class of models stipulates the decay of unstable particles to
dark photons, A0, that have a small mass, mA0 ⇠ 10�14 � 10�9 eV, non-vanishing mixing angle ✏

with electromagnetism, and energies much smaller than T

CMB

. The non-thermal number density
of dark photons can be many orders of magnitude above the number density of CMB photons, and
even a small probability of A0 ! A oscillations, going down to values of the mixing as small as
✏ ⇠ 10�9, can significantly increase the number of RJ photons. In particular, we show that resonant
oscillations of dark photons into regular photons in the interval of redshifts 20 < z < 1700 can be
invoked as an explanation of the recent tentative observation of a stronger-than-expected absorption
signal of 21 cm photons. We present a realistic model that realizes this possibility, where micro-eV
mass dark matter decays to dark photons, with a lifetime longer than the age of the Universe.

Introduction: Modern cosmology owes much of its
advance to precision observations of the Cosmic Mi-
crowave Background (CMB). By now, both the spectrum
of the CMB and its angular anisotropies are precisely
measured by a number of landmark experiments [1–3].
CMB physics continues its advance [4] into probing both
the standard ⇤CDM model to higher precision and pos-
sible New Physics that can manifest itself in small devia-
tions from theoretical expectations. In addition, a qual-
itatively new cosmological probe, the physics of 21 cm
emission/absorption at the end of the “dark ages,” may
come into play in the very near future [5].

Cosmology has been a vital tool for learning about
physics beyond the Standard Model (SM). In partic-
ular, we know that about a quarter of our Universe’s
energy budget is comprised of cold Dark Matter (DM),
which probably cannot be identified with any known par-
ticles or fields. The precision tools of cosmology, on the
other hand, provide serious constraints on the properties
of DM, which instead of coming “alone,” may be a part
of an extended dark sector, comprising new matter and
radiation fields, and potentially new forces. Recent years
have seen a significant increase in studies of dark sectors,
both in connection with terrestrial experiments, and in
cosmological settings [6–8]. Both the spectral shape and
angular anisotropies of the CMB radiation significantly
restrict the amount of additional energy that dark sectors
can deposit into the SM bath, as a function of injection
time.

If such light fields are thermally excited, they can be
detected through their gravitational interaction alone, as

FIG. 1. Illustration of our mechanism. The decays of an
unstable relic, a, which may constitute dark matter, produce
a non-thermal population of soft massive dark photons, A

0

(blue). At some z
res

—after recombination but before the red-
shift relevant for the 21 cm absorption signal—a fraction of
these dark photons is resonantly converted into ordinary pho-
tons (red). The latter add to the CMB photon count (green)
in the RJ tail, resulting in a more negative 1�T

CMB

/Ts tem-
perature contrast.

they would modify the Hubble expansion rate, a↵ect the
outcome of Big Bang Nucleosynthesis (BBN), and mod-
ify the statistics of the CMB angular anisotropy patterns.
The resulting constraint, purely for historical reasons, is
phrased in terms of the number of e↵ective neutrino de-
grees of freedom which, according to the latest observa-
tional bounds, Neff = 3.04± 0.33 [3], is consistent with
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<latexit sha1_base64="iuRuccpmEZfhikwV25l4LLseUWM=">AAACM3icbVBNS8NAFNz4WetX1aOX1SJ4kJKIoMeiF48VrApNKZvNa13cTcLuS2kJOftrPKq/RbyJV3+BF7dtDlo7sDDMvPd2mCCRwqDrvjlz8wuLS8ullfLq2vrGZmVr+8bEqebQ5LGM9V3ADEgRQRMFSrhLNDAVSLgNHi5G/m0ftBFxdI3DBNqK9SLRFZyhlTqVPR9hgOM7mYYwz/weU4p1Ml8rGgcmzzuVqltzx6D/iVeQKinQ6FS+/TDmqYIIuWTGtDw3wXbGNAouIS/7qYGE8QfWg5alEVNg2tk4Qk4PrBLSbqzti5CO1d8bGVPGDFVgJxXDezPtjcRZXivF7lk7E1GSIkR88lE3lRRjOuqFhkIDRzm0hHEtbFbK75lmHG17MzMfhX2RmCL+YJK/bNvyprv5T26Oa55b865OqvXzorcS2SX75JB45JTUySVpkCbh5JE8kRfy6jw7786H8zkZnXOKnR3yB87XD+JqrTg=</latexit><latexit sha1_base64="iuRuccpmEZfhikwV25l4LLseUWM=">AAACM3icbVBNS8NAFNz4WetX1aOX1SJ4kJKIoMeiF48VrApNKZvNa13cTcLuS2kJOftrPKq/RbyJV3+BF7dtDlo7sDDMvPd2mCCRwqDrvjlz8wuLS8ullfLq2vrGZmVr+8bEqebQ5LGM9V3ADEgRQRMFSrhLNDAVSLgNHi5G/m0ftBFxdI3DBNqK9SLRFZyhlTqVPR9hgOM7mYYwz/weU4p1Ml8rGgcmzzuVqltzx6D/iVeQKinQ6FS+/TDmqYIIuWTGtDw3wXbGNAouIS/7qYGE8QfWg5alEVNg2tk4Qk4PrBLSbqzti5CO1d8bGVPGDFVgJxXDezPtjcRZXivF7lk7E1GSIkR88lE3lRRjOuqFhkIDRzm0hHEtbFbK75lmHG17MzMfhX2RmCL+YJK/bNvyprv5T26Oa55b865OqvXzorcS2SX75JB45JTUySVpkCbh5JE8kRfy6jw7786H8zkZnXOKnR3yB87XD+JqrTg=</latexit><latexit sha1_base64="iuRuccpmEZfhikwV25l4LLseUWM=">AAACM3icbVBNS8NAFNz4WetX1aOX1SJ4kJKIoMeiF48VrApNKZvNa13cTcLuS2kJOftrPKq/RbyJV3+BF7dtDlo7sDDMvPd2mCCRwqDrvjlz8wuLS8ullfLq2vrGZmVr+8bEqebQ5LGM9V3ADEgRQRMFSrhLNDAVSLgNHi5G/m0ftBFxdI3DBNqK9SLRFZyhlTqVPR9hgOM7mYYwz/weU4p1Ml8rGgcmzzuVqltzx6D/iVeQKinQ6FS+/TDmqYIIuWTGtDw3wXbGNAouIS/7qYGE8QfWg5alEVNg2tk4Qk4PrBLSbqzti5CO1d8bGVPGDFVgJxXDezPtjcRZXivF7lk7E1GSIkR88lE3lRRjOuqFhkIDRzm0hHEtbFbK75lmHG17MzMfhX2RmCL+YJK/bNvyprv5T26Oa55b865OqvXzorcS2SX75JB45JTUySVpkCbh5JE8kRfy6jw7786H8zkZnXOKnR3yB87XD+JqrTg=</latexit><latexit sha1_base64="iuRuccpmEZfhikwV25l4LLseUWM=">AAACM3icbVBNS8NAFNz4WetX1aOX1SJ4kJKIoMeiF48VrApNKZvNa13cTcLuS2kJOftrPKq/RbyJV3+BF7dtDlo7sDDMvPd2mCCRwqDrvjlz8wuLS8ullfLq2vrGZmVr+8bEqebQ5LGM9V3ADEgRQRMFSrhLNDAVSLgNHi5G/m0ftBFxdI3DBNqK9SLRFZyhlTqVPR9hgOM7mYYwz/weU4p1Ml8rGgcmzzuVqltzx6D/iVeQKinQ6FS+/TDmqYIIuWTGtDw3wXbGNAouIS/7qYGE8QfWg5alEVNg2tk4Qk4PrBLSbqzti5CO1d8bGVPGDFVgJxXDezPtjcRZXivF7lk7E1GSIkR88lE3lRRjOuqFhkIDRzm0hHEtbFbK75lmHG17MzMfhX2RmCL+YJK/bNvyprv5T26Oa55b865OqvXzorcS2SX75JB45JTUySVpkCbh5JE8kRfy6jw7786H8zkZnXOKnR3yB87XD+JqrTg=</latexit>

�d
<latexit sha1_base64="R6hqzviitfjmC9EyoXngEOTElPE=">AAACLHicbVDLSsNAFJ34rPVVdaebYBFcSElE0GXRjcsK9gFtKZPJbTt0JgkzN6UlFPwal+rHuBFx60+4cZpmoW0PDBzOuXfu4XiR4Bod58NaWV1b39jMbeW3d3b39gsHhzUdxopBlYUiVA2PahA8gCpyFNCIFFDpCah7g7upXx+C0jwMHnEcQVvSXsC7nFE0Uqdw3EIYYfpP4okYJkmrR6WkHX/SKRSdkpPCXiRuRookQ6VT+Gn5IYslBMgE1brpOhG2E6qQMwGTfCvWEFE2oD1oGhpQCbqdpLcn9plRfLsbKvMCtFP170ZCpdZj6ZlJSbGv572puMxrxti9aSc8iGKEgM0OdWNhY2hPC7F9roChGBtCmeImq836VFGGpralmS/8IY90Fn80y583bbnz3SyS2mXJdUruw1WxfJv1liMn5JScE5dckzK5JxVSJYw8kWfySt6sF+vd+rS+ZqMrVrZzRP7B+v4F4lqqLA==</latexit><latexit sha1_base64="R6hqzviitfjmC9EyoXngEOTElPE=">AAACLHicbVDLSsNAFJ34rPVVdaebYBFcSElE0GXRjcsK9gFtKZPJbTt0JgkzN6UlFPwal+rHuBFx60+4cZpmoW0PDBzOuXfu4XiR4Bod58NaWV1b39jMbeW3d3b39gsHhzUdxopBlYUiVA2PahA8gCpyFNCIFFDpCah7g7upXx+C0jwMHnEcQVvSXsC7nFE0Uqdw3EIYYfpP4okYJkmrR6WkHX/SKRSdkpPCXiRuRookQ6VT+Gn5IYslBMgE1brpOhG2E6qQMwGTfCvWEFE2oD1oGhpQCbqdpLcn9plRfLsbKvMCtFP170ZCpdZj6ZlJSbGv572puMxrxti9aSc8iGKEgM0OdWNhY2hPC7F9roChGBtCmeImq836VFGGpralmS/8IY90Fn80y583bbnz3SyS2mXJdUruw1WxfJv1liMn5JScE5dckzK5JxVSJYw8kWfySt6sF+vd+rS+ZqMrVrZzRP7B+v4F4lqqLA==</latexit><latexit sha1_base64="R6hqzviitfjmC9EyoXngEOTElPE=">AAACLHicbVDLSsNAFJ34rPVVdaebYBFcSElE0GXRjcsK9gFtKZPJbTt0JgkzN6UlFPwal+rHuBFx60+4cZpmoW0PDBzOuXfu4XiR4Bod58NaWV1b39jMbeW3d3b39gsHhzUdxopBlYUiVA2PahA8gCpyFNCIFFDpCah7g7upXx+C0jwMHnEcQVvSXsC7nFE0Uqdw3EIYYfpP4okYJkmrR6WkHX/SKRSdkpPCXiRuRookQ6VT+Gn5IYslBMgE1brpOhG2E6qQMwGTfCvWEFE2oD1oGhpQCbqdpLcn9plRfLsbKvMCtFP170ZCpdZj6ZlJSbGv572puMxrxti9aSc8iGKEgM0OdWNhY2hPC7F9roChGBtCmeImq836VFGGpralmS/8IY90Fn80y583bbnz3SyS2mXJdUruw1WxfJv1liMn5JScE5dckzK5JxVSJYw8kWfySt6sF+vd+rS+ZqMrVrZzRP7B+v4F4lqqLA==</latexit><latexit sha1_base64="R6hqzviitfjmC9EyoXngEOTElPE=">AAACLHicbVDLSsNAFJ34rPVVdaebYBFcSElE0GXRjcsK9gFtKZPJbTt0JgkzN6UlFPwal+rHuBFx60+4cZpmoW0PDBzOuXfu4XiR4Bod58NaWV1b39jMbeW3d3b39gsHhzUdxopBlYUiVA2PahA8gCpyFNCIFFDpCah7g7upXx+C0jwMHnEcQVvSXsC7nFE0Uqdw3EIYYfpP4okYJkmrR6WkHX/SKRSdkpPCXiRuRookQ6VT+Gn5IYslBMgE1brpOhG2E6qQMwGTfCvWEFE2oD1oGhpQCbqdpLcn9plRfLsbKvMCtFP170ZCpdZj6ZlJSbGv572puMxrxti9aSc8iGKEgM0OdWNhY2hPC7F9roChGBtCmeImq836VFGGpralmS/8IY90Fn80y583bbnz3SyS2mXJdUruw1WxfJv1liMn5JScE5dckzK5JxVSJYw8kWfySt6sF+vd+rS+ZqMrVrZzRP7B+v4F4lqqLA==</latexit>

�
<latexit sha1_base64="lifvEciJI/g2FVPh9m4wzkD2S5M=">AAACKXicbVDLSsNAFJ3UV62vqgsXboJFcCElEUGXRTcuK9gHtKVMJrft0JkkzNyUlpCvcal+jDt162e4cdpmoW0PDBzOuXfu4XiR4Bod59PKra1vbG7ltws7u3v7B8XDo7oOY8WgxkIRqqZHNQgeQA05CmhGCqj0BDS84f3Ub4xAaR4GTziJoCNpP+A9zigaqVs8aSOMcfZPosBPk3afSknTbrHklJ0Z7GXiZqREMlS7xZ+2H7JYQoBMUK1brhNhJ6EKOROQFtqxhoiyIe1Dy9CAStCdZHY4tc+N4tu9UJkXoD1T/24kVGo9kZ6ZlBQHetGbiqu8Voy9207CgyhGCNj8UC8WNob2tA3b5woYiokhlClustpsQBVlaDpbmfnSH/FIZ/HH8/wF05a72M0yqV+VXafsPl6XKndZb3lySs7IBXHJDamQB1IlNcJISp7JK3mzXqx368P6mo/mrGznmPyD9f0LVm6o3g==</latexit><latexit sha1_base64="lifvEciJI/g2FVPh9m4wzkD2S5M=">AAACKXicbVDLSsNAFJ3UV62vqgsXboJFcCElEUGXRTcuK9gHtKVMJrft0JkkzNyUlpCvcal+jDt162e4cdpmoW0PDBzOuXfu4XiR4Bod59PKra1vbG7ltws7u3v7B8XDo7oOY8WgxkIRqqZHNQgeQA05CmhGCqj0BDS84f3Ub4xAaR4GTziJoCNpP+A9zigaqVs8aSOMcfZPosBPk3afSknTbrHklJ0Z7GXiZqREMlS7xZ+2H7JYQoBMUK1brhNhJ6EKOROQFtqxhoiyIe1Dy9CAStCdZHY4tc+N4tu9UJkXoD1T/24kVGo9kZ6ZlBQHetGbiqu8Voy9207CgyhGCNj8UC8WNob2tA3b5woYiokhlClustpsQBVlaDpbmfnSH/FIZ/HH8/wF05a72M0yqV+VXafsPl6XKndZb3lySs7IBXHJDamQB1IlNcJISp7JK3mzXqx368P6mo/mrGznmPyD9f0LVm6o3g==</latexit><latexit sha1_base64="lifvEciJI/g2FVPh9m4wzkD2S5M=">AAACKXicbVDLSsNAFJ3UV62vqgsXboJFcCElEUGXRTcuK9gHtKVMJrft0JkkzNyUlpCvcal+jDt162e4cdpmoW0PDBzOuXfu4XiR4Bod59PKra1vbG7ltws7u3v7B8XDo7oOY8WgxkIRqqZHNQgeQA05CmhGCqj0BDS84f3Ub4xAaR4GTziJoCNpP+A9zigaqVs8aSOMcfZPosBPk3afSknTbrHklJ0Z7GXiZqREMlS7xZ+2H7JYQoBMUK1brhNhJ6EKOROQFtqxhoiyIe1Dy9CAStCdZHY4tc+N4tu9UJkXoD1T/24kVGo9kZ6ZlBQHetGbiqu8Voy9207CgyhGCNj8UC8WNob2tA3b5woYiokhlClustpsQBVlaDpbmfnSH/FIZ/HH8/wF05a72M0yqV+VXafsPl6XKndZb3lySs7IBXHJDamQB1IlNcJISp7JK3mzXqx368P6mo/mrGznmPyD9f0LVm6o3g==</latexit><latexit sha1_base64="lifvEciJI/g2FVPh9m4wzkD2S5M=">AAACKXicbVDLSsNAFJ3UV62vqgsXboJFcCElEUGXRTcuK9gHtKVMJrft0JkkzNyUlpCvcal+jDt162e4cdpmoW0PDBzOuXfu4XiR4Bod59PKra1vbG7ltws7u3v7B8XDo7oOY8WgxkIRqqZHNQgeQA05CmhGCqj0BDS84f3Ub4xAaR4GTziJoCNpP+A9zigaqVs8aSOMcfZPosBPk3afSknTbrHklJ0Z7GXiZqREMlS7xZ+2H7JYQoBMUK1brhNhJ6EKOROQFtqxhoiyIe1Dy9CAStCdZHY4tc+N4tu9UJkXoD1T/24kVGo9kZ6ZlBQHetGbiqu8Voy9207CgyhGCNj8UC8WNob2tA3b5woYiokhlClustpsQBVlaDpbmfnSH/FIZ/HH8/wF05a72M0yqV+VXafsPl6XKndZb3lySs7IBXHJDamQB1IlNcJISp7JK3mzXqx368P6mo/mrGznmPyD9f0LVm6o3g==</latexit>

✏
<latexit sha1_base64="dzYtA+HwjFBDQA/yPz3EXtgSuuk=">AAACLHicbVDLSsNAFJ34rPVVdaebYBFcSElE0GXRjcsK9gFtKJPJbTt0MgkzN6UlFPwal+rHuBFx60+4cdpmoW0PDBzOuXfu4fix4Bod58NaWV1b39jMbeW3d3b39gsHhzUdJYpBlUUiUg2fahBcQhU5CmjECmjoC6j7/buJXx+A0jySjziKwQtpV/IOZxSN1C4ctxCGOP0nrYgkHKctiDUXkRy3C0Wn5ExhLxI3I0WSodIu/LSCiCUhSGSCat10nRi9lCrkTMA430o0xJT1aReahkoagvbS6e2xfWaUwO5EyjyJ9lT9u5HSUOtR6JvJkGJPz3sTcZnXTLBz46VcxgmCZLNDnUTYGNmTQuyAK2AoRoZQprjJarMeVZShqW1p5otgwGOdxR/O8udNW+58N4ukdllynZL7cFUs32a95cgJOSXnxCXXpEzuSYVUCSNP5Jm8kjfrxXq3Pq2v2eiKle0ckX+wvn8BKMyqVg==</latexit><latexit sha1_base64="dzYtA+HwjFBDQA/yPz3EXtgSuuk=">AAACLHicbVDLSsNAFJ34rPVVdaebYBFcSElE0GXRjcsK9gFtKJPJbTt0MgkzN6UlFPwal+rHuBFx60+4cdpmoW0PDBzOuXfu4fix4Bod58NaWV1b39jMbeW3d3b39gsHhzUdJYpBlUUiUg2fahBcQhU5CmjECmjoC6j7/buJXx+A0jySjziKwQtpV/IOZxSN1C4ctxCGOP0nrYgkHKctiDUXkRy3C0Wn5ExhLxI3I0WSodIu/LSCiCUhSGSCat10nRi9lCrkTMA430o0xJT1aReahkoagvbS6e2xfWaUwO5EyjyJ9lT9u5HSUOtR6JvJkGJPz3sTcZnXTLBz46VcxgmCZLNDnUTYGNmTQuyAK2AoRoZQprjJarMeVZShqW1p5otgwGOdxR/O8udNW+58N4ukdllynZL7cFUs32a95cgJOSXnxCXXpEzuSYVUCSNP5Jm8kjfrxXq3Pq2v2eiKle0ckX+wvn8BKMyqVg==</latexit><latexit sha1_base64="dzYtA+HwjFBDQA/yPz3EXtgSuuk=">AAACLHicbVDLSsNAFJ34rPVVdaebYBFcSElE0GXRjcsK9gFtKJPJbTt0MgkzN6UlFPwal+rHuBFx60+4cdpmoW0PDBzOuXfu4fix4Bod58NaWV1b39jMbeW3d3b39gsHhzUdJYpBlUUiUg2fahBcQhU5CmjECmjoC6j7/buJXx+A0jySjziKwQtpV/IOZxSN1C4ctxCGOP0nrYgkHKctiDUXkRy3C0Wn5ExhLxI3I0WSodIu/LSCiCUhSGSCat10nRi9lCrkTMA430o0xJT1aReahkoagvbS6e2xfWaUwO5EyjyJ9lT9u5HSUOtR6JvJkGJPz3sTcZnXTLBz46VcxgmCZLNDnUTYGNmTQuyAK2AoRoZQprjJarMeVZShqW1p5otgwGOdxR/O8udNW+58N4ukdllynZL7cFUs32a95cgJOSXnxCXXpEzuSYVUCSNP5Jm8kjfrxXq3Pq2v2eiKle0ckX+wvn8BKMyqVg==</latexit><latexit sha1_base64="dzYtA+HwjFBDQA/yPz3EXtgSuuk=">AAACLHicbVDLSsNAFJ34rPVVdaebYBFcSElE0GXRjcsK9gFtKJPJbTt0MgkzN6UlFPwal+rHuBFx60+4cdpmoW0PDBzOuXfu4fix4Bod58NaWV1b39jMbeW3d3b39gsHhzUdJYpBlUUiUg2fahBcQhU5CmjECmjoC6j7/buJXx+A0jySjziKwQtpV/IOZxSN1C4ctxCGOP0nrYgkHKctiDUXkRy3C0Wn5ExhLxI3I0WSodIu/LSCiCUhSGSCat10nRi9lCrkTMA430o0xJT1aReahkoagvbS6e2xfWaUwO5EyjyJ9lT9u5HSUOtR6JvJkGJPz3sTcZnXTLBz46VcxgmCZLNDnUTYGNmTQuyAK2AoRoZQprjJarMeVZShqW1p5otgwGOdxR/O8udNW+58N4ukdllynZL7cFUs32a95cgJOSXnxCXXpEzuSYVUCSNP5Jm8kjfrxXq3Pq2v2eiKle0ckX+wvn8BKMyqVg==</latexit> z ⇠ 15� 20

<latexit sha1_base64="OVkPY5wY1m2DFjxC836dIsTnV6w=">AAACHHicbVDLSgMxFM3UV62vqks3wSK40DJTFF0W3bisYB/QGUomk2lDk0xIMsVa+hsu1Y9xJ24Fv8WNaTsLbXvgwuGce7mHE0pGtXHdbye3srq2vpHfLGxt7+zuFfcPGjpJFSZ1nLBEtUKkCaOC1A01jLSkIoiHjDTD/u3Ebw6I0jQRD2YoScBRV9CYYmSs5D9BX1MOvcvzitspltyyOwVcJF5GSiBDrVP88aMEp5wIgxnSuu250gQjpAzFjIwLfqqJRLiPuqRtqUCc6GA0zTyGJ1aJYJwoO8LAqfr3YoS41kMe2k2OTE/PexNxmddOTXwdjKiQqSECzx7FKYMmgZMCYEQVwYYNLUFYUZsV4h5SCBtb09LMZ9GASp3Ff5zlL9i2vPluFkmjUvbcsnd/UareZL3lwRE4BqfAA1egCu5ADdQBBhI8g1fw5rw4786H8zlbzTnZzSH4B+frFxT/ock=</latexit><latexit sha1_base64="OVkPY5wY1m2DFjxC836dIsTnV6w=">AAACHHicbVDLSgMxFM3UV62vqks3wSK40DJTFF0W3bisYB/QGUomk2lDk0xIMsVa+hsu1Y9xJ24Fv8WNaTsLbXvgwuGce7mHE0pGtXHdbye3srq2vpHfLGxt7+zuFfcPGjpJFSZ1nLBEtUKkCaOC1A01jLSkIoiHjDTD/u3Ebw6I0jQRD2YoScBRV9CYYmSs5D9BX1MOvcvzitspltyyOwVcJF5GSiBDrVP88aMEp5wIgxnSuu250gQjpAzFjIwLfqqJRLiPuqRtqUCc6GA0zTyGJ1aJYJwoO8LAqfr3YoS41kMe2k2OTE/PexNxmddOTXwdjKiQqSECzx7FKYMmgZMCYEQVwYYNLUFYUZsV4h5SCBtb09LMZ9GASp3Ff5zlL9i2vPluFkmjUvbcsnd/UareZL3lwRE4BqfAA1egCu5ADdQBBhI8g1fw5rw4786H8zlbzTnZzSH4B+frFxT/ock=</latexit><latexit sha1_base64="OVkPY5wY1m2DFjxC836dIsTnV6w=">AAACHHicbVDLSgMxFM3UV62vqks3wSK40DJTFF0W3bisYB/QGUomk2lDk0xIMsVa+hsu1Y9xJ24Fv8WNaTsLbXvgwuGce7mHE0pGtXHdbye3srq2vpHfLGxt7+zuFfcPGjpJFSZ1nLBEtUKkCaOC1A01jLSkIoiHjDTD/u3Ebw6I0jQRD2YoScBRV9CYYmSs5D9BX1MOvcvzitspltyyOwVcJF5GSiBDrVP88aMEp5wIgxnSuu250gQjpAzFjIwLfqqJRLiPuqRtqUCc6GA0zTyGJ1aJYJwoO8LAqfr3YoS41kMe2k2OTE/PexNxmddOTXwdjKiQqSECzx7FKYMmgZMCYEQVwYYNLUFYUZsV4h5SCBtb09LMZ9GASp3Ff5zlL9i2vPluFkmjUvbcsnd/UareZL3lwRE4BqfAA1egCu5ADdQBBhI8g1fw5rw4786H8zlbzTnZzSH4B+frFxT/ock=</latexit><latexit sha1_base64="OVkPY5wY1m2DFjxC836dIsTnV6w=">AAACHHicbVDLSgMxFM3UV62vqks3wSK40DJTFF0W3bisYB/QGUomk2lDk0xIMsVa+hsu1Y9xJ24Fv8WNaTsLbXvgwuGce7mHE0pGtXHdbye3srq2vpHfLGxt7+zuFfcPGjpJFSZ1nLBEtUKkCaOC1A01jLSkIoiHjDTD/u3Ebw6I0jQRD2YoScBRV9CYYmSs5D9BX1MOvcvzitspltyyOwVcJF5GSiBDrVP88aMEp5wIgxnSuu250gQjpAzFjIwLfqqJRLiPuqRtqUCc6GA0zTyGJ1aJYJwoO8LAqfr3YoS41kMe2k2OTE/PexNxmddOTXwdjKiQqSECzx7FKYMmgZMCYEQVwYYNLUFYUZsV4h5SCBtb09LMZ9GASp3Ff5zlL9i2vPluFkmjUvbcsnd/UareZL3lwRE4BqfAA1egCu5ADdQBBhI8g1fw5rw4786H8zlbzTnZzSH4B+frFxT/ock=</latexit>


