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21-cm line anomaly:        
A brief Status
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What EDGES has observed 

Quick physics of the 21-cm line 
A short history of the IGM properties  
Why the amplitude of the signal is anomalous 
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Explain the anomaly with new physics 
Bounds on DM annihilations 
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A 21-cm signal in absorption 

Between redshifts ⁓20 and 15 

Amplitude twice as large as predicted (⁓500 mK vs. ⁓200mK)



The EDGES experiment
EDGES Low-Band

Antenna size:
2m long / 1m high

16

EDGES Instruments

EDGES
Low-Band

EDGES Mid-Band

EDGES High-Band

9

Antenna size: 2m long and 1m meter high 

Location: radio quiet zone in western Australia 

Energy range: from 50 to 150 Mhz

Low-band antenna: Designed to observe a spectral distortion  
in the 21-cm energy band at z⁓20 due to the absorption of CMB 
photons by the IGM
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45-MHz Map
Guzmán et al. (2011)

408-MHz Map
Haslam et al. (1982)

1) From hundreds to thousands of  Kelvins.
2) Spectrally smooth but might need several terms to model (Bernardi et al. 2015)
3) Large spatial gradients.

Diffuse Foregrounds
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1) Brightness temperature: always more than 100 K 
2) Spectrally smooth but might need several terms to model (see e.g. Bernardi et al. 2015) 
3) Large spatial gradient (in particular close to the GC)

Main features of the Diffuse Foregrounds: 



What did EDGES see?

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

LETTER
doi:10.1038/nature25792

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

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

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

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

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

+19 MHz2
4 , an 

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

+7 3
5 (where the 

bounds provide 99% confidence intervals including estimates of  
systematic uncertainties; see Methods for model definition). 
Uncertainties in the parameters of the fitted profile are estimated 
from statistical uncertainty in the model fits and from  systematic 
differences between the various validation trials that were performed 
using observations from both instruments and several  different data 
cuts. The 99% confidence intervals that we report are calculated as 
the outer bounds of (1) the marginalized statistical 99% confidence 
intervals from fits to the primary dataset and (2) the range of best- 
fitting values for each parameter across the validation trials. Fitting 
with both the foreground and 21-cm models lowers the residuals to 
an r.m.s. of 0.025 K. The fit shown in Fig. 1 has a signal-to-noise ratio 
of 37, calculated as the best-fitting amplitude of the profile divided 
by the statistical uncertainty of the amplitude fit, including the cova-
riance between model parameters. Additional analyses of the 

1School of Earth and Space Exploration, Arizona State University, Tempe, Arizona 85287, USA. 2Haystack Observatory, Massachusetts Institute of Technology, Westford, Massachusetts 01886, USA. 
3Center for Astrophysics and Space Astronomy, University of Colorado, Boulder, Colorado 80309, USA. 4Facultad de Ingeniería, Universidad Católica de la Santísima Concepción, Alonso de Ribera 
2850, Concepción, Chile.
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Figure 1 | Summary of detection. a, Measured spectrum for the reference 
dataset after filtering for data quality and radio-frequency interference. 
The spectrum is dominated by Galactic synchrotron emission.  
b, c, Residuals after fitting and removing only the foreground  
model (b) or the foreground and 21-cm models (c). d, Recovered  
model profile of the 21-cm absorption, with a signal-to-noise  
ratio of 37, amplitude of 0.53 K, centre frequency of 78.1 MHz and  
width of 18.7 MHz. e, Sum of the 21-cm model (d) and its residuals (c).

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

Observed Spectrum

Residual to foreground model Residual to foreground + 21cm model

Best Fit 21cm model 21cm Signal (model + residual)
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observations using restricted spectral bands yield nearly identical 
best-fitting absorption profiles, with the highest signal-to-noise ratio 
reaching 52. In Fig. 2 we show representative cases of these fits.

We performed numerous hardware and processing tests to validate 
the detection. The 21-cm absorption profile is observed in data that 
span nearly two years and can be extracted at all local solar times and 
at all local sidereal times. It is detected by two identically designed 
instruments operated at the same site and located 150 m apart, and 
even after several hardware modifications to the instruments, includ-
ing orthogonal orientations of one of the antennas. Similar results for 
the absorption profile are obtained by using two independent pro-
cessing pipelines, which we tested using simulated data. The profile is 
detected using data processed via two different calibration techniques:  
absolute calibration and an additional differencing-based post- 
calibration process that reduces some possible instrumental errors. It 
is also detected using several sets of calibration solutions derived from 
 multiple laboratory measurements of the receivers and using  multiple 
on-site measurements of the reflection coefficients of the antennas. 
We modelled the sensitivity of the detection to several possible  
calibration errors and in all cases recovered profile amplitudes that 
are within the reported confidence range, as summarized in Table 1.  
An EDGES high-band instrument operates between 90 MHz and 
200 MHz at the same site using a nearly identical receiver and a scaled 
version of the low-band antennas. It does not produce a similar  feature 
at the scaled frequencies4. Analysis of radio-frequency interference 
in the observations, including in the FM radio band, shows that  
the absorption profile is inconsistent with typical spectral contribu-
tions from these sources.

We are not aware of any alternative astronomical or atmospheric 
mechanisms that are capable of producing the observed profile. H ii 
regions in the Galaxy have increasing optical depth with wavelength, 
blocking more background emission at lower frequencies, but they 
are observed primarily along the Galactic plane and generate mono-
tonic spectral profiles at the observed frequencies. Radio-frequency 
recombination lines in the Galactic plane create a ‘picket fence’ of 
narrow absorption lines separated by approximately 0.5 MHz at the 
observed frequencies5, but these lines are easy to identify and filter 
in the EDGES observations. The Earth’s ionosphere weakly absorbs 
radio signals at the observed frequencies and emits thermal radiation 
from hot electrons, but models and observations imply a broadband 
effect that varies depending on the ionospheric conditions6,7, including 
diurnal changes in the total electron content. This effect is fitted by 
our foreground model. Molecules of the hydroxyl radical and nitric 
oxide have spectral lines in the observed band and are present in the 
atmosphere, but the densities and line strengths are too low to produce 
substantial absorption.

The 21-cm line has a rest-frame frequency of 1,420 MHz. Expansion 
of the Universe redshifts the line to the observed band according to 
ν =   1,420/(1 +  z) MHz, where z is the redshift, which maps uniquely 
to the age of the Universe. The observed absorption profile is the con-
tinuous superposition of lines from gas across the observed redshift 
range and cosmological volume; hence, the shape of the profile traces 
the history of the gas across cosmic time and is not the result of the 

properties of an individual cloud. The observed absorption profile is 
centred at z ≈  17 and spans approximately 20 >   z >   15.

The intensity of the observable 21-cm signal from the early 
Universe is given as a brightness temperature relative to the micro-
wave background8:
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where xHi is the fraction of neutral hydrogen, Ωm and Ωb are the matter 
and baryon densities, respectively, in units of the critical density for a 
flat universe, h is the Hubble constant in units of 100 km s− 1 Mpc− 1, 
TR is the temperature of the background radiation, usually assumed to 
be from the background produced by the afterglow of the Big Bang, 
TS is the 21-cm spin temperature that defines the relative population 
of the hyperfine energy levels, and the factor of 0.023 K comes from 
atomic-line physics and the average gas density. The spin temperature 
is affected by the absorption of microwave photons, which couples TS 
to TR, as well as by resonant scattering of Lyman-α  photons and atomic 
collisions, both of which couple TS to the kinetic temperature of the 
gas TG.

The temperatures of the gas and the background radiation are 
 coupled in the early Universe through Compton scattering. This 
 coupling becomes ineffective in numerical models9,10 at z ≈  150, 
after which primordial gas cools adiabatically. In the absence of 
stars or non-standard physics, the gas temperature is expected to be 
9.3 K at z =   20, falling to 5.4 K at z =   15. The radiation temperature 
decreases more slowly owing to cosmological expansion, following 
T0(1 + z) with T0 =   2.725, and so is 57.2 K and 43.6 K at the same  
redshifts,  respectively. The spin temperature is initially coupled to the 
gas temperature as the gas cools below the radiation temperature, but 
eventually the decreasing density of the gas is insufficient to main-
tain this coupling and the spin temperature returns to the radiation 
temperature.
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Figure 2 | Best-fitting 21-cm absorption profiles for each hardware case. 
Each profile for the brightness temperature T21 is added to its residuals and 
plotted against the redshift z and the corresponding age of the Universe. 
The thick black line is the model fit for the hardware and analysis 
configuration with the highest signal-to-noise ratio (equal to 52; H2;  
see Methods), processed using 60–99 MHz and a four-term polynomial 
(see equation (2) in Methods) for the foreground model. The thin solid 
lines are the best fits from each of the other hardware configurations  
(H1, H3–H6). The dash-dotted line (P8), which extends to z >   26, is 
reproduced from Fig. 1e and uses the same data as for the thick black line 
(H2), but a different foreground model and the full frequency band.

Table 1 | Sensitivity to possible calibration errors

Error source
Estimated  
uncertainty

Modelled 
error level

Recovered  
amplitude (K)

LNA S11 magnitude 0.1 dB 1.0 dB 0.51
LNA S11 phase (delay) 20 ps 100 ps 0.48
Antenna S11 magnitude 0.02 dB 0.2 dB 0.50
Antenna S11 phase (delay) 20 ps 100 ps 0.48
No loss correction N/A N/A 0.51
No beam correction N/A N/A 0.48

The estimated uncertainty for each case is based on empirical values from laboratory 
 measurements and repeatability tests. Modelled error levels were chosen conservatively to 
be five and ten times larger than the estimated uncertainties for the phases and magnitudes, 
 respectively. LNA, low-noise amplifier; S11, input reflection coefficient; N/A, not applicable.

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

3.8 σ discrepancy

Some analysis of systematics
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II PART  
Physics of the 21-cm line



Triplet-to-singlet transition of the atomic hydrogen 1s level  

Define the Spin temperature by  

What sets the relative occupation?

What is the 21-cm line?PAOLO PANCI 
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Hydrogen hyperfine  
structure 
1s

Nuclear 
spin  

Electron 
spin  

spin flip
1420 MHz

�E = 5.9⇥ 10�6 eV
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n""(C10 + P10 +A10 + B10I�) = n"#(C01 + P01 + B01I�)
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: The Universe is mostly transparent to 21-cm photons 

Neutral Hydrogen  
     Abundance:  
     Temperature:

xHI
<latexit sha1_base64="32ruQCI01ZHPkhDx7OwBzwG8AQw=">AAAB+XicdVDLSgNBEJyNrxhfUY9eBoPgKexKIMkt4CXeIpgHJEuYnXTikNkHM71iWPIRXvXkTbz6NR78F2c3K6honYqqbrq6vEgKjbb9bhXW1jc2t4rbpZ3dvf2D8uFRT4ex4tDloQzVwGMapAigiwIlDCIFzPck9L35Zer370BpEQY3uIjA9dksEFPBGRqpfz9O2uOr5bhcsavNDHRF6rWcNB3qVO0MFZKjMy5/jCYhj30IkEum9dCxI3QTplBwCcvSKNYQMT5nMxgaGjAftJtkcZf0LNYMQxqBokLSTITvGwnztV74npn0Gd7q314q/uUNY5w23EQEUYwQ8PQQCgnZIc2VMD0AnQgFiCxNDlQElDPFEEEJyjg3YmyKKZk+vp6m/5PeRdUx/LpWaTXyZorkhJySc+KQOmmRNumQLuFkTh7II3myEuvZerFeV6MFK985Jj9gvX0C0ieUjQ==</latexit><latexit sha1_base64="32ruQCI01ZHPkhDx7OwBzwG8AQw=">AAAB+XicdVDLSgNBEJyNrxhfUY9eBoPgKexKIMkt4CXeIpgHJEuYnXTikNkHM71iWPIRXvXkTbz6NR78F2c3K6honYqqbrq6vEgKjbb9bhXW1jc2t4rbpZ3dvf2D8uFRT4ex4tDloQzVwGMapAigiwIlDCIFzPck9L35Zer370BpEQY3uIjA9dksEFPBGRqpfz9O2uOr5bhcsavNDHRF6rWcNB3qVO0MFZKjMy5/jCYhj30IkEum9dCxI3QTplBwCcvSKNYQMT5nMxgaGjAftJtkcZf0LNYMQxqBokLSTITvGwnztV74npn0Gd7q314q/uUNY5w23EQEUYwQ8PQQCgnZIc2VMD0AnQgFiCxNDlQElDPFEEEJyjg3YmyKKZk+vp6m/5PeRdUx/LpWaTXyZorkhJySc+KQOmmRNumQLuFkTh7II3myEuvZerFeV6MFK985Jj9gvX0C0ieUjQ==</latexit><latexit sha1_base64="32ruQCI01ZHPkhDx7OwBzwG8AQw=">AAAB+XicdVDLSgNBEJyNrxhfUY9eBoPgKexKIMkt4CXeIpgHJEuYnXTikNkHM71iWPIRXvXkTbz6NR78F2c3K6honYqqbrq6vEgKjbb9bhXW1jc2t4rbpZ3dvf2D8uFRT4ex4tDloQzVwGMapAigiwIlDCIFzPck9L35Zer370BpEQY3uIjA9dksEFPBGRqpfz9O2uOr5bhcsavNDHRF6rWcNB3qVO0MFZKjMy5/jCYhj30IkEum9dCxI3QTplBwCcvSKNYQMT5nMxgaGjAftJtkcZf0LNYMQxqBokLSTITvGwnztV74npn0Gd7q314q/uUNY5w23EQEUYwQ8PQQCgnZIc2VMD0AnQgFiCxNDlQElDPFEEEJyjg3YmyKKZk+vp6m/5PeRdUx/LpWaTXyZorkhJySc+KQOmmRNumQLuFkTh7II3myEuvZerFeV6MFK985Jj9gvX0C0ieUjQ==</latexit><latexit sha1_base64="32ruQCI01ZHPkhDx7OwBzwG8AQw=">AAAB+XicdVDLSgNBEJyNrxhfUY9eBoPgKexKIMkt4CXeIpgHJEuYnXTikNkHM71iWPIRXvXkTbz6NR78F2c3K6honYqqbrq6vEgKjbb9bhXW1jc2t4rbpZ3dvf2D8uFRT4ex4tDloQzVwGMapAigiwIlDCIFzPck9L35Zer370BpEQY3uIjA9dksEFPBGRqpfz9O2uOr5bhcsavNDHRF6rWcNB3qVO0MFZKjMy5/jCYhj30IkEum9dCxI3QTplBwCcvSKNYQMT5nMxgaGjAftJtkcZf0LNYMQxqBokLSTITvGwnztV74npn0Gd7q314q/uUNY5w23EQEUYwQ8PQQCgnZIc2VMD0AnQgFiCxNDlQElDPFEEEJyjg3YmyKKZk+vp6m/5PeRdUx/LpWaTXyZorkhJySc+KQOmmRNumQLuFkTh7II3myEuvZerFeV6MFK985Jj9gvX0C0ieUjQ==</latexit>

Tgas
<latexit sha1_base64="Xgi/w9PL5LM803av4U5r88oSCgo=">AAAB/XicdVA9SwNBEJ3z2/gVtbCwWQyCVbiTQEwn2GinYDSQhDC3jnFx74PdOUGO4K+w1cpObP0tFoKVv8PNRUFFX/V4b4Z588JUK8u+/+KNjU9MTk3PzJbm5hcWl8rLKyc2yYykpkx0YlohWtIqpiYr1tRKDWEUajoNL/eG/ukVGauS+JivU+pG2I/VuZLITmof9/KOiUQf7aBXrvjVRgExIvXaJ2kEIqj6BSq7awfvbwBw2Cu/ds4SmUUUs9RobTvwU+7maFhJTYNSJ7OUorzEPrUdjTEi282LyAOxmVnkRKRkhNKiEOn7Ro6RtddR6CYj5Av72xuKf3ntjM93urmK04wplsNDrDQVh6w0ynVB4kwZYsZhchIqFhINMpNRAqV0YubKKbk+vp4W/5OT7Wrg+JErpgYjzMA6bMAWBFCHXdiHQ2iChARu4Q7uvRvvwXv0nkajY97nzir8gPf8ASAdmJU=</latexit><latexit sha1_base64="y8xBi3dxg7xHObLmL+aV/7Oze6c=">AAAB/XicdVA9SwNBEN2LXzF+RS0sbBZFsAp3EojpBBvtIphEuIQ4t07ikr0PducEOYK/wlYrO7H1t1jYWvob3FwUVPRVj/dmmDcvSJQ05LovTmFqemZ2rjhfWlhcWl4pr661TJxqgU0Rq1ifBWBQyQibJEnhWaIRwkBhOxgejv32FWoj4+iUrhPshjCIZF8KICv5p72so0M+ADPqlbfdSj0Hn5Ba9ZPUPe5V3BzbBxvHb+/PhfNGr/zauYhFGmJEQoExvucm1M1AkxQKR6VOajABMYQB+pZGEKLpZnnkEd9JDVDME9RcKp6L+H0jg9CY6zCwkyHQpfntjcW/PD+l/n43k1GSEkZifIikwvyQEVraLpBfSI1EME6OXEZcgAYi1JKDEFZMbTkl28fX0/x/0tqreJaf2GKqbIIi22RbbJd5rMYO2BFrsCYTLGa37I7dOzfOg/PoPE1GC87nzjr7Aef5A7dmmbw=</latexit><latexit sha1_base64="y8xBi3dxg7xHObLmL+aV/7Oze6c=">AAAB/XicdVA9SwNBEN2LXzF+RS0sbBZFsAp3EojpBBvtIphEuIQ4t07ikr0PducEOYK/wlYrO7H1t1jYWvob3FwUVPRVj/dmmDcvSJQ05LovTmFqemZ2rjhfWlhcWl4pr661TJxqgU0Rq1ifBWBQyQibJEnhWaIRwkBhOxgejv32FWoj4+iUrhPshjCIZF8KICv5p72so0M+ADPqlbfdSj0Hn5Ba9ZPUPe5V3BzbBxvHb+/PhfNGr/zauYhFGmJEQoExvucm1M1AkxQKR6VOajABMYQB+pZGEKLpZnnkEd9JDVDME9RcKp6L+H0jg9CY6zCwkyHQpfntjcW/PD+l/n43k1GSEkZifIikwvyQEVraLpBfSI1EME6OXEZcgAYi1JKDEFZMbTkl28fX0/x/0tqreJaf2GKqbIIi22RbbJd5rMYO2BFrsCYTLGa37I7dOzfOg/PoPE1GC87nzjr7Aef5A7dmmbw=</latexit><latexit sha1_base64="e0bCqf0peHQ1asZP4m0AHduzt2Q=">AAAB/XicdVDLSgNBEJyNrxhfUY9eBoPgKexKIOYW8OIxQl6wWULvpBOHzD6Y6RXCEvwKr3ryJl79Fg/+i5tNBBWtU1HVTVeXHytpyLbfrcLa+sbmVnG7tLO7t39QPjzqmijRAjsiUpHu+2BQyRA7JElhP9YIga+w50+vFn7vDrWRUdimWYxeAJNQjqUAyiS3PUwHOuATMPNhuWJXGzn4ktRrK9JwuFO1c1TYCq1h+WMwikQSYEhCgTGuY8fkpaBJCoXz0iAxGIOYwgTdjIYQoPHSPPKcnyUGKOIxai4Vz0X8vpFCYMws8LPJAOjW/PYW4l+em9D40ktlGCeEoVgcIqkwP2SEllkXyEdSIxEskiOXIReggQi15CBEJiZZOaWsj6+n+f+ke1F1Mn5jV5q1VTNFdsJO2TlzWJ012TVrsQ4TLGIP7JE9WffWs/VivS5HC9Zq55j9gPX2Ccmyli8=</latexit>



What we seePAOLO PANCI 
slide 10/30

EDGES Low-Band
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CMB Cloud of Hydrogen

I�
<latexit sha1_base64="9UCVyuDwLmE4jwAawUcnoo2bx1g=">AAACBXicbVC7TsNAEDzzDOGVQElzIkKiimyEBGUEDXRBIg8psaz1ZRNOubOtuzUoilLzFbRQ0SFavoOCf8EOKSBhqtHMrnZ2wkRJS6776Swtr6yurRc2iptb2zu7pfJe08apEdgQsYpNOwSLSkbYIEkK24lB0KHCVji8zP3WPRor4+iWRgn6GgaR7EsBlElBqdzVQHcCFL8OugPQGoJSxa26U/BF4s1Ihc1QD0pf3V4sUo0RCQXWdjw3IX8MhqRQOCl2U4sJiCEMsJPRCDRafzyNPuFHqQWKeYKGS8WnIv7eGIO2dqTDbDIPaue9XPzP66TUP/fHMkpSwkjkh0gqnB6ywsisE+Q9aZAI8uTIZcQFGCBCIzkIkYlpVlIx68Ob/36RNE+qXsZvTiu1i1kzBXbADtkx89gZq7ErVmcNJtgDe2LP7MV5dF6dN+f9Z3TJme3ssz9wPr4Bs2mYNw==</latexit><latexit sha1_base64="9UCVyuDwLmE4jwAawUcnoo2bx1g=">AAACBXicbVC7TsNAEDzzDOGVQElzIkKiimyEBGUEDXRBIg8psaz1ZRNOubOtuzUoilLzFbRQ0SFavoOCf8EOKSBhqtHMrnZ2wkRJS6776Swtr6yurRc2iptb2zu7pfJe08apEdgQsYpNOwSLSkbYIEkK24lB0KHCVji8zP3WPRor4+iWRgn6GgaR7EsBlElBqdzVQHcCFL8OugPQGoJSxa26U/BF4s1Ihc1QD0pf3V4sUo0RCQXWdjw3IX8MhqRQOCl2U4sJiCEMsJPRCDRafzyNPuFHqQWKeYKGS8WnIv7eGIO2dqTDbDIPaue9XPzP66TUP/fHMkpSwkjkh0gqnB6ywsisE+Q9aZAI8uTIZcQFGCBCIzkIkYlpVlIx68Ob/36RNE+qXsZvTiu1i1kzBXbADtkx89gZq7ErVmcNJtgDe2LP7MV5dF6dN+f9Z3TJme3ssz9wPr4Bs2mYNw==</latexit><latexit sha1_base64="9UCVyuDwLmE4jwAawUcnoo2bx1g=">AAACBXicbVC7TsNAEDzzDOGVQElzIkKiimyEBGUEDXRBIg8psaz1ZRNOubOtuzUoilLzFbRQ0SFavoOCf8EOKSBhqtHMrnZ2wkRJS6776Swtr6yurRc2iptb2zu7pfJe08apEdgQsYpNOwSLSkbYIEkK24lB0KHCVji8zP3WPRor4+iWRgn6GgaR7EsBlElBqdzVQHcCFL8OugPQGoJSxa26U/BF4s1Ihc1QD0pf3V4sUo0RCQXWdjw3IX8MhqRQOCl2U4sJiCEMsJPRCDRafzyNPuFHqQWKeYKGS8WnIv7eGIO2dqTDbDIPaue9XPzP66TUP/fHMkpSwkjkh0gqnB6ywsisE+Q9aZAI8uTIZcQFGCBCIzkIkYlpVlIx68Ob/36RNE+qXsZvTiu1i1kzBXbADtkx89gZq7ErVmcNJtgDe2LP7MV5dF6dN+f9Z3TJme3ssz9wPr4Bs2mYNw==</latexit><latexit sha1_base64="9UCVyuDwLmE4jwAawUcnoo2bx1g=">AAACBXicbVC7TsNAEDzzDOGVQElzIkKiimyEBGUEDXRBIg8psaz1ZRNOubOtuzUoilLzFbRQ0SFavoOCf8EOKSBhqtHMrnZ2wkRJS6776Swtr6yurRc2iptb2zu7pfJe08apEdgQsYpNOwSLSkbYIEkK24lB0KHCVji8zP3WPRor4+iWRgn6GgaR7EsBlElBqdzVQHcCFL8OugPQGoJSxa26U/BF4s1Ihc1QD0pf3V4sUo0RCQXWdjw3IX8MhqRQOCl2U4sJiCEMsJPRCDRafzyNPuFHqQWKeYKGS8WnIv7eGIO2dqTDbDIPaue9XPzP66TUP/fHMkpSwkjkh0gqnB6ywsisE+Q9aZAI8uTIZcQFGCBCIzkIkYlpVlIx68Ob/36RNE+qXsZvTiu1i1kzBXbADtkx89gZq7ErVmcNJtgDe2LP7MV5dF6dN+f9Z3TJme3ssz9wPr4Bs2mYNw==</latexit>

I� e�⌧
<latexit sha1_base64="oK12l8cmC+nXUxpjVItm50ZgkyE=">AAACEnicbVBNS8NAEN34bf2qehRksQgetCQi6LHoRW8KthWaWCbrWBd3k7A7EUrozZ/gr/CqJ2/i1T/gwf9iUnNQ6zs93pth3rwwUdKS6344Y+MTk1PTM7OVufmFxaXq8krLxqkR2BSxis1FCBaVjLBJkhReJAZBhwrb4e1R4bfv0FgZR+fUTzDQ0IvktRRAudStrvsa6EaA4iddvwdaA/e3OV5mOz5BOuhWa27dHYKPEq8kNVbitFv99K9ikWqMSCiwtuO5CQUZGJJC4aDipxYTELfQw05OI9Bog2z4x4BvphYo5gkaLhUfivhzIwNtbV+H+WSR2v71CvE/r5PS9UGQyShJCSNRHCKpcHjICiPzgpBfSYNEUCRHLiMuwAARGslBiFxM88YqeR/e3+9HSWu37uX8bK/WOCybmWFrbINtMY/tswY7ZqesyQS7Z4/siT07D86L8+q8fY+OOeXOKvsF5/0LwnGdDw==</latexit><latexit sha1_base64="oK12l8cmC+nXUxpjVItm50ZgkyE=">AAACEnicbVBNS8NAEN34bf2qehRksQgetCQi6LHoRW8KthWaWCbrWBd3k7A7EUrozZ/gr/CqJ2/i1T/gwf9iUnNQ6zs93pth3rwwUdKS6344Y+MTk1PTM7OVufmFxaXq8krLxqkR2BSxis1FCBaVjLBJkhReJAZBhwrb4e1R4bfv0FgZR+fUTzDQ0IvktRRAudStrvsa6EaA4iddvwdaA/e3OV5mOz5BOuhWa27dHYKPEq8kNVbitFv99K9ikWqMSCiwtuO5CQUZGJJC4aDipxYTELfQw05OI9Bog2z4x4BvphYo5gkaLhUfivhzIwNtbV+H+WSR2v71CvE/r5PS9UGQyShJCSNRHCKpcHjICiPzgpBfSYNEUCRHLiMuwAARGslBiFxM88YqeR/e3+9HSWu37uX8bK/WOCybmWFrbINtMY/tswY7ZqesyQS7Z4/siT07D86L8+q8fY+OOeXOKvsF5/0LwnGdDw==</latexit><latexit sha1_base64="oK12l8cmC+nXUxpjVItm50ZgkyE=">AAACEnicbVBNS8NAEN34bf2qehRksQgetCQi6LHoRW8KthWaWCbrWBd3k7A7EUrozZ/gr/CqJ2/i1T/gwf9iUnNQ6zs93pth3rwwUdKS6344Y+MTk1PTM7OVufmFxaXq8krLxqkR2BSxis1FCBaVjLBJkhReJAZBhwrb4e1R4bfv0FgZR+fUTzDQ0IvktRRAudStrvsa6EaA4iddvwdaA/e3OV5mOz5BOuhWa27dHYKPEq8kNVbitFv99K9ikWqMSCiwtuO5CQUZGJJC4aDipxYTELfQw05OI9Bog2z4x4BvphYo5gkaLhUfivhzIwNtbV+H+WSR2v71CvE/r5PS9UGQyShJCSNRHCKpcHjICiPzgpBfSYNEUCRHLiMuwAARGslBiFxM88YqeR/e3+9HSWu37uX8bK/WOCybmWFrbINtMY/tswY7ZqesyQS7Z4/siT07D86L8+q8fY+OOeXOKvsF5/0LwnGdDw==</latexit><latexit sha1_base64="oK12l8cmC+nXUxpjVItm50ZgkyE=">AAACEnicbVBNS8NAEN34bf2qehRksQgetCQi6LHoRW8KthWaWCbrWBd3k7A7EUrozZ/gr/CqJ2/i1T/gwf9iUnNQ6zs93pth3rwwUdKS6344Y+MTk1PTM7OVufmFxaXq8krLxqkR2BSxis1FCBaVjLBJkhReJAZBhwrb4e1R4bfv0FgZR+fUTzDQ0IvktRRAudStrvsa6EaA4iddvwdaA/e3OV5mOz5BOuhWa27dHYKPEq8kNVbitFv99K9ikWqMSCiwtuO5CQUZGJJC4aDipxYTELfQw05OI9Bog2z4x4BvphYo5gkaLhUfivhzIwNtbV+H+WSR2v71CvE/r5PS9UGQyShJCSNRHCKpcHjICiPzgpBfSYNEUCRHLiMuwAARGslBiFxM88YqeR/e3+9HSWu37uX8bK/WOCybmWFrbINtMY/tswY7ZqesyQS7Z4/siT07D86L8+q8fY+OOeXOKvsF5/0LwnGdDw==</latexit>

CMB

T21 / I�(1� e�⌧ ) ⇡ I�⌧ ⇡ 21mKxHI

✓
1� TCMB

TS

◆r
1 + z

10
<latexit sha1_base64="6zCPyeAsjIguec6XvU5Xt5jddnM="></latexit><latexit sha1_base64="6zCPyeAsjIguec6XvU5Xt5jddnM="></latexit><latexit sha1_base64="6zCPyeAsjIguec6XvU5Xt5jddnM="></latexit><latexit sha1_base64="6zCPyeAsjIguec6XvU5Xt5jddnM="></latexit>

⌧ ⌧ 1
<latexit sha1_base64="d1PZrO85itL2+8F0ddxtgPtFXSU=">AAAB/HicbVA9SwNBEN3zM8avqKXNYhCswp0IWgZtLCOYD8yFMLeZxCV7e8funBBC/BW2WtmJrf/Fwv/iJl6hia96vDfDvHlRqqQl3//0lpZXVtfWCxvFza3tnd3S3n7DJpkRWBeJSkwrAotKaqyTJIWt1CDEkcJmNLya+s0HNFYm+pZGKXZiGGjZlwLISXchQcZDpXjQLZX9ij8DXyRBTsosR61b+gp7ichi1CQUWNsO/JQ6YzAkhcJJMcwspiCGMMC2oxpitJ3xLPGEH2cWKOEpGi4Vn4n4e2MMsbWjOHKTMdC9nfem4n9eO6P+RWcsdZoRajE9RFLh7JAVRroqkPekQSKYJkcuNRdggAiN5CCEEzPXTdH1Ecx/v0gap5XA8ZuzcvUyb6bADtkRO2EBO2dVds1qrM4E0+yJPbMX79F79d6895/RJS/fOWB/4H18A0r+lK4=</latexit><latexit sha1_base64="d1PZrO85itL2+8F0ddxtgPtFXSU=">AAAB/HicbVA9SwNBEN3zM8avqKXNYhCswp0IWgZtLCOYD8yFMLeZxCV7e8funBBC/BW2WtmJrf/Fwv/iJl6hia96vDfDvHlRqqQl3//0lpZXVtfWCxvFza3tnd3S3n7DJpkRWBeJSkwrAotKaqyTJIWt1CDEkcJmNLya+s0HNFYm+pZGKXZiGGjZlwLISXchQcZDpXjQLZX9ij8DXyRBTsosR61b+gp7ichi1CQUWNsO/JQ6YzAkhcJJMcwspiCGMMC2oxpitJ3xLPGEH2cWKOEpGi4Vn4n4e2MMsbWjOHKTMdC9nfem4n9eO6P+RWcsdZoRajE9RFLh7JAVRroqkPekQSKYJkcuNRdggAiN5CCEEzPXTdH1Ecx/v0gap5XA8ZuzcvUyb6bADtkRO2EBO2dVds1qrM4E0+yJPbMX79F79d6895/RJS/fOWB/4H18A0r+lK4=</latexit><latexit sha1_base64="d1PZrO85itL2+8F0ddxtgPtFXSU=">AAAB/HicbVA9SwNBEN3zM8avqKXNYhCswp0IWgZtLCOYD8yFMLeZxCV7e8funBBC/BW2WtmJrf/Fwv/iJl6hia96vDfDvHlRqqQl3//0lpZXVtfWCxvFza3tnd3S3n7DJpkRWBeJSkwrAotKaqyTJIWt1CDEkcJmNLya+s0HNFYm+pZGKXZiGGjZlwLISXchQcZDpXjQLZX9ij8DXyRBTsosR61b+gp7ichi1CQUWNsO/JQ6YzAkhcJJMcwspiCGMMC2oxpitJ3xLPGEH2cWKOEpGi4Vn4n4e2MMsbWjOHKTMdC9nfem4n9eO6P+RWcsdZoRajE9RFLh7JAVRroqkPekQSKYJkcuNRdggAiN5CCEEzPXTdH1Ecx/v0gap5XA8ZuzcvUyb6bADtkRO2EBO2dVds1qrM4E0+yJPbMX79F79d6895/RJS/fOWB/4H18A0r+lK4=</latexit><latexit sha1_base64="d1PZrO85itL2+8F0ddxtgPtFXSU=">AAAB/HicbVA9SwNBEN3zM8avqKXNYhCswp0IWgZtLCOYD8yFMLeZxCV7e8funBBC/BW2WtmJrf/Fwv/iJl6hia96vDfDvHlRqqQl3//0lpZXVtfWCxvFza3tnd3S3n7DJpkRWBeJSkwrAotKaqyTJIWt1CDEkcJmNLya+s0HNFYm+pZGKXZiGGjZlwLISXchQcZDpXjQLZX9ij8DXyRBTsosR61b+gp7ichi1CQUWNsO/JQ6YzAkhcJJMcwspiCGMMC2oxpitJ3xLPGEH2cWKOEpGi4Vn4n4e2MMsbWjOHKTMdC9nfem4n9eO6P+RWcsdZoRajE9RFLh7JAVRroqkPekQSKYJkcuNRdggAiN5CCEEzPXTdH1Ecx/v0gap5XA8ZuzcvUyb6bADtkRO2EBO2dVds1qrM4E0+yJPbMX79F79d6895/RJS/fOWB/4H18A0r+lK4=</latexit>

: The Universe is mostly transparent to 21-cm photons 

Neutral Hydrogen  
     Abundance:  
     Temperature:

xHI
<latexit sha1_base64="32ruQCI01ZHPkhDx7OwBzwG8AQw=">AAAB+XicdVDLSgNBEJyNrxhfUY9eBoPgKexKIMkt4CXeIpgHJEuYnXTikNkHM71iWPIRXvXkTbz6NR78F2c3K6honYqqbrq6vEgKjbb9bhXW1jc2t4rbpZ3dvf2D8uFRT4ex4tDloQzVwGMapAigiwIlDCIFzPck9L35Zer370BpEQY3uIjA9dksEFPBGRqpfz9O2uOr5bhcsavNDHRF6rWcNB3qVO0MFZKjMy5/jCYhj30IkEum9dCxI3QTplBwCcvSKNYQMT5nMxgaGjAftJtkcZf0LNYMQxqBokLSTITvGwnztV74npn0Gd7q314q/uUNY5w23EQEUYwQ8PQQCgnZIc2VMD0AnQgFiCxNDlQElDPFEEEJyjg3YmyKKZk+vp6m/5PeRdUx/LpWaTXyZorkhJySc+KQOmmRNumQLuFkTh7II3myEuvZerFeV6MFK985Jj9gvX0C0ieUjQ==</latexit><latexit sha1_base64="32ruQCI01ZHPkhDx7OwBzwG8AQw=">AAAB+XicdVDLSgNBEJyNrxhfUY9eBoPgKexKIMkt4CXeIpgHJEuYnXTikNkHM71iWPIRXvXkTbz6NR78F2c3K6honYqqbrq6vEgKjbb9bhXW1jc2t4rbpZ3dvf2D8uFRT4ex4tDloQzVwGMapAigiwIlDCIFzPck9L35Zer370BpEQY3uIjA9dksEFPBGRqpfz9O2uOr5bhcsavNDHRF6rWcNB3qVO0MFZKjMy5/jCYhj30IkEum9dCxI3QTplBwCcvSKNYQMT5nMxgaGjAftJtkcZf0LNYMQxqBokLSTITvGwnztV74npn0Gd7q314q/uUNY5w23EQEUYwQ8PQQCgnZIc2VMD0AnQgFiCxNDlQElDPFEEEJyjg3YmyKKZk+vp6m/5PeRdUx/LpWaTXyZorkhJySc+KQOmmRNumQLuFkTh7II3myEuvZerFeV6MFK985Jj9gvX0C0ieUjQ==</latexit><latexit sha1_base64="32ruQCI01ZHPkhDx7OwBzwG8AQw=">AAAB+XicdVDLSgNBEJyNrxhfUY9eBoPgKexKIMkt4CXeIpgHJEuYnXTikNkHM71iWPIRXvXkTbz6NR78F2c3K6honYqqbrq6vEgKjbb9bhXW1jc2t4rbpZ3dvf2D8uFRT4ex4tDloQzVwGMapAigiwIlDCIFzPck9L35Zer370BpEQY3uIjA9dksEFPBGRqpfz9O2uOr5bhcsavNDHRF6rWcNB3qVO0MFZKjMy5/jCYhj30IkEum9dCxI3QTplBwCcvSKNYQMT5nMxgaGjAftJtkcZf0LNYMQxqBokLSTITvGwnztV74npn0Gd7q314q/uUNY5w23EQEUYwQ8PQQCgnZIc2VMD0AnQgFiCxNDlQElDPFEEEJyjg3YmyKKZk+vp6m/5PeRdUx/LpWaTXyZorkhJySc+KQOmmRNumQLuFkTh7II3myEuvZerFeV6MFK985Jj9gvX0C0ieUjQ==</latexit><latexit sha1_base64="32ruQCI01ZHPkhDx7OwBzwG8AQw=">AAAB+XicdVDLSgNBEJyNrxhfUY9eBoPgKexKIMkt4CXeIpgHJEuYnXTikNkHM71iWPIRXvXkTbz6NR78F2c3K6honYqqbrq6vEgKjbb9bhXW1jc2t4rbpZ3dvf2D8uFRT4ex4tDloQzVwGMapAigiwIlDCIFzPck9L35Zer370BpEQY3uIjA9dksEFPBGRqpfz9O2uOr5bhcsavNDHRF6rWcNB3qVO0MFZKjMy5/jCYhj30IkEum9dCxI3QTplBwCcvSKNYQMT5nMxgaGjAftJtkcZf0LNYMQxqBokLSTITvGwnztV74npn0Gd7q314q/uUNY5w23EQEUYwQ8PQQCgnZIc2VMD0AnQgFiCxNDlQElDPFEEEJyjg3YmyKKZk+vp6m/5PeRdUx/LpWaTXyZorkhJySc+KQOmmRNumQLuFkTh7II3myEuvZerFeV6MFK985Jj9gvX0C0ieUjQ==</latexit>

Tgas
<latexit sha1_base64="Xgi/w9PL5LM803av4U5r88oSCgo=">AAAB/XicdVA9SwNBEJ3z2/gVtbCwWQyCVbiTQEwn2GinYDSQhDC3jnFx74PdOUGO4K+w1cpObP0tFoKVv8PNRUFFX/V4b4Z588JUK8u+/+KNjU9MTk3PzJbm5hcWl8rLKyc2yYykpkx0YlohWtIqpiYr1tRKDWEUajoNL/eG/ukVGauS+JivU+pG2I/VuZLITmof9/KOiUQf7aBXrvjVRgExIvXaJ2kEIqj6BSq7awfvbwBw2Cu/ds4SmUUUs9RobTvwU+7maFhJTYNSJ7OUorzEPrUdjTEi282LyAOxmVnkRKRkhNKiEOn7Ro6RtddR6CYj5Av72xuKf3ntjM93urmK04wplsNDrDQVh6w0ynVB4kwZYsZhchIqFhINMpNRAqV0YubKKbk+vp4W/5OT7Wrg+JErpgYjzMA6bMAWBFCHXdiHQ2iChARu4Q7uvRvvwXv0nkajY97nzir8gPf8ASAdmJU=</latexit><latexit sha1_base64="y8xBi3dxg7xHObLmL+aV/7Oze6c=">AAAB/XicdVA9SwNBEN2LXzF+RS0sbBZFsAp3EojpBBvtIphEuIQ4t07ikr0PducEOYK/wlYrO7H1t1jYWvob3FwUVPRVj/dmmDcvSJQ05LovTmFqemZ2rjhfWlhcWl4pr661TJxqgU0Rq1ifBWBQyQibJEnhWaIRwkBhOxgejv32FWoj4+iUrhPshjCIZF8KICv5p72so0M+ADPqlbfdSj0Hn5Ba9ZPUPe5V3BzbBxvHb+/PhfNGr/zauYhFGmJEQoExvucm1M1AkxQKR6VOajABMYQB+pZGEKLpZnnkEd9JDVDME9RcKp6L+H0jg9CY6zCwkyHQpfntjcW/PD+l/n43k1GSEkZifIikwvyQEVraLpBfSI1EME6OXEZcgAYi1JKDEFZMbTkl28fX0/x/0tqreJaf2GKqbIIi22RbbJd5rMYO2BFrsCYTLGa37I7dOzfOg/PoPE1GC87nzjr7Aef5A7dmmbw=</latexit><latexit sha1_base64="y8xBi3dxg7xHObLmL+aV/7Oze6c=">AAAB/XicdVA9SwNBEN2LXzF+RS0sbBZFsAp3EojpBBvtIphEuIQ4t07ikr0PducEOYK/wlYrO7H1t1jYWvob3FwUVPRVj/dmmDcvSJQ05LovTmFqemZ2rjhfWlhcWl4pr661TJxqgU0Rq1ifBWBQyQibJEnhWaIRwkBhOxgejv32FWoj4+iUrhPshjCIZF8KICv5p72so0M+ADPqlbfdSj0Hn5Ba9ZPUPe5V3BzbBxvHb+/PhfNGr/zauYhFGmJEQoExvucm1M1AkxQKR6VOajABMYQB+pZGEKLpZnnkEd9JDVDME9RcKp6L+H0jg9CY6zCwkyHQpfntjcW/PD+l/n43k1GSEkZifIikwvyQEVraLpBfSI1EME6OXEZcgAYi1JKDEFZMbTkl28fX0/x/0tqreJaf2GKqbIIi22RbbJd5rMYO2BFrsCYTLGa37I7dOzfOg/PoPE1GC87nzjr7Aef5A7dmmbw=</latexit><latexit sha1_base64="e0bCqf0peHQ1asZP4m0AHduzt2Q=">AAAB/XicdVDLSgNBEJyNrxhfUY9eBoPgKexKIOYW8OIxQl6wWULvpBOHzD6Y6RXCEvwKr3ryJl79Fg/+i5tNBBWtU1HVTVeXHytpyLbfrcLa+sbmVnG7tLO7t39QPjzqmijRAjsiUpHu+2BQyRA7JElhP9YIga+w50+vFn7vDrWRUdimWYxeAJNQjqUAyiS3PUwHOuATMPNhuWJXGzn4ktRrK9JwuFO1c1TYCq1h+WMwikQSYEhCgTGuY8fkpaBJCoXz0iAxGIOYwgTdjIYQoPHSPPKcnyUGKOIxai4Vz0X8vpFCYMws8LPJAOjW/PYW4l+em9D40ktlGCeEoVgcIqkwP2SEllkXyEdSIxEskiOXIReggQi15CBEJiZZOaWsj6+n+f+ke1F1Mn5jV5q1VTNFdsJO2TlzWJ012TVrsQ4TLGIP7JE9WffWs/VivS5HC9Zq55j9gPX2Ccmyli8=</latexit>

TS = TCMB

TS 6= TCMB
<latexit sha1_base64="IMKqHiodcpO/MaLy31eYovegGkI=">AAACHnicbZDPSsNAEMY39X/9F/XoZbEI4kESEfQiFL14ERTbKjQhbLZjXbrZxN2JUELfwUfwKbzqyZt41YPvYhJ7sK1z+vh9M8zMFyZSGHScL6syNT0zOze/UF1cWl5ZtdfWWyZONYcmj2Wsb0JmQAoFTRQo4SbRwKJQwnXYOy386wfQRsSqgf0E/Ih1lbgVnGGOAnu3EVzRY9oIMk9H9PT8ZEA9r1pAT8H9CA/smrPnlEUnhTsUNTKsi8D+9joxTyNQyCUzpu06CfoZ0yi4hEHVSw0kjPdYF9q5VCwC42flTwO6nRqGMU1AUyFpCeHvRMYiY/pRmHdGDO/MuFfA/7x2irdHfiZUkiIoXixCIaFcZLgWeVhAO0IDIisuByoU5UwzRNCCMs5zmObpVfM83PHvJ0Vrf8/N9eVBrX4yTGaebJItskNcckjq5IxckCbh5JE8kxfyaj1Zb9a79fHbWrGGMxtkpKzPH7B9n+8=</latexit><latexit sha1_base64="IMKqHiodcpO/MaLy31eYovegGkI=">AAACHnicbZDPSsNAEMY39X/9F/XoZbEI4kESEfQiFL14ERTbKjQhbLZjXbrZxN2JUELfwUfwKbzqyZt41YPvYhJ7sK1z+vh9M8zMFyZSGHScL6syNT0zOze/UF1cWl5ZtdfWWyZONYcmj2Wsb0JmQAoFTRQo4SbRwKJQwnXYOy386wfQRsSqgf0E/Ih1lbgVnGGOAnu3EVzRY9oIMk9H9PT8ZEA9r1pAT8H9CA/smrPnlEUnhTsUNTKsi8D+9joxTyNQyCUzpu06CfoZ0yi4hEHVSw0kjPdYF9q5VCwC42flTwO6nRqGMU1AUyFpCeHvRMYiY/pRmHdGDO/MuFfA/7x2irdHfiZUkiIoXixCIaFcZLgWeVhAO0IDIisuByoU5UwzRNCCMs5zmObpVfM83PHvJ0Vrf8/N9eVBrX4yTGaebJItskNcckjq5IxckCbh5JE8kxfyaj1Zb9a79fHbWrGGMxtkpKzPH7B9n+8=</latexit><latexit sha1_base64="IMKqHiodcpO/MaLy31eYovegGkI=">AAACHnicbZDPSsNAEMY39X/9F/XoZbEI4kESEfQiFL14ERTbKjQhbLZjXbrZxN2JUELfwUfwKbzqyZt41YPvYhJ7sK1z+vh9M8zMFyZSGHScL6syNT0zOze/UF1cWl5ZtdfWWyZONYcmj2Wsb0JmQAoFTRQo4SbRwKJQwnXYOy386wfQRsSqgf0E/Ih1lbgVnGGOAnu3EVzRY9oIMk9H9PT8ZEA9r1pAT8H9CA/smrPnlEUnhTsUNTKsi8D+9joxTyNQyCUzpu06CfoZ0yi4hEHVSw0kjPdYF9q5VCwC42flTwO6nRqGMU1AUyFpCeHvRMYiY/pRmHdGDO/MuFfA/7x2irdHfiZUkiIoXixCIaFcZLgWeVhAO0IDIisuByoU5UwzRNCCMs5zmObpVfM83PHvJ0Vrf8/N9eVBrX4yTGaebJItskNcckjq5IxckCbh5JE8kxfyaj1Zb9a79fHbWrGGMxtkpKzPH7B9n+8=</latexit><latexit sha1_base64="IMKqHiodcpO/MaLy31eYovegGkI=">AAACHnicbZDPSsNAEMY39X/9F/XoZbEI4kESEfQiFL14ERTbKjQhbLZjXbrZxN2JUELfwUfwKbzqyZt41YPvYhJ7sK1z+vh9M8zMFyZSGHScL6syNT0zOze/UF1cWl5ZtdfWWyZONYcmj2Wsb0JmQAoFTRQo4SbRwKJQwnXYOy386wfQRsSqgf0E/Ih1lbgVnGGOAnu3EVzRY9oIMk9H9PT8ZEA9r1pAT8H9CA/smrPnlEUnhTsUNTKsi8D+9joxTyNQyCUzpu06CfoZ0yi4hEHVSw0kjPdYF9q5VCwC42flTwO6nRqGMU1AUyFpCeHvRMYiY/pRmHdGDO/MuFfA/7x2irdHfiZUkiIoXixCIaFcZLgWeVhAO0IDIisuByoU5UwzRNCCMs5zmObpVfM83PHvJ0Vrf8/N9eVBrX4yTGaebJItskNcckjq5IxckCbh5JE8kxfyaj1Zb9a79fHbWrGGMxtkpKzPH7B9n+8=</latexit>

: NO 21-cm signal 
: 21-cm signal in absorption/emission  
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EDGES Low-Band

Antenna size:
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CMB Cloud of Hydrogen

I�
<latexit sha1_base64="9UCVyuDwLmE4jwAawUcnoo2bx1g=">AAACBXicbVC7TsNAEDzzDOGVQElzIkKiimyEBGUEDXRBIg8psaz1ZRNOubOtuzUoilLzFbRQ0SFavoOCf8EOKSBhqtHMrnZ2wkRJS6776Swtr6yurRc2iptb2zu7pfJe08apEdgQsYpNOwSLSkbYIEkK24lB0KHCVji8zP3WPRor4+iWRgn6GgaR7EsBlElBqdzVQHcCFL8OugPQGoJSxa26U/BF4s1Ihc1QD0pf3V4sUo0RCQXWdjw3IX8MhqRQOCl2U4sJiCEMsJPRCDRafzyNPuFHqQWKeYKGS8WnIv7eGIO2dqTDbDIPaue9XPzP66TUP/fHMkpSwkjkh0gqnB6ywsisE+Q9aZAI8uTIZcQFGCBCIzkIkYlpVlIx68Ob/36RNE+qXsZvTiu1i1kzBXbADtkx89gZq7ErVmcNJtgDe2LP7MV5dF6dN+f9Z3TJme3ssz9wPr4Bs2mYNw==</latexit><latexit sha1_base64="9UCVyuDwLmE4jwAawUcnoo2bx1g=">AAACBXicbVC7TsNAEDzzDOGVQElzIkKiimyEBGUEDXRBIg8psaz1ZRNOubOtuzUoilLzFbRQ0SFavoOCf8EOKSBhqtHMrnZ2wkRJS6776Swtr6yurRc2iptb2zu7pfJe08apEdgQsYpNOwSLSkbYIEkK24lB0KHCVji8zP3WPRor4+iWRgn6GgaR7EsBlElBqdzVQHcCFL8OugPQGoJSxa26U/BF4s1Ihc1QD0pf3V4sUo0RCQXWdjw3IX8MhqRQOCl2U4sJiCEMsJPRCDRafzyNPuFHqQWKeYKGS8WnIv7eGIO2dqTDbDIPaue9XPzP66TUP/fHMkpSwkjkh0gqnB6ywsisE+Q9aZAI8uTIZcQFGCBCIzkIkYlpVlIx68Ob/36RNE+qXsZvTiu1i1kzBXbADtkx89gZq7ErVmcNJtgDe2LP7MV5dF6dN+f9Z3TJme3ssz9wPr4Bs2mYNw==</latexit><latexit sha1_base64="9UCVyuDwLmE4jwAawUcnoo2bx1g=">AAACBXicbVC7TsNAEDzzDOGVQElzIkKiimyEBGUEDXRBIg8psaz1ZRNOubOtuzUoilLzFbRQ0SFavoOCf8EOKSBhqtHMrnZ2wkRJS6776Swtr6yurRc2iptb2zu7pfJe08apEdgQsYpNOwSLSkbYIEkK24lB0KHCVji8zP3WPRor4+iWRgn6GgaR7EsBlElBqdzVQHcCFL8OugPQGoJSxa26U/BF4s1Ihc1QD0pf3V4sUo0RCQXWdjw3IX8MhqRQOCl2U4sJiCEMsJPRCDRafzyNPuFHqQWKeYKGS8WnIv7eGIO2dqTDbDIPaue9XPzP66TUP/fHMkpSwkjkh0gqnB6ywsisE+Q9aZAI8uTIZcQFGCBCIzkIkYlpVlIx68Ob/36RNE+qXsZvTiu1i1kzBXbADtkx89gZq7ErVmcNJtgDe2LP7MV5dF6dN+f9Z3TJme3ssz9wPr4Bs2mYNw==</latexit><latexit sha1_base64="9UCVyuDwLmE4jwAawUcnoo2bx1g=">AAACBXicbVC7TsNAEDzzDOGVQElzIkKiimyEBGUEDXRBIg8psaz1ZRNOubOtuzUoilLzFbRQ0SFavoOCf8EOKSBhqtHMrnZ2wkRJS6776Swtr6yurRc2iptb2zu7pfJe08apEdgQsYpNOwSLSkbYIEkK24lB0KHCVji8zP3WPRor4+iWRgn6GgaR7EsBlElBqdzVQHcCFL8OugPQGoJSxa26U/BF4s1Ihc1QD0pf3V4sUo0RCQXWdjw3IX8MhqRQOCl2U4sJiCEMsJPRCDRafzyNPuFHqQWKeYKGS8WnIv7eGIO2dqTDbDIPaue9XPzP66TUP/fHMkpSwkjkh0gqnB6ywsisE+Q9aZAI8uTIZcQFGCBCIzkIkYlpVlIx68Ob/36RNE+qXsZvTiu1i1kzBXbADtkx89gZq7ErVmcNJtgDe2LP7MV5dF6dN+f9Z3TJme3ssz9wPr4Bs2mYNw==</latexit>

I� e�⌧
<latexit sha1_base64="oK12l8cmC+nXUxpjVItm50ZgkyE=">AAACEnicbVBNS8NAEN34bf2qehRksQgetCQi6LHoRW8KthWaWCbrWBd3k7A7EUrozZ/gr/CqJ2/i1T/gwf9iUnNQ6zs93pth3rwwUdKS6344Y+MTk1PTM7OVufmFxaXq8krLxqkR2BSxis1FCBaVjLBJkhReJAZBhwrb4e1R4bfv0FgZR+fUTzDQ0IvktRRAudStrvsa6EaA4iddvwdaA/e3OV5mOz5BOuhWa27dHYKPEq8kNVbitFv99K9ikWqMSCiwtuO5CQUZGJJC4aDipxYTELfQw05OI9Bog2z4x4BvphYo5gkaLhUfivhzIwNtbV+H+WSR2v71CvE/r5PS9UGQyShJCSNRHCKpcHjICiPzgpBfSYNEUCRHLiMuwAARGslBiFxM88YqeR/e3+9HSWu37uX8bK/WOCybmWFrbINtMY/tswY7ZqesyQS7Z4/siT07D86L8+q8fY+OOeXOKvsF5/0LwnGdDw==</latexit><latexit sha1_base64="oK12l8cmC+nXUxpjVItm50ZgkyE=">AAACEnicbVBNS8NAEN34bf2qehRksQgetCQi6LHoRW8KthWaWCbrWBd3k7A7EUrozZ/gr/CqJ2/i1T/gwf9iUnNQ6zs93pth3rwwUdKS6344Y+MTk1PTM7OVufmFxaXq8krLxqkR2BSxis1FCBaVjLBJkhReJAZBhwrb4e1R4bfv0FgZR+fUTzDQ0IvktRRAudStrvsa6EaA4iddvwdaA/e3OV5mOz5BOuhWa27dHYKPEq8kNVbitFv99K9ikWqMSCiwtuO5CQUZGJJC4aDipxYTELfQw05OI9Bog2z4x4BvphYo5gkaLhUfivhzIwNtbV+H+WSR2v71CvE/r5PS9UGQyShJCSNRHCKpcHjICiPzgpBfSYNEUCRHLiMuwAARGslBiFxM88YqeR/e3+9HSWu37uX8bK/WOCybmWFrbINtMY/tswY7ZqesyQS7Z4/siT07D86L8+q8fY+OOeXOKvsF5/0LwnGdDw==</latexit><latexit sha1_base64="oK12l8cmC+nXUxpjVItm50ZgkyE=">AAACEnicbVBNS8NAEN34bf2qehRksQgetCQi6LHoRW8KthWaWCbrWBd3k7A7EUrozZ/gr/CqJ2/i1T/gwf9iUnNQ6zs93pth3rwwUdKS6344Y+MTk1PTM7OVufmFxaXq8krLxqkR2BSxis1FCBaVjLBJkhReJAZBhwrb4e1R4bfv0FgZR+fUTzDQ0IvktRRAudStrvsa6EaA4iddvwdaA/e3OV5mOz5BOuhWa27dHYKPEq8kNVbitFv99K9ikWqMSCiwtuO5CQUZGJJC4aDipxYTELfQw05OI9Bog2z4x4BvphYo5gkaLhUfivhzIwNtbV+H+WSR2v71CvE/r5PS9UGQyShJCSNRHCKpcHjICiPzgpBfSYNEUCRHLiMuwAARGslBiFxM88YqeR/e3+9HSWu37uX8bK/WOCybmWFrbINtMY/tswY7ZqesyQS7Z4/siT07D86L8+q8fY+OOeXOKvsF5/0LwnGdDw==</latexit><latexit sha1_base64="oK12l8cmC+nXUxpjVItm50ZgkyE=">AAACEnicbVBNS8NAEN34bf2qehRksQgetCQi6LHoRW8KthWaWCbrWBd3k7A7EUrozZ/gr/CqJ2/i1T/gwf9iUnNQ6zs93pth3rwwUdKS6344Y+MTk1PTM7OVufmFxaXq8krLxqkR2BSxis1FCBaVjLBJkhReJAZBhwrb4e1R4bfv0FgZR+fUTzDQ0IvktRRAudStrvsa6EaA4iddvwdaA/e3OV5mOz5BOuhWa27dHYKPEq8kNVbitFv99K9ikWqMSCiwtuO5CQUZGJJC4aDipxYTELfQw05OI9Bog2z4x4BvphYo5gkaLhUfivhzIwNtbV+H+WSR2v71CvE/r5PS9UGQyShJCSNRHCKpcHjICiPzgpBfSYNEUCRHLiMuwAARGslBiFxM88YqeR/e3+9HSWu37uX8bK/WOCybmWFrbINtMY/tswY7ZqesyQS7Z4/siT07D86L8+q8fY+OOeXOKvsF5/0LwnGdDw==</latexit>

CMB

T21 / I�(1� e�⌧ ) ⇡ I�⌧ ⇡ 21mKxHI

✓
1� TCMB

TS

◆r
1 + z

10
<latexit sha1_base64="6zCPyeAsjIguec6XvU5Xt5jddnM="></latexit><latexit sha1_base64="6zCPyeAsjIguec6XvU5Xt5jddnM="></latexit><latexit sha1_base64="6zCPyeAsjIguec6XvU5Xt5jddnM="></latexit><latexit sha1_base64="6zCPyeAsjIguec6XvU5Xt5jddnM="></latexit>

⌧ ⌧ 1
<latexit sha1_base64="d1PZrO85itL2+8F0ddxtgPtFXSU=">AAAB/HicbVA9SwNBEN3zM8avqKXNYhCswp0IWgZtLCOYD8yFMLeZxCV7e8funBBC/BW2WtmJrf/Fwv/iJl6hia96vDfDvHlRqqQl3//0lpZXVtfWCxvFza3tnd3S3n7DJpkRWBeJSkwrAotKaqyTJIWt1CDEkcJmNLya+s0HNFYm+pZGKXZiGGjZlwLISXchQcZDpXjQLZX9ij8DXyRBTsosR61b+gp7ichi1CQUWNsO/JQ6YzAkhcJJMcwspiCGMMC2oxpitJ3xLPGEH2cWKOEpGi4Vn4n4e2MMsbWjOHKTMdC9nfem4n9eO6P+RWcsdZoRajE9RFLh7JAVRroqkPekQSKYJkcuNRdggAiN5CCEEzPXTdH1Ecx/v0gap5XA8ZuzcvUyb6bADtkRO2EBO2dVds1qrM4E0+yJPbMX79F79d6895/RJS/fOWB/4H18A0r+lK4=</latexit><latexit sha1_base64="d1PZrO85itL2+8F0ddxtgPtFXSU=">AAAB/HicbVA9SwNBEN3zM8avqKXNYhCswp0IWgZtLCOYD8yFMLeZxCV7e8funBBC/BW2WtmJrf/Fwv/iJl6hia96vDfDvHlRqqQl3//0lpZXVtfWCxvFza3tnd3S3n7DJpkRWBeJSkwrAotKaqyTJIWt1CDEkcJmNLya+s0HNFYm+pZGKXZiGGjZlwLISXchQcZDpXjQLZX9ij8DXyRBTsosR61b+gp7ichi1CQUWNsO/JQ6YzAkhcJJMcwspiCGMMC2oxpitJ3xLPGEH2cWKOEpGi4Vn4n4e2MMsbWjOHKTMdC9nfem4n9eO6P+RWcsdZoRajE9RFLh7JAVRroqkPekQSKYJkcuNRdggAiN5CCEEzPXTdH1Ecx/v0gap5XA8ZuzcvUyb6bADtkRO2EBO2dVds1qrM4E0+yJPbMX79F79d6895/RJS/fOWB/4H18A0r+lK4=</latexit><latexit sha1_base64="d1PZrO85itL2+8F0ddxtgPtFXSU=">AAAB/HicbVA9SwNBEN3zM8avqKXNYhCswp0IWgZtLCOYD8yFMLeZxCV7e8funBBC/BW2WtmJrf/Fwv/iJl6hia96vDfDvHlRqqQl3//0lpZXVtfWCxvFza3tnd3S3n7DJpkRWBeJSkwrAotKaqyTJIWt1CDEkcJmNLya+s0HNFYm+pZGKXZiGGjZlwLISXchQcZDpXjQLZX9ij8DXyRBTsosR61b+gp7ichi1CQUWNsO/JQ6YzAkhcJJMcwspiCGMMC2oxpitJ3xLPGEH2cWKOEpGi4Vn4n4e2MMsbWjOHKTMdC9nfem4n9eO6P+RWcsdZoRajE9RFLh7JAVRroqkPekQSKYJkcuNRdggAiN5CCEEzPXTdH1Ecx/v0gap5XA8ZuzcvUyb6bADtkRO2EBO2dVds1qrM4E0+yJPbMX79F79d6895/RJS/fOWB/4H18A0r+lK4=</latexit><latexit sha1_base64="d1PZrO85itL2+8F0ddxtgPtFXSU=">AAAB/HicbVA9SwNBEN3zM8avqKXNYhCswp0IWgZtLCOYD8yFMLeZxCV7e8funBBC/BW2WtmJrf/Fwv/iJl6hia96vDfDvHlRqqQl3//0lpZXVtfWCxvFza3tnd3S3n7DJpkRWBeJSkwrAotKaqyTJIWt1CDEkcJmNLya+s0HNFYm+pZGKXZiGGjZlwLISXchQcZDpXjQLZX9ij8DXyRBTsosR61b+gp7ichi1CQUWNsO/JQ6YzAkhcJJMcwspiCGMMC2oxpitJ3xLPGEH2cWKOEpGi4Vn4n4e2MMsbWjOHKTMdC9nfem4n9eO6P+RWcsdZoRajE9RFLh7JAVRroqkPekQSKYJkcuNRdggAiN5CCEEzPXTdH1Ecx/v0gap5XA8ZuzcvUyb6bADtkRO2EBO2dVds1qrM4E0+yJPbMX79F79d6895/RJS/fOWB/4H18A0r+lK4=</latexit>

: The Universe is mostly transparent to 21-cm photons 

Neutral Hydrogen  
     Abundance:  
     Temperature:

xHI
<latexit sha1_base64="32ruQCI01ZHPkhDx7OwBzwG8AQw=">AAAB+XicdVDLSgNBEJyNrxhfUY9eBoPgKexKIMkt4CXeIpgHJEuYnXTikNkHM71iWPIRXvXkTbz6NR78F2c3K6honYqqbrq6vEgKjbb9bhXW1jc2t4rbpZ3dvf2D8uFRT4ex4tDloQzVwGMapAigiwIlDCIFzPck9L35Zer370BpEQY3uIjA9dksEFPBGRqpfz9O2uOr5bhcsavNDHRF6rWcNB3qVO0MFZKjMy5/jCYhj30IkEum9dCxI3QTplBwCcvSKNYQMT5nMxgaGjAftJtkcZf0LNYMQxqBokLSTITvGwnztV74npn0Gd7q314q/uUNY5w23EQEUYwQ8PQQCgnZIc2VMD0AnQgFiCxNDlQElDPFEEEJyjg3YmyKKZk+vp6m/5PeRdUx/LpWaTXyZorkhJySc+KQOmmRNumQLuFkTh7II3myEuvZerFeV6MFK985Jj9gvX0C0ieUjQ==</latexit><latexit sha1_base64="32ruQCI01ZHPkhDx7OwBzwG8AQw=">AAAB+XicdVDLSgNBEJyNrxhfUY9eBoPgKexKIMkt4CXeIpgHJEuYnXTikNkHM71iWPIRXvXkTbz6NR78F2c3K6honYqqbrq6vEgKjbb9bhXW1jc2t4rbpZ3dvf2D8uFRT4ex4tDloQzVwGMapAigiwIlDCIFzPck9L35Zer370BpEQY3uIjA9dksEFPBGRqpfz9O2uOr5bhcsavNDHRF6rWcNB3qVO0MFZKjMy5/jCYhj30IkEum9dCxI3QTplBwCcvSKNYQMT5nMxgaGjAftJtkcZf0LNYMQxqBokLSTITvGwnztV74npn0Gd7q314q/uUNY5w23EQEUYwQ8PQQCgnZIc2VMD0AnQgFiCxNDlQElDPFEEEJyjg3YmyKKZk+vp6m/5PeRdUx/LpWaTXyZorkhJySc+KQOmmRNumQLuFkTh7II3myEuvZerFeV6MFK985Jj9gvX0C0ieUjQ==</latexit><latexit sha1_base64="32ruQCI01ZHPkhDx7OwBzwG8AQw=">AAAB+XicdVDLSgNBEJyNrxhfUY9eBoPgKexKIMkt4CXeIpgHJEuYnXTikNkHM71iWPIRXvXkTbz6NR78F2c3K6honYqqbrq6vEgKjbb9bhXW1jc2t4rbpZ3dvf2D8uFRT4ex4tDloQzVwGMapAigiwIlDCIFzPck9L35Zer370BpEQY3uIjA9dksEFPBGRqpfz9O2uOr5bhcsavNDHRF6rWcNB3qVO0MFZKjMy5/jCYhj30IkEum9dCxI3QTplBwCcvSKNYQMT5nMxgaGjAftJtkcZf0LNYMQxqBokLSTITvGwnztV74npn0Gd7q314q/uUNY5w23EQEUYwQ8PQQCgnZIc2VMD0AnQgFiCxNDlQElDPFEEEJyjg3YmyKKZk+vp6m/5PeRdUx/LpWaTXyZorkhJySc+KQOmmRNumQLuFkTh7II3myEuvZerFeV6MFK985Jj9gvX0C0ieUjQ==</latexit><latexit sha1_base64="32ruQCI01ZHPkhDx7OwBzwG8AQw=">AAAB+XicdVDLSgNBEJyNrxhfUY9eBoPgKexKIMkt4CXeIpgHJEuYnXTikNkHM71iWPIRXvXkTbz6NR78F2c3K6honYqqbrq6vEgKjbb9bhXW1jc2t4rbpZ3dvf2D8uFRT4ex4tDloQzVwGMapAigiwIlDCIFzPck9L35Zer370BpEQY3uIjA9dksEFPBGRqpfz9O2uOr5bhcsavNDHRF6rWcNB3qVO0MFZKjMy5/jCYhj30IkEum9dCxI3QTplBwCcvSKNYQMT5nMxgaGjAftJtkcZf0LNYMQxqBokLSTITvGwnztV74npn0Gd7q314q/uUNY5w23EQEUYwQ8PQQCgnZIc2VMD0AnQgFiCxNDlQElDPFEEEJyjg3YmyKKZk+vp6m/5PeRdUx/LpWaTXyZorkhJySc+KQOmmRNumQLuFkTh7II3myEuvZerFeV6MFK985Jj9gvX0C0ieUjQ==</latexit>

Tgas
<latexit sha1_base64="Xgi/w9PL5LM803av4U5r88oSCgo=">AAAB/XicdVA9SwNBEJ3z2/gVtbCwWQyCVbiTQEwn2GinYDSQhDC3jnFx74PdOUGO4K+w1cpObP0tFoKVv8PNRUFFX/V4b4Z588JUK8u+/+KNjU9MTk3PzJbm5hcWl8rLKyc2yYykpkx0YlohWtIqpiYr1tRKDWEUajoNL/eG/ukVGauS+JivU+pG2I/VuZLITmof9/KOiUQf7aBXrvjVRgExIvXaJ2kEIqj6BSq7awfvbwBw2Cu/ds4SmUUUs9RobTvwU+7maFhJTYNSJ7OUorzEPrUdjTEi282LyAOxmVnkRKRkhNKiEOn7Ro6RtddR6CYj5Av72xuKf3ntjM93urmK04wplsNDrDQVh6w0ynVB4kwZYsZhchIqFhINMpNRAqV0YubKKbk+vp4W/5OT7Wrg+JErpgYjzMA6bMAWBFCHXdiHQ2iChARu4Q7uvRvvwXv0nkajY97nzir8gPf8ASAdmJU=</latexit><latexit sha1_base64="y8xBi3dxg7xHObLmL+aV/7Oze6c=">AAAB/XicdVA9SwNBEN2LXzF+RS0sbBZFsAp3EojpBBvtIphEuIQ4t07ikr0PducEOYK/wlYrO7H1t1jYWvob3FwUVPRVj/dmmDcvSJQ05LovTmFqemZ2rjhfWlhcWl4pr661TJxqgU0Rq1ifBWBQyQibJEnhWaIRwkBhOxgejv32FWoj4+iUrhPshjCIZF8KICv5p72so0M+ADPqlbfdSj0Hn5Ba9ZPUPe5V3BzbBxvHb+/PhfNGr/zauYhFGmJEQoExvucm1M1AkxQKR6VOajABMYQB+pZGEKLpZnnkEd9JDVDME9RcKp6L+H0jg9CY6zCwkyHQpfntjcW/PD+l/n43k1GSEkZifIikwvyQEVraLpBfSI1EME6OXEZcgAYi1JKDEFZMbTkl28fX0/x/0tqreJaf2GKqbIIi22RbbJd5rMYO2BFrsCYTLGa37I7dOzfOg/PoPE1GC87nzjr7Aef5A7dmmbw=</latexit><latexit sha1_base64="y8xBi3dxg7xHObLmL+aV/7Oze6c=">AAAB/XicdVA9SwNBEN2LXzF+RS0sbBZFsAp3EojpBBvtIphEuIQ4t07ikr0PducEOYK/wlYrO7H1t1jYWvob3FwUVPRVj/dmmDcvSJQ05LovTmFqemZ2rjhfWlhcWl4pr661TJxqgU0Rq1ifBWBQyQibJEnhWaIRwkBhOxgejv32FWoj4+iUrhPshjCIZF8KICv5p72so0M+ADPqlbfdSj0Hn5Ba9ZPUPe5V3BzbBxvHb+/PhfNGr/zauYhFGmJEQoExvucm1M1AkxQKR6VOajABMYQB+pZGEKLpZnnkEd9JDVDME9RcKp6L+H0jg9CY6zCwkyHQpfntjcW/PD+l/n43k1GSEkZifIikwvyQEVraLpBfSI1EME6OXEZcgAYi1JKDEFZMbTkl28fX0/x/0tqreJaf2GKqbIIi22RbbJd5rMYO2BFrsCYTLGa37I7dOzfOg/PoPE1GC87nzjr7Aef5A7dmmbw=</latexit><latexit sha1_base64="e0bCqf0peHQ1asZP4m0AHduzt2Q=">AAAB/XicdVDLSgNBEJyNrxhfUY9eBoPgKexKIOYW8OIxQl6wWULvpBOHzD6Y6RXCEvwKr3ryJl79Fg/+i5tNBBWtU1HVTVeXHytpyLbfrcLa+sbmVnG7tLO7t39QPjzqmijRAjsiUpHu+2BQyRA7JElhP9YIga+w50+vFn7vDrWRUdimWYxeAJNQjqUAyiS3PUwHOuATMPNhuWJXGzn4ktRrK9JwuFO1c1TYCq1h+WMwikQSYEhCgTGuY8fkpaBJCoXz0iAxGIOYwgTdjIYQoPHSPPKcnyUGKOIxai4Vz0X8vpFCYMws8LPJAOjW/PYW4l+em9D40ktlGCeEoVgcIqkwP2SEllkXyEdSIxEskiOXIReggQi15CBEJiZZOaWsj6+n+f+ke1F1Mn5jV5q1VTNFdsJO2TlzWJ012TVrsQ4TLGIP7JE9WffWs/VivS5HC9Zq55j9gPX2Ccmyli8=</latexit>

TCMB/TS ' 19 at z = 17
<latexit sha1_base64="/QxrSnAp97InCFookp0CWsGy5DQ="></latexit><latexit sha1_base64="/QxrSnAp97InCFookp0CWsGy5DQ="></latexit><latexit sha1_base64="/QxrSnAp97InCFookp0CWsGy5DQ="></latexit><latexit sha1_base64="/QxrSnAp97InCFookp0CWsGy5DQ="></latexit>

TS ' 3 K
<latexit sha1_base64="odDdSqGqNbrsvNYx5xsQADtDns8="></latexit><latexit sha1_base64="odDdSqGqNbrsvNYx5xsQADtDns8="></latexit><latexit sha1_base64="odDdSqGqNbrsvNYx5xsQADtDns8="></latexit><latexit sha1_base64="odDdSqGqNbrsvNYx5xsQADtDns8="></latexit>

EDGES measurement implies



A short history of the IGM
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CMB / (1 + z)
<latexit sha1_base64="XdEIa2S2y/cAPSZqsL/TmAWxzWU="></latexit><latexit sha1_base64="XdEIa2S2y/cAPSZqsL/TmAWxzWU="></latexit><latexit sha1_base64="XdEIa2S2y/cAPSZqsL/TmAWxzWU="></latexit><latexit sha1_base64="XdEIa2S2y/cAPSZqsL/TmAWxzWU="></latexit>

Gas / (1 + z) 2

<latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit><latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit><latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit><latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit>

Residual free electrons: xe ' 2⇥ 10�4
<latexit sha1_base64="oexUzJcuEGwFLh6c0KpRvIo4EM8="></latexit><latexit sha1_base64="oexUzJcuEGwFLh6c0KpRvIo4EM8="></latexit><latexit sha1_base64="oexUzJcuEGwFLh6c0KpRvIo4EM8="></latexit><latexit sha1_base64="oexUzJcuEGwFLh6c0KpRvIo4EM8="></latexit>

Fully ionized gas: xe = 1
<latexit sha1_base64="zOYHWjiLkjfN/aKbx+XB/XQLws8="></latexit><latexit sha1_base64="zOYHWjiLkjfN/aKbx+XB/XQLws8="></latexit><latexit sha1_base64="zOYHWjiLkjfN/aKbx+XB/XQLws8="></latexit><latexit sha1_base64="zOYHWjiLkjfN/aKbx+XB/XQLws8="></latexit>

PAOLO PANCI 
slide 11/30



A short history of the IGM
➡ At z⁓1100, CMB and IGM kinetically decouple:                  

the Universe becomes neutral
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CMB / (1 + z)
<latexit sha1_base64="XdEIa2S2y/cAPSZqsL/TmAWxzWU="></latexit><latexit sha1_base64="XdEIa2S2y/cAPSZqsL/TmAWxzWU="></latexit><latexit sha1_base64="XdEIa2S2y/cAPSZqsL/TmAWxzWU="></latexit><latexit sha1_base64="XdEIa2S2y/cAPSZqsL/TmAWxzWU="></latexit>

Gas / (1 + z) 2

<latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit><latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit><latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit><latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit>

Residual free electrons: xe ' 2⇥ 10�4
<latexit sha1_base64="oexUzJcuEGwFLh6c0KpRvIo4EM8="></latexit><latexit sha1_base64="oexUzJcuEGwFLh6c0KpRvIo4EM8="></latexit><latexit sha1_base64="oexUzJcuEGwFLh6c0KpRvIo4EM8="></latexit><latexit sha1_base64="oexUzJcuEGwFLh6c0KpRvIo4EM8="></latexit>

Fully ionized gas: xe = 1
<latexit sha1_base64="zOYHWjiLkjfN/aKbx+XB/XQLws8="></latexit><latexit sha1_base64="zOYHWjiLkjfN/aKbx+XB/XQLws8="></latexit><latexit sha1_base64="zOYHWjiLkjfN/aKbx+XB/XQLws8="></latexit><latexit sha1_base64="zOYHWjiLkjfN/aKbx+XB/XQLws8="></latexit>

z ' 1100
<latexit sha1_base64="WXX4y3tcO9mM8FVus+OvQkkSWC4=">AAAB/3icdVC7SgNBFJ2NrxhfUUubwSBYhV3xlS5gYxnBPCBZwuzkJg6ZfWTmrhCXFH6FrVZ2YuunWPgvzq4rRNFTHc65l3vu8SIpNNr2u1VYWFxaXimultbWNza3yts7LR3GikOThzJUHY9pkCKAJgqU0IkUMN+T0PbGF6nfvgWlRRhc4zQC12ejQAwFZ2gk9472tPBhQh3Htvvlil21M9A5cmI7tVOHOrlSITka/fJHbxDy2IcAuWRadx07QjdhCgWXMCv1Yg0R42M2gq6hAfNBu0kWekYPYs0wpBEoKiTNRJjfSJiv9dT3zKTP8Eb/9lLxL68b4/DcTUQQxQgBTw+hkJAd0lwJ0wbQgVCAyNLkQEVAOVMMEZSgjHMjxqaekunj+2n6P2kdVR3Dr44r9VreTJHskX1ySBxyRurkkjRIk3AyIQ/kkTxZ99az9WK9fo0WrHxnl/yA9fYJ7h6VhQ==</latexit><latexit sha1_base64="WXX4y3tcO9mM8FVus+OvQkkSWC4=">AAAB/3icdVC7SgNBFJ2NrxhfUUubwSBYhV3xlS5gYxnBPCBZwuzkJg6ZfWTmrhCXFH6FrVZ2YuunWPgvzq4rRNFTHc65l3vu8SIpNNr2u1VYWFxaXimultbWNza3yts7LR3GikOThzJUHY9pkCKAJgqU0IkUMN+T0PbGF6nfvgWlRRhc4zQC12ejQAwFZ2gk9472tPBhQh3Htvvlil21M9A5cmI7tVOHOrlSITka/fJHbxDy2IcAuWRadx07QjdhCgWXMCv1Yg0R42M2gq6hAfNBu0kWekYPYs0wpBEoKiTNRJjfSJiv9dT3zKTP8Eb/9lLxL68b4/DcTUQQxQgBTw+hkJAd0lwJ0wbQgVCAyNLkQEVAOVMMEZSgjHMjxqaekunj+2n6P2kdVR3Dr44r9VreTJHskX1ySBxyRurkkjRIk3AyIQ/kkTxZ99az9WK9fo0WrHxnl/yA9fYJ7h6VhQ==</latexit><latexit sha1_base64="WXX4y3tcO9mM8FVus+OvQkkSWC4=">AAAB/3icdVC7SgNBFJ2NrxhfUUubwSBYhV3xlS5gYxnBPCBZwuzkJg6ZfWTmrhCXFH6FrVZ2YuunWPgvzq4rRNFTHc65l3vu8SIpNNr2u1VYWFxaXimultbWNza3yts7LR3GikOThzJUHY9pkCKAJgqU0IkUMN+T0PbGF6nfvgWlRRhc4zQC12ejQAwFZ2gk9472tPBhQh3Htvvlil21M9A5cmI7tVOHOrlSITka/fJHbxDy2IcAuWRadx07QjdhCgWXMCv1Yg0R42M2gq6hAfNBu0kWekYPYs0wpBEoKiTNRJjfSJiv9dT3zKTP8Eb/9lLxL68b4/DcTUQQxQgBTw+hkJAd0lwJ0wbQgVCAyNLkQEVAOVMMEZSgjHMjxqaekunj+2n6P2kdVR3Dr44r9VreTJHskX1ySBxyRurkkjRIk3AyIQ/kkTxZ99az9WK9fo0WrHxnl/yA9fYJ7h6VhQ==</latexit><latexit sha1_base64="WXX4y3tcO9mM8FVus+OvQkkSWC4=">AAAB/3icdVC7SgNBFJ2NrxhfUUubwSBYhV3xlS5gYxnBPCBZwuzkJg6ZfWTmrhCXFH6FrVZ2YuunWPgvzq4rRNFTHc65l3vu8SIpNNr2u1VYWFxaXimultbWNza3yts7LR3GikOThzJUHY9pkCKAJgqU0IkUMN+T0PbGF6nfvgWlRRhc4zQC12ejQAwFZ2gk9472tPBhQh3Htvvlil21M9A5cmI7tVOHOrlSITka/fJHbxDy2IcAuWRadx07QjdhCgWXMCv1Yg0R42M2gq6hAfNBu0kWekYPYs0wpBEoKiTNRJjfSJiv9dT3zKTP8Eb/9lLxL68b4/DcTUQQxQgBTw+hkJAd0lwJ0wbQgVCAyNLkQEVAOVMMEZSgjHMjxqaekunj+2n6P2kdVR3Dr44r9VreTJHskX1ySBxyRurkkjRIk3AyIQ/kkTxZ99az9WK9fo0WrHxnl/yA9fYJ7h6VhQ==</latexit>
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CMB / (1 + z)
<latexit sha1_base64="XdEIa2S2y/cAPSZqsL/TmAWxzWU="></latexit><latexit sha1_base64="XdEIa2S2y/cAPSZqsL/TmAWxzWU="></latexit><latexit sha1_base64="XdEIa2S2y/cAPSZqsL/TmAWxzWU="></latexit><latexit sha1_base64="XdEIa2S2y/cAPSZqsL/TmAWxzWU="></latexit>

Gas / (1 + z) 2

<latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit><latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit><latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit><latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit>

Residual free electrons: xe ' 2⇥ 10�4
<latexit sha1_base64="oexUzJcuEGwFLh6c0KpRvIo4EM8="></latexit><latexit sha1_base64="oexUzJcuEGwFLh6c0KpRvIo4EM8="></latexit><latexit sha1_base64="oexUzJcuEGwFLh6c0KpRvIo4EM8="></latexit><latexit sha1_base64="oexUzJcuEGwFLh6c0KpRvIo4EM8="></latexit>

Fully ionized gas: xe = 1
<latexit sha1_base64="zOYHWjiLkjfN/aKbx+XB/XQLws8="></latexit><latexit sha1_base64="zOYHWjiLkjfN/aKbx+XB/XQLws8="></latexit><latexit sha1_base64="zOYHWjiLkjfN/aKbx+XB/XQLws8="></latexit><latexit sha1_base64="zOYHWjiLkjfN/aKbx+XB/XQLws8="></latexit>

z ' 1100
<latexit sha1_base64="WXX4y3tcO9mM8FVus+OvQkkSWC4=">AAAB/3icdVC7SgNBFJ2NrxhfUUubwSBYhV3xlS5gYxnBPCBZwuzkJg6ZfWTmrhCXFH6FrVZ2YuunWPgvzq4rRNFTHc65l3vu8SIpNNr2u1VYWFxaXimultbWNza3yts7LR3GikOThzJUHY9pkCKAJgqU0IkUMN+T0PbGF6nfvgWlRRhc4zQC12ejQAwFZ2gk9472tPBhQh3Htvvlil21M9A5cmI7tVOHOrlSITka/fJHbxDy2IcAuWRadx07QjdhCgWXMCv1Yg0R42M2gq6hAfNBu0kWekYPYs0wpBEoKiTNRJjfSJiv9dT3zKTP8Eb/9lLxL68b4/DcTUQQxQgBTw+hkJAd0lwJ0wbQgVCAyNLkQEVAOVMMEZSgjHMjxqaekunj+2n6P2kdVR3Dr44r9VreTJHskX1ySBxyRurkkjRIk3AyIQ/kkTxZ99az9WK9fo0WrHxnl/yA9fYJ7h6VhQ==</latexit><latexit sha1_base64="WXX4y3tcO9mM8FVus+OvQkkSWC4=">AAAB/3icdVC7SgNBFJ2NrxhfUUubwSBYhV3xlS5gYxnBPCBZwuzkJg6ZfWTmrhCXFH6FrVZ2YuunWPgvzq4rRNFTHc65l3vu8SIpNNr2u1VYWFxaXimultbWNza3yts7LR3GikOThzJUHY9pkCKAJgqU0IkUMN+T0PbGF6nfvgWlRRhc4zQC12ejQAwFZ2gk9472tPBhQh3Htvvlil21M9A5cmI7tVOHOrlSITka/fJHbxDy2IcAuWRadx07QjdhCgWXMCv1Yg0R42M2gq6hAfNBu0kWekYPYs0wpBEoKiTNRJjfSJiv9dT3zKTP8Eb/9lLxL68b4/DcTUQQxQgBTw+hkJAd0lwJ0wbQgVCAyNLkQEVAOVMMEZSgjHMjxqaekunj+2n6P2kdVR3Dr44r9VreTJHskX1ySBxyRurkkjRIk3AyIQ/kkTxZ99az9WK9fo0WrHxnl/yA9fYJ7h6VhQ==</latexit><latexit sha1_base64="WXX4y3tcO9mM8FVus+OvQkkSWC4=">AAAB/3icdVC7SgNBFJ2NrxhfUUubwSBYhV3xlS5gYxnBPCBZwuzkJg6ZfWTmrhCXFH6FrVZ2YuunWPgvzq4rRNFTHc65l3vu8SIpNNr2u1VYWFxaXimultbWNza3yts7LR3GikOThzJUHY9pkCKAJgqU0IkUMN+T0PbGF6nfvgWlRRhc4zQC12ejQAwFZ2gk9472tPBhQh3Htvvlil21M9A5cmI7tVOHOrlSITka/fJHbxDy2IcAuWRadx07QjdhCgWXMCv1Yg0R42M2gq6hAfNBu0kWekYPYs0wpBEoKiTNRJjfSJiv9dT3zKTP8Eb/9lLxL68b4/DcTUQQxQgBTw+hkJAd0lwJ0wbQgVCAyNLkQEVAOVMMEZSgjHMjxqaekunj+2n6P2kdVR3Dr44r9VreTJHskX1ySBxyRurkkjRIk3AyIQ/kkTxZ99az9WK9fo0WrHxnl/yA9fYJ7h6VhQ==</latexit><latexit sha1_base64="WXX4y3tcO9mM8FVus+OvQkkSWC4=">AAAB/3icdVC7SgNBFJ2NrxhfUUubwSBYhV3xlS5gYxnBPCBZwuzkJg6ZfWTmrhCXFH6FrVZ2YuunWPgvzq4rRNFTHc65l3vu8SIpNNr2u1VYWFxaXimultbWNza3yts7LR3GikOThzJUHY9pkCKAJgqU0IkUMN+T0PbGF6nfvgWlRRhc4zQC12ejQAwFZ2gk9472tPBhQh3Htvvlil21M9A5cmI7tVOHOrlSITka/fJHbxDy2IcAuWRadx07QjdhCgWXMCv1Yg0R42M2gq6hAfNBu0kWekYPYs0wpBEoKiTNRJjfSJiv9dT3zKTP8Eb/9lLxL68b4/DcTUQQxQgBTw+hkJAd0lwJ0wbQgVCAyNLkQEVAOVMMEZSgjHMjxqaekunj+2n6P2kdVR3Dr44r9VreTJHskX1ySBxyRurkkjRIk3AyIQ/kkTxZ99az9WK9fo0WrHxnl/yA9fYJ7h6VhQ==</latexit>

➡ However, the gas & CMB temperatures are still the same, 
because of efficient Compton scattering
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CMB / (1 + z)
<latexit sha1_base64="XdEIa2S2y/cAPSZqsL/TmAWxzWU="></latexit><latexit sha1_base64="XdEIa2S2y/cAPSZqsL/TmAWxzWU="></latexit><latexit sha1_base64="XdEIa2S2y/cAPSZqsL/TmAWxzWU="></latexit><latexit sha1_base64="XdEIa2S2y/cAPSZqsL/TmAWxzWU="></latexit>

Gas / (1 + z) 2

<latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit><latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit><latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit><latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit>

Residual free electrons: xe ' 2⇥ 10�4
<latexit sha1_base64="oexUzJcuEGwFLh6c0KpRvIo4EM8="></latexit><latexit sha1_base64="oexUzJcuEGwFLh6c0KpRvIo4EM8="></latexit><latexit sha1_base64="oexUzJcuEGwFLh6c0KpRvIo4EM8="></latexit><latexit sha1_base64="oexUzJcuEGwFLh6c0KpRvIo4EM8="></latexit>

Fully ionized gas: xe = 1
<latexit sha1_base64="zOYHWjiLkjfN/aKbx+XB/XQLws8="></latexit><latexit sha1_base64="zOYHWjiLkjfN/aKbx+XB/XQLws8="></latexit><latexit sha1_base64="zOYHWjiLkjfN/aKbx+XB/XQLws8="></latexit><latexit sha1_base64="zOYHWjiLkjfN/aKbx+XB/XQLws8="></latexit>

z ' 130
<latexit sha1_base64="lJQOyxVUZrSPuRPf5XDImhixmjw=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwVRLf3RXcuKxgH9CGMpne1qEzSZy5EWoo+BVudeVO3PorLvwXkxihip7V4Zx7ueceL5TCoG2/W4W5+YXFpeJyaWV1bX2jvLnVMkGkOTR5IAPd8ZgBKXxookAJnVADU56Etjc+T/32LWgjAv8KJyG4io18MRScYSL17mjPCAU31Dm0++WKXbUz0BlybDu1E4c6uVIhORr98kdvEPBIgY9cMmO6jh2iGzONgkuYlnqRgZDxMRtBN6E+U2DcOMs8pXuRYRjQEDQVkmYizG7ETBkzUV4yqRhem99eKv7ldSMcnrmx8MMIwefpIRQSskOGa5GUAXQgNCCyNDlQ4VPONEMELSjjPBGjpJ1S0sf30/R/0jqoOgm/PKrUa3kzRbJDdsk+ccgpqZML0iBNwklIHsgjebLurWfrxXr9Gi1Y+c42+QHr7RN9opVN</latexit><latexit sha1_base64="lJQOyxVUZrSPuRPf5XDImhixmjw=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwVRLf3RXcuKxgH9CGMpne1qEzSZy5EWoo+BVudeVO3PorLvwXkxihip7V4Zx7ueceL5TCoG2/W4W5+YXFpeJyaWV1bX2jvLnVMkGkOTR5IAPd8ZgBKXxookAJnVADU56Etjc+T/32LWgjAv8KJyG4io18MRScYSL17mjPCAU31Dm0++WKXbUz0BlybDu1E4c6uVIhORr98kdvEPBIgY9cMmO6jh2iGzONgkuYlnqRgZDxMRtBN6E+U2DcOMs8pXuRYRjQEDQVkmYizG7ETBkzUV4yqRhem99eKv7ldSMcnrmx8MMIwefpIRQSskOGa5GUAXQgNCCyNDlQ4VPONEMELSjjPBGjpJ1S0sf30/R/0jqoOgm/PKrUa3kzRbJDdsk+ccgpqZML0iBNwklIHsgjebLurWfrxXr9Gi1Y+c42+QHr7RN9opVN</latexit><latexit sha1_base64="lJQOyxVUZrSPuRPf5XDImhixmjw=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwVRLf3RXcuKxgH9CGMpne1qEzSZy5EWoo+BVudeVO3PorLvwXkxihip7V4Zx7ueceL5TCoG2/W4W5+YXFpeJyaWV1bX2jvLnVMkGkOTR5IAPd8ZgBKXxookAJnVADU56Etjc+T/32LWgjAv8KJyG4io18MRScYSL17mjPCAU31Dm0++WKXbUz0BlybDu1E4c6uVIhORr98kdvEPBIgY9cMmO6jh2iGzONgkuYlnqRgZDxMRtBN6E+U2DcOMs8pXuRYRjQEDQVkmYizG7ETBkzUV4yqRhem99eKv7ldSMcnrmx8MMIwefpIRQSskOGa5GUAXQgNCCyNDlQ4VPONEMELSjjPBGjpJ1S0sf30/R/0jqoOgm/PKrUa3kzRbJDdsk+ccgpqZML0iBNwklIHsgjebLurWfrxXr9Gi1Y+c42+QHr7RN9opVN</latexit><latexit sha1_base64="lJQOyxVUZrSPuRPf5XDImhixmjw=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwVRLf3RXcuKxgH9CGMpne1qEzSZy5EWoo+BVudeVO3PorLvwXkxihip7V4Zx7ueceL5TCoG2/W4W5+YXFpeJyaWV1bX2jvLnVMkGkOTR5IAPd8ZgBKXxookAJnVADU56Etjc+T/32LWgjAv8KJyG4io18MRScYSL17mjPCAU31Dm0++WKXbUz0BlybDu1E4c6uVIhORr98kdvEPBIgY9cMmO6jh2iGzONgkuYlnqRgZDxMRtBN6E+U2DcOMs8pXuRYRjQEDQVkmYizG7ETBkzUV4yqRhem99eKv7ldSMcnrmx8MMIwefpIRQSskOGa5GUAXQgNCCyNDlQ4VPONEMELSjjPBGjpJ1S0sf30/R/0jqoOgm/PKrUa3kzRbJDdsk+ccgpqZML0iBNwklIHsgjebLurWfrxXr9Gi1Y+c42+QHr7RN9opVN</latexit>z ' 1100

<latexit sha1_base64="WXX4y3tcO9mM8FVus+OvQkkSWC4=">AAAB/3icdVC7SgNBFJ2NrxhfUUubwSBYhV3xlS5gYxnBPCBZwuzkJg6ZfWTmrhCXFH6FrVZ2YuunWPgvzq4rRNFTHc65l3vu8SIpNNr2u1VYWFxaXimultbWNza3yts7LR3GikOThzJUHY9pkCKAJgqU0IkUMN+T0PbGF6nfvgWlRRhc4zQC12ejQAwFZ2gk9472tPBhQh3Htvvlil21M9A5cmI7tVOHOrlSITka/fJHbxDy2IcAuWRadx07QjdhCgWXMCv1Yg0R42M2gq6hAfNBu0kWekYPYs0wpBEoKiTNRJjfSJiv9dT3zKTP8Eb/9lLxL68b4/DcTUQQxQgBTw+hkJAd0lwJ0wbQgVCAyNLkQEVAOVMMEZSgjHMjxqaekunj+2n6P2kdVR3Dr44r9VreTJHskX1ySBxyRurkkjRIk3AyIQ/kkTxZ99az9WK9fo0WrHxnl/yA9fYJ7h6VhQ==</latexit><latexit sha1_base64="WXX4y3tcO9mM8FVus+OvQkkSWC4=">AAAB/3icdVC7SgNBFJ2NrxhfUUubwSBYhV3xlS5gYxnBPCBZwuzkJg6ZfWTmrhCXFH6FrVZ2YuunWPgvzq4rRNFTHc65l3vu8SIpNNr2u1VYWFxaXimultbWNza3yts7LR3GikOThzJUHY9pkCKAJgqU0IkUMN+T0PbGF6nfvgWlRRhc4zQC12ejQAwFZ2gk9472tPBhQh3Htvvlil21M9A5cmI7tVOHOrlSITka/fJHbxDy2IcAuWRadx07QjdhCgWXMCv1Yg0R42M2gq6hAfNBu0kWekYPYs0wpBEoKiTNRJjfSJiv9dT3zKTP8Eb/9lLxL68b4/DcTUQQxQgBTw+hkJAd0lwJ0wbQgVCAyNLkQEVAOVMMEZSgjHMjxqaekunj+2n6P2kdVR3Dr44r9VreTJHskX1ySBxyRurkkjRIk3AyIQ/kkTxZ99az9WK9fo0WrHxnl/yA9fYJ7h6VhQ==</latexit><latexit sha1_base64="WXX4y3tcO9mM8FVus+OvQkkSWC4=">AAAB/3icdVC7SgNBFJ2NrxhfUUubwSBYhV3xlS5gYxnBPCBZwuzkJg6ZfWTmrhCXFH6FrVZ2YuunWPgvzq4rRNFTHc65l3vu8SIpNNr2u1VYWFxaXimultbWNza3yts7LR3GikOThzJUHY9pkCKAJgqU0IkUMN+T0PbGF6nfvgWlRRhc4zQC12ejQAwFZ2gk9472tPBhQh3Htvvlil21M9A5cmI7tVOHOrlSITka/fJHbxDy2IcAuWRadx07QjdhCgWXMCv1Yg0R42M2gq6hAfNBu0kWekYPYs0wpBEoKiTNRJjfSJiv9dT3zKTP8Eb/9lLxL68b4/DcTUQQxQgBTw+hkJAd0lwJ0wbQgVCAyNLkQEVAOVMMEZSgjHMjxqaekunj+2n6P2kdVR3Dr44r9VreTJHskX1ySBxyRurkkjRIk3AyIQ/kkTxZ99az9WK9fo0WrHxnl/yA9fYJ7h6VhQ==</latexit><latexit sha1_base64="WXX4y3tcO9mM8FVus+OvQkkSWC4=">AAAB/3icdVC7SgNBFJ2NrxhfUUubwSBYhV3xlS5gYxnBPCBZwuzkJg6ZfWTmrhCXFH6FrVZ2YuunWPgvzq4rRNFTHc65l3vu8SIpNNr2u1VYWFxaXimultbWNza3yts7LR3GikOThzJUHY9pkCKAJgqU0IkUMN+T0PbGF6nfvgWlRRhc4zQC12ejQAwFZ2gk9472tPBhQh3Htvvlil21M9A5cmI7tVOHOrlSITka/fJHbxDy2IcAuWRadx07QjdhCgWXMCv1Yg0R42M2gq6hAfNBu0kWekYPYs0wpBEoKiTNRJjfSJiv9dT3zKTP8Eb/9lLxL68b4/DcTUQQxQgBTw+hkJAd0lwJ0wbQgVCAyNLkQEVAOVMMEZSgjHMjxqaekunj+2n6P2kdVR3Dr44r9VreTJHskX1ySBxyRurkkjRIk3AyIQ/kkTxZ99az9WK9fo0WrHxnl/yA9fYJ7h6VhQ==</latexit>

➡ Finally, around z⁓130, IGM thermally decouples: 
it thereafter cools down adiabatically as: Tgas ' T z=130

CMB

✓
1 + z

1 + 130

◆2

<latexit sha1_base64="Vrzrzl+kdtuvn72cUAuCQ//kqDQ="></latexit><latexit sha1_base64="Vrzrzl+kdtuvn72cUAuCQ//kqDQ="></latexit><latexit sha1_base64="Vrzrzl+kdtuvn72cUAuCQ//kqDQ="></latexit><latexit sha1_base64="Vrzrzl+kdtuvn72cUAuCQ//kqDQ="></latexit>
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A short history of the IGM
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Redshift    z

CMB / (1 + z)
<latexit sha1_base64="XdEIa2S2y/cAPSZqsL/TmAWxzWU="></latexit><latexit sha1_base64="XdEIa2S2y/cAPSZqsL/TmAWxzWU="></latexit><latexit sha1_base64="XdEIa2S2y/cAPSZqsL/TmAWxzWU="></latexit><latexit sha1_base64="XdEIa2S2y/cAPSZqsL/TmAWxzWU="></latexit>

Gas / (1 + z) 2

<latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit><latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit><latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit><latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit>

Residual free electrons: xe ' 2⇥ 10�4
<latexit sha1_base64="oexUzJcuEGwFLh6c0KpRvIo4EM8="></latexit><latexit sha1_base64="oexUzJcuEGwFLh6c0KpRvIo4EM8="></latexit><latexit sha1_base64="oexUzJcuEGwFLh6c0KpRvIo4EM8="></latexit><latexit sha1_base64="oexUzJcuEGwFLh6c0KpRvIo4EM8="></latexit>

Fully ionized gas: xe = 1
<latexit sha1_base64="zOYHWjiLkjfN/aKbx+XB/XQLws8="></latexit><latexit sha1_base64="zOYHWjiLkjfN/aKbx+XB/XQLws8="></latexit><latexit sha1_base64="zOYHWjiLkjfN/aKbx+XB/XQLws8="></latexit><latexit sha1_base64="zOYHWjiLkjfN/aKbx+XB/XQLws8="></latexit>

z ' 130
<latexit sha1_base64="lJQOyxVUZrSPuRPf5XDImhixmjw=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwVRLf3RXcuKxgH9CGMpne1qEzSZy5EWoo+BVudeVO3PorLvwXkxihip7V4Zx7ueceL5TCoG2/W4W5+YXFpeJyaWV1bX2jvLnVMkGkOTR5IAPd8ZgBKXxookAJnVADU56Etjc+T/32LWgjAv8KJyG4io18MRScYSL17mjPCAU31Dm0++WKXbUz0BlybDu1E4c6uVIhORr98kdvEPBIgY9cMmO6jh2iGzONgkuYlnqRgZDxMRtBN6E+U2DcOMs8pXuRYRjQEDQVkmYizG7ETBkzUV4yqRhem99eKv7ldSMcnrmx8MMIwefpIRQSskOGa5GUAXQgNCCyNDlQ4VPONEMELSjjPBGjpJ1S0sf30/R/0jqoOgm/PKrUa3kzRbJDdsk+ccgpqZML0iBNwklIHsgjebLurWfrxXr9Gi1Y+c42+QHr7RN9opVN</latexit><latexit sha1_base64="lJQOyxVUZrSPuRPf5XDImhixmjw=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwVRLf3RXcuKxgH9CGMpne1qEzSZy5EWoo+BVudeVO3PorLvwXkxihip7V4Zx7ueceL5TCoG2/W4W5+YXFpeJyaWV1bX2jvLnVMkGkOTR5IAPd8ZgBKXxookAJnVADU56Etjc+T/32LWgjAv8KJyG4io18MRScYSL17mjPCAU31Dm0++WKXbUz0BlybDu1E4c6uVIhORr98kdvEPBIgY9cMmO6jh2iGzONgkuYlnqRgZDxMRtBN6E+U2DcOMs8pXuRYRjQEDQVkmYizG7ETBkzUV4yqRhem99eKv7ldSMcnrmx8MMIwefpIRQSskOGa5GUAXQgNCCyNDlQ4VPONEMELSjjPBGjpJ1S0sf30/R/0jqoOgm/PKrUa3kzRbJDdsk+ccgpqZML0iBNwklIHsgjebLurWfrxXr9Gi1Y+c42+QHr7RN9opVN</latexit><latexit sha1_base64="lJQOyxVUZrSPuRPf5XDImhixmjw=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwVRLf3RXcuKxgH9CGMpne1qEzSZy5EWoo+BVudeVO3PorLvwXkxihip7V4Zx7ueceL5TCoG2/W4W5+YXFpeJyaWV1bX2jvLnVMkGkOTR5IAPd8ZgBKXxookAJnVADU56Etjc+T/32LWgjAv8KJyG4io18MRScYSL17mjPCAU31Dm0++WKXbUz0BlybDu1E4c6uVIhORr98kdvEPBIgY9cMmO6jh2iGzONgkuYlnqRgZDxMRtBN6E+U2DcOMs8pXuRYRjQEDQVkmYizG7ETBkzUV4yqRhem99eKv7ldSMcnrmx8MMIwefpIRQSskOGa5GUAXQgNCCyNDlQ4VPONEMELSjjPBGjpJ1S0sf30/R/0jqoOgm/PKrUa3kzRbJDdsk+ccgpqZML0iBNwklIHsgjebLurWfrxXr9Gi1Y+c42+QHr7RN9opVN</latexit><latexit sha1_base64="lJQOyxVUZrSPuRPf5XDImhixmjw=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwVRLf3RXcuKxgH9CGMpne1qEzSZy5EWoo+BVudeVO3PorLvwXkxihip7V4Zx7ueceL5TCoG2/W4W5+YXFpeJyaWV1bX2jvLnVMkGkOTR5IAPd8ZgBKXxookAJnVADU56Etjc+T/32LWgjAv8KJyG4io18MRScYSL17mjPCAU31Dm0++WKXbUz0BlybDu1E4c6uVIhORr98kdvEPBIgY9cMmO6jh2iGzONgkuYlnqRgZDxMRtBN6E+U2DcOMs8pXuRYRjQEDQVkmYizG7ETBkzUV4yqRhem99eKv7ldSMcnrmx8MMIwefpIRQSskOGa5GUAXQgNCCyNDlQ4VPONEMELSjjPBGjpJ1S0sf30/R/0jqoOgm/PKrUa3kzRbJDdsk+ccgpqZML0iBNwklIHsgjebLurWfrxXr9Gi1Y+c42+QHr7RN9opVN</latexit>z ' 1100

<latexit sha1_base64="WXX4y3tcO9mM8FVus+OvQkkSWC4=">AAAB/3icdVC7SgNBFJ2NrxhfUUubwSBYhV3xlS5gYxnBPCBZwuzkJg6ZfWTmrhCXFH6FrVZ2YuunWPgvzq4rRNFTHc65l3vu8SIpNNr2u1VYWFxaXimultbWNza3yts7LR3GikOThzJUHY9pkCKAJgqU0IkUMN+T0PbGF6nfvgWlRRhc4zQC12ejQAwFZ2gk9472tPBhQh3Htvvlil21M9A5cmI7tVOHOrlSITka/fJHbxDy2IcAuWRadx07QjdhCgWXMCv1Yg0R42M2gq6hAfNBu0kWekYPYs0wpBEoKiTNRJjfSJiv9dT3zKTP8Eb/9lLxL68b4/DcTUQQxQgBTw+hkJAd0lwJ0wbQgVCAyNLkQEVAOVMMEZSgjHMjxqaekunj+2n6P2kdVR3Dr44r9VreTJHskX1ySBxyRurkkjRIk3AyIQ/kkTxZ99az9WK9fo0WrHxnl/yA9fYJ7h6VhQ==</latexit><latexit sha1_base64="WXX4y3tcO9mM8FVus+OvQkkSWC4=">AAAB/3icdVC7SgNBFJ2NrxhfUUubwSBYhV3xlS5gYxnBPCBZwuzkJg6ZfWTmrhCXFH6FrVZ2YuunWPgvzq4rRNFTHc65l3vu8SIpNNr2u1VYWFxaXimultbWNza3yts7LR3GikOThzJUHY9pkCKAJgqU0IkUMN+T0PbGF6nfvgWlRRhc4zQC12ejQAwFZ2gk9472tPBhQh3Htvvlil21M9A5cmI7tVOHOrlSITka/fJHbxDy2IcAuWRadx07QjdhCgWXMCv1Yg0R42M2gq6hAfNBu0kWekYPYs0wpBEoKiTNRJjfSJiv9dT3zKTP8Eb/9lLxL68b4/DcTUQQxQgBTw+hkJAd0lwJ0wbQgVCAyNLkQEVAOVMMEZSgjHMjxqaekunj+2n6P2kdVR3Dr44r9VreTJHskX1ySBxyRurkkjRIk3AyIQ/kkTxZ99az9WK9fo0WrHxnl/yA9fYJ7h6VhQ==</latexit><latexit sha1_base64="WXX4y3tcO9mM8FVus+OvQkkSWC4=">AAAB/3icdVC7SgNBFJ2NrxhfUUubwSBYhV3xlS5gYxnBPCBZwuzkJg6ZfWTmrhCXFH6FrVZ2YuunWPgvzq4rRNFTHc65l3vu8SIpNNr2u1VYWFxaXimultbWNza3yts7LR3GikOThzJUHY9pkCKAJgqU0IkUMN+T0PbGF6nfvgWlRRhc4zQC12ejQAwFZ2gk9472tPBhQh3Htvvlil21M9A5cmI7tVOHOrlSITka/fJHbxDy2IcAuWRadx07QjdhCgWXMCv1Yg0R42M2gq6hAfNBu0kWekYPYs0wpBEoKiTNRJjfSJiv9dT3zKTP8Eb/9lLxL68b4/DcTUQQxQgBTw+hkJAd0lwJ0wbQgVCAyNLkQEVAOVMMEZSgjHMjxqaekunj+2n6P2kdVR3Dr44r9VreTJHskX1ySBxyRurkkjRIk3AyIQ/kkTxZ99az9WK9fo0WrHxnl/yA9fYJ7h6VhQ==</latexit><latexit sha1_base64="WXX4y3tcO9mM8FVus+OvQkkSWC4=">AAAB/3icdVC7SgNBFJ2NrxhfUUubwSBYhV3xlS5gYxnBPCBZwuzkJg6ZfWTmrhCXFH6FrVZ2YuunWPgvzq4rRNFTHc65l3vu8SIpNNr2u1VYWFxaXimultbWNza3yts7LR3GikOThzJUHY9pkCKAJgqU0IkUMN+T0PbGF6nfvgWlRRhc4zQC12ejQAwFZ2gk9472tPBhQh3Htvvlil21M9A5cmI7tVOHOrlSITka/fJHbxDy2IcAuWRadx07QjdhCgWXMCv1Yg0R42M2gq6hAfNBu0kWekYPYs0wpBEoKiTNRJjfSJiv9dT3zKTP8Eb/9lLxL68b4/DcTUQQxQgBTw+hkJAd0lwJ0wbQgVCAyNLkQEVAOVMMEZSgjHMjxqaekunj+2n6P2kdVR3Dr44r9VreTJHskX1ySBxyRurkkjRIk3AyIQ/kkTxZ99az9WK9fo0WrHxnl/yA9fYJ7h6VhQ==</latexit>

z ⇠ 20
<latexit sha1_base64="6YtzTsxMC7BL9chHONWLJmm7jOY=">AAAB+3icdVC7TsNAEDzzDOEVoKQ5ESFRRXbEK10kGsogkQdKrOh82YRT7s7W3RopRPkKWqjoEC0fQ8G/YBsjBQRTjWZ2tbMTRFJYdN13Z2FxaXlltbBWXN/Y3Nou7ey2bBgbDk0eytB0AmZBCg1NFCihExlgKpDQDsYXqd++A2NFqK9xEoGv2EiLoeAME+nmnvasULTq9ktlt+JmoHPkxPVqpx71cqVMcjT6pY/eIOSxAo1cMmu7nhuhP2UGBZcwK/ZiCxHjYzaCbkI1U2D9aRZ4Rg9jyzCkERgqJM1EmN+YMmXtRAXJpGJ4a397qfiX141xeO5PhY5iBM3TQygkZIcsNyJpAuhAGEBkaXKgQlPODEMEIyjjPBHjpJpi0sf30/R/0qpWvIRfHZfrtbyZAtknB+SIeOSM1MklaZAm4USRB/JInpyZ8+y8OK9fowtOvrNHfsB5+wRoDJQn</latexit><latexit sha1_base64="6YtzTsxMC7BL9chHONWLJmm7jOY=">AAAB+3icdVC7TsNAEDzzDOEVoKQ5ESFRRXbEK10kGsogkQdKrOh82YRT7s7W3RopRPkKWqjoEC0fQ8G/YBsjBQRTjWZ2tbMTRFJYdN13Z2FxaXlltbBWXN/Y3Nou7ey2bBgbDk0eytB0AmZBCg1NFCihExlgKpDQDsYXqd++A2NFqK9xEoGv2EiLoeAME+nmnvasULTq9ktlt+JmoHPkxPVqpx71cqVMcjT6pY/eIOSxAo1cMmu7nhuhP2UGBZcwK/ZiCxHjYzaCbkI1U2D9aRZ4Rg9jyzCkERgqJM1EmN+YMmXtRAXJpGJ4a397qfiX141xeO5PhY5iBM3TQygkZIcsNyJpAuhAGEBkaXKgQlPODEMEIyjjPBHjpJpi0sf30/R/0qpWvIRfHZfrtbyZAtknB+SIeOSM1MklaZAm4USRB/JInpyZ8+y8OK9fowtOvrNHfsB5+wRoDJQn</latexit><latexit sha1_base64="6YtzTsxMC7BL9chHONWLJmm7jOY=">AAAB+3icdVC7TsNAEDzzDOEVoKQ5ESFRRXbEK10kGsogkQdKrOh82YRT7s7W3RopRPkKWqjoEC0fQ8G/YBsjBQRTjWZ2tbMTRFJYdN13Z2FxaXlltbBWXN/Y3Nou7ey2bBgbDk0eytB0AmZBCg1NFCihExlgKpDQDsYXqd++A2NFqK9xEoGv2EiLoeAME+nmnvasULTq9ktlt+JmoHPkxPVqpx71cqVMcjT6pY/eIOSxAo1cMmu7nhuhP2UGBZcwK/ZiCxHjYzaCbkI1U2D9aRZ4Rg9jyzCkERgqJM1EmN+YMmXtRAXJpGJ4a397qfiX141xeO5PhY5iBM3TQygkZIcsNyJpAuhAGEBkaXKgQlPODEMEIyjjPBHjpJpi0sf30/R/0qpWvIRfHZfrtbyZAtknB+SIeOSM1MklaZAm4USRB/JInpyZ8+y8OK9fowtOvrNHfsB5+wRoDJQn</latexit><latexit sha1_base64="6YtzTsxMC7BL9chHONWLJmm7jOY=">AAAB+3icdVC7TsNAEDzzDOEVoKQ5ESFRRXbEK10kGsogkQdKrOh82YRT7s7W3RopRPkKWqjoEC0fQ8G/YBsjBQRTjWZ2tbMTRFJYdN13Z2FxaXlltbBWXN/Y3Nou7ey2bBgbDk0eytB0AmZBCg1NFCihExlgKpDQDsYXqd++A2NFqK9xEoGv2EiLoeAME+nmnvasULTq9ktlt+JmoHPkxPVqpx71cqVMcjT6pY/eIOSxAo1cMmu7nhuhP2UGBZcwK/ZiCxHjYzaCbkI1U2D9aRZ4Rg9jyzCkERgqJM1EmN+YMmXtRAXJpGJ4a397qfiX141xeO5PhY5iBM3TQygkZIcsNyJpAuhAGEBkaXKgQlPODEMEIyjjPBHjpJpi0sf30/R/0qpWvIRfHZfrtbyZAtknB+SIeOSM1MklaZAm4USRB/JInpyZ8+y8OK9fowtOvrNHfsB5+wRoDJQn</latexit>

➡ At some point, lights turn on: X-rays and Ly-α photons go around 
the Universe, heat the IGM, finally reaching 
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A short history of the IGM
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Redshift    z

CMB / (1 + z)
<latexit sha1_base64="XdEIa2S2y/cAPSZqsL/TmAWxzWU="></latexit><latexit sha1_base64="XdEIa2S2y/cAPSZqsL/TmAWxzWU="></latexit><latexit sha1_base64="XdEIa2S2y/cAPSZqsL/TmAWxzWU="></latexit><latexit sha1_base64="XdEIa2S2y/cAPSZqsL/TmAWxzWU="></latexit>

Gas / (1 + z) 2

<latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit><latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit><latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit><latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit>

Residual free electrons: xe ' 2⇥ 10�4
<latexit sha1_base64="oexUzJcuEGwFLh6c0KpRvIo4EM8="></latexit><latexit sha1_base64="oexUzJcuEGwFLh6c0KpRvIo4EM8="></latexit><latexit sha1_base64="oexUzJcuEGwFLh6c0KpRvIo4EM8="></latexit><latexit sha1_base64="oexUzJcuEGwFLh6c0KpRvIo4EM8="></latexit>

Fully ionized gas: xe = 1
<latexit sha1_base64="zOYHWjiLkjfN/aKbx+XB/XQLws8="></latexit><latexit sha1_base64="zOYHWjiLkjfN/aKbx+XB/XQLws8="></latexit><latexit sha1_base64="zOYHWjiLkjfN/aKbx+XB/XQLws8="></latexit><latexit sha1_base64="zOYHWjiLkjfN/aKbx+XB/XQLws8="></latexit>

z ' 130
<latexit sha1_base64="lJQOyxVUZrSPuRPf5XDImhixmjw=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwVRLf3RXcuKxgH9CGMpne1qEzSZy5EWoo+BVudeVO3PorLvwXkxihip7V4Zx7ueceL5TCoG2/W4W5+YXFpeJyaWV1bX2jvLnVMkGkOTR5IAPd8ZgBKXxookAJnVADU56Etjc+T/32LWgjAv8KJyG4io18MRScYSL17mjPCAU31Dm0++WKXbUz0BlybDu1E4c6uVIhORr98kdvEPBIgY9cMmO6jh2iGzONgkuYlnqRgZDxMRtBN6E+U2DcOMs8pXuRYRjQEDQVkmYizG7ETBkzUV4yqRhem99eKv7ldSMcnrmx8MMIwefpIRQSskOGa5GUAXQgNCCyNDlQ4VPONEMELSjjPBGjpJ1S0sf30/R/0jqoOgm/PKrUa3kzRbJDdsk+ccgpqZML0iBNwklIHsgjebLurWfrxXr9Gi1Y+c42+QHr7RN9opVN</latexit><latexit sha1_base64="lJQOyxVUZrSPuRPf5XDImhixmjw=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwVRLf3RXcuKxgH9CGMpne1qEzSZy5EWoo+BVudeVO3PorLvwXkxihip7V4Zx7ueceL5TCoG2/W4W5+YXFpeJyaWV1bX2jvLnVMkGkOTR5IAPd8ZgBKXxookAJnVADU56Etjc+T/32LWgjAv8KJyG4io18MRScYSL17mjPCAU31Dm0++WKXbUz0BlybDu1E4c6uVIhORr98kdvEPBIgY9cMmO6jh2iGzONgkuYlnqRgZDxMRtBN6E+U2DcOMs8pXuRYRjQEDQVkmYizG7ETBkzUV4yqRhem99eKv7ldSMcnrmx8MMIwefpIRQSskOGa5GUAXQgNCCyNDlQ4VPONEMELSjjPBGjpJ1S0sf30/R/0jqoOgm/PKrUa3kzRbJDdsk+ccgpqZML0iBNwklIHsgjebLurWfrxXr9Gi1Y+c42+QHr7RN9opVN</latexit><latexit sha1_base64="lJQOyxVUZrSPuRPf5XDImhixmjw=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwVRLf3RXcuKxgH9CGMpne1qEzSZy5EWoo+BVudeVO3PorLvwXkxihip7V4Zx7ueceL5TCoG2/W4W5+YXFpeJyaWV1bX2jvLnVMkGkOTR5IAPd8ZgBKXxookAJnVADU56Etjc+T/32LWgjAv8KJyG4io18MRScYSL17mjPCAU31Dm0++WKXbUz0BlybDu1E4c6uVIhORr98kdvEPBIgY9cMmO6jh2iGzONgkuYlnqRgZDxMRtBN6E+U2DcOMs8pXuRYRjQEDQVkmYizG7ETBkzUV4yqRhem99eKv7ldSMcnrmx8MMIwefpIRQSskOGa5GUAXQgNCCyNDlQ4VPONEMELSjjPBGjpJ1S0sf30/R/0jqoOgm/PKrUa3kzRbJDdsk+ccgpqZML0iBNwklIHsgjebLurWfrxXr9Gi1Y+c42+QHr7RN9opVN</latexit><latexit sha1_base64="lJQOyxVUZrSPuRPf5XDImhixmjw=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwVRLf3RXcuKxgH9CGMpne1qEzSZy5EWoo+BVudeVO3PorLvwXkxihip7V4Zx7ueceL5TCoG2/W4W5+YXFpeJyaWV1bX2jvLnVMkGkOTR5IAPd8ZgBKXxookAJnVADU56Etjc+T/32LWgjAv8KJyG4io18MRScYSL17mjPCAU31Dm0++WKXbUz0BlybDu1E4c6uVIhORr98kdvEPBIgY9cMmO6jh2iGzONgkuYlnqRgZDxMRtBN6E+U2DcOMs8pXuRYRjQEDQVkmYizG7ETBkzUV4yqRhem99eKv7ldSMcnrmx8MMIwefpIRQSskOGa5GUAXQgNCCyNDlQ4VPONEMELSjjPBGjpJ1S0sf30/R/0jqoOgm/PKrUa3kzRbJDdsk+ccgpqZML0iBNwklIHsgjebLurWfrxXr9Gi1Y+c42+QHr7RN9opVN</latexit>z ' 1100

<latexit sha1_base64="WXX4y3tcO9mM8FVus+OvQkkSWC4=">AAAB/3icdVC7SgNBFJ2NrxhfUUubwSBYhV3xlS5gYxnBPCBZwuzkJg6ZfWTmrhCXFH6FrVZ2YuunWPgvzq4rRNFTHc65l3vu8SIpNNr2u1VYWFxaXimultbWNza3yts7LR3GikOThzJUHY9pkCKAJgqU0IkUMN+T0PbGF6nfvgWlRRhc4zQC12ejQAwFZ2gk9472tPBhQh3Htvvlil21M9A5cmI7tVOHOrlSITka/fJHbxDy2IcAuWRadx07QjdhCgWXMCv1Yg0R42M2gq6hAfNBu0kWekYPYs0wpBEoKiTNRJjfSJiv9dT3zKTP8Eb/9lLxL68b4/DcTUQQxQgBTw+hkJAd0lwJ0wbQgVCAyNLkQEVAOVMMEZSgjHMjxqaekunj+2n6P2kdVR3Dr44r9VreTJHskX1ySBxyRurkkjRIk3AyIQ/kkTxZ99az9WK9fo0WrHxnl/yA9fYJ7h6VhQ==</latexit><latexit sha1_base64="WXX4y3tcO9mM8FVus+OvQkkSWC4=">AAAB/3icdVC7SgNBFJ2NrxhfUUubwSBYhV3xlS5gYxnBPCBZwuzkJg6ZfWTmrhCXFH6FrVZ2YuunWPgvzq4rRNFTHc65l3vu8SIpNNr2u1VYWFxaXimultbWNza3yts7LR3GikOThzJUHY9pkCKAJgqU0IkUMN+T0PbGF6nfvgWlRRhc4zQC12ejQAwFZ2gk9472tPBhQh3Htvvlil21M9A5cmI7tVOHOrlSITka/fJHbxDy2IcAuWRadx07QjdhCgWXMCv1Yg0R42M2gq6hAfNBu0kWekYPYs0wpBEoKiTNRJjfSJiv9dT3zKTP8Eb/9lLxL68b4/DcTUQQxQgBTw+hkJAd0lwJ0wbQgVCAyNLkQEVAOVMMEZSgjHMjxqaekunj+2n6P2kdVR3Dr44r9VreTJHskX1ySBxyRurkkjRIk3AyIQ/kkTxZ99az9WK9fo0WrHxnl/yA9fYJ7h6VhQ==</latexit><latexit sha1_base64="WXX4y3tcO9mM8FVus+OvQkkSWC4=">AAAB/3icdVC7SgNBFJ2NrxhfUUubwSBYhV3xlS5gYxnBPCBZwuzkJg6ZfWTmrhCXFH6FrVZ2YuunWPgvzq4rRNFTHc65l3vu8SIpNNr2u1VYWFxaXimultbWNza3yts7LR3GikOThzJUHY9pkCKAJgqU0IkUMN+T0PbGF6nfvgWlRRhc4zQC12ejQAwFZ2gk9472tPBhQh3Htvvlil21M9A5cmI7tVOHOrlSITka/fJHbxDy2IcAuWRadx07QjdhCgWXMCv1Yg0R42M2gq6hAfNBu0kWekYPYs0wpBEoKiTNRJjfSJiv9dT3zKTP8Eb/9lLxL68b4/DcTUQQxQgBTw+hkJAd0lwJ0wbQgVCAyNLkQEVAOVMMEZSgjHMjxqaekunj+2n6P2kdVR3Dr44r9VreTJHskX1ySBxyRurkkjRIk3AyIQ/kkTxZ99az9WK9fo0WrHxnl/yA9fYJ7h6VhQ==</latexit><latexit sha1_base64="WXX4y3tcO9mM8FVus+OvQkkSWC4=">AAAB/3icdVC7SgNBFJ2NrxhfUUubwSBYhV3xlS5gYxnBPCBZwuzkJg6ZfWTmrhCXFH6FrVZ2YuunWPgvzq4rRNFTHc65l3vu8SIpNNr2u1VYWFxaXimultbWNza3yts7LR3GikOThzJUHY9pkCKAJgqU0IkUMN+T0PbGF6nfvgWlRRhc4zQC12ejQAwFZ2gk9472tPBhQh3Htvvlil21M9A5cmI7tVOHOrlSITka/fJHbxDy2IcAuWRadx07QjdhCgWXMCv1Yg0R42M2gq6hAfNBu0kWekYPYs0wpBEoKiTNRJjfSJiv9dT3zKTP8Eb/9lLxL68b4/DcTUQQxQgBTw+hkJAd0lwJ0wbQgVCAyNLkQEVAOVMMEZSgjHMjxqaekunj+2n6P2kdVR3Dr44r9VreTJHskX1ySBxyRurkkjRIk3AyIQ/kkTxZ99az9WK9fo0WrHxnl/yA9fYJ7h6VhQ==</latexit>

z ⇠ 20
<latexit sha1_base64="6YtzTsxMC7BL9chHONWLJmm7jOY=">AAAB+3icdVC7TsNAEDzzDOEVoKQ5ESFRRXbEK10kGsogkQdKrOh82YRT7s7W3RopRPkKWqjoEC0fQ8G/YBsjBQRTjWZ2tbMTRFJYdN13Z2FxaXlltbBWXN/Y3Nou7ey2bBgbDk0eytB0AmZBCg1NFCihExlgKpDQDsYXqd++A2NFqK9xEoGv2EiLoeAME+nmnvasULTq9ktlt+JmoHPkxPVqpx71cqVMcjT6pY/eIOSxAo1cMmu7nhuhP2UGBZcwK/ZiCxHjYzaCbkI1U2D9aRZ4Rg9jyzCkERgqJM1EmN+YMmXtRAXJpGJ4a397qfiX141xeO5PhY5iBM3TQygkZIcsNyJpAuhAGEBkaXKgQlPODEMEIyjjPBHjpJpi0sf30/R/0qpWvIRfHZfrtbyZAtknB+SIeOSM1MklaZAm4USRB/JInpyZ8+y8OK9fowtOvrNHfsB5+wRoDJQn</latexit><latexit sha1_base64="6YtzTsxMC7BL9chHONWLJmm7jOY=">AAAB+3icdVC7TsNAEDzzDOEVoKQ5ESFRRXbEK10kGsogkQdKrOh82YRT7s7W3RopRPkKWqjoEC0fQ8G/YBsjBQRTjWZ2tbMTRFJYdN13Z2FxaXlltbBWXN/Y3Nou7ey2bBgbDk0eytB0AmZBCg1NFCihExlgKpDQDsYXqd++A2NFqK9xEoGv2EiLoeAME+nmnvasULTq9ktlt+JmoHPkxPVqpx71cqVMcjT6pY/eIOSxAo1cMmu7nhuhP2UGBZcwK/ZiCxHjYzaCbkI1U2D9aRZ4Rg9jyzCkERgqJM1EmN+YMmXtRAXJpGJ4a397qfiX141xeO5PhY5iBM3TQygkZIcsNyJpAuhAGEBkaXKgQlPODEMEIyjjPBHjpJpi0sf30/R/0qpWvIRfHZfrtbyZAtknB+SIeOSM1MklaZAm4USRB/JInpyZ8+y8OK9fowtOvrNHfsB5+wRoDJQn</latexit><latexit sha1_base64="6YtzTsxMC7BL9chHONWLJmm7jOY=">AAAB+3icdVC7TsNAEDzzDOEVoKQ5ESFRRXbEK10kGsogkQdKrOh82YRT7s7W3RopRPkKWqjoEC0fQ8G/YBsjBQRTjWZ2tbMTRFJYdN13Z2FxaXlltbBWXN/Y3Nou7ey2bBgbDk0eytB0AmZBCg1NFCihExlgKpDQDsYXqd++A2NFqK9xEoGv2EiLoeAME+nmnvasULTq9ktlt+JmoHPkxPVqpx71cqVMcjT6pY/eIOSxAo1cMmu7nhuhP2UGBZcwK/ZiCxHjYzaCbkI1U2D9aRZ4Rg9jyzCkERgqJM1EmN+YMmXtRAXJpGJ4a397qfiX141xeO5PhY5iBM3TQygkZIcsNyJpAuhAGEBkaXKgQlPODEMEIyjjPBHjpJpi0sf30/R/0qpWvIRfHZfrtbyZAtknB+SIeOSM1MklaZAm4USRB/JInpyZ8+y8OK9fowtOvrNHfsB5+wRoDJQn</latexit><latexit sha1_base64="6YtzTsxMC7BL9chHONWLJmm7jOY=">AAAB+3icdVC7TsNAEDzzDOEVoKQ5ESFRRXbEK10kGsogkQdKrOh82YRT7s7W3RopRPkKWqjoEC0fQ8G/YBsjBQRTjWZ2tbMTRFJYdN13Z2FxaXlltbBWXN/Y3Nou7ey2bBgbDk0eytB0AmZBCg1NFCihExlgKpDQDsYXqd++A2NFqK9xEoGv2EiLoeAME+nmnvasULTq9ktlt+JmoHPkxPVqpx71cqVMcjT6pY/eIOSxAo1cMmu7nhuhP2UGBZcwK/ZiCxHjYzaCbkI1U2D9aRZ4Rg9jyzCkERgqJM1EmN+YMmXtRAXJpGJ4a397qfiX141xeO5PhY5iBM3TQygkZIcsNyJpAuhAGEBkaXKgQlPODEMEIyjjPBHjpJpi0sf30/R/0qpWvIRfHZfrtbyZAtknB+SIeOSM1MklaZAm4USRB/JInpyZ8+y8OK9fowtOvrNHfsB5+wRoDJQn</latexit>

z ⇠ 6
<latexit sha1_base64="VLPVGQk7vxbFGUqFFEhJKtOnwsE=">AAAB+nicdVC7TsNAEDzzDOEVoKQ5ESFRRTaCQLpINJRBIg8psaLzZRNOubOtuzVSCPkJWqjoEC0/Q8G/cDZGCgimGs3samcniKUw6LrvzsLi0vLKamGtuL6xubVd2tltmSjRHJo8kpHuBMyAFCE0UaCETqyBqUBCOxhfpH77FrQRUXiNkxh8xUahGArO0EqdO9ozQtFqv1R2K24GOkdOXa9W9aiXK2WSo9EvffQGEU8UhMglM6bruTH6U6ZRcAmzYi8xEDM+ZiPoWhoyBcafZnln9DAxDCMag6ZC0kyE+Y0pU8ZMVGAnFcMb89tLxb+8boLDc38qwjhBCHl6CIWE7JDhWtgigA6EBkSWJgcqQsqZZoigBWWcWzGxzRRtH99P0/9J67jiWX51Uq7X8mYKZJ8ckCPikTNSJ5ekQZqEE0keyCN5cu6dZ+fFef0aXXDynT3yA87bJ/vbk/E=</latexit><latexit sha1_base64="VLPVGQk7vxbFGUqFFEhJKtOnwsE=">AAAB+nicdVC7TsNAEDzzDOEVoKQ5ESFRRTaCQLpINJRBIg8psaLzZRNOubOtuzVSCPkJWqjoEC0/Q8G/cDZGCgimGs3samcniKUw6LrvzsLi0vLKamGtuL6xubVd2tltmSjRHJo8kpHuBMyAFCE0UaCETqyBqUBCOxhfpH77FrQRUXiNkxh8xUahGArO0EqdO9ozQtFqv1R2K24GOkdOXa9W9aiXK2WSo9EvffQGEU8UhMglM6bruTH6U6ZRcAmzYi8xEDM+ZiPoWhoyBcafZnln9DAxDCMag6ZC0kyE+Y0pU8ZMVGAnFcMb89tLxb+8boLDc38qwjhBCHl6CIWE7JDhWtgigA6EBkSWJgcqQsqZZoigBWWcWzGxzRRtH99P0/9J67jiWX51Uq7X8mYKZJ8ckCPikTNSJ5ekQZqEE0keyCN5cu6dZ+fFef0aXXDynT3yA87bJ/vbk/E=</latexit><latexit sha1_base64="VLPVGQk7vxbFGUqFFEhJKtOnwsE=">AAAB+nicdVC7TsNAEDzzDOEVoKQ5ESFRRTaCQLpINJRBIg8psaLzZRNOubOtuzVSCPkJWqjoEC0/Q8G/cDZGCgimGs3samcniKUw6LrvzsLi0vLKamGtuL6xubVd2tltmSjRHJo8kpHuBMyAFCE0UaCETqyBqUBCOxhfpH77FrQRUXiNkxh8xUahGArO0EqdO9ozQtFqv1R2K24GOkdOXa9W9aiXK2WSo9EvffQGEU8UhMglM6bruTH6U6ZRcAmzYi8xEDM+ZiPoWhoyBcafZnln9DAxDCMag6ZC0kyE+Y0pU8ZMVGAnFcMb89tLxb+8boLDc38qwjhBCHl6CIWE7JDhWtgigA6EBkSWJgcqQsqZZoigBWWcWzGxzRRtH99P0/9J67jiWX51Uq7X8mYKZJ8ckCPikTNSJ5ekQZqEE0keyCN5cu6dZ+fFef0aXXDynT3yA87bJ/vbk/E=</latexit><latexit sha1_base64="VLPVGQk7vxbFGUqFFEhJKtOnwsE=">AAAB+nicdVC7TsNAEDzzDOEVoKQ5ESFRRTaCQLpINJRBIg8psaLzZRNOubOtuzVSCPkJWqjoEC0/Q8G/cDZGCgimGs3samcniKUw6LrvzsLi0vLKamGtuL6xubVd2tltmSjRHJo8kpHuBMyAFCE0UaCETqyBqUBCOxhfpH77FrQRUXiNkxh8xUahGArO0EqdO9ozQtFqv1R2K24GOkdOXa9W9aiXK2WSo9EvffQGEU8UhMglM6bruTH6U6ZRcAmzYi8xEDM+ZiPoWhoyBcafZnln9DAxDCMag6ZC0kyE+Y0pU8ZMVGAnFcMb89tLxb+8boLDc38qwjhBCHl6CIWE7JDhWtgigA6EBkSWJgcqQsqZZoigBWWcWzGxzRRtH99P0/9J67jiWX51Uq7X8mYKZJ8ckCPikTNSJ5ekQZqEE0keyCN5cu6dZ+fFef0aXXDynT3yA87bJ/vbk/E=</latexit>

➡ Reionization: the Universe becomes ionized again, 
no neutral atomic hydrogen anymore
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<latexit sha1_base64="XdEIa2S2y/cAPSZqsL/TmAWxzWU="></latexit><latexit sha1_base64="XdEIa2S2y/cAPSZqsL/TmAWxzWU="></latexit><latexit sha1_base64="XdEIa2S2y/cAPSZqsL/TmAWxzWU="></latexit><latexit sha1_base64="XdEIa2S2y/cAPSZqsL/TmAWxzWU="></latexit>
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<latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit><latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit><latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit><latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit>

A short history of TS
➡ Nothing happens until IGM thermally decouple, 

temperatures are all the same, zero signal

z ' 130
<latexit sha1_base64="lJQOyxVUZrSPuRPf5XDImhixmjw=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwVRLf3RXcuKxgH9CGMpne1qEzSZy5EWoo+BVudeVO3PorLvwXkxihip7V4Zx7ueceL5TCoG2/W4W5+YXFpeJyaWV1bX2jvLnVMkGkOTR5IAPd8ZgBKXxookAJnVADU56Etjc+T/32LWgjAv8KJyG4io18MRScYSL17mjPCAU31Dm0++WKXbUz0BlybDu1E4c6uVIhORr98kdvEPBIgY9cMmO6jh2iGzONgkuYlnqRgZDxMRtBN6E+U2DcOMs8pXuRYRjQEDQVkmYizG7ETBkzUV4yqRhem99eKv7ldSMcnrmx8MMIwefpIRQSskOGa5GUAXQgNCCyNDlQ4VPONEMELSjjPBGjpJ1S0sf30/R/0jqoOgm/PKrUa3kzRbJDdsk+ccgpqZML0iBNwklIHsgjebLurWfrxXr9Gi1Y+c42+QHr7RN9opVN</latexit><latexit sha1_base64="lJQOyxVUZrSPuRPf5XDImhixmjw=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwVRLf3RXcuKxgH9CGMpne1qEzSZy5EWoo+BVudeVO3PorLvwXkxihip7V4Zx7ueceL5TCoG2/W4W5+YXFpeJyaWV1bX2jvLnVMkGkOTR5IAPd8ZgBKXxookAJnVADU56Etjc+T/32LWgjAv8KJyG4io18MRScYSL17mjPCAU31Dm0++WKXbUz0BlybDu1E4c6uVIhORr98kdvEPBIgY9cMmO6jh2iGzONgkuYlnqRgZDxMRtBN6E+U2DcOMs8pXuRYRjQEDQVkmYizG7ETBkzUV4yqRhem99eKv7ldSMcnrmx8MMIwefpIRQSskOGa5GUAXQgNCCyNDlQ4VPONEMELSjjPBGjpJ1S0sf30/R/0jqoOgm/PKrUa3kzRbJDdsk+ccgpqZML0iBNwklIHsgjebLurWfrxXr9Gi1Y+c42+QHr7RN9opVN</latexit><latexit sha1_base64="lJQOyxVUZrSPuRPf5XDImhixmjw=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwVRLf3RXcuKxgH9CGMpne1qEzSZy5EWoo+BVudeVO3PorLvwXkxihip7V4Zx7ueceL5TCoG2/W4W5+YXFpeJyaWV1bX2jvLnVMkGkOTR5IAPd8ZgBKXxookAJnVADU56Etjc+T/32LWgjAv8KJyG4io18MRScYSL17mjPCAU31Dm0++WKXbUz0BlybDu1E4c6uVIhORr98kdvEPBIgY9cMmO6jh2iGzONgkuYlnqRgZDxMRtBN6E+U2DcOMs8pXuRYRjQEDQVkmYizG7ETBkzUV4yqRhem99eKv7ldSMcnrmx8MMIwefpIRQSskOGa5GUAXQgNCCyNDlQ4VPONEMELSjjPBGjpJ1S0sf30/R/0jqoOgm/PKrUa3kzRbJDdsk+ccgpqZML0iBNwklIHsgjebLurWfrxXr9Gi1Y+c42+QHr7RN9opVN</latexit><latexit sha1_base64="lJQOyxVUZrSPuRPf5XDImhixmjw=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwVRLf3RXcuKxgH9CGMpne1qEzSZy5EWoo+BVudeVO3PorLvwXkxihip7V4Zx7ueceL5TCoG2/W4W5+YXFpeJyaWV1bX2jvLnVMkGkOTR5IAPd8ZgBKXxookAJnVADU56Etjc+T/32LWgjAv8KJyG4io18MRScYSL17mjPCAU31Dm0++WKXbUz0BlybDu1E4c6uVIhORr98kdvEPBIgY9cMmO6jh2iGzONgkuYlnqRgZDxMRtBN6E+U2DcOMs8pXuRYRjQEDQVkmYizG7ETBkzUV4yqRhem99eKv7ldSMcnrmx8MMIwefpIRQSskOGa5GUAXQgNCCyNDlQ4VPONEMELSjjPBGjpJ1S0sf30/R/0jqoOgm/PKrUa3kzRbJDdsk+ccgpqZML0iBNwklIHsgjebLurWfrxXr9Gi1Y+c42+QHr7RN9opVN</latexit>
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<latexit sha1_base64="XdEIa2S2y/cAPSZqsL/TmAWxzWU="></latexit><latexit sha1_base64="XdEIa2S2y/cAPSZqsL/TmAWxzWU="></latexit><latexit sha1_base64="XdEIa2S2y/cAPSZqsL/TmAWxzWU="></latexit><latexit sha1_base64="XdEIa2S2y/cAPSZqsL/TmAWxzWU="></latexit>

G
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(1
+
z) 2

<latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit><latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit><latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit><latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit>

A short history of TS

z ' 130
<latexit sha1_base64="lJQOyxVUZrSPuRPf5XDImhixmjw=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwVRLf3RXcuKxgH9CGMpne1qEzSZy5EWoo+BVudeVO3PorLvwXkxihip7V4Zx7ueceL5TCoG2/W4W5+YXFpeJyaWV1bX2jvLnVMkGkOTR5IAPd8ZgBKXxookAJnVADU56Etjc+T/32LWgjAv8KJyG4io18MRScYSL17mjPCAU31Dm0++WKXbUz0BlybDu1E4c6uVIhORr98kdvEPBIgY9cMmO6jh2iGzONgkuYlnqRgZDxMRtBN6E+U2DcOMs8pXuRYRjQEDQVkmYizG7ETBkzUV4yqRhem99eKv7ldSMcnrmx8MMIwefpIRQSskOGa5GUAXQgNCCyNDlQ4VPONEMELSjjPBGjpJ1S0sf30/R/0jqoOgm/PKrUa3kzRbJDdsk+ccgpqZML0iBNwklIHsgjebLurWfrxXr9Gi1Y+c42+QHr7RN9opVN</latexit><latexit sha1_base64="lJQOyxVUZrSPuRPf5XDImhixmjw=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwVRLf3RXcuKxgH9CGMpne1qEzSZy5EWoo+BVudeVO3PorLvwXkxihip7V4Zx7ueceL5TCoG2/W4W5+YXFpeJyaWV1bX2jvLnVMkGkOTR5IAPd8ZgBKXxookAJnVADU56Etjc+T/32LWgjAv8KJyG4io18MRScYSL17mjPCAU31Dm0++WKXbUz0BlybDu1E4c6uVIhORr98kdvEPBIgY9cMmO6jh2iGzONgkuYlnqRgZDxMRtBN6E+U2DcOMs8pXuRYRjQEDQVkmYizG7ETBkzUV4yqRhem99eKv7ldSMcnrmx8MMIwefpIRQSskOGa5GUAXQgNCCyNDlQ4VPONEMELSjjPBGjpJ1S0sf30/R/0jqoOgm/PKrUa3kzRbJDdsk+ccgpqZML0iBNwklIHsgjebLurWfrxXr9Gi1Y+c42+QHr7RN9opVN</latexit><latexit sha1_base64="lJQOyxVUZrSPuRPf5XDImhixmjw=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwVRLf3RXcuKxgH9CGMpne1qEzSZy5EWoo+BVudeVO3PorLvwXkxihip7V4Zx7ueceL5TCoG2/W4W5+YXFpeJyaWV1bX2jvLnVMkGkOTR5IAPd8ZgBKXxookAJnVADU56Etjc+T/32LWgjAv8KJyG4io18MRScYSL17mjPCAU31Dm0++WKXbUz0BlybDu1E4c6uVIhORr98kdvEPBIgY9cMmO6jh2iGzONgkuYlnqRgZDxMRtBN6E+U2DcOMs8pXuRYRjQEDQVkmYizG7ETBkzUV4yqRhem99eKv7ldSMcnrmx8MMIwefpIRQSskOGa5GUAXQgNCCyNDlQ4VPONEMELSjjPBGjpJ1S0sf30/R/0jqoOgm/PKrUa3kzRbJDdsk+ccgpqZML0iBNwklIHsgjebLurWfrxXr9Gi1Y+c42+QHr7RN9opVN</latexit><latexit sha1_base64="lJQOyxVUZrSPuRPf5XDImhixmjw=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwVRLf3RXcuKxgH9CGMpne1qEzSZy5EWoo+BVudeVO3PorLvwXkxihip7V4Zx7ueceL5TCoG2/W4W5+YXFpeJyaWV1bX2jvLnVMkGkOTR5IAPd8ZgBKXxookAJnVADU56Etjc+T/32LWgjAv8KJyG4io18MRScYSL17mjPCAU31Dm0++WKXbUz0BlybDu1E4c6uVIhORr98kdvEPBIgY9cMmO6jh2iGzONgkuYlnqRgZDxMRtBN6E+U2DcOMs8pXuRYRjQEDQVkmYizG7ETBkzUV4yqRhem99eKv7ldSMcnrmx8MMIwefpIRQSskOGa5GUAXQgNCCyNDlQ4VPONEMELSjjPBGjpJ1S0sf30/R/0jqoOgm/PKrUa3kzRbJDdsk+ccgpqZML0iBNwklIHsgjebLurWfrxXr9Gi1Y+c42+QHr7RN9opVN</latexit>

➡ After z⁓200 until z⁓30, collisions keep                 
since the IGM is colder, I have a signal in absorption

z ' 30
<latexit sha1_base64="HyyRBWp4gqjB29i5hFpEnhoLWus=">AAAB/XicdVC7TsNAEDyHVwivACXNiQiJKrJ5p4tEQxkk8pAcKzpfNuGUO9vcrZGCFfEVtFDRIVq+hYJ/wTZBCgimGs3samfHj6QwaNvvVmFufmFxqbhcWlldW98ob261TBhrDk0eylB3fGZAigCaKFBCJ9LAlC+h7Y/OM799C9qIMLjCcQSeYsNADARnmEruHe0aoeCGHtq9csWu2jnoDDm2ndqJQ52pUiFTNHrlj24/5LGCALlkxriOHaGXMI2CS5iUurGBiPERG4Kb0oApMF6SR57QvdgwDGkEmgpJcxFmNxKmjBkrP51UDK/Nby8T//LcGAdnXiKCKEYIeHYIhYT8kOFapF0A7QsNiCxLDlQElDPNEEELyjhPxTgtp5T28f00/Z+0DqpOyi+PKvXatJki2SG7ZJ845JTUyQVpkCbhJCQP5JE8WffWs/VivX6NFqzpzjb5AevtEwiplRI=</latexit><latexit sha1_base64="HyyRBWp4gqjB29i5hFpEnhoLWus=">AAAB/XicdVC7TsNAEDyHVwivACXNiQiJKrJ5p4tEQxkk8pAcKzpfNuGUO9vcrZGCFfEVtFDRIVq+hYJ/wTZBCgimGs3samfHj6QwaNvvVmFufmFxqbhcWlldW98ob261TBhrDk0eylB3fGZAigCaKFBCJ9LAlC+h7Y/OM799C9qIMLjCcQSeYsNADARnmEruHe0aoeCGHtq9csWu2jnoDDm2ndqJQ52pUiFTNHrlj24/5LGCALlkxriOHaGXMI2CS5iUurGBiPERG4Kb0oApMF6SR57QvdgwDGkEmgpJcxFmNxKmjBkrP51UDK/Nby8T//LcGAdnXiKCKEYIeHYIhYT8kOFapF0A7QsNiCxLDlQElDPNEEELyjhPxTgtp5T28f00/Z+0DqpOyi+PKvXatJki2SG7ZJ845JTUyQVpkCbhJCQP5JE8WffWs/VivX6NFqzpzjb5AevtEwiplRI=</latexit><latexit sha1_base64="HyyRBWp4gqjB29i5hFpEnhoLWus=">AAAB/XicdVC7TsNAEDyHVwivACXNiQiJKrJ5p4tEQxkk8pAcKzpfNuGUO9vcrZGCFfEVtFDRIVq+hYJ/wTZBCgimGs3samfHj6QwaNvvVmFufmFxqbhcWlldW98ob261TBhrDk0eylB3fGZAigCaKFBCJ9LAlC+h7Y/OM799C9qIMLjCcQSeYsNADARnmEruHe0aoeCGHtq9csWu2jnoDDm2ndqJQ52pUiFTNHrlj24/5LGCALlkxriOHaGXMI2CS5iUurGBiPERG4Kb0oApMF6SR57QvdgwDGkEmgpJcxFmNxKmjBkrP51UDK/Nby8T//LcGAdnXiKCKEYIeHYIhYT8kOFapF0A7QsNiCxLDlQElDPNEEELyjhPxTgtp5T28f00/Z+0DqpOyi+PKvXatJki2SG7ZJ845JTUyQVpkCbhJCQP5JE8WffWs/VivX6NFqzpzjb5AevtEwiplRI=</latexit><latexit sha1_base64="HyyRBWp4gqjB29i5hFpEnhoLWus=">AAAB/XicdVC7TsNAEDyHVwivACXNiQiJKrJ5p4tEQxkk8pAcKzpfNuGUO9vcrZGCFfEVtFDRIVq+hYJ/wTZBCgimGs3samfHj6QwaNvvVmFufmFxqbhcWlldW98ob261TBhrDk0eylB3fGZAigCaKFBCJ9LAlC+h7Y/OM799C9qIMLjCcQSeYsNADARnmEruHe0aoeCGHtq9csWu2jnoDDm2ndqJQ52pUiFTNHrlj24/5LGCALlkxriOHaGXMI2CS5iUurGBiPERG4Kb0oApMF6SR57QvdgwDGkEmgpJcxFmNxKmjBkrP51UDK/Nby8T//LcGAdnXiKCKEYIeHYIhYT8kOFapF0A7QsNiCxLDlQElDPNEEELyjhPxTgtp5T28f00/Z+0DqpOyi+PKvXatJki2SG7ZJ845JTUyQVpkCbhJCQP5JE8WffWs/VivX6NFqzpzjb5AevtEwiplRI=</latexit>
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<latexit sha1_base64="XdEIa2S2y/cAPSZqsL/TmAWxzWU="></latexit><latexit sha1_base64="XdEIa2S2y/cAPSZqsL/TmAWxzWU="></latexit><latexit sha1_base64="XdEIa2S2y/cAPSZqsL/TmAWxzWU="></latexit><latexit sha1_base64="XdEIa2S2y/cAPSZqsL/TmAWxzWU="></latexit>
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<latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit><latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit><latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit><latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit>

A short history of TS

z ' 130
<latexit sha1_base64="lJQOyxVUZrSPuRPf5XDImhixmjw=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwVRLf3RXcuKxgH9CGMpne1qEzSZy5EWoo+BVudeVO3PorLvwXkxihip7V4Zx7ueceL5TCoG2/W4W5+YXFpeJyaWV1bX2jvLnVMkGkOTR5IAPd8ZgBKXxookAJnVADU56Etjc+T/32LWgjAv8KJyG4io18MRScYSL17mjPCAU31Dm0++WKXbUz0BlybDu1E4c6uVIhORr98kdvEPBIgY9cMmO6jh2iGzONgkuYlnqRgZDxMRtBN6E+U2DcOMs8pXuRYRjQEDQVkmYizG7ETBkzUV4yqRhem99eKv7ldSMcnrmx8MMIwefpIRQSskOGa5GUAXQgNCCyNDlQ4VPONEMELSjjPBGjpJ1S0sf30/R/0jqoOgm/PKrUa3kzRbJDdsk+ccgpqZML0iBNwklIHsgjebLurWfrxXr9Gi1Y+c42+QHr7RN9opVN</latexit><latexit sha1_base64="lJQOyxVUZrSPuRPf5XDImhixmjw=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwVRLf3RXcuKxgH9CGMpne1qEzSZy5EWoo+BVudeVO3PorLvwXkxihip7V4Zx7ueceL5TCoG2/W4W5+YXFpeJyaWV1bX2jvLnVMkGkOTR5IAPd8ZgBKXxookAJnVADU56Etjc+T/32LWgjAv8KJyG4io18MRScYSL17mjPCAU31Dm0++WKXbUz0BlybDu1E4c6uVIhORr98kdvEPBIgY9cMmO6jh2iGzONgkuYlnqRgZDxMRtBN6E+U2DcOMs8pXuRYRjQEDQVkmYizG7ETBkzUV4yqRhem99eKv7ldSMcnrmx8MMIwefpIRQSskOGa5GUAXQgNCCyNDlQ4VPONEMELSjjPBGjpJ1S0sf30/R/0jqoOgm/PKrUa3kzRbJDdsk+ccgpqZML0iBNwklIHsgjebLurWfrxXr9Gi1Y+c42+QHr7RN9opVN</latexit><latexit sha1_base64="lJQOyxVUZrSPuRPf5XDImhixmjw=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwVRLf3RXcuKxgH9CGMpne1qEzSZy5EWoo+BVudeVO3PorLvwXkxihip7V4Zx7ueceL5TCoG2/W4W5+YXFpeJyaWV1bX2jvLnVMkGkOTR5IAPd8ZgBKXxookAJnVADU56Etjc+T/32LWgjAv8KJyG4io18MRScYSL17mjPCAU31Dm0++WKXbUz0BlybDu1E4c6uVIhORr98kdvEPBIgY9cMmO6jh2iGzONgkuYlnqRgZDxMRtBN6E+U2DcOMs8pXuRYRjQEDQVkmYizG7ETBkzUV4yqRhem99eKv7ldSMcnrmx8MMIwefpIRQSskOGa5GUAXQgNCCyNDlQ4VPONEMELSjjPBGjpJ1S0sf30/R/0jqoOgm/PKrUa3kzRbJDdsk+ccgpqZML0iBNwklIHsgjebLurWfrxXr9Gi1Y+c42+QHr7RN9opVN</latexit><latexit sha1_base64="lJQOyxVUZrSPuRPf5XDImhixmjw=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwVRLf3RXcuKxgH9CGMpne1qEzSZy5EWoo+BVudeVO3PorLvwXkxihip7V4Zx7ueceL5TCoG2/W4W5+YXFpeJyaWV1bX2jvLnVMkGkOTR5IAPd8ZgBKXxookAJnVADU56Etjc+T/32LWgjAv8KJyG4io18MRScYSL17mjPCAU31Dm0++WKXbUz0BlybDu1E4c6uVIhORr98kdvEPBIgY9cMmO6jh2iGzONgkuYlnqRgZDxMRtBN6E+U2DcOMs8pXuRYRjQEDQVkmYizG7ETBkzUV4yqRhem99eKv7ldSMcnrmx8MMIwefpIRQSskOGa5GUAXQgNCCyNDlQ4VPONEMELSjjPBGjpJ1S0sf30/R/0jqoOgm/PKrUa3kzRbJDdsk+ccgpqZML0iBNwklIHsgjebLurWfrxXr9Gi1Y+c42+QHr7RN9opVN</latexit>

z ' 30
<latexit sha1_base64="HyyRBWp4gqjB29i5hFpEnhoLWus=">AAAB/XicdVC7TsNAEDyHVwivACXNiQiJKrJ5p4tEQxkk8pAcKzpfNuGUO9vcrZGCFfEVtFDRIVq+hYJ/wTZBCgimGs3samfHj6QwaNvvVmFufmFxqbhcWlldW98ob261TBhrDk0eylB3fGZAigCaKFBCJ9LAlC+h7Y/OM799C9qIMLjCcQSeYsNADARnmEruHe0aoeCGHtq9csWu2jnoDDm2ndqJQ52pUiFTNHrlj24/5LGCALlkxriOHaGXMI2CS5iUurGBiPERG4Kb0oApMF6SR57QvdgwDGkEmgpJcxFmNxKmjBkrP51UDK/Nby8T//LcGAdnXiKCKEYIeHYIhYT8kOFapF0A7QsNiCxLDlQElDPNEEELyjhPxTgtp5T28f00/Z+0DqpOyi+PKvXatJki2SG7ZJ845JTUyQVpkCbhJCQP5JE8WffWs/VivX6NFqzpzjb5AevtEwiplRI=</latexit><latexit sha1_base64="HyyRBWp4gqjB29i5hFpEnhoLWus=">AAAB/XicdVC7TsNAEDyHVwivACXNiQiJKrJ5p4tEQxkk8pAcKzpfNuGUO9vcrZGCFfEVtFDRIVq+hYJ/wTZBCgimGs3samfHj6QwaNvvVmFufmFxqbhcWlldW98ob261TBhrDk0eylB3fGZAigCaKFBCJ9LAlC+h7Y/OM799C9qIMLjCcQSeYsNADARnmEruHe0aoeCGHtq9csWu2jnoDDm2ndqJQ52pUiFTNHrlj24/5LGCALlkxriOHaGXMI2CS5iUurGBiPERG4Kb0oApMF6SR57QvdgwDGkEmgpJcxFmNxKmjBkrP51UDK/Nby8T//LcGAdnXiKCKEYIeHYIhYT8kOFapF0A7QsNiCxLDlQElDPNEEELyjhPxTgtp5T28f00/Z+0DqpOyi+PKvXatJki2SG7ZJ845JTUyQVpkCbhJCQP5JE8WffWs/VivX6NFqzpzjb5AevtEwiplRI=</latexit><latexit sha1_base64="HyyRBWp4gqjB29i5hFpEnhoLWus=">AAAB/XicdVC7TsNAEDyHVwivACXNiQiJKrJ5p4tEQxkk8pAcKzpfNuGUO9vcrZGCFfEVtFDRIVq+hYJ/wTZBCgimGs3samfHj6QwaNvvVmFufmFxqbhcWlldW98ob261TBhrDk0eylB3fGZAigCaKFBCJ9LAlC+h7Y/OM799C9qIMLjCcQSeYsNADARnmEruHe0aoeCGHtq9csWu2jnoDDm2ndqJQ52pUiFTNHrlj24/5LGCALlkxriOHaGXMI2CS5iUurGBiPERG4Kb0oApMF6SR57QvdgwDGkEmgpJcxFmNxKmjBkrP51UDK/Nby8T//LcGAdnXiKCKEYIeHYIhYT8kOFapF0A7QsNiCxLDlQElDPNEEELyjhPxTgtp5T28f00/Z+0DqpOyi+PKvXatJki2SG7ZJ845JTUyQVpkCbhJCQP5JE8WffWs/VivX6NFqzpzjb5AevtEwiplRI=</latexit><latexit sha1_base64="HyyRBWp4gqjB29i5hFpEnhoLWus=">AAAB/XicdVC7TsNAEDyHVwivACXNiQiJKrJ5p4tEQxkk8pAcKzpfNuGUO9vcrZGCFfEVtFDRIVq+hYJ/wTZBCgimGs3samfHj6QwaNvvVmFufmFxqbhcWlldW98ob261TBhrDk0eylB3fGZAigCaKFBCJ9LAlC+h7Y/OM799C9qIMLjCcQSeYsNADARnmEruHe0aoeCGHtq9csWu2jnoDDm2ndqJQ52pUiFTNHrlj24/5LGCALlkxriOHaGXMI2CS5iUurGBiPERG4Kb0oApMF6SR57QvdgwDGkEmgpJcxFmNxKmjBkrP51UDK/Nby8T//LcGAdnXiKCKEYIeHYIhYT8kOFapF0A7QsNiCxLDlQElDPNEEELyjhPxTgtp5T28f00/Z+0DqpOyi+PKvXatJki2SG7ZJ845JTUyQVpkCbhJCQP5JE8WffWs/VivX6NFqzpzjb5AevtEwiplRI=</latexit>

➡ After, no collisions, no other radiation: 
and I have zero signal 
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<latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit><latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit><latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit><latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit>

A short history of TS

z ' 130
<latexit sha1_base64="lJQOyxVUZrSPuRPf5XDImhixmjw=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwVRLf3RXcuKxgH9CGMpne1qEzSZy5EWoo+BVudeVO3PorLvwXkxihip7V4Zx7ueceL5TCoG2/W4W5+YXFpeJyaWV1bX2jvLnVMkGkOTR5IAPd8ZgBKXxookAJnVADU56Etjc+T/32LWgjAv8KJyG4io18MRScYSL17mjPCAU31Dm0++WKXbUz0BlybDu1E4c6uVIhORr98kdvEPBIgY9cMmO6jh2iGzONgkuYlnqRgZDxMRtBN6E+U2DcOMs8pXuRYRjQEDQVkmYizG7ETBkzUV4yqRhem99eKv7ldSMcnrmx8MMIwefpIRQSskOGa5GUAXQgNCCyNDlQ4VPONEMELSjjPBGjpJ1S0sf30/R/0jqoOgm/PKrUa3kzRbJDdsk+ccgpqZML0iBNwklIHsgjebLurWfrxXr9Gi1Y+c42+QHr7RN9opVN</latexit><latexit sha1_base64="lJQOyxVUZrSPuRPf5XDImhixmjw=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwVRLf3RXcuKxgH9CGMpne1qEzSZy5EWoo+BVudeVO3PorLvwXkxihip7V4Zx7ueceL5TCoG2/W4W5+YXFpeJyaWV1bX2jvLnVMkGkOTR5IAPd8ZgBKXxookAJnVADU56Etjc+T/32LWgjAv8KJyG4io18MRScYSL17mjPCAU31Dm0++WKXbUz0BlybDu1E4c6uVIhORr98kdvEPBIgY9cMmO6jh2iGzONgkuYlnqRgZDxMRtBN6E+U2DcOMs8pXuRYRjQEDQVkmYizG7ETBkzUV4yqRhem99eKv7ldSMcnrmx8MMIwefpIRQSskOGa5GUAXQgNCCyNDlQ4VPONEMELSjjPBGjpJ1S0sf30/R/0jqoOgm/PKrUa3kzRbJDdsk+ccgpqZML0iBNwklIHsgjebLurWfrxXr9Gi1Y+c42+QHr7RN9opVN</latexit><latexit sha1_base64="lJQOyxVUZrSPuRPf5XDImhixmjw=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwVRLf3RXcuKxgH9CGMpne1qEzSZy5EWoo+BVudeVO3PorLvwXkxihip7V4Zx7ueceL5TCoG2/W4W5+YXFpeJyaWV1bX2jvLnVMkGkOTR5IAPd8ZgBKXxookAJnVADU56Etjc+T/32LWgjAv8KJyG4io18MRScYSL17mjPCAU31Dm0++WKXbUz0BlybDu1E4c6uVIhORr98kdvEPBIgY9cMmO6jh2iGzONgkuYlnqRgZDxMRtBN6E+U2DcOMs8pXuRYRjQEDQVkmYizG7ETBkzUV4yqRhem99eKv7ldSMcnrmx8MMIwefpIRQSskOGa5GUAXQgNCCyNDlQ4VPONEMELSjjPBGjpJ1S0sf30/R/0jqoOgm/PKrUa3kzRbJDdsk+ccgpqZML0iBNwklIHsgjebLurWfrxXr9Gi1Y+c42+QHr7RN9opVN</latexit><latexit sha1_base64="lJQOyxVUZrSPuRPf5XDImhixmjw=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwVRLf3RXcuKxgH9CGMpne1qEzSZy5EWoo+BVudeVO3PorLvwXkxihip7V4Zx7ueceL5TCoG2/W4W5+YXFpeJyaWV1bX2jvLnVMkGkOTR5IAPd8ZgBKXxookAJnVADU56Etjc+T/32LWgjAv8KJyG4io18MRScYSL17mjPCAU31Dm0++WKXbUz0BlybDu1E4c6uVIhORr98kdvEPBIgY9cMmO6jh2iGzONgkuYlnqRgZDxMRtBN6E+U2DcOMs8pXuRYRjQEDQVkmYizG7ETBkzUV4yqRhem99eKv7ldSMcnrmx8MMIwefpIRQSskOGa5GUAXQgNCCyNDlQ4VPONEMELSjjPBGjpJ1S0sf30/R/0jqoOgm/PKrUa3kzRbJDdsk+ccgpqZML0iBNwklIHsgjebLurWfrxXr9Gi1Y+c42+QHr7RN9opVN</latexit>

z ⇠ 20
<latexit sha1_base64="6YtzTsxMC7BL9chHONWLJmm7jOY=">AAAB+3icdVC7TsNAEDzzDOEVoKQ5ESFRRXbEK10kGsogkQdKrOh82YRT7s7W3RopRPkKWqjoEC0fQ8G/YBsjBQRTjWZ2tbMTRFJYdN13Z2FxaXlltbBWXN/Y3Nou7ey2bBgbDk0eytB0AmZBCg1NFCihExlgKpDQDsYXqd++A2NFqK9xEoGv2EiLoeAME+nmnvasULTq9ktlt+JmoHPkxPVqpx71cqVMcjT6pY/eIOSxAo1cMmu7nhuhP2UGBZcwK/ZiCxHjYzaCbkI1U2D9aRZ4Rg9jyzCkERgqJM1EmN+YMmXtRAXJpGJ4a397qfiX141xeO5PhY5iBM3TQygkZIcsNyJpAuhAGEBkaXKgQlPODEMEIyjjPBHjpJpi0sf30/R/0qpWvIRfHZfrtbyZAtknB+SIeOSM1MklaZAm4USRB/JInpyZ8+y8OK9fowtOvrNHfsB5+wRoDJQn</latexit><latexit sha1_base64="6YtzTsxMC7BL9chHONWLJmm7jOY=">AAAB+3icdVC7TsNAEDzzDOEVoKQ5ESFRRXbEK10kGsogkQdKrOh82YRT7s7W3RopRPkKWqjoEC0fQ8G/YBsjBQRTjWZ2tbMTRFJYdN13Z2FxaXlltbBWXN/Y3Nou7ey2bBgbDk0eytB0AmZBCg1NFCihExlgKpDQDsYXqd++A2NFqK9xEoGv2EiLoeAME+nmnvasULTq9ktlt+JmoHPkxPVqpx71cqVMcjT6pY/eIOSxAo1cMmu7nhuhP2UGBZcwK/ZiCxHjYzaCbkI1U2D9aRZ4Rg9jyzCkERgqJM1EmN+YMmXtRAXJpGJ4a397qfiX141xeO5PhY5iBM3TQygkZIcsNyJpAuhAGEBkaXKgQlPODEMEIyjjPBHjpJpi0sf30/R/0qpWvIRfHZfrtbyZAtknB+SIeOSM1MklaZAm4USRB/JInpyZ8+y8OK9fowtOvrNHfsB5+wRoDJQn</latexit><latexit sha1_base64="6YtzTsxMC7BL9chHONWLJmm7jOY=">AAAB+3icdVC7TsNAEDzzDOEVoKQ5ESFRRXbEK10kGsogkQdKrOh82YRT7s7W3RopRPkKWqjoEC0fQ8G/YBsjBQRTjWZ2tbMTRFJYdN13Z2FxaXlltbBWXN/Y3Nou7ey2bBgbDk0eytB0AmZBCg1NFCihExlgKpDQDsYXqd++A2NFqK9xEoGv2EiLoeAME+nmnvasULTq9ktlt+JmoHPkxPVqpx71cqVMcjT6pY/eIOSxAo1cMmu7nhuhP2UGBZcwK/ZiCxHjYzaCbkI1U2D9aRZ4Rg9jyzCkERgqJM1EmN+YMmXtRAXJpGJ4a397qfiX141xeO5PhY5iBM3TQygkZIcsNyJpAuhAGEBkaXKgQlPODEMEIyjjPBHjpJpi0sf30/R/0qpWvIRfHZfrtbyZAtknB+SIeOSM1MklaZAm4USRB/JInpyZ8+y8OK9fowtOvrNHfsB5+wRoDJQn</latexit><latexit sha1_base64="6YtzTsxMC7BL9chHONWLJmm7jOY=">AAAB+3icdVC7TsNAEDzzDOEVoKQ5ESFRRXbEK10kGsogkQdKrOh82YRT7s7W3RopRPkKWqjoEC0fQ8G/YBsjBQRTjWZ2tbMTRFJYdN13Z2FxaXlltbBWXN/Y3Nou7ey2bBgbDk0eytB0AmZBCg1NFCihExlgKpDQDsYXqd++A2NFqK9xEoGv2EiLoeAME+nmnvasULTq9ktlt+JmoHPkxPVqpx71cqVMcjT6pY/eIOSxAo1cMmu7nhuhP2UGBZcwK/ZiCxHjYzaCbkI1U2D9aRZ4Rg9jyzCkERgqJM1EmN+YMmXtRAXJpGJ4a397qfiX141xeO5PhY5iBM3TQygkZIcsNyJpAuhAGEBkaXKgQlPODEMEIyjjPBHjpJpi0sf30/R/0qpWvIRfHZfrtbyZAtknB+SIeOSM1MklaZAm4USRB/JInpyZ8+y8OK9fowtOvrNHfsB5+wRoDJQn</latexit>

z ' 30
<latexit sha1_base64="HyyRBWp4gqjB29i5hFpEnhoLWus=">AAAB/XicdVC7TsNAEDyHVwivACXNiQiJKrJ5p4tEQxkk8pAcKzpfNuGUO9vcrZGCFfEVtFDRIVq+hYJ/wTZBCgimGs3samfHj6QwaNvvVmFufmFxqbhcWlldW98ob261TBhrDk0eylB3fGZAigCaKFBCJ9LAlC+h7Y/OM799C9qIMLjCcQSeYsNADARnmEruHe0aoeCGHtq9csWu2jnoDDm2ndqJQ52pUiFTNHrlj24/5LGCALlkxriOHaGXMI2CS5iUurGBiPERG4Kb0oApMF6SR57QvdgwDGkEmgpJcxFmNxKmjBkrP51UDK/Nby8T//LcGAdnXiKCKEYIeHYIhYT8kOFapF0A7QsNiCxLDlQElDPNEEELyjhPxTgtp5T28f00/Z+0DqpOyi+PKvXatJki2SG7ZJ845JTUyQVpkCbhJCQP5JE8WffWs/VivX6NFqzpzjb5AevtEwiplRI=</latexit><latexit sha1_base64="HyyRBWp4gqjB29i5hFpEnhoLWus=">AAAB/XicdVC7TsNAEDyHVwivACXNiQiJKrJ5p4tEQxkk8pAcKzpfNuGUO9vcrZGCFfEVtFDRIVq+hYJ/wTZBCgimGs3samfHj6QwaNvvVmFufmFxqbhcWlldW98ob261TBhrDk0eylB3fGZAigCaKFBCJ9LAlC+h7Y/OM799C9qIMLjCcQSeYsNADARnmEruHe0aoeCGHtq9csWu2jnoDDm2ndqJQ52pUiFTNHrlj24/5LGCALlkxriOHaGXMI2CS5iUurGBiPERG4Kb0oApMF6SR57QvdgwDGkEmgpJcxFmNxKmjBkrP51UDK/Nby8T//LcGAdnXiKCKEYIeHYIhYT8kOFapF0A7QsNiCxLDlQElDPNEEELyjhPxTgtp5T28f00/Z+0DqpOyi+PKvXatJki2SG7ZJ845JTUyQVpkCbhJCQP5JE8WffWs/VivX6NFqzpzjb5AevtEwiplRI=</latexit><latexit sha1_base64="HyyRBWp4gqjB29i5hFpEnhoLWus=">AAAB/XicdVC7TsNAEDyHVwivACXNiQiJKrJ5p4tEQxkk8pAcKzpfNuGUO9vcrZGCFfEVtFDRIVq+hYJ/wTZBCgimGs3samfHj6QwaNvvVmFufmFxqbhcWlldW98ob261TBhrDk0eylB3fGZAigCaKFBCJ9LAlC+h7Y/OM799C9qIMLjCcQSeYsNADARnmEruHe0aoeCGHtq9csWu2jnoDDm2ndqJQ52pUiFTNHrlj24/5LGCALlkxriOHaGXMI2CS5iUurGBiPERG4Kb0oApMF6SR57QvdgwDGkEmgpJcxFmNxKmjBkrP51UDK/Nby8T//LcGAdnXiKCKEYIeHYIhYT8kOFapF0A7QsNiCxLDlQElDPNEEELyjhPxTgtp5T28f00/Z+0DqpOyi+PKvXatJki2SG7ZJ845JTUyQVpkCbhJCQP5JE8WffWs/VivX6NFqzpzjb5AevtEwiplRI=</latexit><latexit sha1_base64="HyyRBWp4gqjB29i5hFpEnhoLWus=">AAAB/XicdVC7TsNAEDyHVwivACXNiQiJKrJ5p4tEQxkk8pAcKzpfNuGUO9vcrZGCFfEVtFDRIVq+hYJ/wTZBCgimGs3samfHj6QwaNvvVmFufmFxqbhcWlldW98ob261TBhrDk0eylB3fGZAigCaKFBCJ9LAlC+h7Y/OM799C9qIMLjCcQSeYsNADARnmEruHe0aoeCGHtq9csWu2jnoDDm2ndqJQ52pUiFTNHrlj24/5LGCALlkxriOHaGXMI2CS5iUurGBiPERG4Kb0oApMF6SR57QvdgwDGkEmgpJcxFmNxKmjBkrP51UDK/Nby8T//LcGAdnXiKCKEYIeHYIhYT8kOFapF0A7QsNiCxLDlQElDPNEEELyjhPxTgtp5T28f00/Z+0DqpOyi+PKvXatJki2SG7ZJ845JTUyQVpkCbhJCQP5JE8WffWs/VivX6NFqzpzjb5AevtEwiplRI=</latexit>

➡ And then? At some point, Ly-α photons recouple, 
so I start decreasing and I get absorption
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<latexit sha1_base64="XdEIa2S2y/cAPSZqsL/TmAWxzWU="></latexit><latexit sha1_base64="XdEIa2S2y/cAPSZqsL/TmAWxzWU="></latexit><latexit sha1_base64="XdEIa2S2y/cAPSZqsL/TmAWxzWU="></latexit><latexit sha1_base64="XdEIa2S2y/cAPSZqsL/TmAWxzWU="></latexit>

G
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<latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit><latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit><latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit><latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit>
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Fig. 9.— Evolution of temperature scales relevant for the 21 cm signal as a function of frequency.

Top left panel: Evolution of the gas (red curve), CMB (blue curve), and spin (black curve)

temperature for the fiducial history of Pritchard & Loeb (2010). Bottom left panel: Evolution of

the 21 cm brightness temperature with inflection points (A,B,C,D,E) labeled. At (A) collisional

coupling of the gas and spin temperature begins to become ineffective; at (B) Lyα photons begin

to couple the gas and spin temperatures producing an absorption feature; at (C) X-rays from

stars and/or galaxies heat the gas and eventually lead to an emission signature which peaks at

(D); finally reionizaton removes all signal at (E). LWA1 will probe the regions from 20-84 MHz

where the signal is in absorption. Right: Alternative scenarios for 21 cm heating from X-rays

(top) and Lyα (bottom) which changes the strength of the absorption signal. Here fx is the

product of the X-ray emissivity and the star formation efficiency, and fa is the product of the

Lyα emissivity and the star formation efficiency.

frequency-versus-time plots (“dynamic spectra”). The currently favored “stochastic growth”

theory for plasma emission predicts a log-normal distribution for wave-field strengths in these

bursts (e.g., Cairns & Robinson 1999) that can be tested with LWA1 data. By contrast, Type

II bursts are associated with shocks propagating through the solar corona. They are usually

associated with coronal mass ejections, which can generate shocks as they move through the

solar atmosphere at high speed. However, there are aspects of Type II bursts that appear to be

correlated with the structure of the flaring region itself. Type II bursts show much substructure

in frequency-time plots that may be associated with inhomogeneity in the shock, and with the

mechanism for generation of Langmuir waves. The exact nature of the source of plasma emission

in Type II bursts is still not entirely understood: it could be due to widespread electron beams,

as in Type III bursts, but this is more likely to be true of the structures known as “herringbone”,

short-lived fast-drift structures seen to emerge from the backbone of Type II emission. LWA1

data sampled at high temporal and spectral resolution may give clues to acceleration processes

in the shock creating the burst. Moving Type IV bursts are associated with large solar eruptions

and can move several degrees at thousands of km/s: in extreme cases LWA1’s high signal-to-
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: Cool the gas even more 
: Increase the CMB Rayleigh-Jeans tail 

➡ Approach 1: Cool the baryonic kinetic temperature even more     
(90% of attemps: see e.g. Barkana et al.; Munoz, Loeb; ….) 

➡ Approach 2: Make more photons that can mediate the 21-cm 
transition prior z⁓20 (Pospelov, Pradler, Ruderman, Urbano)

Could DM do it? Yes, BUT it cannot be “normal” WIMP or axion with  
interactions that are to weak !! 
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see e.g. Barkana et al.; Munoz, Loeb; ….

What DM models? 
DM Models with large long-range interactions  
& not excluded by 5th force experiments   

➡ Models with light hidden photon that mixes with SM photons 

➡ Models under which DM is millicharged             
see e.g. Barkana et al.
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Milli-charged DM could work: DM-baryon XS enhanced as  
Implication: a subdominant fraction of DM has a milli-charge 
Not clear if the model survives all the constraints
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,
<latexit sha1_base64="8bylojZI8cvoWqTMLUUhdJd/wJo=">AAACAXicbVDLSgNBEJyNrxhfUY9eBoPgIYRdEfQY9OIxAfOAZAmzs73JkJnZZWZWCEtOHr3qR3gTr36J3+BPOEn2YBILGoqqbrq7goQzbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TRaFFYx6rbkA0cCahZZjh0E0UEBFw6ATj+5nfeQKlWSwfzSQBX5ChZBGjxFipWR2UK27NnQOvEy8nFZSjMSj/9MOYpgKkoZxo3fPcxPgZUYZRDtNSP9WQEDomQ+hZKokA7WfzQ6f4wiohjmJlSxo8V/9OZERoPRGB7RTEjPSqNxP/83qpiW79jMkkNSDpYlGUcmxiPPsah0wBNXxiCaGK2VsxHRFFqLHZLG0JAlHV9rERhNOSTcdbzWKdtK9qnuXN60r9Ls+piM7QObpEHrpBdfSAGqiFKAL0gl7Rm/PsvDsfzueiteDkM6doCc7XLwZKlv4=</latexit><latexit sha1_base64="8bylojZI8cvoWqTMLUUhdJd/wJo=">AAACAXicbVDLSgNBEJyNrxhfUY9eBoPgIYRdEfQY9OIxAfOAZAmzs73JkJnZZWZWCEtOHr3qR3gTr36J3+BPOEn2YBILGoqqbrq7goQzbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TRaFFYx6rbkA0cCahZZjh0E0UEBFw6ATj+5nfeQKlWSwfzSQBX5ChZBGjxFipWR2UK27NnQOvEy8nFZSjMSj/9MOYpgKkoZxo3fPcxPgZUYZRDtNSP9WQEDomQ+hZKokA7WfzQ6f4wiohjmJlSxo8V/9OZERoPRGB7RTEjPSqNxP/83qpiW79jMkkNSDpYlGUcmxiPPsah0wBNXxiCaGK2VsxHRFFqLHZLG0JAlHV9rERhNOSTcdbzWKdtK9qnuXN60r9Ls+piM7QObpEHrpBdfSAGqiFKAL0gl7Rm/PsvDsfzueiteDkM6doCc7XLwZKlv4=</latexit><latexit sha1_base64="8bylojZI8cvoWqTMLUUhdJd/wJo=">AAACAXicbVDLSgNBEJyNrxhfUY9eBoPgIYRdEfQY9OIxAfOAZAmzs73JkJnZZWZWCEtOHr3qR3gTr36J3+BPOEn2YBILGoqqbrq7goQzbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TRaFFYx6rbkA0cCahZZjh0E0UEBFw6ATj+5nfeQKlWSwfzSQBX5ChZBGjxFipWR2UK27NnQOvEy8nFZSjMSj/9MOYpgKkoZxo3fPcxPgZUYZRDtNSP9WQEDomQ+hZKokA7WfzQ6f4wiohjmJlSxo8V/9OZERoPRGB7RTEjPSqNxP/83qpiW79jMkkNSDpYlGUcmxiPPsah0wBNXxiCaGK2VsxHRFFqLHZLG0JAlHV9rERhNOSTcdbzWKdtK9qnuXN60r9Ls+piM7QObpEHrpBdfSAGqiFKAL0gl7Rm/PsvDsfzueiteDkM6doCc7XLwZKlv4=</latexit><latexit sha1_base64="8bylojZI8cvoWqTMLUUhdJd/wJo=">AAACAXicbVDLSgNBEJyNrxhfUY9eBoPgIYRdEfQY9OIxAfOAZAmzs73JkJnZZWZWCEtOHr3qR3gTr36J3+BPOEn2YBILGoqqbrq7goQzbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TRaFFYx6rbkA0cCahZZjh0E0UEBFw6ATj+5nfeQKlWSwfzSQBX5ChZBGjxFipWR2UK27NnQOvEy8nFZSjMSj/9MOYpgKkoZxo3fPcxPgZUYZRDtNSP9WQEDomQ+hZKokA7WfzQ6f4wiohjmJlSxo8V/9OZERoPRGB7RTEjPSqNxP/83qpiW79jMkkNSDpYlGUcmxiPPsah0wBNXxiCaGK2VsxHRFFqLHZLG0JAlHV9rERhNOSTcdbzWKdtK9qnuXN60r9Ls+piM7QObpEHrpBdfSAGqiFKAL0gl7Rm/PsvDsfzueiteDkM6doCc7XLwZKlv4=</latexit>

mm
<latexit sha1_base64="kSKzMuqUUSIZu+JQbqB0dCJQZxw=">AAACCnicbVDLSgNBEJyNrxhfUY9eFoPgQcKuCHoMevEYwTwwWcLsbCcZMjO7zPSKYckfePSqH+FNvPoTfoM/4eRxMIkFDUVVN91dYSK4Qc/7dnIrq2vrG/nNwtb2zu5ecf+gbuJUM6ixWMS6GVIDgiuoIUcBzUQDlaGARji4GfuNR9CGx+oehwkEkvYU73JG0UoPstNGeMJMjjrFklf2JnCXiT8jJTJDtVP8aUcxSyUoZIIa0/K9BIOMauRMwKjQTg0klA1oD1qWKirBBNnk4pF7YpXI7cbalkJ3ov6dyKg0ZihD2ykp9s2iNxb/81opdq+CjKskRVBsuqibChdjd/y+G3ENDMXQEso0t7e6rE81ZWhDmtsShvLM2Mf6EI0KNh1/MYtlUj8v+5bfXZQq17Oc8uSIHJNT4pNLUiG3pEpqhBFFXsgreXOenXfnw/mctuac2cwhmYPz9QsX3pt+</latexit><latexit sha1_base64="kSKzMuqUUSIZu+JQbqB0dCJQZxw=">AAACCnicbVDLSgNBEJyNrxhfUY9eFoPgQcKuCHoMevEYwTwwWcLsbCcZMjO7zPSKYckfePSqH+FNvPoTfoM/4eRxMIkFDUVVN91dYSK4Qc/7dnIrq2vrG/nNwtb2zu5ecf+gbuJUM6ixWMS6GVIDgiuoIUcBzUQDlaGARji4GfuNR9CGx+oehwkEkvYU73JG0UoPstNGeMJMjjrFklf2JnCXiT8jJTJDtVP8aUcxSyUoZIIa0/K9BIOMauRMwKjQTg0klA1oD1qWKirBBNnk4pF7YpXI7cbalkJ3ov6dyKg0ZihD2ykp9s2iNxb/81opdq+CjKskRVBsuqibChdjd/y+G3ENDMXQEso0t7e6rE81ZWhDmtsShvLM2Mf6EI0KNh1/MYtlUj8v+5bfXZQq17Oc8uSIHJNT4pNLUiG3pEpqhBFFXsgreXOenXfnw/mctuac2cwhmYPz9QsX3pt+</latexit><latexit sha1_base64="kSKzMuqUUSIZu+JQbqB0dCJQZxw=">AAACCnicbVDLSgNBEJyNrxhfUY9eFoPgQcKuCHoMevEYwTwwWcLsbCcZMjO7zPSKYckfePSqH+FNvPoTfoM/4eRxMIkFDUVVN91dYSK4Qc/7dnIrq2vrG/nNwtb2zu5ecf+gbuJUM6ixWMS6GVIDgiuoIUcBzUQDlaGARji4GfuNR9CGx+oehwkEkvYU73JG0UoPstNGeMJMjjrFklf2JnCXiT8jJTJDtVP8aUcxSyUoZIIa0/K9BIOMauRMwKjQTg0klA1oD1qWKirBBNnk4pF7YpXI7cbalkJ3ov6dyKg0ZihD2ykp9s2iNxb/81opdq+CjKskRVBsuqibChdjd/y+G3ENDMXQEso0t7e6rE81ZWhDmtsShvLM2Mf6EI0KNh1/MYtlUj8v+5bfXZQq17Oc8uSIHJNT4pNLUiG3pEpqhBFFXsgreXOenXfnw/mctuac2cwhmYPz9QsX3pt+</latexit><latexit sha1_base64="kSKzMuqUUSIZu+JQbqB0dCJQZxw=">AAACCnicbVDLSgNBEJyNrxhfUY9eFoPgQcKuCHoMevEYwTwwWcLsbCcZMjO7zPSKYckfePSqH+FNvPoTfoM/4eRxMIkFDUVVN91dYSK4Qc/7dnIrq2vrG/nNwtb2zu5ecf+gbuJUM6ixWMS6GVIDgiuoIUcBzUQDlaGARji4GfuNR9CGx+oehwkEkvYU73JG0UoPstNGeMJMjjrFklf2JnCXiT8jJTJDtVP8aUcxSyUoZIIa0/K9BIOMauRMwKjQTg0klA1oD1qWKirBBNnk4pF7YpXI7cbalkJ3ov6dyKg0ZihD2ykp9s2iNxb/81opdq+CjKskRVBsuqibChdjd/y+G3ENDMXQEso0t7e6rE81ZWhDmtsShvLM2Mf6EI0KNh1/MYtlUj8v+5bfXZQq17Oc8uSIHJNT4pNLUiG3pEpqhBFFXsgreXOenXfnw/mctuac2cwhmYPz9QsX3pt+</latexit>

fm
<latexit sha1_base64="7LmULpjWTqL+BCVXm0AooHg9iuw=">AAACCnicbVDLSgNBEJyNrxhfUY9eFoPgQcKuCHoMevEYwTwwCWF20psMmZldZnrFsOwfePSqH+FNvPoTfoM/4eRxMIkFDUVVN91dQSy4Qc/7dnIrq2vrG/nNwtb2zu5ecf+gbqJEM6ixSES6GVADgiuoIUcBzVgDlYGARjC8GfuNR9CGR+oeRzF0JO0rHnJG0UoPYbeN8ISpzLrFklf2JnCXiT8jJTJDtVv8afcilkhQyAQ1puV7MXZSqpEzAVmhnRiIKRvSPrQsVVSC6aSTizP3xCo9N4y0LYXuRP07kVJpzEgGtlNSHJhFbyz+57USDK86KVdxgqDYdFGYCBcjd/y+2+MaGIqRJZRpbm912YBqytCGNLclCOSZsY8NoJcVbDr+YhbLpH5e9i2/uyhVrmc55ckROSanxCeXpEJuSZXUCCOKvJBX8uY8O+/Oh/M5bc05s5lDMgfn6xcMVJt3</latexit><latexit sha1_base64="7LmULpjWTqL+BCVXm0AooHg9iuw=">AAACCnicbVDLSgNBEJyNrxhfUY9eFoPgQcKuCHoMevEYwTwwCWF20psMmZldZnrFsOwfePSqH+FNvPoTfoM/4eRxMIkFDUVVN91dQSy4Qc/7dnIrq2vrG/nNwtb2zu5ecf+gbqJEM6ixSES6GVADgiuoIUcBzVgDlYGARjC8GfuNR9CGR+oeRzF0JO0rHnJG0UoPYbeN8ISpzLrFklf2JnCXiT8jJTJDtVv8afcilkhQyAQ1puV7MXZSqpEzAVmhnRiIKRvSPrQsVVSC6aSTizP3xCo9N4y0LYXuRP07kVJpzEgGtlNSHJhFbyz+57USDK86KVdxgqDYdFGYCBcjd/y+2+MaGIqRJZRpbm912YBqytCGNLclCOSZsY8NoJcVbDr+YhbLpH5e9i2/uyhVrmc55ckROSanxCeXpEJuSZXUCCOKvJBX8uY8O+/Oh/M5bc05s5lDMgfn6xcMVJt3</latexit><latexit sha1_base64="7LmULpjWTqL+BCVXm0AooHg9iuw=">AAACCnicbVDLSgNBEJyNrxhfUY9eFoPgQcKuCHoMevEYwTwwCWF20psMmZldZnrFsOwfePSqH+FNvPoTfoM/4eRxMIkFDUVVN91dQSy4Qc/7dnIrq2vrG/nNwtb2zu5ecf+gbqJEM6ixSES6GVADgiuoIUcBzVgDlYGARjC8GfuNR9CGR+oeRzF0JO0rHnJG0UoPYbeN8ISpzLrFklf2JnCXiT8jJTJDtVv8afcilkhQyAQ1puV7MXZSqpEzAVmhnRiIKRvSPrQsVVSC6aSTizP3xCo9N4y0LYXuRP07kVJpzEgGtlNSHJhFbyz+57USDK86KVdxgqDYdFGYCBcjd/y+2+MaGIqRJZRpbm912YBqytCGNLclCOSZsY8NoJcVbDr+YhbLpH5e9i2/uyhVrmc55ckROSanxCeXpEJuSZXUCCOKvJBX8uY8O+/Oh/M5bc05s5lDMgfn6xcMVJt3</latexit><latexit sha1_base64="7LmULpjWTqL+BCVXm0AooHg9iuw=">AAACCnicbVDLSgNBEJyNrxhfUY9eFoPgQcKuCHoMevEYwTwwCWF20psMmZldZnrFsOwfePSqH+FNvPoTfoM/4eRxMIkFDUVVN91dQSy4Qc/7dnIrq2vrG/nNwtb2zu5ecf+gbqJEM6ixSES6GVADgiuoIUcBzVgDlYGARjC8GfuNR9CGR+oeRzF0JO0rHnJG0UoPYbeN8ISpzLrFklf2JnCXiT8jJTJDtVv8afcilkhQyAQ1puV7MXZSqpEzAVmhnRiIKRvSPrQsVVSC6aSTizP3xCo9N4y0LYXuRP07kVJpzEgGtlNSHJhFbyz+57USDK86KVdxgqDYdFGYCBcjd/y+2+MaGIqRJZRpbm912YBqytCGNLclCOSZsY8NoJcVbDr+YhbLpH5e9i2/uyhVrmc55ckROSanxCeXpEJuSZXUCCOKvJBX8uY8O+/Oh/M5bc05s5lDMgfn6xcMVJt3</latexit>

,
<latexit sha1_base64="8bylojZI8cvoWqTMLUUhdJd/wJo=">AAACAXicbVDLSgNBEJyNrxhfUY9eBoPgIYRdEfQY9OIxAfOAZAmzs73JkJnZZWZWCEtOHr3qR3gTr36J3+BPOEn2YBILGoqqbrq7goQzbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TRaFFYx6rbkA0cCahZZjh0E0UEBFw6ATj+5nfeQKlWSwfzSQBX5ChZBGjxFipWR2UK27NnQOvEy8nFZSjMSj/9MOYpgKkoZxo3fPcxPgZUYZRDtNSP9WQEDomQ+hZKokA7WfzQ6f4wiohjmJlSxo8V/9OZERoPRGB7RTEjPSqNxP/83qpiW79jMkkNSDpYlGUcmxiPPsah0wBNXxiCaGK2VsxHRFFqLHZLG0JAlHV9rERhNOSTcdbzWKdtK9qnuXN60r9Ls+piM7QObpEHrpBdfSAGqiFKAL0gl7Rm/PsvDsfzueiteDkM6doCc7XLwZKlv4=</latexit><latexit sha1_base64="8bylojZI8cvoWqTMLUUhdJd/wJo=">AAACAXicbVDLSgNBEJyNrxhfUY9eBoPgIYRdEfQY9OIxAfOAZAmzs73JkJnZZWZWCEtOHr3qR3gTr36J3+BPOEn2YBILGoqqbrq7goQzbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TRaFFYx6rbkA0cCahZZjh0E0UEBFw6ATj+5nfeQKlWSwfzSQBX5ChZBGjxFipWR2UK27NnQOvEy8nFZSjMSj/9MOYpgKkoZxo3fPcxPgZUYZRDtNSP9WQEDomQ+hZKokA7WfzQ6f4wiohjmJlSxo8V/9OZERoPRGB7RTEjPSqNxP/83qpiW79jMkkNSDpYlGUcmxiPPsah0wBNXxiCaGK2VsxHRFFqLHZLG0JAlHV9rERhNOSTcdbzWKdtK9qnuXN60r9Ls+piM7QObpEHrpBdfSAGqiFKAL0gl7Rm/PsvDsfzueiteDkM6doCc7XLwZKlv4=</latexit><latexit sha1_base64="8bylojZI8cvoWqTMLUUhdJd/wJo=">AAACAXicbVDLSgNBEJyNrxhfUY9eBoPgIYRdEfQY9OIxAfOAZAmzs73JkJnZZWZWCEtOHr3qR3gTr36J3+BPOEn2YBILGoqqbrq7goQzbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TRaFFYx6rbkA0cCahZZjh0E0UEBFw6ATj+5nfeQKlWSwfzSQBX5ChZBGjxFipWR2UK27NnQOvEy8nFZSjMSj/9MOYpgKkoZxo3fPcxPgZUYZRDtNSP9WQEDomQ+hZKokA7WfzQ6f4wiohjmJlSxo8V/9OZERoPRGB7RTEjPSqNxP/83qpiW79jMkkNSDpYlGUcmxiPPsah0wBNXxiCaGK2VsxHRFFqLHZLG0JAlHV9rERhNOSTcdbzWKdtK9qnuXN60r9Ls+piM7QObpEHrpBdfSAGqiFKAL0gl7Rm/PsvDsfzueiteDkM6doCc7XLwZKlv4=</latexit><latexit sha1_base64="8bylojZI8cvoWqTMLUUhdJd/wJo=">AAACAXicbVDLSgNBEJyNrxhfUY9eBoPgIYRdEfQY9OIxAfOAZAmzs73JkJnZZWZWCEtOHr3qR3gTr36J3+BPOEn2YBILGoqqbrq7goQzbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TRaFFYx6rbkA0cCahZZjh0E0UEBFw6ATj+5nfeQKlWSwfzSQBX5ChZBGjxFipWR2UK27NnQOvEy8nFZSjMSj/9MOYpgKkoZxo3fPcxPgZUYZRDtNSP9WQEDomQ+hZKokA7WfzQ6f4wiohjmJlSxo8V/9OZERoPRGB7RTEjPSqNxP/83qpiW79jMkkNSDpYlGUcmxiPPsah0wBNXxiCaGK2VsxHRFFqLHZLG0JAlHV9rERhNOSTcdbzWKdtK9qnuXN60r9Ls+piM7QObpEHrpBdfSAGqiFKAL0gl7Rm/PsvDsfzueiteDkM6doCc7XLwZKlv4=</latexit>

mC
<latexit sha1_base64="36BtHV/C49nsjGG0WsesLILML9c=">AAACCnicbVDLSgNBEJz1GeMr6tHLYhA8SNgVQY/BXDxGMA9MQpid7SRDZmaXmV4xLPsHHr3qR3gTr/6E3+BPOHkcTGJBQ1HVTXdXEAtu0PO+nZXVtfWNzdxWfntnd2+/cHBYN1GiGdRYJCLdDKgBwRXUkKOAZqyBykBAIxhWxn7jEbThkbrHUQwdSfuK9zijaKUH2W0jPGFaybqFolfyJnCXiT8jRTJDtVv4aYcRSyQoZIIa0/K9GDsp1ciZgCzfTgzElA1pH1qWKirBdNLJxZl7apXQ7UXalkJ3ov6dSKk0ZiQD2ykpDsyiNxb/81oJ9q47KVdxgqDYdFEvES5G7vh9N+QaGIqRJZRpbm912YBqytCGNLclCOS5sY8NIMzyNh1/MYtlUr8o+ZbfXRbLN7OccuSYnJAz4pMrUia3pEpqhBFFXsgreXOenXfnw/mctq44s5kjMgfn6xfT45tU</latexit><latexit sha1_base64="36BtHV/C49nsjGG0WsesLILML9c=">AAACCnicbVDLSgNBEJz1GeMr6tHLYhA8SNgVQY/BXDxGMA9MQpid7SRDZmaXmV4xLPsHHr3qR3gTr/6E3+BPOHkcTGJBQ1HVTXdXEAtu0PO+nZXVtfWNzdxWfntnd2+/cHBYN1GiGdRYJCLdDKgBwRXUkKOAZqyBykBAIxhWxn7jEbThkbrHUQwdSfuK9zijaKUH2W0jPGFaybqFolfyJnCXiT8jRTJDtVv4aYcRSyQoZIIa0/K9GDsp1ciZgCzfTgzElA1pH1qWKirBdNLJxZl7apXQ7UXalkJ3ov6dSKk0ZiQD2ykpDsyiNxb/81oJ9q47KVdxgqDYdFEvES5G7vh9N+QaGIqRJZRpbm912YBqytCGNLclCOS5sY8NIMzyNh1/MYtlUr8o+ZbfXRbLN7OccuSYnJAz4pMrUia3pEpqhBFFXsgreXOenXfnw/mctq44s5kjMgfn6xfT45tU</latexit><latexit sha1_base64="36BtHV/C49nsjGG0WsesLILML9c=">AAACCnicbVDLSgNBEJz1GeMr6tHLYhA8SNgVQY/BXDxGMA9MQpid7SRDZmaXmV4xLPsHHr3qR3gTr/6E3+BPOHkcTGJBQ1HVTXdXEAtu0PO+nZXVtfWNzdxWfntnd2+/cHBYN1GiGdRYJCLdDKgBwRXUkKOAZqyBykBAIxhWxn7jEbThkbrHUQwdSfuK9zijaKUH2W0jPGFaybqFolfyJnCXiT8jRTJDtVv4aYcRSyQoZIIa0/K9GDsp1ciZgCzfTgzElA1pH1qWKirBdNLJxZl7apXQ7UXalkJ3ov6dSKk0ZiQD2ykpDsyiNxb/81oJ9q47KVdxgqDYdFEvES5G7vh9N+QaGIqRJZRpbm912YBqytCGNLclCOS5sY8NIMzyNh1/MYtlUr8o+ZbfXRbLN7OccuSYnJAz4pMrUia3pEpqhBFFXsgreXOenXfnw/mctq44s5kjMgfn6xfT45tU</latexit><latexit sha1_base64="36BtHV/C49nsjGG0WsesLILML9c=">AAACCnicbVDLSgNBEJz1GeMr6tHLYhA8SNgVQY/BXDxGMA9MQpid7SRDZmaXmV4xLPsHHr3qR3gTr/6E3+BPOHkcTGJBQ1HVTXdXEAtu0PO+nZXVtfWNzdxWfntnd2+/cHBYN1GiGdRYJCLdDKgBwRXUkKOAZqyBykBAIxhWxn7jEbThkbrHUQwdSfuK9zijaKUH2W0jPGFaybqFolfyJnCXiT8jRTJDtVv4aYcRSyQoZIIa0/K9GDsp1ciZgCzfTgzElA1pH1qWKirBdNLJxZl7apXQ7UXalkJ3ov6dSKk0ZiQD2ykpDsyiNxb/81oJ9q47KVdxgqDYdFEvES5G7vh9N+QaGIqRJZRpbm912YBqytCGNLclCOS5sY8NIMzyNh1/MYtlUr8o+ZbfXRbLN7OccuSYnJAz4pMrUia3pEpqhBFFXsgreXOenXfnw/mctq44s5kjMgfn6xfT45tU</latexit>
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FIG. 1. The structure of the dark sector studied in this paper. A fraction of millicharged DM (mDM), fm, which carries electromagnetic charge
Q, interacts with the baryonic bath which is composed of hydrogen (H), helium (He) with fraction xH and xHe respectively and an ionized
fraction xe composed of e�, H+. The latter goes from being order one at CMB to ' 10�4 at z ' 17. The mDM also interacts with the rest
of the cold DM (CDM) through a new dark long-range force, which couples with strength gm to mDM and gC to CDM. The same long-range
force induces CDM self-interactions.

experiments. The mDM fraction, fm, should be within 10�8 .
fm . 0.004, where the upper bound comes from present CMB
constraints [14–17] and the lower bound is the minimal fraction
required to explain EDGES while still being consistent with
constraints from collider and beam dump experiments. The
mDM electric charge lies in the range 10�5 . Q . 1, such
that the interactions between the mDM component and the
baryons are strong enough to lead to su�cient cooling, while
still being consistent with collider searches. The mDM mass,
mm, is found to be in the range 10 MeV . mm . 200 GeV,
where the lower bound again stems from BBN constraints2,
while the upper bound is derived by requiring that cooling is
e�cient enough to explain EDGES while not violating CMB
constraints.

A large array of future experiments can potentially discover
the mDM component in our scenario. The large-Q region is
constrained by present collider searches [35–38] and will be
further probed by a combination of future collider experiments
such as milliQan [38, 39], MicroBooNE [40], LDMX [41] and
dedicated detector proposals in the NuMI or DUNE beam-
line [42, 43]. Ground-based direct detection of mDM is chal-
lenging, due to mDM energy losses in the atmosphere, in the
Earth’s crust and in the shielding material of a given experi-
ment [44, 45]. For this reason, the best sensitivity to mDM in
this coupling regime may be achieved by surface runs of low
threshold detectors (e.g. Ref. [46]), which can detect the soft
tail of the DM velocity distribution after atmospheric scatter-
ings (see Ref. [47] for an updated reach of these experiments
for mDM). Pushing the reach to higher Q can be achieved by
either lowering the threshold of the detectors [48–58] or re-
ducing the atmospheric shielding using balloon- and satellite-
borne detectors [47].

The paper is organized as follows. In Sec. II, we summa-
rize the relevant 21-cm cosmology formalism and discuss the

2 For the cross sections we consider here, both CDM and mDM are in thermal
equilibrium with the SM in the early universe. In the simplest setup, the
freeze out of CDM and mDM into light dark radiation can be in tension
with Ne� measurements at CMB and BBN posing a more stringent lower
bound on both the mDM and CDM masses (see for example [33, 34]).
This constraint can be circumvented easily for the mDM coupling to the
SM by directly assigning a charge Q under the SM electromagnetism. For
the CDM-mDM mediator, the Ne� bounds can be easily circumvented in
non-minimal models and are ignored in the following.

EDGES measurement. In Sec. III, we explain why it is dif-
ficult for an mDM component with no interaction with the
dominant CDM component to cool baryons e�ciently. Along
the way, we develop an analytic understanding of the para-
metric behaviour of DM cooling after recombination, which
qualitatively explains most of the features of the full numerical
treatment, based on Ref. [59]. In Sec. IV, we discuss quanti-
tatively the advantages of the setup summarized in Fig. 1. The
allowed parameter space is derived by fitting the EDGES sig-
nal and accounting for other cosmological constraints. Sec. V
is dedicated to the phenomenological predictions of our setup
and the future prospects for excluding or discovering both the
mDM and the CDM components. Sec. VI contains our con-
clusions.

This paper is supplemented by four appendices in which
we summarize many useful results that are at the core of both
our analytic and numerical treatment. App. A summarizes
a derivation of the thermodynamic equations for a system of
two baths, first derived in Refs. [1, 2]. The relevant rates
are formulated in a model independent fashion in terms of
the DM-baryon interaction form factors as usually done in the
direct detection literature [60]. In App. B, we compute the
relevant form factors in the Born approximation. We discuss
in particular the ones necessary to include for DM scattering
with hydrogen and helium atoms in 21-cm cosmology. We
also assess the regions of parameter space in which the Born
approximation breaks down, leaving a full quantum mechan-
ical computation of the rates for future work. In App. C, we
discuss more quantitative details about the implementation of
the framework described in Fig. 1. We discuss the thermody-
namic equations for a system of three baths and show how the
standard mDM scenario previously discussed in Refs. [7, 8, 10]
is parametrically extended as a function of the coupling be-
tween mDM and CDM. We then discuss in more detail the
cosmological constraints from CMB on our scenario, relying
on Refs. [14–18]. Lastly, App. D discusses concrete models
realizing the scenario of Fig. 1 which are used to derive the
CDM component direct detection prospects.

II. THE EDGES OBSERVATION

The brightness temperature of the 21-cm hydrogen line, T21,
measures the contrast between redshifted 21-cm radiation and

see Liu, Outmezguine, Redigolo, Volansky,     (or Outmezguine’s TALK)
Reviving milliDM for 21-cm cosmology
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<latexit sha1_base64="S4+a+HfaouAltoBAFvHWcuPna74=">AAACAXicbVDLSgNBEOz1GeMr6tHLYBA8SNgVQY9BLx4TMA9IljA720mGzM4uM7NCWHLy6FU/wpt49Uv8Bn/CSbIHk1jQUFR1090VJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0P/VbT6g0j+WjGSfoR3QgeZ8zaqxUx16p7FbcGcgq8XJShhy1XumnG8YsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx26IScWyUk/VjZkobM1L8TGY20HkeB7YyoGeplbyr+53VS07/1My6T1KBk80X9VBATk+nXJOQKmRFjSyhT3N5K2JAqyozNZmFLEESX2j42xHBStOl4y1mskuZVxbO8fl2u3uU5FeAUzuACPLiBKjxADRrAAOEFXuHNeXbenQ/nc9665uQzJ7AA5+sXYj+XNw==</latexit><latexit sha1_base64="S4+a+HfaouAltoBAFvHWcuPna74=">AAACAXicbVDLSgNBEOz1GeMr6tHLYBA8SNgVQY9BLx4TMA9IljA720mGzM4uM7NCWHLy6FU/wpt49Uv8Bn/CSbIHk1jQUFR1090VJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0P/VbT6g0j+WjGSfoR3QgeZ8zaqxUx16p7FbcGcgq8XJShhy1XumnG8YsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx26IScWyUk/VjZkobM1L8TGY20HkeB7YyoGeplbyr+53VS07/1My6T1KBk80X9VBATk+nXJOQKmRFjSyhT3N5K2JAqyozNZmFLEESX2j42xHBStOl4y1mskuZVxbO8fl2u3uU5FeAUzuACPLiBKjxADRrAAOEFXuHNeXbenQ/nc9665uQzJ7AA5+sXYj+XNw==</latexit><latexit sha1_base64="S4+a+HfaouAltoBAFvHWcuPna74=">AAACAXicbVDLSgNBEOz1GeMr6tHLYBA8SNgVQY9BLx4TMA9IljA720mGzM4uM7NCWHLy6FU/wpt49Uv8Bn/CSbIHk1jQUFR1090VJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0P/VbT6g0j+WjGSfoR3QgeZ8zaqxUx16p7FbcGcgq8XJShhy1XumnG8YsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx26IScWyUk/VjZkobM1L8TGY20HkeB7YyoGeplbyr+53VS07/1My6T1KBk80X9VBATk+nXJOQKmRFjSyhT3N5K2JAqyozNZmFLEESX2j42xHBStOl4y1mskuZVxbO8fl2u3uU5FeAUzuACPLiBKjxADRrAAOEFXuHNeXbenQ/nc9665uQzJ7AA5+sXYj+XNw==</latexit><latexit sha1_base64="S4+a+HfaouAltoBAFvHWcuPna74=">AAACAXicbVDLSgNBEOz1GeMr6tHLYBA8SNgVQY9BLx4TMA9IljA720mGzM4uM7NCWHLy6FU/wpt49Uv8Bn/CSbIHk1jQUFR1090VJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0P/VbT6g0j+WjGSfoR3QgeZ8zaqxUx16p7FbcGcgq8XJShhy1XumnG8YsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx26IScWyUk/VjZkobM1L8TGY20HkeB7YyoGeplbyr+53VS07/1My6T1KBk80X9VBATk+nXJOQKmRFjSyhT3N5K2JAqyozNZmFLEESX2j42xHBStOl4y1mskuZVxbO8fl2u3uU5FeAUzuACPLiBKjxADRrAAOEFXuHNeXbenQ/nc9665uQzJ7AA5+sXYj+XNw==</latexit> gm

<latexit sha1_base64="C22rH3qOI18lpLgTec0nlk1ZQwk=">AAACDHicbZDPSsNAEMY39V+t/6oevQSL4EFKIoIei148VrCt0Iay2UzapbtJ2J2IJeQVPHrVh/AmXn0Hn8GXcNvmYFs/WPjxzQwz+/mJ4Bod59sqrayurW+UNytb2zu7e9X9g7aOU8WgxWIRqwefahA8ghZyFPCQKKDSF9DxRzeTeucRlOZxdI/jBDxJBxEPOaNorN6gn/UQnjCTed6v1py6M5W9DG4BNVKo2a/+9IKYpRIiZIJq3XWdBL2MKuRMQF7ppRoSykZ0AF2DEZWgvWx6c26fGCeww1iZF6E9df9OZFRqPZa+6ZQUh3qxNjH/q3VTDK+8jEdJihCx2aIwFTbG9iQAO+AKGIqxAcoUN7fabEgVZWhimtvi+/JMm48NIcgrJh13MYtlaJ/XXcN3F7XGdZFTmRyRY3JKXHJJGuSWNEmLMJKQF/JK3qxn6936sD5nrSWrmDkkc7K+fgHxppyE</latexit><latexit sha1_base64="C22rH3qOI18lpLgTec0nlk1ZQwk=">AAACDHicbZDPSsNAEMY39V+t/6oevQSL4EFKIoIei148VrCt0Iay2UzapbtJ2J2IJeQVPHrVh/AmXn0Hn8GXcNvmYFs/WPjxzQwz+/mJ4Bod59sqrayurW+UNytb2zu7e9X9g7aOU8WgxWIRqwefahA8ghZyFPCQKKDSF9DxRzeTeucRlOZxdI/jBDxJBxEPOaNorN6gn/UQnjCTed6v1py6M5W9DG4BNVKo2a/+9IKYpRIiZIJq3XWdBL2MKuRMQF7ppRoSykZ0AF2DEZWgvWx6c26fGCeww1iZF6E9df9OZFRqPZa+6ZQUh3qxNjH/q3VTDK+8jEdJihCx2aIwFTbG9iQAO+AKGIqxAcoUN7fabEgVZWhimtvi+/JMm48NIcgrJh13MYtlaJ/XXcN3F7XGdZFTmRyRY3JKXHJJGuSWNEmLMJKQF/JK3qxn6936sD5nrSWrmDkkc7K+fgHxppyE</latexit><latexit sha1_base64="C22rH3qOI18lpLgTec0nlk1ZQwk=">AAACDHicbZDPSsNAEMY39V+t/6oevQSL4EFKIoIei148VrCt0Iay2UzapbtJ2J2IJeQVPHrVh/AmXn0Hn8GXcNvmYFs/WPjxzQwz+/mJ4Bod59sqrayurW+UNytb2zu7e9X9g7aOU8WgxWIRqwefahA8ghZyFPCQKKDSF9DxRzeTeucRlOZxdI/jBDxJBxEPOaNorN6gn/UQnjCTed6v1py6M5W9DG4BNVKo2a/+9IKYpRIiZIJq3XWdBL2MKuRMQF7ppRoSykZ0AF2DEZWgvWx6c26fGCeww1iZF6E9df9OZFRqPZa+6ZQUh3qxNjH/q3VTDK+8jEdJihCx2aIwFTbG9iQAO+AKGIqxAcoUN7fabEgVZWhimtvi+/JMm48NIcgrJh13MYtlaJ/XXcN3F7XGdZFTmRyRY3JKXHJJGuSWNEmLMJKQF/JK3qxn6936sD5nrSWrmDkkc7K+fgHxppyE</latexit>

gC
<latexit sha1_base64="7N5kVGVE/oe1OIbnCoqBEh5KgQw=">AAACDHicbZDLSsNAFIYn9VbrrerSTbAILqQkIuiy2I3LCvYCTSiTyUk7dHJh5kQsIa/g0q0+hDtx6zv4DL6E0zYL2/rDwMd/zuGc+b1EcIWW9W2U1tY3NrfK25Wd3b39g+rhUUfFqWTQZrGIZc+jCgSPoI0cBfQSCTT0BHS9cXNa7z6CVDyOHnCSgBvSYcQDzihqyxkOMgfhCbNmng+qNatuzWSugl1AjRRqDao/jh+zNIQImaBK9W0rQTejEjkTkFecVEFC2ZgOoa8xoiEoN5vdnJtn2vHNIJb6RWjO3L8TGQ2VmoSe7gwpjtRybWr+V+unGNy4GY+SFCFi80VBKkyMzWkAps8lMBQTDZRJrm812YhKylDHtLDF88ILpT82Aj+v6HTs5SxWoXNZtzXfX9Uat0VOZXJCTsk5sck1aZA70iJtwkhCXsgreTOejXfjw/ict5aMYuaYLMj4+gWtkJxa</latexit><latexit sha1_base64="7N5kVGVE/oe1OIbnCoqBEh5KgQw=">AAACDHicbZDLSsNAFIYn9VbrrerSTbAILqQkIuiy2I3LCvYCTSiTyUk7dHJh5kQsIa/g0q0+hDtx6zv4DL6E0zYL2/rDwMd/zuGc+b1EcIWW9W2U1tY3NrfK25Wd3b39g+rhUUfFqWTQZrGIZc+jCgSPoI0cBfQSCTT0BHS9cXNa7z6CVDyOHnCSgBvSYcQDzihqyxkOMgfhCbNmng+qNatuzWSugl1AjRRqDao/jh+zNIQImaBK9W0rQTejEjkTkFecVEFC2ZgOoa8xoiEoN5vdnJtn2vHNIJb6RWjO3L8TGQ2VmoSe7gwpjtRybWr+V+unGNy4GY+SFCFi80VBKkyMzWkAps8lMBQTDZRJrm812YhKylDHtLDF88ILpT82Aj+v6HTs5SxWoXNZtzXfX9Uat0VOZXJCTsk5sck1aZA70iJtwkhCXsgreTOejXfjw/ict5aMYuaYLMj4+gWtkJxa</latexit><latexit sha1_base64="7N5kVGVE/oe1OIbnCoqBEh5KgQw=">AAACDHicbZDLSsNAFIYn9VbrrerSTbAILqQkIuiy2I3LCvYCTSiTyUk7dHJh5kQsIa/g0q0+hDtx6zv4DL6E0zYL2/rDwMd/zuGc+b1EcIWW9W2U1tY3NrfK25Wd3b39g+rhUUfFqWTQZrGIZc+jCgSPoI0cBfQSCTT0BHS9cXNa7z6CVDyOHnCSgBvSYcQDzihqyxkOMgfhCbNmng+qNatuzWSugl1AjRRqDao/jh+zNIQImaBK9W0rQTejEjkTkFecVEFC2ZgOoa8xoiEoN5vdnJtn2vHNIJb6RWjO3L8TGQ2VmoSe7gwpjtRybWr+V+unGNy4GY+SFCFi80VBKkyMzWkAps8lMBQTDZRJrm812YhKylDHtLDF88ILpT82Aj+v6HTs5SxWoXNZtzXfX9Uat0VOZXJCTsk5sck1aZA70iJtwkhCXsgreTOejXfjw/ict5aMYuaYLMj4+gWtkJxa</latexit><latexit sha1_base64="7N5kVGVE/oe1OIbnCoqBEh5KgQw=">AAACDHicbZDLSsNAFIYn9VbrrerSTbAILqQkIuiy2I3LCvYCTSiTyUk7dHJh5kQsIa/g0q0+hDtx6zv4DL6E0zYL2/rDwMd/zuGc+b1EcIWW9W2U1tY3NrfK25Wd3b39g+rhUUfFqWTQZrGIZc+jCgSPoI0cBfQSCTT0BHS9cXNa7z6CVDyOHnCSgBvSYcQDzihqyxkOMgfhCbNmng+qNatuzWSugl1AjRRqDao/jh+zNIQImaBK9W0rQTejEjkTkFecVEFC2ZgOoa8xoiEoN5vdnJtn2vHNIJb6RWjO3L8TGQ2VmoSe7gwpjtRybWr+V+unGNy4GY+SFCFi80VBKkyMzWkAps8lMBQTDZRJrm812YhKylDHtLDF88ILpT82Aj+v6HTs5SxWoXNZtzXfX9Uat0VOZXJCTsk5sck1aZA70iJtwkhCXsgreTOejXfjw/ict5aMYuaYLMj4+gWtkJxa</latexit>

,
<latexit sha1_base64="8bylojZI8cvoWqTMLUUhdJd/wJo=">AAACAXicbVDLSgNBEJyNrxhfUY9eBoPgIYRdEfQY9OIxAfOAZAmzs73JkJnZZWZWCEtOHr3qR3gTr36J3+BPOEn2YBILGoqqbrq7goQzbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TRaFFYx6rbkA0cCahZZjh0E0UEBFw6ATj+5nfeQKlWSwfzSQBX5ChZBGjxFipWR2UK27NnQOvEy8nFZSjMSj/9MOYpgKkoZxo3fPcxPgZUYZRDtNSP9WQEDomQ+hZKokA7WfzQ6f4wiohjmJlSxo8V/9OZERoPRGB7RTEjPSqNxP/83qpiW79jMkkNSDpYlGUcmxiPPsah0wBNXxiCaGK2VsxHRFFqLHZLG0JAlHV9rERhNOSTcdbzWKdtK9qnuXN60r9Ls+piM7QObpEHrpBdfSAGqiFKAL0gl7Rm/PsvDsfzueiteDkM6doCc7XLwZKlv4=</latexit><latexit sha1_base64="8bylojZI8cvoWqTMLUUhdJd/wJo=">AAACAXicbVDLSgNBEJyNrxhfUY9eBoPgIYRdEfQY9OIxAfOAZAmzs73JkJnZZWZWCEtOHr3qR3gTr36J3+BPOEn2YBILGoqqbrq7goQzbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TRaFFYx6rbkA0cCahZZjh0E0UEBFw6ATj+5nfeQKlWSwfzSQBX5ChZBGjxFipWR2UK27NnQOvEy8nFZSjMSj/9MOYpgKkoZxo3fPcxPgZUYZRDtNSP9WQEDomQ+hZKokA7WfzQ6f4wiohjmJlSxo8V/9OZERoPRGB7RTEjPSqNxP/83qpiW79jMkkNSDpYlGUcmxiPPsah0wBNXxiCaGK2VsxHRFFqLHZLG0JAlHV9rERhNOSTcdbzWKdtK9qnuXN60r9Ls+piM7QObpEHrpBdfSAGqiFKAL0gl7Rm/PsvDsfzueiteDkM6doCc7XLwZKlv4=</latexit><latexit sha1_base64="8bylojZI8cvoWqTMLUUhdJd/wJo=">AAACAXicbVDLSgNBEJyNrxhfUY9eBoPgIYRdEfQY9OIxAfOAZAmzs73JkJnZZWZWCEtOHr3qR3gTr36J3+BPOEn2YBILGoqqbrq7goQzbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TRaFFYx6rbkA0cCahZZjh0E0UEBFw6ATj+5nfeQKlWSwfzSQBX5ChZBGjxFipWR2UK27NnQOvEy8nFZSjMSj/9MOYpgKkoZxo3fPcxPgZUYZRDtNSP9WQEDomQ+hZKokA7WfzQ6f4wiohjmJlSxo8V/9OZERoPRGB7RTEjPSqNxP/83qpiW79jMkkNSDpYlGUcmxiPPsah0wBNXxiCaGK2VsxHRFFqLHZLG0JAlHV9rERhNOSTcdbzWKdtK9qnuXN60r9Ls+piM7QObpEHrpBdfSAGqiFKAL0gl7Rm/PsvDsfzueiteDkM6doCc7XLwZKlv4=</latexit><latexit sha1_base64="8bylojZI8cvoWqTMLUUhdJd/wJo=">AAACAXicbVDLSgNBEJyNrxhfUY9eBoPgIYRdEfQY9OIxAfOAZAmzs73JkJnZZWZWCEtOHr3qR3gTr36J3+BPOEn2YBILGoqqbrq7goQzbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TRaFFYx6rbkA0cCahZZjh0E0UEBFw6ATj+5nfeQKlWSwfzSQBX5ChZBGjxFipWR2UK27NnQOvEy8nFZSjMSj/9MOYpgKkoZxo3fPcxPgZUYZRDtNSP9WQEDomQ+hZKokA7WfzQ6f4wiohjmJlSxo8V/9OZERoPRGB7RTEjPSqNxP/83qpiW79jMkkNSDpYlGUcmxiPPsah0wBNXxiCaGK2VsxHRFFqLHZLG0JAlHV9rERhNOSTcdbzWKdtK9qnuXN60r9Ls+piM7QObpEHrpBdfSAGqiFKAL0gl7Rm/PsvDsfzueiteDkM6doCc7XLwZKlv4=</latexit>

mm
<latexit sha1_base64="kSKzMuqUUSIZu+JQbqB0dCJQZxw=">AAACCnicbVDLSgNBEJyNrxhfUY9eFoPgQcKuCHoMevEYwTwwWcLsbCcZMjO7zPSKYckfePSqH+FNvPoTfoM/4eRxMIkFDUVVN91dYSK4Qc/7dnIrq2vrG/nNwtb2zu5ecf+gbuJUM6ixWMS6GVIDgiuoIUcBzUQDlaGARji4GfuNR9CGx+oehwkEkvYU73JG0UoPstNGeMJMjjrFklf2JnCXiT8jJTJDtVP8aUcxSyUoZIIa0/K9BIOMauRMwKjQTg0klA1oD1qWKirBBNnk4pF7YpXI7cbalkJ3ov6dyKg0ZihD2ykp9s2iNxb/81opdq+CjKskRVBsuqibChdjd/y+G3ENDMXQEso0t7e6rE81ZWhDmtsShvLM2Mf6EI0KNh1/MYtlUj8v+5bfXZQq17Oc8uSIHJNT4pNLUiG3pEpqhBFFXsgreXOenXfnw/mctuac2cwhmYPz9QsX3pt+</latexit><latexit sha1_base64="kSKzMuqUUSIZu+JQbqB0dCJQZxw=">AAACCnicbVDLSgNBEJyNrxhfUY9eFoPgQcKuCHoMevEYwTwwWcLsbCcZMjO7zPSKYckfePSqH+FNvPoTfoM/4eRxMIkFDUVVN91dYSK4Qc/7dnIrq2vrG/nNwtb2zu5ecf+gbuJUM6ixWMS6GVIDgiuoIUcBzUQDlaGARji4GfuNR9CGx+oehwkEkvYU73JG0UoPstNGeMJMjjrFklf2JnCXiT8jJTJDtVP8aUcxSyUoZIIa0/K9BIOMauRMwKjQTg0klA1oD1qWKirBBNnk4pF7YpXI7cbalkJ3ov6dyKg0ZihD2ykp9s2iNxb/81opdq+CjKskRVBsuqibChdjd/y+G3ENDMXQEso0t7e6rE81ZWhDmtsShvLM2Mf6EI0KNh1/MYtlUj8v+5bfXZQq17Oc8uSIHJNT4pNLUiG3pEpqhBFFXsgreXOenXfnw/mctuac2cwhmYPz9QsX3pt+</latexit><latexit sha1_base64="kSKzMuqUUSIZu+JQbqB0dCJQZxw=">AAACCnicbVDLSgNBEJyNrxhfUY9eFoPgQcKuCHoMevEYwTwwWcLsbCcZMjO7zPSKYckfePSqH+FNvPoTfoM/4eRxMIkFDUVVN91dYSK4Qc/7dnIrq2vrG/nNwtb2zu5ecf+gbuJUM6ixWMS6GVIDgiuoIUcBzUQDlaGARji4GfuNR9CGx+oehwkEkvYU73JG0UoPstNGeMJMjjrFklf2JnCXiT8jJTJDtVP8aUcxSyUoZIIa0/K9BIOMauRMwKjQTg0klA1oD1qWKirBBNnk4pF7YpXI7cbalkJ3ov6dyKg0ZihD2ykp9s2iNxb/81opdq+CjKskRVBsuqibChdjd/y+G3ENDMXQEso0t7e6rE81ZWhDmtsShvLM2Mf6EI0KNh1/MYtlUj8v+5bfXZQq17Oc8uSIHJNT4pNLUiG3pEpqhBFFXsgreXOenXfnw/mctuac2cwhmYPz9QsX3pt+</latexit><latexit sha1_base64="kSKzMuqUUSIZu+JQbqB0dCJQZxw=">AAACCnicbVDLSgNBEJyNrxhfUY9eFoPgQcKuCHoMevEYwTwwWcLsbCcZMjO7zPSKYckfePSqH+FNvPoTfoM/4eRxMIkFDUVVN91dYSK4Qc/7dnIrq2vrG/nNwtb2zu5ecf+gbuJUM6ixWMS6GVIDgiuoIUcBzUQDlaGARji4GfuNR9CGx+oehwkEkvYU73JG0UoPstNGeMJMjjrFklf2JnCXiT8jJTJDtVP8aUcxSyUoZIIa0/K9BIOMauRMwKjQTg0klA1oD1qWKirBBNnk4pF7YpXI7cbalkJ3ov6dyKg0ZihD2ykp9s2iNxb/81opdq+CjKskRVBsuqibChdjd/y+G3ENDMXQEso0t7e6rE81ZWhDmtsShvLM2Mf6EI0KNh1/MYtlUj8v+5bfXZQq17Oc8uSIHJNT4pNLUiG3pEpqhBFFXsgreXOenXfnw/mctuac2cwhmYPz9QsX3pt+</latexit>

fm
<latexit sha1_base64="7LmULpjWTqL+BCVXm0AooHg9iuw=">AAACCnicbVDLSgNBEJyNrxhfUY9eFoPgQcKuCHoMevEYwTwwCWF20psMmZldZnrFsOwfePSqH+FNvPoTfoM/4eRxMIkFDUVVN91dQSy4Qc/7dnIrq2vrG/nNwtb2zu5ecf+gbqJEM6ixSES6GVADgiuoIUcBzVgDlYGARjC8GfuNR9CGR+oeRzF0JO0rHnJG0UoPYbeN8ISpzLrFklf2JnCXiT8jJTJDtVv8afcilkhQyAQ1puV7MXZSqpEzAVmhnRiIKRvSPrQsVVSC6aSTizP3xCo9N4y0LYXuRP07kVJpzEgGtlNSHJhFbyz+57USDK86KVdxgqDYdFGYCBcjd/y+2+MaGIqRJZRpbm912YBqytCGNLclCOSZsY8NoJcVbDr+YhbLpH5e9i2/uyhVrmc55ckROSanxCeXpEJuSZXUCCOKvJBX8uY8O+/Oh/M5bc05s5lDMgfn6xcMVJt3</latexit><latexit sha1_base64="7LmULpjWTqL+BCVXm0AooHg9iuw=">AAACCnicbVDLSgNBEJyNrxhfUY9eFoPgQcKuCHoMevEYwTwwCWF20psMmZldZnrFsOwfePSqH+FNvPoTfoM/4eRxMIkFDUVVN91dQSy4Qc/7dnIrq2vrG/nNwtb2zu5ecf+gbqJEM6ixSES6GVADgiuoIUcBzVgDlYGARjC8GfuNR9CGR+oeRzF0JO0rHnJG0UoPYbeN8ISpzLrFklf2JnCXiT8jJTJDtVv8afcilkhQyAQ1puV7MXZSqpEzAVmhnRiIKRvSPrQsVVSC6aSTizP3xCo9N4y0LYXuRP07kVJpzEgGtlNSHJhFbyz+57USDK86KVdxgqDYdFGYCBcjd/y+2+MaGIqRJZRpbm912YBqytCGNLclCOSZsY8NoJcVbDr+YhbLpH5e9i2/uyhVrmc55ckROSanxCeXpEJuSZXUCCOKvJBX8uY8O+/Oh/M5bc05s5lDMgfn6xcMVJt3</latexit><latexit sha1_base64="7LmULpjWTqL+BCVXm0AooHg9iuw=">AAACCnicbVDLSgNBEJyNrxhfUY9eFoPgQcKuCHoMevEYwTwwCWF20psMmZldZnrFsOwfePSqH+FNvPoTfoM/4eRxMIkFDUVVN91dQSy4Qc/7dnIrq2vrG/nNwtb2zu5ecf+gbqJEM6ixSES6GVADgiuoIUcBzVgDlYGARjC8GfuNR9CGR+oeRzF0JO0rHnJG0UoPYbeN8ISpzLrFklf2JnCXiT8jJTJDtVv8afcilkhQyAQ1puV7MXZSqpEzAVmhnRiIKRvSPrQsVVSC6aSTizP3xCo9N4y0LYXuRP07kVJpzEgGtlNSHJhFbyz+57USDK86KVdxgqDYdFGYCBcjd/y+2+MaGIqRJZRpbm912YBqytCGNLclCOSZsY8NoJcVbDr+YhbLpH5e9i2/uyhVrmc55ckROSanxCeXpEJuSZXUCCOKvJBX8uY8O+/Oh/M5bc05s5lDMgfn6xcMVJt3</latexit><latexit sha1_base64="7LmULpjWTqL+BCVXm0AooHg9iuw=">AAACCnicbVDLSgNBEJyNrxhfUY9eFoPgQcKuCHoMevEYwTwwCWF20psMmZldZnrFsOwfePSqH+FNvPoTfoM/4eRxMIkFDUVVN91dQSy4Qc/7dnIrq2vrG/nNwtb2zu5ecf+gbqJEM6ixSES6GVADgiuoIUcBzVgDlYGARjC8GfuNR9CGR+oeRzF0JO0rHnJG0UoPYbeN8ISpzLrFklf2JnCXiT8jJTJDtVv8afcilkhQyAQ1puV7MXZSqpEzAVmhnRiIKRvSPrQsVVSC6aSTizP3xCo9N4y0LYXuRP07kVJpzEgGtlNSHJhFbyz+57USDK86KVdxgqDYdFGYCBcjd/y+2+MaGIqRJZRpbm912YBqytCGNLclCOSZsY8NoJcVbDr+YhbLpH5e9i2/uyhVrmc55ckROSanxCeXpEJuSZXUCCOKvJBX8uY8O+/Oh/M5bc05s5lDMgfn6xcMVJt3</latexit>

,
<latexit sha1_base64="8bylojZI8cvoWqTMLUUhdJd/wJo=">AAACAXicbVDLSgNBEJyNrxhfUY9eBoPgIYRdEfQY9OIxAfOAZAmzs73JkJnZZWZWCEtOHr3qR3gTr36J3+BPOEn2YBILGoqqbrq7goQzbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TRaFFYx6rbkA0cCahZZjh0E0UEBFw6ATj+5nfeQKlWSwfzSQBX5ChZBGjxFipWR2UK27NnQOvEy8nFZSjMSj/9MOYpgKkoZxo3fPcxPgZUYZRDtNSP9WQEDomQ+hZKokA7WfzQ6f4wiohjmJlSxo8V/9OZERoPRGB7RTEjPSqNxP/83qpiW79jMkkNSDpYlGUcmxiPPsah0wBNXxiCaGK2VsxHRFFqLHZLG0JAlHV9rERhNOSTcdbzWKdtK9qnuXN60r9Ls+piM7QObpEHrpBdfSAGqiFKAL0gl7Rm/PsvDsfzueiteDkM6doCc7XLwZKlv4=</latexit><latexit sha1_base64="8bylojZI8cvoWqTMLUUhdJd/wJo=">AAACAXicbVDLSgNBEJyNrxhfUY9eBoPgIYRdEfQY9OIxAfOAZAmzs73JkJnZZWZWCEtOHr3qR3gTr36J3+BPOEn2YBILGoqqbrq7goQzbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TRaFFYx6rbkA0cCahZZjh0E0UEBFw6ATj+5nfeQKlWSwfzSQBX5ChZBGjxFipWR2UK27NnQOvEy8nFZSjMSj/9MOYpgKkoZxo3fPcxPgZUYZRDtNSP9WQEDomQ+hZKokA7WfzQ6f4wiohjmJlSxo8V/9OZERoPRGB7RTEjPSqNxP/83qpiW79jMkkNSDpYlGUcmxiPPsah0wBNXxiCaGK2VsxHRFFqLHZLG0JAlHV9rERhNOSTcdbzWKdtK9qnuXN60r9Ls+piM7QObpEHrpBdfSAGqiFKAL0gl7Rm/PsvDsfzueiteDkM6doCc7XLwZKlv4=</latexit><latexit sha1_base64="8bylojZI8cvoWqTMLUUhdJd/wJo=">AAACAXicbVDLSgNBEJyNrxhfUY9eBoPgIYRdEfQY9OIxAfOAZAmzs73JkJnZZWZWCEtOHr3qR3gTr36J3+BPOEn2YBILGoqqbrq7goQzbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TRaFFYx6rbkA0cCahZZjh0E0UEBFw6ATj+5nfeQKlWSwfzSQBX5ChZBGjxFipWR2UK27NnQOvEy8nFZSjMSj/9MOYpgKkoZxo3fPcxPgZUYZRDtNSP9WQEDomQ+hZKokA7WfzQ6f4wiohjmJlSxo8V/9OZERoPRGB7RTEjPSqNxP/83qpiW79jMkkNSDpYlGUcmxiPPsah0wBNXxiCaGK2VsxHRFFqLHZLG0JAlHV9rERhNOSTcdbzWKdtK9qnuXN60r9Ls+piM7QObpEHrpBdfSAGqiFKAL0gl7Rm/PsvDsfzueiteDkM6doCc7XLwZKlv4=</latexit><latexit sha1_base64="8bylojZI8cvoWqTMLUUhdJd/wJo=">AAACAXicbVDLSgNBEJyNrxhfUY9eBoPgIYRdEfQY9OIxAfOAZAmzs73JkJnZZWZWCEtOHr3qR3gTr36J3+BPOEn2YBILGoqqbrq7goQzbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TRaFFYx6rbkA0cCahZZjh0E0UEBFw6ATj+5nfeQKlWSwfzSQBX5ChZBGjxFipWR2UK27NnQOvEy8nFZSjMSj/9MOYpgKkoZxo3fPcxPgZUYZRDtNSP9WQEDomQ+hZKokA7WfzQ6f4wiohjmJlSxo8V/9OZERoPRGB7RTEjPSqNxP/83qpiW79jMkkNSDpYlGUcmxiPPsah0wBNXxiCaGK2VsxHRFFqLHZLG0JAlHV9rERhNOSTcdbzWKdtK9qnuXN60r9Ls+piM7QObpEHrpBdfSAGqiFKAL0gl7Rm/PsvDsfzueiteDkM6doCc7XLwZKlv4=</latexit>

mC
<latexit sha1_base64="36BtHV/C49nsjGG0WsesLILML9c=">AAACCnicbVDLSgNBEJz1GeMr6tHLYhA8SNgVQY/BXDxGMA9MQpid7SRDZmaXmV4xLPsHHr3qR3gTr/6E3+BPOHkcTGJBQ1HVTXdXEAtu0PO+nZXVtfWNzdxWfntnd2+/cHBYN1GiGdRYJCLdDKgBwRXUkKOAZqyBykBAIxhWxn7jEbThkbrHUQwdSfuK9zijaKUH2W0jPGFaybqFolfyJnCXiT8jRTJDtVv4aYcRSyQoZIIa0/K9GDsp1ciZgCzfTgzElA1pH1qWKirBdNLJxZl7apXQ7UXalkJ3ov6dSKk0ZiQD2ykpDsyiNxb/81oJ9q47KVdxgqDYdFEvES5G7vh9N+QaGIqRJZRpbm912YBqytCGNLclCOS5sY8NIMzyNh1/MYtlUr8o+ZbfXRbLN7OccuSYnJAz4pMrUia3pEpqhBFFXsgreXOenXfnw/mctq44s5kjMgfn6xfT45tU</latexit><latexit sha1_base64="36BtHV/C49nsjGG0WsesLILML9c=">AAACCnicbVDLSgNBEJz1GeMr6tHLYhA8SNgVQY/BXDxGMA9MQpid7SRDZmaXmV4xLPsHHr3qR3gTr/6E3+BPOHkcTGJBQ1HVTXdXEAtu0PO+nZXVtfWNzdxWfntnd2+/cHBYN1GiGdRYJCLdDKgBwRXUkKOAZqyBykBAIxhWxn7jEbThkbrHUQwdSfuK9zijaKUH2W0jPGFaybqFolfyJnCXiT8jRTJDtVv4aYcRSyQoZIIa0/K9GDsp1ciZgCzfTgzElA1pH1qWKirBdNLJxZl7apXQ7UXalkJ3ov6dSKk0ZiQD2ykpDsyiNxb/81oJ9q47KVdxgqDYdFEvES5G7vh9N+QaGIqRJZRpbm912YBqytCGNLclCOS5sY8NIMzyNh1/MYtlUr8o+ZbfXRbLN7OccuSYnJAz4pMrUia3pEpqhBFFXsgreXOenXfnw/mctq44s5kjMgfn6xfT45tU</latexit><latexit sha1_base64="36BtHV/C49nsjGG0WsesLILML9c=">AAACCnicbVDLSgNBEJz1GeMr6tHLYhA8SNgVQY/BXDxGMA9MQpid7SRDZmaXmV4xLPsHHr3qR3gTr/6E3+BPOHkcTGJBQ1HVTXdXEAtu0PO+nZXVtfWNzdxWfntnd2+/cHBYN1GiGdRYJCLdDKgBwRXUkKOAZqyBykBAIxhWxn7jEbThkbrHUQwdSfuK9zijaKUH2W0jPGFaybqFolfyJnCXiT8jRTJDtVv4aYcRSyQoZIIa0/K9GDsp1ciZgCzfTgzElA1pH1qWKirBdNLJxZl7apXQ7UXalkJ3ov6dSKk0ZiQD2ykpDsyiNxb/81oJ9q47KVdxgqDYdFEvES5G7vh9N+QaGIqRJZRpbm912YBqytCGNLclCOS5sY8NIMzyNh1/MYtlUr8o+ZbfXRbLN7OccuSYnJAz4pMrUia3pEpqhBFFXsgreXOenXfnw/mctq44s5kjMgfn6xfT45tU</latexit><latexit sha1_base64="36BtHV/C49nsjGG0WsesLILML9c=">AAACCnicbVDLSgNBEJz1GeMr6tHLYhA8SNgVQY/BXDxGMA9MQpid7SRDZmaXmV4xLPsHHr3qR3gTr/6E3+BPOHkcTGJBQ1HVTXdXEAtu0PO+nZXVtfWNzdxWfntnd2+/cHBYN1GiGdRYJCLdDKgBwRXUkKOAZqyBykBAIxhWxn7jEbThkbrHUQwdSfuK9zijaKUH2W0jPGFaybqFolfyJnCXiT8jRTJDtVv4aYcRSyQoZIIa0/K9GDsp1ciZgCzfTgzElA1pH1qWKirBdNLJxZl7apXQ7UXalkJ3ov6dSKk0ZiQD2ykpDsyiNxb/81oJ9q47KVdxgqDYdFEvES5G7vh9N+QaGIqRJZRpbm912YBqytCGNLclCOS5sY8NIMzyNh1/MYtlUr8o+ZbfXRbLN7OccuSYnJAz4pMrUia3pEpqhBFFXsgreXOenXfnw/mctq44s5kjMgfn6xfT45tU</latexit>

(1 � fm)
<latexit sha1_base64="px0KrpU3xpw8Se7x7D40l+rvacg=">AAACDnicbZDLSsNAFIYnXmu9VV26CRahgpZEBF0W3bisYC/QxjKZnrRDZ5IwcyKWkHdw6VYfwp249RV8Bl/C6WVhW38Y+PjPOZwzvx8LrtFxvq2l5ZXVtfXcRn5za3tnt7C3X9dRohjUWCQi1fSpBsFDqCFHAc1YAZW+gIY/uBnVG4+gNI/CexzG4EnaC3nAGUVjPZTcs6DTRnjCVGYnnULRKTtj2YvgTqFIpqp2Cj/tbsQSCSEyQbVuuU6MXkoVciYgy7cTDTFlA9qDlsGQStBeOr46s4+N07WDSJkXoj12/06kVGo9lL7plBT7er42Mv+rtRIMrryUh3GCELLJoiARNkb2KAK7yxUwFEMDlClubrVZnyrK0AQ1s8X35ak2H+tDN8ubdNz5LBahfl52Dd9dFCvX05xy5JAckRJxySWpkFtSJTXCiCIv5JW8Wc/Wu/VhfU5al6zpzAGZkfX1C8WMnE4=</latexit><latexit sha1_base64="px0KrpU3xpw8Se7x7D40l+rvacg=">AAACDnicbZDLSsNAFIYnXmu9VV26CRahgpZEBF0W3bisYC/QxjKZnrRDZ5IwcyKWkHdw6VYfwp249RV8Bl/C6WVhW38Y+PjPOZwzvx8LrtFxvq2l5ZXVtfXcRn5za3tnt7C3X9dRohjUWCQi1fSpBsFDqCFHAc1YAZW+gIY/uBnVG4+gNI/CexzG4EnaC3nAGUVjPZTcs6DTRnjCVGYnnULRKTtj2YvgTqFIpqp2Cj/tbsQSCSEyQbVuuU6MXkoVciYgy7cTDTFlA9qDlsGQStBeOr46s4+N07WDSJkXoj12/06kVGo9lL7plBT7er42Mv+rtRIMrryUh3GCELLJoiARNkb2KAK7yxUwFEMDlClubrVZnyrK0AQ1s8X35ak2H+tDN8ubdNz5LBahfl52Dd9dFCvX05xy5JAckRJxySWpkFtSJTXCiCIv5JW8Wc/Wu/VhfU5al6zpzAGZkfX1C8WMnE4=</latexit><latexit sha1_base64="px0KrpU3xpw8Se7x7D40l+rvacg=">AAACDnicbZDLSsNAFIYnXmu9VV26CRahgpZEBF0W3bisYC/QxjKZnrRDZ5IwcyKWkHdw6VYfwp249RV8Bl/C6WVhW38Y+PjPOZwzvx8LrtFxvq2l5ZXVtfXcRn5za3tnt7C3X9dRohjUWCQi1fSpBsFDqCFHAc1YAZW+gIY/uBnVG4+gNI/CexzG4EnaC3nAGUVjPZTcs6DTRnjCVGYnnULRKTtj2YvgTqFIpqp2Cj/tbsQSCSEyQbVuuU6MXkoVciYgy7cTDTFlA9qDlsGQStBeOr46s4+N07WDSJkXoj12/06kVGo9lL7plBT7er42Mv+rtRIMrryUh3GCELLJoiARNkb2KAK7yxUwFEMDlClubrVZnyrK0AQ1s8X35ak2H+tDN8ubdNz5LBahfl52Dd9dFCvX05xy5JAckRJxySWpkFtSJTXCiCIv5JW8Wc/Wu/VhfU5al6zpzAGZkfX1C8WMnE4=</latexit><latexit sha1_base64="px0KrpU3xpw8Se7x7D40l+rvacg=">AAACDnicbZDLSsNAFIYnXmu9VV26CRahgpZEBF0W3bisYC/QxjKZnrRDZ5IwcyKWkHdw6VYfwp249RV8Bl/C6WVhW38Y+PjPOZwzvx8LrtFxvq2l5ZXVtfXcRn5za3tnt7C3X9dRohjUWCQi1fSpBsFDqCFHAc1YAZW+gIY/uBnVG4+gNI/CexzG4EnaC3nAGUVjPZTcs6DTRnjCVGYnnULRKTtj2YvgTqFIpqp2Cj/tbsQSCSEyQbVuuU6MXkoVciYgy7cTDTFlA9qDlsGQStBeOr46s4+N07WDSJkXoj12/06kVGo9lL7plBT7er42Mv+rtRIMrryUh3GCELLJoiARNkb2KAK7yxUwFEMDlClubrVZnyrK0AQ1s8X35ak2H+tDN8ubdNz5LBahfl52Dd9dFCvX05xy5JAckRJxySWpkFtSJTXCiCIv5JW8Wc/Wu/VhfU5al6zpzAGZkfX1C8WMnE4=</latexit>

• atoms: 
• ions:

xH,He
<latexit sha1_base64="6OhkDRE9iyyDijwngOmZulnm7c8=">AAACDXicbZDLSsNAFIYnXmu9VV26CRbBRSmJCLosuumygr1AG8pkctIOnVycOZGWkGdw6VYfwp249Rl8Bl/CaZuFbf1h4OM/53DO/G4suELL+jbW1jc2t7YLO8Xdvf2Dw9LRcUtFiWTQZJGIZMelCgQPoYkcBXRiCTRwBbTd0d203n4CqXgUPuAkBiegg5D7nFHUljPu9xDGmNYrdcj6pbJVtWYyV8HOoUxyNfqln54XsSSAEJmgSnVtK0YnpRI5E5AVe4mCmLIRHUBXY0gDUE46Ozozz7XjmX4k9QvRnLl/J1IaKDUJXN0ZUByq5drU/K/WTdC/cVIexglCyOaL/ESYGJnTBEyPS2AoJhook1zfarIhlZShzmlhi+sGFaU/NgQvK+p07OUsVqF1WbU131+Va7d5TgVySs7IBbHJNamROmmQJmHkkbyQV/JmPBvvxofxOW9dM/KZE7Ig4+sXyCucWw==</latexit><latexit sha1_base64="6OhkDRE9iyyDijwngOmZulnm7c8=">AAACDXicbZDLSsNAFIYnXmu9VV26CRbBRSmJCLosuumygr1AG8pkctIOnVycOZGWkGdw6VYfwp249Rl8Bl/CaZuFbf1h4OM/53DO/G4suELL+jbW1jc2t7YLO8Xdvf2Dw9LRcUtFiWTQZJGIZMelCgQPoYkcBXRiCTRwBbTd0d203n4CqXgUPuAkBiegg5D7nFHUljPu9xDGmNYrdcj6pbJVtWYyV8HOoUxyNfqln54XsSSAEJmgSnVtK0YnpRI5E5AVe4mCmLIRHUBXY0gDUE46Ozozz7XjmX4k9QvRnLl/J1IaKDUJXN0ZUByq5drU/K/WTdC/cVIexglCyOaL/ESYGJnTBEyPS2AoJhook1zfarIhlZShzmlhi+sGFaU/NgQvK+p07OUsVqF1WbU131+Va7d5TgVySs7IBbHJNamROmmQJmHkkbyQV/JmPBvvxofxOW9dM/KZE7Ig4+sXyCucWw==</latexit><latexit sha1_base64="6OhkDRE9iyyDijwngOmZulnm7c8=">AAACDXicbZDLSsNAFIYnXmu9VV26CRbBRSmJCLosuumygr1AG8pkctIOnVycOZGWkGdw6VYfwp249Rl8Bl/CaZuFbf1h4OM/53DO/G4suELL+jbW1jc2t7YLO8Xdvf2Dw9LRcUtFiWTQZJGIZMelCgQPoYkcBXRiCTRwBbTd0d203n4CqXgUPuAkBiegg5D7nFHUljPu9xDGmNYrdcj6pbJVtWYyV8HOoUxyNfqln54XsSSAEJmgSnVtK0YnpRI5E5AVe4mCmLIRHUBXY0gDUE46Ozozz7XjmX4k9QvRnLl/J1IaKDUJXN0ZUByq5drU/K/WTdC/cVIexglCyOaL/ESYGJnTBEyPS2AoJhook1zfarIhlZShzmlhi+sGFaU/NgQvK+p07OUsVqF1WbU131+Va7d5TgVySs7IBbHJNamROmmQJmHkkbyQV/JmPBvvxofxOW9dM/KZE7Ig4+sXyCucWw==</latexit><latexit sha1_base64="6OhkDRE9iyyDijwngOmZulnm7c8=">AAACDXicbZDLSsNAFIYnXmu9VV26CRbBRSmJCLosuumygr1AG8pkctIOnVycOZGWkGdw6VYfwp249Rl8Bl/CaZuFbf1h4OM/53DO/G4suELL+jbW1jc2t7YLO8Xdvf2Dw9LRcUtFiWTQZJGIZMelCgQPoYkcBXRiCTRwBbTd0d203n4CqXgUPuAkBiegg5D7nFHUljPu9xDGmNYrdcj6pbJVtWYyV8HOoUxyNfqln54XsSSAEJmgSnVtK0YnpRI5E5AVe4mCmLIRHUBXY0gDUE46Ozozz7XjmX4k9QvRnLl/J1IaKDUJXN0ZUByq5drU/K/WTdC/cVIexglCyOaL/ESYGJnTBEyPS2AoJhook1zfarIhlZShzmlhi+sGFaU/NgQvK+p07OUsVqF1WbU131+Va7d5TgVySs7IBbHJNamROmmQJmHkkbyQV/JmPBvvxofxOW9dM/KZE7Ig4+sXyCucWw==</latexit>

xe
<latexit sha1_base64="o0i4tr1nEUmple1XxK9XsEmvYFs=">AAACCnicbVDLSsNAFJ34rPVVdekmWAQXUhIRdFl047KCfWAbymRy2w6dTMLMjbSE/IFLt/oR7sStP+E3+BNO2yxs64ELh3Pu5d57/FhwjY7zba2srq1vbBa2its7u3v7pYPDho4SxaDOIhGplk81CC6hjhwFtGIFNPQFNP3h7cRvPoHSPJIPOI7BC2lf8h5nFI30OOp2EEaYQtYtlZ2KM4W9TNyclEmOWrf00wkiloQgkQmqddt1YvRSqpAzAVmxk2iIKRvSPrQNlTQE7aXTizP71CiB3YuUKYn2VP07kdJQ63Hom86Q4kAvehPxP6+dYO/aS7mMEwTJZot6ibAxsifv2wFXwFCMDaFMcXOrzQZUUYYmpLktvh+ea/PYAIKsaNJxF7NYJo2Limv4/WW5epPnVCDH5IScEZdckSq5IzVSJ4xI8kJeyZv1bL1bH9bnrHXFymeOyBysr18dEJuB</latexit><latexit sha1_base64="o0i4tr1nEUmple1XxK9XsEmvYFs=">AAACCnicbVDLSsNAFJ34rPVVdekmWAQXUhIRdFl047KCfWAbymRy2w6dTMLMjbSE/IFLt/oR7sStP+E3+BNO2yxs64ELh3Pu5d57/FhwjY7zba2srq1vbBa2its7u3v7pYPDho4SxaDOIhGplk81CC6hjhwFtGIFNPQFNP3h7cRvPoHSPJIPOI7BC2lf8h5nFI30OOp2EEaYQtYtlZ2KM4W9TNyclEmOWrf00wkiloQgkQmqddt1YvRSqpAzAVmxk2iIKRvSPrQNlTQE7aXTizP71CiB3YuUKYn2VP07kdJQ63Hom86Q4kAvehPxP6+dYO/aS7mMEwTJZot6ibAxsifv2wFXwFCMDaFMcXOrzQZUUYYmpLktvh+ea/PYAIKsaNJxF7NYJo2Limv4/WW5epPnVCDH5IScEZdckSq5IzVSJ4xI8kJeyZv1bL1bH9bnrHXFymeOyBysr18dEJuB</latexit><latexit sha1_base64="o0i4tr1nEUmple1XxK9XsEmvYFs=">AAACCnicbVDLSsNAFJ34rPVVdekmWAQXUhIRdFl047KCfWAbymRy2w6dTMLMjbSE/IFLt/oR7sStP+E3+BNO2yxs64ELh3Pu5d57/FhwjY7zba2srq1vbBa2its7u3v7pYPDho4SxaDOIhGplk81CC6hjhwFtGIFNPQFNP3h7cRvPoHSPJIPOI7BC2lf8h5nFI30OOp2EEaYQtYtlZ2KM4W9TNyclEmOWrf00wkiloQgkQmqddt1YvRSqpAzAVmxk2iIKRvSPrQNlTQE7aXTizP71CiB3YuUKYn2VP07kdJQ63Hom86Q4kAvehPxP6+dYO/aS7mMEwTJZot6ibAxsifv2wFXwFCMDaFMcXOrzQZUUYYmpLktvh+ea/PYAIKsaNJxF7NYJo2Limv4/WW5epPnVCDH5IScEZdckSq5IzVSJ4xI8kJeyZv1bL1bH9bnrHXFymeOyBysr18dEJuB</latexit><latexit sha1_base64="o0i4tr1nEUmple1XxK9XsEmvYFs=">AAACCnicbVDLSsNAFJ34rPVVdekmWAQXUhIRdFl047KCfWAbymRy2w6dTMLMjbSE/IFLt/oR7sStP+E3+BNO2yxs64ELh3Pu5d57/FhwjY7zba2srq1vbBa2its7u3v7pYPDho4SxaDOIhGplk81CC6hjhwFtGIFNPQFNP3h7cRvPoHSPJIPOI7BC2lf8h5nFI30OOp2EEaYQtYtlZ2KM4W9TNyclEmOWrf00wkiloQgkQmqddt1YvRSqpAzAVmxk2iIKRvSPrQNlTQE7aXTizP71CiB3YuUKYn2VP07kdJQ63Hom86Q4kAvehPxP6+dYO/aS7mMEwTJZot6ibAxsifv2wFXwFCMDaFMcXOrzQZUUYYmpLktvh+ea/PYAIKsaNJxF7NYJo2Limv4/WW5epPnVCDH5IScEZdckSq5IzVSJ4xI8kJeyZv1bL1bH9bnrHXFymeOyBysr18dEJuB</latexit>
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FIG. 1. The structure of the dark sector studied in this paper. A fraction of millicharged DM (mDM), fm, which carries electromagnetic charge
Q, interacts with the baryonic bath which is composed of hydrogen (H), helium (He) with fraction xH and xHe respectively and an ionized
fraction xe composed of e�, H+. The latter goes from being order one at CMB to ' 10�4 at z ' 17. The mDM also interacts with the rest
of the cold DM (CDM) through a new dark long-range force, which couples with strength gm to mDM and gC to CDM. The same long-range
force induces CDM self-interactions.

experiments. The mDM fraction, fm, should be within 10�8 .
fm . 0.004, where the upper bound comes from present CMB
constraints [14–17] and the lower bound is the minimal fraction
required to explain EDGES while still being consistent with
constraints from collider and beam dump experiments. The
mDM electric charge lies in the range 10�5 . Q . 1, such
that the interactions between the mDM component and the
baryons are strong enough to lead to su�cient cooling, while
still being consistent with collider searches. The mDM mass,
mm, is found to be in the range 10 MeV . mm . 200 GeV,
where the lower bound again stems from BBN constraints2,
while the upper bound is derived by requiring that cooling is
e�cient enough to explain EDGES while not violating CMB
constraints.

A large array of future experiments can potentially discover
the mDM component in our scenario. The large-Q region is
constrained by present collider searches [35–38] and will be
further probed by a combination of future collider experiments
such as milliQan [38, 39], MicroBooNE [40], LDMX [41] and
dedicated detector proposals in the NuMI or DUNE beam-
line [42, 43]. Ground-based direct detection of mDM is chal-
lenging, due to mDM energy losses in the atmosphere, in the
Earth’s crust and in the shielding material of a given experi-
ment [44, 45]. For this reason, the best sensitivity to mDM in
this coupling regime may be achieved by surface runs of low
threshold detectors (e.g. Ref. [46]), which can detect the soft
tail of the DM velocity distribution after atmospheric scatter-
ings (see Ref. [47] for an updated reach of these experiments
for mDM). Pushing the reach to higher Q can be achieved by
either lowering the threshold of the detectors [48–58] or re-
ducing the atmospheric shielding using balloon- and satellite-
borne detectors [47].

The paper is organized as follows. In Sec. II, we summa-
rize the relevant 21-cm cosmology formalism and discuss the

2 For the cross sections we consider here, both CDM and mDM are in thermal
equilibrium with the SM in the early universe. In the simplest setup, the
freeze out of CDM and mDM into light dark radiation can be in tension
with Ne� measurements at CMB and BBN posing a more stringent lower
bound on both the mDM and CDM masses (see for example [33, 34]).
This constraint can be circumvented easily for the mDM coupling to the
SM by directly assigning a charge Q under the SM electromagnetism. For
the CDM-mDM mediator, the Ne� bounds can be easily circumvented in
non-minimal models and are ignored in the following.

EDGES measurement. In Sec. III, we explain why it is dif-
ficult for an mDM component with no interaction with the
dominant CDM component to cool baryons e�ciently. Along
the way, we develop an analytic understanding of the para-
metric behaviour of DM cooling after recombination, which
qualitatively explains most of the features of the full numerical
treatment, based on Ref. [59]. In Sec. IV, we discuss quanti-
tatively the advantages of the setup summarized in Fig. 1. The
allowed parameter space is derived by fitting the EDGES sig-
nal and accounting for other cosmological constraints. Sec. V
is dedicated to the phenomenological predictions of our setup
and the future prospects for excluding or discovering both the
mDM and the CDM components. Sec. VI contains our con-
clusions.

This paper is supplemented by four appendices in which
we summarize many useful results that are at the core of both
our analytic and numerical treatment. App. A summarizes
a derivation of the thermodynamic equations for a system of
two baths, first derived in Refs. [1, 2]. The relevant rates
are formulated in a model independent fashion in terms of
the DM-baryon interaction form factors as usually done in the
direct detection literature [60]. In App. B, we compute the
relevant form factors in the Born approximation. We discuss
in particular the ones necessary to include for DM scattering
with hydrogen and helium atoms in 21-cm cosmology. We
also assess the regions of parameter space in which the Born
approximation breaks down, leaving a full quantum mechan-
ical computation of the rates for future work. In App. C, we
discuss more quantitative details about the implementation of
the framework described in Fig. 1. We discuss the thermody-
namic equations for a system of three baths and show how the
standard mDM scenario previously discussed in Refs. [7, 8, 10]
is parametrically extended as a function of the coupling be-
tween mDM and CDM. We then discuss in more detail the
cosmological constraints from CMB on our scenario, relying
on Refs. [14–18]. Lastly, App. D discusses concrete models
realizing the scenario of Fig. 1 which are used to derive the
CDM component direct detection prospects.

II. THE EDGES OBSERVATION

The brightness temperature of the 21-cm hydrogen line, T21,
measures the contrast between redshifted 21-cm radiation and

see Liu, Outmezguine, Redigolo, Volansky,     (or Outmezguine’s TALK)
Reviving milliDM for 21-cm cosmology

5

ArgoNeut

Numi-Fermini

DUNE

MilliQan

SHIP

LDMX

101 102 103 104 105 106
10-5

10-4

10-3

10-2

10-1

1

mm @MeVD

Q

EDGES 99% C.L.
mC=10 MeV

Direct Detection

Satel
lite

Ballo
on

Grou
nd

Diracfermion
complexscalar

SN

Colliders

BBN
DNeff

CM
B D

N e
ff

g D
= 0
.1

f m=
0.4
%

sta
nd
ard

mD
M

fm=1
0-
8

fm=1
0-
6

fm=1
0-
4

FIG. 2. Parameter space of the scenario described in Fig. 1 in the plane (mm, Q) where we fix mC = 10 MeV to maximize the heat capacity
of the CDM bath and the maximal ↵m↵C allowed by CMB bounds [14–18]. The dark blue contours give the mDM fraction fm required for a
given (mm, Q) point to fit the upper value of the 99% CL interval of the EDGES measurement in the setup of Fig. 1. For a fixed fm the entire
region above the dark blue contour can be probed by reducing ↵m↵C (see text for details). For comparison, the dark green contour shows the
standard mDM case where 0.4% of mDM alone provides the baryonic cooling. The light blue region for mm < 10 MeV is robustly excluded
by BBN contraints on Ne� [7, 8, 10, 19], the two dotted lines distinguish between the case in which mDM is a scalar or a Dirac fermion. The
gray shaded area is a collection of di�erent constraints taken from Refs. [37, 87], plus limits on millicharge particles from milliQ at SLAC [35],
searches for low ionizing particles in CMS at the LHC [88] and the new constraints from LSND and MiniBooNE derived in Ref. [40]. The
region on the left of the blue line is excluded by CMB constraints on Ne� only when mDM couples to a dark photon with coupling gD = 0.1.
The green region is excluded by present direct detection experiments as shown in Ref. [47]. The green dashed line indicates our extrapolation
of the results in Ref. [47] to higher masses (see discussion in the text). The red/black/magenta lines indicate the Fermilab/SLAC/CERN e�ort
to probe mDM. Solid/dashed/dotted lines give a rough sense of the short/medium/long time scale of the proposal. Solid red is the ArgoNeut
sensitivity derived in Ref. [43], dashed red is the sensitivity of the Fermini proposal at NuMI [42] (see Ref. [43] for a more conservative
reach based on ArgoNeut at NuMI), dotted red is the DUNE reach [40] while dotted black is the LDMX reach [41]. Dashed magenta is
the milliQan reach as [38] while dotted magenta is the SHiP sensitivity [40]. The dash-dotted/dotted green lines indicate the reach of a
SENSEI-like dark matter detector on a balloon/satellite with 0.1 gram-month exposure [47].

constitutes a fraction fm of the total DM energy density. The
mDM-baryon long-range interaction is controlled by the mDM
charge Q, which may or may not stem from the presence of a
new light mediator. The novelty in our setup is that the mDM
fraction also interacts with the remaining CDM component,
of mass mC, through a distinct long-range hidden interaction
controlled by the coupling gmgC. The same interaction also
induces a CDM self-interaction proportional to g

2

C. The two
long-range interactions of our setup imply the existence of one
or two new light mediators with masses below a keV, which
is the typical size of the exchange momentum in scattering
collisions during the cosmic dawn.

The long-range force between mDM and CDM opens up
the mDM parameter space at higher masses (up to mm .

200 GeV) and smaller dark matter fraction (down to fm &
10�8). This is because the cooling is now driven by the CDM
bath, with the mDM acting as a mediator between CDM and
the baryons. As we show in Sec. IV B, the CDM mass mC
must lie below a few GeV in order to have a large enough heat
capacity to cool the gas su�ciently.

The allowed parameter space of our framework is mostly de-
termined by ensuring that the mDM-baryon and mDM-CDM
couplings are consistent with CMB constraints, as discussed
in Sec. IV C. In Fig. 2, we show three contours on the mm – Q

plane where su�cient cooling of the baryonic bath is achieved
in our framework in order to explain the EDGES result for
fm = 10�4, 10�6 and 10�8. We have fixed mC = 10MeV
and gmgC; these two parameters can vary over a broad range
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<latexit sha1_base64="ooUM0GBFu4zyV/Og/UeLec9j2s4=">AAACNnicbVC7TgJBFJ3FF+ILtbSZSIgWhuwaE7VDbSwxESEBQmaHC0yYfWTmLkI2fIFfY6l+iZWVsbW3cYAtFDiZSU7OuXfm5LihFBpt+91KLS2vrK6l1zMbm1vbO9ndvQcdRIpDmQcyUFWXaZDChzIKlFANFTDPlVBxezdjv9IHpUXg3+MwhIbHOr5oC87QSM1svo4wwMk7sSsjGMWM1pXodJEpFTzSqyNzRs1szi7YE9B54iQkRxKUmtmfeivgkQc+csm0rjl2iI2YKRRcwihTjzSEjPdYB2qG+swD3YgnMUY0b5QWbQfKXB/pRP27ETNP66HnmkmPYVfPemNxkVeLsH3RiIUfRgg+n37UjiTFgI67oS2hgKMcGsK4EiYr5V2mGEfT4MLMJ62+CHUSfzDNnzFtObPdzJPyaeGy4Nyd5YrXSW1pckAOyTFxyDkpkltSImXCyRN5Jq/kzXqxPqxP62s6mrKSnX3yD9b3L32irYI=</latexit><latexit sha1_base64="ooUM0GBFu4zyV/Og/UeLec9j2s4=">AAACNnicbVC7TgJBFJ3FF+ILtbSZSIgWhuwaE7VDbSwxESEBQmaHC0yYfWTmLkI2fIFfY6l+iZWVsbW3cYAtFDiZSU7OuXfm5LihFBpt+91KLS2vrK6l1zMbm1vbO9ndvQcdRIpDmQcyUFWXaZDChzIKlFANFTDPlVBxezdjv9IHpUXg3+MwhIbHOr5oC87QSM1svo4wwMk7sSsjGMWM1pXodJEpFTzSqyNzRs1szi7YE9B54iQkRxKUmtmfeivgkQc+csm0rjl2iI2YKRRcwihTjzSEjPdYB2qG+swD3YgnMUY0b5QWbQfKXB/pRP27ETNP66HnmkmPYVfPemNxkVeLsH3RiIUfRgg+n37UjiTFgI67oS2hgKMcGsK4EiYr5V2mGEfT4MLMJ62+CHUSfzDNnzFtObPdzJPyaeGy4Nyd5YrXSW1pckAOyTFxyDkpkltSImXCyRN5Jq/kzXqxPqxP62s6mrKSnX3yD9b3L32irYI=</latexit><latexit sha1_base64="ooUM0GBFu4zyV/Og/UeLec9j2s4=">AAACNnicbVC7TgJBFJ3FF+ILtbSZSIgWhuwaE7VDbSwxESEBQmaHC0yYfWTmLkI2fIFfY6l+iZWVsbW3cYAtFDiZSU7OuXfm5LihFBpt+91KLS2vrK6l1zMbm1vbO9ndvQcdRIpDmQcyUFWXaZDChzIKlFANFTDPlVBxezdjv9IHpUXg3+MwhIbHOr5oC87QSM1svo4wwMk7sSsjGMWM1pXodJEpFTzSqyNzRs1szi7YE9B54iQkRxKUmtmfeivgkQc+csm0rjl2iI2YKRRcwihTjzSEjPdYB2qG+swD3YgnMUY0b5QWbQfKXB/pRP27ETNP66HnmkmPYVfPemNxkVeLsH3RiIUfRgg+n37UjiTFgI67oS2hgKMcGsK4EiYr5V2mGEfT4MLMJ62+CHUSfzDNnzFtObPdzJPyaeGy4Nyd5YrXSW1pckAOyTFxyDkpkltSImXCyRN5Jq/kzXqxPqxP62s6mrKSnX3yD9b3L32irYI=</latexit><latexit sha1_base64="ooUM0GBFu4zyV/Og/UeLec9j2s4=">AAACNnicbVC7TgJBFJ3FF+ILtbSZSIgWhuwaE7VDbSwxESEBQmaHC0yYfWTmLkI2fIFfY6l+iZWVsbW3cYAtFDiZSU7OuXfm5LihFBpt+91KLS2vrK6l1zMbm1vbO9ndvQcdRIpDmQcyUFWXaZDChzIKlFANFTDPlVBxezdjv9IHpUXg3+MwhIbHOr5oC87QSM1svo4wwMk7sSsjGMWM1pXodJEpFTzSqyNzRs1szi7YE9B54iQkRxKUmtmfeivgkQc+csm0rjl2iI2YKRRcwihTjzSEjPdYB2qG+swD3YgnMUY0b5QWbQfKXB/pRP27ETNP66HnmkmPYVfPemNxkVeLsH3RiIUfRgg+n37UjiTFgI67oS2hgKMcGsK4EiYr5V2mGEfT4MLMJ62+CHUSfzDNnzFtObPdzJPyaeGy4Nyd5YrXSW1pckAOyTFxyDkpkltSImXCyRN5Jq/kzXqxPqxP62s6mrKSnX3yD9b3L32irYI=</latexit>

A
0
!

A
<latexit sha1_base64="JZxUbIcfQlA15lhXA9rxjW9YCUo=">AAACM3icbVC7SgNBFJ31GeNr1dJmSBAtJOyKoHaJNpYRjAkkS5idnSRDZh/M3I0JS3q/xlL9FcFKbP0CGyebLTTJgYHDOffeORw3ElyBZb0bS8srq2vruY385tb2zq65t/+gwlhSVqOhCGXDJYoJHrAacBCsEUlGfFewutu/mfj1AZOKh8E9jCLm+KQb8A6nBLTUNgstYENI7yRVEfvjpHKMW5J3e0CkDB9xZdw2i1bJSoHniZ2RIspQbZs/LS+ksc8CoIIo1bStCJyESOBUsHG+FSsWEdonXdbUNCA+U06SZhjjI614uBNK/QLAqfp3IyG+UiPf1ZM+gZ6a9SbiIq8ZQ+fSSXgQxcACOv2oEwsMIZ4Ugz0uGQUx0oRQyXVWTHtEEgq6voWZT70Bj1QWfzjNn9dt2bPdzJPaWemqZN+dF8vXWW05dIgK6ATZ6AKV0S2qohqi6Ak9o1f0ZrwYH8an8TUdXTKynQP0D8b3L7WDrLI=</latexit><latexit sha1_base64="JZxUbIcfQlA15lhXA9rxjW9YCUo=">AAACM3icbVC7SgNBFJ31GeNr1dJmSBAtJOyKoHaJNpYRjAkkS5idnSRDZh/M3I0JS3q/xlL9FcFKbP0CGyebLTTJgYHDOffeORw3ElyBZb0bS8srq2vruY385tb2zq65t/+gwlhSVqOhCGXDJYoJHrAacBCsEUlGfFewutu/mfj1AZOKh8E9jCLm+KQb8A6nBLTUNgstYENI7yRVEfvjpHKMW5J3e0CkDB9xZdw2i1bJSoHniZ2RIspQbZs/LS+ksc8CoIIo1bStCJyESOBUsHG+FSsWEdonXdbUNCA+U06SZhjjI614uBNK/QLAqfp3IyG+UiPf1ZM+gZ6a9SbiIq8ZQ+fSSXgQxcACOv2oEwsMIZ4Ugz0uGQUx0oRQyXVWTHtEEgq6voWZT70Bj1QWfzjNn9dt2bPdzJPaWemqZN+dF8vXWW05dIgK6ATZ6AKV0S2qohqi6Ak9o1f0ZrwYH8an8TUdXTKynQP0D8b3L7WDrLI=</latexit><latexit sha1_base64="JZxUbIcfQlA15lhXA9rxjW9YCUo=">AAACM3icbVC7SgNBFJ31GeNr1dJmSBAtJOyKoHaJNpYRjAkkS5idnSRDZh/M3I0JS3q/xlL9FcFKbP0CGyebLTTJgYHDOffeORw3ElyBZb0bS8srq2vruY385tb2zq65t/+gwlhSVqOhCGXDJYoJHrAacBCsEUlGfFewutu/mfj1AZOKh8E9jCLm+KQb8A6nBLTUNgstYENI7yRVEfvjpHKMW5J3e0CkDB9xZdw2i1bJSoHniZ2RIspQbZs/LS+ksc8CoIIo1bStCJyESOBUsHG+FSsWEdonXdbUNCA+U06SZhjjI614uBNK/QLAqfp3IyG+UiPf1ZM+gZ6a9SbiIq8ZQ+fSSXgQxcACOv2oEwsMIZ4Ugz0uGQUx0oRQyXVWTHtEEgq6voWZT70Bj1QWfzjNn9dt2bPdzJPaWemqZN+dF8vXWW05dIgK6ATZ6AKV0S2qohqi6Ak9o1f0ZrwYH8an8TUdXTKynQP0D8b3L7WDrLI=</latexit><latexit sha1_base64="JZxUbIcfQlA15lhXA9rxjW9YCUo=">AAACM3icbVC7SgNBFJ31GeNr1dJmSBAtJOyKoHaJNpYRjAkkS5idnSRDZh/M3I0JS3q/xlL9FcFKbP0CGyebLTTJgYHDOffeORw3ElyBZb0bS8srq2vruY385tb2zq65t/+gwlhSVqOhCGXDJYoJHrAacBCsEUlGfFewutu/mfj1AZOKh8E9jCLm+KQb8A6nBLTUNgstYENI7yRVEfvjpHKMW5J3e0CkDB9xZdw2i1bJSoHniZ2RIspQbZs/LS+ksc8CoIIo1bStCJyESOBUsHG+FSsWEdonXdbUNCA+U06SZhjjI614uBNK/QLAqfp3IyG+UiPf1ZM+gZ6a9SbiIq8ZQ+fSSXgQxcACOv2oEwsMIZ4Ugz0uGQUx0oRQyXVWTHtEEgq6voWZT70Bj1QWfzjNn9dt2bPdzJPaWemqZN+dF8vXWW05dIgK6ATZ6AKV0S2qohqi6Ak9o1f0ZrwYH8an8TUdXTKynQP0D8b3L7WDrLI=</latexit>

ACMB
<latexit sha1_base64="FFZUw6VNnVR+H0kqh84tkoeIUHI=">AAACMXicbVBNSwMxFMzW7/pV9eglWAQPUnZFUG9VQb0IClaFtpRs+tqGZrNL8lYsy179NR7V/6In8epP8GLa7kHbDgSGmfdehvEjKQy67ruTm5qemZ2bX8gvLi2vrBbW1m9NGGsOFR7KUN/7zIAUCiooUMJ9pIEFvoQ7v3va9+8eQBsRqhvsRVAPWFuJluAMrdQo0BrCIw7uJGehBoPnGkClyXEjOb08SdNGoeiW3AHoOPEyUiQZrhqFn1oz5HEACrlkxlQ9N8J6wjQKLiHN12IDEeNd1oaqpYoFYOrJIEFKt63SpK1Q26eQDtS/GwkLjOkFvp0MGHbMqNcXJ3nVGFuH9USoKEZQfPhRK5YUQ9qvhTaFBo6yZwnjWtislHeYZhxteRMz7zYfRGSy+I/D/HnbljfazTip7JWOSt71frF8ktU2TzbJFtkhHjkgZXJBrkiFcPJEnskreXNenA/n0/kajuacbGeD/IPz/Qu4B6xA</latexit><latexit sha1_base64="FFZUw6VNnVR+H0kqh84tkoeIUHI=">AAACMXicbVBNSwMxFMzW7/pV9eglWAQPUnZFUG9VQb0IClaFtpRs+tqGZrNL8lYsy179NR7V/6In8epP8GLa7kHbDgSGmfdehvEjKQy67ruTm5qemZ2bX8gvLi2vrBbW1m9NGGsOFR7KUN/7zIAUCiooUMJ9pIEFvoQ7v3va9+8eQBsRqhvsRVAPWFuJluAMrdQo0BrCIw7uJGehBoPnGkClyXEjOb08SdNGoeiW3AHoOPEyUiQZrhqFn1oz5HEACrlkxlQ9N8J6wjQKLiHN12IDEeNd1oaqpYoFYOrJIEFKt63SpK1Q26eQDtS/GwkLjOkFvp0MGHbMqNcXJ3nVGFuH9USoKEZQfPhRK5YUQ9qvhTaFBo6yZwnjWtislHeYZhxteRMz7zYfRGSy+I/D/HnbljfazTip7JWOSt71frF8ktU2TzbJFtkhHjkgZXJBrkiFcPJEnskreXNenA/n0/kajuacbGeD/IPz/Qu4B6xA</latexit><latexit sha1_base64="FFZUw6VNnVR+H0kqh84tkoeIUHI=">AAACMXicbVBNSwMxFMzW7/pV9eglWAQPUnZFUG9VQb0IClaFtpRs+tqGZrNL8lYsy179NR7V/6In8epP8GLa7kHbDgSGmfdehvEjKQy67ruTm5qemZ2bX8gvLi2vrBbW1m9NGGsOFR7KUN/7zIAUCiooUMJ9pIEFvoQ7v3va9+8eQBsRqhvsRVAPWFuJluAMrdQo0BrCIw7uJGehBoPnGkClyXEjOb08SdNGoeiW3AHoOPEyUiQZrhqFn1oz5HEACrlkxlQ9N8J6wjQKLiHN12IDEeNd1oaqpYoFYOrJIEFKt63SpK1Q26eQDtS/GwkLjOkFvp0MGHbMqNcXJ3nVGFuH9USoKEZQfPhRK5YUQ9qvhTaFBo6yZwnjWtislHeYZhxteRMz7zYfRGSy+I/D/HnbljfazTip7JWOSt71frF8ktU2TzbJFtkhHjkgZXJBrkiFcPJEnskreXNenA/n0/kajuacbGeD/IPz/Qu4B6xA</latexit><latexit sha1_base64="FFZUw6VNnVR+H0kqh84tkoeIUHI=">AAACMXicbVBNSwMxFMzW7/pV9eglWAQPUnZFUG9VQb0IClaFtpRs+tqGZrNL8lYsy179NR7V/6In8epP8GLa7kHbDgSGmfdehvEjKQy67ruTm5qemZ2bX8gvLi2vrBbW1m9NGGsOFR7KUN/7zIAUCiooUMJ9pIEFvoQ7v3va9+8eQBsRqhvsRVAPWFuJluAMrdQo0BrCIw7uJGehBoPnGkClyXEjOb08SdNGoeiW3AHoOPEyUiQZrhqFn1oz5HEACrlkxlQ9N8J6wjQKLiHN12IDEeNd1oaqpYoFYOrJIEFKt63SpK1Q26eQDtS/GwkLjOkFvp0MGHbMqNcXJ3nVGFuH9USoKEZQfPhRK5YUQ9qvhTaFBo6yZwnjWtislHeYZhxteRMz7zYfRGSy+I/D/HnbljfazTip7JWOSt71frF8ktU2TzbJFtkhHjkgZXJBrkiFcPJEnskreXNenA/n0/kajuacbGeD/IPz/Qu4B6xA</latexit>

A
<latexit sha1_base64="2mNubSw8PCIGRzQRugo7tCylolQ=">AAACI3icbVDLSsNAFJ34rPUV69JNsAgupCQiqLuqG5cVjC20pUwmt+3QyYOZm9IS8isu1Y9xJW5c+CVunLZZaNsDA4dz7p17OF4suELb/jJWVtfWNzYLW8Xtnd29ffOg9KSiRDJwWSQi2fCoAsFDcJGjgEYsgQaegLo3uJv49SFIxaPwEccxtAPaC3mXM4pa6pilFsIIp/+kEvwsvck6Ztmu2FNYi8TJSZnkqHXMn5YfsSSAEJmgSjUdO8Z2SiVyJiArthIFMWUD2oOmpiENQLXT6c3MOtGKb3UjqV+I1lT9u5HSQKlx4OnJgGJfzXsTcZnXTLB71U55GCcIIZsd6ibCwsiaFGH5XAJDMdaEMsl1Vov1qaQMdV1LM5/5Qx6rPP5olr+o23Lmu1kk7nnluuI8XJSrt3ltBXJEjskpccglqZJ7UiMuYWREnskreTNejHfjw/icja4Y+c4h+Qfj+xc6+aZi</latexit><latexit sha1_base64="2mNubSw8PCIGRzQRugo7tCylolQ=">AAACI3icbVDLSsNAFJ34rPUV69JNsAgupCQiqLuqG5cVjC20pUwmt+3QyYOZm9IS8isu1Y9xJW5c+CVunLZZaNsDA4dz7p17OF4suELb/jJWVtfWNzYLW8Xtnd29ffOg9KSiRDJwWSQi2fCoAsFDcJGjgEYsgQaegLo3uJv49SFIxaPwEccxtAPaC3mXM4pa6pilFsIIp/+kEvwsvck6Ztmu2FNYi8TJSZnkqHXMn5YfsSSAEJmgSjUdO8Z2SiVyJiArthIFMWUD2oOmpiENQLXT6c3MOtGKb3UjqV+I1lT9u5HSQKlx4OnJgGJfzXsTcZnXTLB71U55GCcIIZsd6ibCwsiaFGH5XAJDMdaEMsl1Vov1qaQMdV1LM5/5Qx6rPP5olr+o23Lmu1kk7nnluuI8XJSrt3ltBXJEjskpccglqZJ7UiMuYWREnskreTNejHfjw/icja4Y+c4h+Qfj+xc6+aZi</latexit><latexit sha1_base64="2mNubSw8PCIGRzQRugo7tCylolQ=">AAACI3icbVDLSsNAFJ34rPUV69JNsAgupCQiqLuqG5cVjC20pUwmt+3QyYOZm9IS8isu1Y9xJW5c+CVunLZZaNsDA4dz7p17OF4suELb/jJWVtfWNzYLW8Xtnd29ffOg9KSiRDJwWSQi2fCoAsFDcJGjgEYsgQaegLo3uJv49SFIxaPwEccxtAPaC3mXM4pa6pilFsIIp/+kEvwsvck6Ztmu2FNYi8TJSZnkqHXMn5YfsSSAEJmgSjUdO8Z2SiVyJiArthIFMWUD2oOmpiENQLXT6c3MOtGKb3UjqV+I1lT9u5HSQKlx4OnJgGJfzXsTcZnXTLB71U55GCcIIZsd6ibCwsiaFGH5XAJDMdaEMsl1Vov1qaQMdV1LM5/5Qx6rPP5olr+o23Lmu1kk7nnluuI8XJSrt3ltBXJEjskpccglqZJ7UiMuYWREnskreTNejHfjw/icja4Y+c4h+Qfj+xc6+aZi</latexit><latexit sha1_base64="2mNubSw8PCIGRzQRugo7tCylolQ=">AAACI3icbVDLSsNAFJ34rPUV69JNsAgupCQiqLuqG5cVjC20pUwmt+3QyYOZm9IS8isu1Y9xJW5c+CVunLZZaNsDA4dz7p17OF4suELb/jJWVtfWNzYLW8Xtnd29ffOg9KSiRDJwWSQi2fCoAsFDcJGjgEYsgQaegLo3uJv49SFIxaPwEccxtAPaC3mXM4pa6pilFsIIp/+kEvwsvck6Ztmu2FNYi8TJSZnkqHXMn5YfsSSAEJmgSjUdO8Z2SiVyJiArthIFMWUD2oOmpiENQLXT6c3MOtGKb3UjqV+I1lT9u5HSQKlx4OnJgGJfzXsTcZnXTLB71U55GCcIIZsd6ibCwsiaFGH5XAJDMdaEMsl1Vov1qaQMdV1LM5/5Qx6rPP5olr+o23Lmu1kk7nnluuI8XJSrt3ltBXJEjskpccglqZJ7UiMuYWREnskreTNejHfjw/icja4Y+c4h+Qfj+xc6+aZi</latexit>

z21cm
<latexit sha1_base64="N/8K79FfnEaXiivDMbW0yzKGRqE=">AAACInicbZBPS8MwGMbT+W/Of50evQSH4EFGOwT1NvTicYJ1g62UNM22sKQtSTqdpR/Fo/phPIknwW/ixXTrQbc9EHh43vclPx4/ZlQqy/oySiura+sb5c3K1vbO7p5Z3b+XUSIwcXDEItHxkSSMhsRRVDHSiQVB3Gek7Y+u83l7TISkUXinJjFxORqEtE8xUjryzOqTlzbsHkdqKHiKeZZ5Zs2qW1PBRWMXpgYKtTzzpxdEOOEkVJghKbu2FSs3RUJRzEhW6SWSxAiP0IB0tQ0RJ9JNp+gZPNZJAPuR0C9UcJr+vUgRl3LCfb2ZM8r5WR4um3UT1b9wUxrGiSIhnn3UTxhUEcx7gAEVBCs20QZhQTUrxEMkEFa6raXMp8GYxrLAf5zxV3Rb9nw3i8Zp1C/r9u1ZrXlV1FYGh+AInAAbnIMmuAEt4AAMHsAzeAVvxovxbnwYn7PVklHcHIB/Mr5/AbUqpY0=</latexit><latexit sha1_base64="N/8K79FfnEaXiivDMbW0yzKGRqE=">AAACInicbZBPS8MwGMbT+W/Of50evQSH4EFGOwT1NvTicYJ1g62UNM22sKQtSTqdpR/Fo/phPIknwW/ixXTrQbc9EHh43vclPx4/ZlQqy/oySiura+sb5c3K1vbO7p5Z3b+XUSIwcXDEItHxkSSMhsRRVDHSiQVB3Gek7Y+u83l7TISkUXinJjFxORqEtE8xUjryzOqTlzbsHkdqKHiKeZZ5Zs2qW1PBRWMXpgYKtTzzpxdEOOEkVJghKbu2FSs3RUJRzEhW6SWSxAiP0IB0tQ0RJ9JNp+gZPNZJAPuR0C9UcJr+vUgRl3LCfb2ZM8r5WR4um3UT1b9wUxrGiSIhnn3UTxhUEcx7gAEVBCs20QZhQTUrxEMkEFa6raXMp8GYxrLAf5zxV3Rb9nw3i8Zp1C/r9u1ZrXlV1FYGh+AInAAbnIMmuAEt4AAMHsAzeAVvxovxbnwYn7PVklHcHIB/Mr5/AbUqpY0=</latexit><latexit sha1_base64="N/8K79FfnEaXiivDMbW0yzKGRqE=">AAACInicbZBPS8MwGMbT+W/Of50evQSH4EFGOwT1NvTicYJ1g62UNM22sKQtSTqdpR/Fo/phPIknwW/ixXTrQbc9EHh43vclPx4/ZlQqy/oySiura+sb5c3K1vbO7p5Z3b+XUSIwcXDEItHxkSSMhsRRVDHSiQVB3Gek7Y+u83l7TISkUXinJjFxORqEtE8xUjryzOqTlzbsHkdqKHiKeZZ5Zs2qW1PBRWMXpgYKtTzzpxdEOOEkVJghKbu2FSs3RUJRzEhW6SWSxAiP0IB0tQ0RJ9JNp+gZPNZJAPuR0C9UcJr+vUgRl3LCfb2ZM8r5WR4um3UT1b9wUxrGiSIhnn3UTxhUEcx7gAEVBCs20QZhQTUrxEMkEFa6raXMp8GYxrLAf5zxV3Rb9nw3i8Zp1C/r9u1ZrXlV1FYGh+AInAAbnIMmuAEt4AAMHsAzeAVvxovxbnwYn7PVklHcHIB/Mr5/AbUqpY0=</latexit><latexit sha1_base64="N/8K79FfnEaXiivDMbW0yzKGRqE=">AAACInicbZBPS8MwGMbT+W/Of50evQSH4EFGOwT1NvTicYJ1g62UNM22sKQtSTqdpR/Fo/phPIknwW/ixXTrQbc9EHh43vclPx4/ZlQqy/oySiura+sb5c3K1vbO7p5Z3b+XUSIwcXDEItHxkSSMhsRRVDHSiQVB3Gek7Y+u83l7TISkUXinJjFxORqEtE8xUjryzOqTlzbsHkdqKHiKeZZ5Zs2qW1PBRWMXpgYKtTzzpxdEOOEkVJghKbu2FSs3RUJRzEhW6SWSxAiP0IB0tQ0RJ9JNp+gZPNZJAPuR0C9UcJr+vUgRl3LCfb2ZM8r5WR4um3UT1b9wUxrGiSIhnn3UTxhUEcx7gAEVBCs20QZhQTUrxEMkEFa6raXMp8GYxrLAf5zxV3Rb9nw3i8Zp1C/r9u1ZrXlV1FYGh+AInAAbnIMmuAEt4AAMHsAzeAVvxovxbnwYn7PVklHcHIB/Mr5/AbUqpY0=</latexit>

ACMB
<latexit sha1_base64="FFZUw6VNnVR+H0kqh84tkoeIUHI=">AAACMXicbVBNSwMxFMzW7/pV9eglWAQPUnZFUG9VQb0IClaFtpRs+tqGZrNL8lYsy179NR7V/6In8epP8GLa7kHbDgSGmfdehvEjKQy67ruTm5qemZ2bX8gvLi2vrBbW1m9NGGsOFR7KUN/7zIAUCiooUMJ9pIEFvoQ7v3va9+8eQBsRqhvsRVAPWFuJluAMrdQo0BrCIw7uJGehBoPnGkClyXEjOb08SdNGoeiW3AHoOPEyUiQZrhqFn1oz5HEACrlkxlQ9N8J6wjQKLiHN12IDEeNd1oaqpYoFYOrJIEFKt63SpK1Q26eQDtS/GwkLjOkFvp0MGHbMqNcXJ3nVGFuH9USoKEZQfPhRK5YUQ9qvhTaFBo6yZwnjWtislHeYZhxteRMz7zYfRGSy+I/D/HnbljfazTip7JWOSt71frF8ktU2TzbJFtkhHjkgZXJBrkiFcPJEnskreXNenA/n0/kajuacbGeD/IPz/Qu4B6xA</latexit><latexit sha1_base64="FFZUw6VNnVR+H0kqh84tkoeIUHI=">AAACMXicbVBNSwMxFMzW7/pV9eglWAQPUnZFUG9VQb0IClaFtpRs+tqGZrNL8lYsy179NR7V/6In8epP8GLa7kHbDgSGmfdehvEjKQy67ruTm5qemZ2bX8gvLi2vrBbW1m9NGGsOFR7KUN/7zIAUCiooUMJ9pIEFvoQ7v3va9+8eQBsRqhvsRVAPWFuJluAMrdQo0BrCIw7uJGehBoPnGkClyXEjOb08SdNGoeiW3AHoOPEyUiQZrhqFn1oz5HEACrlkxlQ9N8J6wjQKLiHN12IDEeNd1oaqpYoFYOrJIEFKt63SpK1Q26eQDtS/GwkLjOkFvp0MGHbMqNcXJ3nVGFuH9USoKEZQfPhRK5YUQ9qvhTaFBo6yZwnjWtislHeYZhxteRMz7zYfRGSy+I/D/HnbljfazTip7JWOSt71frF8ktU2TzbJFtkhHjkgZXJBrkiFcPJEnskreXNenA/n0/kajuacbGeD/IPz/Qu4B6xA</latexit><latexit sha1_base64="FFZUw6VNnVR+H0kqh84tkoeIUHI=">AAACMXicbVBNSwMxFMzW7/pV9eglWAQPUnZFUG9VQb0IClaFtpRs+tqGZrNL8lYsy179NR7V/6In8epP8GLa7kHbDgSGmfdehvEjKQy67ruTm5qemZ2bX8gvLi2vrBbW1m9NGGsOFR7KUN/7zIAUCiooUMJ9pIEFvoQ7v3va9+8eQBsRqhvsRVAPWFuJluAMrdQo0BrCIw7uJGehBoPnGkClyXEjOb08SdNGoeiW3AHoOPEyUiQZrhqFn1oz5HEACrlkxlQ9N8J6wjQKLiHN12IDEeNd1oaqpYoFYOrJIEFKt63SpK1Q26eQDtS/GwkLjOkFvp0MGHbMqNcXJ3nVGFuH9USoKEZQfPhRK5YUQ9qvhTaFBo6yZwnjWtislHeYZhxteRMz7zYfRGSy+I/D/HnbljfazTip7JWOSt71frF8ktU2TzbJFtkhHjkgZXJBrkiFcPJEnskreXNenA/n0/kajuacbGeD/IPz/Qu4B6xA</latexit><latexit sha1_base64="FFZUw6VNnVR+H0kqh84tkoeIUHI=">AAACMXicbVBNSwMxFMzW7/pV9eglWAQPUnZFUG9VQb0IClaFtpRs+tqGZrNL8lYsy179NR7V/6In8epP8GLa7kHbDgSGmfdehvEjKQy67ruTm5qemZ2bX8gvLi2vrBbW1m9NGGsOFR7KUN/7zIAUCiooUMJ9pIEFvoQ7v3va9+8eQBsRqhvsRVAPWFuJluAMrdQo0BrCIw7uJGehBoPnGkClyXEjOb08SdNGoeiW3AHoOPEyUiQZrhqFn1oz5HEACrlkxlQ9N8J6wjQKLiHN12IDEeNd1oaqpYoFYOrJIEFKt63SpK1Q26eQDtS/GwkLjOkFvp0MGHbMqNcXJ3nVGFuH9USoKEZQfPhRK5YUQ9qvhTaFBo6yZwnjWtislHeYZhxteRMz7zYfRGSy+I/D/HnbljfazTip7JWOSt71frF8ktU2TzbJFtkhHjkgZXJBrkiFcPJEnskreXNenA/n0/kajuacbGeD/IPz/Qu4B6xA</latexit>

A0 ! A
<latexit sha1_base64="IJoDbc12cm/oPrTSJ72yT61ZU54=">AAACMnicbVC7TgJBFJ3FF+ILtbQZJUYLQ3aNidqBNpaYiJAAIbOzF5gw+8jMXYRsqP0aS/VbjJWx9Q9sHGALXyeZ5OSce++cHDeSQqNtv1iZufmFxaXscm5ldW19I7+5davDWHGo8lCGqu4yDVIEUEWBEuqRAua7Empu/3Li1wagtAiDGxxF0PJZNxAdwRkaqZ3fbSIMcXonUeCNk/IBbSrR7SFTKryj5XE7X7CL9hT0L3FSUiApKu38Z9MLeexDgFwyrRuOHWErYQoFlzDONWMNEeN91oWGoQHzQbeSaYQx3TeKRzuhMi9AOlW/byTM13rku2bSZ9jTv72J+J/XiLFz1kpEEMUIAZ991IklxZBOeqGeUMBRjgxhXAmTlfIeU4yjae/fzEfeQEQ6jT+c5c+Ztpzf3fwl1ePiedG5PimULtLasmSH7JFD4pBTUiJXpEKqhJN78kCeyLP1aL1ab9b7bDRjpTvb5Aesjy/dfaxF</latexit><latexit sha1_base64="IJoDbc12cm/oPrTSJ72yT61ZU54=">AAACMnicbVC7TgJBFJ3FF+ILtbQZJUYLQ3aNidqBNpaYiJAAIbOzF5gw+8jMXYRsqP0aS/VbjJWx9Q9sHGALXyeZ5OSce++cHDeSQqNtv1iZufmFxaXscm5ldW19I7+5davDWHGo8lCGqu4yDVIEUEWBEuqRAua7Empu/3Li1wagtAiDGxxF0PJZNxAdwRkaqZ3fbSIMcXonUeCNk/IBbSrR7SFTKryj5XE7X7CL9hT0L3FSUiApKu38Z9MLeexDgFwyrRuOHWErYQoFlzDONWMNEeN91oWGoQHzQbeSaYQx3TeKRzuhMi9AOlW/byTM13rku2bSZ9jTv72J+J/XiLFz1kpEEMUIAZ991IklxZBOeqGeUMBRjgxhXAmTlfIeU4yjae/fzEfeQEQ6jT+c5c+Ztpzf3fwl1ePiedG5PimULtLasmSH7JFD4pBTUiJXpEKqhJN78kCeyLP1aL1ab9b7bDRjpTvb5Aesjy/dfaxF</latexit><latexit sha1_base64="IJoDbc12cm/oPrTSJ72yT61ZU54=">AAACMnicbVC7TgJBFJ3FF+ILtbQZJUYLQ3aNidqBNpaYiJAAIbOzF5gw+8jMXYRsqP0aS/VbjJWx9Q9sHGALXyeZ5OSce++cHDeSQqNtv1iZufmFxaXscm5ldW19I7+5davDWHGo8lCGqu4yDVIEUEWBEuqRAua7Empu/3Li1wagtAiDGxxF0PJZNxAdwRkaqZ3fbSIMcXonUeCNk/IBbSrR7SFTKryj5XE7X7CL9hT0L3FSUiApKu38Z9MLeexDgFwyrRuOHWErYQoFlzDONWMNEeN91oWGoQHzQbeSaYQx3TeKRzuhMi9AOlW/byTM13rku2bSZ9jTv72J+J/XiLFz1kpEEMUIAZ991IklxZBOeqGeUMBRjgxhXAmTlfIeU4yjae/fzEfeQEQ6jT+c5c+Ztpzf3fwl1ePiedG5PimULtLasmSH7JFD4pBTUiJXpEKqhJN78kCeyLP1aL1ab9b7bDRjpTvb5Aesjy/dfaxF</latexit><latexit sha1_base64="IJoDbc12cm/oPrTSJ72yT61ZU54=">AAACMnicbVC7TgJBFJ3FF+ILtbQZJUYLQ3aNidqBNpaYiJAAIbOzF5gw+8jMXYRsqP0aS/VbjJWx9Q9sHGALXyeZ5OSce++cHDeSQqNtv1iZufmFxaXscm5ldW19I7+5davDWHGo8lCGqu4yDVIEUEWBEuqRAua7Empu/3Li1wagtAiDGxxF0PJZNxAdwRkaqZ3fbSIMcXonUeCNk/IBbSrR7SFTKryj5XE7X7CL9hT0L3FSUiApKu38Z9MLeexDgFwyrRuOHWErYQoFlzDONWMNEeN91oWGoQHzQbeSaYQx3TeKRzuhMi9AOlW/byTM13rku2bSZ9jTv72J+J/XiLFz1kpEEMUIAZ991IklxZBOeqGeUMBRjgxhXAmTlfIeU4yjae/fzEfeQEQ6jT+c5c+Ztpzf3fwl1ePiedG5PimULtLasmSH7JFD4pBTUiJXpEKqhJN78kCeyLP1aL1ab9b7bDRjpTvb5Aesjy/dfaxF</latexit>

!
<latexit sha1_base64="5G7+B6RrwLkF06Gi5DSJa0I9LaI=">AAACFXicbVDLSgMxFM3UV62vqks3wSK4kDIjgrorunFZwWkL7VAymUwbm8eQZIpl6D+4VD/Glbh17be4MW1noW0PBA7n3Ms9OWHCqDau++0UVlbX1jeKm6Wt7Z3dvfL+QUPLVGHiY8mkaoVIE0YF8Q01jLQSRRAPGWmGg9uJ3xwSpakUD2aUkICjnqAxxchYqdGRnPRQt1xxq+4UcJF4OamAHPVu+acTSZxyIgxmSOu25yYmyJAyFDMyLnVSTRKEB6hH2pYKxIkOsmnaMTyxSgRjqewTBk7VvxsZ4lqPeGgnOTJ9Pe9NxGVeOzXxVZBRkaSGCDw7FKcMGgknX4cRVQQbNrIEYUVtVoj7SCFsbEFLM59FQ5roPP7TLH/JtuXNd7NI/PPqddW7v6jUbvLaiuAIHINT4IFLUAN3oA58gMEjeAav4M15cd6dD+dzNlpw8p1D8A/O1y/yCKBy</latexit><latexit sha1_base64="5G7+B6RrwLkF06Gi5DSJa0I9LaI=">AAACFXicbVDLSgMxFM3UV62vqks3wSK4kDIjgrorunFZwWkL7VAymUwbm8eQZIpl6D+4VD/Glbh17be4MW1noW0PBA7n3Ms9OWHCqDau++0UVlbX1jeKm6Wt7Z3dvfL+QUPLVGHiY8mkaoVIE0YF8Q01jLQSRRAPGWmGg9uJ3xwSpakUD2aUkICjnqAxxchYqdGRnPRQt1xxq+4UcJF4OamAHPVu+acTSZxyIgxmSOu25yYmyJAyFDMyLnVSTRKEB6hH2pYKxIkOsmnaMTyxSgRjqewTBk7VvxsZ4lqPeGgnOTJ9Pe9NxGVeOzXxVZBRkaSGCDw7FKcMGgknX4cRVQQbNrIEYUVtVoj7SCFsbEFLM59FQ5roPP7TLH/JtuXNd7NI/PPqddW7v6jUbvLaiuAIHINT4IFLUAN3oA58gMEjeAav4M15cd6dD+dzNlpw8p1D8A/O1y/yCKBy</latexit><latexit sha1_base64="5G7+B6RrwLkF06Gi5DSJa0I9LaI=">AAACFXicbVDLSgMxFM3UV62vqks3wSK4kDIjgrorunFZwWkL7VAymUwbm8eQZIpl6D+4VD/Glbh17be4MW1noW0PBA7n3Ms9OWHCqDau++0UVlbX1jeKm6Wt7Z3dvfL+QUPLVGHiY8mkaoVIE0YF8Q01jLQSRRAPGWmGg9uJ3xwSpakUD2aUkICjnqAxxchYqdGRnPRQt1xxq+4UcJF4OamAHPVu+acTSZxyIgxmSOu25yYmyJAyFDMyLnVSTRKEB6hH2pYKxIkOsmnaMTyxSgRjqewTBk7VvxsZ4lqPeGgnOTJ9Pe9NxGVeOzXxVZBRkaSGCDw7FKcMGgknX4cRVQQbNrIEYUVtVoj7SCFsbEFLM59FQ5roPP7TLH/JtuXNd7NI/PPqddW7v6jUbvLaiuAIHINT4IFLUAN3oA58gMEjeAav4M15cd6dD+dzNlpw8p1D8A/O1y/yCKBy</latexit><latexit sha1_base64="5G7+B6RrwLkF06Gi5DSJa0I9LaI=">AAACFXicbVDLSgMxFM3UV62vqks3wSK4kDIjgrorunFZwWkL7VAymUwbm8eQZIpl6D+4VD/Glbh17be4MW1noW0PBA7n3Ms9OWHCqDau++0UVlbX1jeKm6Wt7Z3dvfL+QUPLVGHiY8mkaoVIE0YF8Q01jLQSRRAPGWmGg9uJ3xwSpakUD2aUkICjnqAxxchYqdGRnPRQt1xxq+4UcJF4OamAHPVu+acTSZxyIgxmSOu25yYmyJAyFDMyLnVSTRKEB6hH2pYKxIkOsmnaMTyxSgRjqewTBk7VvxsZ4lqPeGgnOTJ9Pe9NxGVeOzXxVZBRkaSGCDw7FKcMGgknX4cRVQQbNrIEYUVtVoj7SCFsbEFLM59FQ5roPP7TLH/JtuXNd7NI/PPqddW7v6jUbvLaiuAIHINT4IFLUAN3oA58gMEjeAav4M15cd6dD+dzNlpw8p1D8A/O1y/yCKBy</latexit>

dn

d!
<latexit sha1_base64="vw0YsOcrUvpm9jYAavv6yn+A0J0=">AAACJHicbZBPS8MwGMZT/875r7qjl+AQPMhoRVBvQy8eJ1g3WMdI03QLS5OSpMNS+lk8qh/Gk3jw4hfxYrb1oNseCDw87/uSh1+QMKq043xZK6tr6xubla3q9s7u3r59cPioRCox8bBgQnYCpAijnHiaakY6iSQoDhhpB6Pbybw9JlJRwR90lpBejAacRhQjbaK+XfMjiXAe8iIPoS9iMkBF3647DWcquGjc0tRBqVbf/vFDgdOYcI0ZUqrrOonu5Uhqihkpqn6qSILwCA1I11iOYqJ6+bR8AU9MEsJISPO4htP070WOYqWyODCbMdJDNT+bhMtm3VRHV72c8iTVhOPZR1HKoBZwQgKGVBKsWWYMwpKarhAPkaGhDa+lnc/CMU1UWf9p1r9qaLnzbBaNd964brj3F/XmTYmtAo7AMTgFLrgETXAHWsADGGTgGbyCN+vFerc+rM/Z6opV3tTAP1nfv1ThpmM=</latexit><latexit sha1_base64="vw0YsOcrUvpm9jYAavv6yn+A0J0=">AAACJHicbZBPS8MwGMZT/875r7qjl+AQPMhoRVBvQy8eJ1g3WMdI03QLS5OSpMNS+lk8qh/Gk3jw4hfxYrb1oNseCDw87/uSh1+QMKq043xZK6tr6xubla3q9s7u3r59cPioRCox8bBgQnYCpAijnHiaakY6iSQoDhhpB6Pbybw9JlJRwR90lpBejAacRhQjbaK+XfMjiXAe8iIPoS9iMkBF3647DWcquGjc0tRBqVbf/vFDgdOYcI0ZUqrrOonu5Uhqihkpqn6qSILwCA1I11iOYqJ6+bR8AU9MEsJISPO4htP070WOYqWyODCbMdJDNT+bhMtm3VRHV72c8iTVhOPZR1HKoBZwQgKGVBKsWWYMwpKarhAPkaGhDa+lnc/CMU1UWf9p1r9qaLnzbBaNd964brj3F/XmTYmtAo7AMTgFLrgETXAHWsADGGTgGbyCN+vFerc+rM/Z6opV3tTAP1nfv1ThpmM=</latexit><latexit sha1_base64="vw0YsOcrUvpm9jYAavv6yn+A0J0=">AAACJHicbZBPS8MwGMZT/875r7qjl+AQPMhoRVBvQy8eJ1g3WMdI03QLS5OSpMNS+lk8qh/Gk3jw4hfxYrb1oNseCDw87/uSh1+QMKq043xZK6tr6xubla3q9s7u3r59cPioRCox8bBgQnYCpAijnHiaakY6iSQoDhhpB6Pbybw9JlJRwR90lpBejAacRhQjbaK+XfMjiXAe8iIPoS9iMkBF3647DWcquGjc0tRBqVbf/vFDgdOYcI0ZUqrrOonu5Uhqihkpqn6qSILwCA1I11iOYqJ6+bR8AU9MEsJISPO4htP070WOYqWyODCbMdJDNT+bhMtm3VRHV72c8iTVhOPZR1HKoBZwQgKGVBKsWWYMwpKarhAPkaGhDa+lnc/CMU1UWf9p1r9qaLnzbBaNd964brj3F/XmTYmtAo7AMTgFLrgETXAHWsADGGTgGbyCN+vFerc+rM/Z6opV3tTAP1nfv1ThpmM=</latexit><latexit sha1_base64="vw0YsOcrUvpm9jYAavv6yn+A0J0=">AAACJHicbZBPS8MwGMZT/875r7qjl+AQPMhoRVBvQy8eJ1g3WMdI03QLS5OSpMNS+lk8qh/Gk3jw4hfxYrb1oNseCDw87/uSh1+QMKq043xZK6tr6xubla3q9s7u3r59cPioRCox8bBgQnYCpAijnHiaakY6iSQoDhhpB6Pbybw9JlJRwR90lpBejAacRhQjbaK+XfMjiXAe8iIPoS9iMkBF3647DWcquGjc0tRBqVbf/vFDgdOYcI0ZUqrrOonu5Uhqihkpqn6qSILwCA1I11iOYqJ6+bR8AU9MEsJISPO4htP070WOYqWyODCbMdJDNT+bhMtm3VRHV72c8iTVhOPZR1HKoBZwQgKGVBKsWWYMwpKarhAPkaGhDa+lnc/CMU1UWf9p1r9qaLnzbBaNd964brj3F/XmTYmtAo7AMTgFLrgETXAHWsADGGTgGbyCN+vFerc+rM/Z6opV3tTAP1nfv1ThpmM=</latexit>

!21cm
<latexit sha1_base64="H2g5CIQw2p2nWEYORqsVHic2S5E=">AAACJ3icbZBPS8MwGMZT/875ryp48VIcggcZ7RDU29CLxwnWDdZS0jTbwpKmJOlw1H4Zj+qH8SR69HN4Md160G0PBB6e933JjydMKJHKtr+MpeWV1bX1ykZ1c2t7Z9fc23+QPBUIu4hTLjohlJiSGLuKKIo7icCQhRS3w+FNMW+PsJCEx/dqnGCfwX5MegRBpaPAPPQ4w30YZA3HY1ANBMsQy/PArNl1eyJr3jilqYFSrcD88SKOUoZjhSiUsuvYifIzKBRBFOdVL5U4gWgI+7irbQwZln424c+tE51EVo8L/WJlTdK/FxlkUo5ZqDcLRjk7K8JFs26qepd+RuIkVThG0496KbUUt4oyrIgIjBQdawORIJrVQgMoIFK6soXMZ9GIJLLEf5zyV3Vbzmw388Zt1K/qzt15rXld1lYBR+AYnAIHXIAmuAUt4AIEnsAzeAVvxovxbnwYn9PVJaO8OQD/ZHz/AsmFp6o=</latexit><latexit sha1_base64="H2g5CIQw2p2nWEYORqsVHic2S5E=">AAACJ3icbZBPS8MwGMZT/875ryp48VIcggcZ7RDU29CLxwnWDdZS0jTbwpKmJOlw1H4Zj+qH8SR69HN4Md160G0PBB6e933JjydMKJHKtr+MpeWV1bX1ykZ1c2t7Z9fc23+QPBUIu4hTLjohlJiSGLuKKIo7icCQhRS3w+FNMW+PsJCEx/dqnGCfwX5MegRBpaPAPPQ4w30YZA3HY1ANBMsQy/PArNl1eyJr3jilqYFSrcD88SKOUoZjhSiUsuvYifIzKBRBFOdVL5U4gWgI+7irbQwZln424c+tE51EVo8L/WJlTdK/FxlkUo5ZqDcLRjk7K8JFs26qepd+RuIkVThG0496KbUUt4oyrIgIjBQdawORIJrVQgMoIFK6soXMZ9GIJLLEf5zyV3Vbzmw388Zt1K/qzt15rXld1lYBR+AYnAIHXIAmuAUt4AIEnsAzeAVvxovxbnwYn9PVJaO8OQD/ZHz/AsmFp6o=</latexit><latexit sha1_base64="H2g5CIQw2p2nWEYORqsVHic2S5E=">AAACJ3icbZBPS8MwGMZT/875ryp48VIcggcZ7RDU29CLxwnWDdZS0jTbwpKmJOlw1H4Zj+qH8SR69HN4Md160G0PBB6e933JjydMKJHKtr+MpeWV1bX1ykZ1c2t7Z9fc23+QPBUIu4hTLjohlJiSGLuKKIo7icCQhRS3w+FNMW+PsJCEx/dqnGCfwX5MegRBpaPAPPQ4w30YZA3HY1ANBMsQy/PArNl1eyJr3jilqYFSrcD88SKOUoZjhSiUsuvYifIzKBRBFOdVL5U4gWgI+7irbQwZln424c+tE51EVo8L/WJlTdK/FxlkUo5ZqDcLRjk7K8JFs26qepd+RuIkVThG0496KbUUt4oyrIgIjBQdawORIJrVQgMoIFK6soXMZ9GIJLLEf5zyV3Vbzmw388Zt1K/qzt15rXld1lYBR+AYnAIHXIAmuAUt4AIEnsAzeAVvxovxbnwYn9PVJaO8OQD/ZHz/AsmFp6o=</latexit><latexit sha1_base64="H2g5CIQw2p2nWEYORqsVHic2S5E=">AAACJ3icbZBPS8MwGMZT/875ryp48VIcggcZ7RDU29CLxwnWDdZS0jTbwpKmJOlw1H4Zj+qH8SR69HN4Md160G0PBB6e933JjydMKJHKtr+MpeWV1bX1ykZ1c2t7Z9fc23+QPBUIu4hTLjohlJiSGLuKKIo7icCQhRS3w+FNMW+PsJCEx/dqnGCfwX5MegRBpaPAPPQ4w30YZA3HY1ANBMsQy/PArNl1eyJr3jilqYFSrcD88SKOUoZjhSiUsuvYifIzKBRBFOdVL5U4gWgI+7irbQwZln424c+tE51EVo8L/WJlTdK/FxlkUo5ZqDcLRjk7K8JFs26qepd+RuIkVThG0496KbUUt4oyrIgIjBQdawORIJrVQgMoIFK6soXMZ9GIJLLEf5zyV3Vbzmw388Zt1K/qzt15rXld1lYBR+AYnAIHXIAmuAUt4AIEnsAzeAVvxovxbnwYn9PVJaO8OQD/ZHz/AsmFp6o=</latexit>

see Pospelov, Pradler, Ruderman, Urbano
What DM model can do that?



2: Increase the CMB RJ tail PAOLO PANCI 
slide 17/30

z
<latexit sha1_base64="Zj4Khu2GJHt/gkhihB+zq6PXoHQ=">AAACEHicbVDLSsNAFL2pr1pfVZduBovgQkoigrorunHZgrGFNpTJZNIOnUzCzKRYQ7/ApfoxrsStf+C3uHHaZqFtDwwczrmXe+b4CWdK2/a3VVhZXVvfKG6WtrZ3dvfK+wcPKk4loS6JeSxbPlaUM0FdzTSnrURSHPmcNv3B7cRvDqlULBb3epRQL8I9wUJGsDZS46lbrthVewq0SJycVCBHvVv+6QQxSSMqNOFYqbZjJ9rLsNSMcDoudVJFE0wGuEfbhgocUeVl06BjdGKUAIWxNE9oNFX/bmQ4UmoU+WYywrqv5r2JuMxrpzq88jImklRTQWaHwpQjHaPJr1HAJCWajwzBRDKTFZE+lpho083SzGfBkCUqj/84y18ybTnz3SwS97x6XXUaF5XaTV5bEY7gGE7BgUuowR3UwQUCFJ7hFd6sF+vd+rA+Z6MFK985hH+wvn4B/ZieVQ==</latexit><latexit sha1_base64="Zj4Khu2GJHt/gkhihB+zq6PXoHQ=">AAACEHicbVDLSsNAFL2pr1pfVZduBovgQkoigrorunHZgrGFNpTJZNIOnUzCzKRYQ7/ApfoxrsStf+C3uHHaZqFtDwwczrmXe+b4CWdK2/a3VVhZXVvfKG6WtrZ3dvfK+wcPKk4loS6JeSxbPlaUM0FdzTSnrURSHPmcNv3B7cRvDqlULBb3epRQL8I9wUJGsDZS46lbrthVewq0SJycVCBHvVv+6QQxSSMqNOFYqbZjJ9rLsNSMcDoudVJFE0wGuEfbhgocUeVl06BjdGKUAIWxNE9oNFX/bmQ4UmoU+WYywrqv5r2JuMxrpzq88jImklRTQWaHwpQjHaPJr1HAJCWajwzBRDKTFZE+lpho083SzGfBkCUqj/84y18ybTnz3SwS97x6XXUaF5XaTV5bEY7gGE7BgUuowR3UwQUCFJ7hFd6sF+vd+rA+Z6MFK985hH+wvn4B/ZieVQ==</latexit><latexit sha1_base64="Zj4Khu2GJHt/gkhihB+zq6PXoHQ=">AAACEHicbVDLSsNAFL2pr1pfVZduBovgQkoigrorunHZgrGFNpTJZNIOnUzCzKRYQ7/ApfoxrsStf+C3uHHaZqFtDwwczrmXe+b4CWdK2/a3VVhZXVvfKG6WtrZ3dvfK+wcPKk4loS6JeSxbPlaUM0FdzTSnrURSHPmcNv3B7cRvDqlULBb3epRQL8I9wUJGsDZS46lbrthVewq0SJycVCBHvVv+6QQxSSMqNOFYqbZjJ9rLsNSMcDoudVJFE0wGuEfbhgocUeVl06BjdGKUAIWxNE9oNFX/bmQ4UmoU+WYywrqv5r2JuMxrpzq88jImklRTQWaHwpQjHaPJr1HAJCWajwzBRDKTFZE+lpho083SzGfBkCUqj/84y18ybTnz3SwS97x6XXUaF5XaTV5bEY7gGE7BgUuowR3UwQUCFJ7hFd6sF+vd+rA+Z6MFK985hH+wvn4B/ZieVQ==</latexit><latexit sha1_base64="Zj4Khu2GJHt/gkhihB+zq6PXoHQ=">AAACEHicbVDLSsNAFL2pr1pfVZduBovgQkoigrorunHZgrGFNpTJZNIOnUzCzKRYQ7/ApfoxrsStf+C3uHHaZqFtDwwczrmXe+b4CWdK2/a3VVhZXVvfKG6WtrZ3dvfK+wcPKk4loS6JeSxbPlaUM0FdzTSnrURSHPmcNv3B7cRvDqlULBb3epRQL8I9wUJGsDZS46lbrthVewq0SJycVCBHvVv+6QQxSSMqNOFYqbZjJ9rLsNSMcDoudVJFE0wGuEfbhgocUeVl06BjdGKUAIWxNE9oNFX/bmQ4UmoU+WYywrqv5r2JuMxrpzq88jImklRTQWaHwpQjHaPJr1HAJCWajwzBRDKTFZE+lpho083SzGfBkCUqj/84y18ybTnz3SwS97x6XXUaF5XaTV5bEY7gGE7BgUuowR3UwQUCFJ7hFd6sF+vd+rA+Z6MFK985hH+wvn4B/ZieVQ==</latexit>

zres
<latexit sha1_base64="YXpoQYYM23VRM2+vlpuOHGyvJAE=">AAACGnicbVDLSgMxFM34rPVVdekmWAQXUmZEUHdFNy4rOLYwHUomk2lD8xiSTLEO/QyX6se4Erdu/BY3pu0stO2BwOGce7knJ0oZ1cZ1v52l5ZXVtfXSRnlza3tnt7K3/6BlpjDxsWRStSKkCaOC+IYaRlqpIohHjDSj/s3Ybw6I0lSKezNMSchRV9CEYmSsFDx18rbiUBE96lSqbs2dAM4TryBVUKDRqfy0Y4kzToTBDGkdeG5qwhwpQzEjo3I70yRFuI+6JLBUIE50mE8ij+CxVWKYSGWfMHCi/t3IEdd6yCM7yZHp6VlvLC7ygswkl2FORZoZIvD0UJIxaCQc/x/GVBFs2NAShBW1WSHuIYWwsS0tzHwaD2iqi/iP0/xl25Y328088c9qVzXv7rxavy5qK4FDcAROgAcuQB3cggbwAQYSPINX8Oa8OO/Oh/M5HV1yip0D8A/O1y8wmKK1</latexit><latexit sha1_base64="YXpoQYYM23VRM2+vlpuOHGyvJAE=">AAACGnicbVDLSgMxFM34rPVVdekmWAQXUmZEUHdFNy4rOLYwHUomk2lD8xiSTLEO/QyX6se4Erdu/BY3pu0stO2BwOGce7knJ0oZ1cZ1v52l5ZXVtfXSRnlza3tnt7K3/6BlpjDxsWRStSKkCaOC+IYaRlqpIohHjDSj/s3Ybw6I0lSKezNMSchRV9CEYmSsFDx18rbiUBE96lSqbs2dAM4TryBVUKDRqfy0Y4kzToTBDGkdeG5qwhwpQzEjo3I70yRFuI+6JLBUIE50mE8ij+CxVWKYSGWfMHCi/t3IEdd6yCM7yZHp6VlvLC7ygswkl2FORZoZIvD0UJIxaCQc/x/GVBFs2NAShBW1WSHuIYWwsS0tzHwaD2iqi/iP0/xl25Y328088c9qVzXv7rxavy5qK4FDcAROgAcuQB3cggbwAQYSPINX8Oa8OO/Oh/M5HV1yip0D8A/O1y8wmKK1</latexit><latexit sha1_base64="YXpoQYYM23VRM2+vlpuOHGyvJAE=">AAACGnicbVDLSgMxFM34rPVVdekmWAQXUmZEUHdFNy4rOLYwHUomk2lD8xiSTLEO/QyX6se4Erdu/BY3pu0stO2BwOGce7knJ0oZ1cZ1v52l5ZXVtfXSRnlza3tnt7K3/6BlpjDxsWRStSKkCaOC+IYaRlqpIohHjDSj/s3Ybw6I0lSKezNMSchRV9CEYmSsFDx18rbiUBE96lSqbs2dAM4TryBVUKDRqfy0Y4kzToTBDGkdeG5qwhwpQzEjo3I70yRFuI+6JLBUIE50mE8ij+CxVWKYSGWfMHCi/t3IEdd6yCM7yZHp6VlvLC7ygswkl2FORZoZIvD0UJIxaCQc/x/GVBFs2NAShBW1WSHuIYWwsS0tzHwaD2iqi/iP0/xl25Y328088c9qVzXv7rxavy5qK4FDcAROgAcuQB3cggbwAQYSPINX8Oa8OO/Oh/M5HV1yip0D8A/O1y8wmKK1</latexit><latexit sha1_base64="YXpoQYYM23VRM2+vlpuOHGyvJAE=">AAACGnicbVDLSgMxFM34rPVVdekmWAQXUmZEUHdFNy4rOLYwHUomk2lD8xiSTLEO/QyX6se4Erdu/BY3pu0stO2BwOGce7knJ0oZ1cZ1v52l5ZXVtfXSRnlza3tnt7K3/6BlpjDxsWRStSKkCaOC+IYaRlqpIohHjDSj/s3Ybw6I0lSKezNMSchRV9CEYmSsFDx18rbiUBE96lSqbs2dAM4TryBVUKDRqfy0Y4kzToTBDGkdeG5qwhwpQzEjo3I70yRFuI+6JLBUIE50mE8ij+CxVWKYSGWfMHCi/t3IEdd6yCM7yZHp6VlvLC7ygswkl2FORZoZIvD0UJIxaCQc/x/GVBFs2NAShBW1WSHuIYWwsS0tzHwaD2iqi/iP0/xl25Y328088c9qVzXv7rxavy5qK4FDcAROgAcuQB3cggbwAQYSPINX8Oa8OO/Oh/M5HV1yip0D8A/O1y8wmKK1</latexit>

zrec
<latexit sha1_base64="RVrV8ZxTRj7ZCK8w09BTWHIKkkY=">AAACGnicbVDLSgMxFM34rPVVdekmWAQXUmZEUHdFNy4rOLYwHUomk2lD8xiSTLEO/QyX6se4Erdu/BY3pu0stO2BwOGce8m5J0oZ1cZ1v52l5ZXVtfXSRnlza3tnt7K3/6BlpjDxsWRStSKkCaOC+IYaRlqpIohHjDSj/s3Ybw6I0lSKezNMSchRV9CEYmSsFDx18rbiUBE86lSqbs2dAM4TryBVUKDRqfy0Y4kzToTBDGkdeG5qwhwpQzEjo3I70yRFuI+6JLBUIE50mE8ij+CxVWKYSGWfMHCi/t3IEdd6yCM7yZHp6VlvLC7ygswkl2FORZoZIvD0oyRj0Eg4vh/G1B5r2NAShBW1WSHuIYWwsS0tzHwaD2iqi/iP0/xl25Y328088c9qVzXv7rxavy5qK4FDcAROgAcuQB3cggbwAQYSPINX8Oa8OO/Oh/M5HV1yip0D8A/O1y8VyKKl</latexit><latexit sha1_base64="RVrV8ZxTRj7ZCK8w09BTWHIKkkY=">AAACGnicbVDLSgMxFM34rPVVdekmWAQXUmZEUHdFNy4rOLYwHUomk2lD8xiSTLEO/QyX6se4Erdu/BY3pu0stO2BwOGce8m5J0oZ1cZ1v52l5ZXVtfXSRnlza3tnt7K3/6BlpjDxsWRStSKkCaOC+IYaRlqpIohHjDSj/s3Ybw6I0lSKezNMSchRV9CEYmSsFDx18rbiUBE86lSqbs2dAM4TryBVUKDRqfy0Y4kzToTBDGkdeG5qwhwpQzEjo3I70yRFuI+6JLBUIE50mE8ij+CxVWKYSGWfMHCi/t3IEdd6yCM7yZHp6VlvLC7ygswkl2FORZoZIvD0oyRj0Eg4vh/G1B5r2NAShBW1WSHuIYWwsS0tzHwaD2iqi/iP0/xl25Y328088c9qVzXv7rxavy5qK4FDcAROgAcuQB3cggbwAQYSPINX8Oa8OO/Oh/M5HV1yip0D8A/O1y8VyKKl</latexit><latexit sha1_base64="RVrV8ZxTRj7ZCK8w09BTWHIKkkY=">AAACGnicbVDLSgMxFM34rPVVdekmWAQXUmZEUHdFNy4rOLYwHUomk2lD8xiSTLEO/QyX6se4Erdu/BY3pu0stO2BwOGce8m5J0oZ1cZ1v52l5ZXVtfXSRnlza3tnt7K3/6BlpjDxsWRStSKkCaOC+IYaRlqpIohHjDSj/s3Ybw6I0lSKezNMSchRV9CEYmSsFDx18rbiUBE86lSqbs2dAM4TryBVUKDRqfy0Y4kzToTBDGkdeG5qwhwpQzEjo3I70yRFuI+6JLBUIE50mE8ij+CxVWKYSGWfMHCi/t3IEdd6yCM7yZHp6VlvLC7ygswkl2FORZoZIvD0oyRj0Eg4vh/G1B5r2NAShBW1WSHuIYWwsS0tzHwaD2iqi/iP0/xl25Y328088c9qVzXv7rxavy5qK4FDcAROgAcuQB3cggbwAQYSPINX8Oa8OO/Oh/M5HV1yip0D8A/O1y8VyKKl</latexit><latexit sha1_base64="RVrV8ZxTRj7ZCK8w09BTWHIKkkY=">AAACGnicbVDLSgMxFM34rPVVdekmWAQXUmZEUHdFNy4rOLYwHUomk2lD8xiSTLEO/QyX6se4Erdu/BY3pu0stO2BwOGce8m5J0oZ1cZ1v52l5ZXVtfXSRnlza3tnt7K3/6BlpjDxsWRStSKkCaOC+IYaRlqpIohHjDSj/s3Ybw6I0lSKezNMSchRV9CEYmSsFDx18rbiUBE86lSqbs2dAM4TryBVUKDRqfy0Y4kzToTBDGkdeG5qwhwpQzEjo3I70yRFuI+6JLBUIE50mE8ij+CxVWKYSGWfMHCi/t3IEdd6yCM7yZHp6VlvLC7ygswkl2FORZoZIvD0oyRj0Eg4vh/G1B5r2NAShBW1WSHuIYWwsS0tzHwaD2iqi/iP0/xl25Y328088c9qVzXv7rxavy5qK4FDcAROgAcuQB3cggbwAQYSPINX8Oa8OO/Oh/M5HV1yip0D8A/O1y8VyKKl</latexit>

a ! A0A0
<latexit sha1_base64="ooUM0GBFu4zyV/Og/UeLec9j2s4=">AAACNnicbVC7TgJBFJ3FF+ILtbSZSIgWhuwaE7VDbSwxESEBQmaHC0yYfWTmLkI2fIFfY6l+iZWVsbW3cYAtFDiZSU7OuXfm5LihFBpt+91KLS2vrK6l1zMbm1vbO9ndvQcdRIpDmQcyUFWXaZDChzIKlFANFTDPlVBxezdjv9IHpUXg3+MwhIbHOr5oC87QSM1svo4wwMk7sSsjGMWM1pXodJEpFTzSqyNzRs1szi7YE9B54iQkRxKUmtmfeivgkQc+csm0rjl2iI2YKRRcwihTjzSEjPdYB2qG+swD3YgnMUY0b5QWbQfKXB/pRP27ETNP66HnmkmPYVfPemNxkVeLsH3RiIUfRgg+n37UjiTFgI67oS2hgKMcGsK4EiYr5V2mGEfT4MLMJ62+CHUSfzDNnzFtObPdzJPyaeGy4Nyd5YrXSW1pckAOyTFxyDkpkltSImXCyRN5Jq/kzXqxPqxP62s6mrKSnX3yD9b3L32irYI=</latexit><latexit sha1_base64="ooUM0GBFu4zyV/Og/UeLec9j2s4=">AAACNnicbVC7TgJBFJ3FF+ILtbSZSIgWhuwaE7VDbSwxESEBQmaHC0yYfWTmLkI2fIFfY6l+iZWVsbW3cYAtFDiZSU7OuXfm5LihFBpt+91KLS2vrK6l1zMbm1vbO9ndvQcdRIpDmQcyUFWXaZDChzIKlFANFTDPlVBxezdjv9IHpUXg3+MwhIbHOr5oC87QSM1svo4wwMk7sSsjGMWM1pXodJEpFTzSqyNzRs1szi7YE9B54iQkRxKUmtmfeivgkQc+csm0rjl2iI2YKRRcwihTjzSEjPdYB2qG+swD3YgnMUY0b5QWbQfKXB/pRP27ETNP66HnmkmPYVfPemNxkVeLsH3RiIUfRgg+n37UjiTFgI67oS2hgKMcGsK4EiYr5V2mGEfT4MLMJ62+CHUSfzDNnzFtObPdzJPyaeGy4Nyd5YrXSW1pckAOyTFxyDkpkltSImXCyRN5Jq/kzXqxPqxP62s6mrKSnX3yD9b3L32irYI=</latexit><latexit sha1_base64="ooUM0GBFu4zyV/Og/UeLec9j2s4=">AAACNnicbVC7TgJBFJ3FF+ILtbSZSIgWhuwaE7VDbSwxESEBQmaHC0yYfWTmLkI2fIFfY6l+iZWVsbW3cYAtFDiZSU7OuXfm5LihFBpt+91KLS2vrK6l1zMbm1vbO9ndvQcdRIpDmQcyUFWXaZDChzIKlFANFTDPlVBxezdjv9IHpUXg3+MwhIbHOr5oC87QSM1svo4wwMk7sSsjGMWM1pXodJEpFTzSqyNzRs1szi7YE9B54iQkRxKUmtmfeivgkQc+csm0rjl2iI2YKRRcwihTjzSEjPdYB2qG+swD3YgnMUY0b5QWbQfKXB/pRP27ETNP66HnmkmPYVfPemNxkVeLsH3RiIUfRgg+n37UjiTFgI67oS2hgKMcGsK4EiYr5V2mGEfT4MLMJ62+CHUSfzDNnzFtObPdzJPyaeGy4Nyd5YrXSW1pckAOyTFxyDkpkltSImXCyRN5Jq/kzXqxPqxP62s6mrKSnX3yD9b3L32irYI=</latexit><latexit sha1_base64="ooUM0GBFu4zyV/Og/UeLec9j2s4=">AAACNnicbVC7TgJBFJ3FF+ILtbSZSIgWhuwaE7VDbSwxESEBQmaHC0yYfWTmLkI2fIFfY6l+iZWVsbW3cYAtFDiZSU7OuXfm5LihFBpt+91KLS2vrK6l1zMbm1vbO9ndvQcdRIpDmQcyUFWXaZDChzIKlFANFTDPlVBxezdjv9IHpUXg3+MwhIbHOr5oC87QSM1svo4wwMk7sSsjGMWM1pXodJEpFTzSqyNzRs1szi7YE9B54iQkRxKUmtmfeivgkQc+csm0rjl2iI2YKRRcwihTjzSEjPdYB2qG+swD3YgnMUY0b5QWbQfKXB/pRP27ETNP66HnmkmPYVfPemNxkVeLsH3RiIUfRgg+n37UjiTFgI67oS2hgKMcGsK4EiYr5V2mGEfT4MLMJ62+CHUSfzDNnzFtObPdzJPyaeGy4Nyd5YrXSW1pckAOyTFxyDkpkltSImXCyRN5Jq/kzXqxPqxP62s6mrKSnX3yD9b3L32irYI=</latexit>

A
0
!

A
<latexit sha1_base64="JZxUbIcfQlA15lhXA9rxjW9YCUo=">AAACM3icbVC7SgNBFJ31GeNr1dJmSBAtJOyKoHaJNpYRjAkkS5idnSRDZh/M3I0JS3q/xlL9FcFKbP0CGyebLTTJgYHDOffeORw3ElyBZb0bS8srq2vruY385tb2zq65t/+gwlhSVqOhCGXDJYoJHrAacBCsEUlGfFewutu/mfj1AZOKh8E9jCLm+KQb8A6nBLTUNgstYENI7yRVEfvjpHKMW5J3e0CkDB9xZdw2i1bJSoHniZ2RIspQbZs/LS+ksc8CoIIo1bStCJyESOBUsHG+FSsWEdonXdbUNCA+U06SZhjjI614uBNK/QLAqfp3IyG+UiPf1ZM+gZ6a9SbiIq8ZQ+fSSXgQxcACOv2oEwsMIZ4Ugz0uGQUx0oRQyXVWTHtEEgq6voWZT70Bj1QWfzjNn9dt2bPdzJPaWemqZN+dF8vXWW05dIgK6ATZ6AKV0S2qohqi6Ak9o1f0ZrwYH8an8TUdXTKynQP0D8b3L7WDrLI=</latexit><latexit sha1_base64="JZxUbIcfQlA15lhXA9rxjW9YCUo=">AAACM3icbVC7SgNBFJ31GeNr1dJmSBAtJOyKoHaJNpYRjAkkS5idnSRDZh/M3I0JS3q/xlL9FcFKbP0CGyebLTTJgYHDOffeORw3ElyBZb0bS8srq2vruY385tb2zq65t/+gwlhSVqOhCGXDJYoJHrAacBCsEUlGfFewutu/mfj1AZOKh8E9jCLm+KQb8A6nBLTUNgstYENI7yRVEfvjpHKMW5J3e0CkDB9xZdw2i1bJSoHniZ2RIspQbZs/LS+ksc8CoIIo1bStCJyESOBUsHG+FSsWEdonXdbUNCA+U06SZhjjI614uBNK/QLAqfp3IyG+UiPf1ZM+gZ6a9SbiIq8ZQ+fSSXgQxcACOv2oEwsMIZ4Ugz0uGQUx0oRQyXVWTHtEEgq6voWZT70Bj1QWfzjNn9dt2bPdzJPaWemqZN+dF8vXWW05dIgK6ATZ6AKV0S2qohqi6Ak9o1f0ZrwYH8an8TUdXTKynQP0D8b3L7WDrLI=</latexit><latexit sha1_base64="JZxUbIcfQlA15lhXA9rxjW9YCUo=">AAACM3icbVC7SgNBFJ31GeNr1dJmSBAtJOyKoHaJNpYRjAkkS5idnSRDZh/M3I0JS3q/xlL9FcFKbP0CGyebLTTJgYHDOffeORw3ElyBZb0bS8srq2vruY385tb2zq65t/+gwlhSVqOhCGXDJYoJHrAacBCsEUlGfFewutu/mfj1AZOKh8E9jCLm+KQb8A6nBLTUNgstYENI7yRVEfvjpHKMW5J3e0CkDB9xZdw2i1bJSoHniZ2RIspQbZs/LS+ksc8CoIIo1bStCJyESOBUsHG+FSsWEdonXdbUNCA+U06SZhjjI614uBNK/QLAqfp3IyG+UiPf1ZM+gZ6a9SbiIq8ZQ+fSSXgQxcACOv2oEwsMIZ4Ugz0uGQUx0oRQyXVWTHtEEgq6voWZT70Bj1QWfzjNn9dt2bPdzJPaWemqZN+dF8vXWW05dIgK6ATZ6AKV0S2qohqi6Ak9o1f0ZrwYH8an8TUdXTKynQP0D8b3L7WDrLI=</latexit><latexit sha1_base64="JZxUbIcfQlA15lhXA9rxjW9YCUo=">AAACM3icbVC7SgNBFJ31GeNr1dJmSBAtJOyKoHaJNpYRjAkkS5idnSRDZh/M3I0JS3q/xlL9FcFKbP0CGyebLTTJgYHDOffeORw3ElyBZb0bS8srq2vruY385tb2zq65t/+gwlhSVqOhCGXDJYoJHrAacBCsEUlGfFewutu/mfj1AZOKh8E9jCLm+KQb8A6nBLTUNgstYENI7yRVEfvjpHKMW5J3e0CkDB9xZdw2i1bJSoHniZ2RIspQbZs/LS+ksc8CoIIo1bStCJyESOBUsHG+FSsWEdonXdbUNCA+U06SZhjjI614uBNK/QLAqfp3IyG+UiPf1ZM+gZ6a9SbiIq8ZQ+fSSXgQxcACOv2oEwsMIZ4Ugz0uGQUx0oRQyXVWTHtEEgq6voWZT70Bj1QWfzjNn9dt2bPdzJPaWemqZN+dF8vXWW05dIgK6ATZ6AKV0S2qohqi6Ak9o1f0ZrwYH8an8TUdXTKynQP0D8b3L7WDrLI=</latexit>

ACMB
<latexit sha1_base64="FFZUw6VNnVR+H0kqh84tkoeIUHI=">AAACMXicbVBNSwMxFMzW7/pV9eglWAQPUnZFUG9VQb0IClaFtpRs+tqGZrNL8lYsy179NR7V/6In8epP8GLa7kHbDgSGmfdehvEjKQy67ruTm5qemZ2bX8gvLi2vrBbW1m9NGGsOFR7KUN/7zIAUCiooUMJ9pIEFvoQ7v3va9+8eQBsRqhvsRVAPWFuJluAMrdQo0BrCIw7uJGehBoPnGkClyXEjOb08SdNGoeiW3AHoOPEyUiQZrhqFn1oz5HEACrlkxlQ9N8J6wjQKLiHN12IDEeNd1oaqpYoFYOrJIEFKt63SpK1Q26eQDtS/GwkLjOkFvp0MGHbMqNcXJ3nVGFuH9USoKEZQfPhRK5YUQ9qvhTaFBo6yZwnjWtislHeYZhxteRMz7zYfRGSy+I/D/HnbljfazTip7JWOSt71frF8ktU2TzbJFtkhHjkgZXJBrkiFcPJEnskreXNenA/n0/kajuacbGeD/IPz/Qu4B6xA</latexit><latexit sha1_base64="FFZUw6VNnVR+H0kqh84tkoeIUHI=">AAACMXicbVBNSwMxFMzW7/pV9eglWAQPUnZFUG9VQb0IClaFtpRs+tqGZrNL8lYsy179NR7V/6In8epP8GLa7kHbDgSGmfdehvEjKQy67ruTm5qemZ2bX8gvLi2vrBbW1m9NGGsOFR7KUN/7zIAUCiooUMJ9pIEFvoQ7v3va9+8eQBsRqhvsRVAPWFuJluAMrdQo0BrCIw7uJGehBoPnGkClyXEjOb08SdNGoeiW3AHoOPEyUiQZrhqFn1oz5HEACrlkxlQ9N8J6wjQKLiHN12IDEeNd1oaqpYoFYOrJIEFKt63SpK1Q26eQDtS/GwkLjOkFvp0MGHbMqNcXJ3nVGFuH9USoKEZQfPhRK5YUQ9qvhTaFBo6yZwnjWtislHeYZhxteRMz7zYfRGSy+I/D/HnbljfazTip7JWOSt71frF8ktU2TzbJFtkhHjkgZXJBrkiFcPJEnskreXNenA/n0/kajuacbGeD/IPz/Qu4B6xA</latexit><latexit sha1_base64="FFZUw6VNnVR+H0kqh84tkoeIUHI=">AAACMXicbVBNSwMxFMzW7/pV9eglWAQPUnZFUG9VQb0IClaFtpRs+tqGZrNL8lYsy179NR7V/6In8epP8GLa7kHbDgSGmfdehvEjKQy67ruTm5qemZ2bX8gvLi2vrBbW1m9NGGsOFR7KUN/7zIAUCiooUMJ9pIEFvoQ7v3va9+8eQBsRqhvsRVAPWFuJluAMrdQo0BrCIw7uJGehBoPnGkClyXEjOb08SdNGoeiW3AHoOPEyUiQZrhqFn1oz5HEACrlkxlQ9N8J6wjQKLiHN12IDEeNd1oaqpYoFYOrJIEFKt63SpK1Q26eQDtS/GwkLjOkFvp0MGHbMqNcXJ3nVGFuH9USoKEZQfPhRK5YUQ9qvhTaFBo6yZwnjWtislHeYZhxteRMz7zYfRGSy+I/D/HnbljfazTip7JWOSt71frF8ktU2TzbJFtkhHjkgZXJBrkiFcPJEnskreXNenA/n0/kajuacbGeD/IPz/Qu4B6xA</latexit><latexit sha1_base64="FFZUw6VNnVR+H0kqh84tkoeIUHI=">AAACMXicbVBNSwMxFMzW7/pV9eglWAQPUnZFUG9VQb0IClaFtpRs+tqGZrNL8lYsy179NR7V/6In8epP8GLa7kHbDgSGmfdehvEjKQy67ruTm5qemZ2bX8gvLi2vrBbW1m9NGGsOFR7KUN/7zIAUCiooUMJ9pIEFvoQ7v3va9+8eQBsRqhvsRVAPWFuJluAMrdQo0BrCIw7uJGehBoPnGkClyXEjOb08SdNGoeiW3AHoOPEyUiQZrhqFn1oz5HEACrlkxlQ9N8J6wjQKLiHN12IDEeNd1oaqpYoFYOrJIEFKt63SpK1Q26eQDtS/GwkLjOkFvp0MGHbMqNcXJ3nVGFuH9USoKEZQfPhRK5YUQ9qvhTaFBo6yZwnjWtislHeYZhxteRMz7zYfRGSy+I/D/HnbljfazTip7JWOSt71frF8ktU2TzbJFtkhHjkgZXJBrkiFcPJEnskreXNenA/n0/kajuacbGeD/IPz/Qu4B6xA</latexit>

A
<latexit sha1_base64="2mNubSw8PCIGRzQRugo7tCylolQ=">AAACI3icbVDLSsNAFJ34rPUV69JNsAgupCQiqLuqG5cVjC20pUwmt+3QyYOZm9IS8isu1Y9xJW5c+CVunLZZaNsDA4dz7p17OF4suELb/jJWVtfWNzYLW8Xtnd29ffOg9KSiRDJwWSQi2fCoAsFDcJGjgEYsgQaegLo3uJv49SFIxaPwEccxtAPaC3mXM4pa6pilFsIIp/+kEvwsvck6Ztmu2FNYi8TJSZnkqHXMn5YfsSSAEJmgSjUdO8Z2SiVyJiArthIFMWUD2oOmpiENQLXT6c3MOtGKb3UjqV+I1lT9u5HSQKlx4OnJgGJfzXsTcZnXTLB71U55GCcIIZsd6ibCwsiaFGH5XAJDMdaEMsl1Vov1qaQMdV1LM5/5Qx6rPP5olr+o23Lmu1kk7nnluuI8XJSrt3ltBXJEjskpccglqZJ7UiMuYWREnskreTNejHfjw/icja4Y+c4h+Qfj+xc6+aZi</latexit><latexit sha1_base64="2mNubSw8PCIGRzQRugo7tCylolQ=">AAACI3icbVDLSsNAFJ34rPUV69JNsAgupCQiqLuqG5cVjC20pUwmt+3QyYOZm9IS8isu1Y9xJW5c+CVunLZZaNsDA4dz7p17OF4suELb/jJWVtfWNzYLW8Xtnd29ffOg9KSiRDJwWSQi2fCoAsFDcJGjgEYsgQaegLo3uJv49SFIxaPwEccxtAPaC3mXM4pa6pilFsIIp/+kEvwsvck6Ztmu2FNYi8TJSZnkqHXMn5YfsSSAEJmgSjUdO8Z2SiVyJiArthIFMWUD2oOmpiENQLXT6c3MOtGKb3UjqV+I1lT9u5HSQKlx4OnJgGJfzXsTcZnXTLB71U55GCcIIZsd6ibCwsiaFGH5XAJDMdaEMsl1Vov1qaQMdV1LM5/5Qx6rPP5olr+o23Lmu1kk7nnluuI8XJSrt3ltBXJEjskpccglqZJ7UiMuYWREnskreTNejHfjw/icja4Y+c4h+Qfj+xc6+aZi</latexit><latexit sha1_base64="2mNubSw8PCIGRzQRugo7tCylolQ=">AAACI3icbVDLSsNAFJ34rPUV69JNsAgupCQiqLuqG5cVjC20pUwmt+3QyYOZm9IS8isu1Y9xJW5c+CVunLZZaNsDA4dz7p17OF4suELb/jJWVtfWNzYLW8Xtnd29ffOg9KSiRDJwWSQi2fCoAsFDcJGjgEYsgQaegLo3uJv49SFIxaPwEccxtAPaC3mXM4pa6pilFsIIp/+kEvwsvck6Ztmu2FNYi8TJSZnkqHXMn5YfsSSAEJmgSjUdO8Z2SiVyJiArthIFMWUD2oOmpiENQLXT6c3MOtGKb3UjqV+I1lT9u5HSQKlx4OnJgGJfzXsTcZnXTLB71U55GCcIIZsd6ibCwsiaFGH5XAJDMdaEMsl1Vov1qaQMdV1LM5/5Qx6rPP5olr+o23Lmu1kk7nnluuI8XJSrt3ltBXJEjskpccglqZJ7UiMuYWREnskreTNejHfjw/icja4Y+c4h+Qfj+xc6+aZi</latexit><latexit sha1_base64="2mNubSw8PCIGRzQRugo7tCylolQ=">AAACI3icbVDLSsNAFJ34rPUV69JNsAgupCQiqLuqG5cVjC20pUwmt+3QyYOZm9IS8isu1Y9xJW5c+CVunLZZaNsDA4dz7p17OF4suELb/jJWVtfWNzYLW8Xtnd29ffOg9KSiRDJwWSQi2fCoAsFDcJGjgEYsgQaegLo3uJv49SFIxaPwEccxtAPaC3mXM4pa6pilFsIIp/+kEvwsvck6Ztmu2FNYi8TJSZnkqHXMn5YfsSSAEJmgSjUdO8Z2SiVyJiArthIFMWUD2oOmpiENQLXT6c3MOtGKb3UjqV+I1lT9u5HSQKlx4OnJgGJfzXsTcZnXTLB71U55GCcIIZsd6ibCwsiaFGH5XAJDMdaEMsl1Vov1qaQMdV1LM5/5Qx6rPP5olr+o23Lmu1kk7nnluuI8XJSrt3ltBXJEjskpccglqZJ7UiMuYWREnskreTNejHfjw/icja4Y+c4h+Qfj+xc6+aZi</latexit>

z21cm
<latexit sha1_base64="N/8K79FfnEaXiivDMbW0yzKGRqE=">AAACInicbZBPS8MwGMbT+W/Of50evQSH4EFGOwT1NvTicYJ1g62UNM22sKQtSTqdpR/Fo/phPIknwW/ixXTrQbc9EHh43vclPx4/ZlQqy/oySiura+sb5c3K1vbO7p5Z3b+XUSIwcXDEItHxkSSMhsRRVDHSiQVB3Gek7Y+u83l7TISkUXinJjFxORqEtE8xUjryzOqTlzbsHkdqKHiKeZZ5Zs2qW1PBRWMXpgYKtTzzpxdEOOEkVJghKbu2FSs3RUJRzEhW6SWSxAiP0IB0tQ0RJ9JNp+gZPNZJAPuR0C9UcJr+vUgRl3LCfb2ZM8r5WR4um3UT1b9wUxrGiSIhnn3UTxhUEcx7gAEVBCs20QZhQTUrxEMkEFa6raXMp8GYxrLAf5zxV3Rb9nw3i8Zp1C/r9u1ZrXlV1FYGh+AInAAbnIMmuAEt4AAMHsAzeAVvxovxbnwYn7PVklHcHIB/Mr5/AbUqpY0=</latexit><latexit sha1_base64="N/8K79FfnEaXiivDMbW0yzKGRqE=">AAACInicbZBPS8MwGMbT+W/Of50evQSH4EFGOwT1NvTicYJ1g62UNM22sKQtSTqdpR/Fo/phPIknwW/ixXTrQbc9EHh43vclPx4/ZlQqy/oySiura+sb5c3K1vbO7p5Z3b+XUSIwcXDEItHxkSSMhsRRVDHSiQVB3Gek7Y+u83l7TISkUXinJjFxORqEtE8xUjryzOqTlzbsHkdqKHiKeZZ5Zs2qW1PBRWMXpgYKtTzzpxdEOOEkVJghKbu2FSs3RUJRzEhW6SWSxAiP0IB0tQ0RJ9JNp+gZPNZJAPuR0C9UcJr+vUgRl3LCfb2ZM8r5WR4um3UT1b9wUxrGiSIhnn3UTxhUEcx7gAEVBCs20QZhQTUrxEMkEFa6raXMp8GYxrLAf5zxV3Rb9nw3i8Zp1C/r9u1ZrXlV1FYGh+AInAAbnIMmuAEt4AAMHsAzeAVvxovxbnwYn7PVklHcHIB/Mr5/AbUqpY0=</latexit><latexit sha1_base64="N/8K79FfnEaXiivDMbW0yzKGRqE=">AAACInicbZBPS8MwGMbT+W/Of50evQSH4EFGOwT1NvTicYJ1g62UNM22sKQtSTqdpR/Fo/phPIknwW/ixXTrQbc9EHh43vclPx4/ZlQqy/oySiura+sb5c3K1vbO7p5Z3b+XUSIwcXDEItHxkSSMhsRRVDHSiQVB3Gek7Y+u83l7TISkUXinJjFxORqEtE8xUjryzOqTlzbsHkdqKHiKeZZ5Zs2qW1PBRWMXpgYKtTzzpxdEOOEkVJghKbu2FSs3RUJRzEhW6SWSxAiP0IB0tQ0RJ9JNp+gZPNZJAPuR0C9UcJr+vUgRl3LCfb2ZM8r5WR4um3UT1b9wUxrGiSIhnn3UTxhUEcx7gAEVBCs20QZhQTUrxEMkEFa6raXMp8GYxrLAf5zxV3Rb9nw3i8Zp1C/r9u1ZrXlV1FYGh+AInAAbnIMmuAEt4AAMHsAzeAVvxovxbnwYn7PVklHcHIB/Mr5/AbUqpY0=</latexit><latexit sha1_base64="N/8K79FfnEaXiivDMbW0yzKGRqE=">AAACInicbZBPS8MwGMbT+W/Of50evQSH4EFGOwT1NvTicYJ1g62UNM22sKQtSTqdpR/Fo/phPIknwW/ixXTrQbc9EHh43vclPx4/ZlQqy/oySiura+sb5c3K1vbO7p5Z3b+XUSIwcXDEItHxkSSMhsRRVDHSiQVB3Gek7Y+u83l7TISkUXinJjFxORqEtE8xUjryzOqTlzbsHkdqKHiKeZZ5Zs2qW1PBRWMXpgYKtTzzpxdEOOEkVJghKbu2FSs3RUJRzEhW6SWSxAiP0IB0tQ0RJ9JNp+gZPNZJAPuR0C9UcJr+vUgRl3LCfb2ZM8r5WR4um3UT1b9wUxrGiSIhnn3UTxhUEcx7gAEVBCs20QZhQTUrxEMkEFa6raXMp8GYxrLAf5zxV3Rb9nw3i8Zp1C/r9u1ZrXlV1FYGh+AInAAbnIMmuAEt4AAMHsAzeAVvxovxbnwYn7PVklHcHIB/Mr5/AbUqpY0=</latexit>

ACMB
<latexit sha1_base64="FFZUw6VNnVR+H0kqh84tkoeIUHI=">AAACMXicbVBNSwMxFMzW7/pV9eglWAQPUnZFUG9VQb0IClaFtpRs+tqGZrNL8lYsy179NR7V/6In8epP8GLa7kHbDgSGmfdehvEjKQy67ruTm5qemZ2bX8gvLi2vrBbW1m9NGGsOFR7KUN/7zIAUCiooUMJ9pIEFvoQ7v3va9+8eQBsRqhvsRVAPWFuJluAMrdQo0BrCIw7uJGehBoPnGkClyXEjOb08SdNGoeiW3AHoOPEyUiQZrhqFn1oz5HEACrlkxlQ9N8J6wjQKLiHN12IDEeNd1oaqpYoFYOrJIEFKt63SpK1Q26eQDtS/GwkLjOkFvp0MGHbMqNcXJ3nVGFuH9USoKEZQfPhRK5YUQ9qvhTaFBo6yZwnjWtislHeYZhxteRMz7zYfRGSy+I/D/HnbljfazTip7JWOSt71frF8ktU2TzbJFtkhHjkgZXJBrkiFcPJEnskreXNenA/n0/kajuacbGeD/IPz/Qu4B6xA</latexit><latexit sha1_base64="FFZUw6VNnVR+H0kqh84tkoeIUHI=">AAACMXicbVBNSwMxFMzW7/pV9eglWAQPUnZFUG9VQb0IClaFtpRs+tqGZrNL8lYsy179NR7V/6In8epP8GLa7kHbDgSGmfdehvEjKQy67ruTm5qemZ2bX8gvLi2vrBbW1m9NGGsOFR7KUN/7zIAUCiooUMJ9pIEFvoQ7v3va9+8eQBsRqhvsRVAPWFuJluAMrdQo0BrCIw7uJGehBoPnGkClyXEjOb08SdNGoeiW3AHoOPEyUiQZrhqFn1oz5HEACrlkxlQ9N8J6wjQKLiHN12IDEeNd1oaqpYoFYOrJIEFKt63SpK1Q26eQDtS/GwkLjOkFvp0MGHbMqNcXJ3nVGFuH9USoKEZQfPhRK5YUQ9qvhTaFBo6yZwnjWtislHeYZhxteRMz7zYfRGSy+I/D/HnbljfazTip7JWOSt71frF8ktU2TzbJFtkhHjkgZXJBrkiFcPJEnskreXNenA/n0/kajuacbGeD/IPz/Qu4B6xA</latexit><latexit sha1_base64="FFZUw6VNnVR+H0kqh84tkoeIUHI=">AAACMXicbVBNSwMxFMzW7/pV9eglWAQPUnZFUG9VQb0IClaFtpRs+tqGZrNL8lYsy179NR7V/6In8epP8GLa7kHbDgSGmfdehvEjKQy67ruTm5qemZ2bX8gvLi2vrBbW1m9NGGsOFR7KUN/7zIAUCiooUMJ9pIEFvoQ7v3va9+8eQBsRqhvsRVAPWFuJluAMrdQo0BrCIw7uJGehBoPnGkClyXEjOb08SdNGoeiW3AHoOPEyUiQZrhqFn1oz5HEACrlkxlQ9N8J6wjQKLiHN12IDEeNd1oaqpYoFYOrJIEFKt63SpK1Q26eQDtS/GwkLjOkFvp0MGHbMqNcXJ3nVGFuH9USoKEZQfPhRK5YUQ9qvhTaFBo6yZwnjWtislHeYZhxteRMz7zYfRGSy+I/D/HnbljfazTip7JWOSt71frF8ktU2TzbJFtkhHjkgZXJBrkiFcPJEnskreXNenA/n0/kajuacbGeD/IPz/Qu4B6xA</latexit><latexit sha1_base64="FFZUw6VNnVR+H0kqh84tkoeIUHI=">AAACMXicbVBNSwMxFMzW7/pV9eglWAQPUnZFUG9VQb0IClaFtpRs+tqGZrNL8lYsy179NR7V/6In8epP8GLa7kHbDgSGmfdehvEjKQy67ruTm5qemZ2bX8gvLi2vrBbW1m9NGGsOFR7KUN/7zIAUCiooUMJ9pIEFvoQ7v3va9+8eQBsRqhvsRVAPWFuJluAMrdQo0BrCIw7uJGehBoPnGkClyXEjOb08SdNGoeiW3AHoOPEyUiQZrhqFn1oz5HEACrlkxlQ9N8J6wjQKLiHN12IDEeNd1oaqpYoFYOrJIEFKt63SpK1Q26eQDtS/GwkLjOkFvp0MGHbMqNcXJ3nVGFuH9USoKEZQfPhRK5YUQ9qvhTaFBo6yZwnjWtislHeYZhxteRMz7zYfRGSy+I/D/HnbljfazTip7JWOSt71frF8ktU2TzbJFtkhHjkgZXJBrkiFcPJEnskreXNenA/n0/kajuacbGeD/IPz/Qu4B6xA</latexit>

A0 ! A
<latexit sha1_base64="IJoDbc12cm/oPrTSJ72yT61ZU54=">AAACMnicbVC7TgJBFJ3FF+ILtbQZJUYLQ3aNidqBNpaYiJAAIbOzF5gw+8jMXYRsqP0aS/VbjJWx9Q9sHGALXyeZ5OSce++cHDeSQqNtv1iZufmFxaXscm5ldW19I7+5davDWHGo8lCGqu4yDVIEUEWBEuqRAua7Empu/3Li1wagtAiDGxxF0PJZNxAdwRkaqZ3fbSIMcXonUeCNk/IBbSrR7SFTKryj5XE7X7CL9hT0L3FSUiApKu38Z9MLeexDgFwyrRuOHWErYQoFlzDONWMNEeN91oWGoQHzQbeSaYQx3TeKRzuhMi9AOlW/byTM13rku2bSZ9jTv72J+J/XiLFz1kpEEMUIAZ991IklxZBOeqGeUMBRjgxhXAmTlfIeU4yjae/fzEfeQEQ6jT+c5c+Ztpzf3fwl1ePiedG5PimULtLasmSH7JFD4pBTUiJXpEKqhJN78kCeyLP1aL1ab9b7bDRjpTvb5Aesjy/dfaxF</latexit><latexit sha1_base64="IJoDbc12cm/oPrTSJ72yT61ZU54=">AAACMnicbVC7TgJBFJ3FF+ILtbQZJUYLQ3aNidqBNpaYiJAAIbOzF5gw+8jMXYRsqP0aS/VbjJWx9Q9sHGALXyeZ5OSce++cHDeSQqNtv1iZufmFxaXscm5ldW19I7+5davDWHGo8lCGqu4yDVIEUEWBEuqRAua7Empu/3Li1wagtAiDGxxF0PJZNxAdwRkaqZ3fbSIMcXonUeCNk/IBbSrR7SFTKryj5XE7X7CL9hT0L3FSUiApKu38Z9MLeexDgFwyrRuOHWErYQoFlzDONWMNEeN91oWGoQHzQbeSaYQx3TeKRzuhMi9AOlW/byTM13rku2bSZ9jTv72J+J/XiLFz1kpEEMUIAZ991IklxZBOeqGeUMBRjgxhXAmTlfIeU4yjae/fzEfeQEQ6jT+c5c+Ztpzf3fwl1ePiedG5PimULtLasmSH7JFD4pBTUiJXpEKqhJN78kCeyLP1aL1ab9b7bDRjpTvb5Aesjy/dfaxF</latexit><latexit sha1_base64="IJoDbc12cm/oPrTSJ72yT61ZU54=">AAACMnicbVC7TgJBFJ3FF+ILtbQZJUYLQ3aNidqBNpaYiJAAIbOzF5gw+8jMXYRsqP0aS/VbjJWx9Q9sHGALXyeZ5OSce++cHDeSQqNtv1iZufmFxaXscm5ldW19I7+5davDWHGo8lCGqu4yDVIEUEWBEuqRAua7Empu/3Li1wagtAiDGxxF0PJZNxAdwRkaqZ3fbSIMcXonUeCNk/IBbSrR7SFTKryj5XE7X7CL9hT0L3FSUiApKu38Z9MLeexDgFwyrRuOHWErYQoFlzDONWMNEeN91oWGoQHzQbeSaYQx3TeKRzuhMi9AOlW/byTM13rku2bSZ9jTv72J+J/XiLFz1kpEEMUIAZ991IklxZBOeqGeUMBRjgxhXAmTlfIeU4yjae/fzEfeQEQ6jT+c5c+Ztpzf3fwl1ePiedG5PimULtLasmSH7JFD4pBTUiJXpEKqhJN78kCeyLP1aL1ab9b7bDRjpTvb5Aesjy/dfaxF</latexit><latexit sha1_base64="IJoDbc12cm/oPrTSJ72yT61ZU54=">AAACMnicbVC7TgJBFJ3FF+ILtbQZJUYLQ3aNidqBNpaYiJAAIbOzF5gw+8jMXYRsqP0aS/VbjJWx9Q9sHGALXyeZ5OSce++cHDeSQqNtv1iZufmFxaXscm5ldW19I7+5davDWHGo8lCGqu4yDVIEUEWBEuqRAua7Empu/3Li1wagtAiDGxxF0PJZNxAdwRkaqZ3fbSIMcXonUeCNk/IBbSrR7SFTKryj5XE7X7CL9hT0L3FSUiApKu38Z9MLeexDgFwyrRuOHWErYQoFlzDONWMNEeN91oWGoQHzQbeSaYQx3TeKRzuhMi9AOlW/byTM13rku2bSZ9jTv72J+J/XiLFz1kpEEMUIAZ991IklxZBOeqGeUMBRjgxhXAmTlfIeU4yjae/fzEfeQEQ6jT+c5c+Ztpzf3fwl1ePiedG5PimULtLasmSH7JFD4pBTUiJXpEKqhJN78kCeyLP1aL1ab9b7bDRjpTvb5Aesjy/dfaxF</latexit>

!
<latexit sha1_base64="5G7+B6RrwLkF06Gi5DSJa0I9LaI=">AAACFXicbVDLSgMxFM3UV62vqks3wSK4kDIjgrorunFZwWkL7VAymUwbm8eQZIpl6D+4VD/Glbh17be4MW1noW0PBA7n3Ms9OWHCqDau++0UVlbX1jeKm6Wt7Z3dvfL+QUPLVGHiY8mkaoVIE0YF8Q01jLQSRRAPGWmGg9uJ3xwSpakUD2aUkICjnqAxxchYqdGRnPRQt1xxq+4UcJF4OamAHPVu+acTSZxyIgxmSOu25yYmyJAyFDMyLnVSTRKEB6hH2pYKxIkOsmnaMTyxSgRjqewTBk7VvxsZ4lqPeGgnOTJ9Pe9NxGVeOzXxVZBRkaSGCDw7FKcMGgknX4cRVQQbNrIEYUVtVoj7SCFsbEFLM59FQ5roPP7TLH/JtuXNd7NI/PPqddW7v6jUbvLaiuAIHINT4IFLUAN3oA58gMEjeAav4M15cd6dD+dzNlpw8p1D8A/O1y/yCKBy</latexit><latexit sha1_base64="5G7+B6RrwLkF06Gi5DSJa0I9LaI=">AAACFXicbVDLSgMxFM3UV62vqks3wSK4kDIjgrorunFZwWkL7VAymUwbm8eQZIpl6D+4VD/Glbh17be4MW1noW0PBA7n3Ms9OWHCqDau++0UVlbX1jeKm6Wt7Z3dvfL+QUPLVGHiY8mkaoVIE0YF8Q01jLQSRRAPGWmGg9uJ3xwSpakUD2aUkICjnqAxxchYqdGRnPRQt1xxq+4UcJF4OamAHPVu+acTSZxyIgxmSOu25yYmyJAyFDMyLnVSTRKEB6hH2pYKxIkOsmnaMTyxSgRjqewTBk7VvxsZ4lqPeGgnOTJ9Pe9NxGVeOzXxVZBRkaSGCDw7FKcMGgknX4cRVQQbNrIEYUVtVoj7SCFsbEFLM59FQ5roPP7TLH/JtuXNd7NI/PPqddW7v6jUbvLaiuAIHINT4IFLUAN3oA58gMEjeAav4M15cd6dD+dzNlpw8p1D8A/O1y/yCKBy</latexit><latexit sha1_base64="5G7+B6RrwLkF06Gi5DSJa0I9LaI=">AAACFXicbVDLSgMxFM3UV62vqks3wSK4kDIjgrorunFZwWkL7VAymUwbm8eQZIpl6D+4VD/Glbh17be4MW1noW0PBA7n3Ms9OWHCqDau++0UVlbX1jeKm6Wt7Z3dvfL+QUPLVGHiY8mkaoVIE0YF8Q01jLQSRRAPGWmGg9uJ3xwSpakUD2aUkICjnqAxxchYqdGRnPRQt1xxq+4UcJF4OamAHPVu+acTSZxyIgxmSOu25yYmyJAyFDMyLnVSTRKEB6hH2pYKxIkOsmnaMTyxSgRjqewTBk7VvxsZ4lqPeGgnOTJ9Pe9NxGVeOzXxVZBRkaSGCDw7FKcMGgknX4cRVQQbNrIEYUVtVoj7SCFsbEFLM59FQ5roPP7TLH/JtuXNd7NI/PPqddW7v6jUbvLaiuAIHINT4IFLUAN3oA58gMEjeAav4M15cd6dD+dzNlpw8p1D8A/O1y/yCKBy</latexit><latexit sha1_base64="5G7+B6RrwLkF06Gi5DSJa0I9LaI=">AAACFXicbVDLSgMxFM3UV62vqks3wSK4kDIjgrorunFZwWkL7VAymUwbm8eQZIpl6D+4VD/Glbh17be4MW1noW0PBA7n3Ms9OWHCqDau++0UVlbX1jeKm6Wt7Z3dvfL+QUPLVGHiY8mkaoVIE0YF8Q01jLQSRRAPGWmGg9uJ3xwSpakUD2aUkICjnqAxxchYqdGRnPRQt1xxq+4UcJF4OamAHPVu+acTSZxyIgxmSOu25yYmyJAyFDMyLnVSTRKEB6hH2pYKxIkOsmnaMTyxSgRjqewTBk7VvxsZ4lqPeGgnOTJ9Pe9NxGVeOzXxVZBRkaSGCDw7FKcMGgknX4cRVQQbNrIEYUVtVoj7SCFsbEFLM59FQ5roPP7TLH/JtuXNd7NI/PPqddW7v6jUbvLaiuAIHINT4IFLUAN3oA58gMEjeAav4M15cd6dD+dzNlpw8p1D8A/O1y/yCKBy</latexit>

dn

d!
<latexit sha1_base64="vw0YsOcrUvpm9jYAavv6yn+A0J0=">AAACJHicbZBPS8MwGMZT/875r7qjl+AQPMhoRVBvQy8eJ1g3WMdI03QLS5OSpMNS+lk8qh/Gk3jw4hfxYrb1oNseCDw87/uSh1+QMKq043xZK6tr6xubla3q9s7u3r59cPioRCox8bBgQnYCpAijnHiaakY6iSQoDhhpB6Pbybw9JlJRwR90lpBejAacRhQjbaK+XfMjiXAe8iIPoS9iMkBF3647DWcquGjc0tRBqVbf/vFDgdOYcI0ZUqrrOonu5Uhqihkpqn6qSILwCA1I11iOYqJ6+bR8AU9MEsJISPO4htP070WOYqWyODCbMdJDNT+bhMtm3VRHV72c8iTVhOPZR1HKoBZwQgKGVBKsWWYMwpKarhAPkaGhDa+lnc/CMU1UWf9p1r9qaLnzbBaNd964brj3F/XmTYmtAo7AMTgFLrgETXAHWsADGGTgGbyCN+vFerc+rM/Z6opV3tTAP1nfv1ThpmM=</latexit><latexit sha1_base64="vw0YsOcrUvpm9jYAavv6yn+A0J0=">AAACJHicbZBPS8MwGMZT/875r7qjl+AQPMhoRVBvQy8eJ1g3WMdI03QLS5OSpMNS+lk8qh/Gk3jw4hfxYrb1oNseCDw87/uSh1+QMKq043xZK6tr6xubla3q9s7u3r59cPioRCox8bBgQnYCpAijnHiaakY6iSQoDhhpB6Pbybw9JlJRwR90lpBejAacRhQjbaK+XfMjiXAe8iIPoS9iMkBF3647DWcquGjc0tRBqVbf/vFDgdOYcI0ZUqrrOonu5Uhqihkpqn6qSILwCA1I11iOYqJ6+bR8AU9MEsJISPO4htP070WOYqWyODCbMdJDNT+bhMtm3VRHV72c8iTVhOPZR1HKoBZwQgKGVBKsWWYMwpKarhAPkaGhDa+lnc/CMU1UWf9p1r9qaLnzbBaNd964brj3F/XmTYmtAo7AMTgFLrgETXAHWsADGGTgGbyCN+vFerc+rM/Z6opV3tTAP1nfv1ThpmM=</latexit><latexit sha1_base64="vw0YsOcrUvpm9jYAavv6yn+A0J0=">AAACJHicbZBPS8MwGMZT/875r7qjl+AQPMhoRVBvQy8eJ1g3WMdI03QLS5OSpMNS+lk8qh/Gk3jw4hfxYrb1oNseCDw87/uSh1+QMKq043xZK6tr6xubla3q9s7u3r59cPioRCox8bBgQnYCpAijnHiaakY6iSQoDhhpB6Pbybw9JlJRwR90lpBejAacRhQjbaK+XfMjiXAe8iIPoS9iMkBF3647DWcquGjc0tRBqVbf/vFDgdOYcI0ZUqrrOonu5Uhqihkpqn6qSILwCA1I11iOYqJ6+bR8AU9MEsJISPO4htP070WOYqWyODCbMdJDNT+bhMtm3VRHV72c8iTVhOPZR1HKoBZwQgKGVBKsWWYMwpKarhAPkaGhDa+lnc/CMU1UWf9p1r9qaLnzbBaNd964brj3F/XmTYmtAo7AMTgFLrgETXAHWsADGGTgGbyCN+vFerc+rM/Z6opV3tTAP1nfv1ThpmM=</latexit><latexit sha1_base64="vw0YsOcrUvpm9jYAavv6yn+A0J0=">AAACJHicbZBPS8MwGMZT/875r7qjl+AQPMhoRVBvQy8eJ1g3WMdI03QLS5OSpMNS+lk8qh/Gk3jw4hfxYrb1oNseCDw87/uSh1+QMKq043xZK6tr6xubla3q9s7u3r59cPioRCox8bBgQnYCpAijnHiaakY6iSQoDhhpB6Pbybw9JlJRwR90lpBejAacRhQjbaK+XfMjiXAe8iIPoS9iMkBF3647DWcquGjc0tRBqVbf/vFDgdOYcI0ZUqrrOonu5Uhqihkpqn6qSILwCA1I11iOYqJ6+bR8AU9MEsJISPO4htP070WOYqWyODCbMdJDNT+bhMtm3VRHV72c8iTVhOPZR1HKoBZwQgKGVBKsWWYMwpKarhAPkaGhDa+lnc/CMU1UWf9p1r9qaLnzbBaNd964brj3F/XmTYmtAo7AMTgFLrgETXAHWsADGGTgGbyCN+vFerc+rM/Z6opV3tTAP1nfv1ThpmM=</latexit>

!21cm
<latexit sha1_base64="H2g5CIQw2p2nWEYORqsVHic2S5E=">AAACJ3icbZBPS8MwGMZT/875ryp48VIcggcZ7RDU29CLxwnWDdZS0jTbwpKmJOlw1H4Zj+qH8SR69HN4Md160G0PBB6e933JjydMKJHKtr+MpeWV1bX1ykZ1c2t7Z9fc23+QPBUIu4hTLjohlJiSGLuKKIo7icCQhRS3w+FNMW+PsJCEx/dqnGCfwX5MegRBpaPAPPQ4w30YZA3HY1ANBMsQy/PArNl1eyJr3jilqYFSrcD88SKOUoZjhSiUsuvYifIzKBRBFOdVL5U4gWgI+7irbQwZln424c+tE51EVo8L/WJlTdK/FxlkUo5ZqDcLRjk7K8JFs26qepd+RuIkVThG0496KbUUt4oyrIgIjBQdawORIJrVQgMoIFK6soXMZ9GIJLLEf5zyV3Vbzmw388Zt1K/qzt15rXld1lYBR+AYnAIHXIAmuAUt4AIEnsAzeAVvxovxbnwYn9PVJaO8OQD/ZHz/AsmFp6o=</latexit><latexit sha1_base64="H2g5CIQw2p2nWEYORqsVHic2S5E=">AAACJ3icbZBPS8MwGMZT/875ryp48VIcggcZ7RDU29CLxwnWDdZS0jTbwpKmJOlw1H4Zj+qH8SR69HN4Md160G0PBB6e933JjydMKJHKtr+MpeWV1bX1ykZ1c2t7Z9fc23+QPBUIu4hTLjohlJiSGLuKKIo7icCQhRS3w+FNMW+PsJCEx/dqnGCfwX5MegRBpaPAPPQ4w30YZA3HY1ANBMsQy/PArNl1eyJr3jilqYFSrcD88SKOUoZjhSiUsuvYifIzKBRBFOdVL5U4gWgI+7irbQwZln424c+tE51EVo8L/WJlTdK/FxlkUo5ZqDcLRjk7K8JFs26qepd+RuIkVThG0496KbUUt4oyrIgIjBQdawORIJrVQgMoIFK6soXMZ9GIJLLEf5zyV3Vbzmw388Zt1K/qzt15rXld1lYBR+AYnAIHXIAmuAUt4AIEnsAzeAVvxovxbnwYn9PVJaO8OQD/ZHz/AsmFp6o=</latexit><latexit sha1_base64="H2g5CIQw2p2nWEYORqsVHic2S5E=">AAACJ3icbZBPS8MwGMZT/875ryp48VIcggcZ7RDU29CLxwnWDdZS0jTbwpKmJOlw1H4Zj+qH8SR69HN4Md160G0PBB6e933JjydMKJHKtr+MpeWV1bX1ykZ1c2t7Z9fc23+QPBUIu4hTLjohlJiSGLuKKIo7icCQhRS3w+FNMW+PsJCEx/dqnGCfwX5MegRBpaPAPPQ4w30YZA3HY1ANBMsQy/PArNl1eyJr3jilqYFSrcD88SKOUoZjhSiUsuvYifIzKBRBFOdVL5U4gWgI+7irbQwZln424c+tE51EVo8L/WJlTdK/FxlkUo5ZqDcLRjk7K8JFs26qepd+RuIkVThG0496KbUUt4oyrIgIjBQdawORIJrVQgMoIFK6soXMZ9GIJLLEf5zyV3Vbzmw388Zt1K/qzt15rXld1lYBR+AYnAIHXIAmuAUt4AIEnsAzeAVvxovxbnwYn9PVJaO8OQD/ZHz/AsmFp6o=</latexit><latexit sha1_base64="H2g5CIQw2p2nWEYORqsVHic2S5E=">AAACJ3icbZBPS8MwGMZT/875ryp48VIcggcZ7RDU29CLxwnWDdZS0jTbwpKmJOlw1H4Zj+qH8SR69HN4Md160G0PBB6e933JjydMKJHKtr+MpeWV1bX1ykZ1c2t7Z9fc23+QPBUIu4hTLjohlJiSGLuKKIo7icCQhRS3w+FNMW+PsJCEx/dqnGCfwX5MegRBpaPAPPQ4w30YZA3HY1ANBMsQy/PArNl1eyJr3jilqYFSrcD88SKOUoZjhSiUsuvYifIzKBRBFOdVL5U4gWgI+7irbQwZln424c+tE51EVo8L/WJlTdK/FxlkUo5ZqDcLRjk7K8JFs26qepd+RuIkVThG0496KbUUt4oyrIgIjBQdawORIJrVQgMoIFK6soXMZ9GIJLLEf5zyV3Vbzmw388Zt1K/qzt15rXld1lYBR+AYnAIHXIAmuAUt4AIEnsAzeAVvxovxbnwYn9PVJaO8OQD/ZHz/AsmFp6o=</latexit>

see Pospelov, Pradler, Ruderman, Urbano
What DM model can do that?

Early (z > 20) decays (either DM or of DR species) create a non-thermal 
population of DR dark photon A’. Typical multiplicity is larger than nRJ 



2: Increase the CMB RJ tail PAOLO PANCI 
slide 17/30

z
<latexit sha1_base64="Zj4Khu2GJHt/gkhihB+zq6PXoHQ=">AAACEHicbVDLSsNAFL2pr1pfVZduBovgQkoigrorunHZgrGFNpTJZNIOnUzCzKRYQ7/ApfoxrsStf+C3uHHaZqFtDwwczrmXe+b4CWdK2/a3VVhZXVvfKG6WtrZ3dvfK+wcPKk4loS6JeSxbPlaUM0FdzTSnrURSHPmcNv3B7cRvDqlULBb3epRQL8I9wUJGsDZS46lbrthVewq0SJycVCBHvVv+6QQxSSMqNOFYqbZjJ9rLsNSMcDoudVJFE0wGuEfbhgocUeVl06BjdGKUAIWxNE9oNFX/bmQ4UmoU+WYywrqv5r2JuMxrpzq88jImklRTQWaHwpQjHaPJr1HAJCWajwzBRDKTFZE+lpho083SzGfBkCUqj/84y18ybTnz3SwS97x6XXUaF5XaTV5bEY7gGE7BgUuowR3UwQUCFJ7hFd6sF+vd+rA+Z6MFK985hH+wvn4B/ZieVQ==</latexit><latexit sha1_base64="Zj4Khu2GJHt/gkhihB+zq6PXoHQ=">AAACEHicbVDLSsNAFL2pr1pfVZduBovgQkoigrorunHZgrGFNpTJZNIOnUzCzKRYQ7/ApfoxrsStf+C3uHHaZqFtDwwczrmXe+b4CWdK2/a3VVhZXVvfKG6WtrZ3dvfK+wcPKk4loS6JeSxbPlaUM0FdzTSnrURSHPmcNv3B7cRvDqlULBb3epRQL8I9wUJGsDZS46lbrthVewq0SJycVCBHvVv+6QQxSSMqNOFYqbZjJ9rLsNSMcDoudVJFE0wGuEfbhgocUeVl06BjdGKUAIWxNE9oNFX/bmQ4UmoU+WYywrqv5r2JuMxrpzq88jImklRTQWaHwpQjHaPJr1HAJCWajwzBRDKTFZE+lpho083SzGfBkCUqj/84y18ybTnz3SwS97x6XXUaF5XaTV5bEY7gGE7BgUuowR3UwQUCFJ7hFd6sF+vd+rA+Z6MFK985hH+wvn4B/ZieVQ==</latexit><latexit sha1_base64="Zj4Khu2GJHt/gkhihB+zq6PXoHQ=">AAACEHicbVDLSsNAFL2pr1pfVZduBovgQkoigrorunHZgrGFNpTJZNIOnUzCzKRYQ7/ApfoxrsStf+C3uHHaZqFtDwwczrmXe+b4CWdK2/a3VVhZXVvfKG6WtrZ3dvfK+wcPKk4loS6JeSxbPlaUM0FdzTSnrURSHPmcNv3B7cRvDqlULBb3epRQL8I9wUJGsDZS46lbrthVewq0SJycVCBHvVv+6QQxSSMqNOFYqbZjJ9rLsNSMcDoudVJFE0wGuEfbhgocUeVl06BjdGKUAIWxNE9oNFX/bmQ4UmoU+WYywrqv5r2JuMxrpzq88jImklRTQWaHwpQjHaPJr1HAJCWajwzBRDKTFZE+lpho083SzGfBkCUqj/84y18ybTnz3SwS97x6XXUaF5XaTV5bEY7gGE7BgUuowR3UwQUCFJ7hFd6sF+vd+rA+Z6MFK985hH+wvn4B/ZieVQ==</latexit><latexit sha1_base64="Zj4Khu2GJHt/gkhihB+zq6PXoHQ=">AAACEHicbVDLSsNAFL2pr1pfVZduBovgQkoigrorunHZgrGFNpTJZNIOnUzCzKRYQ7/ApfoxrsStf+C3uHHaZqFtDwwczrmXe+b4CWdK2/a3VVhZXVvfKG6WtrZ3dvfK+wcPKk4loS6JeSxbPlaUM0FdzTSnrURSHPmcNv3B7cRvDqlULBb3epRQL8I9wUJGsDZS46lbrthVewq0SJycVCBHvVv+6QQxSSMqNOFYqbZjJ9rLsNSMcDoudVJFE0wGuEfbhgocUeVl06BjdGKUAIWxNE9oNFX/bmQ4UmoU+WYywrqv5r2JuMxrpzq88jImklRTQWaHwpQjHaPJr1HAJCWajwzBRDKTFZE+lpho083SzGfBkCUqj/84y18ybTnz3SwS97x6XXUaF5XaTV5bEY7gGE7BgUuowR3UwQUCFJ7hFd6sF+vd+rA+Z6MFK985hH+wvn4B/ZieVQ==</latexit>

zres
<latexit sha1_base64="YXpoQYYM23VRM2+vlpuOHGyvJAE=">AAACGnicbVDLSgMxFM34rPVVdekmWAQXUmZEUHdFNy4rOLYwHUomk2lD8xiSTLEO/QyX6se4Erdu/BY3pu0stO2BwOGce7knJ0oZ1cZ1v52l5ZXVtfXSRnlza3tnt7K3/6BlpjDxsWRStSKkCaOC+IYaRlqpIohHjDSj/s3Ybw6I0lSKezNMSchRV9CEYmSsFDx18rbiUBE96lSqbs2dAM4TryBVUKDRqfy0Y4kzToTBDGkdeG5qwhwpQzEjo3I70yRFuI+6JLBUIE50mE8ij+CxVWKYSGWfMHCi/t3IEdd6yCM7yZHp6VlvLC7ygswkl2FORZoZIvD0UJIxaCQc/x/GVBFs2NAShBW1WSHuIYWwsS0tzHwaD2iqi/iP0/xl25Y328088c9qVzXv7rxavy5qK4FDcAROgAcuQB3cggbwAQYSPINX8Oa8OO/Oh/M5HV1yip0D8A/O1y8wmKK1</latexit><latexit sha1_base64="YXpoQYYM23VRM2+vlpuOHGyvJAE=">AAACGnicbVDLSgMxFM34rPVVdekmWAQXUmZEUHdFNy4rOLYwHUomk2lD8xiSTLEO/QyX6se4Erdu/BY3pu0stO2BwOGce7knJ0oZ1cZ1v52l5ZXVtfXSRnlza3tnt7K3/6BlpjDxsWRStSKkCaOC+IYaRlqpIohHjDSj/s3Ybw6I0lSKezNMSchRV9CEYmSsFDx18rbiUBE96lSqbs2dAM4TryBVUKDRqfy0Y4kzToTBDGkdeG5qwhwpQzEjo3I70yRFuI+6JLBUIE50mE8ij+CxVWKYSGWfMHCi/t3IEdd6yCM7yZHp6VlvLC7ygswkl2FORZoZIvD0UJIxaCQc/x/GVBFs2NAShBW1WSHuIYWwsS0tzHwaD2iqi/iP0/xl25Y328088c9qVzXv7rxavy5qK4FDcAROgAcuQB3cggbwAQYSPINX8Oa8OO/Oh/M5HV1yip0D8A/O1y8wmKK1</latexit><latexit sha1_base64="YXpoQYYM23VRM2+vlpuOHGyvJAE=">AAACGnicbVDLSgMxFM34rPVVdekmWAQXUmZEUHdFNy4rOLYwHUomk2lD8xiSTLEO/QyX6se4Erdu/BY3pu0stO2BwOGce7knJ0oZ1cZ1v52l5ZXVtfXSRnlza3tnt7K3/6BlpjDxsWRStSKkCaOC+IYaRlqpIohHjDSj/s3Ybw6I0lSKezNMSchRV9CEYmSsFDx18rbiUBE96lSqbs2dAM4TryBVUKDRqfy0Y4kzToTBDGkdeG5qwhwpQzEjo3I70yRFuI+6JLBUIE50mE8ij+CxVWKYSGWfMHCi/t3IEdd6yCM7yZHp6VlvLC7ygswkl2FORZoZIvD0UJIxaCQc/x/GVBFs2NAShBW1WSHuIYWwsS0tzHwaD2iqi/iP0/xl25Y328088c9qVzXv7rxavy5qK4FDcAROgAcuQB3cggbwAQYSPINX8Oa8OO/Oh/M5HV1yip0D8A/O1y8wmKK1</latexit><latexit sha1_base64="YXpoQYYM23VRM2+vlpuOHGyvJAE=">AAACGnicbVDLSgMxFM34rPVVdekmWAQXUmZEUHdFNy4rOLYwHUomk2lD8xiSTLEO/QyX6se4Erdu/BY3pu0stO2BwOGce7knJ0oZ1cZ1v52l5ZXVtfXSRnlza3tnt7K3/6BlpjDxsWRStSKkCaOC+IYaRlqpIohHjDSj/s3Ybw6I0lSKezNMSchRV9CEYmSsFDx18rbiUBE96lSqbs2dAM4TryBVUKDRqfy0Y4kzToTBDGkdeG5qwhwpQzEjo3I70yRFuI+6JLBUIE50mE8ij+CxVWKYSGWfMHCi/t3IEdd6yCM7yZHp6VlvLC7ygswkl2FORZoZIvD0UJIxaCQc/x/GVBFs2NAShBW1WSHuIYWwsS0tzHwaD2iqi/iP0/xl25Y328088c9qVzXv7rxavy5qK4FDcAROgAcuQB3cggbwAQYSPINX8Oa8OO/Oh/M5HV1yip0D8A/O1y8wmKK1</latexit>

zrec
<latexit sha1_base64="RVrV8ZxTRj7ZCK8w09BTWHIKkkY=">AAACGnicbVDLSgMxFM34rPVVdekmWAQXUmZEUHdFNy4rOLYwHUomk2lD8xiSTLEO/QyX6se4Erdu/BY3pu0stO2BwOGce8m5J0oZ1cZ1v52l5ZXVtfXSRnlza3tnt7K3/6BlpjDxsWRStSKkCaOC+IYaRlqpIohHjDSj/s3Ybw6I0lSKezNMSchRV9CEYmSsFDx18rbiUBE86lSqbs2dAM4TryBVUKDRqfy0Y4kzToTBDGkdeG5qwhwpQzEjo3I70yRFuI+6JLBUIE50mE8ij+CxVWKYSGWfMHCi/t3IEdd6yCM7yZHp6VlvLC7ygswkl2FORZoZIvD0oyRj0Eg4vh/G1B5r2NAShBW1WSHuIYWwsS0tzHwaD2iqi/iP0/xl25Y328088c9qVzXv7rxavy5qK4FDcAROgAcuQB3cggbwAQYSPINX8Oa8OO/Oh/M5HV1yip0D8A/O1y8VyKKl</latexit><latexit sha1_base64="RVrV8ZxTRj7ZCK8w09BTWHIKkkY=">AAACGnicbVDLSgMxFM34rPVVdekmWAQXUmZEUHdFNy4rOLYwHUomk2lD8xiSTLEO/QyX6se4Erdu/BY3pu0stO2BwOGce8m5J0oZ1cZ1v52l5ZXVtfXSRnlza3tnt7K3/6BlpjDxsWRStSKkCaOC+IYaRlqpIohHjDSj/s3Ybw6I0lSKezNMSchRV9CEYmSsFDx18rbiUBE86lSqbs2dAM4TryBVUKDRqfy0Y4kzToTBDGkdeG5qwhwpQzEjo3I70yRFuI+6JLBUIE50mE8ij+CxVWKYSGWfMHCi/t3IEdd6yCM7yZHp6VlvLC7ygswkl2FORZoZIvD0oyRj0Eg4vh/G1B5r2NAShBW1WSHuIYWwsS0tzHwaD2iqi/iP0/xl25Y328088c9qVzXv7rxavy5qK4FDcAROgAcuQB3cggbwAQYSPINX8Oa8OO/Oh/M5HV1yip0D8A/O1y8VyKKl</latexit><latexit sha1_base64="RVrV8ZxTRj7ZCK8w09BTWHIKkkY=">AAACGnicbVDLSgMxFM34rPVVdekmWAQXUmZEUHdFNy4rOLYwHUomk2lD8xiSTLEO/QyX6se4Erdu/BY3pu0stO2BwOGce8m5J0oZ1cZ1v52l5ZXVtfXSRnlza3tnt7K3/6BlpjDxsWRStSKkCaOC+IYaRlqpIohHjDSj/s3Ybw6I0lSKezNMSchRV9CEYmSsFDx18rbiUBE86lSqbs2dAM4TryBVUKDRqfy0Y4kzToTBDGkdeG5qwhwpQzEjo3I70yRFuI+6JLBUIE50mE8ij+CxVWKYSGWfMHCi/t3IEdd6yCM7yZHp6VlvLC7ygswkl2FORZoZIvD0oyRj0Eg4vh/G1B5r2NAShBW1WSHuIYWwsS0tzHwaD2iqi/iP0/xl25Y328088c9qVzXv7rxavy5qK4FDcAROgAcuQB3cggbwAQYSPINX8Oa8OO/Oh/M5HV1yip0D8A/O1y8VyKKl</latexit><latexit sha1_base64="RVrV8ZxTRj7ZCK8w09BTWHIKkkY=">AAACGnicbVDLSgMxFM34rPVVdekmWAQXUmZEUHdFNy4rOLYwHUomk2lD8xiSTLEO/QyX6se4Erdu/BY3pu0stO2BwOGce8m5J0oZ1cZ1v52l5ZXVtfXSRnlza3tnt7K3/6BlpjDxsWRStSKkCaOC+IYaRlqpIohHjDSj/s3Ybw6I0lSKezNMSchRV9CEYmSsFDx18rbiUBE86lSqbs2dAM4TryBVUKDRqfy0Y4kzToTBDGkdeG5qwhwpQzEjo3I70yRFuI+6JLBUIE50mE8ij+CxVWKYSGWfMHCi/t3IEdd6yCM7yZHp6VlvLC7ygswkl2FORZoZIvD0oyRj0Eg4vh/G1B5r2NAShBW1WSHuIYWwsS0tzHwaD2iqi/iP0/xl25Y328088c9qVzXv7rxavy5qK4FDcAROgAcuQB3cggbwAQYSPINX8Oa8OO/Oh/M5HV1yip0D8A/O1y8VyKKl</latexit>

a ! A0A0
<latexit sha1_base64="ooUM0GBFu4zyV/Og/UeLec9j2s4=">AAACNnicbVC7TgJBFJ3FF+ILtbSZSIgWhuwaE7VDbSwxESEBQmaHC0yYfWTmLkI2fIFfY6l+iZWVsbW3cYAtFDiZSU7OuXfm5LihFBpt+91KLS2vrK6l1zMbm1vbO9ndvQcdRIpDmQcyUFWXaZDChzIKlFANFTDPlVBxezdjv9IHpUXg3+MwhIbHOr5oC87QSM1svo4wwMk7sSsjGMWM1pXodJEpFTzSqyNzRs1szi7YE9B54iQkRxKUmtmfeivgkQc+csm0rjl2iI2YKRRcwihTjzSEjPdYB2qG+swD3YgnMUY0b5QWbQfKXB/pRP27ETNP66HnmkmPYVfPemNxkVeLsH3RiIUfRgg+n37UjiTFgI67oS2hgKMcGsK4EiYr5V2mGEfT4MLMJ62+CHUSfzDNnzFtObPdzJPyaeGy4Nyd5YrXSW1pckAOyTFxyDkpkltSImXCyRN5Jq/kzXqxPqxP62s6mrKSnX3yD9b3L32irYI=</latexit><latexit sha1_base64="ooUM0GBFu4zyV/Og/UeLec9j2s4=">AAACNnicbVC7TgJBFJ3FF+ILtbSZSIgWhuwaE7VDbSwxESEBQmaHC0yYfWTmLkI2fIFfY6l+iZWVsbW3cYAtFDiZSU7OuXfm5LihFBpt+91KLS2vrK6l1zMbm1vbO9ndvQcdRIpDmQcyUFWXaZDChzIKlFANFTDPlVBxezdjv9IHpUXg3+MwhIbHOr5oC87QSM1svo4wwMk7sSsjGMWM1pXodJEpFTzSqyNzRs1szi7YE9B54iQkRxKUmtmfeivgkQc+csm0rjl2iI2YKRRcwihTjzSEjPdYB2qG+swD3YgnMUY0b5QWbQfKXB/pRP27ETNP66HnmkmPYVfPemNxkVeLsH3RiIUfRgg+n37UjiTFgI67oS2hgKMcGsK4EiYr5V2mGEfT4MLMJ62+CHUSfzDNnzFtObPdzJPyaeGy4Nyd5YrXSW1pckAOyTFxyDkpkltSImXCyRN5Jq/kzXqxPqxP62s6mrKSnX3yD9b3L32irYI=</latexit><latexit sha1_base64="ooUM0GBFu4zyV/Og/UeLec9j2s4=">AAACNnicbVC7TgJBFJ3FF+ILtbSZSIgWhuwaE7VDbSwxESEBQmaHC0yYfWTmLkI2fIFfY6l+iZWVsbW3cYAtFDiZSU7OuXfm5LihFBpt+91KLS2vrK6l1zMbm1vbO9ndvQcdRIpDmQcyUFWXaZDChzIKlFANFTDPlVBxezdjv9IHpUXg3+MwhIbHOr5oC87QSM1svo4wwMk7sSsjGMWM1pXodJEpFTzSqyNzRs1szi7YE9B54iQkRxKUmtmfeivgkQc+csm0rjl2iI2YKRRcwihTjzSEjPdYB2qG+swD3YgnMUY0b5QWbQfKXB/pRP27ETNP66HnmkmPYVfPemNxkVeLsH3RiIUfRgg+n37UjiTFgI67oS2hgKMcGsK4EiYr5V2mGEfT4MLMJ62+CHUSfzDNnzFtObPdzJPyaeGy4Nyd5YrXSW1pckAOyTFxyDkpkltSImXCyRN5Jq/kzXqxPqxP62s6mrKSnX3yD9b3L32irYI=</latexit><latexit sha1_base64="ooUM0GBFu4zyV/Og/UeLec9j2s4=">AAACNnicbVC7TgJBFJ3FF+ILtbSZSIgWhuwaE7VDbSwxESEBQmaHC0yYfWTmLkI2fIFfY6l+iZWVsbW3cYAtFDiZSU7OuXfm5LihFBpt+91KLS2vrK6l1zMbm1vbO9ndvQcdRIpDmQcyUFWXaZDChzIKlFANFTDPlVBxezdjv9IHpUXg3+MwhIbHOr5oC87QSM1svo4wwMk7sSsjGMWM1pXodJEpFTzSqyNzRs1szi7YE9B54iQkRxKUmtmfeivgkQc+csm0rjl2iI2YKRRcwihTjzSEjPdYB2qG+swD3YgnMUY0b5QWbQfKXB/pRP27ETNP66HnmkmPYVfPemNxkVeLsH3RiIUfRgg+n37UjiTFgI67oS2hgKMcGsK4EiYr5V2mGEfT4MLMJ62+CHUSfzDNnzFtObPdzJPyaeGy4Nyd5YrXSW1pckAOyTFxyDkpkltSImXCyRN5Jq/kzXqxPqxP62s6mrKSnX3yD9b3L32irYI=</latexit>

A
0
!

A
<latexit sha1_base64="JZxUbIcfQlA15lhXA9rxjW9YCUo=">AAACM3icbVC7SgNBFJ31GeNr1dJmSBAtJOyKoHaJNpYRjAkkS5idnSRDZh/M3I0JS3q/xlL9FcFKbP0CGyebLTTJgYHDOffeORw3ElyBZb0bS8srq2vruY385tb2zq65t/+gwlhSVqOhCGXDJYoJHrAacBCsEUlGfFewutu/mfj1AZOKh8E9jCLm+KQb8A6nBLTUNgstYENI7yRVEfvjpHKMW5J3e0CkDB9xZdw2i1bJSoHniZ2RIspQbZs/LS+ksc8CoIIo1bStCJyESOBUsHG+FSsWEdonXdbUNCA+U06SZhjjI614uBNK/QLAqfp3IyG+UiPf1ZM+gZ6a9SbiIq8ZQ+fSSXgQxcACOv2oEwsMIZ4Ugz0uGQUx0oRQyXVWTHtEEgq6voWZT70Bj1QWfzjNn9dt2bPdzJPaWemqZN+dF8vXWW05dIgK6ATZ6AKV0S2qohqi6Ak9o1f0ZrwYH8an8TUdXTKynQP0D8b3L7WDrLI=</latexit><latexit sha1_base64="JZxUbIcfQlA15lhXA9rxjW9YCUo=">AAACM3icbVC7SgNBFJ31GeNr1dJmSBAtJOyKoHaJNpYRjAkkS5idnSRDZh/M3I0JS3q/xlL9FcFKbP0CGyebLTTJgYHDOffeORw3ElyBZb0bS8srq2vruY385tb2zq65t/+gwlhSVqOhCGXDJYoJHrAacBCsEUlGfFewutu/mfj1AZOKh8E9jCLm+KQb8A6nBLTUNgstYENI7yRVEfvjpHKMW5J3e0CkDB9xZdw2i1bJSoHniZ2RIspQbZs/LS+ksc8CoIIo1bStCJyESOBUsHG+FSsWEdonXdbUNCA+U06SZhjjI614uBNK/QLAqfp3IyG+UiPf1ZM+gZ6a9SbiIq8ZQ+fSSXgQxcACOv2oEwsMIZ4Ugz0uGQUx0oRQyXVWTHtEEgq6voWZT70Bj1QWfzjNn9dt2bPdzJPaWemqZN+dF8vXWW05dIgK6ATZ6AKV0S2qohqi6Ak9o1f0ZrwYH8an8TUdXTKynQP0D8b3L7WDrLI=</latexit><latexit sha1_base64="JZxUbIcfQlA15lhXA9rxjW9YCUo=">AAACM3icbVC7SgNBFJ31GeNr1dJmSBAtJOyKoHaJNpYRjAkkS5idnSRDZh/M3I0JS3q/xlL9FcFKbP0CGyebLTTJgYHDOffeORw3ElyBZb0bS8srq2vruY385tb2zq65t/+gwlhSVqOhCGXDJYoJHrAacBCsEUlGfFewutu/mfj1AZOKh8E9jCLm+KQb8A6nBLTUNgstYENI7yRVEfvjpHKMW5J3e0CkDB9xZdw2i1bJSoHniZ2RIspQbZs/LS+ksc8CoIIo1bStCJyESOBUsHG+FSsWEdonXdbUNCA+U06SZhjjI614uBNK/QLAqfp3IyG+UiPf1ZM+gZ6a9SbiIq8ZQ+fSSXgQxcACOv2oEwsMIZ4Ugz0uGQUx0oRQyXVWTHtEEgq6voWZT70Bj1QWfzjNn9dt2bPdzJPaWemqZN+dF8vXWW05dIgK6ATZ6AKV0S2qohqi6Ak9o1f0ZrwYH8an8TUdXTKynQP0D8b3L7WDrLI=</latexit><latexit sha1_base64="JZxUbIcfQlA15lhXA9rxjW9YCUo=">AAACM3icbVC7SgNBFJ31GeNr1dJmSBAtJOyKoHaJNpYRjAkkS5idnSRDZh/M3I0JS3q/xlL9FcFKbP0CGyebLTTJgYHDOffeORw3ElyBZb0bS8srq2vruY385tb2zq65t/+gwlhSVqOhCGXDJYoJHrAacBCsEUlGfFewutu/mfj1AZOKh8E9jCLm+KQb8A6nBLTUNgstYENI7yRVEfvjpHKMW5J3e0CkDB9xZdw2i1bJSoHniZ2RIspQbZs/LS+ksc8CoIIo1bStCJyESOBUsHG+FSsWEdonXdbUNCA+U06SZhjjI614uBNK/QLAqfp3IyG+UiPf1ZM+gZ6a9SbiIq8ZQ+fSSXgQxcACOv2oEwsMIZ4Ugz0uGQUx0oRQyXVWTHtEEgq6voWZT70Bj1QWfzjNn9dt2bPdzJPaWemqZN+dF8vXWW05dIgK6ATZ6AKV0S2qohqi6Ak9o1f0ZrwYH8an8TUdXTKynQP0D8b3L7WDrLI=</latexit>

ACMB
<latexit sha1_base64="FFZUw6VNnVR+H0kqh84tkoeIUHI=">AAACMXicbVBNSwMxFMzW7/pV9eglWAQPUnZFUG9VQb0IClaFtpRs+tqGZrNL8lYsy179NR7V/6In8epP8GLa7kHbDgSGmfdehvEjKQy67ruTm5qemZ2bX8gvLi2vrBbW1m9NGGsOFR7KUN/7zIAUCiooUMJ9pIEFvoQ7v3va9+8eQBsRqhvsRVAPWFuJluAMrdQo0BrCIw7uJGehBoPnGkClyXEjOb08SdNGoeiW3AHoOPEyUiQZrhqFn1oz5HEACrlkxlQ9N8J6wjQKLiHN12IDEeNd1oaqpYoFYOrJIEFKt63SpK1Q26eQDtS/GwkLjOkFvp0MGHbMqNcXJ3nVGFuH9USoKEZQfPhRK5YUQ9qvhTaFBo6yZwnjWtislHeYZhxteRMz7zYfRGSy+I/D/HnbljfazTip7JWOSt71frF8ktU2TzbJFtkhHjkgZXJBrkiFcPJEnskreXNenA/n0/kajuacbGeD/IPz/Qu4B6xA</latexit><latexit sha1_base64="FFZUw6VNnVR+H0kqh84tkoeIUHI=">AAACMXicbVBNSwMxFMzW7/pV9eglWAQPUnZFUG9VQb0IClaFtpRs+tqGZrNL8lYsy179NR7V/6In8epP8GLa7kHbDgSGmfdehvEjKQy67ruTm5qemZ2bX8gvLi2vrBbW1m9NGGsOFR7KUN/7zIAUCiooUMJ9pIEFvoQ7v3va9+8eQBsRqhvsRVAPWFuJluAMrdQo0BrCIw7uJGehBoPnGkClyXEjOb08SdNGoeiW3AHoOPEyUiQZrhqFn1oz5HEACrlkxlQ9N8J6wjQKLiHN12IDEeNd1oaqpYoFYOrJIEFKt63SpK1Q26eQDtS/GwkLjOkFvp0MGHbMqNcXJ3nVGFuH9USoKEZQfPhRK5YUQ9qvhTaFBo6yZwnjWtislHeYZhxteRMz7zYfRGSy+I/D/HnbljfazTip7JWOSt71frF8ktU2TzbJFtkhHjkgZXJBrkiFcPJEnskreXNenA/n0/kajuacbGeD/IPz/Qu4B6xA</latexit><latexit sha1_base64="FFZUw6VNnVR+H0kqh84tkoeIUHI=">AAACMXicbVBNSwMxFMzW7/pV9eglWAQPUnZFUG9VQb0IClaFtpRs+tqGZrNL8lYsy179NR7V/6In8epP8GLa7kHbDgSGmfdehvEjKQy67ruTm5qemZ2bX8gvLi2vrBbW1m9NGGsOFR7KUN/7zIAUCiooUMJ9pIEFvoQ7v3va9+8eQBsRqhvsRVAPWFuJluAMrdQo0BrCIw7uJGehBoPnGkClyXEjOb08SdNGoeiW3AHoOPEyUiQZrhqFn1oz5HEACrlkxlQ9N8J6wjQKLiHN12IDEeNd1oaqpYoFYOrJIEFKt63SpK1Q26eQDtS/GwkLjOkFvp0MGHbMqNcXJ3nVGFuH9USoKEZQfPhRK5YUQ9qvhTaFBo6yZwnjWtislHeYZhxteRMz7zYfRGSy+I/D/HnbljfazTip7JWOSt71frF8ktU2TzbJFtkhHjkgZXJBrkiFcPJEnskreXNenA/n0/kajuacbGeD/IPz/Qu4B6xA</latexit><latexit sha1_base64="FFZUw6VNnVR+H0kqh84tkoeIUHI=">AAACMXicbVBNSwMxFMzW7/pV9eglWAQPUnZFUG9VQb0IClaFtpRs+tqGZrNL8lYsy179NR7V/6In8epP8GLa7kHbDgSGmfdehvEjKQy67ruTm5qemZ2bX8gvLi2vrBbW1m9NGGsOFR7KUN/7zIAUCiooUMJ9pIEFvoQ7v3va9+8eQBsRqhvsRVAPWFuJluAMrdQo0BrCIw7uJGehBoPnGkClyXEjOb08SdNGoeiW3AHoOPEyUiQZrhqFn1oz5HEACrlkxlQ9N8J6wjQKLiHN12IDEeNd1oaqpYoFYOrJIEFKt63SpK1Q26eQDtS/GwkLjOkFvp0MGHbMqNcXJ3nVGFuH9USoKEZQfPhRK5YUQ9qvhTaFBo6yZwnjWtislHeYZhxteRMz7zYfRGSy+I/D/HnbljfazTip7JWOSt71frF8ktU2TzbJFtkhHjkgZXJBrkiFcPJEnskreXNenA/n0/kajuacbGeD/IPz/Qu4B6xA</latexit>

A
<latexit sha1_base64="2mNubSw8PCIGRzQRugo7tCylolQ=">AAACI3icbVDLSsNAFJ34rPUV69JNsAgupCQiqLuqG5cVjC20pUwmt+3QyYOZm9IS8isu1Y9xJW5c+CVunLZZaNsDA4dz7p17OF4suELb/jJWVtfWNzYLW8Xtnd29ffOg9KSiRDJwWSQi2fCoAsFDcJGjgEYsgQaegLo3uJv49SFIxaPwEccxtAPaC3mXM4pa6pilFsIIp/+kEvwsvck6Ztmu2FNYi8TJSZnkqHXMn5YfsSSAEJmgSjUdO8Z2SiVyJiArthIFMWUD2oOmpiENQLXT6c3MOtGKb3UjqV+I1lT9u5HSQKlx4OnJgGJfzXsTcZnXTLB71U55GCcIIZsd6ibCwsiaFGH5XAJDMdaEMsl1Vov1qaQMdV1LM5/5Qx6rPP5olr+o23Lmu1kk7nnluuI8XJSrt3ltBXJEjskpccglqZJ7UiMuYWREnskreTNejHfjw/icja4Y+c4h+Qfj+xc6+aZi</latexit><latexit sha1_base64="2mNubSw8PCIGRzQRugo7tCylolQ=">AAACI3icbVDLSsNAFJ34rPUV69JNsAgupCQiqLuqG5cVjC20pUwmt+3QyYOZm9IS8isu1Y9xJW5c+CVunLZZaNsDA4dz7p17OF4suELb/jJWVtfWNzYLW8Xtnd29ffOg9KSiRDJwWSQi2fCoAsFDcJGjgEYsgQaegLo3uJv49SFIxaPwEccxtAPaC3mXM4pa6pilFsIIp/+kEvwsvck6Ztmu2FNYi8TJSZnkqHXMn5YfsSSAEJmgSjUdO8Z2SiVyJiArthIFMWUD2oOmpiENQLXT6c3MOtGKb3UjqV+I1lT9u5HSQKlx4OnJgGJfzXsTcZnXTLB71U55GCcIIZsd6ibCwsiaFGH5XAJDMdaEMsl1Vov1qaQMdV1LM5/5Qx6rPP5olr+o23Lmu1kk7nnluuI8XJSrt3ltBXJEjskpccglqZJ7UiMuYWREnskreTNejHfjw/icja4Y+c4h+Qfj+xc6+aZi</latexit><latexit sha1_base64="2mNubSw8PCIGRzQRugo7tCylolQ=">AAACI3icbVDLSsNAFJ34rPUV69JNsAgupCQiqLuqG5cVjC20pUwmt+3QyYOZm9IS8isu1Y9xJW5c+CVunLZZaNsDA4dz7p17OF4suELb/jJWVtfWNzYLW8Xtnd29ffOg9KSiRDJwWSQi2fCoAsFDcJGjgEYsgQaegLo3uJv49SFIxaPwEccxtAPaC3mXM4pa6pilFsIIp/+kEvwsvck6Ztmu2FNYi8TJSZnkqHXMn5YfsSSAEJmgSjUdO8Z2SiVyJiArthIFMWUD2oOmpiENQLXT6c3MOtGKb3UjqV+I1lT9u5HSQKlx4OnJgGJfzXsTcZnXTLB71U55GCcIIZsd6ibCwsiaFGH5XAJDMdaEMsl1Vov1qaQMdV1LM5/5Qx6rPP5olr+o23Lmu1kk7nnluuI8XJSrt3ltBXJEjskpccglqZJ7UiMuYWREnskreTNejHfjw/icja4Y+c4h+Qfj+xc6+aZi</latexit><latexit sha1_base64="2mNubSw8PCIGRzQRugo7tCylolQ=">AAACI3icbVDLSsNAFJ34rPUV69JNsAgupCQiqLuqG5cVjC20pUwmt+3QyYOZm9IS8isu1Y9xJW5c+CVunLZZaNsDA4dz7p17OF4suELb/jJWVtfWNzYLW8Xtnd29ffOg9KSiRDJwWSQi2fCoAsFDcJGjgEYsgQaegLo3uJv49SFIxaPwEccxtAPaC3mXM4pa6pilFsIIp/+kEvwsvck6Ztmu2FNYi8TJSZnkqHXMn5YfsSSAEJmgSjUdO8Z2SiVyJiArthIFMWUD2oOmpiENQLXT6c3MOtGKb3UjqV+I1lT9u5HSQKlx4OnJgGJfzXsTcZnXTLB71U55GCcIIZsd6ibCwsiaFGH5XAJDMdaEMsl1Vov1qaQMdV1LM5/5Qx6rPP5olr+o23Lmu1kk7nnluuI8XJSrt3ltBXJEjskpccglqZJ7UiMuYWREnskreTNejHfjw/icja4Y+c4h+Qfj+xc6+aZi</latexit>

z21cm
<latexit sha1_base64="N/8K79FfnEaXiivDMbW0yzKGRqE=">AAACInicbZBPS8MwGMbT+W/Of50evQSH4EFGOwT1NvTicYJ1g62UNM22sKQtSTqdpR/Fo/phPIknwW/ixXTrQbc9EHh43vclPx4/ZlQqy/oySiura+sb5c3K1vbO7p5Z3b+XUSIwcXDEItHxkSSMhsRRVDHSiQVB3Gek7Y+u83l7TISkUXinJjFxORqEtE8xUjryzOqTlzbsHkdqKHiKeZZ5Zs2qW1PBRWMXpgYKtTzzpxdEOOEkVJghKbu2FSs3RUJRzEhW6SWSxAiP0IB0tQ0RJ9JNp+gZPNZJAPuR0C9UcJr+vUgRl3LCfb2ZM8r5WR4um3UT1b9wUxrGiSIhnn3UTxhUEcx7gAEVBCs20QZhQTUrxEMkEFa6raXMp8GYxrLAf5zxV3Rb9nw3i8Zp1C/r9u1ZrXlV1FYGh+AInAAbnIMmuAEt4AAMHsAzeAVvxovxbnwYn7PVklHcHIB/Mr5/AbUqpY0=</latexit><latexit sha1_base64="N/8K79FfnEaXiivDMbW0yzKGRqE=">AAACInicbZBPS8MwGMbT+W/Of50evQSH4EFGOwT1NvTicYJ1g62UNM22sKQtSTqdpR/Fo/phPIknwW/ixXTrQbc9EHh43vclPx4/ZlQqy/oySiura+sb5c3K1vbO7p5Z3b+XUSIwcXDEItHxkSSMhsRRVDHSiQVB3Gek7Y+u83l7TISkUXinJjFxORqEtE8xUjryzOqTlzbsHkdqKHiKeZZ5Zs2qW1PBRWMXpgYKtTzzpxdEOOEkVJghKbu2FSs3RUJRzEhW6SWSxAiP0IB0tQ0RJ9JNp+gZPNZJAPuR0C9UcJr+vUgRl3LCfb2ZM8r5WR4um3UT1b9wUxrGiSIhnn3UTxhUEcx7gAEVBCs20QZhQTUrxEMkEFa6raXMp8GYxrLAf5zxV3Rb9nw3i8Zp1C/r9u1ZrXlV1FYGh+AInAAbnIMmuAEt4AAMHsAzeAVvxovxbnwYn7PVklHcHIB/Mr5/AbUqpY0=</latexit><latexit sha1_base64="N/8K79FfnEaXiivDMbW0yzKGRqE=">AAACInicbZBPS8MwGMbT+W/Of50evQSH4EFGOwT1NvTicYJ1g62UNM22sKQtSTqdpR/Fo/phPIknwW/ixXTrQbc9EHh43vclPx4/ZlQqy/oySiura+sb5c3K1vbO7p5Z3b+XUSIwcXDEItHxkSSMhsRRVDHSiQVB3Gek7Y+u83l7TISkUXinJjFxORqEtE8xUjryzOqTlzbsHkdqKHiKeZZ5Zs2qW1PBRWMXpgYKtTzzpxdEOOEkVJghKbu2FSs3RUJRzEhW6SWSxAiP0IB0tQ0RJ9JNp+gZPNZJAPuR0C9UcJr+vUgRl3LCfb2ZM8r5WR4um3UT1b9wUxrGiSIhnn3UTxhUEcx7gAEVBCs20QZhQTUrxEMkEFa6raXMp8GYxrLAf5zxV3Rb9nw3i8Zp1C/r9u1ZrXlV1FYGh+AInAAbnIMmuAEt4AAMHsAzeAVvxovxbnwYn7PVklHcHIB/Mr5/AbUqpY0=</latexit><latexit sha1_base64="N/8K79FfnEaXiivDMbW0yzKGRqE=">AAACInicbZBPS8MwGMbT+W/Of50evQSH4EFGOwT1NvTicYJ1g62UNM22sKQtSTqdpR/Fo/phPIknwW/ixXTrQbc9EHh43vclPx4/ZlQqy/oySiura+sb5c3K1vbO7p5Z3b+XUSIwcXDEItHxkSSMhsRRVDHSiQVB3Gek7Y+u83l7TISkUXinJjFxORqEtE8xUjryzOqTlzbsHkdqKHiKeZZ5Zs2qW1PBRWMXpgYKtTzzpxdEOOEkVJghKbu2FSs3RUJRzEhW6SWSxAiP0IB0tQ0RJ9JNp+gZPNZJAPuR0C9UcJr+vUgRl3LCfb2ZM8r5WR4um3UT1b9wUxrGiSIhnn3UTxhUEcx7gAEVBCs20QZhQTUrxEMkEFa6raXMp8GYxrLAf5zxV3Rb9nw3i8Zp1C/r9u1ZrXlV1FYGh+AInAAbnIMmuAEt4AAMHsAzeAVvxovxbnwYn7PVklHcHIB/Mr5/AbUqpY0=</latexit>

ACMB
<latexit sha1_base64="FFZUw6VNnVR+H0kqh84tkoeIUHI=">AAACMXicbVBNSwMxFMzW7/pV9eglWAQPUnZFUG9VQb0IClaFtpRs+tqGZrNL8lYsy179NR7V/6In8epP8GLa7kHbDgSGmfdehvEjKQy67ruTm5qemZ2bX8gvLi2vrBbW1m9NGGsOFR7KUN/7zIAUCiooUMJ9pIEFvoQ7v3va9+8eQBsRqhvsRVAPWFuJluAMrdQo0BrCIw7uJGehBoPnGkClyXEjOb08SdNGoeiW3AHoOPEyUiQZrhqFn1oz5HEACrlkxlQ9N8J6wjQKLiHN12IDEeNd1oaqpYoFYOrJIEFKt63SpK1Q26eQDtS/GwkLjOkFvp0MGHbMqNcXJ3nVGFuH9USoKEZQfPhRK5YUQ9qvhTaFBo6yZwnjWtislHeYZhxteRMz7zYfRGSy+I/D/HnbljfazTip7JWOSt71frF8ktU2TzbJFtkhHjkgZXJBrkiFcPJEnskreXNenA/n0/kajuacbGeD/IPz/Qu4B6xA</latexit><latexit sha1_base64="FFZUw6VNnVR+H0kqh84tkoeIUHI=">AAACMXicbVBNSwMxFMzW7/pV9eglWAQPUnZFUG9VQb0IClaFtpRs+tqGZrNL8lYsy179NR7V/6In8epP8GLa7kHbDgSGmfdehvEjKQy67ruTm5qemZ2bX8gvLi2vrBbW1m9NGGsOFR7KUN/7zIAUCiooUMJ9pIEFvoQ7v3va9+8eQBsRqhvsRVAPWFuJluAMrdQo0BrCIw7uJGehBoPnGkClyXEjOb08SdNGoeiW3AHoOPEyUiQZrhqFn1oz5HEACrlkxlQ9N8J6wjQKLiHN12IDEeNd1oaqpYoFYOrJIEFKt63SpK1Q26eQDtS/GwkLjOkFvp0MGHbMqNcXJ3nVGFuH9USoKEZQfPhRK5YUQ9qvhTaFBo6yZwnjWtislHeYZhxteRMz7zYfRGSy+I/D/HnbljfazTip7JWOSt71frF8ktU2TzbJFtkhHjkgZXJBrkiFcPJEnskreXNenA/n0/kajuacbGeD/IPz/Qu4B6xA</latexit><latexit sha1_base64="FFZUw6VNnVR+H0kqh84tkoeIUHI=">AAACMXicbVBNSwMxFMzW7/pV9eglWAQPUnZFUG9VQb0IClaFtpRs+tqGZrNL8lYsy179NR7V/6In8epP8GLa7kHbDgSGmfdehvEjKQy67ruTm5qemZ2bX8gvLi2vrBbW1m9NGGsOFR7KUN/7zIAUCiooUMJ9pIEFvoQ7v3va9+8eQBsRqhvsRVAPWFuJluAMrdQo0BrCIw7uJGehBoPnGkClyXEjOb08SdNGoeiW3AHoOPEyUiQZrhqFn1oz5HEACrlkxlQ9N8J6wjQKLiHN12IDEeNd1oaqpYoFYOrJIEFKt63SpK1Q26eQDtS/GwkLjOkFvp0MGHbMqNcXJ3nVGFuH9USoKEZQfPhRK5YUQ9qvhTaFBo6yZwnjWtislHeYZhxteRMz7zYfRGSy+I/D/HnbljfazTip7JWOSt71frF8ktU2TzbJFtkhHjkgZXJBrkiFcPJEnskreXNenA/n0/kajuacbGeD/IPz/Qu4B6xA</latexit><latexit sha1_base64="FFZUw6VNnVR+H0kqh84tkoeIUHI=">AAACMXicbVBNSwMxFMzW7/pV9eglWAQPUnZFUG9VQb0IClaFtpRs+tqGZrNL8lYsy179NR7V/6In8epP8GLa7kHbDgSGmfdehvEjKQy67ruTm5qemZ2bX8gvLi2vrBbW1m9NGGsOFR7KUN/7zIAUCiooUMJ9pIEFvoQ7v3va9+8eQBsRqhvsRVAPWFuJluAMrdQo0BrCIw7uJGehBoPnGkClyXEjOb08SdNGoeiW3AHoOPEyUiQZrhqFn1oz5HEACrlkxlQ9N8J6wjQKLiHN12IDEeNd1oaqpYoFYOrJIEFKt63SpK1Q26eQDtS/GwkLjOkFvp0MGHbMqNcXJ3nVGFuH9USoKEZQfPhRK5YUQ9qvhTaFBo6yZwnjWtislHeYZhxteRMz7zYfRGSy+I/D/HnbljfazTip7JWOSt71frF8ktU2TzbJFtkhHjkgZXJBrkiFcPJEnskreXNenA/n0/kajuacbGeD/IPz/Qu4B6xA</latexit>

A0 ! A
<latexit sha1_base64="IJoDbc12cm/oPrTSJ72yT61ZU54=">AAACMnicbVC7TgJBFJ3FF+ILtbQZJUYLQ3aNidqBNpaYiJAAIbOzF5gw+8jMXYRsqP0aS/VbjJWx9Q9sHGALXyeZ5OSce++cHDeSQqNtv1iZufmFxaXscm5ldW19I7+5davDWHGo8lCGqu4yDVIEUEWBEuqRAua7Empu/3Li1wagtAiDGxxF0PJZNxAdwRkaqZ3fbSIMcXonUeCNk/IBbSrR7SFTKryj5XE7X7CL9hT0L3FSUiApKu38Z9MLeexDgFwyrRuOHWErYQoFlzDONWMNEeN91oWGoQHzQbeSaYQx3TeKRzuhMi9AOlW/byTM13rku2bSZ9jTv72J+J/XiLFz1kpEEMUIAZ991IklxZBOeqGeUMBRjgxhXAmTlfIeU4yjae/fzEfeQEQ6jT+c5c+Ztpzf3fwl1ePiedG5PimULtLasmSH7JFD4pBTUiJXpEKqhJN78kCeyLP1aL1ab9b7bDRjpTvb5Aesjy/dfaxF</latexit><latexit sha1_base64="IJoDbc12cm/oPrTSJ72yT61ZU54=">AAACMnicbVC7TgJBFJ3FF+ILtbQZJUYLQ3aNidqBNpaYiJAAIbOzF5gw+8jMXYRsqP0aS/VbjJWx9Q9sHGALXyeZ5OSce++cHDeSQqNtv1iZufmFxaXscm5ldW19I7+5davDWHGo8lCGqu4yDVIEUEWBEuqRAua7Empu/3Li1wagtAiDGxxF0PJZNxAdwRkaqZ3fbSIMcXonUeCNk/IBbSrR7SFTKryj5XE7X7CL9hT0L3FSUiApKu38Z9MLeexDgFwyrRuOHWErYQoFlzDONWMNEeN91oWGoQHzQbeSaYQx3TeKRzuhMi9AOlW/byTM13rku2bSZ9jTv72J+J/XiLFz1kpEEMUIAZ991IklxZBOeqGeUMBRjgxhXAmTlfIeU4yjae/fzEfeQEQ6jT+c5c+Ztpzf3fwl1ePiedG5PimULtLasmSH7JFD4pBTUiJXpEKqhJN78kCeyLP1aL1ab9b7bDRjpTvb5Aesjy/dfaxF</latexit><latexit sha1_base64="IJoDbc12cm/oPrTSJ72yT61ZU54=">AAACMnicbVC7TgJBFJ3FF+ILtbQZJUYLQ3aNidqBNpaYiJAAIbOzF5gw+8jMXYRsqP0aS/VbjJWx9Q9sHGALXyeZ5OSce++cHDeSQqNtv1iZufmFxaXscm5ldW19I7+5davDWHGo8lCGqu4yDVIEUEWBEuqRAua7Empu/3Li1wagtAiDGxxF0PJZNxAdwRkaqZ3fbSIMcXonUeCNk/IBbSrR7SFTKryj5XE7X7CL9hT0L3FSUiApKu38Z9MLeexDgFwyrRuOHWErYQoFlzDONWMNEeN91oWGoQHzQbeSaYQx3TeKRzuhMi9AOlW/byTM13rku2bSZ9jTv72J+J/XiLFz1kpEEMUIAZ991IklxZBOeqGeUMBRjgxhXAmTlfIeU4yjae/fzEfeQEQ6jT+c5c+Ztpzf3fwl1ePiedG5PimULtLasmSH7JFD4pBTUiJXpEKqhJN78kCeyLP1aL1ab9b7bDRjpTvb5Aesjy/dfaxF</latexit><latexit sha1_base64="IJoDbc12cm/oPrTSJ72yT61ZU54=">AAACMnicbVC7TgJBFJ3FF+ILtbQZJUYLQ3aNidqBNpaYiJAAIbOzF5gw+8jMXYRsqP0aS/VbjJWx9Q9sHGALXyeZ5OSce++cHDeSQqNtv1iZufmFxaXscm5ldW19I7+5davDWHGo8lCGqu4yDVIEUEWBEuqRAua7Empu/3Li1wagtAiDGxxF0PJZNxAdwRkaqZ3fbSIMcXonUeCNk/IBbSrR7SFTKryj5XE7X7CL9hT0L3FSUiApKu38Z9MLeexDgFwyrRuOHWErYQoFlzDONWMNEeN91oWGoQHzQbeSaYQx3TeKRzuhMi9AOlW/byTM13rku2bSZ9jTv72J+J/XiLFz1kpEEMUIAZ991IklxZBOeqGeUMBRjgxhXAmTlfIeU4yjae/fzEfeQEQ6jT+c5c+Ztpzf3fwl1ePiedG5PimULtLasmSH7JFD4pBTUiJXpEKqhJN78kCeyLP1aL1ab9b7bDRjpTvb5Aesjy/dfaxF</latexit>

!
<latexit sha1_base64="5G7+B6RrwLkF06Gi5DSJa0I9LaI=">AAACFXicbVDLSgMxFM3UV62vqks3wSK4kDIjgrorunFZwWkL7VAymUwbm8eQZIpl6D+4VD/Glbh17be4MW1noW0PBA7n3Ms9OWHCqDau++0UVlbX1jeKm6Wt7Z3dvfL+QUPLVGHiY8mkaoVIE0YF8Q01jLQSRRAPGWmGg9uJ3xwSpakUD2aUkICjnqAxxchYqdGRnPRQt1xxq+4UcJF4OamAHPVu+acTSZxyIgxmSOu25yYmyJAyFDMyLnVSTRKEB6hH2pYKxIkOsmnaMTyxSgRjqewTBk7VvxsZ4lqPeGgnOTJ9Pe9NxGVeOzXxVZBRkaSGCDw7FKcMGgknX4cRVQQbNrIEYUVtVoj7SCFsbEFLM59FQ5roPP7TLH/JtuXNd7NI/PPqddW7v6jUbvLaiuAIHINT4IFLUAN3oA58gMEjeAav4M15cd6dD+dzNlpw8p1D8A/O1y/yCKBy</latexit><latexit sha1_base64="5G7+B6RrwLkF06Gi5DSJa0I9LaI=">AAACFXicbVDLSgMxFM3UV62vqks3wSK4kDIjgrorunFZwWkL7VAymUwbm8eQZIpl6D+4VD/Glbh17be4MW1noW0PBA7n3Ms9OWHCqDau++0UVlbX1jeKm6Wt7Z3dvfL+QUPLVGHiY8mkaoVIE0YF8Q01jLQSRRAPGWmGg9uJ3xwSpakUD2aUkICjnqAxxchYqdGRnPRQt1xxq+4UcJF4OamAHPVu+acTSZxyIgxmSOu25yYmyJAyFDMyLnVSTRKEB6hH2pYKxIkOsmnaMTyxSgRjqewTBk7VvxsZ4lqPeGgnOTJ9Pe9NxGVeOzXxVZBRkaSGCDw7FKcMGgknX4cRVQQbNrIEYUVtVoj7SCFsbEFLM59FQ5roPP7TLH/JtuXNd7NI/PPqddW7v6jUbvLaiuAIHINT4IFLUAN3oA58gMEjeAav4M15cd6dD+dzNlpw8p1D8A/O1y/yCKBy</latexit><latexit sha1_base64="5G7+B6RrwLkF06Gi5DSJa0I9LaI=">AAACFXicbVDLSgMxFM3UV62vqks3wSK4kDIjgrorunFZwWkL7VAymUwbm8eQZIpl6D+4VD/Glbh17be4MW1noW0PBA7n3Ms9OWHCqDau++0UVlbX1jeKm6Wt7Z3dvfL+QUPLVGHiY8mkaoVIE0YF8Q01jLQSRRAPGWmGg9uJ3xwSpakUD2aUkICjnqAxxchYqdGRnPRQt1xxq+4UcJF4OamAHPVu+acTSZxyIgxmSOu25yYmyJAyFDMyLnVSTRKEB6hH2pYKxIkOsmnaMTyxSgRjqewTBk7VvxsZ4lqPeGgnOTJ9Pe9NxGVeOzXxVZBRkaSGCDw7FKcMGgknX4cRVQQbNrIEYUVtVoj7SCFsbEFLM59FQ5roPP7TLH/JtuXNd7NI/PPqddW7v6jUbvLaiuAIHINT4IFLUAN3oA58gMEjeAav4M15cd6dD+dzNlpw8p1D8A/O1y/yCKBy</latexit><latexit sha1_base64="5G7+B6RrwLkF06Gi5DSJa0I9LaI=">AAACFXicbVDLSgMxFM3UV62vqks3wSK4kDIjgrorunFZwWkL7VAymUwbm8eQZIpl6D+4VD/Glbh17be4MW1noW0PBA7n3Ms9OWHCqDau++0UVlbX1jeKm6Wt7Z3dvfL+QUPLVGHiY8mkaoVIE0YF8Q01jLQSRRAPGWmGg9uJ3xwSpakUD2aUkICjnqAxxchYqdGRnPRQt1xxq+4UcJF4OamAHPVu+acTSZxyIgxmSOu25yYmyJAyFDMyLnVSTRKEB6hH2pYKxIkOsmnaMTyxSgRjqewTBk7VvxsZ4lqPeGgnOTJ9Pe9NxGVeOzXxVZBRkaSGCDw7FKcMGgknX4cRVQQbNrIEYUVtVoj7SCFsbEFLM59FQ5roPP7TLH/JtuXNd7NI/PPqddW7v6jUbvLaiuAIHINT4IFLUAN3oA58gMEjeAav4M15cd6dD+dzNlpw8p1D8A/O1y/yCKBy</latexit>

dn

d!
<latexit sha1_base64="vw0YsOcrUvpm9jYAavv6yn+A0J0=">AAACJHicbZBPS8MwGMZT/875r7qjl+AQPMhoRVBvQy8eJ1g3WMdI03QLS5OSpMNS+lk8qh/Gk3jw4hfxYrb1oNseCDw87/uSh1+QMKq043xZK6tr6xubla3q9s7u3r59cPioRCox8bBgQnYCpAijnHiaakY6iSQoDhhpB6Pbybw9JlJRwR90lpBejAacRhQjbaK+XfMjiXAe8iIPoS9iMkBF3647DWcquGjc0tRBqVbf/vFDgdOYcI0ZUqrrOonu5Uhqihkpqn6qSILwCA1I11iOYqJ6+bR8AU9MEsJISPO4htP070WOYqWyODCbMdJDNT+bhMtm3VRHV72c8iTVhOPZR1HKoBZwQgKGVBKsWWYMwpKarhAPkaGhDa+lnc/CMU1UWf9p1r9qaLnzbBaNd964brj3F/XmTYmtAo7AMTgFLrgETXAHWsADGGTgGbyCN+vFerc+rM/Z6opV3tTAP1nfv1ThpmM=</latexit><latexit sha1_base64="vw0YsOcrUvpm9jYAavv6yn+A0J0=">AAACJHicbZBPS8MwGMZT/875r7qjl+AQPMhoRVBvQy8eJ1g3WMdI03QLS5OSpMNS+lk8qh/Gk3jw4hfxYrb1oNseCDw87/uSh1+QMKq043xZK6tr6xubla3q9s7u3r59cPioRCox8bBgQnYCpAijnHiaakY6iSQoDhhpB6Pbybw9JlJRwR90lpBejAacRhQjbaK+XfMjiXAe8iIPoS9iMkBF3647DWcquGjc0tRBqVbf/vFDgdOYcI0ZUqrrOonu5Uhqihkpqn6qSILwCA1I11iOYqJ6+bR8AU9MEsJISPO4htP070WOYqWyODCbMdJDNT+bhMtm3VRHV72c8iTVhOPZR1HKoBZwQgKGVBKsWWYMwpKarhAPkaGhDa+lnc/CMU1UWf9p1r9qaLnzbBaNd964brj3F/XmTYmtAo7AMTgFLrgETXAHWsADGGTgGbyCN+vFerc+rM/Z6opV3tTAP1nfv1ThpmM=</latexit><latexit sha1_base64="vw0YsOcrUvpm9jYAavv6yn+A0J0=">AAACJHicbZBPS8MwGMZT/875r7qjl+AQPMhoRVBvQy8eJ1g3WMdI03QLS5OSpMNS+lk8qh/Gk3jw4hfxYrb1oNseCDw87/uSh1+QMKq043xZK6tr6xubla3q9s7u3r59cPioRCox8bBgQnYCpAijnHiaakY6iSQoDhhpB6Pbybw9JlJRwR90lpBejAacRhQjbaK+XfMjiXAe8iIPoS9iMkBF3647DWcquGjc0tRBqVbf/vFDgdOYcI0ZUqrrOonu5Uhqihkpqn6qSILwCA1I11iOYqJ6+bR8AU9MEsJISPO4htP070WOYqWyODCbMdJDNT+bhMtm3VRHV72c8iTVhOPZR1HKoBZwQgKGVBKsWWYMwpKarhAPkaGhDa+lnc/CMU1UWf9p1r9qaLnzbBaNd964brj3F/XmTYmtAo7AMTgFLrgETXAHWsADGGTgGbyCN+vFerc+rM/Z6opV3tTAP1nfv1ThpmM=</latexit><latexit sha1_base64="vw0YsOcrUvpm9jYAavv6yn+A0J0=">AAACJHicbZBPS8MwGMZT/875r7qjl+AQPMhoRVBvQy8eJ1g3WMdI03QLS5OSpMNS+lk8qh/Gk3jw4hfxYrb1oNseCDw87/uSh1+QMKq043xZK6tr6xubla3q9s7u3r59cPioRCox8bBgQnYCpAijnHiaakY6iSQoDhhpB6Pbybw9JlJRwR90lpBejAacRhQjbaK+XfMjiXAe8iIPoS9iMkBF3647DWcquGjc0tRBqVbf/vFDgdOYcI0ZUqrrOonu5Uhqihkpqn6qSILwCA1I11iOYqJ6+bR8AU9MEsJISPO4htP070WOYqWyODCbMdJDNT+bhMtm3VRHV72c8iTVhOPZR1HKoBZwQgKGVBKsWWYMwpKarhAPkaGhDa+lnc/CMU1UWf9p1r9qaLnzbBaNd964brj3F/XmTYmtAo7AMTgFLrgETXAHWsADGGTgGbyCN+vFerc+rM/Z6opV3tTAP1nfv1ThpmM=</latexit>

!21cm
<latexit sha1_base64="H2g5CIQw2p2nWEYORqsVHic2S5E=">AAACJ3icbZBPS8MwGMZT/875ryp48VIcggcZ7RDU29CLxwnWDdZS0jTbwpKmJOlw1H4Zj+qH8SR69HN4Md160G0PBB6e933JjydMKJHKtr+MpeWV1bX1ykZ1c2t7Z9fc23+QPBUIu4hTLjohlJiSGLuKKIo7icCQhRS3w+FNMW+PsJCEx/dqnGCfwX5MegRBpaPAPPQ4w30YZA3HY1ANBMsQy/PArNl1eyJr3jilqYFSrcD88SKOUoZjhSiUsuvYifIzKBRBFOdVL5U4gWgI+7irbQwZln424c+tE51EVo8L/WJlTdK/FxlkUo5ZqDcLRjk7K8JFs26qepd+RuIkVThG0496KbUUt4oyrIgIjBQdawORIJrVQgMoIFK6soXMZ9GIJLLEf5zyV3Vbzmw388Zt1K/qzt15rXld1lYBR+AYnAIHXIAmuAUt4AIEnsAzeAVvxovxbnwYn9PVJaO8OQD/ZHz/AsmFp6o=</latexit><latexit sha1_base64="H2g5CIQw2p2nWEYORqsVHic2S5E=">AAACJ3icbZBPS8MwGMZT/875ryp48VIcggcZ7RDU29CLxwnWDdZS0jTbwpKmJOlw1H4Zj+qH8SR69HN4Md160G0PBB6e933JjydMKJHKtr+MpeWV1bX1ykZ1c2t7Z9fc23+QPBUIu4hTLjohlJiSGLuKKIo7icCQhRS3w+FNMW+PsJCEx/dqnGCfwX5MegRBpaPAPPQ4w30YZA3HY1ANBMsQy/PArNl1eyJr3jilqYFSrcD88SKOUoZjhSiUsuvYifIzKBRBFOdVL5U4gWgI+7irbQwZln424c+tE51EVo8L/WJlTdK/FxlkUo5ZqDcLRjk7K8JFs26qepd+RuIkVThG0496KbUUt4oyrIgIjBQdawORIJrVQgMoIFK6soXMZ9GIJLLEf5zyV3Vbzmw388Zt1K/qzt15rXld1lYBR+AYnAIHXIAmuAUt4AIEnsAzeAVvxovxbnwYn9PVJaO8OQD/ZHz/AsmFp6o=</latexit><latexit sha1_base64="H2g5CIQw2p2nWEYORqsVHic2S5E=">AAACJ3icbZBPS8MwGMZT/875ryp48VIcggcZ7RDU29CLxwnWDdZS0jTbwpKmJOlw1H4Zj+qH8SR69HN4Md160G0PBB6e933JjydMKJHKtr+MpeWV1bX1ykZ1c2t7Z9fc23+QPBUIu4hTLjohlJiSGLuKKIo7icCQhRS3w+FNMW+PsJCEx/dqnGCfwX5MegRBpaPAPPQ4w30YZA3HY1ANBMsQy/PArNl1eyJr3jilqYFSrcD88SKOUoZjhSiUsuvYifIzKBRBFOdVL5U4gWgI+7irbQwZln424c+tE51EVo8L/WJlTdK/FxlkUo5ZqDcLRjk7K8JFs26qepd+RuIkVThG0496KbUUt4oyrIgIjBQdawORIJrVQgMoIFK6soXMZ9GIJLLEf5zyV3Vbzmw388Zt1K/qzt15rXld1lYBR+AYnAIHXIAmuAUt4AIEnsAzeAVvxovxbnwYn9PVJaO8OQD/ZHz/AsmFp6o=</latexit><latexit sha1_base64="H2g5CIQw2p2nWEYORqsVHic2S5E=">AAACJ3icbZBPS8MwGMZT/875ryp48VIcggcZ7RDU29CLxwnWDdZS0jTbwpKmJOlw1H4Zj+qH8SR69HN4Md160G0PBB6e933JjydMKJHKtr+MpeWV1bX1ykZ1c2t7Z9fc23+QPBUIu4hTLjohlJiSGLuKKIo7icCQhRS3w+FNMW+PsJCEx/dqnGCfwX5MegRBpaPAPPQ4w30YZA3HY1ANBMsQy/PArNl1eyJr3jilqYFSrcD88SKOUoZjhSiUsuvYifIzKBRBFOdVL5U4gWgI+7irbQwZln424c+tE51EVo8L/WJlTdK/FxlkUo5ZqDcLRjk7K8JFs26qepd+RuIkVThG0496KbUUt4oyrIgIjBQdawORIJrVQgMoIFK6soXMZ9GIJLLEf5zyV3Vbzmw388Zt1K/qzt15rXld1lYBR+AYnAIHXIAmuAUt4AIEnsAzeAVvxovxbnwYn9PVJaO8OQD/ZHz/AsmFp6o=</latexit>

see Pospelov, Pradler, Ruderman, Urbano
What DM model can do that?

Early (z > 20) decays (either DM or of DR species) create a non-thermal 
population of DR dark photon A’. Typical multiplicity is larger than nRJ 

Dark photons can oscillate to normal photons. At some redshift zres a resonant 
oscillation of A’ into A. This happen when the plasma frequency is mA'



2: Increase the CMB RJ tail PAOLO PANCI 
slide 17/30

z
<latexit sha1_base64="Zj4Khu2GJHt/gkhihB+zq6PXoHQ=">AAACEHicbVDLSsNAFL2pr1pfVZduBovgQkoigrorunHZgrGFNpTJZNIOnUzCzKRYQ7/ApfoxrsStf+C3uHHaZqFtDwwczrmXe+b4CWdK2/a3VVhZXVvfKG6WtrZ3dvfK+wcPKk4loS6JeSxbPlaUM0FdzTSnrURSHPmcNv3B7cRvDqlULBb3epRQL8I9wUJGsDZS46lbrthVewq0SJycVCBHvVv+6QQxSSMqNOFYqbZjJ9rLsNSMcDoudVJFE0wGuEfbhgocUeVl06BjdGKUAIWxNE9oNFX/bmQ4UmoU+WYywrqv5r2JuMxrpzq88jImklRTQWaHwpQjHaPJr1HAJCWajwzBRDKTFZE+lpho083SzGfBkCUqj/84y18ybTnz3SwS97x6XXUaF5XaTV5bEY7gGE7BgUuowR3UwQUCFJ7hFd6sF+vd+rA+Z6MFK985hH+wvn4B/ZieVQ==</latexit><latexit sha1_base64="Zj4Khu2GJHt/gkhihB+zq6PXoHQ=">AAACEHicbVDLSsNAFL2pr1pfVZduBovgQkoigrorunHZgrGFNpTJZNIOnUzCzKRYQ7/ApfoxrsStf+C3uHHaZqFtDwwczrmXe+b4CWdK2/a3VVhZXVvfKG6WtrZ3dvfK+wcPKk4loS6JeSxbPlaUM0FdzTSnrURSHPmcNv3B7cRvDqlULBb3epRQL8I9wUJGsDZS46lbrthVewq0SJycVCBHvVv+6QQxSSMqNOFYqbZjJ9rLsNSMcDoudVJFE0wGuEfbhgocUeVl06BjdGKUAIWxNE9oNFX/bmQ4UmoU+WYywrqv5r2JuMxrpzq88jImklRTQWaHwpQjHaPJr1HAJCWajwzBRDKTFZE+lpho083SzGfBkCUqj/84y18ybTnz3SwS97x6XXUaF5XaTV5bEY7gGE7BgUuowR3UwQUCFJ7hFd6sF+vd+rA+Z6MFK985hH+wvn4B/ZieVQ==</latexit><latexit sha1_base64="Zj4Khu2GJHt/gkhihB+zq6PXoHQ=">AAACEHicbVDLSsNAFL2pr1pfVZduBovgQkoigrorunHZgrGFNpTJZNIOnUzCzKRYQ7/ApfoxrsStf+C3uHHaZqFtDwwczrmXe+b4CWdK2/a3VVhZXVvfKG6WtrZ3dvfK+wcPKk4loS6JeSxbPlaUM0FdzTSnrURSHPmcNv3B7cRvDqlULBb3epRQL8I9wUJGsDZS46lbrthVewq0SJycVCBHvVv+6QQxSSMqNOFYqbZjJ9rLsNSMcDoudVJFE0wGuEfbhgocUeVl06BjdGKUAIWxNE9oNFX/bmQ4UmoU+WYywrqv5r2JuMxrpzq88jImklRTQWaHwpQjHaPJr1HAJCWajwzBRDKTFZE+lpho083SzGfBkCUqj/84y18ybTnz3SwS97x6XXUaF5XaTV5bEY7gGE7BgUuowR3UwQUCFJ7hFd6sF+vd+rA+Z6MFK985hH+wvn4B/ZieVQ==</latexit><latexit sha1_base64="Zj4Khu2GJHt/gkhihB+zq6PXoHQ=">AAACEHicbVDLSsNAFL2pr1pfVZduBovgQkoigrorunHZgrGFNpTJZNIOnUzCzKRYQ7/ApfoxrsStf+C3uHHaZqFtDwwczrmXe+b4CWdK2/a3VVhZXVvfKG6WtrZ3dvfK+wcPKk4loS6JeSxbPlaUM0FdzTSnrURSHPmcNv3B7cRvDqlULBb3epRQL8I9wUJGsDZS46lbrthVewq0SJycVCBHvVv+6QQxSSMqNOFYqbZjJ9rLsNSMcDoudVJFE0wGuEfbhgocUeVl06BjdGKUAIWxNE9oNFX/bmQ4UmoU+WYywrqv5r2JuMxrpzq88jImklRTQWaHwpQjHaPJr1HAJCWajwzBRDKTFZE+lpho083SzGfBkCUqj/84y18ybTnz3SwS97x6XXUaF5XaTV5bEY7gGE7BgUuowR3UwQUCFJ7hFd6sF+vd+rA+Z6MFK985hH+wvn4B/ZieVQ==</latexit>

zres
<latexit sha1_base64="YXpoQYYM23VRM2+vlpuOHGyvJAE=">AAACGnicbVDLSgMxFM34rPVVdekmWAQXUmZEUHdFNy4rOLYwHUomk2lD8xiSTLEO/QyX6se4Erdu/BY3pu0stO2BwOGce7knJ0oZ1cZ1v52l5ZXVtfXSRnlza3tnt7K3/6BlpjDxsWRStSKkCaOC+IYaRlqpIohHjDSj/s3Ybw6I0lSKezNMSchRV9CEYmSsFDx18rbiUBE96lSqbs2dAM4TryBVUKDRqfy0Y4kzToTBDGkdeG5qwhwpQzEjo3I70yRFuI+6JLBUIE50mE8ij+CxVWKYSGWfMHCi/t3IEdd6yCM7yZHp6VlvLC7ygswkl2FORZoZIvD0UJIxaCQc/x/GVBFs2NAShBW1WSHuIYWwsS0tzHwaD2iqi/iP0/xl25Y328088c9qVzXv7rxavy5qK4FDcAROgAcuQB3cggbwAQYSPINX8Oa8OO/Oh/M5HV1yip0D8A/O1y8wmKK1</latexit><latexit sha1_base64="YXpoQYYM23VRM2+vlpuOHGyvJAE=">AAACGnicbVDLSgMxFM34rPVVdekmWAQXUmZEUHdFNy4rOLYwHUomk2lD8xiSTLEO/QyX6se4Erdu/BY3pu0stO2BwOGce7knJ0oZ1cZ1v52l5ZXVtfXSRnlza3tnt7K3/6BlpjDxsWRStSKkCaOC+IYaRlqpIohHjDSj/s3Ybw6I0lSKezNMSchRV9CEYmSsFDx18rbiUBE96lSqbs2dAM4TryBVUKDRqfy0Y4kzToTBDGkdeG5qwhwpQzEjo3I70yRFuI+6JLBUIE50mE8ij+CxVWKYSGWfMHCi/t3IEdd6yCM7yZHp6VlvLC7ygswkl2FORZoZIvD0UJIxaCQc/x/GVBFs2NAShBW1WSHuIYWwsS0tzHwaD2iqi/iP0/xl25Y328088c9qVzXv7rxavy5qK4FDcAROgAcuQB3cggbwAQYSPINX8Oa8OO/Oh/M5HV1yip0D8A/O1y8wmKK1</latexit><latexit sha1_base64="YXpoQYYM23VRM2+vlpuOHGyvJAE=">AAACGnicbVDLSgMxFM34rPVVdekmWAQXUmZEUHdFNy4rOLYwHUomk2lD8xiSTLEO/QyX6se4Erdu/BY3pu0stO2BwOGce7knJ0oZ1cZ1v52l5ZXVtfXSRnlza3tnt7K3/6BlpjDxsWRStSKkCaOC+IYaRlqpIohHjDSj/s3Ybw6I0lSKezNMSchRV9CEYmSsFDx18rbiUBE96lSqbs2dAM4TryBVUKDRqfy0Y4kzToTBDGkdeG5qwhwpQzEjo3I70yRFuI+6JLBUIE50mE8ij+CxVWKYSGWfMHCi/t3IEdd6yCM7yZHp6VlvLC7ygswkl2FORZoZIvD0UJIxaCQc/x/GVBFs2NAShBW1WSHuIYWwsS0tzHwaD2iqi/iP0/xl25Y328088c9qVzXv7rxavy5qK4FDcAROgAcuQB3cggbwAQYSPINX8Oa8OO/Oh/M5HV1yip0D8A/O1y8wmKK1</latexit><latexit sha1_base64="YXpoQYYM23VRM2+vlpuOHGyvJAE=">AAACGnicbVDLSgMxFM34rPVVdekmWAQXUmZEUHdFNy4rOLYwHUomk2lD8xiSTLEO/QyX6se4Erdu/BY3pu0stO2BwOGce7knJ0oZ1cZ1v52l5ZXVtfXSRnlza3tnt7K3/6BlpjDxsWRStSKkCaOC+IYaRlqpIohHjDSj/s3Ybw6I0lSKezNMSchRV9CEYmSsFDx18rbiUBE96lSqbs2dAM4TryBVUKDRqfy0Y4kzToTBDGkdeG5qwhwpQzEjo3I70yRFuI+6JLBUIE50mE8ij+CxVWKYSGWfMHCi/t3IEdd6yCM7yZHp6VlvLC7ygswkl2FORZoZIvD0UJIxaCQc/x/GVBFs2NAShBW1WSHuIYWwsS0tzHwaD2iqi/iP0/xl25Y328088c9qVzXv7rxavy5qK4FDcAROgAcuQB3cggbwAQYSPINX8Oa8OO/Oh/M5HV1yip0D8A/O1y8wmKK1</latexit>

zrec
<latexit sha1_base64="RVrV8ZxTRj7ZCK8w09BTWHIKkkY=">AAACGnicbVDLSgMxFM34rPVVdekmWAQXUmZEUHdFNy4rOLYwHUomk2lD8xiSTLEO/QyX6se4Erdu/BY3pu0stO2BwOGce8m5J0oZ1cZ1v52l5ZXVtfXSRnlza3tnt7K3/6BlpjDxsWRStSKkCaOC+IYaRlqpIohHjDSj/s3Ybw6I0lSKezNMSchRV9CEYmSsFDx18rbiUBE86lSqbs2dAM4TryBVUKDRqfy0Y4kzToTBDGkdeG5qwhwpQzEjo3I70yRFuI+6JLBUIE50mE8ij+CxVWKYSGWfMHCi/t3IEdd6yCM7yZHp6VlvLC7ygswkl2FORZoZIvD0oyRj0Eg4vh/G1B5r2NAShBW1WSHuIYWwsS0tzHwaD2iqi/iP0/xl25Y328088c9qVzXv7rxavy5qK4FDcAROgAcuQB3cggbwAQYSPINX8Oa8OO/Oh/M5HV1yip0D8A/O1y8VyKKl</latexit><latexit sha1_base64="RVrV8ZxTRj7ZCK8w09BTWHIKkkY=">AAACGnicbVDLSgMxFM34rPVVdekmWAQXUmZEUHdFNy4rOLYwHUomk2lD8xiSTLEO/QyX6se4Erdu/BY3pu0stO2BwOGce8m5J0oZ1cZ1v52l5ZXVtfXSRnlza3tnt7K3/6BlpjDxsWRStSKkCaOC+IYaRlqpIohHjDSj/s3Ybw6I0lSKezNMSchRV9CEYmSsFDx18rbiUBE86lSqbs2dAM4TryBVUKDRqfy0Y4kzToTBDGkdeG5qwhwpQzEjo3I70yRFuI+6JLBUIE50mE8ij+CxVWKYSGWfMHCi/t3IEdd6yCM7yZHp6VlvLC7ygswkl2FORZoZIvD0oyRj0Eg4vh/G1B5r2NAShBW1WSHuIYWwsS0tzHwaD2iqi/iP0/xl25Y328088c9qVzXv7rxavy5qK4FDcAROgAcuQB3cggbwAQYSPINX8Oa8OO/Oh/M5HV1yip0D8A/O1y8VyKKl</latexit><latexit sha1_base64="RVrV8ZxTRj7ZCK8w09BTWHIKkkY=">AAACGnicbVDLSgMxFM34rPVVdekmWAQXUmZEUHdFNy4rOLYwHUomk2lD8xiSTLEO/QyX6se4Erdu/BY3pu0stO2BwOGce8m5J0oZ1cZ1v52l5ZXVtfXSRnlza3tnt7K3/6BlpjDxsWRStSKkCaOC+IYaRlqpIohHjDSj/s3Ybw6I0lSKezNMSchRV9CEYmSsFDx18rbiUBE86lSqbs2dAM4TryBVUKDRqfy0Y4kzToTBDGkdeG5qwhwpQzEjo3I70yRFuI+6JLBUIE50mE8ij+CxVWKYSGWfMHCi/t3IEdd6yCM7yZHp6VlvLC7ygswkl2FORZoZIvD0oyRj0Eg4vh/G1B5r2NAShBW1WSHuIYWwsS0tzHwaD2iqi/iP0/xl25Y328088c9qVzXv7rxavy5qK4FDcAROgAcuQB3cggbwAQYSPINX8Oa8OO/Oh/M5HV1yip0D8A/O1y8VyKKl</latexit><latexit sha1_base64="RVrV8ZxTRj7ZCK8w09BTWHIKkkY=">AAACGnicbVDLSgMxFM34rPVVdekmWAQXUmZEUHdFNy4rOLYwHUomk2lD8xiSTLEO/QyX6se4Erdu/BY3pu0stO2BwOGce8m5J0oZ1cZ1v52l5ZXVtfXSRnlza3tnt7K3/6BlpjDxsWRStSKkCaOC+IYaRlqpIohHjDSj/s3Ybw6I0lSKezNMSchRV9CEYmSsFDx18rbiUBE86lSqbs2dAM4TryBVUKDRqfy0Y4kzToTBDGkdeG5qwhwpQzEjo3I70yRFuI+6JLBUIE50mE8ij+CxVWKYSGWfMHCi/t3IEdd6yCM7yZHp6VlvLC7ygswkl2FORZoZIvD0oyRj0Eg4vh/G1B5r2NAShBW1WSHuIYWwsS0tzHwaD2iqi/iP0/xl25Y328088c9qVzXv7rxavy5qK4FDcAROgAcuQB3cggbwAQYSPINX8Oa8OO/Oh/M5HV1yip0D8A/O1y8VyKKl</latexit>

a ! A0A0
<latexit sha1_base64="ooUM0GBFu4zyV/Og/UeLec9j2s4=">AAACNnicbVC7TgJBFJ3FF+ILtbSZSIgWhuwaE7VDbSwxESEBQmaHC0yYfWTmLkI2fIFfY6l+iZWVsbW3cYAtFDiZSU7OuXfm5LihFBpt+91KLS2vrK6l1zMbm1vbO9ndvQcdRIpDmQcyUFWXaZDChzIKlFANFTDPlVBxezdjv9IHpUXg3+MwhIbHOr5oC87QSM1svo4wwMk7sSsjGMWM1pXodJEpFTzSqyNzRs1szi7YE9B54iQkRxKUmtmfeivgkQc+csm0rjl2iI2YKRRcwihTjzSEjPdYB2qG+swD3YgnMUY0b5QWbQfKXB/pRP27ETNP66HnmkmPYVfPemNxkVeLsH3RiIUfRgg+n37UjiTFgI67oS2hgKMcGsK4EiYr5V2mGEfT4MLMJ62+CHUSfzDNnzFtObPdzJPyaeGy4Nyd5YrXSW1pckAOyTFxyDkpkltSImXCyRN5Jq/kzXqxPqxP62s6mrKSnX3yD9b3L32irYI=</latexit><latexit sha1_base64="ooUM0GBFu4zyV/Og/UeLec9j2s4=">AAACNnicbVC7TgJBFJ3FF+ILtbSZSIgWhuwaE7VDbSwxESEBQmaHC0yYfWTmLkI2fIFfY6l+iZWVsbW3cYAtFDiZSU7OuXfm5LihFBpt+91KLS2vrK6l1zMbm1vbO9ndvQcdRIpDmQcyUFWXaZDChzIKlFANFTDPlVBxezdjv9IHpUXg3+MwhIbHOr5oC87QSM1svo4wwMk7sSsjGMWM1pXodJEpFTzSqyNzRs1szi7YE9B54iQkRxKUmtmfeivgkQc+csm0rjl2iI2YKRRcwihTjzSEjPdYB2qG+swD3YgnMUY0b5QWbQfKXB/pRP27ETNP66HnmkmPYVfPemNxkVeLsH3RiIUfRgg+n37UjiTFgI67oS2hgKMcGsK4EiYr5V2mGEfT4MLMJ62+CHUSfzDNnzFtObPdzJPyaeGy4Nyd5YrXSW1pckAOyTFxyDkpkltSImXCyRN5Jq/kzXqxPqxP62s6mrKSnX3yD9b3L32irYI=</latexit><latexit sha1_base64="ooUM0GBFu4zyV/Og/UeLec9j2s4=">AAACNnicbVC7TgJBFJ3FF+ILtbSZSIgWhuwaE7VDbSwxESEBQmaHC0yYfWTmLkI2fIFfY6l+iZWVsbW3cYAtFDiZSU7OuXfm5LihFBpt+91KLS2vrK6l1zMbm1vbO9ndvQcdRIpDmQcyUFWXaZDChzIKlFANFTDPlVBxezdjv9IHpUXg3+MwhIbHOr5oC87QSM1svo4wwMk7sSsjGMWM1pXodJEpFTzSqyNzRs1szi7YE9B54iQkRxKUmtmfeivgkQc+csm0rjl2iI2YKRRcwihTjzSEjPdYB2qG+swD3YgnMUY0b5QWbQfKXB/pRP27ETNP66HnmkmPYVfPemNxkVeLsH3RiIUfRgg+n37UjiTFgI67oS2hgKMcGsK4EiYr5V2mGEfT4MLMJ62+CHUSfzDNnzFtObPdzJPyaeGy4Nyd5YrXSW1pckAOyTFxyDkpkltSImXCyRN5Jq/kzXqxPqxP62s6mrKSnX3yD9b3L32irYI=</latexit><latexit sha1_base64="ooUM0GBFu4zyV/Og/UeLec9j2s4=">AAACNnicbVC7TgJBFJ3FF+ILtbSZSIgWhuwaE7VDbSwxESEBQmaHC0yYfWTmLkI2fIFfY6l+iZWVsbW3cYAtFDiZSU7OuXfm5LihFBpt+91KLS2vrK6l1zMbm1vbO9ndvQcdRIpDmQcyUFWXaZDChzIKlFANFTDPlVBxezdjv9IHpUXg3+MwhIbHOr5oC87QSM1svo4wwMk7sSsjGMWM1pXodJEpFTzSqyNzRs1szi7YE9B54iQkRxKUmtmfeivgkQc+csm0rjl2iI2YKRRcwihTjzSEjPdYB2qG+swD3YgnMUY0b5QWbQfKXB/pRP27ETNP66HnmkmPYVfPemNxkVeLsH3RiIUfRgg+n37UjiTFgI67oS2hgKMcGsK4EiYr5V2mGEfT4MLMJ62+CHUSfzDNnzFtObPdzJPyaeGy4Nyd5YrXSW1pckAOyTFxyDkpkltSImXCyRN5Jq/kzXqxPqxP62s6mrKSnX3yD9b3L32irYI=</latexit>

A
0
!

A
<latexit sha1_base64="JZxUbIcfQlA15lhXA9rxjW9YCUo=">AAACM3icbVC7SgNBFJ31GeNr1dJmSBAtJOyKoHaJNpYRjAkkS5idnSRDZh/M3I0JS3q/xlL9FcFKbP0CGyebLTTJgYHDOffeORw3ElyBZb0bS8srq2vruY385tb2zq65t/+gwlhSVqOhCGXDJYoJHrAacBCsEUlGfFewutu/mfj1AZOKh8E9jCLm+KQb8A6nBLTUNgstYENI7yRVEfvjpHKMW5J3e0CkDB9xZdw2i1bJSoHniZ2RIspQbZs/LS+ksc8CoIIo1bStCJyESOBUsHG+FSsWEdonXdbUNCA+U06SZhjjI614uBNK/QLAqfp3IyG+UiPf1ZM+gZ6a9SbiIq8ZQ+fSSXgQxcACOv2oEwsMIZ4Ugz0uGQUx0oRQyXVWTHtEEgq6voWZT70Bj1QWfzjNn9dt2bPdzJPaWemqZN+dF8vXWW05dIgK6ATZ6AKV0S2qohqi6Ak9o1f0ZrwYH8an8TUdXTKynQP0D8b3L7WDrLI=</latexit><latexit sha1_base64="JZxUbIcfQlA15lhXA9rxjW9YCUo=">AAACM3icbVC7SgNBFJ31GeNr1dJmSBAtJOyKoHaJNpYRjAkkS5idnSRDZh/M3I0JS3q/xlL9FcFKbP0CGyebLTTJgYHDOffeORw3ElyBZb0bS8srq2vruY385tb2zq65t/+gwlhSVqOhCGXDJYoJHrAacBCsEUlGfFewutu/mfj1AZOKh8E9jCLm+KQb8A6nBLTUNgstYENI7yRVEfvjpHKMW5J3e0CkDB9xZdw2i1bJSoHniZ2RIspQbZs/LS+ksc8CoIIo1bStCJyESOBUsHG+FSsWEdonXdbUNCA+U06SZhjjI614uBNK/QLAqfp3IyG+UiPf1ZM+gZ6a9SbiIq8ZQ+fSSXgQxcACOv2oEwsMIZ4Ugz0uGQUx0oRQyXVWTHtEEgq6voWZT70Bj1QWfzjNn9dt2bPdzJPaWemqZN+dF8vXWW05dIgK6ATZ6AKV0S2qohqi6Ak9o1f0ZrwYH8an8TUdXTKynQP0D8b3L7WDrLI=</latexit><latexit sha1_base64="JZxUbIcfQlA15lhXA9rxjW9YCUo=">AAACM3icbVC7SgNBFJ31GeNr1dJmSBAtJOyKoHaJNpYRjAkkS5idnSRDZh/M3I0JS3q/xlL9FcFKbP0CGyebLTTJgYHDOffeORw3ElyBZb0bS8srq2vruY385tb2zq65t/+gwlhSVqOhCGXDJYoJHrAacBCsEUlGfFewutu/mfj1AZOKh8E9jCLm+KQb8A6nBLTUNgstYENI7yRVEfvjpHKMW5J3e0CkDB9xZdw2i1bJSoHniZ2RIspQbZs/LS+ksc8CoIIo1bStCJyESOBUsHG+FSsWEdonXdbUNCA+U06SZhjjI614uBNK/QLAqfp3IyG+UiPf1ZM+gZ6a9SbiIq8ZQ+fSSXgQxcACOv2oEwsMIZ4Ugz0uGQUx0oRQyXVWTHtEEgq6voWZT70Bj1QWfzjNn9dt2bPdzJPaWemqZN+dF8vXWW05dIgK6ATZ6AKV0S2qohqi6Ak9o1f0ZrwYH8an8TUdXTKynQP0D8b3L7WDrLI=</latexit><latexit sha1_base64="JZxUbIcfQlA15lhXA9rxjW9YCUo=">AAACM3icbVC7SgNBFJ31GeNr1dJmSBAtJOyKoHaJNpYRjAkkS5idnSRDZh/M3I0JS3q/xlL9FcFKbP0CGyebLTTJgYHDOffeORw3ElyBZb0bS8srq2vruY385tb2zq65t/+gwlhSVqOhCGXDJYoJHrAacBCsEUlGfFewutu/mfj1AZOKh8E9jCLm+KQb8A6nBLTUNgstYENI7yRVEfvjpHKMW5J3e0CkDB9xZdw2i1bJSoHniZ2RIspQbZs/LS+ksc8CoIIo1bStCJyESOBUsHG+FSsWEdonXdbUNCA+U06SZhjjI614uBNK/QLAqfp3IyG+UiPf1ZM+gZ6a9SbiIq8ZQ+fSSXgQxcACOv2oEwsMIZ4Ugz0uGQUx0oRQyXVWTHtEEgq6voWZT70Bj1QWfzjNn9dt2bPdzJPaWemqZN+dF8vXWW05dIgK6ATZ6AKV0S2qohqi6Ak9o1f0ZrwYH8an8TUdXTKynQP0D8b3L7WDrLI=</latexit>

ACMB
<latexit sha1_base64="FFZUw6VNnVR+H0kqh84tkoeIUHI=">AAACMXicbVBNSwMxFMzW7/pV9eglWAQPUnZFUG9VQb0IClaFtpRs+tqGZrNL8lYsy179NR7V/6In8epP8GLa7kHbDgSGmfdehvEjKQy67ruTm5qemZ2bX8gvLi2vrBbW1m9NGGsOFR7KUN/7zIAUCiooUMJ9pIEFvoQ7v3va9+8eQBsRqhvsRVAPWFuJluAMrdQo0BrCIw7uJGehBoPnGkClyXEjOb08SdNGoeiW3AHoOPEyUiQZrhqFn1oz5HEACrlkxlQ9N8J6wjQKLiHN12IDEeNd1oaqpYoFYOrJIEFKt63SpK1Q26eQDtS/GwkLjOkFvp0MGHbMqNcXJ3nVGFuH9USoKEZQfPhRK5YUQ9qvhTaFBo6yZwnjWtislHeYZhxteRMz7zYfRGSy+I/D/HnbljfazTip7JWOSt71frF8ktU2TzbJFtkhHjkgZXJBrkiFcPJEnskreXNenA/n0/kajuacbGeD/IPz/Qu4B6xA</latexit><latexit sha1_base64="FFZUw6VNnVR+H0kqh84tkoeIUHI=">AAACMXicbVBNSwMxFMzW7/pV9eglWAQPUnZFUG9VQb0IClaFtpRs+tqGZrNL8lYsy179NR7V/6In8epP8GLa7kHbDgSGmfdehvEjKQy67ruTm5qemZ2bX8gvLi2vrBbW1m9NGGsOFR7KUN/7zIAUCiooUMJ9pIEFvoQ7v3va9+8eQBsRqhvsRVAPWFuJluAMrdQo0BrCIw7uJGehBoPnGkClyXEjOb08SdNGoeiW3AHoOPEyUiQZrhqFn1oz5HEACrlkxlQ9N8J6wjQKLiHN12IDEeNd1oaqpYoFYOrJIEFKt63SpK1Q26eQDtS/GwkLjOkFvp0MGHbMqNcXJ3nVGFuH9USoKEZQfPhRK5YUQ9qvhTaFBo6yZwnjWtislHeYZhxteRMz7zYfRGSy+I/D/HnbljfazTip7JWOSt71frF8ktU2TzbJFtkhHjkgZXJBrkiFcPJEnskreXNenA/n0/kajuacbGeD/IPz/Qu4B6xA</latexit><latexit sha1_base64="FFZUw6VNnVR+H0kqh84tkoeIUHI=">AAACMXicbVBNSwMxFMzW7/pV9eglWAQPUnZFUG9VQb0IClaFtpRs+tqGZrNL8lYsy179NR7V/6In8epP8GLa7kHbDgSGmfdehvEjKQy67ruTm5qemZ2bX8gvLi2vrBbW1m9NGGsOFR7KUN/7zIAUCiooUMJ9pIEFvoQ7v3va9+8eQBsRqhvsRVAPWFuJluAMrdQo0BrCIw7uJGehBoPnGkClyXEjOb08SdNGoeiW3AHoOPEyUiQZrhqFn1oz5HEACrlkxlQ9N8J6wjQKLiHN12IDEeNd1oaqpYoFYOrJIEFKt63SpK1Q26eQDtS/GwkLjOkFvp0MGHbMqNcXJ3nVGFuH9USoKEZQfPhRK5YUQ9qvhTaFBo6yZwnjWtislHeYZhxteRMz7zYfRGSy+I/D/HnbljfazTip7JWOSt71frF8ktU2TzbJFtkhHjkgZXJBrkiFcPJEnskreXNenA/n0/kajuacbGeD/IPz/Qu4B6xA</latexit><latexit sha1_base64="FFZUw6VNnVR+H0kqh84tkoeIUHI=">AAACMXicbVBNSwMxFMzW7/pV9eglWAQPUnZFUG9VQb0IClaFtpRs+tqGZrNL8lYsy179NR7V/6In8epP8GLa7kHbDgSGmfdehvEjKQy67ruTm5qemZ2bX8gvLi2vrBbW1m9NGGsOFR7KUN/7zIAUCiooUMJ9pIEFvoQ7v3va9+8eQBsRqhvsRVAPWFuJluAMrdQo0BrCIw7uJGehBoPnGkClyXEjOb08SdNGoeiW3AHoOPEyUiQZrhqFn1oz5HEACrlkxlQ9N8J6wjQKLiHN12IDEeNd1oaqpYoFYOrJIEFKt63SpK1Q26eQDtS/GwkLjOkFvp0MGHbMqNcXJ3nVGFuH9USoKEZQfPhRK5YUQ9qvhTaFBo6yZwnjWtislHeYZhxteRMz7zYfRGSy+I/D/HnbljfazTip7JWOSt71frF8ktU2TzbJFtkhHjkgZXJBrkiFcPJEnskreXNenA/n0/kajuacbGeD/IPz/Qu4B6xA</latexit>

A
<latexit sha1_base64="2mNubSw8PCIGRzQRugo7tCylolQ=">AAACI3icbVDLSsNAFJ34rPUV69JNsAgupCQiqLuqG5cVjC20pUwmt+3QyYOZm9IS8isu1Y9xJW5c+CVunLZZaNsDA4dz7p17OF4suELb/jJWVtfWNzYLW8Xtnd29ffOg9KSiRDJwWSQi2fCoAsFDcJGjgEYsgQaegLo3uJv49SFIxaPwEccxtAPaC3mXM4pa6pilFsIIp/+kEvwsvck6Ztmu2FNYi8TJSZnkqHXMn5YfsSSAEJmgSjUdO8Z2SiVyJiArthIFMWUD2oOmpiENQLXT6c3MOtGKb3UjqV+I1lT9u5HSQKlx4OnJgGJfzXsTcZnXTLB71U55GCcIIZsd6ibCwsiaFGH5XAJDMdaEMsl1Vov1qaQMdV1LM5/5Qx6rPP5olr+o23Lmu1kk7nnluuI8XJSrt3ltBXJEjskpccglqZJ7UiMuYWREnskreTNejHfjw/icja4Y+c4h+Qfj+xc6+aZi</latexit><latexit sha1_base64="2mNubSw8PCIGRzQRugo7tCylolQ=">AAACI3icbVDLSsNAFJ34rPUV69JNsAgupCQiqLuqG5cVjC20pUwmt+3QyYOZm9IS8isu1Y9xJW5c+CVunLZZaNsDA4dz7p17OF4suELb/jJWVtfWNzYLW8Xtnd29ffOg9KSiRDJwWSQi2fCoAsFDcJGjgEYsgQaegLo3uJv49SFIxaPwEccxtAPaC3mXM4pa6pilFsIIp/+kEvwsvck6Ztmu2FNYi8TJSZnkqHXMn5YfsSSAEJmgSjUdO8Z2SiVyJiArthIFMWUD2oOmpiENQLXT6c3MOtGKb3UjqV+I1lT9u5HSQKlx4OnJgGJfzXsTcZnXTLB71U55GCcIIZsd6ibCwsiaFGH5XAJDMdaEMsl1Vov1qaQMdV1LM5/5Qx6rPP5olr+o23Lmu1kk7nnluuI8XJSrt3ltBXJEjskpccglqZJ7UiMuYWREnskreTNejHfjw/icja4Y+c4h+Qfj+xc6+aZi</latexit><latexit sha1_base64="2mNubSw8PCIGRzQRugo7tCylolQ=">AAACI3icbVDLSsNAFJ34rPUV69JNsAgupCQiqLuqG5cVjC20pUwmt+3QyYOZm9IS8isu1Y9xJW5c+CVunLZZaNsDA4dz7p17OF4suELb/jJWVtfWNzYLW8Xtnd29ffOg9KSiRDJwWSQi2fCoAsFDcJGjgEYsgQaegLo3uJv49SFIxaPwEccxtAPaC3mXM4pa6pilFsIIp/+kEvwsvck6Ztmu2FNYi8TJSZnkqHXMn5YfsSSAEJmgSjUdO8Z2SiVyJiArthIFMWUD2oOmpiENQLXT6c3MOtGKb3UjqV+I1lT9u5HSQKlx4OnJgGJfzXsTcZnXTLB71U55GCcIIZsd6ibCwsiaFGH5XAJDMdaEMsl1Vov1qaQMdV1LM5/5Qx6rPP5olr+o23Lmu1kk7nnluuI8XJSrt3ltBXJEjskpccglqZJ7UiMuYWREnskreTNejHfjw/icja4Y+c4h+Qfj+xc6+aZi</latexit><latexit sha1_base64="2mNubSw8PCIGRzQRugo7tCylolQ=">AAACI3icbVDLSsNAFJ34rPUV69JNsAgupCQiqLuqG5cVjC20pUwmt+3QyYOZm9IS8isu1Y9xJW5c+CVunLZZaNsDA4dz7p17OF4suELb/jJWVtfWNzYLW8Xtnd29ffOg9KSiRDJwWSQi2fCoAsFDcJGjgEYsgQaegLo3uJv49SFIxaPwEccxtAPaC3mXM4pa6pilFsIIp/+kEvwsvck6Ztmu2FNYi8TJSZnkqHXMn5YfsSSAEJmgSjUdO8Z2SiVyJiArthIFMWUD2oOmpiENQLXT6c3MOtGKb3UjqV+I1lT9u5HSQKlx4OnJgGJfzXsTcZnXTLB71U55GCcIIZsd6ibCwsiaFGH5XAJDMdaEMsl1Vov1qaQMdV1LM5/5Qx6rPP5olr+o23Lmu1kk7nnluuI8XJSrt3ltBXJEjskpccglqZJ7UiMuYWREnskreTNejHfjw/icja4Y+c4h+Qfj+xc6+aZi</latexit>

z21cm
<latexit sha1_base64="N/8K79FfnEaXiivDMbW0yzKGRqE=">AAACInicbZBPS8MwGMbT+W/Of50evQSH4EFGOwT1NvTicYJ1g62UNM22sKQtSTqdpR/Fo/phPIknwW/ixXTrQbc9EHh43vclPx4/ZlQqy/oySiura+sb5c3K1vbO7p5Z3b+XUSIwcXDEItHxkSSMhsRRVDHSiQVB3Gek7Y+u83l7TISkUXinJjFxORqEtE8xUjryzOqTlzbsHkdqKHiKeZZ5Zs2qW1PBRWMXpgYKtTzzpxdEOOEkVJghKbu2FSs3RUJRzEhW6SWSxAiP0IB0tQ0RJ9JNp+gZPNZJAPuR0C9UcJr+vUgRl3LCfb2ZM8r5WR4um3UT1b9wUxrGiSIhnn3UTxhUEcx7gAEVBCs20QZhQTUrxEMkEFa6raXMp8GYxrLAf5zxV3Rb9nw3i8Zp1C/r9u1ZrXlV1FYGh+AInAAbnIMmuAEt4AAMHsAzeAVvxovxbnwYn7PVklHcHIB/Mr5/AbUqpY0=</latexit><latexit sha1_base64="N/8K79FfnEaXiivDMbW0yzKGRqE=">AAACInicbZBPS8MwGMbT+W/Of50evQSH4EFGOwT1NvTicYJ1g62UNM22sKQtSTqdpR/Fo/phPIknwW/ixXTrQbc9EHh43vclPx4/ZlQqy/oySiura+sb5c3K1vbO7p5Z3b+XUSIwcXDEItHxkSSMhsRRVDHSiQVB3Gek7Y+u83l7TISkUXinJjFxORqEtE8xUjryzOqTlzbsHkdqKHiKeZZ5Zs2qW1PBRWMXpgYKtTzzpxdEOOEkVJghKbu2FSs3RUJRzEhW6SWSxAiP0IB0tQ0RJ9JNp+gZPNZJAPuR0C9UcJr+vUgRl3LCfb2ZM8r5WR4um3UT1b9wUxrGiSIhnn3UTxhUEcx7gAEVBCs20QZhQTUrxEMkEFa6raXMp8GYxrLAf5zxV3Rb9nw3i8Zp1C/r9u1ZrXlV1FYGh+AInAAbnIMmuAEt4AAMHsAzeAVvxovxbnwYn7PVklHcHIB/Mr5/AbUqpY0=</latexit><latexit sha1_base64="N/8K79FfnEaXiivDMbW0yzKGRqE=">AAACInicbZBPS8MwGMbT+W/Of50evQSH4EFGOwT1NvTicYJ1g62UNM22sKQtSTqdpR/Fo/phPIknwW/ixXTrQbc9EHh43vclPx4/ZlQqy/oySiura+sb5c3K1vbO7p5Z3b+XUSIwcXDEItHxkSSMhsRRVDHSiQVB3Gek7Y+u83l7TISkUXinJjFxORqEtE8xUjryzOqTlzbsHkdqKHiKeZZ5Zs2qW1PBRWMXpgYKtTzzpxdEOOEkVJghKbu2FSs3RUJRzEhW6SWSxAiP0IB0tQ0RJ9JNp+gZPNZJAPuR0C9UcJr+vUgRl3LCfb2ZM8r5WR4um3UT1b9wUxrGiSIhnn3UTxhUEcx7gAEVBCs20QZhQTUrxEMkEFa6raXMp8GYxrLAf5zxV3Rb9nw3i8Zp1C/r9u1ZrXlV1FYGh+AInAAbnIMmuAEt4AAMHsAzeAVvxovxbnwYn7PVklHcHIB/Mr5/AbUqpY0=</latexit><latexit sha1_base64="N/8K79FfnEaXiivDMbW0yzKGRqE=">AAACInicbZBPS8MwGMbT+W/Of50evQSH4EFGOwT1NvTicYJ1g62UNM22sKQtSTqdpR/Fo/phPIknwW/ixXTrQbc9EHh43vclPx4/ZlQqy/oySiura+sb5c3K1vbO7p5Z3b+XUSIwcXDEItHxkSSMhsRRVDHSiQVB3Gek7Y+u83l7TISkUXinJjFxORqEtE8xUjryzOqTlzbsHkdqKHiKeZZ5Zs2qW1PBRWMXpgYKtTzzpxdEOOEkVJghKbu2FSs3RUJRzEhW6SWSxAiP0IB0tQ0RJ9JNp+gZPNZJAPuR0C9UcJr+vUgRl3LCfb2ZM8r5WR4um3UT1b9wUxrGiSIhnn3UTxhUEcx7gAEVBCs20QZhQTUrxEMkEFa6raXMp8GYxrLAf5zxV3Rb9nw3i8Zp1C/r9u1ZrXlV1FYGh+AInAAbnIMmuAEt4AAMHsAzeAVvxovxbnwYn7PVklHcHIB/Mr5/AbUqpY0=</latexit>

ACMB
<latexit sha1_base64="FFZUw6VNnVR+H0kqh84tkoeIUHI=">AAACMXicbVBNSwMxFMzW7/pV9eglWAQPUnZFUG9VQb0IClaFtpRs+tqGZrNL8lYsy179NR7V/6In8epP8GLa7kHbDgSGmfdehvEjKQy67ruTm5qemZ2bX8gvLi2vrBbW1m9NGGsOFR7KUN/7zIAUCiooUMJ9pIEFvoQ7v3va9+8eQBsRqhvsRVAPWFuJluAMrdQo0BrCIw7uJGehBoPnGkClyXEjOb08SdNGoeiW3AHoOPEyUiQZrhqFn1oz5HEACrlkxlQ9N8J6wjQKLiHN12IDEeNd1oaqpYoFYOrJIEFKt63SpK1Q26eQDtS/GwkLjOkFvp0MGHbMqNcXJ3nVGFuH9USoKEZQfPhRK5YUQ9qvhTaFBo6yZwnjWtislHeYZhxteRMz7zYfRGSy+I/D/HnbljfazTip7JWOSt71frF8ktU2TzbJFtkhHjkgZXJBrkiFcPJEnskreXNenA/n0/kajuacbGeD/IPz/Qu4B6xA</latexit><latexit sha1_base64="FFZUw6VNnVR+H0kqh84tkoeIUHI=">AAACMXicbVBNSwMxFMzW7/pV9eglWAQPUnZFUG9VQb0IClaFtpRs+tqGZrNL8lYsy179NR7V/6In8epP8GLa7kHbDgSGmfdehvEjKQy67ruTm5qemZ2bX8gvLi2vrBbW1m9NGGsOFR7KUN/7zIAUCiooUMJ9pIEFvoQ7v3va9+8eQBsRqhvsRVAPWFuJluAMrdQo0BrCIw7uJGehBoPnGkClyXEjOb08SdNGoeiW3AHoOPEyUiQZrhqFn1oz5HEACrlkxlQ9N8J6wjQKLiHN12IDEeNd1oaqpYoFYOrJIEFKt63SpK1Q26eQDtS/GwkLjOkFvp0MGHbMqNcXJ3nVGFuH9USoKEZQfPhRK5YUQ9qvhTaFBo6yZwnjWtislHeYZhxteRMz7zYfRGSy+I/D/HnbljfazTip7JWOSt71frF8ktU2TzbJFtkhHjkgZXJBrkiFcPJEnskreXNenA/n0/kajuacbGeD/IPz/Qu4B6xA</latexit><latexit sha1_base64="FFZUw6VNnVR+H0kqh84tkoeIUHI=">AAACMXicbVBNSwMxFMzW7/pV9eglWAQPUnZFUG9VQb0IClaFtpRs+tqGZrNL8lYsy179NR7V/6In8epP8GLa7kHbDgSGmfdehvEjKQy67ruTm5qemZ2bX8gvLi2vrBbW1m9NGGsOFR7KUN/7zIAUCiooUMJ9pIEFvoQ7v3va9+8eQBsRqhvsRVAPWFuJluAMrdQo0BrCIw7uJGehBoPnGkClyXEjOb08SdNGoeiW3AHoOPEyUiQZrhqFn1oz5HEACrlkxlQ9N8J6wjQKLiHN12IDEeNd1oaqpYoFYOrJIEFKt63SpK1Q26eQDtS/GwkLjOkFvp0MGHbMqNcXJ3nVGFuH9USoKEZQfPhRK5YUQ9qvhTaFBo6yZwnjWtislHeYZhxteRMz7zYfRGSy+I/D/HnbljfazTip7JWOSt71frF8ktU2TzbJFtkhHjkgZXJBrkiFcPJEnskreXNenA/n0/kajuacbGeD/IPz/Qu4B6xA</latexit><latexit sha1_base64="FFZUw6VNnVR+H0kqh84tkoeIUHI=">AAACMXicbVBNSwMxFMzW7/pV9eglWAQPUnZFUG9VQb0IClaFtpRs+tqGZrNL8lYsy179NR7V/6In8epP8GLa7kHbDgSGmfdehvEjKQy67ruTm5qemZ2bX8gvLi2vrBbW1m9NGGsOFR7KUN/7zIAUCiooUMJ9pIEFvoQ7v3va9+8eQBsRqhvsRVAPWFuJluAMrdQo0BrCIw7uJGehBoPnGkClyXEjOb08SdNGoeiW3AHoOPEyUiQZrhqFn1oz5HEACrlkxlQ9N8J6wjQKLiHN12IDEeNd1oaqpYoFYOrJIEFKt63SpK1Q26eQDtS/GwkLjOkFvp0MGHbMqNcXJ3nVGFuH9USoKEZQfPhRK5YUQ9qvhTaFBo6yZwnjWtislHeYZhxteRMz7zYfRGSy+I/D/HnbljfazTip7JWOSt71frF8ktU2TzbJFtkhHjkgZXJBrkiFcPJEnskreXNenA/n0/kajuacbGeD/IPz/Qu4B6xA</latexit>

A0 ! A
<latexit sha1_base64="IJoDbc12cm/oPrTSJ72yT61ZU54=">AAACMnicbVC7TgJBFJ3FF+ILtbQZJUYLQ3aNidqBNpaYiJAAIbOzF5gw+8jMXYRsqP0aS/VbjJWx9Q9sHGALXyeZ5OSce++cHDeSQqNtv1iZufmFxaXscm5ldW19I7+5davDWHGo8lCGqu4yDVIEUEWBEuqRAua7Empu/3Li1wagtAiDGxxF0PJZNxAdwRkaqZ3fbSIMcXonUeCNk/IBbSrR7SFTKryj5XE7X7CL9hT0L3FSUiApKu38Z9MLeexDgFwyrRuOHWErYQoFlzDONWMNEeN91oWGoQHzQbeSaYQx3TeKRzuhMi9AOlW/byTM13rku2bSZ9jTv72J+J/XiLFz1kpEEMUIAZ991IklxZBOeqGeUMBRjgxhXAmTlfIeU4yjae/fzEfeQEQ6jT+c5c+Ztpzf3fwl1ePiedG5PimULtLasmSH7JFD4pBTUiJXpEKqhJN78kCeyLP1aL1ab9b7bDRjpTvb5Aesjy/dfaxF</latexit><latexit sha1_base64="IJoDbc12cm/oPrTSJ72yT61ZU54=">AAACMnicbVC7TgJBFJ3FF+ILtbQZJUYLQ3aNidqBNpaYiJAAIbOzF5gw+8jMXYRsqP0aS/VbjJWx9Q9sHGALXyeZ5OSce++cHDeSQqNtv1iZufmFxaXscm5ldW19I7+5davDWHGo8lCGqu4yDVIEUEWBEuqRAua7Empu/3Li1wagtAiDGxxF0PJZNxAdwRkaqZ3fbSIMcXonUeCNk/IBbSrR7SFTKryj5XE7X7CL9hT0L3FSUiApKu38Z9MLeexDgFwyrRuOHWErYQoFlzDONWMNEeN91oWGoQHzQbeSaYQx3TeKRzuhMi9AOlW/byTM13rku2bSZ9jTv72J+J/XiLFz1kpEEMUIAZ991IklxZBOeqGeUMBRjgxhXAmTlfIeU4yjae/fzEfeQEQ6jT+c5c+Ztpzf3fwl1ePiedG5PimULtLasmSH7JFD4pBTUiJXpEKqhJN78kCeyLP1aL1ab9b7bDRjpTvb5Aesjy/dfaxF</latexit><latexit sha1_base64="IJoDbc12cm/oPrTSJ72yT61ZU54=">AAACMnicbVC7TgJBFJ3FF+ILtbQZJUYLQ3aNidqBNpaYiJAAIbOzF5gw+8jMXYRsqP0aS/VbjJWx9Q9sHGALXyeZ5OSce++cHDeSQqNtv1iZufmFxaXscm5ldW19I7+5davDWHGo8lCGqu4yDVIEUEWBEuqRAua7Empu/3Li1wagtAiDGxxF0PJZNxAdwRkaqZ3fbSIMcXonUeCNk/IBbSrR7SFTKryj5XE7X7CL9hT0L3FSUiApKu38Z9MLeexDgFwyrRuOHWErYQoFlzDONWMNEeN91oWGoQHzQbeSaYQx3TeKRzuhMi9AOlW/byTM13rku2bSZ9jTv72J+J/XiLFz1kpEEMUIAZ991IklxZBOeqGeUMBRjgxhXAmTlfIeU4yjae/fzEfeQEQ6jT+c5c+Ztpzf3fwl1ePiedG5PimULtLasmSH7JFD4pBTUiJXpEKqhJN78kCeyLP1aL1ab9b7bDRjpTvb5Aesjy/dfaxF</latexit><latexit sha1_base64="IJoDbc12cm/oPrTSJ72yT61ZU54=">AAACMnicbVC7TgJBFJ3FF+ILtbQZJUYLQ3aNidqBNpaYiJAAIbOzF5gw+8jMXYRsqP0aS/VbjJWx9Q9sHGALXyeZ5OSce++cHDeSQqNtv1iZufmFxaXscm5ldW19I7+5davDWHGo8lCGqu4yDVIEUEWBEuqRAua7Empu/3Li1wagtAiDGxxF0PJZNxAdwRkaqZ3fbSIMcXonUeCNk/IBbSrR7SFTKryj5XE7X7CL9hT0L3FSUiApKu38Z9MLeexDgFwyrRuOHWErYQoFlzDONWMNEeN91oWGoQHzQbeSaYQx3TeKRzuhMi9AOlW/byTM13rku2bSZ9jTv72J+J/XiLFz1kpEEMUIAZ991IklxZBOeqGeUMBRjgxhXAmTlfIeU4yjae/fzEfeQEQ6jT+c5c+Ztpzf3fwl1ePiedG5PimULtLasmSH7JFD4pBTUiJXpEKqhJN78kCeyLP1aL1ab9b7bDRjpTvb5Aesjy/dfaxF</latexit>

!
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see Pospelov, Pradler, Ruderman, Urbano
What DM model can do that?

Early (z > 20) decays (either DM or of DR species) create a non-thermal 
population of DR dark photon A’. Typical multiplicity is larger than nRJ  

Dark photons can oscillate to normal photons. At some redshift zres a resonant 
oscillation of A’ into A. This happen when the plasma frequency is mA' 

Enhanced number of RJ quanta are available in the z = (15-20) window, 
making a deeper than expected absorption signal 
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Axion-like particles decaying into very light soft DR could work  
Implication: considerable room for the modification of the CMB RJ tail  
The model can be probed by the proposed PIXIE/PRISM experiments 4

��� ��� ��� ��� ��� ��� ���
��-�

��-�

���

���

���

���

τ�/τ�

� �
�→
�
/�
�
�

[�
���
��

<
�
<
� �

��
��
]

�������
������ ������

���������� �����������

���→� > �

��
��

-�����

�
→
��

�����
/�����

���� = ���

���→� = ���

�� = ��� μ��

τ �
<
��

⨯
τ �

★★

��-�� ��-�� ��-�� ��-�� ��-�� ��-�
��-��

��-�

��-�

��-�

��-�

��-�

��-�

��� [��]

ϵ

����-�����

�����/�����

� �
��
<
��

τ� < �� ⨯ τ�

��

�� = ��� μ��

� → ��

FIG. 4. Left. Allowed region in DM lifetime versus number ratio of converted-to-original photons, nA0!A/nRJ, in the energy
window xmin

21 < x < xmax
21 . The blue region is excluded by stellar energy loss; the purple region would require PA0!A > 1.

Right. Allowed parameter space in the (mA0 , ✏) plane; ⌧a is chosen at each point such that nA0!A/nRJ = 1 in the 21 cm signal
region. In both plots ma = 103µeV, the brown region is excluded by a limit on the DM lifetime [12], and the red region (red
dashed line) is excluded by FIRAS (would be probed by PIXIE/PRISM) due to A ! A0 oscillations [16].

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

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

1/2
e (z) scans

many orders of magnitude; Xe is the free electron frac-
tion that we take from [16]. For any mA0 in the range
10�14�10�9 eV, the resonance happens at some redshift,
zres corresponding to cosmic time tres; 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],

PA!A0 = PA0!A =
⇡✏

2
m

2
A0

!
⇥
����
d logm

2
A

dt

����
�1

t=tres

. (6)

This expression is valid in the limit PA0!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 x0 = 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 Ps(x, z) ⇡ e

�⌧ff (x,z),
where ⌧↵ is the free-free absorption optical depth [47].
For x ⇡ x0, photon absorption becomes relevant at red-
shift z >⇠ zabs = 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 A

0.
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,

ne ⇠ 10�3cm�3 [48], implies resonant conversions when
mA0 ⇠ 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 
zabs, the Universe becomes transparent to photons that
are converted into the RJ tail of the CMB, x ⇠ 10�3,
whereas for z > zabs these soft photons are e�ciently
absorbed [47]. Therefore, only dark photons with mA <

mA0(zabs) ' 10�9 eV will yield excess radiation at 21 cm.
Focusing on a mono-chromatic injection of A

0 with cos-
mologically long lifetime ⌧a > ⌧U , the energy spectrum
at redshift z reads,

dnA0

d!
(!, z) =

2⌦a⇢c(1 + z)3

ma⌧a!H(↵ � 1)
⇥(↵ � 1 � z) . (7)

Here, ⇢c is the critical density, ⌦ah
2 = 0.12, and the

Hubble rate, H(z), is evaluated at redshift ↵ � 1, where
↵ ⌘ ma(1 + z)/(2!). The total number of injected A

0

grows with cosmic time t(z), and can eventually outgrow
nCMB by a large margin, nA0(z) = (6 eV/ma)(t(z)/⌧a)⇥
nCMB(z).
Once the resonance condition is met at z = zres, a

fraction of A
0 will be converted as per Eq. (2). The final

spectrum of converted photons at zres is given by Eq. (7)
multiplied by the conversion probability of Eq. (6). To
describe the spectrum at z < zres, it is convenient to
switch to redshift-independent x = !/TCMB, noting that
dn/dx scales as (1 + z)3 to account for the expansion of
the Universe. The left panel of Fig. 3 shows the spectrum
before and after conversion, in comparison to the RJ tail
of the CMB, assuming ma = 10�3 eV, ⌧a = 100 ⇥ ⌧U,
zres = 500, and ✏ = 2.1 ⇥ 10�7. For these parameters,
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FIG. 4. Left. Allowed region in DM lifetime versus number ratio of converted-to-original photons, nA0!A/nRJ, in the energy
window xmin

21 < x < xmax
21 . The blue region is excluded by stellar energy loss; the purple region would require PA0!A > 1.

Right. Allowed parameter space in the (mA0 , ✏) plane; ⌧a is chosen at each point such that nA0!A/nRJ = 1 in the 21 cm signal
region. In both plots ma = 103µeV, the brown region is excluded by a limit on the DM lifetime [12], and the red region (red
dashed line) is excluded by FIRAS (would be probed by PIXIE/PRISM) due to A ! A0 oscillations [16].

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

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

1/2
e (z) scans

many orders of magnitude; Xe is the free electron frac-
tion that we take from [16]. For any mA0 in the range
10�14�10�9 eV, the resonance happens at some redshift,
zres corresponding to cosmic time tres; 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],

PA!A0 = PA0!A =
⇡✏

2
m

2
A0

!
⇥
����
d logm

2
A

dt

����
�1

t=tres

. (6)

This expression is valid in the limit PA0!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 x0 = 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 Ps(x, z) ⇡ e

�⌧ff (x,z),
where ⌧↵ is the free-free absorption optical depth [47].
For x ⇡ x0, photon absorption becomes relevant at red-
shift z >⇠ zabs = 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 A

0.
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,

ne ⇠ 10�3cm�3 [48], implies resonant conversions when
mA0 ⇠ 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 
zabs, the Universe becomes transparent to photons that
are converted into the RJ tail of the CMB, x ⇠ 10�3,
whereas for z > zabs these soft photons are e�ciently
absorbed [47]. Therefore, only dark photons with mA <

mA0(zabs) ' 10�9 eV will yield excess radiation at 21 cm.
Focusing on a mono-chromatic injection of A

0 with cos-
mologically long lifetime ⌧a > ⌧U , the energy spectrum
at redshift z reads,

dnA0

d!
(!, z) =

2⌦a⇢c(1 + z)3

ma⌧a!H(↵ � 1)
⇥(↵ � 1 � z) . (7)

Here, ⇢c is the critical density, ⌦ah
2 = 0.12, and the

Hubble rate, H(z), is evaluated at redshift ↵ � 1, where
↵ ⌘ ma(1 + z)/(2!). The total number of injected A

0

grows with cosmic time t(z), and can eventually outgrow
nCMB by a large margin, nA0(z) = (6 eV/ma)(t(z)/⌧a)⇥
nCMB(z).
Once the resonance condition is met at z = zres, a

fraction of A
0 will be converted as per Eq. (2). The final

spectrum of converted photons at zres is given by Eq. (7)
multiplied by the conversion probability of Eq. (6). To
describe the spectrum at z < zres, it is convenient to
switch to redshift-independent x = !/TCMB, noting that
dn/dx scales as (1 + z)3 to account for the expansion of
the Universe. The left panel of Fig. 3 shows the spectrum
before and after conversion, in comparison to the RJ tail
of the CMB, assuming ma = 10�3 eV, ⌧a = 100 ⇥ ⌧U,
zres = 500, and ✏ = 2.1 ⇥ 10�7. For these parameters,



Other implications for BSMPAOLO PANCI 
slide 18/30

The inferred spin temperature by EDGES is very small:                                                                    
great opportunity to set limits on the properties of any extra source of heating

DM annihilations limits
see D’Amico, PP, Strumia, Phys.Rev.Lett. 121 (2018) no.1, 011103
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CMB / (1 + z)
<latexit sha1_base64="XdEIa2S2y/cAPSZqsL/TmAWxzWU="></latexit><latexit sha1_base64="XdEIa2S2y/cAPSZqsL/TmAWxzWU="></latexit><latexit sha1_base64="XdEIa2S2y/cAPSZqsL/TmAWxzWU="></latexit><latexit sha1_base64="XdEIa2S2y/cAPSZqsL/TmAWxzWU="></latexit>

Gas / (1 + z) 2

<latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit><latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit><latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit><latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit>

Residual free electrons: xe ' 2⇥ 10�4
<latexit sha1_base64="oexUzJcuEGwFLh6c0KpRvIo4EM8="></latexit><latexit sha1_base64="oexUzJcuEGwFLh6c0KpRvIo4EM8="></latexit><latexit sha1_base64="oexUzJcuEGwFLh6c0KpRvIo4EM8="></latexit><latexit sha1_base64="oexUzJcuEGwFLh6c0KpRvIo4EM8="></latexit>

Fully ionized gas: xe = 1
<latexit sha1_base64="zOYHWjiLkjfN/aKbx+XB/XQLws8="></latexit><latexit sha1_base64="zOYHWjiLkjfN/aKbx+XB/XQLws8="></latexit><latexit sha1_base64="zOYHWjiLkjfN/aKbx+XB/XQLws8="></latexit><latexit sha1_base64="zOYHWjiLkjfN/aKbx+XB/XQLws8="></latexit>

DM can (and will if thermal) annihilate into SM.             
Will heat the IGM in 2 ways:

z ' 130
<latexit sha1_base64="lJQOyxVUZrSPuRPf5XDImhixmjw=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwVRLf3RXcuKxgH9CGMpne1qEzSZy5EWoo+BVudeVO3PorLvwXkxihip7V4Zx7ueceL5TCoG2/W4W5+YXFpeJyaWV1bX2jvLnVMkGkOTR5IAPd8ZgBKXxookAJnVADU56Etjc+T/32LWgjAv8KJyG4io18MRScYSL17mjPCAU31Dm0++WKXbUz0BlybDu1E4c6uVIhORr98kdvEPBIgY9cMmO6jh2iGzONgkuYlnqRgZDxMRtBN6E+U2DcOMs8pXuRYRjQEDQVkmYizG7ETBkzUV4yqRhem99eKv7ldSMcnrmx8MMIwefpIRQSskOGa5GUAXQgNCCyNDlQ4VPONEMELSjjPBGjpJ1S0sf30/R/0jqoOgm/PKrUa3kzRbJDdsk+ccgpqZML0iBNwklIHsgjebLurWfrxXr9Gi1Y+c42+QHr7RN9opVN</latexit><latexit sha1_base64="lJQOyxVUZrSPuRPf5XDImhixmjw=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwVRLf3RXcuKxgH9CGMpne1qEzSZy5EWoo+BVudeVO3PorLvwXkxihip7V4Zx7ueceL5TCoG2/W4W5+YXFpeJyaWV1bX2jvLnVMkGkOTR5IAPd8ZgBKXxookAJnVADU56Etjc+T/32LWgjAv8KJyG4io18MRScYSL17mjPCAU31Dm0++WKXbUz0BlybDu1E4c6uVIhORr98kdvEPBIgY9cMmO6jh2iGzONgkuYlnqRgZDxMRtBN6E+U2DcOMs8pXuRYRjQEDQVkmYizG7ETBkzUV4yqRhem99eKv7ldSMcnrmx8MMIwefpIRQSskOGa5GUAXQgNCCyNDlQ4VPONEMELSjjPBGjpJ1S0sf30/R/0jqoOgm/PKrUa3kzRbJDdsk+ccgpqZML0iBNwklIHsgjebLurWfrxXr9Gi1Y+c42+QHr7RN9opVN</latexit><latexit sha1_base64="lJQOyxVUZrSPuRPf5XDImhixmjw=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwVRLf3RXcuKxgH9CGMpne1qEzSZy5EWoo+BVudeVO3PorLvwXkxihip7V4Zx7ueceL5TCoG2/W4W5+YXFpeJyaWV1bX2jvLnVMkGkOTR5IAPd8ZgBKXxookAJnVADU56Etjc+T/32LWgjAv8KJyG4io18MRScYSL17mjPCAU31Dm0++WKXbUz0BlybDu1E4c6uVIhORr98kdvEPBIgY9cMmO6jh2iGzONgkuYlnqRgZDxMRtBN6E+U2DcOMs8pXuRYRjQEDQVkmYizG7ETBkzUV4yqRhem99eKv7ldSMcnrmx8MMIwefpIRQSskOGa5GUAXQgNCCyNDlQ4VPONEMELSjjPBGjpJ1S0sf30/R/0jqoOgm/PKrUa3kzRbJDdsk+ccgpqZML0iBNwklIHsgjebLurWfrxXr9Gi1Y+c42+QHr7RN9opVN</latexit><latexit sha1_base64="lJQOyxVUZrSPuRPf5XDImhixmjw=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwVRLf3RXcuKxgH9CGMpne1qEzSZy5EWoo+BVudeVO3PorLvwXkxihip7V4Zx7ueceL5TCoG2/W4W5+YXFpeJyaWV1bX2jvLnVMkGkOTR5IAPd8ZgBKXxookAJnVADU56Etjc+T/32LWgjAv8KJyG4io18MRScYSL17mjPCAU31Dm0++WKXbUz0BlybDu1E4c6uVIhORr98kdvEPBIgY9cMmO6jh2iGzONgkuYlnqRgZDxMRtBN6E+U2DcOMs8pXuRYRjQEDQVkmYizG7ETBkzUV4yqRhem99eKv7ldSMcnrmx8MMIwefpIRQSskOGa5GUAXQgNCCyNDlQ4VPONEMELSjjPBGjpJ1S0sf30/R/0jqoOgm/PKrUa3kzRbJDdsk+ccgpqZML0iBNwklIHsgjebLurWfrxXr9Gi1Y+c42+QHr7RN9opVN</latexit>z ' 1100

<latexit sha1_base64="WXX4y3tcO9mM8FVus+OvQkkSWC4=">AAAB/3icdVC7SgNBFJ2NrxhfUUubwSBYhV3xlS5gYxnBPCBZwuzkJg6ZfWTmrhCXFH6FrVZ2YuunWPgvzq4rRNFTHc65l3vu8SIpNNr2u1VYWFxaXimultbWNza3yts7LR3GikOThzJUHY9pkCKAJgqU0IkUMN+T0PbGF6nfvgWlRRhc4zQC12ejQAwFZ2gk9472tPBhQh3Htvvlil21M9A5cmI7tVOHOrlSITka/fJHbxDy2IcAuWRadx07QjdhCgWXMCv1Yg0R42M2gq6hAfNBu0kWekYPYs0wpBEoKiTNRJjfSJiv9dT3zKTP8Eb/9lLxL68b4/DcTUQQxQgBTw+hkJAd0lwJ0wbQgVCAyNLkQEVAOVMMEZSgjHMjxqaekunj+2n6P2kdVR3Dr44r9VreTJHskX1ySBxyRurkkjRIk3AyIQ/kkTxZ99az9WK9fo0WrHxnl/yA9fYJ7h6VhQ==</latexit><latexit sha1_base64="WXX4y3tcO9mM8FVus+OvQkkSWC4=">AAAB/3icdVC7SgNBFJ2NrxhfUUubwSBYhV3xlS5gYxnBPCBZwuzkJg6ZfWTmrhCXFH6FrVZ2YuunWPgvzq4rRNFTHc65l3vu8SIpNNr2u1VYWFxaXimultbWNza3yts7LR3GikOThzJUHY9pkCKAJgqU0IkUMN+T0PbGF6nfvgWlRRhc4zQC12ejQAwFZ2gk9472tPBhQh3Htvvlil21M9A5cmI7tVOHOrlSITka/fJHbxDy2IcAuWRadx07QjdhCgWXMCv1Yg0R42M2gq6hAfNBu0kWekYPYs0wpBEoKiTNRJjfSJiv9dT3zKTP8Eb/9lLxL68b4/DcTUQQxQgBTw+hkJAd0lwJ0wbQgVCAyNLkQEVAOVMMEZSgjHMjxqaekunj+2n6P2kdVR3Dr44r9VreTJHskX1ySBxyRurkkjRIk3AyIQ/kkTxZ99az9WK9fo0WrHxnl/yA9fYJ7h6VhQ==</latexit><latexit sha1_base64="WXX4y3tcO9mM8FVus+OvQkkSWC4=">AAAB/3icdVC7SgNBFJ2NrxhfUUubwSBYhV3xlS5gYxnBPCBZwuzkJg6ZfWTmrhCXFH6FrVZ2YuunWPgvzq4rRNFTHc65l3vu8SIpNNr2u1VYWFxaXimultbWNza3yts7LR3GikOThzJUHY9pkCKAJgqU0IkUMN+T0PbGF6nfvgWlRRhc4zQC12ejQAwFZ2gk9472tPBhQh3Htvvlil21M9A5cmI7tVOHOrlSITka/fJHbxDy2IcAuWRadx07QjdhCgWXMCv1Yg0R42M2gq6hAfNBu0kWekYPYs0wpBEoKiTNRJjfSJiv9dT3zKTP8Eb/9lLxL68b4/DcTUQQxQgBTw+hkJAd0lwJ0wbQgVCAyNLkQEVAOVMMEZSgjHMjxqaekunj+2n6P2kdVR3Dr44r9VreTJHskX1ySBxyRurkkjRIk3AyIQ/kkTxZ99az9WK9fo0WrHxnl/yA9fYJ7h6VhQ==</latexit><latexit sha1_base64="WXX4y3tcO9mM8FVus+OvQkkSWC4=">AAAB/3icdVC7SgNBFJ2NrxhfUUubwSBYhV3xlS5gYxnBPCBZwuzkJg6ZfWTmrhCXFH6FrVZ2YuunWPgvzq4rRNFTHc65l3vu8SIpNNr2u1VYWFxaXimultbWNza3yts7LR3GikOThzJUHY9pkCKAJgqU0IkUMN+T0PbGF6nfvgWlRRhc4zQC12ejQAwFZ2gk9472tPBhQh3Htvvlil21M9A5cmI7tVOHOrlSITka/fJHbxDy2IcAuWRadx07QjdhCgWXMCv1Yg0R42M2gq6hAfNBu0kWekYPYs0wpBEoKiTNRJjfSJiv9dT3zKTP8Eb/9lLxL68b4/DcTUQQxQgBTw+hkJAd0lwJ0wbQgVCAyNLkQEVAOVMMEZSgjHMjxqaekunj+2n6P2kdVR3Dr44r9VreTJHskX1ySBxyRurkkjRIk3AyIQ/kkTxZ99az9WK9fo0WrHxnl/yA9fYJ7h6VhQ==</latexit>

z ⇠ 20
<latexit sha1_base64="6YtzTsxMC7BL9chHONWLJmm7jOY=">AAAB+3icdVC7TsNAEDzzDOEVoKQ5ESFRRXbEK10kGsogkQdKrOh82YRT7s7W3RopRPkKWqjoEC0fQ8G/YBsjBQRTjWZ2tbMTRFJYdN13Z2FxaXlltbBWXN/Y3Nou7ey2bBgbDk0eytB0AmZBCg1NFCihExlgKpDQDsYXqd++A2NFqK9xEoGv2EiLoeAME+nmnvasULTq9ktlt+JmoHPkxPVqpx71cqVMcjT6pY/eIOSxAo1cMmu7nhuhP2UGBZcwK/ZiCxHjYzaCbkI1U2D9aRZ4Rg9jyzCkERgqJM1EmN+YMmXtRAXJpGJ4a397qfiX141xeO5PhY5iBM3TQygkZIcsNyJpAuhAGEBkaXKgQlPODEMEIyjjPBHjpJpi0sf30/R/0qpWvIRfHZfrtbyZAtknB+SIeOSM1MklaZAm4USRB/JInpyZ8+y8OK9fowtOvrNHfsB5+wRoDJQn</latexit><latexit sha1_base64="6YtzTsxMC7BL9chHONWLJmm7jOY=">AAAB+3icdVC7TsNAEDzzDOEVoKQ5ESFRRXbEK10kGsogkQdKrOh82YRT7s7W3RopRPkKWqjoEC0fQ8G/YBsjBQRTjWZ2tbMTRFJYdN13Z2FxaXlltbBWXN/Y3Nou7ey2bBgbDk0eytB0AmZBCg1NFCihExlgKpDQDsYXqd++A2NFqK9xEoGv2EiLoeAME+nmnvasULTq9ktlt+JmoHPkxPVqpx71cqVMcjT6pY/eIOSxAo1cMmu7nhuhP2UGBZcwK/ZiCxHjYzaCbkI1U2D9aRZ4Rg9jyzCkERgqJM1EmN+YMmXtRAXJpGJ4a397qfiX141xeO5PhY5iBM3TQygkZIcsNyJpAuhAGEBkaXKgQlPODEMEIyjjPBHjpJpi0sf30/R/0qpWvIRfHZfrtbyZAtknB+SIeOSM1MklaZAm4USRB/JInpyZ8+y8OK9fowtOvrNHfsB5+wRoDJQn</latexit><latexit sha1_base64="6YtzTsxMC7BL9chHONWLJmm7jOY=">AAAB+3icdVC7TsNAEDzzDOEVoKQ5ESFRRXbEK10kGsogkQdKrOh82YRT7s7W3RopRPkKWqjoEC0fQ8G/YBsjBQRTjWZ2tbMTRFJYdN13Z2FxaXlltbBWXN/Y3Nou7ey2bBgbDk0eytB0AmZBCg1NFCihExlgKpDQDsYXqd++A2NFqK9xEoGv2EiLoeAME+nmnvasULTq9ktlt+JmoHPkxPVqpx71cqVMcjT6pY/eIOSxAo1cMmu7nhuhP2UGBZcwK/ZiCxHjYzaCbkI1U2D9aRZ4Rg9jyzCkERgqJM1EmN+YMmXtRAXJpGJ4a397qfiX141xeO5PhY5iBM3TQygkZIcsNyJpAuhAGEBkaXKgQlPODEMEIyjjPBHjpJpi0sf30/R/0qpWvIRfHZfrtbyZAtknB+SIeOSM1MklaZAm4USRB/JInpyZ8+y8OK9fowtOvrNHfsB5+wRoDJQn</latexit><latexit sha1_base64="6YtzTsxMC7BL9chHONWLJmm7jOY=">AAAB+3icdVC7TsNAEDzzDOEVoKQ5ESFRRXbEK10kGsogkQdKrOh82YRT7s7W3RopRPkKWqjoEC0fQ8G/YBsjBQRTjWZ2tbMTRFJYdN13Z2FxaXlltbBWXN/Y3Nou7ey2bBgbDk0eytB0AmZBCg1NFCihExlgKpDQDsYXqd++A2NFqK9xEoGv2EiLoeAME+nmnvasULTq9ktlt+JmoHPkxPVqpx71cqVMcjT6pY/eIOSxAo1cMmu7nhuhP2UGBZcwK/ZiCxHjYzaCbkI1U2D9aRZ4Rg9jyzCkERgqJM1EmN+YMmXtRAXJpGJ4a397qfiX141xeO5PhY5iBM3TQygkZIcsNyJpAuhAGEBkaXKgQlPODEMEIyjjPBHjpJpi0sf30/R/0qpWvIRfHZfrtbyZAtknB+SIeOSM1MklaZAm4USRB/JInpyZ8+y8OK9fowtOvrNHfsB5+wRoDJQn</latexit>

PAOLO PANCI 
slide 19/30
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CMB / (1 + z)
<latexit sha1_base64="XdEIa2S2y/cAPSZqsL/TmAWxzWU="></latexit><latexit sha1_base64="XdEIa2S2y/cAPSZqsL/TmAWxzWU="></latexit><latexit sha1_base64="XdEIa2S2y/cAPSZqsL/TmAWxzWU="></latexit><latexit sha1_base64="XdEIa2S2y/cAPSZqsL/TmAWxzWU="></latexit>

Gas / (1 + z) 2

<latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit><latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit><latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit><latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit>

Residual free electrons: xe ' 2⇥ 10�4
<latexit sha1_base64="oexUzJcuEGwFLh6c0KpRvIo4EM8="></latexit><latexit sha1_base64="oexUzJcuEGwFLh6c0KpRvIo4EM8="></latexit><latexit sha1_base64="oexUzJcuEGwFLh6c0KpRvIo4EM8="></latexit><latexit sha1_base64="oexUzJcuEGwFLh6c0KpRvIo4EM8="></latexit>

Fully ionized gas: xe = 1
<latexit sha1_base64="zOYHWjiLkjfN/aKbx+XB/XQLws8="></latexit><latexit sha1_base64="zOYHWjiLkjfN/aKbx+XB/XQLws8="></latexit><latexit sha1_base64="zOYHWjiLkjfN/aKbx+XB/XQLws8="></latexit><latexit sha1_base64="zOYHWjiLkjfN/aKbx+XB/XQLws8="></latexit>

DM can (and will if thermal) annihilate into SM.             
Will heat the IGM in 2 ways: ➡ Annihilations increase ionization fraction                                   

IGM decouples later ⇒ it had less time to cool

z ' 130
<latexit sha1_base64="lJQOyxVUZrSPuRPf5XDImhixmjw=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwVRLf3RXcuKxgH9CGMpne1qEzSZy5EWoo+BVudeVO3PorLvwXkxihip7V4Zx7ueceL5TCoG2/W4W5+YXFpeJyaWV1bX2jvLnVMkGkOTR5IAPd8ZgBKXxookAJnVADU56Etjc+T/32LWgjAv8KJyG4io18MRScYSL17mjPCAU31Dm0++WKXbUz0BlybDu1E4c6uVIhORr98kdvEPBIgY9cMmO6jh2iGzONgkuYlnqRgZDxMRtBN6E+U2DcOMs8pXuRYRjQEDQVkmYizG7ETBkzUV4yqRhem99eKv7ldSMcnrmx8MMIwefpIRQSskOGa5GUAXQgNCCyNDlQ4VPONEMELSjjPBGjpJ1S0sf30/R/0jqoOgm/PKrUa3kzRbJDdsk+ccgpqZML0iBNwklIHsgjebLurWfrxXr9Gi1Y+c42+QHr7RN9opVN</latexit><latexit sha1_base64="lJQOyxVUZrSPuRPf5XDImhixmjw=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwVRLf3RXcuKxgH9CGMpne1qEzSZy5EWoo+BVudeVO3PorLvwXkxihip7V4Zx7ueceL5TCoG2/W4W5+YXFpeJyaWV1bX2jvLnVMkGkOTR5IAPd8ZgBKXxookAJnVADU56Etjc+T/32LWgjAv8KJyG4io18MRScYSL17mjPCAU31Dm0++WKXbUz0BlybDu1E4c6uVIhORr98kdvEPBIgY9cMmO6jh2iGzONgkuYlnqRgZDxMRtBN6E+U2DcOMs8pXuRYRjQEDQVkmYizG7ETBkzUV4yqRhem99eKv7ldSMcnrmx8MMIwefpIRQSskOGa5GUAXQgNCCyNDlQ4VPONEMELSjjPBGjpJ1S0sf30/R/0jqoOgm/PKrUa3kzRbJDdsk+ccgpqZML0iBNwklIHsgjebLurWfrxXr9Gi1Y+c42+QHr7RN9opVN</latexit><latexit sha1_base64="lJQOyxVUZrSPuRPf5XDImhixmjw=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwVRLf3RXcuKxgH9CGMpne1qEzSZy5EWoo+BVudeVO3PorLvwXkxihip7V4Zx7ueceL5TCoG2/W4W5+YXFpeJyaWV1bX2jvLnVMkGkOTR5IAPd8ZgBKXxookAJnVADU56Etjc+T/32LWgjAv8KJyG4io18MRScYSL17mjPCAU31Dm0++WKXbUz0BlybDu1E4c6uVIhORr98kdvEPBIgY9cMmO6jh2iGzONgkuYlnqRgZDxMRtBN6E+U2DcOMs8pXuRYRjQEDQVkmYizG7ETBkzUV4yqRhem99eKv7ldSMcnrmx8MMIwefpIRQSskOGa5GUAXQgNCCyNDlQ4VPONEMELSjjPBGjpJ1S0sf30/R/0jqoOgm/PKrUa3kzRbJDdsk+ccgpqZML0iBNwklIHsgjebLurWfrxXr9Gi1Y+c42+QHr7RN9opVN</latexit><latexit sha1_base64="lJQOyxVUZrSPuRPf5XDImhixmjw=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwVRLf3RXcuKxgH9CGMpne1qEzSZy5EWoo+BVudeVO3PorLvwXkxihip7V4Zx7ueceL5TCoG2/W4W5+YXFpeJyaWV1bX2jvLnVMkGkOTR5IAPd8ZgBKXxookAJnVADU56Etjc+T/32LWgjAv8KJyG4io18MRScYSL17mjPCAU31Dm0++WKXbUz0BlybDu1E4c6uVIhORr98kdvEPBIgY9cMmO6jh2iGzONgkuYlnqRgZDxMRtBN6E+U2DcOMs8pXuRYRjQEDQVkmYizG7ETBkzUV4yqRhem99eKv7ldSMcnrmx8MMIwefpIRQSskOGa5GUAXQgNCCyNDlQ4VPONEMELSjjPBGjpJ1S0sf30/R/0jqoOgm/PKrUa3kzRbJDdsk+ccgpqZML0iBNwklIHsgjebLurWfrxXr9Gi1Y+c42+QHr7RN9opVN</latexit>z ' 1100

<latexit sha1_base64="WXX4y3tcO9mM8FVus+OvQkkSWC4=">AAAB/3icdVC7SgNBFJ2NrxhfUUubwSBYhV3xlS5gYxnBPCBZwuzkJg6ZfWTmrhCXFH6FrVZ2YuunWPgvzq4rRNFTHc65l3vu8SIpNNr2u1VYWFxaXimultbWNza3yts7LR3GikOThzJUHY9pkCKAJgqU0IkUMN+T0PbGF6nfvgWlRRhc4zQC12ejQAwFZ2gk9472tPBhQh3Htvvlil21M9A5cmI7tVOHOrlSITka/fJHbxDy2IcAuWRadx07QjdhCgWXMCv1Yg0R42M2gq6hAfNBu0kWekYPYs0wpBEoKiTNRJjfSJiv9dT3zKTP8Eb/9lLxL68b4/DcTUQQxQgBTw+hkJAd0lwJ0wbQgVCAyNLkQEVAOVMMEZSgjHMjxqaekunj+2n6P2kdVR3Dr44r9VreTJHskX1ySBxyRurkkjRIk3AyIQ/kkTxZ99az9WK9fo0WrHxnl/yA9fYJ7h6VhQ==</latexit><latexit sha1_base64="WXX4y3tcO9mM8FVus+OvQkkSWC4=">AAAB/3icdVC7SgNBFJ2NrxhfUUubwSBYhV3xlS5gYxnBPCBZwuzkJg6ZfWTmrhCXFH6FrVZ2YuunWPgvzq4rRNFTHc65l3vu8SIpNNr2u1VYWFxaXimultbWNza3yts7LR3GikOThzJUHY9pkCKAJgqU0IkUMN+T0PbGF6nfvgWlRRhc4zQC12ejQAwFZ2gk9472tPBhQh3Htvvlil21M9A5cmI7tVOHOrlSITka/fJHbxDy2IcAuWRadx07QjdhCgWXMCv1Yg0R42M2gq6hAfNBu0kWekYPYs0wpBEoKiTNRJjfSJiv9dT3zKTP8Eb/9lLxL68b4/DcTUQQxQgBTw+hkJAd0lwJ0wbQgVCAyNLkQEVAOVMMEZSgjHMjxqaekunj+2n6P2kdVR3Dr44r9VreTJHskX1ySBxyRurkkjRIk3AyIQ/kkTxZ99az9WK9fo0WrHxnl/yA9fYJ7h6VhQ==</latexit><latexit sha1_base64="WXX4y3tcO9mM8FVus+OvQkkSWC4=">AAAB/3icdVC7SgNBFJ2NrxhfUUubwSBYhV3xlS5gYxnBPCBZwuzkJg6ZfWTmrhCXFH6FrVZ2YuunWPgvzq4rRNFTHc65l3vu8SIpNNr2u1VYWFxaXimultbWNza3yts7LR3GikOThzJUHY9pkCKAJgqU0IkUMN+T0PbGF6nfvgWlRRhc4zQC12ejQAwFZ2gk9472tPBhQh3Htvvlil21M9A5cmI7tVOHOrlSITka/fJHbxDy2IcAuWRadx07QjdhCgWXMCv1Yg0R42M2gq6hAfNBu0kWekYPYs0wpBEoKiTNRJjfSJiv9dT3zKTP8Eb/9lLxL68b4/DcTUQQxQgBTw+hkJAd0lwJ0wbQgVCAyNLkQEVAOVMMEZSgjHMjxqaekunj+2n6P2kdVR3Dr44r9VreTJHskX1ySBxyRurkkjRIk3AyIQ/kkTxZ99az9WK9fo0WrHxnl/yA9fYJ7h6VhQ==</latexit><latexit sha1_base64="WXX4y3tcO9mM8FVus+OvQkkSWC4=">AAAB/3icdVC7SgNBFJ2NrxhfUUubwSBYhV3xlS5gYxnBPCBZwuzkJg6ZfWTmrhCXFH6FrVZ2YuunWPgvzq4rRNFTHc65l3vu8SIpNNr2u1VYWFxaXimultbWNza3yts7LR3GikOThzJUHY9pkCKAJgqU0IkUMN+T0PbGF6nfvgWlRRhc4zQC12ejQAwFZ2gk9472tPBhQh3Htvvlil21M9A5cmI7tVOHOrlSITka/fJHbxDy2IcAuWRadx07QjdhCgWXMCv1Yg0R42M2gq6hAfNBu0kWekYPYs0wpBEoKiTNRJjfSJiv9dT3zKTP8Eb/9lLxL68b4/DcTUQQxQgBTw+hkJAd0lwJ0wbQgVCAyNLkQEVAOVMMEZSgjHMjxqaekunj+2n6P2kdVR3Dr44r9VreTJHskX1ySBxyRurkkjRIk3AyIQ/kkTxZ99az9WK9fo0WrHxnl/yA9fYJ7h6VhQ==</latexit>

z ⇠ 20
<latexit sha1_base64="6YtzTsxMC7BL9chHONWLJmm7jOY=">AAAB+3icdVC7TsNAEDzzDOEVoKQ5ESFRRXbEK10kGsogkQdKrOh82YRT7s7W3RopRPkKWqjoEC0fQ8G/YBsjBQRTjWZ2tbMTRFJYdN13Z2FxaXlltbBWXN/Y3Nou7ey2bBgbDk0eytB0AmZBCg1NFCihExlgKpDQDsYXqd++A2NFqK9xEoGv2EiLoeAME+nmnvasULTq9ktlt+JmoHPkxPVqpx71cqVMcjT6pY/eIOSxAo1cMmu7nhuhP2UGBZcwK/ZiCxHjYzaCbkI1U2D9aRZ4Rg9jyzCkERgqJM1EmN+YMmXtRAXJpGJ4a397qfiX141xeO5PhY5iBM3TQygkZIcsNyJpAuhAGEBkaXKgQlPODEMEIyjjPBHjpJpi0sf30/R/0qpWvIRfHZfrtbyZAtknB+SIeOSM1MklaZAm4USRB/JInpyZ8+y8OK9fowtOvrNHfsB5+wRoDJQn</latexit><latexit sha1_base64="6YtzTsxMC7BL9chHONWLJmm7jOY=">AAAB+3icdVC7TsNAEDzzDOEVoKQ5ESFRRXbEK10kGsogkQdKrOh82YRT7s7W3RopRPkKWqjoEC0fQ8G/YBsjBQRTjWZ2tbMTRFJYdN13Z2FxaXlltbBWXN/Y3Nou7ey2bBgbDk0eytB0AmZBCg1NFCihExlgKpDQDsYXqd++A2NFqK9xEoGv2EiLoeAME+nmnvasULTq9ktlt+JmoHPkxPVqpx71cqVMcjT6pY/eIOSxAo1cMmu7nhuhP2UGBZcwK/ZiCxHjYzaCbkI1U2D9aRZ4Rg9jyzCkERgqJM1EmN+YMmXtRAXJpGJ4a397qfiX141xeO5PhY5iBM3TQygkZIcsNyJpAuhAGEBkaXKgQlPODEMEIyjjPBHjpJpi0sf30/R/0qpWvIRfHZfrtbyZAtknB+SIeOSM1MklaZAm4USRB/JInpyZ8+y8OK9fowtOvrNHfsB5+wRoDJQn</latexit><latexit sha1_base64="6YtzTsxMC7BL9chHONWLJmm7jOY=">AAAB+3icdVC7TsNAEDzzDOEVoKQ5ESFRRXbEK10kGsogkQdKrOh82YRT7s7W3RopRPkKWqjoEC0fQ8G/YBsjBQRTjWZ2tbMTRFJYdN13Z2FxaXlltbBWXN/Y3Nou7ey2bBgbDk0eytB0AmZBCg1NFCihExlgKpDQDsYXqd++A2NFqK9xEoGv2EiLoeAME+nmnvasULTq9ktlt+JmoHPkxPVqpx71cqVMcjT6pY/eIOSxAo1cMmu7nhuhP2UGBZcwK/ZiCxHjYzaCbkI1U2D9aRZ4Rg9jyzCkERgqJM1EmN+YMmXtRAXJpGJ4a397qfiX141xeO5PhY5iBM3TQygkZIcsNyJpAuhAGEBkaXKgQlPODEMEIyjjPBHjpJpi0sf30/R/0qpWvIRfHZfrtbyZAtknB+SIeOSM1MklaZAm4USRB/JInpyZ8+y8OK9fowtOvrNHfsB5+wRoDJQn</latexit><latexit sha1_base64="6YtzTsxMC7BL9chHONWLJmm7jOY=">AAAB+3icdVC7TsNAEDzzDOEVoKQ5ESFRRXbEK10kGsogkQdKrOh82YRT7s7W3RopRPkKWqjoEC0fQ8G/YBsjBQRTjWZ2tbMTRFJYdN13Z2FxaXlltbBWXN/Y3Nou7ey2bBgbDk0eytB0AmZBCg1NFCihExlgKpDQDsYXqd++A2NFqK9xEoGv2EiLoeAME+nmnvasULTq9ktlt+JmoHPkxPVqpx71cqVMcjT6pY/eIOSxAo1cMmu7nhuhP2UGBZcwK/ZiCxHjYzaCbkI1U2D9aRZ4Rg9jyzCkERgqJM1EmN+YMmXtRAXJpGJ4a397qfiX141xeO5PhY5iBM3TQygkZIcsNyJpAuhAGEBkaXKgQlPODEMEIyjjPBHjpJpi0sf30/R/0qpWvIRfHZfrtbyZAtknB+SIeOSM1MklaZAm4USRB/JInpyZ8+y8OK9fowtOvrNHfsB5+wRoDJQn</latexit>

PAOLO PANCI 
slide 19/30



Where does DM Ann. enter?
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CMB / (1 + z)
<latexit sha1_base64="XdEIa2S2y/cAPSZqsL/TmAWxzWU="></latexit><latexit sha1_base64="XdEIa2S2y/cAPSZqsL/TmAWxzWU="></latexit><latexit sha1_base64="XdEIa2S2y/cAPSZqsL/TmAWxzWU="></latexit><latexit sha1_base64="XdEIa2S2y/cAPSZqsL/TmAWxzWU="></latexit>

Gas / (1 + z) 2

<latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit><latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit><latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit><latexit sha1_base64="3iA80xHmFpiV2qfwmov7aPD3cmQ=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIoTdIKg3wYMeI5hESGLoHds4ZHZ3mOkVdQn4CX6FVz15E6/+ggf/xUnMwVediqpuqrtCraQl33/3cmPjE5NT+enCzOzc/EJxcaluk9QIrIlEJeY0BItKxlgjSQpPtUGIQoWNsHcw8BtXaKxM4hO60diOoBvLCymAnNQprrSiMLnODsH2eUubRFPCN4Kt282zSqdY8sv+EPwvCUakxEaodoofrfNEpBHGJBRY2wx8Te0MDEmhsF9opRY1iB50seloDBHadjb8oc/XUwsuW6PhUvGhiN83MoisvYlCNxkBXdrf3kD8z2umdLHbzmSsU8JYDIJIKhwGWWGkKwf5uTRIBIPLkcuYCzBAhEZyEMKJqWur4PoIfn//l9Qr5cDx4+3S/t6omTxbZWtsgwVsh+2zI1ZlNSbYHXtgj+zJu/eevRfv9Ws05412ltkPeG+fkUibRw==</latexit>

Residual free electrons: xe ' 2⇥ 10�4
<latexit sha1_base64="oexUzJcuEGwFLh6c0KpRvIo4EM8="></latexit><latexit sha1_base64="oexUzJcuEGwFLh6c0KpRvIo4EM8="></latexit><latexit sha1_base64="oexUzJcuEGwFLh6c0KpRvIo4EM8="></latexit><latexit sha1_base64="oexUzJcuEGwFLh6c0KpRvIo4EM8="></latexit>

Fully ionized gas: xe = 1
<latexit sha1_base64="zOYHWjiLkjfN/aKbx+XB/XQLws8="></latexit><latexit sha1_base64="zOYHWjiLkjfN/aKbx+XB/XQLws8="></latexit><latexit sha1_base64="zOYHWjiLkjfN/aKbx+XB/XQLws8="></latexit><latexit sha1_base64="zOYHWjiLkjfN/aKbx+XB/XQLws8="></latexit>

DM can (and will if thermal) annihilate into SM.             
Will heat the IGM in 2 ways: ➡ More importantly, annihilations directly heat 

the IGM by energy injection

z ' 130
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Figure 3: Primary fluxes of e±, p̄, d̄, � and ⇥e.
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Total number of stable SM products per (dV, dE and dt) at a given z: 

Total Energy injected into the IGM per (dV and dt) at a given z:

Energy injection
dN

dV dEfdt
= h⇢2DMi h�vi

M2
DM

dN

dEf

dE
dV dt

����
inj

=

Z X

f

dN
dV dEfdt

EfdEf ⌘ h⇢2DMi h�vi
MDM
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Total number of stable SM products per (dV, dE and dt) at a given z: 

Total Energy injected into the IGM per (dV and dt) at a given z:

Energy injection

h⇢2DMi ⌘ h⇢DMi2B(z) = ⇢2c⌦
2
DM(1 + z)6B(z)
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Boosted Annihilation due to structure formation:
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= h⇢2DMi h�vi
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Total number of stable SM products per (dV, dE and dt) at a given z: 

Total Energy injected into the IGM per (dV and dt) at a given z:

Energy injection
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Energy deposition
Energy deposited into the IGM in 3 main channels:

dE
dV dt

����
dep

⌘ dE
dV dt

����
inj

fc(z)
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Energy deposition
Energy deposited into the IGM in 3 main channels:

dE
dV dt
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dep

⌘ dE
dV dt
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Ionize HI 
Excite HI 
Heat the IGM
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fe↵
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(1 + 2xe)
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INSTANTANEOUS DEPOSITION: only valid at high redshift
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Energy deposition

Slatyer 
1506.03811, 
1506.03812

Energy deposited into the IGM in 3 main channels:

dE
dV dt
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dV dt
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Energy deposition

Slatyer 
1506.03811, 
1506.03812

Energy deposited into the IGM in 3 main channels:

dE
dV dt

����
dep

⌘ dE
dV dt
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inj

fc(z)
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Ionize HI 
Excite HI 
Heat the IGM

DELAYED DEPOSITION: important at low redshift (EDGES from 20 to 15) 

Hubble Rate

Deposition  
redshift

Injection  
redshift

Accounts for EM
 shower

fc(z) =

R
dz0 H(z)(1+z)3

H(z0)(1+z0)4

R
dE E Tc(E, z, z0) dN

dV dEdt (E, z0)
dE

dV dt

��
inj
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Evolution w/o DM ann.

dxe

dz
=

P2

(1 + z)H(z)

h
↵H(Tgas)nHx

2
e
� �H(Tgas) e

�E↵/Tgas(1� xe)
i

dTgas

dz
=

1

1 + z
{2Tgas(z)� �C[TCMB(z)� Tgas(z)]}
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Evolution of the free electrons abundance:

Evolution of the gas Temperature:

Recombination of HI Ionization of HI

Adiabatic cooling term Compton heating term
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Evolution of the free electrons abundance:

Evolution of the gas Temperature:

Evolution w/ DM ann.

Energy deposited: IONIZATION and EXCITATION

Energy deposited: HEATING 
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How do we put bounds?
➡ Signal is lower than expected (and maybe not even cosmological?).   

We do not try to explain it!
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How do we put bounds?
➡ Signal is lower than expected (and maybe not even cosmological?).   

We do not try to explain it!

➡ Annihilation increases Tgas: tends to erase the 21-cm signal

➡ Hence, we can infer bounds. But we cannot use the observed signal: 
already the SM is out at 3.8σ….
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How do we put bounds?
➡ Signal is lower than expected (and maybe not even cosmological?).   

We do not try to explain it!

➡ Annihilation increases Tgas: tends to erase the 21-cm signal

➡ Hence, we can infer bounds. But we cannot use the observed signal: 
already the SM is out at 3.8σ….

➡ Our strategy: 
๏ Assume standard evolution
๏ Conservative scenario: Adiabatic cooling & efficient Lα-pumping
๏ Strongest absorption: T z=17

S ⇠ T ad
gas = 6.5 K =) T z=17

21 ' �200 mK
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How do we put bounds?
➡ Signal is lower than expected (and maybe not even cosmological?).   

We do not try to explain it!

➡ Annihilation increases Tgas: tends to erase the 21-cm signal

➡ Hence, we can infer bounds. But we cannot use the observed signal: 
already the SM is out at 3.8σ….

➡ Our strategy: 
๏ Assume standard evolution
๏ Conservative scenario: Adiabatic cooling & efficient Lα-pumping
๏ Strongest absorption: 

➡ We require that DM annihilations do not erase the 21-cm signal above 
-100 mK !!

T z=17
S ⇠ T ad

gas = 6.5 K =) T z=17
21 ' �200 mK
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➡ We (hopefully) have started probing the Universe in 21-cm

➡ EDGES result is fundamental for astrophysics (and particle physics?):                                                                                     
information about the epoch of reionization and indirectly about the        
IGM temperature soon after the formation of first stars and galaxies

➡ The amplitude of the 21-cm signal detected by EDGES is anomalous:                                           
two approaches to explain the anomaly that select few peculiar BSM models 

➡ The inferred spin temperature by EDGES is very small:                                                                    
great opportunity to set severe and stringent bounds on the properties         
of any extra source of heating (e.g. DM ann./dec., PBHs, etc…)

➡ This is just the beginning: Stay tuned for further developments!  
Can the monopole 21-cm alone shed light on dark matter?
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EDGES Fitting procedure

𝑚fg 𝒂𝒊 =
𝜈
𝜈𝑛
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𝑁fg−1

𝒂𝒊
𝜈
𝜈𝑛

𝑖

Smooth sets of basis functions that model well, with few terms, the spectrum over wide frequency ranges.

Linear fit coefficients not intended to be assigned physical interpretation. 

Alternative Polynomial Model

“Foreground” Models
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Linearized version of  Physically-Motivated foreground model
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A Ground Plane Artifact that Induces an Absorption 
Profile in Averaged Spectra from Global 21-cm 
Measurements - with Possible Application to EDGES
Richard F. Bradley, Keith Tauscher, David Rapetti, and Jack O. Burns
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Addressing Concerns:   Recent Tests in the Field

Null Tests (feature should not be found)
1) Measuring noise sources that produce a flat spectrum. 
2) Measuring noise sources that produce a spectrum resembling the diffuse foregrounds.

Tests Addressing Antenna Beam Effects (feature should be found)
1) Using smaller Mid-Band antenna covering 60-160 MHz.
2) Using Low-Band antenna over a smaller 9m x 9m ground plane. We call this Low-Band 3.

These tests have been passed successfully. This supports a spectral feature from the sky.



Preliminary: Mid-band results
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1) Data from May - August 2018.
2) Low foregrounds.
3) Best-fit absorption consistent with Bowman et al. (2018).
4) Some alternative models suggested can be disfavored.

Monsalve, Mahesh, Rogers, Bowman, Mozdzen, & Johnson (in preparation)
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Slide from Monsalve’s talk @ La Thuile 2019

Antenna Reflection Coefficients

78 MHz



EDGES Residuals r.m.s.EDGES-Low

Bowman et al. 2018
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1: Cool the IGM even more

Barkana et al. 
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DM-baryons interactions enhanced as

4

required to a↵ect the 21-cm spectrum, while not violat-
ing CMB and direct detection constraints 4. The root
mean square relative velocity between the DM and the
gas is [51] vrel = 29 km/sec ⇠ 10�4 at decoupling and it
redshifts correspondingly at later times.

For the case of light dark matter much below the GeV
mass scale (where su�cient cooling can be obtained), the
drag force has very little e↵ect on the gas temperature
evolution and can be neglected. Assuming the cross sec-
tion of Eq. (9) one then finds [2, 3] the approximated
expression,

Q̇
I

gas
'

r
2

⇡

µI

mI +mp

x
I

u
3

th

(T� � Tgas)n��̂
I
, (10)

where we defined (uI

th
)2 = Tgas/mI +T�/m�. The corre-

sponding Q̇� is obtained by exchanging � $ gas. As can
be seen from Fig. 1, the approximate formula above gives
a correct description of the behavior of the cooling rate
for light dark matter, where the cross section becomes
independent on the dark matter mass.

In the upcoming section we solve these equations more
precisely, fitting the observed signal to a DM-gas inter-
action.

III. THE 21-CM SIGNAL

Whenever Ts < TCMB, the gas absorbs CMB radia-
tion, leaving an imprint in the form of an absorption
line in the CMB spectrum. Two lines of that nature are
expected to appear, first around z ⇠ 50 � 100 during
the dark ages, when collisions dominate the spin-flipping
transitions, and second during the cosmic dawn at around
z ⇠ 20, when the UV radiation from the first stars cou-
ples the spin temperature back to the gas. To quantify
the absorption strength one defines the redshifted bright-
ness temperature [52],

T21 =
1

1 + z
(Ts � TCMB)

�
1� e

�⌧
�
, (11)

where ⌧ is the optical depth given by,

⌧ ' 3�2

21
A10nH

16TsH(z)
. (12)

At z = 17 the standard evolution described in Sec. II
predicts Tgas(z = 17) ' 6.8K (see e.g. [51]). Assuming
the most optimal scenario, Ts = Tgas, one then arrives at
the brightness temperature,

T
SM

21
(z = 17) & �220 mK . (13)

4 This argument ignores stronger-than-Coulomb forces that may
possibly arise in non relativistic e↵ective theories where DM in-
teractions with matter exhibit a MOND-like behavior [50].
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FIG. 1. The cross section defined in Eq. (9) required to fit
the EDGES signal for DM-hydrogen interactions (red), DM-
helium interactions (blue) and interactions with the ionized
fraction assuming the interacting particle constitutes all of
the DM (green) or only 1% of the DM density (brown).
The solid (dashed) lines correspond to the minimal cross
section needed to obtain a brightness temperature T21 =
�300mK (�500mK) assuming infinite Ly-↵ radiation rate
which couples the spin temperature to that of the gas, and
assuming no heating of the gas due to X-ray radiation.

This is contrasted with the recent study by EDGES
where

T
EDGES

21
(z ' 17) = �500+200

�500
mK (14)

is reported [1], with the errors correspond to the 99%
C.L. intervals. Again, under the assumption of Ts = Tgas,
the above implies Tgas(z = 17) = 3.26+1.94

�1.58
K. The dis-

crepancy between expected and measured temperatures
correspond to a 3.8� excess [1]. We are therefore moti-
vated to investigate the possibility that DM-gas interac-
tion underlies the low gas temperature.
Solving the full dynamical evolution Eqs. (5)–(7) from

recombination down to z = 10 (including the evolution
of the free electron fraction), one can extract the nec-
essary DM cross section, �̂I , needed to produce the re-
ported absorption peak through interaction with a given
component of the gas. This analysis was first performed
in [4] for the DM-hydrogen interactions, and is now be-
ing generalized for DM interaction with the free electron
and proton components. The required cross section �̂ is
shown in Fig. 1 as a function of the DM mass. The lines
correspond to the minimal cross section that induces an
absorption line in agreement with the data at the 99%
confidence level. We choose the parameters in order to
give the minimal required cross section between the DM
and the gas. In particular any heating e↵ect of the gas
at late times from UV radiation or other astrophysical
sources is neglected.
Fig. 1 shows that the DM mass needed to explain the

signal needs to be lighter than a few GeV. For heavier
masses the cross section rises steeply until it becomes
impossible for DM interactions to account for the cooling

Required cross sections to fit the EDGES signal

v = 29 km/s (1 + z)/(1 + zrec)
<latexit sha1_base64="+H2WNyUzPmNAX0eK1srYWLd0+4E="></latexit>

d�/d⌦ / �̂ v�4
<latexit sha1_base64="g9nsucTU5XAC8PU7nPDVoaoyRuI="></latexit>

with
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photons that kinetically mixes with the visible photon 
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FIG. 2. Constraints on the e↵ective couplings of light media-
tors to the SM as a function of the mediator mass. The gray
shaded region is excluded for theories that mediate a long
range Rutherford-like force which cannot be fully screened.
For the astrophisical bounds we assume democratic media-
tor couplings between electrons and protons. The purple-
shaded region holds also for a light hidden photon under
which SM charges are proportional to their electric charge
and can therefore be screened. The solid (dashed) lines in-
dicated the minimal ↵e↵ needed to fit the EDGES signal (see
Fig 1) when cooling via the scattering of a keV (GeV) DM
with hydrogen (red), helium (blue) and free electrons and
protons (green) is assumed. In order to show the severeness
of the constraints on ↵e↵ , the cross sections are obtained for
the best case scenario where the coupling of the DM to the me-
diator, ↵D = 1, ignoring any possible limits. The gray shaded
region is excluded by various 5th force experiments [13, 68]
while the purple-shaded region shows various limits including
those from stellar cooling constraints [18, 19].

helium and ionized fraction respectively. We see that, in-
dependently of any other constraint related to the partic-
ular DM mass or the DM coupling ↵D, 5th force experi-
ments alone severely constrain the coupling of such a light
mediatior to the SM [13, 68]. For mediator masses above
0.1 eV the 5th force experiments loose sensitivity and
strong limits from stellar cooling processes in HB stars,
in the Sun [18] and in Red Giants [19] take over. In Fig. 2
we show the bounds for a mediator which couples to elec-
trons and protons with the same strength. These bounds
can be reduced of by a factor of (me/2mp)2 ⇡ 10�7 for
mediators coupled to protons only. Even in this advan-
tageous case we see from Fig. 2 that the cross sections
required to cool the gas in that mass region is excluded
by star cooling constraints.

This simple observation rules out models where a new
light scalar is the mediator and the e↵ective coupling ↵e↵

is proportional to its Yukawa interactions with a given
fraction of the gas ↵e↵ = y

2

I
/4⇡ (see for example [69]).

The same reasoning rules out models with a B � L vec-
tor (or scalar) mediator, where ↵e↵ = g

2

B�L
/4⇡ and the

helium carries a charge 2. The same reasoning apply
to models where a light vector mediator is gauging an
anomalous symmetry of the Standard Model under which
the hydrogen is charged such as U(1)B or U(1)L. This
last possibility is further constrained by a variety of rare
processes and indirect observations related to the exis-
tence of anomalous coupling at low energy [70–72]. The
line of arguments presented above essentially rules out
all known direct DM-atom Coulomb-like scattering as a
possible explanation of the EDGES signal.
The 5th force constraints are derived from gravity

precision tests. These experiments are done with elec-
trically neutral systems to reduce the noise. Conse-
quently, the only force mediators that may evade the
above constraints (and yet produce a Coulomb-like long-
range force) are those that can be screened at long dis-
tances. Only two such possibilities are known: (i) Models
with a hidden photon that mixes with the SM photon,
and (ii) Models under which DM is millicharged and the
mediator is the visible photon itself. In both cases, the
SM charges under the force are proportional (or equal)
to the corresponding electric charge, which is screened at
long distances. We now discuss these two cases in turn.

B. Hidden Photons

The so-called vector portal introduces a dark sector
that communicates with the SM via a U(1)D gauge bo-
son, A0. This hidden photon kinetically mixes with the
SM hypercharge and consequently with the visible pho-
ton,

L � � ✏

2
F

µ⌫
F

0
µ⌫

. (21)

Here ✏ is the kinetic mixing parameter and F
µ⌫ (F 0µ⌫)

is the photon (hidden photon) field strength. One may
invoke a field redefinition in which the two photons are
mass eigenstates that do not mix. For a su�ciently light
hidden photon, the form factor of Eq. (16) is given by,

F�(q
2) ' ↵

2
m

2

e

q2
, (22)

and the scattering cross sections are given by Eqns. (17)
and (18) with ↵e↵ = ✏

2
↵.

As explained in the Introduction, the de-Broglie wave-
length of an interacting sub-GeV DM with a velocity of
order 1 km/sec (relevant at z ' 20) is too large to resolve
the internal structure of the neutral hydrogen and he-
lium. Consequently, scattering with these particles does
not result in v

�4

rel
interactions. The only possibility left
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FIG. 3. Constraints on the hidden photon parameter space for the case when the interacting particle constitutes all of the
measured DM density (⌦� = ⌦CDM) and for the choice of very light mediator mA0 = 10�18 eV. The same parameter space
is plotted on the ✏ � m� plane (left) and �̄e � m� plane (right). In both plots we choose ↵D = 10�10(m�/MeV)3/2 which
is consistent with the self-interaction limits [21]. The green line represent the minimal cross section needed to explain the
EDGES measurement, while in dashed-gray lines we show contours of constant �̂ for better orientation. Constraints from
cooling of the supernova (SN) 1987A [6] (purple), direct detection limits from XENON10 [56, 63] (green), e↵ective number of
relativistic particles at CMB and at BBN [8] (blue), SLAC millicharge experiment [22] (gray), cooling of white-dwarfs (WD),
horizontal-branch (HB) stars and red-giants (RG) [8] (pink and brown), limits on DM-SM coupling at the time of CMB [23]
(light green) and DM-SM momentum transfer [73] (light purple) are shown in the shaded regions.

is thus to interact with the free electrons and protons.
The relevant cross section needed in order to address the
EDGES measurement is the one shown in green in Fig. 1.
The same conclusion holds for the millicharged DM case
discussed below.5

Numerous constraints on the hidden photon and on
DM that is coupled to it have been studied in the
literature. One limiting aspect is the self-interaction
bounds [21] which place an upper bound on the DM-
mediator coupling, ↵D. In Fig. 3 we plot the line de-
scribing the minimal cross section required to fit the
signal in the ✏ � mDM and �̄e � mDM planes. In the
plots we assume the interacting particle constitutes all of
the DM. On the left, for every value of ✏ we choose the
largest possible ↵D coupling allowed by self-interaction
limits, taking the mediator mass to be m� = 10�18 eV.
We also show constraints from cooling of the supernova
(SN) 1987A [6], direct detection limits from XENON10

5 A full treatment of the DM-millicharge interactions has in prin-
ciple to include the velocity dependent cross section of DM with
Hydrogen which we neglect in our approximation (� & a0). Since
the Hydrogen is roughly 104 times more abundant at z ⇡ 20
dipole interactions of DM with Hydrogen might become relevant
for m� & 10 MeV. We defer a complete study of this e↵ect for
a future work.

[56, 63], e↵ective number of relativistic particles at CMB
and at BBN [8], SLAC millicharge experiment [22], cool-
ing of white-dwarfs (WD), horizontal-branch (HB) stars
and red-giants (RG) [8] and limits on DM-SM coupling
at the time of CMB [23]. We finally include the most
recent limits on DM heating up the gas at the time of
CMB (see [73]). These bounds are the dominant ones
for DM masses between 100 KeV and 1 MeV.
It is interesting to ask whether the situation improves

if the particle cooling the gas is a subdominant compo-
nent of DM. With the exception of the CMB limit (which
looses sensitivity for ⌦�h

2
< 0.007 [9]), and the self-

interaction bounds, all other constraints remain. Since
�̂ / ✏

2
↵D, relaxing the constraint on ↵D does not im-

prove or change the best-fit line shown in the �̄e �mDM

plane. Thus, excluding a small region around the GeV
DM mass and cross section of order �̄e ⇠ 10�25 cm2, we
conclude that the hidden photon mediator cannot explain
the observed EDGES signal.

C. Millicharged Dark Matter

Millicharged particle (MCP) DM is comprised of par-
ticles that are charged directly under electromagnetism.
Severe constraints on the strength of DM-SM interaction
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FIG. 2. Constraints on the e↵ective couplings of light media-
tors to the SM as a function of the mediator mass. The gray
shaded region is excluded for theories that mediate a long
range Rutherford-like force which cannot be fully screened.
For the astrophisical bounds we assume democratic media-
tor couplings between electrons and protons. The purple-
shaded region holds also for a light hidden photon under
which SM charges are proportional to their electric charge
and can therefore be screened. The solid (dashed) lines in-
dicated the minimal ↵e↵ needed to fit the EDGES signal (see
Fig 1) when cooling via the scattering of a keV (GeV) DM
with hydrogen (red), helium (blue) and free electrons and
protons (green) is assumed. In order to show the severeness
of the constraints on ↵e↵ , the cross sections are obtained for
the best case scenario where the coupling of the DM to the me-
diator, ↵D = 1, ignoring any possible limits. The gray shaded
region is excluded by various 5th force experiments [13, 68]
while the purple-shaded region shows various limits including
those from stellar cooling constraints [18, 19].

helium and ionized fraction respectively. We see that, in-
dependently of any other constraint related to the partic-
ular DM mass or the DM coupling ↵D, 5th force experi-
ments alone severely constrain the coupling of such a light
mediatior to the SM [13, 68]. For mediator masses above
0.1 eV the 5th force experiments loose sensitivity and
strong limits from stellar cooling processes in HB stars,
in the Sun [18] and in Red Giants [19] take over. In Fig. 2
we show the bounds for a mediator which couples to elec-
trons and protons with the same strength. These bounds
can be reduced of by a factor of (me/2mp)2 ⇡ 10�7 for
mediators coupled to protons only. Even in this advan-
tageous case we see from Fig. 2 that the cross sections
required to cool the gas in that mass region is excluded
by star cooling constraints.

This simple observation rules out models where a new
light scalar is the mediator and the e↵ective coupling ↵e↵

is proportional to its Yukawa interactions with a given
fraction of the gas ↵e↵ = y

2

I
/4⇡ (see for example [69]).

The same reasoning rules out models with a B � L vec-
tor (or scalar) mediator, where ↵e↵ = g

2

B�L
/4⇡ and the

helium carries a charge 2. The same reasoning apply
to models where a light vector mediator is gauging an
anomalous symmetry of the Standard Model under which
the hydrogen is charged such as U(1)B or U(1)L. This
last possibility is further constrained by a variety of rare
processes and indirect observations related to the exis-
tence of anomalous coupling at low energy [70–72]. The
line of arguments presented above essentially rules out
all known direct DM-atom Coulomb-like scattering as a
possible explanation of the EDGES signal.
The 5th force constraints are derived from gravity

precision tests. These experiments are done with elec-
trically neutral systems to reduce the noise. Conse-
quently, the only force mediators that may evade the
above constraints (and yet produce a Coulomb-like long-
range force) are those that can be screened at long dis-
tances. Only two such possibilities are known: (i) Models
with a hidden photon that mixes with the SM photon,
and (ii) Models under which DM is millicharged and the
mediator is the visible photon itself. In both cases, the
SM charges under the force are proportional (or equal)
to the corresponding electric charge, which is screened at
long distances. We now discuss these two cases in turn.

B. Hidden Photons

The so-called vector portal introduces a dark sector
that communicates with the SM via a U(1)D gauge bo-
son, A0. This hidden photon kinetically mixes with the
SM hypercharge and consequently with the visible pho-
ton,

L � � ✏

2
F

µ⌫
F

0
µ⌫

. (21)

Here ✏ is the kinetic mixing parameter and F
µ⌫ (F 0µ⌫)

is the photon (hidden photon) field strength. One may
invoke a field redefinition in which the two photons are
mass eigenstates that do not mix. For a su�ciently light
hidden photon, the form factor of Eq. (16) is given by,

F�(q
2) ' ↵

2
m

2

e

q2
, (22)

and the scattering cross sections are given by Eqns. (17)
and (18) with ↵e↵ = ✏

2
↵.

As explained in the Introduction, the de-Broglie wave-
length of an interacting sub-GeV DM with a velocity of
order 1 km/sec (relevant at z ' 20) is too large to resolve
the internal structure of the neutral hydrogen and he-
lium. Consequently, scattering with these particles does
not result in v

�4

rel
interactions. The only possibility left

Dark photon case

for dark photon:
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FIG. 2. Constraints on the e↵ective couplings of light media-
tors to the SM as a function of the mediator mass. The gray
shaded region is excluded for theories that mediate a long
range Rutherford-like force which cannot be fully screened.
For the astrophisical bounds we assume democratic media-
tor couplings between electrons and protons. The purple-
shaded region holds also for a light hidden photon under
which SM charges are proportional to their electric charge
and can therefore be screened. The solid (dashed) lines in-
dicated the minimal ↵e↵ needed to fit the EDGES signal (see
Fig 1) when cooling via the scattering of a keV (GeV) DM
with hydrogen (red), helium (blue) and free electrons and
protons (green) is assumed. In order to show the severeness
of the constraints on ↵e↵ , the cross sections are obtained for
the best case scenario where the coupling of the DM to the me-
diator, ↵D = 1, ignoring any possible limits. The gray shaded
region is excluded by various 5th force experiments [13, 68]
while the purple-shaded region shows various limits including
those from stellar cooling constraints [18, 19].

helium and ionized fraction respectively. We see that, in-
dependently of any other constraint related to the partic-
ular DM mass or the DM coupling ↵D, 5th force experi-
ments alone severely constrain the coupling of such a light
mediatior to the SM [13, 68]. For mediator masses above
0.1 eV the 5th force experiments loose sensitivity and
strong limits from stellar cooling processes in HB stars,
in the Sun [18] and in Red Giants [19] take over. In Fig. 2
we show the bounds for a mediator which couples to elec-
trons and protons with the same strength. These bounds
can be reduced of by a factor of (me/2mp)2 ⇡ 10�7 for
mediators coupled to protons only. Even in this advan-
tageous case we see from Fig. 2 that the cross sections
required to cool the gas in that mass region is excluded
by star cooling constraints.

This simple observation rules out models where a new
light scalar is the mediator and the e↵ective coupling ↵e↵

is proportional to its Yukawa interactions with a given
fraction of the gas ↵e↵ = y

2

I
/4⇡ (see for example [69]).

The same reasoning rules out models with a B � L vec-
tor (or scalar) mediator, where ↵e↵ = g

2

B�L
/4⇡ and the

helium carries a charge 2. The same reasoning apply
to models where a light vector mediator is gauging an
anomalous symmetry of the Standard Model under which
the hydrogen is charged such as U(1)B or U(1)L. This
last possibility is further constrained by a variety of rare
processes and indirect observations related to the exis-
tence of anomalous coupling at low energy [70–72]. The
line of arguments presented above essentially rules out
all known direct DM-atom Coulomb-like scattering as a
possible explanation of the EDGES signal.
The 5th force constraints are derived from gravity

precision tests. These experiments are done with elec-
trically neutral systems to reduce the noise. Conse-
quently, the only force mediators that may evade the
above constraints (and yet produce a Coulomb-like long-
range force) are those that can be screened at long dis-
tances. Only two such possibilities are known: (i) Models
with a hidden photon that mixes with the SM photon,
and (ii) Models under which DM is millicharged and the
mediator is the visible photon itself. In both cases, the
SM charges under the force are proportional (or equal)
to the corresponding electric charge, which is screened at
long distances. We now discuss these two cases in turn.

B. Hidden Photons

The so-called vector portal introduces a dark sector
that communicates with the SM via a U(1)D gauge bo-
son, A0. This hidden photon kinetically mixes with the
SM hypercharge and consequently with the visible pho-
ton,

L � � ✏

2
F

µ⌫
F

0
µ⌫

. (21)

Here ✏ is the kinetic mixing parameter and F
µ⌫ (F 0µ⌫)

is the photon (hidden photon) field strength. One may
invoke a field redefinition in which the two photons are
mass eigenstates that do not mix. For a su�ciently light
hidden photon, the form factor of Eq. (16) is given by,

F�(q
2) ' ↵

2
m

2

e

q2
, (22)

and the scattering cross sections are given by Eqns. (17)
and (18) with ↵e↵ = ✏

2
↵.

As explained in the Introduction, the de-Broglie wave-
length of an interacting sub-GeV DM with a velocity of
order 1 km/sec (relevant at z ' 20) is too large to resolve
the internal structure of the neutral hydrogen and he-
lium. Consequently, scattering with these particles does
not result in v

�4

rel
interactions. The only possibility left
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FIG. 2. Parameter space of the scenario described in Fig. 1 in the plane (mm, Q) where we fix mC = 10 MeV to maximize the heat capacity
of the CDM bath and the maximal ↵m↵C allowed by CMB bounds [14–18]. The dark blue contours give the mDM fraction fm required for a
given (mm, Q) point to fit the upper value of the 99% CL interval of the EDGES measurement in the setup of Fig. 1. For a fixed fm the entire
region above the dark blue contour can be probed by reducing ↵m↵C (see text for details). For comparison, the dark green contour shows the
standard mDM case where 0.4% of mDM alone provides the baryonic cooling. The light blue region for mm < 10 MeV is robustly excluded
by BBN contraints on Ne� [7, 8, 10, 19], the two dotted lines distinguish between the case in which mDM is a scalar or a Dirac fermion. The
gray shaded area is a collection of di�erent constraints taken from Refs. [37, 87], plus limits on millicharge particles from milliQ at SLAC [35],
searches for low ionizing particles in CMS at the LHC [88] and the new constraints from LSND and MiniBooNE derived in Ref. [40]. The
region on the left of the blue line is excluded by CMB constraints on Ne� only when mDM couples to a dark photon with coupling gD = 0.1.
The green region is excluded by present direct detection experiments as shown in Ref. [47]. The green dashed line indicates our extrapolation
of the results in Ref. [47] to higher masses (see discussion in the text). The red/black/magenta lines indicate the Fermilab/SLAC/CERN e�ort
to probe mDM. Solid/dashed/dotted lines give a rough sense of the short/medium/long time scale of the proposal. Solid red is the ArgoNeut
sensitivity derived in Ref. [43], dashed red is the sensitivity of the Fermini proposal at NuMI [42] (see Ref. [43] for a more conservative
reach based on ArgoNeut at NuMI), dotted red is the DUNE reach [40] while dotted black is the LDMX reach [41]. Dashed magenta is
the milliQan reach as [38] while dotted magenta is the SHiP sensitivity [40]. The dash-dotted/dotted green lines indicate the reach of a
SENSEI-like dark matter detector on a balloon/satellite with 0.1 gram-month exposure [47].

constitutes a fraction fm of the total DM energy density. The
mDM-baryon long-range interaction is controlled by the mDM
charge Q, which may or may not stem from the presence of a
new light mediator. The novelty in our setup is that the mDM
fraction also interacts with the remaining CDM component,
of mass mC, through a distinct long-range hidden interaction
controlled by the coupling gmgC. The same interaction also
induces a CDM self-interaction proportional to g

2

C. The two
long-range interactions of our setup imply the existence of one
or two new light mediators with masses below a keV, which
is the typical size of the exchange momentum in scattering
collisions during the cosmic dawn.

The long-range force between mDM and CDM opens up
the mDM parameter space at higher masses (up to mm .

200 GeV) and smaller dark matter fraction (down to fm &
10�8). This is because the cooling is now driven by the CDM
bath, with the mDM acting as a mediator between CDM and
the baryons. As we show in Sec. IV B, the CDM mass mC
must lie below a few GeV in order to have a large enough heat
capacity to cool the gas su�ciently.

The allowed parameter space of our framework is mostly de-
termined by ensuring that the mDM-baryon and mDM-CDM
couplings are consistent with CMB constraints, as discussed
in Sec. IV C. In Fig. 2, we show three contours on the mm – Q

plane where su�cient cooling of the baryonic bath is achieved
in our framework in order to explain the EDGES result for
fm = 10�4, 10�6 and 10�8. We have fixed mC = 10MeV
and gmgC; these two parameters can vary over a broad range

1: Cool the IGM even more
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What DM model can do that?

z
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<latexit sha1_base64="ooUM0GBFu4zyV/Og/UeLec9j2s4=">AAACNnicbVC7TgJBFJ3FF+ILtbSZSIgWhuwaE7VDbSwxESEBQmaHC0yYfWTmLkI2fIFfY6l+iZWVsbW3cYAtFDiZSU7OuXfm5LihFBpt+91KLS2vrK6l1zMbm1vbO9ndvQcdRIpDmQcyUFWXaZDChzIKlFANFTDPlVBxezdjv9IHpUXg3+MwhIbHOr5oC87QSM1svo4wwMk7sSsjGMWM1pXodJEpFTzSqyNzRs1szi7YE9B54iQkRxKUmtmfeivgkQc+csm0rjl2iI2YKRRcwihTjzSEjPdYB2qG+swD3YgnMUY0b5QWbQfKXB/pRP27ETNP66HnmkmPYVfPemNxkVeLsH3RiIUfRgg+n37UjiTFgI67oS2hgKMcGsK4EiYr5V2mGEfT4MLMJ62+CHUSfzDNnzFtObPdzJPyaeGy4Nyd5YrXSW1pckAOyTFxyDkpkltSImXCyRN5Jq/kzXqxPqxP62s6mrKSnX3yD9b3L32irYI=</latexit><latexit sha1_base64="ooUM0GBFu4zyV/Og/UeLec9j2s4=">AAACNnicbVC7TgJBFJ3FF+ILtbSZSIgWhuwaE7VDbSwxESEBQmaHC0yYfWTmLkI2fIFfY6l+iZWVsbW3cYAtFDiZSU7OuXfm5LihFBpt+91KLS2vrK6l1zMbm1vbO9ndvQcdRIpDmQcyUFWXaZDChzIKlFANFTDPlVBxezdjv9IHpUXg3+MwhIbHOr5oC87QSM1svo4wwMk7sSsjGMWM1pXodJEpFTzSqyNzRs1szi7YE9B54iQkRxKUmtmfeivgkQc+csm0rjl2iI2YKRRcwihTjzSEjPdYB2qG+swD3YgnMUY0b5QWbQfKXB/pRP27ETNP66HnmkmPYVfPemNxkVeLsH3RiIUfRgg+n37UjiTFgI67oS2hgKMcGsK4EiYr5V2mGEfT4MLMJ62+CHUSfzDNnzFtObPdzJPyaeGy4Nyd5YrXSW1pckAOyTFxyDkpkltSImXCyRN5Jq/kzXqxPqxP62s6mrKSnX3yD9b3L32irYI=</latexit><latexit sha1_base64="ooUM0GBFu4zyV/Og/UeLec9j2s4=">AAACNnicbVC7TgJBFJ3FF+ILtbSZSIgWhuwaE7VDbSwxESEBQmaHC0yYfWTmLkI2fIFfY6l+iZWVsbW3cYAtFDiZSU7OuXfm5LihFBpt+91KLS2vrK6l1zMbm1vbO9ndvQcdRIpDmQcyUFWXaZDChzIKlFANFTDPlVBxezdjv9IHpUXg3+MwhIbHOr5oC87QSM1svo4wwMk7sSsjGMWM1pXodJEpFTzSqyNzRs1szi7YE9B54iQkRxKUmtmfeivgkQc+csm0rjl2iI2YKRRcwihTjzSEjPdYB2qG+swD3YgnMUY0b5QWbQfKXB/pRP27ETNP66HnmkmPYVfPemNxkVeLsH3RiIUfRgg+n37UjiTFgI67oS2hgKMcGsK4EiYr5V2mGEfT4MLMJ62+CHUSfzDNnzFtObPdzJPyaeGy4Nyd5YrXSW1pckAOyTFxyDkpkltSImXCyRN5Jq/kzXqxPqxP62s6mrKSnX3yD9b3L32irYI=</latexit><latexit sha1_base64="ooUM0GBFu4zyV/Og/UeLec9j2s4=">AAACNnicbVC7TgJBFJ3FF+ILtbSZSIgWhuwaE7VDbSwxESEBQmaHC0yYfWTmLkI2fIFfY6l+iZWVsbW3cYAtFDiZSU7OuXfm5LihFBpt+91KLS2vrK6l1zMbm1vbO9ndvQcdRIpDmQcyUFWXaZDChzIKlFANFTDPlVBxezdjv9IHpUXg3+MwhIbHOr5oC87QSM1svo4wwMk7sSsjGMWM1pXodJEpFTzSqyNzRs1szi7YE9B54iQkRxKUmtmfeivgkQc+csm0rjl2iI2YKRRcwihTjzSEjPdYB2qG+swD3YgnMUY0b5QWbQfKXB/pRP27ETNP66HnmkmPYVfPemNxkVeLsH3RiIUfRgg+n37UjiTFgI67oS2hgKMcGsK4EiYr5V2mGEfT4MLMJ62+CHUSfzDNnzFtObPdzJPyaeGy4Nyd5YrXSW1pckAOyTFxyDkpkltSImXCyRN5Jq/kzXqxPqxP62s6mrKSnX3yD9b3L32irYI=</latexit>

A
0
!

A
<latexit sha1_base64="JZxUbIcfQlA15lhXA9rxjW9YCUo=">AAACM3icbVC7SgNBFJ31GeNr1dJmSBAtJOyKoHaJNpYRjAkkS5idnSRDZh/M3I0JS3q/xlL9FcFKbP0CGyebLTTJgYHDOffeORw3ElyBZb0bS8srq2vruY385tb2zq65t/+gwlhSVqOhCGXDJYoJHrAacBCsEUlGfFewutu/mfj1AZOKh8E9jCLm+KQb8A6nBLTUNgstYENI7yRVEfvjpHKMW5J3e0CkDB9xZdw2i1bJSoHniZ2RIspQbZs/LS+ksc8CoIIo1bStCJyESOBUsHG+FSsWEdonXdbUNCA+U06SZhjjI614uBNK/QLAqfp3IyG+UiPf1ZM+gZ6a9SbiIq8ZQ+fSSXgQxcACOv2oEwsMIZ4Ugz0uGQUx0oRQyXVWTHtEEgq6voWZT70Bj1QWfzjNn9dt2bPdzJPaWemqZN+dF8vXWW05dIgK6ATZ6AKV0S2qohqi6Ak9o1f0ZrwYH8an8TUdXTKynQP0D8b3L7WDrLI=</latexit><latexit sha1_base64="JZxUbIcfQlA15lhXA9rxjW9YCUo=">AAACM3icbVC7SgNBFJ31GeNr1dJmSBAtJOyKoHaJNpYRjAkkS5idnSRDZh/M3I0JS3q/xlL9FcFKbP0CGyebLTTJgYHDOffeORw3ElyBZb0bS8srq2vruY385tb2zq65t/+gwlhSVqOhCGXDJYoJHrAacBCsEUlGfFewutu/mfj1AZOKh8E9jCLm+KQb8A6nBLTUNgstYENI7yRVEfvjpHKMW5J3e0CkDB9xZdw2i1bJSoHniZ2RIspQbZs/LS+ksc8CoIIo1bStCJyESOBUsHG+FSsWEdonXdbUNCA+U06SZhjjI614uBNK/QLAqfp3IyG+UiPf1ZM+gZ6a9SbiIq8ZQ+fSSXgQxcACOv2oEwsMIZ4Ugz0uGQUx0oRQyXVWTHtEEgq6voWZT70Bj1QWfzjNn9dt2bPdzJPaWemqZN+dF8vXWW05dIgK6ATZ6AKV0S2qohqi6Ak9o1f0ZrwYH8an8TUdXTKynQP0D8b3L7WDrLI=</latexit><latexit sha1_base64="JZxUbIcfQlA15lhXA9rxjW9YCUo=">AAACM3icbVC7SgNBFJ31GeNr1dJmSBAtJOyKoHaJNpYRjAkkS5idnSRDZh/M3I0JS3q/xlL9FcFKbP0CGyebLTTJgYHDOffeORw3ElyBZb0bS8srq2vruY385tb2zq65t/+gwlhSVqOhCGXDJYoJHrAacBCsEUlGfFewutu/mfj1AZOKh8E9jCLm+KQb8A6nBLTUNgstYENI7yRVEfvjpHKMW5J3e0CkDB9xZdw2i1bJSoHniZ2RIspQbZs/LS+ksc8CoIIo1bStCJyESOBUsHG+FSsWEdonXdbUNCA+U06SZhjjI614uBNK/QLAqfp3IyG+UiPf1ZM+gZ6a9SbiIq8ZQ+fSSXgQxcACOv2oEwsMIZ4Ugz0uGQUx0oRQyXVWTHtEEgq6voWZT70Bj1QWfzjNn9dt2bPdzJPaWemqZN+dF8vXWW05dIgK6ATZ6AKV0S2qohqi6Ak9o1f0ZrwYH8an8TUdXTKynQP0D8b3L7WDrLI=</latexit><latexit sha1_base64="JZxUbIcfQlA15lhXA9rxjW9YCUo=">AAACM3icbVC7SgNBFJ31GeNr1dJmSBAtJOyKoHaJNpYRjAkkS5idnSRDZh/M3I0JS3q/xlL9FcFKbP0CGyebLTTJgYHDOffeORw3ElyBZb0bS8srq2vruY385tb2zq65t/+gwlhSVqOhCGXDJYoJHrAacBCsEUlGfFewutu/mfj1AZOKh8E9jCLm+KQb8A6nBLTUNgstYENI7yRVEfvjpHKMW5J3e0CkDB9xZdw2i1bJSoHniZ2RIspQbZs/LS+ksc8CoIIo1bStCJyESOBUsHG+FSsWEdonXdbUNCA+U06SZhjjI614uBNK/QLAqfp3IyG+UiPf1ZM+gZ6a9SbiIq8ZQ+fSSXgQxcACOv2oEwsMIZ4Ugz0uGQUx0oRQyXVWTHtEEgq6voWZT70Bj1QWfzjNn9dt2bPdzJPaWemqZN+dF8vXWW05dIgK6ATZ6AKV0S2qohqi6Ak9o1f0ZrwYH8an8TUdXTKynQP0D8b3L7WDrLI=</latexit>

ACMB
<latexit sha1_base64="FFZUw6VNnVR+H0kqh84tkoeIUHI=">AAACMXicbVBNSwMxFMzW7/pV9eglWAQPUnZFUG9VQb0IClaFtpRs+tqGZrNL8lYsy179NR7V/6In8epP8GLa7kHbDgSGmfdehvEjKQy67ruTm5qemZ2bX8gvLi2vrBbW1m9NGGsOFR7KUN/7zIAUCiooUMJ9pIEFvoQ7v3va9+8eQBsRqhvsRVAPWFuJluAMrdQo0BrCIw7uJGehBoPnGkClyXEjOb08SdNGoeiW3AHoOPEyUiQZrhqFn1oz5HEACrlkxlQ9N8J6wjQKLiHN12IDEeNd1oaqpYoFYOrJIEFKt63SpK1Q26eQDtS/GwkLjOkFvp0MGHbMqNcXJ3nVGFuH9USoKEZQfPhRK5YUQ9qvhTaFBo6yZwnjWtislHeYZhxteRMz7zYfRGSy+I/D/HnbljfazTip7JWOSt71frF8ktU2TzbJFtkhHjkgZXJBrkiFcPJEnskreXNenA/n0/kajuacbGeD/IPz/Qu4B6xA</latexit><latexit sha1_base64="FFZUw6VNnVR+H0kqh84tkoeIUHI=">AAACMXicbVBNSwMxFMzW7/pV9eglWAQPUnZFUG9VQb0IClaFtpRs+tqGZrNL8lYsy179NR7V/6In8epP8GLa7kHbDgSGmfdehvEjKQy67ruTm5qemZ2bX8gvLi2vrBbW1m9NGGsOFR7KUN/7zIAUCiooUMJ9pIEFvoQ7v3va9+8eQBsRqhvsRVAPWFuJluAMrdQo0BrCIw7uJGehBoPnGkClyXEjOb08SdNGoeiW3AHoOPEyUiQZrhqFn1oz5HEACrlkxlQ9N8J6wjQKLiHN12IDEeNd1oaqpYoFYOrJIEFKt63SpK1Q26eQDtS/GwkLjOkFvp0MGHbMqNcXJ3nVGFuH9USoKEZQfPhRK5YUQ9qvhTaFBo6yZwnjWtislHeYZhxteRMz7zYfRGSy+I/D/HnbljfazTip7JWOSt71frF8ktU2TzbJFtkhHjkgZXJBrkiFcPJEnskreXNenA/n0/kajuacbGeD/IPz/Qu4B6xA</latexit><latexit sha1_base64="FFZUw6VNnVR+H0kqh84tkoeIUHI=">AAACMXicbVBNSwMxFMzW7/pV9eglWAQPUnZFUG9VQb0IClaFtpRs+tqGZrNL8lYsy179NR7V/6In8epP8GLa7kHbDgSGmfdehvEjKQy67ruTm5qemZ2bX8gvLi2vrBbW1m9NGGsOFR7KUN/7zIAUCiooUMJ9pIEFvoQ7v3va9+8eQBsRqhvsRVAPWFuJluAMrdQo0BrCIw7uJGehBoPnGkClyXEjOb08SdNGoeiW3AHoOPEyUiQZrhqFn1oz5HEACrlkxlQ9N8J6wjQKLiHN12IDEeNd1oaqpYoFYOrJIEFKt63SpK1Q26eQDtS/GwkLjOkFvp0MGHbMqNcXJ3nVGFuH9USoKEZQfPhRK5YUQ9qvhTaFBo6yZwnjWtislHeYZhxteRMz7zYfRGSy+I/D/HnbljfazTip7JWOSt71frF8ktU2TzbJFtkhHjkgZXJBrkiFcPJEnskreXNenA/n0/kajuacbGeD/IPz/Qu4B6xA</latexit><latexit sha1_base64="FFZUw6VNnVR+H0kqh84tkoeIUHI=">AAACMXicbVBNSwMxFMzW7/pV9eglWAQPUnZFUG9VQb0IClaFtpRs+tqGZrNL8lYsy179NR7V/6In8epP8GLa7kHbDgSGmfdehvEjKQy67ruTm5qemZ2bX8gvLi2vrBbW1m9NGGsOFR7KUN/7zIAUCiooUMJ9pIEFvoQ7v3va9+8eQBsRqhvsRVAPWFuJluAMrdQo0BrCIw7uJGehBoPnGkClyXEjOb08SdNGoeiW3AHoOPEyUiQZrhqFn1oz5HEACrlkxlQ9N8J6wjQKLiHN12IDEeNd1oaqpYoFYOrJIEFKt63SpK1Q26eQDtS/GwkLjOkFvp0MGHbMqNcXJ3nVGFuH9USoKEZQfPhRK5YUQ9qvhTaFBo6yZwnjWtislHeYZhxteRMz7zYfRGSy+I/D/HnbljfazTip7JWOSt71frF8ktU2TzbJFtkhHjkgZXJBrkiFcPJEnskreXNenA/n0/kajuacbGeD/IPz/Qu4B6xA</latexit>

A
<latexit sha1_base64="2mNubSw8PCIGRzQRugo7tCylolQ=">AAACI3icbVDLSsNAFJ34rPUV69JNsAgupCQiqLuqG5cVjC20pUwmt+3QyYOZm9IS8isu1Y9xJW5c+CVunLZZaNsDA4dz7p17OF4suELb/jJWVtfWNzYLW8Xtnd29ffOg9KSiRDJwWSQi2fCoAsFDcJGjgEYsgQaegLo3uJv49SFIxaPwEccxtAPaC3mXM4pa6pilFsIIp/+kEvwsvck6Ztmu2FNYi8TJSZnkqHXMn5YfsSSAEJmgSjUdO8Z2SiVyJiArthIFMWUD2oOmpiENQLXT6c3MOtGKb3UjqV+I1lT9u5HSQKlx4OnJgGJfzXsTcZnXTLB71U55GCcIIZsd6ibCwsiaFGH5XAJDMdaEMsl1Vov1qaQMdV1LM5/5Qx6rPP5olr+o23Lmu1kk7nnluuI8XJSrt3ltBXJEjskpccglqZJ7UiMuYWREnskreTNejHfjw/icja4Y+c4h+Qfj+xc6+aZi</latexit><latexit sha1_base64="2mNubSw8PCIGRzQRugo7tCylolQ=">AAACI3icbVDLSsNAFJ34rPUV69JNsAgupCQiqLuqG5cVjC20pUwmt+3QyYOZm9IS8isu1Y9xJW5c+CVunLZZaNsDA4dz7p17OF4suELb/jJWVtfWNzYLW8Xtnd29ffOg9KSiRDJwWSQi2fCoAsFDcJGjgEYsgQaegLo3uJv49SFIxaPwEccxtAPaC3mXM4pa6pilFsIIp/+kEvwsvck6Ztmu2FNYi8TJSZnkqHXMn5YfsSSAEJmgSjUdO8Z2SiVyJiArthIFMWUD2oOmpiENQLXT6c3MOtGKb3UjqV+I1lT9u5HSQKlx4OnJgGJfzXsTcZnXTLB71U55GCcIIZsd6ibCwsiaFGH5XAJDMdaEMsl1Vov1qaQMdV1LM5/5Qx6rPP5olr+o23Lmu1kk7nnluuI8XJSrt3ltBXJEjskpccglqZJ7UiMuYWREnskreTNejHfjw/icja4Y+c4h+Qfj+xc6+aZi</latexit><latexit sha1_base64="2mNubSw8PCIGRzQRugo7tCylolQ=">AAACI3icbVDLSsNAFJ34rPUV69JNsAgupCQiqLuqG5cVjC20pUwmt+3QyYOZm9IS8isu1Y9xJW5c+CVunLZZaNsDA4dz7p17OF4suELb/jJWVtfWNzYLW8Xtnd29ffOg9KSiRDJwWSQi2fCoAsFDcJGjgEYsgQaegLo3uJv49SFIxaPwEccxtAPaC3mXM4pa6pilFsIIp/+kEvwsvck6Ztmu2FNYi8TJSZnkqHXMn5YfsSSAEJmgSjUdO8Z2SiVyJiArthIFMWUD2oOmpiENQLXT6c3MOtGKb3UjqV+I1lT9u5HSQKlx4OnJgGJfzXsTcZnXTLB71U55GCcIIZsd6ibCwsiaFGH5XAJDMdaEMsl1Vov1qaQMdV1LM5/5Qx6rPP5olr+o23Lmu1kk7nnluuI8XJSrt3ltBXJEjskpccglqZJ7UiMuYWREnskreTNejHfjw/icja4Y+c4h+Qfj+xc6+aZi</latexit><latexit sha1_base64="2mNubSw8PCIGRzQRugo7tCylolQ=">AAACI3icbVDLSsNAFJ34rPUV69JNsAgupCQiqLuqG5cVjC20pUwmt+3QyYOZm9IS8isu1Y9xJW5c+CVunLZZaNsDA4dz7p17OF4suELb/jJWVtfWNzYLW8Xtnd29ffOg9KSiRDJwWSQi2fCoAsFDcJGjgEYsgQaegLo3uJv49SFIxaPwEccxtAPaC3mXM4pa6pilFsIIp/+kEvwsvck6Ztmu2FNYi8TJSZnkqHXMn5YfsSSAEJmgSjUdO8Z2SiVyJiArthIFMWUD2oOmpiENQLXT6c3MOtGKb3UjqV+I1lT9u5HSQKlx4OnJgGJfzXsTcZnXTLB71U55GCcIIZsd6ibCwsiaFGH5XAJDMdaEMsl1Vov1qaQMdV1LM5/5Qx6rPP5olr+o23Lmu1kk7nnluuI8XJSrt3ltBXJEjskpccglqZJ7UiMuYWREnskreTNejHfjw/icja4Y+c4h+Qfj+xc6+aZi</latexit>

z21cm
<latexit sha1_base64="N/8K79FfnEaXiivDMbW0yzKGRqE=">AAACInicbZBPS8MwGMbT+W/Of50evQSH4EFGOwT1NvTicYJ1g62UNM22sKQtSTqdpR/Fo/phPIknwW/ixXTrQbc9EHh43vclPx4/ZlQqy/oySiura+sb5c3K1vbO7p5Z3b+XUSIwcXDEItHxkSSMhsRRVDHSiQVB3Gek7Y+u83l7TISkUXinJjFxORqEtE8xUjryzOqTlzbsHkdqKHiKeZZ5Zs2qW1PBRWMXpgYKtTzzpxdEOOEkVJghKbu2FSs3RUJRzEhW6SWSxAiP0IB0tQ0RJ9JNp+gZPNZJAPuR0C9UcJr+vUgRl3LCfb2ZM8r5WR4um3UT1b9wUxrGiSIhnn3UTxhUEcx7gAEVBCs20QZhQTUrxEMkEFa6raXMp8GYxrLAf5zxV3Rb9nw3i8Zp1C/r9u1ZrXlV1FYGh+AInAAbnIMmuAEt4AAMHsAzeAVvxovxbnwYn7PVklHcHIB/Mr5/AbUqpY0=</latexit><latexit sha1_base64="N/8K79FfnEaXiivDMbW0yzKGRqE=">AAACInicbZBPS8MwGMbT+W/Of50evQSH4EFGOwT1NvTicYJ1g62UNM22sKQtSTqdpR/Fo/phPIknwW/ixXTrQbc9EHh43vclPx4/ZlQqy/oySiura+sb5c3K1vbO7p5Z3b+XUSIwcXDEItHxkSSMhsRRVDHSiQVB3Gek7Y+u83l7TISkUXinJjFxORqEtE8xUjryzOqTlzbsHkdqKHiKeZZ5Zs2qW1PBRWMXpgYKtTzzpxdEOOEkVJghKbu2FSs3RUJRzEhW6SWSxAiP0IB0tQ0RJ9JNp+gZPNZJAPuR0C9UcJr+vUgRl3LCfb2ZM8r5WR4um3UT1b9wUxrGiSIhnn3UTxhUEcx7gAEVBCs20QZhQTUrxEMkEFa6raXMp8GYxrLAf5zxV3Rb9nw3i8Zp1C/r9u1ZrXlV1FYGh+AInAAbnIMmuAEt4AAMHsAzeAVvxovxbnwYn7PVklHcHIB/Mr5/AbUqpY0=</latexit><latexit sha1_base64="N/8K79FfnEaXiivDMbW0yzKGRqE=">AAACInicbZBPS8MwGMbT+W/Of50evQSH4EFGOwT1NvTicYJ1g62UNM22sKQtSTqdpR/Fo/phPIknwW/ixXTrQbc9EHh43vclPx4/ZlQqy/oySiura+sb5c3K1vbO7p5Z3b+XUSIwcXDEItHxkSSMhsRRVDHSiQVB3Gek7Y+u83l7TISkUXinJjFxORqEtE8xUjryzOqTlzbsHkdqKHiKeZZ5Zs2qW1PBRWMXpgYKtTzzpxdEOOEkVJghKbu2FSs3RUJRzEhW6SWSxAiP0IB0tQ0RJ9JNp+gZPNZJAPuR0C9UcJr+vUgRl3LCfb2ZM8r5WR4um3UT1b9wUxrGiSIhnn3UTxhUEcx7gAEVBCs20QZhQTUrxEMkEFa6raXMp8GYxrLAf5zxV3Rb9nw3i8Zp1C/r9u1ZrXlV1FYGh+AInAAbnIMmuAEt4AAMHsAzeAVvxovxbnwYn7PVklHcHIB/Mr5/AbUqpY0=</latexit><latexit sha1_base64="N/8K79FfnEaXiivDMbW0yzKGRqE=">AAACInicbZBPS8MwGMbT+W/Of50evQSH4EFGOwT1NvTicYJ1g62UNM22sKQtSTqdpR/Fo/phPIknwW/ixXTrQbc9EHh43vclPx4/ZlQqy/oySiura+sb5c3K1vbO7p5Z3b+XUSIwcXDEItHxkSSMhsRRVDHSiQVB3Gek7Y+u83l7TISkUXinJjFxORqEtE8xUjryzOqTlzbsHkdqKHiKeZZ5Zs2qW1PBRWMXpgYKtTzzpxdEOOEkVJghKbu2FSs3RUJRzEhW6SWSxAiP0IB0tQ0RJ9JNp+gZPNZJAPuR0C9UcJr+vUgRl3LCfb2ZM8r5WR4um3UT1b9wUxrGiSIhnn3UTxhUEcx7gAEVBCs20QZhQTUrxEMkEFa6raXMp8GYxrLAf5zxV3Rb9nw3i8Zp1C/r9u1ZrXlV1FYGh+AInAAbnIMmuAEt4AAMHsAzeAVvxovxbnwYn7PVklHcHIB/Mr5/AbUqpY0=</latexit>

ACMB
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FIG. 3. Left. (Dark) photon spectrum (before) after conversion shown in solid black (dashed black, rescaled by 10�3) and
compared to the CMB (orange) for ma = 10�3 eV, ⌧a = 100⇥ ⌧U, mA0 = 5⇥10�12 eV—implying resonance at zres = 500—and
✏ = 2.1 ⇥ 10�7. Right. The relevant range of DM mass, ma, versus mA0 for addressing the 21 cm absorption signal; for
ma/TCMB < 2xmin

21 the produced photons are too soft to impact 21 cm. The region above the dashed purple (green) line are
probed by FIRAS (ARCADE 2), constraining ✏ and ⌧a. The BH region is possibly disfavored by black hole superradiance [13].
The star shows the example point considered on the left panel.

we provide more details on the suggested mechanism,
and identify the region of parameter space where 21 cm
physics can provide the most sensitive probe of DR.

Decay of unstable relics into dark radiation: The
framework described in the introduction allows for sig-
nificant flexibility with respect to the actual source of
non-thermal soft DR. To give a concrete realization of
the proposed mechanism, we specify a model of unstable
scalar particles, a, that couple to dark photons via an
e↵ective dimension five operator,
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The cosmology of a is model-dependent. To keep our
discussion general, we assume that an initial relic abun-
dance of a is present but we do not specify the method
of non-thermal production, which could be misalignment
or decay of cosmic strings.

The decay rate of a ! 2A0 into two (transverse) dark
photons A

0 is given by,
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The lifetime, ⌧a = 1/�a, can be either much longer or
much shorter than the present age of the Universe, ⌧U ⇡
13.8 ⇥ 109 y. In the case of short lifetimes, ⌧a ⌧ ⌧U,
the mass of a should be chosen such that the energy of
the resulting A

0 matches the CMB energy in the RJ tail

at the time of decay. We leave detailed study of this
possibility for future work, and instead focus on the case
of a cosmologically long-lived particle, ⌧a � ⌧U, which is
attractive because a can naturally serve as DM. If the
mass of a falls in the range 10�5 eV < ma < 10�1 eV,
its decay can create significant modifications to the RJ
tail of the CMB spectrum via A

0 ! A oscillations. It
is worth noting that this overlaps with the mass range
often invoked for axion DM.

A
0 $ A oscillation and constraints: All constraints

on parameters of (3) and (4) can be divided into two
groups: those that decouple as mA0 ! 0, and those
that persist in the limit of a massless dark photon. The
stellar energy loss constraint due to A

0
a pair produc-

tion is in this second category, as the in-medium trans-
verse modes of photons can decay via A

⇤
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a even

in the mA0 ! 0 limit. The approximate emission rate
is QA⇤!A0a = ✏
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a ), where nT is the num-

ber density of transverse plasmons (photons) and mA is
the plasma frequency, m
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A = 4⇡↵ne/me. We recast the

stellar bound on emission of Dirac neutrinos due to their
magnetic moment [39–41] to obtain the following bound:
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a < 2 ⇥ 10�9 ⇥ GeV�1. The process e
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can lead to thermal populations of a and A
0 in the early

Universe. However the stellar constraint implies that this
reaction drops out of equilibrium at temperatures above
the electroweak scale, and therefore does not lead to an
additional constraint from Ne↵ .

The ✏-parameter is also constrained via A ! A
0 oscilla-

tions [42], and the resulting bound depends sensitively on
mA0 . Stellar energy losses via these oscillations are im-
portant only for the higher mass range, mA0 > 10�5 eV,
as the emission is suppressed by m

2
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2
A ⌧ 1 inside

stars [43, 44]. Cosmological A $ A
0 oscillations may

be significant if the resonant condition is met, mA0 =
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FIG. 3. Left. (Dark) photon spectrum (before) after conversion shown in solid black (dashed black, rescaled by 10�3) and
compared to the CMB (orange) for ma = 10�3 eV, ⌧a = 100⇥ ⌧U, mA0 = 5⇥10�12 eV—implying resonance at zres = 500—and
✏ = 2.1 ⇥ 10�7. Right. The relevant range of DM mass, ma, versus mA0 for addressing the 21 cm absorption signal; for
ma/TCMB < 2xmin

21 the produced photons are too soft to impact 21 cm. The region above the dashed purple (green) line are
probed by FIRAS (ARCADE 2), constraining ✏ and ⌧a. The BH region is possibly disfavored by black hole superradiance [13].
The star shows the example point considered on the left panel.

we provide more details on the suggested mechanism,
and identify the region of parameter space where 21 cm
physics can provide the most sensitive probe of DR.

Decay of unstable relics into dark radiation: The
framework described in the introduction allows for sig-
nificant flexibility with respect to the actual source of
non-thermal soft DR. To give a concrete realization of
the proposed mechanism, we specify a model of unstable
scalar particles, a, that couple to dark photons via an
e↵ective dimension five operator,

L =
1

2
(@µa)2 � m

2
a

2
a
2 +

a

4fa
F

0
µ⌫ F̃

0µ⌫ + LAA0 , (3)

where F̃
0
µ⌫ = 1

2✏
µ⌫⇢�

F⇢�, and the last term describes the
photon-dark photon Lagrangian with corresponding mass
and mixing terms for A

0:

LAA0 = �1

4
F

2
µ⌫�1

4
(F 0

µ⌫)
2� ✏

2
Fµ⌫F

0
µ⌫+

1

2
m

2
A0(A0

µ)
2

. (4)

The cosmology of a is model-dependent. To keep our
discussion general, we assume that an initial relic abun-
dance of a is present but we do not specify the method
of non-thermal production, which could be misalignment
or decay of cosmic strings.

The decay rate of a ! 2A0 into two (transverse) dark
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0 is given by,
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The lifetime, ⌧a = 1/�a, can be either much longer or
much shorter than the present age of the Universe, ⌧U ⇡
13.8 ⇥ 109 y. In the case of short lifetimes, ⌧a ⌧ ⌧U,
the mass of a should be chosen such that the energy of
the resulting A

0 matches the CMB energy in the RJ tail

at the time of decay. We leave detailed study of this
possibility for future work, and instead focus on the case
of a cosmologically long-lived particle, ⌧a � ⌧U, which is
attractive because a can naturally serve as DM. If the
mass of a falls in the range 10�5 eV < ma < 10�1 eV,
its decay can create significant modifications to the RJ
tail of the CMB spectrum via A

0 ! A oscillations. It
is worth noting that this overlaps with the mass range
often invoked for axion DM.

A
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on parameters of (3) and (4) can be divided into two
groups: those that decouple as mA0 ! 0, and those
that persist in the limit of a massless dark photon. The
stellar energy loss constraint due to A
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tion is in this second category, as the in-medium trans-
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magnetic moment [39–41] to obtain the following bound:
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Universe. However the stellar constraint implies that this
reaction drops out of equilibrium at temperatures above
the electroweak scale, and therefore does not lead to an
additional constraint from Ne↵ .

The ✏-parameter is also constrained via A ! A
0 oscilla-

tions [42], and the resulting bound depends sensitively on
mA0 . Stellar energy losses via these oscillations are im-
portant only for the higher mass range, mA0 > 10�5 eV,
as the emission is suppressed by m
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probed by FIRAS (ARCADE 2), constraining ✏ and ⌧a. The BH region is possibly disfavored by black hole superradiance [13].
The star shows the example point considered on the left panel.

we provide more details on the suggested mechanism,
and identify the region of parameter space where 21 cm
physics can provide the most sensitive probe of DR.

Decay of unstable relics into dark radiation: The
framework described in the introduction allows for sig-
nificant flexibility with respect to the actual source of
non-thermal soft DR. To give a concrete realization of
the proposed mechanism, we specify a model of unstable
scalar particles, a, that couple to dark photons via an
e↵ective dimension five operator,
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The cosmology of a is model-dependent. To keep our
discussion general, we assume that an initial relic abun-
dance of a is present but we do not specify the method
of non-thermal production, which could be misalignment
or decay of cosmic strings.

The decay rate of a ! 2A0 into two (transverse) dark
photons A

0 is given by,
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The lifetime, ⌧a = 1/�a, can be either much longer or
much shorter than the present age of the Universe, ⌧U ⇡
13.8 ⇥ 109 y. In the case of short lifetimes, ⌧a ⌧ ⌧U,
the mass of a should be chosen such that the energy of
the resulting A

0 matches the CMB energy in the RJ tail

at the time of decay. We leave detailed study of this
possibility for future work, and instead focus on the case
of a cosmologically long-lived particle, ⌧a � ⌧U, which is
attractive because a can naturally serve as DM. If the
mass of a falls in the range 10�5 eV < ma < 10�1 eV,
its decay can create significant modifications to the RJ
tail of the CMB spectrum via A

0 ! A oscillations. It
is worth noting that this overlaps with the mass range
often invoked for axion DM.

A
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on parameters of (3) and (4) can be divided into two
groups: those that decouple as mA0 ! 0, and those
that persist in the limit of a massless dark photon. The
stellar energy loss constraint due to A
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tion is in this second category, as the in-medium trans-
verse modes of photons can decay via A
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the plasma frequency, m
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stellar bound on emission of Dirac neutrinos due to their
magnetic moment [39–41] to obtain the following bound:
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Universe. However the stellar constraint implies that this
reaction drops out of equilibrium at temperatures above
the electroweak scale, and therefore does not lead to an
additional constraint from Ne↵ .

The ✏-parameter is also constrained via A ! A
0 oscilla-

tions [42], and the resulting bound depends sensitively on
mA0 . Stellar energy losses via these oscillations are im-
portant only for the higher mass range, mA0 > 10�5 eV,
as the emission is suppressed by m
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stars [43, 44]. Cosmological A $ A
0 oscillations may

be significant if the resonant condition is met, mA0 =
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FIG. 4. Left. Allowed region in DM lifetime versus number ratio of converted-to-original photons, nA0!A/nRJ, in the energy
window xmin

21 < x < xmax
21 . The blue region is excluded by stellar energy loss; the purple region would require PA0!A > 1.

Right. Allowed parameter space in the (mA0 , ✏) plane; ⌧a is chosen at each point such that nA0!A/nRJ = 1 in the 21 cm signal
region. In both plots ma = 103µeV, the brown region is excluded by a limit on the DM lifetime [12], and the red region (red
dashed line) is excluded by FIRAS (would be probed by PIXIE/PRISM) due to A ! A0 oscillations [16].

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

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

1/2
e (z) scans

many orders of magnitude; Xe is the free electron frac-
tion that we take from [16]. For any mA0 in the range
10�14�10�9 eV, the resonance happens at some redshift,
zres corresponding to cosmic time tres; 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],

PA!A0 = PA0!A =
⇡✏

2
m

2
A0

!
⇥
����
d logm

2
A

dt

����
�1

t=tres

. (6)

This expression is valid in the limit PA0!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 x0 = 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 Ps(x, z) ⇡ e

�⌧ff (x,z),
where ⌧↵ is the free-free absorption optical depth [47].
For x ⇡ x0, photon absorption becomes relevant at red-
shift z >⇠ zabs = 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 A

0.
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,

ne ⇠ 10�3cm�3 [48], implies resonant conversions when
mA0 ⇠ 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 
zabs, the Universe becomes transparent to photons that
are converted into the RJ tail of the CMB, x ⇠ 10�3,
whereas for z > zabs these soft photons are e�ciently
absorbed [47]. Therefore, only dark photons with mA <

mA0(zabs) ' 10�9 eV will yield excess radiation at 21 cm.
Focusing on a mono-chromatic injection of A

0 with cos-
mologically long lifetime ⌧a > ⌧U , the energy spectrum
at redshift z reads,

dnA0

d!
(!, z) =

2⌦a⇢c(1 + z)3

ma⌧a!H(↵ � 1)
⇥(↵ � 1 � z) . (7)

Here, ⇢c is the critical density, ⌦ah
2 = 0.12, and the

Hubble rate, H(z), is evaluated at redshift ↵ � 1, where
↵ ⌘ ma(1 + z)/(2!). The total number of injected A

0

grows with cosmic time t(z), and can eventually outgrow
nCMB by a large margin, nA0(z) = (6 eV/ma)(t(z)/⌧a)⇥
nCMB(z).
Once the resonance condition is met at z = zres, a

fraction of A
0 will be converted as per Eq. (2). The final

spectrum of converted photons at zres is given by Eq. (7)
multiplied by the conversion probability of Eq. (6). To
describe the spectrum at z < zres, it is convenient to
switch to redshift-independent x = !/TCMB, noting that
dn/dx scales as (1 + z)3 to account for the expansion of
the Universe. The left panel of Fig. 3 shows the spectrum
before and after conversion, in comparison to the RJ tail
of the CMB, assuming ma = 10�3 eV, ⌧a = 100 ⇥ ⌧U,
zres = 500, and ✏ = 2.1 ⇥ 10�7. For these parameters,
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FIG. 3. Left. (Dark) photon spectrum (before) after conversion shown in solid black (dashed black, rescaled by 10�3) and
compared to the CMB (orange) for ma = 10�3 eV, ⌧a = 100⇥ ⌧U, mA0 = 5⇥10�12 eV—implying resonance at zres = 500—and
✏ = 2.1 ⇥ 10�7. Right. The relevant range of DM mass, ma, versus mA0 for addressing the 21 cm absorption signal; for
ma/TCMB < 2xmin

21 the produced photons are too soft to impact 21 cm. The region above the dashed purple (green) line are
probed by FIRAS (ARCADE 2), constraining ✏ and ⌧a. The BH region is possibly disfavored by black hole superradiance [13].
The star shows the example point considered on the left panel.

we provide more details on the suggested mechanism,
and identify the region of parameter space where 21 cm
physics can provide the most sensitive probe of DR.

Decay of unstable relics into dark radiation: The
framework described in the introduction allows for sig-
nificant flexibility with respect to the actual source of
non-thermal soft DR. To give a concrete realization of
the proposed mechanism, we specify a model of unstable
scalar particles, a, that couple to dark photons via an
e↵ective dimension five operator,

L =
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4fa
F

0
µ⌫ F̃

0µ⌫ + LAA0 , (3)

where F̃
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F⇢�, and the last term describes the
photon-dark photon Lagrangian with corresponding mass
and mixing terms for A

0:
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The cosmology of a is model-dependent. To keep our
discussion general, we assume that an initial relic abun-
dance of a is present but we do not specify the method
of non-thermal production, which could be misalignment
or decay of cosmic strings.

The decay rate of a ! 2A0 into two (transverse) dark
photons A

0 is given by,
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The lifetime, ⌧a = 1/�a, can be either much longer or
much shorter than the present age of the Universe, ⌧U ⇡
13.8 ⇥ 109 y. In the case of short lifetimes, ⌧a ⌧ ⌧U,
the mass of a should be chosen such that the energy of
the resulting A

0 matches the CMB energy in the RJ tail

at the time of decay. We leave detailed study of this
possibility for future work, and instead focus on the case
of a cosmologically long-lived particle, ⌧a � ⌧U, which is
attractive because a can naturally serve as DM. If the
mass of a falls in the range 10�5 eV < ma < 10�1 eV,
its decay can create significant modifications to the RJ
tail of the CMB spectrum via A

0 ! A oscillations. It
is worth noting that this overlaps with the mass range
often invoked for axion DM.

A
0 $ A oscillation and constraints: All constraints

on parameters of (3) and (4) can be divided into two
groups: those that decouple as mA0 ! 0, and those
that persist in the limit of a massless dark photon. The
stellar energy loss constraint due to A

0
a pair produc-

tion is in this second category, as the in-medium trans-
verse modes of photons can decay via A

⇤
T ! A

0
a even

in the mA0 ! 0 limit. The approximate emission rate
is QA⇤!A0a = ✏

2
m

4
AnT /(96⇡f

2
a ), where nT is the num-

ber density of transverse plasmons (photons) and mA is
the plasma frequency, m

2
A = 4⇡↵ne/me. We recast the

stellar bound on emission of Dirac neutrinos due to their
magnetic moment [39–41] to obtain the following bound:
✏ ⇥ f

�1
a < 2 ⇥ 10�9 ⇥ GeV�1. The process e

+
e
� ! aA

0

can lead to thermal populations of a and A
0 in the early

Universe. However the stellar constraint implies that this
reaction drops out of equilibrium at temperatures above
the electroweak scale, and therefore does not lead to an
additional constraint from Ne↵ .

The ✏-parameter is also constrained via A ! A
0 oscilla-

tions [42], and the resulting bound depends sensitively on
mA0 . Stellar energy losses via these oscillations are im-
portant only for the higher mass range, mA0 > 10�5 eV,
as the emission is suppressed by m

2
A0/m

2
A ⌧ 1 inside

stars [43, 44]. Cosmological A $ A
0 oscillations may

be significant if the resonant condition is met, mA0 =

2
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FIG. 2. Left. E↵ective photon mass mA as a function of redshift. When resonant oscillation [mA(z) = mA0 ] occurs between
redshift 20  z <⇠ 1700 (green) it impacts the 21 cm absorption signal. Right. E↵ective conversion probability as a function of
redshift. We consider photons with energy x = !/TCMB = 1.4⇥ 10�3, which implies a wavelength of 21 cm at z = 17.

c = k = 1, and where we define the normalized pho-
ton energy, x ⌘ !/TCMB. nCMB = 2⇣(3)/⇡

2
T

3
CMB '

0.24T
3
CMB is the full Planckian number density and

xmax = !max/TCMB is a (somewhat arbitrary) maximum
frequency of the low-energy RJ interval, xmax ⌧ 1. If
for example we take xmax = 2 ⇥ 10�3, then we find
nRJ/nCMB ' 10�6.

The number of DR quanta may significantly exceed
nRJ. Saturating the constraint on Ne↵ for the DR that
matches the CMB frequencies with xmax ⇠ 2 ⇥ 10�3, we
find nDR  1.5 ⇥ 102

nCMB. This is because the energy
density of a DR component can be written as ⇢DR =
!DRnDR = �Ne↵

7
8 (

4
11 )

4/3
⇢CMB, where we separated the

SM contribution Ne↵ = N
SM
e↵ +�Ne↵ with N

SM
e↵ = 3.046.

Alternatively, letting 5% of the DM energy density [11,
12] convert to DR in the same frequency range after CMB
decoupling, nDR  3.3⇥105

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

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

0, that develop a mixing with
ordinary photons, ✏F

0
µ⌫Fµ⌫ [14]. The apparent number

count of CMB radiation can be modified by photon/dark
photon oscillation:

dnA

d!
! dnA

d!
⇥ PA!A +

dnA0

d!
⇥ PA0!A , (2)

where PA!A = 1 � PA!A0 is the photon survival proba-

bility, while PA0!A is the probability of A
0 ! A con-

version. Previous constraints from A ! A
0 were de-

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

0 ! A when A
0 is cold

DM instead of DR.

The EDGES experiment recently presented a tentative
detection of 21 cm absorption coming from the interval of
redshifts z = 15�20 [21]. The strength of the absorption
signal is expected to be proportional to 1�TCMB/Ts [22],
where TCMB counts the number of CMB photons inter-
acting with the two-level hydrogen hyperfine system, and
Ts is the spin temperature. The relevant photons have
energy !0 = 5.9 µeV at redshift z ⇡ 17, and therefore
reside deep within the RJ tail, x ⇡ 1.4 ⇥ 10�3. This is
much lower energy than direct measurements from FI-
RAS, at x > 1.2 [17], and ARCADE 2, which probes as
low as x = 0.056 [23]. Earlier measurements constrain
x ⇠ 0.02 � 0.04 with larger uncertainties [24, 25].

The locations of the left/right boundaries of the
claimed EDGES signal agree with standard cosmolog-
ical expectations, but the amount of absorption seems
to indicate a more negative 1 � TCMB/Ts temperature
contrast than expected. Given that the spin tempera-
ture Ts cannot drop below the baryon temperature Tb, a
naive interpretation of this result could consist in lower-
than-expected Tb, or higher TCMB. Together with related
prior work [26, 27], a number of possible models were
suggested [28–32], which typically have di�culty passing
other constraints [33–38]. Our mechanism, the oscilla-
tion of non-thermal DR into visible photons (illustrated
in Fig. 1), can easily accommodate EDGES consistent
with other constraints. In the remainder of this letter
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3: Charge sequestration? 
Postulate that there is a mismatch between proton and electron numbers in the 
Universe, such that  
The Universe is not charge neutral: A clear disaster!! 
Thus one can introduce a stable particle with negative charge and non-zero 
abundance in the Universe. The Universe is neutral again!! 
Charge neutrality imposes the relation: 
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EM shower in the IGM
The delayed transfer function encodes the physics of the EM shower 
★ Mean free path of the electrons/positrons at a given redshift z 
★ Absorption of photons in the IGM
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