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21-CM COSMOLOGY

WHY SHOULD I CARE -1

When H atoms are abundant, hyperfine 
transitions can be used to track the 
temperature of baryons

WHY SHOULD I CARE -1. (PHYSICS)



21-CM COSMOLOGY

A glance into an epoch yet to be explored: 

‣ Coldest Epoch, post recombination but before reionization 

‣ Lots of H atoms → Lots of hyperfine transitions 

‣ Another test of ΛCDM

(1100 ≲ z + 1 ≲ 15)

WHY SHOULD I CARE -1. (PHYSICS)



Many(!) experiments

21-CM COSMOLOGY

LEDA

HERA

PRIZMSCI-HI

SARAS2

PAPER

MWA

LOFAR

Global signal

Fluctuations

And more…

WHY SHOULD I CARE -2. (EXPERIMENTS)



Possibly an anomalous signal - Bowman et al., 2018

21-CM COSMOLOGY

From E.D.Kovetz talk at GGI last year

WHY SHOULD I CARE -3. (SOCIOLOGY)



21-CM COSMOLOGY

Spin Temperature: n1

n0
≡

g1

g0
e−E21/Ts ≃ 3 (1 −

E21

Ts )

Standard Model Evolution: 

‣ H-H and H-e collisions 

‣ Spontaneous emission and induced emission/absorption 

‣ Coupling to Lyα radiation

BASICS



21-CM COSMOLOGY

Evolution - Boltzmann 

‣ Dominant rate always larger the 
Hubble        detailed balance 
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21-CM COSMOLOGY

Evolution - Boltzmann 

‣ Dominant rate always larger the 
Hubble        detailed balance 

‣ Spin temperature follows the 
dominant process: 

‣ We measure the brightness 
temperature:

�γ

����
��

�� �� �� ��� ��� ���
�

��

��

���

���

����

�

�[
�
]

spont. em.

ind. em./abs.
collision

10 20 50 100 200 500
1

10

100

1000

104

105

106

�

Γ
/�

ΔT = T − TCMB

→

BASICS

T21 ≃ (Ts − TCMB) 1 − e−τ

1 + z
≥ (Tgas − TCMB) 1 − e−τ

1 + z
≡ Tmin
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21-CM COSMOLOGY

Evolution - Boltzmann 

‣ Dominant rate always larger the 
Hubble        detailed balance 

‣ Spin temperature follows the 
dominant process: 

‣ We measure the brightness 
temperature:

ΔTs =
ycolΔTgas + yLyαΔTLyα

1 + ycol + yLyα

ΔT = T − TCMB

T21 ≃ (Ts − TCMB) 1 − e−τ

1 + z
≥ (Tgas − TCMB) 1 − e−τ

1 + z
≡ Tmin
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21-CM COSMOLOGY

THE EDGES ANOMALY
Translated to baryons temperature
TEDGES

b z=17
= 3.2+1.9

−1.55K ΔTEDGES
b ≡ (TEDGES

b − TΛCDM
b )

z=17
= − 3.6+1.9

−1.55K
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21-CM COSMOLOGY

Taking EDGES at-face value, two simple explanations:

‣ Heat the CMB 
๏ Radio loud quasars  
๏ Resonant conversion of hidden photons 
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21-CM COSMOLOGY

Taking EDGES at-face value, two simple explanations:

‣ Heat the CMB 
๏ Radio loud quasars  
๏ Resonant conversion of hidden photons 
๏ …

‣ Cool the gas  
๏ Earlier photon - baryon decoupling (Falkowski, Petraki)   
๏ DM - baryon scattering   
๏ …

‣ …

THE EDGES ANOMALY

(Feng, Holder, 2018)

(Kadota,Silk,Tashiro, 2014; Ali-Haimoud,Kovetz,Munoz,2015; 
Barkana, 2018; Loeb,Munoz,2018; Berlin,Hooper,Krnjaic,McDermott, 
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21-CM COSMOLOGY

Taking EDGES at-face value, two simple explanations: 

‣ Heat the CMB 
๏ Radio loud quasars  
๏ Resonant conversion of hidden photons 
๏ … 

‣ Cool the gas  
๏ Earlier photon - baryon decoupling (Falkowski, Petraki)   
๏ .  
๏ … 

‣ …

THE EDGES ANOMALY

(Feng, Holder, 2018)

(Kadota,Silk,Tashiro, 2014; Ali-Haimoud,Kovetz,Munoz,2015; 
Barkana, 2018; Loeb,Munoz,2018; Berlin,Hooper,Krnjaic,McDermott, 
2018; Barkana,NJO,Redigolo,Volansky, 2018; Liu,Slatyer 2018; 
Kovetz, Poulin, Gluscevic, Boddy, Barkana, Kamionkowski, 2018;…)

(Pospelov,Pradler,Ruderman,Urbano, 2018)

Translated to baryons temperature
TEDGES

b z=17
= 3.2+1.9

−1.55K ΔTEDGES
b ≡ (TEDGES

b − TΛCDM
b )

z=17
= − 3.6+1.9

−1.55K

DM - BARYON SCATTERING   
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MILLICHARGED DARK MATTER

‣ DM carries as small electric charge 

‣ Two classes 

๏ “Pure” millicharge 

DM

DM

e-

DM

A or A’

e-

DM

MILLICHARGED DARK MATTER @ 21-CM



๏ Hidden photon portal

MILLICHARGED DARK MATTER

‣ DM carries as small electric charge 

‣ Two classes 

๏ “Pure” millicharge 

DM

DM

e-

DM

A or A’

e-

DM

ℒ = −
1
4

F2 −
1
4

F′ �2 −
ϵ
2

FF′� + m2
A′�A

′�2 + JSMA + JDMA′�

→ −
1
4

F2
1 −

1
4

F2
2 + m2

A′ �A
2
2 + JSMA1 + (JDM − ϵJSM) A2

A A’
Holdom (1985)

MILLICHARGED DARK MATTER @ 21-CM



Gas temperature evolution is modified 

MILLICHARGED DARK MATTER @ 21-CM

DM - BARYON SCATTERING   

dTgas

d log a
= − 2Tgas + 2

ΓC

H (TCMB − Tgas) +
3
2 ∑

I={H, He, p, e}

·QI
gas

H
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Gas temperature evolution is modified 

MILLICHARGED DARK MATTER @ 21-CM

DM - BARYON SCATTERING   

dTgas

d log a
= − 2Tgas + 2

ΓC

H (TCMB − Tgas) +
3
2 ∑

I={H, He, p, e}

·QI
gas

H

SM DM

Adiabatic Compton

·QI
gas ∼ Energy (temperature) transfer + momentum transfer (drag)

T1
T2

T TVrel



Gas temperature evolution is modified 

Requirements: 

๏ CMB anisotropies constraints - small cross section at early times 

๏ Faster then Hubble - large cross section at later times 

๏ IR dominated process - velocity dependence, light mediator �  ( ∼ v−4
rel )

MILLICHARGED DARK MATTER @ 21-CM

DM - BARYON SCATTERING   

dTgas

d log a
= − 2Tgas + 2

ΓC

H (TCMB − Tgas) +
3
2 ∑

I={H, He, p, e}

·QI
gas

H

SM DM

Adiabatic Compton

·QI
gas ∼ Energy (temperature) transfer + momentum transfer (drag)



DM - BARYON SCATTERING   
Velocity dependence     long range force (light mediator) →

(Barkana,NJO,Redigolo,Volansky, 2018)

‣ 5th force experiments 
rules out unscreened force. 

‣ DM is (effectively?) 
millicharged 

‣ Atoms are neutral 

‣ Cooling only by interacting 
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Very cool estimates (ignoring bulk motion):    
ANALYTICS

fm=10-1

fm=10-2

fm=10-3

fm=10-4

Loeb & Munoz 18

Approximation
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mmDM ≲ fm × 6 GeV
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Screened force      millicharged DM (mDM)→

Hidden Photon
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(Barkana,NJO,Redigolo,Volasky, 2018)
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‣ E.D.Kovetz et.al (2018) 
revisited CMB constraints 
using Planck 2015 
concluding  

‣ Together with �  
constraints, hidden photon 
explanation is excluded. 

‣ Probably also without it. 

‣ The end?

Neff

(Barkana,NJO,Redigolo,Volasky, 2018)
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ΩmDM ≲ 4 × 10−3ΩDM
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FRAMEWORK

Tb

CMB baryons mDM CDM�xe ≃ 1

General idea: use the CDM bath as a reservoir.
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REVIVING MILLICHARGED DM 

FRAMEWORK

CDM

Tb

CMB

�z ≃ 17

baryons mDM CDM
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General idea: use the CDM bath as a reservoir.



REVIVING MILLICHARGED DM 

FRAMEWORK

CDM

Tb

CMB

�z ≃ 17

baryons mDM CDM

baryons CDM

baryons mDM

mDM

�xe ≃ 1

�xe ≃ 10−4

BARYONS Millicharged-DMQe
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e
<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>

(mDM)
Cold-DM
(CDM)

Γ ∝ xev−4
rel Γ ∝ v−4

rel

General idea: use the CDM bath as a reservoir.



REVIVING MILLICHARGED DM 

FRAMEWORK

CDM

Tb

CMB

�z ≃ 17

baryons mDM CDM

baryons CDM

baryons mDM

mDM

�xe ≃ 1

�xe ≃ 10−4

BARYONS Millicharged-DMQe
<latexit sha1_base64="ih3V9SBkCxKxTKklRsXaZMaAMNk=">AAACAnicbVDLSgNBEJyNrxhfUY9eBoPgQcKuCHoMevGYiHlAsoTZ2d5kyMzsMjMrhCU3j171I7yJV3/Eb/AnnCR7MIkFDUVVN91dQcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRS8epotCkMY9VJyAaOJPQNMxw6CQKiAg4tIPR3dRvP4HSLJaPZpyAL8hAsohRYqz00IB+ueJW3RnwKvFyUkE56v3yTy+MaSpAGsqJ1l3PTYyfEWUY5TAp9VINCaEjMoCupZII0H42u3SCz6wS4ihWtqTBM/XvREaE1mMR2E5BzFAve1PxP6+bmujGz5hMUgOSzhdFKccmxtO3ccgUUMPHlhCqmL0V0yFRhBobzsKWIBAX2j42hHBSsul4y1msktZl1bO8cVWp3eY5FdEJOkXnyEPXqIbuUR01EUURekGv6M15dt6dD+dz3lpw8pljtADn6xcKSZeS</latexit><latexit sha1_base64="ih3V9SBkCxKxTKklRsXaZMaAMNk=">AAACAnicbVDLSgNBEJyNrxhfUY9eBoPgQcKuCHoMevGYiHlAsoTZ2d5kyMzsMjMrhCU3j171I7yJV3/Eb/AnnCR7MIkFDUVVN91dQcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRS8epotCkMY9VJyAaOJPQNMxw6CQKiAg4tIPR3dRvP4HSLJaPZpyAL8hAsohRYqz00IB+ueJW3RnwKvFyUkE56v3yTy+MaSpAGsqJ1l3PTYyfEWUY5TAp9VINCaEjMoCupZII0H42u3SCz6wS4ihWtqTBM/XvREaE1mMR2E5BzFAve1PxP6+bmujGz5hMUgOSzhdFKccmxtO3ccgUUMPHlhCqmL0V0yFRhBobzsKWIBAX2j42hHBSsul4y1msktZl1bO8cVWp3eY5FdEJOkXnyEPXqIbuUR01EUURekGv6M15dt6dD+dz3lpw8pljtADn6xcKSZeS</latexit><latexit sha1_base64="ih3V9SBkCxKxTKklRsXaZMaAMNk=">AAACAnicbVDLSgNBEJyNrxhfUY9eBoPgQcKuCHoMevGYiHlAsoTZ2d5kyMzsMjMrhCU3j171I7yJV3/Eb/AnnCR7MIkFDUVVN91dQcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRS8epotCkMY9VJyAaOJPQNMxw6CQKiAg4tIPR3dRvP4HSLJaPZpyAL8hAsohRYqz00IB+ueJW3RnwKvFyUkE56v3yTy+MaSpAGsqJ1l3PTYyfEWUY5TAp9VINCaEjMoCupZII0H42u3SCz6wS4ihWtqTBM/XvREaE1mMR2E5BzFAve1PxP6+bmujGz5hMUgOSzhdFKccmxtO3ccgUUMPHlhCqmL0V0yFRhBobzsKWIBAX2j42hHBSsul4y1msktZl1bO8cVWp3eY5FdEJOkXnyEPXqIbuUR01EUURekGv6M15dt6dD+dz3lpw8pljtADn6xcKSZeS</latexit><latexit sha1_base64="ih3V9SBkCxKxTKklRsXaZMaAMNk=">AAACAnicbVDLSgNBEJyNrxhfUY9eBoPgQcKuCHoMevGYiHlAsoTZ2d5kyMzsMjMrhCU3j171I7yJV3/Eb/AnnCR7MIkFDUVVN91dQcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRS8epotCkMY9VJyAaOJPQNMxw6CQKiAg4tIPR3dRvP4HSLJaPZpyAL8hAsohRYqz00IB+ueJW3RnwKvFyUkE56v3yTy+MaSpAGsqJ1l3PTYyfEWUY5TAp9VINCaEjMoCupZII0H42u3SCz6wS4ihWtqTBM/XvREaE1mMR2E5BzFAve1PxP6+bmujGz5hMUgOSzhdFKccmxtO3ccgUUMPHlhCqmL0V0yFRhBobzsKWIBAX2j42hHBSsul4y1msktZl1bO8cVWp3eY5FdEJOkXnyEPXqIbuUR01EUURekGv6M15dt6dD+dz3lpw8pljtADn6xcKSZeS</latexit>

e
<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
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(mDM)
Cold-DM
(CDM)

Γ ∝ xev−4
rel Γ ∝ v−4

rel

General idea: use the CDM bath as a reservoir.



REVIVING MILLICHARGED DM 

FRAMEWORK
Implications 
๏ CMB anisotropies constraints 

‣ hide mDM in the baryonic fluid,  �  

‣ large mDM-SM cross section at early times 

‣ small mDM-CDM cross section at early times 

๏ EDGES at �  - large mDM-CDM cross section at later times 

๏  IR dominated processes - velocity dependence, light mediator �   

๏ Relative interactions strength is set by �

fm ≲ 10−4

z ≃ 17

( ∼ v−4
rel )

xe



REVIVING MILLICHARGED DM 

FRAMEWORK
What did we gain? 

๏ Upper bound on CDM mass  �  

๏ Upper bound on mDM mass* �  

๏ Lower bound on the mDM fraction is significantly smaller  �  

๏ Model lives below colliders reach, but above direct detection reach 

๏ Many prediction for near future experiments

mC ≲ 6 GeV

mm ≲ 200 GeV

fm ≳ 10−8

* a complicated combination of CMB constraints + the required rate for EDGES



REVIVING MILLICHARGED DM 

RESULTS - MDM PARAMETERS
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REVIVING MILLICHARGED DM 

Other general statements   

๏ Lower bound on CDM and mDM mass from � :  �  

๏ Mass ordering*: �  

๏ For �  the inner structure of H and He atoms is sufficiently resolved, 
cooling is dominated by mDM-atoms interactions

Neff mC,m ≳ 10 MeV

mm ≳ mC/10

mm ≳ 100 MeV

* a complicated combination of CMB constraints + the required rate for EDGES

RESULTS



REVIVING MILLICHARGED DM 

RESULTS - CDM PARAMETERS
Constraints 

๏ Conservative self interactions constraints:  �  

๏ Loop induced CDM-SM coupling
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RESULTS - CDM PARAMETERS
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REVIVING MILLICHARGED DM 

RESULTS - CDM PARAMETERS
Constraints 

๏ Conservative self interactions constraints:  �  

๏ Loop induced CDM-SM coupling
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SUMMARY AND OUTLOOK 

Exciting era for 21cm cosmology - lots of new 
experiments, possible implication for new physics

If EDGES anomaly persists, (m)DM can explain it

Most relevant results can be obtained analytically

Many possible signatures in the near future

Galactic dynamics and the implications on direct 
detection? 

21cm spectrum and fluctuations?
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