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Outline

21-cm
Closing the gaps on strongly interacting DM

Double-lined Spectroscopic Binaries
Searching for Dissipative DM in Stars

General Dark Mediation
Environmental DM
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Light Dark Matter in the Sky
21-cm Cosmology

[Barkana, Outmezguine, Redigolo,  TV, 2018]
[Liu, Outmezguine, Redigolo,  TV, 2019]

[Katz, Outmezguine, Redigolo,  TV, work in progress]



21-cm Cosmology Basics

Cosmic Dawn

After recombination (z~1100):  Baryon density is mostly hydrogen

21-cm (6x10-6 eV) line tracks the Hydrogen in the early universe.



21-cm Cosmology Basics

• The hydrogen is at its ground state, split by hyperfine interaction.

• Spin temperature is defined by:

• 3 effects change Ts:
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21-cm Cosmology Basics

• The hydrogen is at its ground state, split by hyperfine interaction.

• Spin temperature is defined by:

• 3 effects change Ts:

• H-H and H-e scattering:  

• Spontaneous and induced emission: 
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21-cm Cosmology Basics
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21-cm Cosmology Basics
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21-cm Cosmology Basics
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21-cm Cosmology Basics

• Boltzmann equation for the spin density: 

• Gives:

ṅ0 + 3Hn0 = �n0(C01 +B01 + L01) + n1(C10 +A10 +B10 + L10)
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21-cm Cosmology Basics

• Boltzmann equation for the spin density: 

• Gives:
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21-cm Cosmology Basics

• Boltzmann equation for the spin density: 

• Gives:

ṅ0 + 3Hn0 = �n0(C01 +B01 + L01) + n1(C10 +A10 +B10 + L10)
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New Physics @ 21cm?
How can NP affect 21-cm?
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New Physics @ 21cm?

• Non-standard CMB spectrum

• Additional astrophysical sources (e.g. radio-loud quasars)

• New physics contribution (e.g. decay to hidden photons)
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Dark Cooling
• DM is initially very cold.

• Can interact directly with baryons and cool it down.

• Cooling described by Boltzmann eqs.:
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Dark Cooling
• DM is initially very cold.

• Can interact directly with baryons and cool it down.

• Cooling described by Boltzmann eqs.:

Compton scattering
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Dark Cooling
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Dark Cooling
• DM is initially very cold.

• Can interact directly with baryons and cool it down.

• Cooling described by Boltzmann eqs.:

• Two implications:

• DM scattering rate must compete with Compton:  Large cross-section

• For mDM>mproton cooling is not sufficient (small heat capacity):  Light DM
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Models of Strongly Interacting Light DM

Hidden Photon

[Barkana,Outmezguine,Redigolo,TV, 2018]

DM interacting via (hidden) photon is unlikely to explain EDGES.

Millicharged DM
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Models of Strongly Interacting Light DM

Hidden Photon

[Barkana,Outmezguine,Redigolo,TV, 2018]

DM interacting via (hidden) photon is unlikely to explain EDGES.
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Now what?



Millicharged DM is Back!

• The problem in original idea:  

• Constraints from CMB imply mDM density is low ( ).

• Small fraction can only cool a little - small heat capacity.

ΩmDM < 4 × 10−3ΩDM



Millicharged DM is Back!

• The problem in original idea:  

• Constraints from CMB imply mDM density is low ( ).

• Small fraction can only cool a little - small heat capacity.

ΩmDM < 4 × 10−3ΩDM

• New idea: 

CDMBaryons mDM
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z = 17

T [Liu, Outmezguine, Redigolo,  TV, 2019]
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Millicharged DM is Back!
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<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
<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)

Γmb ∝ xev−4
rel ΓmC ∝ v−4

rel

CDMBaryons mDM

CDMBaryons mDM

CDMBaryons mDM

CMB

[Liu, Outmezguine, Redigolo,  TV, 2019]

z = 17

T



Millicharged DM is Back!

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>
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Millicharged DM is Back!
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CDM Direct Detection
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Can we constrain the millicharged 
DM model?



EDGES

TEDGES
21 (z ' 17) = �500+200

�500 mK

[Bowman et al., 2018]
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EDGES: Back to Reality

[Hills,Kulkarni,Meerburg,Puchwein, 2018]



EDGES: Back to Reality

[Hills,Kulkarni,Meerburg,Puchwein, 2018]



SARAS 3
Inconsistent with EDGES!

Suggested problem with EDGES:  
Inhomogeneous grounds under the detector, causing a 12.5 MHz systematic noise.

[SARAS 3, 2112.06778]



SARAS 2

[SARAS 2, 2018]
Inconsistent with EDGES!



21-cm Experiments:  Current Status

What are the implications?



Now what?

• For theorists, explaining a signal is easy: Ignore all systematic uncertainties 
and show it’s physically possible.

• Placing constraints is hard: Figure out all astrophysical and systematic 
uncertainties and derive a conservative bound.

• With EDGES we made an important simplifying assumption: 

• Maximal Lyman-  that couples gas to spin temperature. 
• No heating from X-rays (dominant source via photoionization)

α

For EDGES we’ve ignored the real physics: X-rays and Ly-  radiationα

�γ
����
��

�� �� ��� ��� ����

�

��

��

���

���

����

�

�
(�

)



Now what?

Finite efficiency that drops as the gas cools

Important implications for dark imprints on 21-cm signal

Lyman-α

X-Rays
Large astrophysical uncertainties that affect the 21-cm predictions 
and constraints.



Understanding Lyman-α

UV starlight plays a crucial role in 21-cm

Affect 21-cm spectrum via the Wouthuysen-Field (WTF) effect: 
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Understanding Lyman-α

UV starlight plays a crucial role in 21-cm
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)Thermalization between  and Ts Tgas

WTF effect implies:
Emission signal if HI is hot

(X-ray heating) 

Absorption signal if HI is cold 
(adiabatic expansion or other cooling effects)



Understanding Lyman-α

Efficiency of  WTF strongly depends on Tgas

Recall: xα = E21
Tγ
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Understanding Lyman-α

Efficiency of  WTF strongly depends on Tgas

L10 ∼ 4π∫ dν Jν(ν) σ(ν)

Recall: xα = E21
Tγ

L10
A10

=T−1
s

T−1
γ xgasT−1

gas xαT−1
α+ +

1 + +xgas xα

Photon flux Absorption
Cross-section

So effect of Ly-  directly depends on the flux at around the absorption lineα
Sα -   WTF effective coupling
Jα

- Flux around absorption peak
without radiative transfer

= Jα

J
Sαxα = E21

Tγ

L10
A10



Understanding Lyman-α

How do we find  ?Sα

= Jα

J
Sαxα = E21

Tγ

L10
A10

Write down Boltzmann Eq. describing the absorption and reemission

Hard to solve - instead expand to arrive at a Fokker-Planck Eq.:

∂
∂ν (−A + D

∂
∂ν ) + Cψ(ν) = 0Jν
Jν
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Understanding Lyman-α

Expect a -dependent absorption peak 
in photon flux around Ly-  line

Tgas
α

ν − να /Δν

1000K

10K

1000K

10K

(ν − ν0)/ΔνD

[Furlanetto, Pritchard, 2006]



Understanding Lyman-α

Expect a -dependent absorption peak 
in photon flux around Ly-  line

Tgas
α

ν − να /Δν

1000K

10K

1000K

10K
Injected 

photon spectrum

Continuum (redshifted) 
photon spectrum

(ν − ν0)/ΔνD

[Furlanetto, Pritchard, 2006]



Understanding Lyman-α

Wouthuysen-Field Efficiency

Strong DM cooling of hydrogen will not efficiently cool  Ts



WTF Effect: DM Implications 

Another dip predicted due to DM cooling

Finite Cooling:  affected only shortly until gas is cooled too much Ts

z+1z+1



 WTF Efficiency:  Many complications

 only calculated for Sα T > 2 K

Below Fokker-Planck approximation does not hold
Need to solve full Boltzmann Eq.  (hard!) 

Not expected to change qualitative features but could still be 
important.

Work in progress..



 WTF Efficiency:  Many complications

Reionization



Understanding X-Rays

Redshift Compton scattering DM scattering
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Understanding X-Rays

dTgas

d log a
= − 2Tgas+ + +2

3

·QX−ray

H
2
3 ∑

I=H,He,e,p

·QI
gas

H
ΓC

H
(TCMB − Tgas)

Key difficulty:  How do we estimate ?ΦX−ray

·QX−ray ∼ fatoms ΓX−ray ΔE ϵheat = fatoms ∫ dν σ(ν) ΔE(ν)ϵheatΦX−ray(ν)



Understanding X-Rays

• Extracted indirectly.   

• Flux (and luminosity) strongly depends on the Star Formation Rate (SFR): 
 
 
 

•  depends on source: starbursts, SNR and mini-quasars. 

•  depends on minimal halo size and cooling mechanism:

α

ΓSFR(z)

Lν(z) = ΓSFR(z) d2E
dνdM ν0 ( ν

ν0 )
−α

ΓSFR(z) ∼ d
dt ∫

∞
dm′ m′ 

dN
dm′ 

ϵSF(z, m′ )
Mmin

Model-Dependent!!



Star Formation Efficiency

[Munoz et al., 2022]
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Star Formation Efficiency
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popII, Mturn=Mmol
popII to Matom then flat to Mmol - no fduty
popII to Matom then flat to Mmol - with fduty
paper pop2
paper pop3

ϵ S
F(z

,M
h)

Atomic cooling
Tvir ≃ 1 eV

Molecular cooling
Tvir ≃ 0.1 eV

Consistent with  
measured luminostiy  

function ( )z ≤ 10
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min
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What do we know about X-rays?

[Barkana et al., 2017]



What do we know about X-rays?

[Barkana et al., 2017]

Coupled to CMB

X-ray heating
Varies according to spectrum
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What do we know about X-rays?

[Barkana et al., 2017]

 Change in minimal halo size &
 star formation efficiency

 Change in
 star formation

efficiency
 & total X-ray

 luminosity



X-Ray Matters!
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3-Fluid Dynamics

Doesn’t couple to baryons
(Finite Ly-  radiation efficiency)α

Heating up
(X-Ray)



Parameter Scans

X-ray luminosity
Normalization

Star formation Eff.
Normalization DM Charge DM Mass

Star formation Eff.
Power-law index

Star formation Eff.
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Millicharged DM - 2 Fluids



Millicharged DM - 2 Fluids



Millicharged DM - 3 Fluids



How Much DM is Hiding 
Inside Stars?

[Peled,  TV, 2022]
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Nightmare Scenario

Mediator(s)?

Standard Model 
(Known - 15%)

Dark Sector 
(Unknown - 85%)
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Motivation: Nightmare Scenario

• The models we discussed above, and many other models predict dissipative 
DM.

• Dissipative DM can fall into a disk and fragment into even smaller objects.  

• But then it’s possible DM fall into stars during their formation and early 
evolution.

How Much DM in Stars?
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Double-lined Spectroscopic Binaries (SB2s)

• For a certain type of binaries, we have a lot of information.

• If we observe the oscillating spectral red/blueshift of each star, we can 
extract both velocities. 

• Using Kepler’s 3rd law: 
 

• If we also see the eclipse, we know (roughly) the inclination.

M3
1,2 sin3 i

(M1 + M2)2 =
V3

2,1P̃(1 − e2)3
2

2πGN

For eclipsing SB2s we know the gravitational masses of the stars



Mass-Luminosity Relation (MLR)

What about the luminous (baryonic) mass?

Hydrostatic equilibrium:

Energy transport:

Thermal equilibrium:

Equation of state:
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Mass-Luminosity Relation (MLR)

What about the luminous (baryonic) mass?

Mass continuity:

Hydrostatic equilibrium:

Energy transport:

Thermal equilibrium:

Equation of state:

∂r
∂mb

= 1
4πr2ρb

∂l
∂mb

= ϵ

P = Pgas + Prad = kB

mpμ
ρbT + 1

3 aT4

∂P
∂mb

= − GNmb(r)
4πr4

q(r)

∂T
∂mb

= − T
P

GNmb(r)
4πr4 ∇( )q(r)q(r)

q(r) ≡ mtot(r)
mb(r)Add Dark Matter :



r( )
R

= r′ ( )
R′ 

Mass-Luminosity Relation (MLR)

• Solution to these equations is unnecessarily model-dependent.

• To extract functional form use homologous (or ”self-similar”) stellar model. 

• Center concept:  
 
Internal structure is self-similar and depends on a dimensionless parameter 

• Implies scaling relations, e.g.:

• Those can be plugged into the equations to obtain algebraic relations.

= mb

Mb
= m′ b

M′ b
ξ ξ

P = f1(ξ)P⋆
r = f2(ξ)R⋆
T = f4(ξ)T⋆

ξ



Mass-Luminosity Relation (MLR)

Example:  star with with radiative diffusion and dominant gas pressure

L ∝
QM3

tot

Mtot

gas pressure

radiation pressure{



Mass-Luminosity Relation (MLR)

Example:  star with with radiative diffusion and dominant gas pressure

L ∝

L = η Mα
totQω Q ≡ Mtot

Mb

Luminosity depends on a combination of the  
luminous mass and dark matter 

All possibilities can be captured by the MLR parametrization: 

QM3
tot

Mtot

gas pressure

radiation pressure{



Mass-Luminosity Relation (MLR)

Problem:  MLR seems strange since  as .  

Answer:   

1. Since , temperature also rises to the point where radiation    
pressure dominates for which .

2. Stellar lifetime is, .   For large Q, lifetime is too short to be 
consistent with data.

L → ∞ Q → ∞

T ∝ Q#

L ∝ Q0

τ ∝ Mb

L
∝ Q−4

L = η Mα
totQω

0 < Q − 1 ≪ 1



SB2s: The Eker Catalogue



Statistical Model

L = Mα
totMLR Model: η Qω

Model suffers from 2 flat directions.   
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Statistical Model

log L + = log(η+ ) + ω log(Q+ ) + (α+ )log(Mtot+ )δ log L δη δQ δα δMtot

L = Mα
totMLR Model:

Statistical Model takes into account astrophysical variability of stars:

η Qω

ℒ(α, σα, η, ση, Q, σQ, ω | {Mtoti
, σMtoti

, log Li, σlog Li
}n

i=1
) =

=
n

∏
i=1

∫ dδMtoti
dδαi dδηi dδQi dδ log Li G(δMtoti

|σMtoti
) G(δαi |σα) G(δηi |ση)G(δQi |σQ) G(δ log Li |σlog Li

)

δ (δ log Li − [log η + δηi

η
+ ω (log Q + δQi

Q ) + (α + δαi) (log Mtoti
+

δMtoti

Mtoti ) − log Li])

Profile likelihood ratio:



Constraints: DM inside Stars
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What’s Next?

Quite strong constraints ( ) from limited data< 5 %

Can significantly improve with Gaia data?

Use limits to constrain Dissipative or asymmetric DM models

In particular place constraints on presence of a DM disk



General Dark Mediation
&

Environmental Dark Matter
[Bloch, Outmezguine, Redigolo, Sun, TV, work in progress]

Skip

[Gouttenoire, Ruderman, Slone, TV, work in progress]



What did we learn?

Models typically studied (especially for direct-detection) use very 
limited number of mediation schemes:   

light vector or point-like interaction (few other exceptions).

Why?

Stellar Cooling constraints!

Mediator(s)?

Standard Model 
(Known - 15%)

Dark Sector 
(Unknown - 85%)
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Vanilla Scalar and Vector Mediators

Hadrophilic Scalar Leptophilic Scalar B-L Vector

[Knapen, Lin, Zurek, 2017]



Chameleon Mediators?

Dark Sector SMChameleon
Mediators

Couplings 
to matterDynamics

Usual
Dark sector
couplings

[Bloch, Outmezguine, Redigolo, Sun, TV, work in progress]



Example: Weakly Coupled Symmetron

Dark Sector SMChameleon
Mediators

ϕ ϕ
X

[Bloch, Outmezguine, Redigolo, Sun, TV, work in progress]
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Example: Weakly Coupled Symmetron

Dark Sector SMChameleon
Mediators

ϕ ϕ
X

1
2 (m2

X −
M2

X ) X2 + 1
4 λXX4ρ

1
2 λϕ2X2 me

M2
ϕ

ϕ2eLeR

−m2
ϕϕ2 + λϕϕ4

yDϕ ψLψR

⟨X⟩ ≠ 0 ⟨ϕ⟩ = 0
⟨X⟩ = 0 ⟨ϕ⟩ ≠ 0Earth

Star

Significant scattering

Suppressed production

[Bloch, Outmezguine, Redigolo, Sun, TV, work in progress]



Example: Weakly Coupled Symmetron
[Bloch, Outmezguine, Redigolo, Sun, TV, work in progress]

Preliminary Preliminary



General Dark Mediation?

• The example has several constraints and requires very small (but natural) 
couplings.   Is it unique? 

• Can be generalized.   Strongly coupled models likely better.

What’s the catch?

Dark Sector SMChameleon
Mediators

9SM9c9′ c9DM

⟨9′ c9c⟩

Generalization?

[Bloch, Outmezguine, Redigolo, Sun, TV, work in progress]



General Dark Mediation?

Dark Sector SMChameleon
Mediators

9SM9c9′ c9DM

⟨9′ c9c⟩

Stellar Cooling Long-range forceDirect Detection

⟨9′ c9c⟩ ⟨9c9c⟩9c



Massless Mediation Sector

 inside stars⟨9SM⟩ ≠ 0

OPE behavior of correlation functions change

2 things can change

⟨0 |T91(−q)92(q) |0⟩ = a1(q2) ⋅ 1 + ∑
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Massless Mediation Sector

 inside stars⟨9SM⟩ ≠ 0

OPE behavior of correlation functions change

2 things can change

⟨0 |T91(−q)92(q) |0⟩ = a1(q2) ⋅ 1 + ∑
i

ai(q2)⟨9i⟩. . .

Anomalous dimensions of operators can change

c1
Λd1−1

c2
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Massless Mediation Sector

 inside stars⟨9SM⟩ ≠ 0

OPE behavior of correlation functions change

2 things can change

⟨0 |T91(−q)92(q) |0⟩ = a1(q2) ⋅ 1 + ∑
i

ai(q2)⟨9i⟩. . .

Anomalous dimensions of operators can change

c1
Λd1−1

c2
Λd2−191 ēe 92 ψ̄Dψ( μ

Λs )
γ1/2

+( μ
Λs )

γ2/2
Λs

μDD

μ5th



Massless Mediation Sector

[Bloch, Outmezguine, Redigolo, Sun, TV, work in progress]



General Dark c-Mediation?

• Numerous applications:

• Ameliorate direct detection.

• New DM form factors, .

• Implication for production mechanism? 

• Could change cosmology - different couplings at large temperatures 
(e.g. 21cm predictions)

• More?

FDM ∼ q−α

Dark Sector SMChameleon
Mediators

9SM9c9′ c9DM

⟨9′ c9c⟩

[Bloch, Outmezguine, Redigolo, Sun, TV, work in progress]

[Hong, Kurup, Perelstein, 2022]



More General Environmental Effects

DM interactions with environment can influence its behavior 

Relevant for structure formation

Example:   CDM ( )  + light component ( ) χ ϕ

ℒ = − m2
χ − m2

ϕ,0 − λ|χ |2 |χ |2|ϕ |2 |ϕ |2

For simplicity assume: mϕ,0 ≪ mχ

ρϕ ≪ ρχ ∼ ρDM

Then: m2
ϕ = m2

ϕ,0 + λχ2 = m2
ϕ,0 + λ

ρDM
m2χ



More General Environmental Effects

To solve:   Write down the EOM and take  ψ = 2mϕ,0ϕeimϕ,0t

Obtain the Schrodinger-Poisson Eqs.:



More General Environmental Effects

[Gouttenoire, Ruderman, Slone, TV, work in progress]



More General Environmental Effects

The light component is predicted to have a core

Possible solution to small-scale problems.

[Gouttenoire, Ruderman, Slone, TV, work in progress]



More General Environmental Effects

The light component is predicted to have a core

Possible solution to small-scale problems.

Much more to do

Analyze with dominant light component

Possible couplings to baryons (diversity problem / baryonic Tully-Fisher)

Other constraints?



Conclusions

Astrophysical and cosmological data present 
opportunities to search for non-trivial DM
Could be DM that interacts with visible sector (e.g. 21-cm)

Or DM that does not interact with visible sector (e.g. SB2s, enDM)

Lots more to do!
Have fun while you’re at it



To be continued...

Far too many mysteries to solve. 
Can’t stop now!



Backup Slides



Future 21-cm Experiments
Many(!) experiments

LEDA

HERA

PRIZMSCI-HI

PAPER

MWA

LOFAR

Global signal

Fluctuations

CTP

EDGES 3MIST


