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Thermal History 



evidence Universe 
was once hotter 

than .1 eV 





Time Temperature Process 

GUT scale: electroweak decouples from 
strong force 

WIMPs decouple (if they exist and are 
the dark matter) 

Quark-hadron phase transition: 
neutrons and protons created from 

quarks and gluons 

Nucleosynthesis: protons and neutrons 
join to create atomic nuclei 

Matter-radiation equality 

Recombination: electrons and protons 
form to create Hydrogen atoms, and 

CMB photons decouple 



http://particleadventure.org/particleadventure/index.html 



• Electroweak phase transition 
– quarks and leptons (e.g. electron, neutrino) 

 

•  QCD (quantum chromo-dynamics) phase transition 
– quark-gluon plasma  confinement of quark 

 

 

 

  

   

We assume there is an asymmetry between matter and 
anti-matter. 

proton neutron 
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(figure from Kazuya) 



• Neutrino decoupling 
 

– Neutrino interacts via weak interaction: 
 
 
 
 

 

– Reaction rate: 
 
 

– Decoupling occurs when: 
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Thermal Bath: 
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Nucleosynthesis 
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scattering 

decay 
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Evolution of light element abundances in the early universe 
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Observed 

abundances of 

Helium-3 and 

Deuterium constrain 

baryon/photon ratio: 



The CMB 

measurements 

provide independent 

information for 



Now we have 

free-streaming 

neutrinos, 

interacting 

electrons and 

photons, and 

light nuclei 

 



Cosmic Microwave Background 
• The process of forming neutral hydrogen as a proton captures an 

electron is called recombination 
 
 

 
• As long as the reaction is in thermal equilibrium: 

 
 
 
 

• Define the ionization fraction: 

e p H    
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• The ionization fraction evolves according to the Saha equation, 
 
 
 
 

• Using the baryon to photon ratio, this can be rewritten as 
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Recombination occurs at 

0.1 eV not 13.6 eV due to 

low baryon/photon ratio 
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Now we have 

free-streaming 

neutrinos and 

photons, and 

atomic 

hydrogen and 

helium 



evidence Universe 
was once hotter 

than .1 eV 



  

 


