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Simplest dark matter model

Thermodynamics: 
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Bose-Einstein statistics

Carlson,Machacek,Hall ‘92
Bernal, Chu ‘16



Dynamics: 

initial state     → thermalization   →  freeze-out 

Common approach:  

→ 

 → 0 

Does not work in the relativistic regime T >>m  !



Relativistic reaction rates

2→4 : 

can’t neglect!

Issue:  can only compute  (2 4) in the center-of-mass frame  (CalcHEP, etc.) →



Conversion to the CM frame:

, → 

…    = ...

=

includes BE final 
    state factors

Relativistic analog of the Gelmini-Gondolo formula:



Thermal or kinetic equilibrium:      
24

  or  
22

   >  n H 



Boltzmann equation + entropy conservation:

T(t) , (t)

Freeze-out     2 
24

 <  3 n H :



Thermal mass effect at high T: 

IR divergent without
    thermal mass 

Freeze-out can’t be 
  ultra-relativistic:


24

    ~    T4

n H    ~    T5



Correct DM relic abundance:  =   boundary of relativistic 
            freeze-out

8, 15, 25, ...   =   T / T
SM



Only kinetic equilibrium:

,

white = correct relic density

0.01, 0.1, 1, ...   =   T / T
SM

NB: || < m  if there are “non-trivial” anti-particles    (Haber, Weldon ‘81)



Relativistic freeze-in

T > T
EW

   regime:                       h
i 
h

i  
 →  ss 
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Conclusion: 

• scalar DM evolution in the relativistic regime

• effective chemical potential

• relativistic effects in freeze-in
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