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WIMP freeze-out

Figure: Kolb & Turner

Regulated by Boltzmann equation
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Freeze-out vs. kinetic decoupling

WIMP annihilation 
into SM particles

Scattering of
WIMP and SM particles

¥ Annihilation rate 
¥ Changes 
¥ Process ends at

¥ Momentum exchange rate
¥ Does not change 
¥ Process ends at
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Temperature of kinetic decoupling

¥       is a key parameter in cosmological models.

¥determines the cutoff in the density spectrum

¥links the size of the smallest halos with WIMP nature

Tkd

The mass of the smallest halo        is the largest between:M cut

¥from WIMP free-streaming

¥from acoustic oscillations
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The scattering of  WIMPs of mass        off a plasma 
at temperature                 is a Brownian motion 
(random walk)
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More on kinetic decoupling



Fokker-Planck equation

The WIMP occupation number                     follows 

a Fokker-Planck (FP) equation
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Relaxation Statistics

We solve FP for any          and        , assuming             f ! ! 1! (T)H (T)



where we deÞned the kinetic temperature

For           , we rewrite FP as the Master Equationf� ⌧ 1
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WIMP scattering off the plasma is regulated by the ratio
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The general solution to the Master Equation is the 
sum of a homogeneous and an inhomogeneous part
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Limits at early- and late-time

WIMPs are tightly coupled to the plasma

! (T) � H (T) !( T) ! 1¥              or                :

¥              or                :! (T) ! H (T) !( T) ! 1

WIMPs decouple from the plasma
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Applications: power-law cosmology (1)

We choose the parametrization for the cosmology:

a! T = constant

H (T) = Hi
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Applications: power-law cosmology (2)

The solution to the Master Equation is

T! = T s" es [!(1 ! !, s ) + ! !( ! !, s i )]
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(Berschinger, PRD 74 2006)

If  WIMPs are initially tightly coupled to the plasma,

T! = T s" es ! (1 ! !, s ) (si ! +" )



Temperature of kinetic decoupling (I)

�(Tkd ) = H(Tkd )We deÞne    
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The late-time behavior of       during RD isT!
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Temperature of kinetic decoupling (II)

Compare with (Bringmann and Hofmann, JCAP 0407, 016 2007)
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for ! = 4 , n = 2

Tkd = Tkd ,std for ! = 2 (RD)



Summary and conclusions

¥       is a key parameter in cosmological models, 
since it sets the size of the smallest protohalos.

¥        is related to the kinetic temperature       
through the Fokker-Planck equation;

¥The Fokker-Planck equation is solved in terms of 
the kinetic temperature     ;

¥The solution is in terms of      , and can be 
implemented in numerical models like DarkSUSY;

¥In power-law models (RD, LTR, Kination), generic 
expression for       and       are obtained.
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