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Outline  

•  WIMP in standard thermal history  
     - How to determine a DM relic abundance 
 

•  Early universe with low reheating temperatures 
     - Thermal and Non-thermal production of WIMPs 
 

•  Non-thermal WIMP  
     - Categorizing mechanisms for the final DM abundance  
 

•  Constraints  
     - dark matter density, direct/indirect detections 
 

•  Summary and Outlook 



WIMP in  
standard thermal history 



Thermal freeze out 

•  At a high temperature, the WIMP DMs are in equilibrium. As the 
temperature drops below the DM mass, the number changing 
interactions are frozen so that the total number is preserved.  

•  Why is the annihilation cross-section averaged for a thermal 
distribution?	
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(qjqk)(qiÕ) + · · · (97)

⌧DM ⇠ 1018 sec
⇣ m�

1 TeV

⌘
8

✓
5 GeV

mDM

◆
5

✓
MA

1 TeV

◆
2

 
(10�1)2

A;i̃A;l

(10�2)2

�jk�̃mn

!
2✓

1

F lmn
O

◆
2

(98)

⌧DM
obs. > 1025 sec (Fermi-LAT) (99)

�SI(5 GeV) . 10�42cm2 (LUX) (100)

nB � n
¯B

s
=

n
˜B � n

¯

˜B

s
= 0.8 ⇥ 10�10 (PLANCK) (101)

U(1)B� ˜B (102)

� � �̃ m�̃ = 0 (103)

C & CP (104)

�B = �B̃ 6= 0 (105)
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A, mẽ ' f

v
me & 3me for Z

2

symmetric Yukawas (95)

n (96)

LB� ˜B =
A;i̃A;l�jk�̃mn

MAm2

�m
2

˜�

(qiqjqk)(q̃lq̃mq̃n) + h.c.

=Ldecay =
X

˜O

A;i̃A;l�jk�lmFOlmn

MAm2

�m
2

˜�
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Kinetic decoupling 

•  Number conserving interactions (elastic scatterings) are decoupled 
far later than the number changing interactions. 

•  Since the freeze-out happens during kinetic equilibrium, the relic 
abundance does not explicitly depend on the elastic scattering rate.  
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Early Universe with  
low reheating temperatures 



Long lived heavy particles 

•  There are many candidates for long lived particles in beyond SM such 
as string moduli, saxion/axino, Q-ball, etc.      Early Matter domination 

•  The “reheating temperature” could be lower than the DM freeze-out 
temperature, and also lower than the kinetic decoupling temperature. 
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Probing the effect of kinetic decoupling 1 

•  Depending on the branching fractions, histories of the dark matter 
abundances are different.  

    - Thermal WIMP  (                                  ) 
     
 
 
 
 
 
 
ü  No significant effect of kinetic decoupling on the relic abundance  
  
 
•  However…  
    - small scale isocurvature perturbation for thermal WIMP dark matter 
    - thermal Goldstino production 
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Probing the effect of kinetic decoupling 2 

•  Depending on the branching fractions, histories of the dark matter 
abundances are different.  

    - Non-thermal WIMP (                                  ) 

ü  The abundance generated at the end of reheating is important.  

•  However… 
    - complete thermalization could not happen for a low reheating temp.  
    - cross-sections depend on the momentum evolution  
    - relative size between         and        could be important for p-wave ann. DM   

In	
  this	
  plot,	
  we	
  assume	
  	
  	
  
instantaneous	
  (kine4c)	
  
thermaliza4on	
  of	
  DM	
  :	
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Heavy fields
Radiation

Non-thermal WIMP
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Evolution of the DM momentum 

•  After the DMs are produced by decay of heavy particles at the end 
of the reheating (at T = Treh ), Elastic scatterings between DM and 
radiations determine the evolution of the DM momentum.  
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Categorizing mechanisms 

•  (N.A.) No Annihilation :  

•  (I.A.) Instantaneous Annihilation :  

•  (C.A.) Continuous Annihilation :  
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Evolution of the annihilation cross-section 

•  Evolution of the annihilation cross-section is important to determine 
the relic density.  

•  Introducing momentum independent variables, 
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Analytic approximation 

•  Evolution of the annihilation cross-section 
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ṅ� + 3Hn� = �h�
ann

v
rel

i�n2

� (160)

Y�(t0) =Y�(treh)

 
1 +

nreh

�

H
reh

Z
1

0

duh�
ann

v
rel

ip�(u)

!�1

(161)

13

�
el

> H
reh

�
ann

> H
reh

) (124)

�� = H ) T
reh

'p��Mpl

= 150 MeV

r
��

10�20 GeV
(125)

p (126)

p� ! peq

� =
p

3m�T ⌧ m� (127)

Br(� ! � + · · · ) ' 0 (128)

Br(� ! � + · · · ) > 0 (129)

x
kd

> x
fr

(130)

pini

� ⇠ m� � m� (131)

�
el

(T
reh

, E�) vs H
reh

(132)

u = T/T
reh

(133)

� (134)

�
ann

�
el

(135)

�
ann

(T, E�) < H(T ) for T  T
reh

(136)

�
el

(T
reh

, E�) > H
reh

: E� ! Eeq

� �
ann

(T
reh

, E�) ! H
reh

at T ' T
reh

(137)

�
el

(T
reh

, Edec

� ) = H
reh

for m� ⌧ Edec

�  E ini

� (138)

h�
ann

v
rel

i� / 1/E2

� / a2 for T < T
reh

(139)

�
ann

(T⇤, E� ⇠ m�) ! H⇤ at T⇤ < T
reh

(140)

�
ann

(T, E�) = n�h�ann

v
rel

i�,
�

el

(T, E�) = n�

⌧
�

el

v
rel

�p�
p�

�

�,T

. (141)
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Constraints 



Dark matter density 

•  Assumption : 

•  Present dark matter density :  
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Direct/indirect detections 

•  The s-wave annihilating DM is already ruled out by indirect detection 
constraints.   

•  The DM should be lepto-philic to be thermalized at a low temperature 
and quark-phobic by direct detection constraints  

•   The effective operator as a benchmark example :  

      
    - two loop induced elastic scattering between the DM and nucleus 
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Summary and Outlook 

•  We have studied the effect of kinetic decoupling/elastic scattering 
on non-thermally produced WIMP dark matter phenomenology.    

•  We categorize each mechanisms and present the approximated 
analytic formulae. 

•  With low reheating temperatures, a p-wave annihilating DM is still 
viable and the corresponding relic abundance explicitly depends on 
the elastic scattering rate. 

•  It is also probable to think “dark wimp” in which dark matters are 
thermalized by dark radiations. Interesting connections between dark 
matter property and early history of the universe and late time 
cosmology can be made and predicted.  

 


