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SUMMARY
• We have studied the “thermal effects” on 
a non-thermal DM production scenario (“FIMP” scenario)
  (by using Kadanoff-Baym eqs. in closed-time-path formalism)
which was not taken into account in previous works.

• We found that the “thermal effects” can significantly change 
the conventional picture, and the resultant DM abundance.

Since this is the last talk of today’s hard program....

( and BURI is waiting for us,.....)
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1. Motivation

2012年2月21日火曜日



Motivation (1)

Φ
thermal bath

χ χ’
χ’’ ...

(very) weak
interaction

In general, we want to study the following setup:
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Motivation (1)

many examples in cosmology

● inflaton/moduli decay
● dynamics of scalar fields (inflaton/moduli/Affleck-Dine...)
● production of gravitino /axino /(Dirac) R.H.sneutrino DM...
    [note: many early works...  cf. Refs. of our paper.]

As an example, we study a non-thermal DM production.
Asaka, Ishiwata, Moroi, ’05,’06

Hall, Jedamzik, March-Russell, West, ’09

Φ
thermal bath

χ χ’
χ’’ ...

(very) weak
interaction

In general, we want to study the following setup:

(not mixed)
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Φ
thermal bath

χ χ’
χ’’ ...

(very) weak
interaction

In general, we want to study the following setup:

example

(not mixed)
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Dark Matter density
ΩCDMh2 = 0.1126 ± 0.0036

Motivation (2)
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Dark Matter density
ΩCDMh2 = 0.1126 ± 0.0036

Motivation (2)

measured with an accuracy of O(1%).

→ requiring comparable precision in theoretical calculation  
    (depending on the DM scenario).

→ important to include the “thermal effects”, 
   which was not taken into account in the previous studies.
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2. Setup
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Setup

     Lint = ε φ χ0 χ1

φ
thermal bath

χ0 , χ1

χ2 ...
coupling <<<< 1 

DM
very weakly interacting:

(out of equilibrium)

within thermal bath

DM
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Setup

     Lint = ε φ χ0 χ1

φ
thermal bath

χ0 , χ1

χ2 ...
coupling <<<< 1 

DM
very weakly interacting:

(out of equilibrium)

within thermal bath

● For simplicity, assume these particles are scalars.
● Dimensionless coupling: ε/mΦ <<<<< 1. (typically ～ 10-13)

→ DM φ is never in thermal bath.
Asaka, Ishiwata, Moroi, ’05,’06
Hall, Jedamzik, March-Russell, West, ’09

DM
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Setup

     Lint = ε φ χ0 χ1

φ
thermal bath

χ0 , χ1

χ2 ...
coupling <<<< 1 

DM

● Assume a mass hierarchy like this: →

mχ1

mχ0 
mφ

0

mass
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Setup

     Lint = ε φ χ0 χ1

φ
thermal bath

χ0 , χ1

χ2 ...
coupling <<<< 1 

DM

● Assume a mass hierarchy like this: →

mχ1

mχ0 
mφ

0

mass

Then, DM φ is produced via χ0 decay

        χ0 → φ + χ1 
2012年2月21日火曜日



Setup            DM production: χ0 → φ + χ1 

mχ1

mχ0 
mφ

0

mass
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Setup            DM production: χ0 → φ + χ1 

Conventional calculation (cf. Kolb-Turner textbook)

mχ1

mχ0 
mφ

0

mass

temperature equilibrium
distribution

ṅϕ + 3Hnϕ �
�

dΠ (2π)4δ(ptot)
���M(χ0 → ϕχ1 · · · )

���2 fχ0 (1 ± fχ1 ) · · ·

where dΠ =
�

i=χ0,ϕ,χ1,···
deg(i)

d3p
(2π)32ωi,p

; fχi =
1

eωi,p/T ∓ 1
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1
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Asaka, Ishiwata, Moroi, ’05,’06
Hall, Jedamzik, March-Russell, West, ’09

In this non-thermal DM scenario
(“FIMP” scenario), the DM density
is insensitive to high T history,
as in the case of WIMP.

Fig. from Hall et.al.

“FIMP”

WIMP
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ṅϕ + 3Hnϕ �
�

dΠ (2π)4δ(ptot)
���M(χ0 → ϕχ1 · · · )

���2 fχ0 (1 ± fχ1 ) · · ·

where dΠ =
�

i=χ0,ϕ,χ1,···
deg(i)

d3p
(2π)32ωi,p

; fχi =
1

eωi,p/T ∓ 1

Asaka, Ishiwata, Moroi, ’05,’06
Hall, Jedamzik, March-Russell, West, ’09

In this non-thermal DM scenario
(“FIMP” scenario), the DM density
is insensitive to high T history,
as in the case of WIMP.

Fig. from Hall et.al.

“FIMP”

WIMP
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3. thermal effects
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Thermal Effects
            DM production: χ0 → φ + χ1 

mχ1

mχ0 
mφ

0

mass

At T>0, the masses of χ0 and χ1 are modified 
(“thermal masses”).

    mχi               = mχi + δmi(T)thermal

determined by 
the interactions
of thermal bath
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Thermal Effects
            DM production: χ0 → φ + χ1 

mχ0

mχ1 

mφ

0

thermal mass

    mχi           
    
= mχi + δmi(T)

thermal

thermal

thermal

mχ1

mχ0 
mφ

0

mass

The mass hierarchy is changed: 

● χ0 → φ + χ1 may be blocked at high T.

● even χ1 → φ + χ0 may occur ?!
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Wait a second.....
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Conventional calculation 

ṅϕ + 3Hnϕ �
�

dΠ (2π)4δ(ptot)
���M(χ0 → ϕχ1 · · · )

���2 fχ0 (1 ± fχ1 ) · · ·

where dΠ =
�

i=χ0,ϕ,χ1,···
deg(i)

d3p
(2π)32ωi,p

; fχi =
1

eωi,p/T ∓ 1
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Conventional calculation 

ṅϕ + 3Hnϕ �
�
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mass is here

2012年2月21日火曜日



Conventional calculation 
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ṅϕ + 3Hnϕ �
�

dΠ (2π)4δ(ptot)
���M(χ0 → ϕχ1 · · · )

���2 fχ0 (1 ± fχ1 ) · · ·

where dΠ =
�

i=χ0,ϕ,χ1,···
deg(i)

d3p
(2π)32ωi,p

; fχi =
1

eωi,p/T ∓ 1

mass is herehere

2012年2月21日火曜日



Conventional calculation 
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Conventional calculation 

ṅϕ + 3Hnϕ �
�

dΠ (2π)4δ(ptot)
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1
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mass is hereherehere

here

Which “mass” should be replaced with “thermal mass” ?
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Conventional calculation 

ṅϕ + 3Hnϕ �
�

dΠ (2π)4δ(ptot)
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here

Which “mass” should be replaced with “thermal mass” ?

..... By the way, is it sufficient just to replace the mass ?
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Conventional calculation 

ṅϕ + 3Hnϕ �
�

dΠ (2π)4δ(ptot)
���M(χ0 → ϕχ1 · · · )

���2 fχ0 (1 ± fχ1 ) · · ·

where dΠ =
�

i=χ0,ϕ,χ1,···
deg(i)

d3p
(2π)32ωi,p

; fχi =
1

eωi,p/T ∓ 1

mass is hereherehere

here

Which “mass” should be replaced with “thermal mass” ?

..... By the way, is it sufficient just to replace the mass ?

..... After all, what is the appropriate formalism? 
    What is the 1st principle? 
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formalism
● density matrix: 
● expectation value:

● We assume  

initial distribution of Φ
(spatially homogeneous) thermal bath with

a temperature T

● What we want to know is: the time evolution of 
the expectation value of Φ’s number density operator.  
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formalism ..... Let’s skip all the details.....
(See our paper and refs. therein.)

We want to know

→ want to know 2-point function

→ Diff. eqs. of              can be obtained from Kadanoff-Baym eqs. 

→ After all, one obtains, at leading order in Φ’s coupling,...

Strategy:
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formalism ..... Let’s skip all the details.....
(See our paper and refs. therein.)

We want to know

→ want to know 2-point function

→ Diff. eqs. of              can be obtained from Kadanoff-Baym eqs. 

→ After all, one obtains, at leading order in Φ’s coupling,...

Strategy:

φ

χ0

φ

χ0

χ1 χ1

ε ε

Assume that the dominant interaction is

Then,....

We can use the 
results of Φ4 thermal field theory. 

New Boltzmann equation !!
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3. Result

2012年2月21日火曜日



DM production rate

mχ0 
T

0.001 0.01 0.1 1. 10.
z

1.!10"21

1.!10"20

1.!10"19

1.!10"18

1.!10"17

1.!10"16

1.!10"15

1.!10"14
dYΦ!dlnz

con
ven

tio
nal

 

w/
 th

erm
al 

eff
ect

s

2012年2月21日火曜日



DM production rate

mχ0 
T

0.001 0.01 0.1 1. 10.
z

1.!10"21

1.!10"20

1.!10"19

1.!10"18

1.!10"17

1.!10"16

1.!10"15

1.!10"14
dYΦ!dlnz

con
ven

tio
nal

 

w/
 th

erm
al 

eff
ect

s

?

2012年2月21日火曜日



0.001 0.01 0.1 1. 10.
z

1.!10"21

1.!10"20

1.!10"19

1.!10"18

1.!10"17

1.!10"16

1.!10"15

1.!10"14
dYΦ!dlnz

DM production rate

mχ0 
T

con
ven

tio
nal

 

w/
 th

erm
al 

eff
ect

s

?

thermal mass

m/T

mχ1 thermal

mχ0 thermal

2012年2月21日火曜日



0.001 0.01 0.1 1. 10.
z

1.!10"21

1.!10"20

1.!10"19

1.!10"18

1.!10"17

1.!10"16

1.!10"15

1.!10"14
dYΦ!dlnz

DM production rate

mχ0 
T

con
ven

tio
nal

 

w/
 th

erm
al 

eff
ect

s

?

thermal mass

m/T

mχ1 thermal

mχ0 thermal

χ0 → φ χ1

2012年2月21日火曜日



0.001 0.01 0.1 1. 10.
z

1.!10"21

1.!10"20

1.!10"19

1.!10"18

1.!10"17

1.!10"16

1.!10"15

1.!10"14
dYΦ!dlnz

DM production rate

mχ0 
T

con
ven

tio
nal

 

w/
 th

erm
al 

eff
ect

s

?

thermal mass

m/T

mχ1 thermal

mχ0 thermal

χ0 → φ χ1

χ1 → φ χ0

2012年2月21日火曜日



0.001 0.01 0.1 1. 10.
z

1.!10"21

1.!10"20

1.!10"19

1.!10"18

1.!10"17

1.!10"16

1.!10"15

1.!10"14
dYΦ!dlnz

DM production rate

mχ0 
T

con
ven

tio
nal

 

w/
 th

erm
al 

eff
ect

s

?

thermal mass

m/T

mχ1 thermal

mχ0 thermal

χ0 → φ χ1

χ1 → φ χ0

both are
forbidden!

2012年2月21日火曜日



0.001 0.01 0.1 1. 10.
z

1.!10"21

1.!10"20

1.!10"19

1.!10"18

1.!10"17

1.!10"16

1.!10"15

1.!10"14
dYΦ!dlnz

DM production rate

mχ0 
T

con
ven

tio
nal

 

w/
 th

erm
al 

eff
ect

s

?

thermal mass

m/T

mχ1 thermal

mχ0 thermal

χ0 → φ χ1

χ1 → φ χ0

both are
forbidden!

suppressed but not zero
due to “thermal width”.
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mass
degeneracy

coupling in
thermal bath
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Comment:  we have also shown that......

in the limit of 
zero thermal width

(new Boltzmann eq.)
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Comment:  we have also shown that......

ṅϕ + 3Hnϕ �
�

dΠ (2π)4δ(ptot)
���M(χ0 → ϕχ1 · · · )

���2 fχ0 (1 ± fχ1 ) · · ·

where dΠ =
�

i=χ0,ϕ,χ1,···
deg(i)

d3p
(2π)32ωi,p

; fχi =
1

eωi,p/T ∓ 1

in the limit of 
zero thermal width

The Conventional Boltzmann eq. but with 
all the masses replaced with thermal masses !!

(new Boltzmann eq.)
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new Boltzmann eq.
(with thermal effects)

conventional Boltzmann eq.
+ thermal masses

The “just thermal mass” approximation works well
if kinematically allowed by thermal masses.
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SUMMARY
• We have studied the “thermal effects” on 
a non-thermal DM production scenario (“FIMP” scenario)

• We found that the “thermal effects” can significantly change 
the conventional picture, and the resultant DM abundance.
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