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Since this is the last talk of todays hard program.... e

SUMMARY ( and BURI is waiting for us,..... ), Ah\ 7

® We have studied the "thermal effects” on

a non-thermal DM production scenario ("FIMP” scenario)
(by using Kadanoff-Baym egs. 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.
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Motivation (1)

In general, we want to study the Followmg se’rup

O ’rhermal ba’rh
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(very) weak .* X — X ]

interaction | N |
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Motivation (1)

In general, we want to study the following setup:

. (hermal b )
o r ]
(very) weak g X — X |

Interaction \ 7,

many examples in cosmology

e inflaton/moduli decay

e dynamics of scalar fields (inflaton/moduli/Affleck-Dine...)

e production of gravitino /axino /(Dirac) R.H.sneutrino DM...(not mixed)
[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
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In general, we want to study the Followmg se’rup

’rhermal ba’rh

Interaction \ 7,

many examples in cosmology

e inflaton/moduli decay

e dynamics of scalar fields (mﬂa‘ron/o_lj/'_ec__[}), )

e production of gravitino /axino ¢{Dirac) R -H. sneu’rrlno_DM.'
[note: many early works... cf. Refs. of our paper e * a

t mixed)

As an example, we study a non-thermal DM produc’rion.-"

Asaka, Ishiwata, Moroi, ‘05,06
Hall, Jedamzik, March-Russell, West, ‘09
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Motivation (2)

Dark Ma'l"l'er den S|'|'X Composition of the Universe Today
Qcomh? = 0.1126 + 0.0036
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Motivation (2)

Dark Ma'l"l'er den S|'|‘X Composition of the Universe Today
Qcomh? = 0.1126 + 0.0036

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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whin thermal bath

very weakly interacting:
(out of equilibrium)
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whin thermal bath
very weakly infteracting:
(out of equilibrium)

e For simplicity, assume these particles are scalars.

e Dimensionless coupling: €/mo <<<<< 1. (typically ~ 10-13)
Asaka, Ishiwata, Moroi, ‘05,06

_’[DM ¢ is never in thermal bdﬂ'\.j Hall, Jedamzik, March-Russell, West, ‘09
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| thermal bath |
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i thermal bath }

e Assume a mass hierarchy like this: =™

Then, DM ¢ is produced via ), decay

Xo= P+ X
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Setup

DM production: ) ) - ¢ + X
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Setup

DM production: ) ) - ¢ + X

Conventional calculation (cf Kolb-Turner textbook)

flgo + 3H7/lg0 = fdl_l (277)46(pt0t)

|M(X0 — PX1 )‘2 f)(o(l + f)(l) T

d>p 1

i:XO/(P/X1

here dIT = deg(i r xS
where H eg(t) (211)%2w; p 1 el =

equilirium
distribution

temperature
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Setup

DM production: ) ) - ¢ + X

Conventional calculation (cf Kolb-Turner textbook)

flgo + 3H7/lg0 = fdl_l (277)45(Ptot)

|M(XO — PX1 )‘2 f)(o(l + f)(l) T

d>p 1 |
' = ot sz AT 2
Za)i,p, in ea)i,p/T —1 wZ;P = ymy T P

where dIl = H deg(7) o)

i:XO/(P/X1

In this non-thermal DM scenario
("FIMP” scenario), the DM density
IS insensitive to high T history,

as in the case of WIMP.

s \ Asaka, Ishiwata, Moroi, ‘05,06
Fig. from Hall et.al. z=m/T Hall, Jedamzik, March-Russell, West, ‘09
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Setup

DM production: /) — ¢ + X

Conventional calculation (cf. Kolb-Turner

g e ST A

e In this non-thermal DM scenario
! (“FIMP” scenario), the DM density
- IS insensitive to high T history,

~ as in the case of WIMP.

i N T Asaka, Ishiwata, Moroi, ‘05,06
Fig. from Hall et.al. z=m/T Hall, Jedamzik, March-Russell, West, ‘09
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3. thermal effects
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Thermal Effects

DM production: ) ) — ¢ + X

At T>0, the masses of ) ,and J; are modified
("thermal masses”).

thermal
my <™ = my, + dmi(T) _
"™ determined by
the interactions
of thermal bath
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Thermal Effects

DM production: ) ) — ¢ + X

N Bmi(ﬂ

N\

thermal mass

......
‘‘‘‘‘‘

m thermal
i Xl The mass hierarchy is changed:
m thermal

| Ao ® Yy~ @+ may be blocked at high T.

0 4, ® even ) ; — ¢ + Y may occur ?!
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Wait a second.....
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Conventional calculation

i1, + 3Hn, ~ f dTT (270)*5(Pror)

M(xo = ox1 )| ol fo)- -

3

d’p

where dIl = H deg(7) o)

i:XO PrX1

Za)i,p ’

fui =

1

e

Wi,p /T

-1

e O,
Wip = My

+ p?
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Conventional calculation

i1, + 3Hn, ~ f dTT (270)*5(Pror)

M(xo = ox1 )| ol fo)- -

3

d’p

where dIl = H deg(7) o)

i:XO PrX1

Za)i,p ’

fui =

1

T,

e

Wi,p /T

-1

Wi,p = VM + P

mass is here

2
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Conventional calculation

n, + 3Hn, ~ f dTT (270)*5(Pror)

M(xo = ox1 )| ol fo)- -

. p
where dIl = H deg(7) (27_()32wip;

i:XO PrX1

fr

mass is here

20122821 HAEH



Conventional calculation

e + 3Hn, = f dll (277)45(Ptot)

‘M(XO — QX1 )| Foo 4 i)

L dp
where 4112 H degll) (21)3 2w p

i:XO PrX1

; fa

mass is here
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Conventional calculation

e + 3Hn, = f dll (277)45(Ptot)

M(xo — @x1 )|2f

3

d’p

where dIl = H deg(7) o)

i:XO PrX1

Zwilp ’

fr

mass is here
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Conventional calculation

flgo + 3H7’l§0 a de (27‘()46(]91(01()

, ¥ K
‘M(}(o — QX1 )l Sroo(L + fry) -+

dp 1
h dll = d = 2
where ~ Xol;[(l eg(i) (27‘()32pr fx (i,p/T —1 Wip = \ + p?

here

mass is here
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Conventional calculation

(2 Tt )4 6 (Ptot)

ng + 3Hng0 ~

" ‘M(Xo S oxi )| fol+ fio)-

dp 1
here dIT = d A 2
where ) XOI;L () (27'()32a)zp e egelt =1 il \ >

here .
mass 1S here
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here

Conventional calculation

_dTT 27)*5(pror)

Mt~ px O fi

3

d’p

where dIl = H deg(i)

i:XO PrX1

(27'()32a)i,p /

7
>, )

fr

mass is here
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: : here
Conventional calculation

dTL 25

ng + 3Hn¢ aY

At o f 541

dp 1 |
here diT= || d = ,p = Mg + p?
where . eg(l) (277)32a)1p le ’i,p/T -1 “ip \’Z TP

! here .
here mass is here

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

dTL 25

ng + 3Hng0 aY

it 155

dp 1 |
here diT= || d = ,p = Mg + p?
where . eg(l) (277)32601 P le ’i,p/T -1 “i,p "2 TP

! here .
here mass is here

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

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

dTL 25

nga + 3Hng0 ~

Tt 155

d>p 1
where dIl = H deg(7) (2n)3

Za)
i=X0,90,X1 | v

— PO <! . 2
in owip/T _ 1 Wip =\m; + P

/ here C
here mass is here

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

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

..... After all, what is the appropriate formalism?
What is the 1st principle?
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formalism

e density matrix: P

o expectation value: (A) = tr[pA]

N e N

* We assume 0 — [P ; X Px

initial distribution of ®
(spatially homogeneous)

thermal bath with
a temperature T

e What we want to know is: the time evolution of
the expectation value of ®'s number density operator.

| |

nelt) = [ (§;’§3<N3(t>> where  NE(t) = 35— ¢ [$(6106(t ) + w86 109(t, o)
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formalism ..... Let’s skip all the details.....

(See our paper and refs. therein.)

Strategy:

We want to know

() = [ A (N20) where () -

— want to know 2-point function (¢(:c)q3(y)) = tr[p ¢(z)p(y) |
— Diff. egs. of (A(z)d(y)) can be obtained from Kadanoff-Baym egs.

— After all, one obtains, at leading order in ®s coupling,...

d3 /d4a: ez(wq*) kt—k-x) [8 e GX\O)& (0) . EX\OX\I (.’L‘)]
tr [e=Hx/T]
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formalism ..... Let’s skip all the details.....

(See our paper and refs. therein.)

Strategy:

We want to know

i &
%

%(t):/ ot (NQ(t)) where N{(t) =

(273 [cg(t,k)cg(t, —k) + w2, d(t, k)o(t, —k)] ;

A A A

— want to know 2-point function (gb(x)gg(y)) = tr[p ¢(z)p(y) |
— Diff. egs. of (A(z)d(y)) can be obtained from Kadanoff-Baym egs.

— After all, one obtains, at leading order in ®s coupling,...

n +3Hn —/ d3 /d4$ ez(wqokt k-x) [6 HX/T°€>€O)€1(O) ‘GX\OXI(QT)]
¢ - ¢ » (27r)32w¢k o tr[e— x/T]

_ NewBolfzmann equation !
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formalism ... Let’s skip all the details.....

Sfr

We

— AF’rer all one ob’ralns a’r Ieadlng order |n CD Coubling

d3k le —Hy/T - €xox1(0) .
2%y / /d4 t(we kt—kx ,
e = ) emPawe ) © T br [e~ /7]

| New_Bolfzmann equation !!
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formalism ... Let’s skip all the details.....

[ Assume that the dominant inferaction is

g
S .I-r Lint(X) = Z,O X0 Z,l X1
We v

— AF’rer all one ob’ralns a’r Ieadlng order |n CD Coubling

d3k le —Hy/T - €xox1(0) °€Xo>€ .
2%y / /d4 t(we kt—kx ,
e = ) emPawg ) © T br [e~ /7]

| New_Bolfzmann equation !!
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formalism ..... Let’s skip all the details.....

| Assume that the dominant interaction is

Str¢ £ () T %

L Ling(x) = , X0 , Xi

We v . . _.
: g 3

ng Then,.. £0 ! e : £0

&
="
K

3

N :
59 o
ﬂ 4 P
‘." P TDREY T AR OR P e S A R LTI S BT -.\ ',
R 4 4 K. g
' x ! . 8
p K., i
. 9
/

¢

P9
| Al f I |1 X1 . A
- D . We can use the '
results of ®* thermal field ’rheory

— After all, one obtains, at leading order |n CD e .

d3 e Hx/T GXOXI (O) . EXOXA \
3H / / d4 t(we kt—kx ,
’nd’ | n¢ | (27T)32a)¢k x \ N F [e— X/T]

_ New _'Bolfzmann equation !!
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3. Result
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e/my=10"1°, gy, =0.1, gy; =0.3 :

g
Lint = € OX0X1 — i‘,ox‘é -

2
9x1. 4
Al X1

mxo:m¢:mX1=1:O.95:O

DM production rate

%~ dY,/dinz
3 1.x107M4 ¢

% 11075 =
T 1x10710

1.x10717 £

1.x10718 =
1.x10719 &
1.x107%0 =

1.x1072! & ¢
E L4

Lo L
0.001 0.01 0.1
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g/my = 1071, gy, =0.1, gy, =0.3 :

g
Lint = € PX0X1 — i‘,oxg =

2
9x1. 4
Al X1

mxo:m¢:mX1=1:O.95:O

DM production rate

%~ dY,/dinz
3 1.x107M4 ¢

§ 110715
T 1x10710

1.x10717 £

1.x10718 =
1.x10719 &
1.x107%0 =

1.x1072! & ¢
E L4

Lo L L0
0.001 0.01 0.1 1.
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e/my=10"1°, gy, =0.1, gy; =0.3

g
Lint = € OX0X1 — éi('OX‘é -
mXOm¢mX1:1095O o

A thermal mass

! thermal
My,

DM production rate

dY,/dInz
3 1.x10714 ¢

therma
m%o

§ 131075 =

" 1.x 10716 -

1.x10717 £

1.x10718 £

1.x10719 &
1.x107%0 =

1.x1072! & ¢
E L4

R | N N B | | I B | I I B A | I I N nn
0.001 0.01 0.1 1. 10. X/

m/T
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e/my=10"1°, gy, =0.1, gy; =0.3

Eint = € OX0X1 —
mXO:md):le:l:O.%:O

A thermal mass

m’rhermal

DM production rate

dY,/dInz
3 1.x107M4 ¢

§ 11015 -
T 1x10710

1.x10717 £

1.x10718 £

1.x10719 &
1.x107%0 =

1.x1072! & ¢
E L4

L L ! L1l
0.001 0.01 0.1 1. 10.
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e/my=10"1°, gy, =0.1, gy; =0.3

Eint = € PX0X1 —
mXO:m¢:mX1:1:O.95:O

thermal mass

A
! m’rhermal

DM production rate

dY,/dInz
3 1.x107M4 ¢

§ 11015 -
T 1x10710

1.x10717 £

1.x10718 £

1.x10719 &
1.x107%0 =

1.x1072! & ¢
E L4

L L ! ! L1l
0.001 0.01 0.1 1. 10.
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e/my=10"1°, gy, =0.1, gy; =0.3

g
Lint = € $X0X1 — XOXE)I_
mXO;m¢:mX1=1:O.95:0 o

A thermal mass

| thermal both are
My,

orbidden!‘

DM production rate

dY,/dInz
3 1.x107M4 ¢

§1.x10715
T 1x10710

1.x10717 £

1.x10718 £

1.x10719 &
1.x107%0 =

1.x1072! & ¢
E L4

R | N N B | | I B | I I B A | I I N nn
0.001 0.01 0.1 1. 10. X/
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g/my = 1071, gy, =0.1, gy, =0.3

8e. 4 054
Lint = € OX0X1 — I,OXO— éf,lX1

mXO:m¢:mX1=1:O.95:O

DM production rate

%~ dY,/dinz
3 1.x107M4 ¢

{’ 1.x1071
| 1.x107'¢ %
1.x107" %
1.x107'8 %
1.x107" %
1.x10720

1.x1072! £ ¢
— L4

A

thermal mass

m’rhermal - both are
orbidden!‘

Yo= P A

| suppressed but not zero
due to “thermal width”.

Pxor I'y1 #0 %
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g/my = 1071, gy, =0.1, gy, =0.3 :

g
Lint = € dX0X1 — i‘,”x‘é —

2
9x1. 4
Al Xl

mxo:m¢:mX1=1:O.95:O

M production rate o¥e
dY ,/dlnz '\X\’( "

1.x1071 =

g 1.x10715

" 1.x 10716 :

1x10717
1.x10718 %
1.x107"
1.x10720

1.x1072! £ ¢
E L4

Lo
0.001 0.01
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g/my = 1071, gy, =0.1, gy, =0.3 :

g
Lint = € dX0X1 — i‘,”x‘é i

2
9x1. 4
Al X1

mxo:m¢:mX1=1:O.95:O

DM abundance - O% T

Y, '
T ’/,~v‘". ------
1.x10713 %
- oo
-16 _ .
DM production rat o
production rate - &L
| P 1 <107 - (\QQ' //
L B o
% dY¢/dan 1.x10°18 = CI ,’/'
2 1.x10714 ¢ - Ret
- 1.x10719 £ g O
1.x 10715 £ B //o ) = \‘A\ c\‘o
3 = 1Lx10720 = »* R@
T 1.x10716 ’ X
X105 - ; )
- 1.x1072! -
1.x107" = !

1.x10718 £

0.61 | “HH(‘)‘.I | “H‘Hl. | m_‘X/Z

1.x10719 &
1.x107%0 =

1.x1072! & ¢
E L4
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0.001 0.01 0.1 1. 10. X/
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2 2
9x1.4

e/mg = 10— 9yo = 0.1, my, =0 (ﬁim =€ PX0X1 — gﬁoxg— 4 X
R= L
~ Yj(conventional Boltzmann equation) |
mass
degeneracy
coupling in
thermal bath
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d*k [6 BT . ex0X1(0) - €XoX1 (517)]

7:?/¢+3H’n,¢:/( /d4$ eZ(W¢,kt kx)

(new Boltzmann eq.)

tr [e=Hx/T]

i in the limit of

& zero thermal width

Lo g =

277)32w¢ k
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Comment: we have also shown that......

d’k B e [G_HX/T - €X0X1(0) - €XoX1 (33)]
/ d-x ek —
(271')32(4)(;,,1( tr [6 X/T]

(new Boltzmann eq.) I in the limit of
& zero thermal width

h¢+3Hn¢=/

AT (27)*6(prot) | _‘
‘M(XO — QX1 )‘ on(1 'i'fX1
d°p 1 I
= 1 . — S 1,. ‘ 9
where dIl izml;[m deg(7) 2wy . - Wi p = r Z o

The Conventional Boltzmann eq. but with ’
all the masses replaced with thermal masses !!
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Comment: we have also shown that......

dY,/dInz
1.x1071
*

1.x1071 =
1.x10716 £

1.x10717 £

1.x10718 &£
1.x1071 &£
1.x107%0 ¢

1.x1072! = g

B EENN DNEN DN DEEN DEEN NN BN N N B . .
b

NN 1]
0.001 0.01 10.

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

dY 4/dInz
1.x10714 E

1.x1071 =

1.x10716 =

1.x107"7
1.x107'8
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1.x10720

1.x1072! =

VAR EEEEY
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