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1. Introduction
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. Ove rVieW Of preheating [J. H. Traschen and R. H. Brandenberger (1990), L.

B Toy model on inflation field + scalar particle

1 1
Lint 2 —Emé(qb(t))z — Egz(sb(t))z)(z

x :real scalar
(quantum field)

¢ : background
(classical field)

V

(})

[ (p(0) ~ (po)sinmyt ]

" Equation of motion for y (wave function)
0 = 02 xic + (k2 + (o)?sin® myt) xe

- “Mathieu equation”
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[ x%) =]

motion of a swing with pumping person

- 1. Introduction -
Kofman, A. D. Linde, A. A. Starobinsky (1994, 1997)]

Do LS C T T L s E NS,

[ http://www.riken.jp/pr/press/2014/20140725_1/ ]

d3k
(2m)3

[ei%"?)(k(t)ak + (h. c.)] ]
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- 1. Introduction -

B Mathieu equation

2
O=gptt@-2qcos2nc < 0=ofx + (K2 + g2po)sin? myt)x
- 1
[ r=mgt, A= k? + 7g2<¢0>z s energy)? , _ g2<¢g>2 s mass)? J
m(zb (¢'s mass)? 4mg (¢'s mass)?

" Instability chart (Strutt diagram)

10

Unstable
region

Unstable : V)| A>2q
region

Physical condition:

kK2>0 = A>2q

Stable
region

Narrow resonance
(A~ 0(1) < 2q)

Q
2 SN W A o N @ ©

[Y. Jia, S. Du & A. A. Seshia Scientific Reports, 6, 30167 (2016)]

" Width of resonance band
B Narrow: A ~ 0(1) K 2q (g{¢o) K my), Resonance finishes soon

M Broad: A~ 2¢g > 1 (non-relativistic y , and g{(¢,) » my), Resonance can continue enough

Wi g =0.01, (¢po) =108 GeV, my =102 Gev > q ~ 10°
2024/2/10 Seminar @ Okayama Univ of Sci 6/39



B Behavior in broad resonance

0= atz)(k + w,zc)(k [ Wy = \/%2 + g%(p(t))? : 1-particle energy of y ]
(p(t)) = (¢y) sin mgt [L. Kofman, A. D. Lingl, A. A Starobinsky (1997)]
Xk
(wave func.)
|4
@
9 < .
RO (¢)
Non-adiabatic region : |a)k/w,%| >1 _100
(parameter for out-of-"free field”)
]J]nk 12‘:-
B Remarks on production (occupation #) sof
Liel? + wilxel® 1
: 2wy - 2 b |
Exponential grow (bosonic effect)
At non-adiabatic region
(around a massless point: (¢) ~ 0)
0.5 1.5 2 2.5 t
:92<¢0>2

=200
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B Backreaction

S
[

1,. 1 1 1 1
(D) +5mESY + 522+ (T + 59V 0

i 1. Particle production

\ 4

. 2. Effective potential (backreaction)

; g

: 3. Repeatingl->2->1->2->..

: \ 4

' 4. Stop x’s production and trapping (¢)

Non-adiabatic region ~ ,/mg®o/g
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B Backreaction

1, . 1 1 1 1
H = E(‘f))z +5mg(d) + k% + > (V0% + 594y x*

2 2
1. Particle production [:_pxwx-qubﬂ (massive limit) ]
i \ 4 i
' 2. Effective potential (backreaction) Linear potential for ¢ is established!
. |
3. Repeatingl->2->1->2->..
\ 4
' 4. Stop y’s production and trapping (¢)

|4

V=ny-gl{¢)|

I I'| y production! ¢

Non-adiabatic region ~ ,/mg®o/g

2024/2/10 Seminar @ Okayama Univ of Sci 8/39




B Backreaction

1, . 1 1 1 1
H = E(‘p)z +5mg(d) + k% + > (V0% + 594y x*

2 2
1. Particle production [ﬁg“(ﬁﬂ (massive limit) ]
i \ 4 i
' 2. Effective potential (backreaction) Linear potential for ¢ is established!
. |
3. Repeatingl->2->1->2->..
\ 4
' 4. Stop y’s production and trapping (¢)

|4

V=n3 gl(¢)]

V=ny-gl{¢)|

I I'| y production! ¢

Non-adiabatic region ~ ,/mg®o/g
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B Backreaction

2024/2/10

1, . 1 1 1 1
H = E(‘f*’)z +5mg(d) + k% + > (V0% + 594y x*

2 2

' 1. Particle production

: 4

. 2. Effective potential (backreaction)

5

3. Repeatingl->2->1->2->..

\ 4

' 4. Stop y’s production and trapping (¢)

______________________________________________________________

V=n3 gl ~_
e

.

-

H"‘Q
V=ny gl —

[:APXTQK(;SN (massive limit) ]

Linear potential for ¢ is established!

shrink

________ Energy loss
P AV ~ Py ~ Ny 9{®)

¥ production! ¢

Non-adiabatic region ~ ,/mg®o/g
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B Numerical results (po=1, ¢pg=0, g=1, mg/Po = 0.01, without special expansion )

2024/2/10

Distribution n,,

1.2
o , Inn,
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Particle production
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Repeating1->2->1->2 > .
E

Hyx

Stop y’s production and trapping (¢)

t=1960
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ith expansion effect (g = 0.01, my = eV, m, = eV)
B With ffect 0.01, my = 103 GeV, m, = 10° GeV

0.1 1LE+02 > X l—
~ c V
< 0.08 - 1.E+00 3
~ ]
—  0.06 L 1E02 o k% g
s 2
2 0.04 - 1.E-04 2
o <
<EE 0.02 - 1.E-06 ;
B 0 - 1.E-08 § (P)
0 5 10 15 , 20 25 30 =
# of oscillation <
"~ 1E+04 g : N
= 1.E+02 g& !
§  1E+00 4 |
~  1.E-02 =
3 =
G LEO04 4 |p, !
S 1.E-06 3 !
®  1.E-08 - . . — 17 .
< 0 5 10 15 20 25 30
# of oscillation
Comparing with “perturbative decay” of inflaton
<¢|) P X “Reheating” happens much faster than inflaton “decay!”
_ - ~ —ipg2
P -<\\ o ~ # of osc. until deca _ Molren UL
4 2 X 5 h ' y 21 27‘[F¢
g (P) 2 . 2/ \2 g mg 32
fy ~ 16nm¢0<m¢_2\/mx+g @r) = 641 > rilie 3.2%x 105 » 17
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2. Analytic method for non-perturbative particle production

2-1. WKB approximation and Bogoliubov transformation

2-2. Analytic methods for Bogoliubov coefficients
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B AEZRBICIEZESO-TERMT AN ? > WKB %, Bogoliubov Z#i - %28

— g
B EOM for wave function o é,f) = f%[eiﬁ-f/h o
wy (t)? —

0 = dfyx + nz Xk [ wkE\/EZ-FgZ(qb(t))Z: 1-particle energy of x J

with ik —xix) =h  (x(t %), 7] = lfl53(x—y)&[a—> ] 2rh)36%(k — p) DEEND)

B WKB Tl : y(t) = eSO EBNT, EB(C S——S L +So+ AS; + - & h TREER

t)a, + (h.c. )]

2 w2 ) 2 . 1. wz
0=35 +S+ﬁ = 5S4 + 58S+t TS+ +ﬁ
0 = S2, + w?, 0 =25 1Sg+S5_1,
\ v
S_1 = &i [ dt' w(t), So = —;lnwy ,
BREFEHDE  xO) ~ (const) X\/——exp< f dt' wk(t)> REBH HRA O TEERA D)
|4
C()k o

K1 ( BrEL 514, adiabatic condition )

EEDZELHE: 285
wj;
B k~0 () ~0DECALNWTHASZHENEENS > HFEBLEDS
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A (WHSHLLTHRFRED)
t - —co TOE ORFIREED Fna s

1 it
Xx(t) ~ (const.) X ——exp <iﬁf dt wk(t)>

h ‘ = 775
Xe(t) ~ Zwk(t)eXp<_iJ0dt’wk(t’)> = X [i()(;,)(k XiXi) = DTz (const.) = \/71/2 ]

B i5yE " EREELE-E—FER
d3k

- i%-f/h[ in in m1-]
(2mh)3

x(tx) = xitalt + xitrall,

t - +oo TOHENAER

B k~0, (¢p) ~ 0 TELMNEILDDT, xp(t > +0) ~ y(t » +o00) EFEMETZHD(FAE
B LML t> 40 T |og/wi| - 0 THNITETEHLEDO T WKB BEORIEEETEITSIET:

(@ ~ = axi + Brxd” ay, P : Bogoliubov %%,

[ i3Sy @S — y85* 585y = b (as=in,out) D=8 lagl® —|Bkl* = 1]

B ERELLTEHE y 2 E—FEMTES (BT HEARSEH)
d*k ik-x/h [X’(()ut out _I_Xout out t (@) O O

x(t,%) = Znn) © “k
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B Bogoliubov Z#E (al* & al¥t EDEIR)

out

_ in *
chc)ut out +X’gut* gllét'l' \Xk = “k)(k + BrXk

= (aexi® + Bexi®)ag™ + (apxi™* + Brxi)ali T

= x(araf™ + Bralid M) + xit* (apaZit T + Bragt)

= a}i{n = akar RIC “NORIL” (x) #REZEE ((x"}, (10} TRELTWSET

Pr i/ \a%t T

in out
Bogoliubov ZH#28l|: o = apadt + prayt <% (?k > _ (ak ﬂk)< )

W OEETRRREER-NFERDO=E (GHR)

(oi"|a,2“”a,‘g”t|0i”) \algm = apaf — Brall’

= (O‘”|(a aer Bra™ (oc;;afc" ,B,ﬁaer)|0m)

= |:8k|2 (Om|a kalnk'l'|0in> )a;;”|0i”) =0

Ny

= 2m)363(k=0) = [d3xe®% = (Vol.) : :
2 i€ > t
= X (Vol. ' -
|'Bk| ( ) Non-adiabatic region : |d)k/w,%| >1
> EPOTBL ERHEMN?
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2. Analytic method for non-perturbative particle production

2-1. WKB approximation and Bogoliubov transformation

2-2. Analytic methods for Bogoliubov coefficients
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B S [TESPOTEMT M ? > ENAREZEE =R CHh kL AZAT B

B BRI TOF (FIVREHET 5156 o, | &
(P) = ¢osinmyt ~ Pomeyt :Q(g//
K EOM: 0 = j(.k+(l_€)2+gzm(2p¢gt2))(k ...(*) 4:0 Non-adiabatic region <¢>

Ap ~ |mydo/g

B 5 BMFENGTHERZTOFFEEID
(%) DEKXEE(L parabolic cylinder B8%t D, (2),D_,,_,(iz) TEZLNS

[ z = [2gpomg te3™/* , v = —%+ izgf:pd)o ]
larg z| < 3m/4 (t < 0) DIGFEIILLTDOLOIZEHHERETES

D,(z) ~ e Z/%.z > ¥t DEERIZH

ZORFEFIERFANTELGVESE (t > 0) ROBEFZRK TENLEEFATREE R AITHFF>TLK

V2m 72
l(v+1)n/2 ) k
F(— ) D—V 1( lZ) |ﬁk|2 ~ |elVTE| = exp [— ]

out - gm¢¢0
~ Xk ~ Pr ~ )(k ~ Xk
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B B, (ZESV-TEHET RN ? > FHAREERERcihELEiTEs

B IEDRETDIAFIOREZFET 556
(B) = ¢osinmyt ~ pomeyt

> EOM: 0 = j + (K2 + g®mi¢dt?)x

®0  Non-adiabatic region

Agp ~ ,m¢¢0/9

B A& HFEMNGTRRZTOEFERTS
(%) DEKFEL parabolic cylinder B3k D, (2), D_,_1

[ z = \[2gpomy te3T/t, v=
DEBEESIFILUTDOLESIZHEHARE

larg z| < 3m/4 (t < 0)

D,(z) ~ e"Z/%.zY —

xit DEHERITH G

FOFEFFEERRANTELZLESIE (¢ > 0) XOBFBRA CTENTEHFATRERZRAIZFE - TLK

Vem

D (Z) = ew'n'D ( Z)+1"(_ ) L(v+1)'n:/2D_v 1( LZ)

"’X
’2 sminar @ Okayama Univ of Sci

out

~ Xk Nﬁk “‘"Xk

2024/2/10

1.0

analytic
— numerical

. |ﬁk|2 ~ Ieivn|2 — exp[—

mk?
gmyey bo
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B 5iE2: Exact WKB ;% (F=12L exact [ZEE<SIAETTELY)
WKB ;& TDELLZEL D exact relation

w (£)?
0 = 0fxk +T)(k
— 5,5
Xk =€ ( wz
0=S'2+S'+h—;‘, S=Y% . h"S,
. | . § . 1 [, . .
Soa=Hiop S = -2 Si= oo Saat z S .S, (n=1)
-1 -1 m=0
- =0 ELBFEZ t =t, T2DOOMA—E (85[E] 4, turning point)
B S OESRRIFEERICEOTES 5D = +i [ dt’ w(t)
FEORBICTHELZOIIZEIT n = (FFE) =17
S = Soaa + Seven » Sodd = Z%ozo hzn_lszn—l ’ Seven = Z;?:O hanZn )
. ey s WE L s y . w? $ ug
0=58+S5+ ﬁ - (Sodd + 2SocldSeven + Seven) + (Sodd + Seven) + ﬁ Seven = — —
= - 280dad
1% AT 1% Al ﬁ%
B O TEREL
® s I 1 1w 1 @ 172, (@)
Xp & = e’ o — eSodd = exp lﬁs‘_l + O(h)] = exp lES_—l l z ANt/ 2 =
VSodd J%Sgil) +0(h) n=0
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Exact WKB ;& TIXE5(Z Borel f1ZxE A S (HUXEABDEITEEY 5)

© 1
1y _
P e explzs| N pret/zy® N LGED
) " n=0
_1 - 0 (00]
— 2@ n+1/2,,(3) n-1/2,-y 1
= S E h d L
n=
1 e 1 0 1
_ 1@ ., 4 n-1/2 [__ ]
= X
exp _hS_l_ E Yn F(n+1/2)j0 dyy exp (==Y

- 1 n-1/2 1
) )
= x —— | a S _Z
Z}"’“ F(n+1/2)fc y (v +55) eXp[ hy]
n=

B Borel }1ELTDBE#ZTEES

1 - 1 n—1/2
+ * — E G3) G3)
n=0

h DIRTFEIF ST

Imy Imy
Res® >0 0Ba B ¢ g
(- Re5£_1)<0) Rey CRey
+S)§)vvv -5
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Stokes IR &R
BS_  (FER)RFM t LELIZEILTADT, Borel iR y DR M £S5, HEFREIEEDIZEIE

ReS™ > 0miga (-~ Res <o)

"t"
Imy Imy
—S(-;) 4 +S£_1) ;1 *ﬁ%ﬁ?ﬁﬁqzﬁif‘@iﬂf\
NN = > VKR : Imt
: “  Rey w o Rey )’2 t.: $5 (81
t.) =0
% )(6:)\/W g ) m) - (wi(t) =0)
_|_S_1 S_1 t
Ret
Imy Imy
2 A
“‘_S(+ :. “"i‘S(_ :'
ImS_;=0MEE > W_l :_ ¢ > M - o
1 XA K6 : %TRed
"“ 4 —S(;}“
B | s® 2
-1 Im S_; = 0 (Stokes curve) Z1&EH] 5 &
[
Im}jrsu) - Y c X® - x&) +XéT)
-1
x c_w,\ =) (=)
i=s5 X - X “Stokes phenomena”
: 3 Re y . : s Re y
+) I - s 1
—S—l v ¢ +S2 s (1) :j () [——
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Stokes IR &R
BS_  (FER)RFM t LELIZEILTADT, Borel iR y DR M £S5, HEFREIEEDIZEIE

ReS™ > 0miga (-~ Res <o)

"t"
Imy Imy
—S(-;) 4 +S£_1) ;1 *ﬁ%ﬁ?ﬁﬁqzﬁif‘@iﬂf\
NN = > VKR : Imt
: % ~. ~
% Rey CRey \Z/ t: BEEm
t.) =0
% )(6:)\/W g ) m) - (w(t.)=0)
+S_1 S_1 t
Ret
Imy Imy
Im S—l == 0
A A “Stokes curves”
“‘_S(+ :. “"i‘S(_ :'
ImS_;=0MEE > W_l :_ ¢ > M - o
1 XA K6 : %TRed
"“ ey —S(;}“
B | s 2
-1 Im S_; = 0 (Stokes curve) Z1&EH] 5 &
[
Im}jrsu) - i c xXW 5 x® +XéT)
-1
x U_W,\ =) (=)
i=s5 X - X “Stokes phenomena”
: 3 Re y . : s Re y
+) ¢ - s 1
—S—l v ¢ +S2 s (1) = j () [——
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Voros’s theorem

B Re Si) > Re SS) DIFEE (ZDEE, X % “dominant solution,” X(7) % “sub-dominant solution” &BE.3Y)

Stokes FA#RZEREI A t = t, b R TREFETEIYIZHE Yo 1-15 6 D&t
XH 5 x4 ixG) X 1 i\ (Xx® -plane
{ X0 5 x&) or (X(‘)> ~ (0 1) (X(‘)> tp
[EBFETEIY [CHEY] o 15 E
X® 5 x® —ixO X 1 =i\ (xX®
{ ¥ 5 oy or (X(—>) - (0 1)()((-))
ImS_, =0
K EFETEY

B ReS™ <ResT 014

Stokes HifRZEEI M t = t, Mo R THREFETEIVIZHE Y- =158 DEHEL

R ) - ¢ D)

X 5 xO 4 ix® or x ) i 1/ \x®O
[ERFETERIVICHE Y1156

X&) - x®) x® 1 0\/x®

O 5 xO) _ix® or <X<—)> - (_i 1) (X<—)>
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B 1EDIREITOAAFTIHORATHUVFELTHS

.. ;
9 C()k —_ \/|k| + g md)d)o t2 EK@n\\ . * - i gm¢¢)0 ) .// g
Stokes curves (ImS_;=0) : Q*g/
I
t-plane - — (¢)
. , ®0  Non-adiabatic region
+ilt.| )
\r/ Ap ~ |mydo/g
npn 5
t? > t?—ie
B E(EXLLKDOHD Stokes HIEITHEIRLTLVS
B R ic A THEITD: t? > t°—ie " .
K =1 dt'w,(t") = k
; 2
Connection formula ) i +ilt.| gmedo
(X<+>) L (N0 (1 z) (eK 0 )( 1 0) ND 0 (x<+>) _ (ak 72) (X<+>)
x) 0 1/NWJ\o 1/\o ek/\—=i 1/\ 0 1/ND/\xO/) = \B a;)\xO
(v) (iii) (i) EZ
¢ R RDDINZ BABEADDITAZ RARRDDINZ ~ |Bkl* = exp [— -
( )(,Ei) « exp(—if dt’wk(t’)> ) (t: +ilt,]| » +o0) (t: —i|t.| = +i|t.]) (t: —o0 = —i|t,]) mq§¢0
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B MOMBREIZEIGFHATEA (S5 T Matsuda (2020)]

—,2 . S
¢(t)4 ey Wy = \/|k| + C%t* ’ Eﬁ@:‘fj\ t, = e(2n—1)m’/4 ) @ (Tl = _110!112)

Stokes curves (ImS_; =0)

t-plane

"t" E
It*l% )‘le t* - t*—ie

Connection formula

(X(+)) o 0 Wi o id) o (vi) ¢ 1) 0 (V) ¢ Gil) ¢ () () (X(+)> _ (ak ﬁié) (X(+)>
s x=)/) X
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3. Asymmetric particle production

3-1. Baryogenesis and Sakharov’s 3 conditions
3-2. Dernonstration by CPV model

)

W C

). Asymmetry on EWKB
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- 3. Asymmetric particle production -

B Baryogenesis?

ng/ny, ~ 6 x 10710

Inflation Reheating (Baryogenesis) 5 BB

>
10743 10712 1s 1013 ¢ time

B Present Universe
" Matter >> Anti-matter
" Photon# >> Baryon # (matter)

L WAUE Y,

b
B Observation for CMB: 1 = ng/n, ~ 6 x 10710 ©
aoson, »>ng >ng n
(ng —ng)/n, ~ 6 x 10710
M Early Universe: high temperature (T > 1 GeV)
s n, ~ng~ng
A | Q NUZY
Tiny asymmetry between baryon and anti-baryon
@ =NUAY
‘ Dynamical generation O I3 kY
Baryogensis
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B Sakharov’s 3 conditions (for dynamical #B generation)

[

1. #B violating process

Required by definition

\

2. Cand CP violating process

Required not to cancel out
between matters and anti-matters

3. Departure from equilibrium

The baryon asymmetry cannot
evolve by inverse processes

2024/2/10

X - BB

©

Seminar @ Okayama Univ of Sci
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B Sakharov’s 3 conditions (for dynamical #B generation)

1. #B violating process

Required by definition

Case of C & CP conserving

<oy Br(X - BB) = Br(X - BB) .,

sos Br(X = BL) = Br(X - BL) .,

-

o

2. Cand CP violating process

Required not to cancel out
between matters and anti-matters

J

3. Departure from equilibrium

2024/2/10

The baryon asymmetry cannot
evolve by inverse processes

©00e6

Seminar @ Okayama Univ of Sci
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+2
-2
-1 :J
+1

B=0
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B Sakharov’s 3 conditions (for dynamical #B generation) o
Case of C & CP violating / Q-
L. o o
1. #B violating process <o Br(X > BB) # Br(X > BB) ,, \ o
Required by definition sou Br(X = BL) # Br(X = BL) 000, |*™ g
g ) ® ®0 -
2. Cand CP violating process
survived
Required not to cancel out @ Q @ "
between matters and anti-matters
- - @ 00 -
cancel
3. Departure from equilibrium @ Q @ "
The baryon asymmetry cannot B = 43

evolve by inverse processes

2024/2/10 Seminar @ Okayama Univ of Sci 32/39



B Sakharov’s 3 conditions (for dynamical #B generation)

1. #B violating process

Required by definition

2. Cand CP violating process

Required not to cancel out
between matters and anti-matters

4 o )
3. Departure from equilibrium
The baryon asymmetry cannot
evolve by inverse processes
\ /
2024/2/10

<00 Br(X = BB) # Br(X = BB)
500 Br(X = BL) # Br(X = BL) 144,

@ Inverse deca @ e
Inverse deca a E

® e
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3. Asymmetric particle production

J L) = -

3-1. Baryogenesis and Sakharov’s 3 conditions
3-2. Demonstration by CPV model

— —

3-3. Asymmetry on EWKB
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B Baryogenesis through preheating P p—

Inflation Reheating (Baryogenesis) P BBN Recombination

> .
107% s 10-12 ¢ 1s 1073 5 time
\ )
Y
( 1. Slow roll [Inflation] )
2. Oscillation [Preheating] 4. Decay, scattering
V [Baryogenesis]
Asymmetry
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B Baryogenesis through preheating P p—

Inflation Reheating (Baryogenesis) P BBN Recombination

>
107%s 107125 1s 103 s time
\ J
Y
1. sl Il [Inflati : ;
( owro [ : .a ian] ) . 2.5. Heavy particle production :
2. Oscillation [Preheating] ; : 4. Decay, scattering
v [ Possible even if my > mg ! ] [Baryogenesis]
o o
) O W, o (B
7 \N\NN~> Asymmetry

% ; W. o pucrE @ ®

3. (Perturbative) Decay [Reheating]
($)
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B Baryogenesis through preheating

2024/2/10

(ng —ng)/ny, ~ 6 x 1071°

Inflation Reheating (Baryogenesis) P BBN Recombination

>
107% s 10-12 ¢ 1s 1073 5 time
\ )
Y
( 1. Slow roll [Inflation] )
2. Oscillation [Preheating]
V
($)
B,C,CP, Eq g
Asymmetry =
o
3. Asymmetry generation in preheating (or with other time-varying background fields)
- Can the particle production induce the asymmetry generation simultaneously?
[K. Funakubo, A. Kakuto, S. Otsuki, F. Toyoda ('00)]
[R. Rangarajan, D. V. Nanopoulos ('01)] etc.
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B A demonstration by a CP violating model: [SE, T. Matsuda (2017)]

B Contents : 1 complex scalar + 1 real scalar ( + oscillating mass)

L= 10y =mE®Ox|? =5 (ex? + (h.c.)) +5 (0D =S mE (D)

2+
Complex “coupling”

One of couplings in € and g can be real, but both cannot > CP phase remains

EOMs (operator equations)
Ck gz Tk gz
1) = [ Gze®in®, i@ = [ Saze® i

X% wry € g %
B oo=a?x. |+ € w2 g |[X
Sk g g wi) \&

We follow the time evolution of

B Total number densityof y 1 nge = |

T 2 [t
d3k ( 1 <XEXE>+“)X.I<<XEX%> _ 1)

(2m)3 \ Vol. ' Wy k

. 3
M net number density of y : Nper = f%(l _ % . 2Im <X£ . 3th>)
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B Numerical results 1

2024/2/10

Number densities

Number densities

1.0E-02

1.0E-03

1.0E-04

1.0E-05

1.0E-02

1.0E-03

1.0E-04

1.0E-05

m2% = 0.152 + 4c0s20.03t, m? = 0.1%, ¢ = 107*

¥ rg}e

g = 0.01i

P n, (matter)

n, (antimatter)

\ n, — 1, (net density)

100

200 300 400 500 t

g = 0.01 (no phase)

n, (matter)

n, (antimatter)

X, X, (&)
v Tz
° 9

100

(})

200 300 400 500 t
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B What is the essence? - CP phase & “chemical potential”
EOM (again)
0= 02wy + (k2 + M2(t)) Wy

Xz my(t) € g
v =1 ), M= ¢ m@®O g
: g g*  mit)

“Diagonalization”: Mgiag = UTM?U, U : diagonalizing unitary matrix
0=0¢ ~7€ — 2ip at~fé + (Mgiag — 0 — MZ)"'% ( ~E

[ where u =iUT3,U :Hermite, non-diagonal ]

= UTy.

- EOM cannot be diagonalized as long as 9, U + 0

B u plays role as a “gauge field” (Berry connection)

c.f. Gaugeoperator (DHD, —m?)¢ = 0%¢p — 2igA - 0¢ + (m? —igd - A — g*A*)¢

c.f. Berryconnection: Ag = i(n(R)|Vgx|n(R))

II)

B 1 can be regarded as a “chemical potential” : carrier of asymmetry

L> |6‘PE|2 > i(~£u -0, T2 — at~£ -,u~§) : (net number) x p
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3. Asymmetric particle production

-1. B: ki

Baryogenesis and Szmmrov’: 3 conditions
Demonstration by CPV model

2.
-3. Asymmetry on EWKB

w kd kd
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B Asymmetry and Bogoliubov coefficients
B To see the asymmetry with the Bogoliubov coefficients, we consider a simple model:

] L = |0x|? —=m2(®x1? -5 (A®)x2 + (h.c.))

1 1 1 1
V2 = 50X +5(0x2)* =5 (mf + Ap)xf =5 (mf = Ar)xz + Arxa

x:complex scalar, A(t) : complex function

X1, X2 real scalars

CP phase remains in the time-varying A(t) = R(t)e?® aslongas 6(t) # (const.)

%2 +m2 + A A
: 0 = 0%y +m2y+ Ayt - x TR ! 1
EOM: X X X or 0 A 02 +m2 — A, ()(2)
A well-seen expansion is incorrect in general:
&k .
®  xx) = W et 'X(fk(t) a, + gx(t)” b_k) ( This expression has to be regarded as an asymptotic behavior )
d°k ik-x T 3 x T =
©  xx) = 2n)3 e®X(fi () a + g (" b1 + frr ) al) + g, (©) by)

B Because the EOM for y is the 4" order of equation

B Bogoliubov transformation is also given by 4 parameters:
a = a al* + B b + v, ™ + 5, bi?
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B Expression of Bogoliubov transformation

a in a in
o o b 1 i 0 o0\/[*
m_ o +iad" m A" —iag k 11 =i o o |[%
a, =——, b, =——¢n=—— —> ot - o
V2 V2 —k V2|0 0 1 —i 1
T T
b!, O 0 1 i a,
a out

1 i 0 O @11 @2 P11 Piz al

_ i 1 —-i 0 O a1 Q2 P21 Pz i

V210 0 1 —i 11 B2 app ap || %

0 0 1 i Bz1 B2z a1 i a;r

B Particle distributions

- : 1 . .
n, = <Om|azutfazut|0m> = §(|ﬁ11 +iB21|* + |B12 + iBa2]?)

, . 1
n, = <Om|b£ut+b;§ut|0m> = §(|,311 —iB21|* + |B12 — iBa2]?)

Checking
by EWKB

Ny — N = 2Im(B11P21 + B12622)

B11, B2z # 0 1in —> 1%t ® B11,B22 =0 1in>< 1om @ B11,B22 # 0 1i"2 1out
B12,B21 =0 2in —> pout B12,B21 # 0 2in out P12, 621 #0 oin Sout
“Inner mixing” “Outer mixing” “Inner and outer mixing”
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B Procedure to identify the Stokes phenomena

Derive the 4t order of equation for y; ()
0 = 0fxs + PPy, + PPy, + PPy, + POy

1

Put y; = gro-1 oot

and obtain the equation for S_;

0 = $* 4+ PR®s3, +p@g2 4 pg 4 pO > S = Ut U ey (5o

Cax = i\/—(EZ‘Fm;Z()"‘ /A%H-AZ, {p+ = i\/—(z2+m)2()— A% + A?

Find the “turning points” t =t,, by {; — {, = 0 (corresponding solutions coincide)

* Qa4+ —GCa-=0: EZ"‘m)z(:\/A%a"'A% * {ax =G =0: AR+A7=0
Inner mixing Outer mixing
© {py—{p-=0: k?+m§=—JAz+A] * lar— G =0: k*+mi=A%+A7=0

Impossible for circular motion
(|A] = (const.))

Find the Stokes curves by Im ftizb dt' ({,— () =0
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B Remarks

In the case of the circular motion (A(t) = |A]e?®), Re-definition of the field ¥ = ye'®/2

gives
L = |ax|? - mi(@®x|? - (A®x? + (h.c.))

= 10712 —m2(O1712 — = Al (72 + (h.c.)) += 62712 + 86 -~ [T (00) — (071)7]
2 4 2

— 2 - 1 ~ 8
H o= |nl? + Vx| +mZ@171% +51AI(72 + (h.c.)) + 6 3

- Spontaneous baryogenesis

{ n=i-30%7, J§=—;[rtn—nil J

But EWKB says no asymmetry production by 8 = 0(t)
| mf((t) and |A(t)]| are also required for the asymmetry

B This conclusion is for the bosonic case

B The (Majorana) fermionic case can generate the helicity asymmetry [SE, T. Matsuda (2022)]

2024/2/10
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4. Summary
B Today’s topics:

M Brief review of preheating as an example of the non-perturbative particle production

B Analytic methods for the non-perturbative particle production
Basic: WKB method, Bogoliubov transformation and coefficients

To evaluate the produced particle number ( n, = |B,|? ), | introduced
B Analytic continuation by well-known special function
B EWKB method

B Particle-antiparticle asymmetric production due to the time-varying parameters

Asymmetric production is possible if the theory has
B Time-varying background fields (parameters)
B C & CP violating interactions

But circular motion (A(t) = |Ale??®) cannot produce the asymmetry according to EWKB

B Finally, | want to say:
The time has come: exploring non-static field theory
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