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1. Introduction ’/% ¢

M Particle production from vacuum background

M It is known that a varying background causes production of particles

Oscillating Electric field = pair production of electrons
[E. Brezin and C. Itzykson, Phys. Rev. D 2,1191 (1970)]

Changing metric = gravitational particle production
[L. Parker, Phys. Rev. 183, 1057 (1969)]
[L. H. Ford, Phys. Rev. D 35, 2955 (1987)]

Oscillating inflaton = (p)reheating
[L. Kofman, A. D. Linde, A. A. Starobinsky, Phys. Rev. Lett. 73, 3195 (1994)]
[L. Kofman, A. D. Linde, A. A. Starobinsky, Phys. Rev. D 56, 3258 (1997)]
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B Example of scalar particle production (overview)

[L.Kofman, A.Linde, X.Liu, A. IVIanney, L.McAllister, E.Silverstein, JHEP 0405, 030 (2004)]

B Let us consider — — 2 : real scalar particle
Line = g |¢| (quantum)

(classical)

g coupllngr ¢ : complex scalar field ]

M If ¢ goes near the origin...
= mass of y (m, = g¢) becomes small around |¢| =0

—> kinetic energy of ¢ converts to y

m =
¢ x particles are produced !! | x| glol
/’/_____-__Z)_(:/_; \/
/,’ 'DX ,// t
P

Im ¢
< -O
/ Re o
(massless point)
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B Example of scalar particle production (overview)
[L.Kofman, A.Linde, X.Liu, A.Maloney, L.McAllister, E. SiIverstein, JHEP 0405, 030 (2004)]

gz |¢| x : real scalar particle

B Let us consider : = —
mt (quantum)

(classical)

g : coupling r ¢ : complex scalar field J

M If ¢ goes near the origin...
= mass of y (m, = g¢) becomes small around |¢| =0
- kinetic energy of ¢ converts to y

m =
¢ x particles are produced !! | x| gl
e ,DX /// t
P

/<l Re (l)
(massless point)
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B Example of scalar particle production (overview)
[L.Kofman, A.Linde, X.Liu, A.Maloney, L.McAllister, E.Silverstein, JHEP 0405, 030 (2004)]

gz |¢| : real scalar particle

B Let us consider : = —
Fint = (quantum)

(classical)

g coupllngr ¢ : complex scalar field ]

M If ¢ goes near the origin...
= mass of y (m, = g¢) becomes small around |¢| =0
—> kinetic energy of ¢ converts to y

m =
¢ x particles are produced !! | x| glol
< e )_(_/_/~ \_/
g1l ~ s Z; ;
[ X g ¢ i} 'DX ,// t

e
7 /,

—————————————

/ Im i qu
/ Re ¢
(massless point)
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B Example of scalar particle production (overview)
[L.Kofman, A.Linde, X.Liu, A.Maloney, L.McAllister, E.Silverstein, JHEP 0405, 030 (2004)]

gz |¢| : real scalar particle

B Let us consider : = —
Fint = (quantum)

(classical)

g coupllngr ¢ : complex scalar field ]

M If ¢ goes near the origin...
= mass of y (m, = g¢) becomes small around |¢| =0
—> kinetic energy of ¢ converts to y

m =
¢ x particles are produced !! | x| glol

(ny glpl~ + g 0/ ;
— €9 t

7
7
————— . - -

/ Im :
/ Re o
(massless point)
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B Equations of motion for y: _
*Assumption :

0=(0%+g%lp|Dx 00 ¢=0¢1)

3
plane wave _ d ifex . +
eXpansion: X = (27_[)3 e (Xk (t)ak + Xk (t)a—k)

A )
plane wave / creation/annihilation op.

time-dependent wave func.
0=08xk+wiOxx » U xx) =1

[ wr =Vk%2+g2o12, (A4 B)=i(ATB—ATB) J

If ¥, is a solution, a linear combination y;" and y;*" is also a solution

out __ * _ Inx

Ak — “ZXiicn — BrXk
(lagl® = 1Bl* = 1)

in ., - in in —
Xie ¢ 0oxi ~twrxy @t=-—
out out

XU 0o xR ~ xRt @t =+
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B Transformation law for operators

out _  *.,in * _ inx
outt Xk Xk — PrXr

P : o t
B I(Zn)3 lkx(x;‘n(“kalgm Bralic) + xi (—Brap™ + aaly” )

int
)

Transformation law (Bogoliubov transformation)

xRt = “k)(k .sz)(ilcn*, ag't = “kak + ﬁkai_nlj
(logl? = 18x]* = 1)
B Produced number (occupation number)
n = <0in|aﬁUtTaﬁut|0in> -V - |:Bk|2
Im ¢
With WKB method DL VIO
k2 + g2u? Tu
155 1? ~ exp[Z Im [ dt a)(t)] = exp [—n v ] Re ¢
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B Transformation law for operators
out _ , *.,in *_ inx
Xk = OxXk — PrXk

Wy = f(2n)3 ik'x(XEUtGEUt+XRUt* OUt'I') 1

A’k k- t * * t
= [ e (i (ke = o) + 1l (o + aya®yh))

o)

" Transformation law (Bogoliubov transformation)

out _ _*_,in 1n* out _ in int
Xieow = apXi — PrXr Ay = apay + Bra_y

| 1> — 1Br|* = 1)

L] umber)
=V . 2
|'Bk| Im ¢
k DL QN
k2 + g?u? Tu
155 1? ~ exp[Z Im [ dt a)(t)] = exp [—n pm ] Re ¢
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B After non-perturbative particle production

2 1. 1 1
K=o +50 +50% +5 g%11%x?

=Py ~ nx'g|¢| J

» Linear potential is established for ¢!

20/4/2015 Seminar (Fundamental Interactions) @ UW 10/41



B After non-perturbative particle production

2 1. 1 1
K=o +50 +50% +5 g%11%x?

=Py ~ nx'g|¢| J

» Linear potential is established for ¢!

20/4/2015 Seminar (Fundamental Interactions) @ UW 11/41
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B After non-perturbative particle production

2 1. 1 1
K=o +50 +50% +5 g%11%x?

=Py ~ nx'g|¢| J

» Linear potential is established for ¢!

Potential Energy Im ¢
| \ -
Initial Kinetic Energy L
é
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B After non-perturbative particle production

2 1. 1 1
K=o +50 +50% +5 g%11%x?

=Py ~ nx'g|¢| J

» Linear potential is established for ¢!

Potential Energy Im ¢
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B After non-perturbative particle production

2 1. 1 1
K=o +50 +50% +5 g%11%x?

Py ~ nx'g|¢| J

» Linear potential is established for ¢!

Potential Energy
] \
Initial Kinetic Energy

¥ production!
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B After non-perturbative particle production

2 1. 1 1
K=o +50 +50% +5 g%11%x?

Potential Energy

|
Initial Kinetic Energy

=Py ~ nx'g|¢| J

» Linear potential is established for ¢!
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B After non-perturbative particle production

2 1. 1 1
K=o +50 +50% +5 g%11%x?

=Py ~ nx'g|¢| J

» Linear potential is established for ¢!

Potential Energy

|
Initial Kinetic Energy
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B After non-perturbative particle production

2 1. 1 1
K=o +50 +50% +5 g%11%x?

(numerical result)

/T

Im @ [

=Py ~ nx'gld)l ]

O

t=495

Potential Energy

|
Initial Kinetic Energy

» Linear potential is established for ¢!

¢ is trapped around
the massless point.
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.« Brief summary of introduction

1. Variable mass (approachingto ¢ ~ 0
(app gtop ~0) . ALY

/< Re ¢
massless point

2. Particle production ( x )

produced (occupation) number :

i outt t| i 0 0
e = (0™ [ap" ag"t|o™) A4
, _7_[k2 +g2 < %//flm ¢ o0
=V |fel®~V-e v )z Re ¢
3. Trapping around massless point ( ¢ )
Im @ O o ) o
——
N é, g b o
; / Re ¢
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B Our focus

B How do (quantum) interaction terms affect particle production?

Usually production rates are calculated in the purely classical
background

- We would like to estimate the contribution of the quantum interaction

quMX
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B Our focus

B How do (quantum) interaction terms affect particle production?

" Usually production rates are calculated in the purely classical
background

—= We would like to estimate the contribution of the guantum interaction

¢ MX

AH

(2
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B Our focus

B How do (quantum) interaction terms affect particle production?

" Usually production rates are calculated in the purely classical
background

—= We would like to estimate the contribution of the guantum interaction
term
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M In this talk we consider a simple SUSY model

— 2 1
M Superpotential : z P = ¢ +V209y + 67F, )
W=lgCI>X2 <[ X = x +V20y, + 02F,
2 y
—> Interaction terms in components : | g : coupling

Lint = _gzl¢|2|X|2 _%gzl)(léL — 9 (%(]51/))(1/))( + l/)qbl/))()( + (h. C))

M Stationary point : Im ¢ b (t)

X =Yy =1y, =0, but @ can have any value

Re ¢

Production
doesn’t
happen...?

Production may
happen
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2. Bogoliubov transformation law
with interaction terms

M Our aim: ¢ Yo X Yy
Evaluation of produced particle number for all species

nk(tout) — <Oin|a§ut+aﬁUt|Oin>

- To find the Bogoliubov transformation law out in

. o . a H a
in the interacting theory k k

B Method

B Schwinger-Keldysh formalism

M Yang-Feldman formalism «
M Others ( but | don’t know... )
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B An example with a real scalar field W (1/4)! C_:ﬁzer l 4[ cource J

M Operator field equation: 0 = (3% + M?(x))¥(x) + J(x) operator
B Commutation relation : [‘P(x),lil(y)] — i53(x —y)

- Formal solution (Yang-Feldman equations)

y0=x0

V0 =VZIE@) — iz | dty [, Y] )

yOZtaS
Z : const. Was . asymptotic field J»)
0 = (0% + M?)was o) B
X + S SV
J)
0 —_ fas asy) — as (.-as r';'
x0 =135 = W(x3) =+ZWas(xas) a8 () 16

M If we take t25 = tI" = —co0 or t25 = t°U = +oo,

[ Lpout(xout) — Lpin(xout) _ iﬁfdély [qjin(xout)’q;in(y)] ](}’) }
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B An example with a real scalar field W (1/4)! C_:;?;'Eer l 4{ cource J

M Operator field equation: 0 = (3% + M?(x))¥(x) + J(x) operator
B Commutation relation : [‘P(x),lil(y)] — i53(x —y)

- Formal solution (Yang-Feldman equations)

y0=x0
V0 =VZIE@) — iz | dty [, Y] )
yOZtaS
Z : const. Was . asymptotic field J»)
N — yas J) i’f

-1 o~
[ Lpout(xout) — Lpin(xout) _ iﬁfdély [qjin(xout)’q;in(y)] ]()’) }
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B An example with a real scalar field 'V (2/4)

— [ V2% is free particle, so we can expand with plane waves as

d*k .
pas(y :J ek X(pas ,.0),as 4 ast(,.0 aaST
() = | eV GaR + Vi (aly
N /
plane wave | | wave func. creation/annihilation op.

0 =05¥25 + (k2 + M?)Was

— M inner product relation : (Wg°, ¥g°) =1/Z

which comes from conditions

[afs, a51] = 2m)363(k — k), Z[V3s(x), ¥35(y)],_ . = iR63(x —y)

t— taS

elk xaﬁs . pas

S { ads = ZJdB’x e~ IKX (pas as) } ——————

a projection from W2 to W2° direction
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B An example with a real scalar field 'V (3/4)

B Relation

|

between ai and ap™
alc;ut — ZJdBX e~ ikx (Lplgut’q;out) ]

I
I
I
I
I
I
I
\4

[ Lpout(xout) — Lpin(xout) _ i\/fjd‘Ly [Lpin(xout)’q;in,*(y)] ](_')7) ]

aﬁut

:

(usual) Bogoliubov tfn law

/‘

.

20/4/2015

= . + ﬁkai_nJ — i\/ZJd4X e~ KX WM — B WM I () J

)
Interaction effects

g = Z(WRut, win) W = akqjkm + [ Pt )
k —_—
out _ inx
.Bk — Z(Lpout ln*) Lp ak 'quj
g |? — |,8k|2 =1 y
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B An example with a real scalar field 'V (4/4)

B Produced (occupation) number :

n, = (Oinlal(;UtTal(;utloin)

= |(Braliy = VZ [ d*x em X (e 2 = i) 1))
_f Vlﬁklz + [,Bk:,t()]
— | 0 n Z|fd4x e_l'k.x Lpllcn*] |0in>|2 [ﬁk — 0 ]

Particles can be produced evenif f;, = 0!

B In case of a fermionic field

B Inner product becomes
(A,B)=i(ATB—ATB) = (A4,B)r =Ay°B (A,B:4-component)

B In case of Majorana fermions, the formulae are more complicated
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< Brief summary of this section

1. Bogoliubov transformation law with interaction effects

al" = o al + ,Bkai_rf — i\/?fd‘Lx e KX (g, Wi — g wiM) I (y)

A

)

(usual) Bogoliubov tfn law

|

Interaction effects

Wave functions’ law keeps ordinary form

gt = apwin — g

2. The particle production can happen even if f;, = 0

20/4/2015 Seminar (Fundamental Interactions) @ UW

30/41



3. Application to our model
B Model (again)
1 1
Lint = =g 191 1x1* =7 9%Ix1* — g (5 Py +Vpx + (h. C-))
B Equation of Motion :

$ : 0=(3%+g*x1D +59¥v]

x o 0=(0%+g%p1 +2 g% xl?) x + gy}

Yyp: 0=0"0,py + ig)(Jrl/);

(o]
_ . . O
o 0=35"d,, +igdTyl +igxTyl

¢ has a backgound
X, ¥y, Y, : no background

*k K » sourceterms]

B EOM for asymptotic fields (as = in, out):
¢as - 0 = az¢as
x* 0 0=(0%+ g* )
as . 0 =gto . h3S : :
¢¢ Iilanb o ( <¢> = (01n|¢|01n>
Yy® o 0=da"0,Y3 + ig(d)T)l/)X 31/31




B Definition of wave functions (Assuming (¢) = (¢(t)))
d3k k. x _ —
¢ ¢as>+f(2 )3 lkx(qblaésa;;lils qblaés aqbals{-l-)
0 = "Iaés_l_kzd)k > ¢ — outocB—ikt -> |,8qbk|2 —
d3k X *
1% = [ 2L el (yisady + 2o bish)

0 = 18+ 0 + UDPUE | el = 12, G2 )

2¢0J

as _ d’k ik: +.,,+,AaS __+as — ,as*x _—ast
Yy = f_(z,T)s et (ek Yok Aok T €K Yok a¢¢_k)

M (* eigen vector for helicity)

: . 2
0= g+ ilKIpg, > P = pgi ce™® S |g, | =0
¢(*phase)
KX, S (+)sas 0.1, (—)s,asx asST
l,b ZS +f(2n’)3 e e (l/) YKk - l/J 1/’)( )

0 = ¢(+)sas |k|l/)(+)sas n lg(ng)l/)( )s,as
0 = l/)( —-)s,as lS|k|l/)( —)s,as n g<¢>lp(+)sas

— (+)s,out_; (-)s,in (=)s,out_; (+)s,in
20/4/2015 [ ‘ ‘ Yy ('70 '70 ‘/J ‘/J )

2
* 0




B Analytical results (massive particles y, Y,; f # 0)

+ out-lL + out outT —,out

om> /V + <om

om>/v

- ergxkl
= 2 exp|2 Im] dt k% + g2[{p)?] + -

= 2 exp [—T[ 2+‘g ] + -

S out'l'as out
ka l/}Xk

Mn, . /V=3, <oin oin> V%

2
= ZS IB{/S;XR‘ _|_

k?+g%u
qv

= 2 exp [—n ]+
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B Analytical results (massless particle ¢; ,8¢k = 0)

n¢k/V <01n

~+ out1- ~+,out

Apk

Apk

om> /V + <om

— outT ~— out

(

= 97 [ 22 (2,7 (11 dt ¢ ity 137 - 54

1 2
+ ZZ(le/)X Zs,r,q (1 +

(]50ut
k| v.><_§(b>
= k+p
RN
Xln Xll’l

20/4/2015

S dt " Xikapl 25"

(q)s,in

(k+p)) U dt ¢out

k +

in
X

¢Out
|
|
k| v
|
p

g

Seminar (Fundamental Interactions) @ UW

X|k+p|

\\\p

011’1>

in
X

01n|a|01n> )

g{o")’)

l/)(Q)T AN

2)] ‘e

anti-particle
diagrams
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B Analytical results (massless particle p ; ,8¢¢k = 0)

Mpgie/V = 25 (07 |aitagon| o) v
n, ~Z Ud“x e~ ikxplnx g |0in)
00O O
_ pk
=9 f(27r)3 ZxlopyZopy Lisry ( - ST pk)

2
X |f dt Y Xjcep) P

l/)out 2

k|

~ k+p, ., p +  (anti-particle diagram)
AN
Xin // 1/))1(11

The main channel of massless particles production is “inverse decay”
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B Numericalresults:case1 (g =1, v=0.5 u=0.05)

Trajectory: Background Number densities
Im @ o, lnn.. lnn,. lnn,., Inn
1.0" l/)X //m-:—-——
W /
X ]
] =2 it & 10)/‘
2.0 P
—— e Vo
2.0 ~1.0 1.0 Re® 44
t=28 f V) 1
Distributions
s Flax, Mk, M,k t=8
2.0+ analytical expected line

k2 + g242

/=2><exp<—n gu)
gv

lp)(\)(

2 S~

|
0L k
(Ve
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B Numericalresults:case2 (g =2, v=0.5, u =0.05)

Trajectory: Background Number-densities
Im © o, Inn., Inn,. Inn...Inn. ¥ %
2.0-. _ﬂ.' 0e-2 =
11 [=5 Vx
4.0 - \
= ! J—=——|——‘|=.—— N |
—-40 —2.0 2.0 Re ® \ /é;qb »
—2.07 10 e-4 -
o]
£=90 7 3
Distributions
4004 71 Bk, Py, Pk aqua color: =90
k2 + 92‘u2
=2Xexp|—m
4 gv
3.0 lqu
201 1/))( X
1.0
] ST | K
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B Fitting function for distributions

Im ¢

SOt +20) $(t +10) |

VA ¢ VLN o A o WL R4
(massless boson ¢) / \
Re
/[v=0.5,u=0.05]\ ¢
(t =t,+ 20) (t=t,+10)
1.0E+04
1 OE+03 =g=0.5, numerical ==g=(.5, numerical
| —8-1 numer!cal ——g=1 numerical
1.0E+02 —c=) numerical )
=) numerical

1.0E+01

Ny 10E+00

V 1.0E-01
1.0E-02
1.0E-03
1.0E-04
1OE'C|5 T I T T T T T T
0 0.2 0.4 0.6 0.8 1 1.2 14 0 0.2 0.4 0.6 0.8 1 1.2 1.4
momentum k momentum k
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B Fitting function for distributions

Im ¢

(massless boson ¢) p

p(t. +20) H(t, +10)

\

e

\ Re ¢

/[ v=05 u=005 )
)

(t = t, + 20) (t =t, + 10)
1.0E+04 < . .
1.0E+03 i =—g=0.5, numerical g=0.5, fitting =g=0.5, numerical g=0.5, fitting
| —g=1, numerical g=1, fitting =—g=1, numerical g=1, fitting
N —8-2, numerical g=2, fitting =—g=2, numerical g=2, fitting

1.0E+01
Npg  10E+00 -
v 1.0E-01 -
1.0E-02 - [ \
. '. T = e ——_ =
1.0E-03 - N[ - v
1.0E-04 - - ]
1.0E-05 - . . : . — = . . g . — Ul
0 02 04 06 08 1 12 14 0 02 04 06 08 1 12 14
momentum k momentum k
2 . 2
Ny 016 g 1 ol — )2 [sm 0.52k(t —t,)
. . —t,
A Y
Perturbative suppression factor Equilibrium distribution Time evolution part
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B Fitting function for distributions
-

SOt +20) $(t +10) |

Im ¢

(massless fermion ¥ )

=

\

_ _ Re ¢
/[v_o.s,u_o.os]\ ©

(t=t,+20)

1.0E+01

=—c=(0.5, numerical
=——g=1 numerical

g=0.5, fitting
g=1, fitting
—c=7 numerical 3

g=2, fitting

1.0E+00 ==

S

1.0E-01 4 ™

N\

n‘/’d)k 1.0E-02
IV

(t=t,+10)
=—=g=(),5, numerical g=0.5, fitting
===g=1, numerical g=1, fitting

=g=7 numerical g=2, fitting

1.0E-03 ‘---\ _\\ | ——
s, e —— \-___

1.0E-04 P — Iy —
lOE-OS I T - T ST L T T “‘“ : T T o T T T

0 02 04 06 08 1 12 14 0 02 04 06 08 1 12 14

momentum momentum k
. 2
n 2 1 sin 0.59k(t — t,
SOk 0.407- -Jg|v|(t—t*>2[ e-t)
AN A

Perturbative suppression factor Equilibrium distribution
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4. Summary

1. We have found the Bogoliubov transformation law in the
interacting theory using the Yang-Feldman formalism

M In general, particle production is possible even if 5, = 0

2. We calculated produced particle’s (occupation) number

n k 2 2
m ik = Yk exp [—n 9 ] (analytical results)
% % gv
Ny
L] n:fk, qu >< (Eq. distribution) (fitting)

Massive and massless particles are produced at the same time
The main channel of massless particle production is inverse decay
Although the produced number of massless particles is suppressed by

g?/4m, itis possible to create a sizable amount of particles if the

coupling is reasonably strong
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