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§ 1. Introduction
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Horizon problem
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Density perturbation
Baryon asymmetry
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Initial value problem
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Baryon Asymmetry of the Universe

* GUTs
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Inflation [Kolb-Turner, The Early Universe]
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particle creation after inflation

e reheating

e preheating

> exponentially increasing particle number
> large quantum fluctuation in low-energy modes

nonthermal phase transition

Khlebnikov, et al. PRL81('98) — 1st order PT
Tkachev, et al. PL440('98) — string formaiton

new SUSY-breaking effects
Anderson, et al. PRL77('96) — Affleck-Dine



§ 2. Review of Preheating

reheating |=0000000000000000O0000O0

1

L = (8¢)2—V(¢)+5(8X)2+15i$¢

1
2
1 ~
—5970* = fiue
000 (0-momentum ¢00O000)
[y =T(¢ = xx) +I'(¢ — ¢y) =
EOM for ¢:

g @) [Pme
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G(t) +3H(t)p(t) + I'yd(t) + V'(¢) =0
L1000

(1) 0DO00000000o0Do00oO0oDOoDoOoDbOoond

(2) ¢?0 fO00O0D00Oinflaton 0000000000000
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preheating

[Kofman, Linde, Starobinsky, PRD56('97)]
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EOM for the inflaton with V (¢) ~ 2m?¢*:
1
o(t) = ®(t) sin(mt) o 7 sin(mt)
mode equation for x():

Xe(t) + 3H (t)xk(t) + ]:L—i + ¢°®?(t) sin*(mt) ) xx(t) =0

In the Minkowski spacetime (a(t) = 1, ®(t) = const.)

X (2) + (A —2gcos2z)xk(z) =0

where z = mt,
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Parametric Resonance

wave function in a periodic potential

| Bloch wave
| exponentially growing or damping waves

For ¢ > 1, the waves are in broad resonance

Xk log Nk
12

100 -
10 +

m/(2r)

.5
mi/(2n)

nk changes only at ¢ where ®(t) =0
& ot) 2 w(t) with w(t) = \/k? + g2@2(1) sin®(mt)

()] exponentially increase with ¢ stepwise.
nk(t)

—> seccessive scatterings by a periodic potential

—> descent equation for ny



We must take into account ...
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narrow resonance ¢ < O(1) resonance ] 0 O O
broad resonace ¢ > 1 stochastic resonance
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[ 00 0O O O successive scattering 1 [ [0 [ 0 [0 [

nfjl (1—|—2€ 5 oginfe ™ /2\/1—|—e WH?) n‘,i

000 60 random phasel]

k
——U ke = /gm —\/—mql/4

ajk*j
(j <« j-th zero of ¢(1))

> 00000 xO0OO back reaction

{ p=ps—py :damping the oscillation

mg ~m? + g*(x°) :increase ¢-frequency

> xUO OO o0 OO rescattering

Am?Z (k) = g*(0$°)), > resonance width
terminates the resonance



state after preheating

e large occupation number of y with small k

resonance band k2 < 1 K < %T ~ (.56

e large quantum fluctuation of y

e.g.

m=10"5%mp, ®y= % g=10"3~"1

resonance terminates after about 10 ¢-oscillations

V(x?) ~ 3 x 10'6GeV for g = 3 x 10~*

thermal fluctuation at 7" = 107GeV
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nonthermal symmetry restoration
nonthermal heavy particle production

Evolution of this state;

* decay to light particles — conventional reheating process

* relaxation to thermal distribution
numerical simulation [Felder & Kofman, hep-ph/0011160]

relaxation time < (".~ large occupation no.)

NOint
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Application to EW baryogenesis

inflation mode with

yvvvyv"v
T, of EW scale

i
y

M
i

el

= hybrid inflation

o : inflaton
¢ : Higgs scalar

“““““ XS }
S

Garcia-Bellido et al. PRD60 ('99)

large fluctuation of long-wavelength Higgs and gauge fields
Teg ~ 350GeV

enhanced sphaleron transition (conjecture)

. . 0o p 3oy ~
CP-viol. tor ——plp —2LF, F*
assuming viol. operator Mng ) e’
2 3
ng -8 v Telcf
"B~ 3% 1078
S . CP I (Trh>

We need a check by MC simulation of the sphaleron transition.

similar to the finite-T I'gpp
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§ 3. Charge Generation

[K.F., Otsuki, Kakuto, Toyoda, hep-ph/0010266]

Extension to the case of n-component complex scalar fields

L = 0uxa0"Xa — 920" (t)XoXa
1
_szab(t)Xb - 5 (XaWab(t)Xb + C.C.) ,

¢(t) : oscillating background

: Van(t) = VbZ(t)' Wan(1)

induced by couplings to ¢ and/or by
radiative and finite-T corrections

Wap(t) =0 = global U(1)
ImV,(t) # 0 or ImWy(t) #0 = C and CP violation

We assume that

> charge is generated when ¢(t) = 0, as particles are created.

> Vap(t) and W,(t) can be treated perturbatively.
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successive scattering approximation (for broad resonance)

for t;_1 <t < tj, (t; = mj/m)
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n=2mi=mo=m, Vii = Voo, Wy, =0

U(1)-sym.: x4 — €'*x, and discrete sym.: x1 < X2

12 2
o= > (Ja] + [ )
a,b=1
p 2 2 2 12
) ]{k: Bl + (81| — Bl — |Pn charge of x1
p 2 2 2 12
J%k: 1ol + 15| — |Bia| — P charge of x2
k k 1
K = — < In the resonance band
k. g®dm ~ /7
For definiteness, take
29211(1)2
Vii(t) = -—
1(f) cosh?[m(t — t;)/v/2]
2021, B2 i (1)
Via(t) = —— 22
cosh®[m(t —t;)/v/2]
0
with Q(t) v

— 1 + efrn,(t—tj)/\/§
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g = 200, I; = 0.01, I = 0.02, 6 = 1077
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total number and charge densities

n = /d3knk:8\/§7rm3q3/4/ dk k° ny,
0

o= 8V2rm?gt /OO dk K° 1 = —J2
0
0o | [drr*ng [ dk k%51
1072 | 130.5096 —1.609334 x 102
1072 | 130.5156 —1.544579 x 10!
1071 | 131.1163 —1.537716
T 990.7411 —50.84228
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00000000 baryogenesisU U 0 0O 00O O

EWscaleD OO OO oooog

> hybrid inflation — low T},

> squarks & sleptons in the MSSM

m? soft-SUSY-breaking mass

g° gauge or Yukawa coupling (Vp or /x)

source of CP violation
u, A-term, B-term (relative phase)
corrections including gaugino loops, ...

flat directions in the MSSM [Gherghetta, NPB468 ('96)]

e T, < T- of EW phase transition

B+ 0: udd, QdL, QQQL, ...

o Trh > TC
B—L+0: LH,, LLe, QdL, QQQH,, ...

.. work in progress

19



§ 4. Summary
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o (inflation0 00 000D0OD0) inflationd O O

e J0DDODO (T > 1MeV)
00007 > 38MeV

) n _
. thermal fluctuation AU 10~10

viable scenarios of baryogenesis

* GUTs

* Affleck-Dine mechanism
with Q-ball formation [Enquist & McDonald, PLB425 ('98)]

* Leptogenesis

* Electroweak Baryogenesis

* Inflationary Baryogenesis
[Nanopoulos & Rangarajan, hep-ph/0103348]

inflationd O O O 0O OO (reheating or peheating)
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preheating = 000O0O0O0OO0OOOO0O0OO0OO0O0OANO

DooO0ooOoooo
+00000000o0 (if °CP violation)
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nonthermal symmetry restoration, ...

low-energy model 1 [ [

> hyprid inflation coupled to a flat direction in the MSSM

> Affleck-Dine mechanism with ;. = 0

() is generated by the oscillation of AD scalar

ANG"
Mn—S

)\2 |¢‘ 2(n—1)
M2(n—3)

Vap (m2—cH%)1¢\2+( +h.c.)+
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