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Abstract

In “Modulated” Reheating or Preheating”
scenario, fluctuation of a light field o
contributes to curvature perturbation and
produces sizable amount of fy,

Modulated reheating scenario can be still
consistent with Affleck-Dine baryogenesis.
We can check the scenario in future
experiments such as Planck, PolarBeaR
and LiteBIRD




Introduction

s Inflation paradigm, is attractive

Solving horizon problem

Solving flatness problem

Solving GUT monopole problem
Producing density (curvature ) fluctuation

s Observation (WMAP)

e Power spectrum of density fluctuation

J% =(4.9+0.2)x10°

e Spectral index

a’InPé,
= +1=0.96+0.03

=
dink

e Running of n(k) 0.07 <




Tensor to scalar ratio vs spectral index

Chaotic Inflation
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Constraints on non-gaussianity

s WMAP 7-year reported

f7% =32+21 (68%C.L.)

Komatsu et al, (2010)




Gaussian perturbation

s Correlators
1. 2-point correlation function

(¢eer) = (27) 8% (K +K') A (K)

élg _ J'é/()—é)e—//;-id3x
2. Odd-number point correlation funcs.

<5ﬁ15ﬁ25§3>20

(~ scale invariant o k° ?)




Power spectrum

Red galaxies, b = 1
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Figure 19.5: Tl‘w zalaxy power spectrum from the 2dFGRS, shown in dimensionless
100 form, AQ(L‘) o k3P(k). The solid points with error bars show the power estimate.
= - The window function correlates the results at different k values, and also distorts the
CL1 Ll Ll large-scale shape of the power spectrum An approximate correction for the latter

effect has been applied. The solid and dashed lines show various CDM models,

0.01 0.05 0.1 0.5 all assuming n — 1. For the case with non-negligible baryon content. a big-bang
k (h Mp C_l) nucleosynthesis value of Qbh.g = (.02 is assumed. together with h = 0.7. A good fit
is clearlv obtained for .. ~ 0.2.

http://msowww.anu.edu.au/2dFGRS/ Olive and Peacock, Particle Data Group (09)



Cosmic Microwave Background
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Non-gaussian perturbation

s 3-point correlator and bispectrum B

<§,;1§,;2§,;3> = ( 77)3 5 (@ T Rz T IZ3)39- (kpszks)

= Nonlinearity parameter fy,
B (k.o k) = 2 (ke ko LKL () + £ kI ) + £ (KA (K)]

é/(X ) = é/gauss/an T é/nongaussﬁan

— 2
o é/gausy'an +b (é/gauss/an)

3
b :ngL




o' N formalism and curvature perturbation
Sasaki-Stewart ('96), Sasaki-Tanaka( 98),Lyth-Rodriguez ("04)

= Curvature perturbation ¢ with choosing a gauge in which
threads are comoving and the slice of uniferm-energy
density

a(x,t) =a(t)e ™"

g; = az()?’t)?//j()?)

oN(x,t)=Ina(x,t)/a(x,0)—-Ina(t)/a(0)
=Ina(x,t)/a(t)-Ina(x,0)/a(0)
=C(x,t)-0

(X, t)=0N(x,t)

[Genelrally a=a(t)e’™" with w(x,t) =< (x,t) for uniform — density slice,
w(x,0) =0 for flat slicing]




0 N formalism

s Curvature perturbation

10°N

ooV =N s LN sy 4.

0 2 0’

g part non-g part

s Power spectrum )
% - (N¢) 7(’;¢

= Nonlinear parameter



Practice in chaotic inflation

s Potential

s Slow roll parameters

1 V'
gZE(MGv)Z =2(M_/¢)* <1

= |\/|§V7=2(|\/|G/¢)2 <1

s Horizon exit

b ~TM, ~2M,




Practice in chaotic inflation model

part I
s e-folding number N

v
H 3H° d? V
Hdt:—.d¢:— d¢:— 5 ,
& V' YERY,

= Slow-roll #+3Hg=—




Practice In chaotic inflation model
part Il

s e-folding number N

20,
N¢~‘£%
MG

= Spectrum 2 =(/v¢)2.7;¢~(2¢*] (zij ._(
7T

M?
G
~3x107

(—»m,~10°M, ~10"GeV)
= Non- gau53|an|ty

:( % jz Ny 1
g“obs (N) 2(¢*/MG)2

~n-2¢ — 0(0.01)




Large non-gaussianity?

fNL ~0(10)




Modulated Reheating

Dvali, Gruzinov, Zaldarriaga(04
Kofman (04
Zaldarriaga (04

o If decay rate [ =1/t — Tz*/M,, depends
on another field o T =TI'(o)




Calculation iIn modulated
reheating

2 2 2
N _ONOT N T aN(@rj

o oo +
or' 0o or 0c° OI'° \ 0o

P =N, Y (H./2r)

R
jZV,ObS (Na )2




Affleck-Dine baryogenesis with
modulated reheating

Kamada, Kohri, Yokoyama (2010)




How does it depend on TR?

he baryon number often depends
on the reheating temperature Iin
cosmologies with SUSY or SUGRA




Is baryonic-lsocurvature
perturbation induced?

s Baryonic-Isocurvature perturbation

s, = 6(ny/s) _

n,/s

= Adiabatic curvature perturbation

B =oN=—g =35
6T 3T,
r~TS /M,




Is It observationally allowed?

heoretically




Affleck-Dine baryogenesis

s Powerful mechanism in SUSY or SUGRA
cosmology

®: AD flleld whlch carries baryon #
= |0 + |7+ 2|0f

W\Z




“Mass” term before reheating
1/4
. Soft-mass term T = (H/Mgﬁzz)

sof’r ‘CD‘

. Thermal mass term from plasma

hPT 2 |D|f

iii. Thermal log from 2" order and
running of gauge coupling

o i Log (K |@f /T?)




Baryon number generation

s Oscillation of Affleck-Dine Field @

W= H

starts at

= Baryon number

do’ d®  ImV_
at

®-—0 —)
df kk/osc

Ny = 1g(

~ My, ‘(Dosc‘z E.O.M.




M. Fujii, Master Thesis, Univ. of Tokyo, 2001




Baryon to entropy ratio

= Dilution before reheating

ny  m(ty) Mt )(Hel Hy.)




T, dependence on baryon#

Soft-mass term

[ g ]
,’B -.-1
s - IR with H“"f‘ soft

Thermal mass term

with n=3, H,_ o« T*"°,

0s¢C

M. ~10"°GeV,T, ~10°GeV

withn=1, H_ T}

0sC

M. ~10°GeV,T, > 10" GeV



Isocurvature mode originated from
the phase component

Kawasaki, Nakayama, F.Takahashi (09)

n/(n+1)
H
~ cot(n6,, + o ing
( inf )( /I/L j

S

B,phase

B In case of thermal mass term
. - 16
< 109 Ge with n=3, M. ~10"°GeV,
Hmc i V T, ~10°GeV
B In case of thermal log

H . <10°GeV winrw #-10ce.

! T, >107GeV




Detectable non-gaussianity and
tensor to scalar ratio

Ly = gOWY
2
L',~gm gl)~g

= Non-gasussianity

~ 102271 2
o (o.w

cut

m [ ensor to scalar ratio

r =16 ~0.1(H,, /10°6eV)’




Modulated preheating

Kohri, Lyth, Valenzuela-Toledo (09)




Model of preheating

Kofman, Linde, Starobinsky ('94),('97)

See also Fujisaki, Kumekawa, Yamaguchi, Yoshimura (95)

Motivated by particle physics (Chaotic Inflation,
A-term Inflation, Inflection point Inflation.), we
may adopt 2 m2 @2 for inflaton potential

/C — 1 m;¢2 + % g 2Z2¢2 Reduction of o 4

2 and resonant

production of o
See massless preheating models.

X

1
L= Z/W‘ +9°y°¢°
See Bond, Frolov, Huang, Kofman, arXiv:0903.3407




Modulated Preheating

_ See Podolsky, Felder,Kofman, Peloso (05)
s Coupling constant g can depend on

another field Ackerman et al (05)

2 P
92=92(1+0—j

MZ
(10_10 < 92 < 10_6) Broad resonance

s [hen perturbation produced by o Is

Important

oN oN O°N
N, =g, — N,=9g,—+(g,)
0g 0g 0g°




) 2 um,t
Preheating 2, €

Kofman Linde,Starobinsky(97)
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Non-gaussianity

10-2 10-= 101 1 10-3 10-2 10-1 1

I IIIIHIl I IIIIIII| I T TTTTTI] T IIIIl]I[ T IIIIIII|

T T TTTTL

101° & = 101! -
5 fig=~10"" pred : =—10"% :
" .

R R ——— e T

J
in GeV
—_
o
)
|
|

Il:lllﬂ
[IIIII1

M in GeV

I s N

| R E
|
|
|
|

VE

1013

g2= 1 x10-7 1
1

T llillll

g?= 1 x10-9 -
11

| IIIIIII| | IIIIIII| 1 1 11111 | |||||]|I | |||||||| | Y 1 N

10— 1O~ 10-1 1 10-3 102 10-1 1
g/M ag/M




Conclusion

= Modulated reheating/preheating
scenarios are quite attractive
because coupled massless o quanta
can contribute to curvature
perturbation and f,

= [his scenario will be able to be
checked by Planck, PolarBeaR and
LiteBIRD.




Angular spectrum of CMB anisotropy

= [emperature fluctuation

ol -
— () =2 (-V'a,y,,n)
‘,m
= Angular spectrum
(8@, ) = 010 €,

‘m=/¢'m'

= Correlation function of temperature fluc.

<—(q1)57- > Z&C P.(cos )

s Curvature fluctuation

a, = ( -i'[®, (k)Y dk ®,(k)=T,(k) ¢




Model of preheating

Kofman, Linde, Starobinsky ('94),('97)

See also Fujisaki, Kumekawa, Yamaguchi, Yoshimura (95)

Motivated by particle physics (Chaotic Inflation,
A-term Inflation, Inflection point Inflation.), we
may adopt 2 m2 @2 for inflaton potential

/C — 1 m;¢2 + % g 2Z2¢2 Reduction of o 4

2 and resonant

production of o
See massless preheating models.

X

1
L= Z/W‘ +9°y°¢°
See Bond, Frolov, Huang, Kofman, arXiv:0903.3407




How large/small’ is g#?

s FOr no radiative corrections to the
potential

0° <10°® Vi, ~9'¢" log($/Q))

But see Barnaby, Huang, Kofman, Pogosyan, arXiv:0902.0615

s Massless fluctuation of x during
inflati <107 -
inflation g° <107 (gM, <H.~m))




Mathew Eguation

Mode expansion




Kofman Linde,Starobinsky(97)

Instability band




Kofman Linde,Starobinsky(97)

Evolution




End of preheating

Kofman Linde Starobinsky(97

FIG. 7. The structure of the resonance bands for the
athieu equation along the line A = 2q, which correspond to
2 pxcitations with £ = 0 in our model. The modes with small
ff — gMp / m¢ (Qq)(ff ) — m¢) ; are especially interesting because the momenta of the ex-
itations are redshifted during the expansion of the universe.
\ small plateau at 10 S ¢ < 15 on Fig. 5 corresponds to the
ime where stochastic resonance ceases to exist, all modes are
edshifted to small k£, and the system spends some time in the
nterval with 1 < ¢ < 2, which is outside the instability zone.
['he last stage of the resonance shown in Fig. 6 corresponds
o the resonance in the first instability band with ¢ < 1.




[Does narrow parametric resenance
OCCUr In expandin universe?

» Narrow resonance y, « e“™ u-g/2y -(@k/a/m -1y
k/a~m, A(k/ a) ~ gm, (q=9°M;/m; <1)

g° <107

s Conditions for efficient resonance
m
At = am,
d(k/a)/dt

g°>10"

Big difference from Enqvist, Jokinen, Mazumdar, Vaihkonen (05)

~q/H>m" (q=g°MZ/m?>1)




We may need another
mechanism
s Broad resonance

10" <g*<10°

s Large fluctuation?

s Large non-gaussianity?




Modulated Preheating

_ See Podolsky, Felder,Kofman, Peloso (05)
s Coupling constant g can depend on

another field Ackerman et al (05)

2 P
92=92(1+0—j

MZ
(10_10 < 92 < 10_6) Broad resonance

s [hen perturbation produced by o Is

Important

oN oN O°N
N, =g, — N,=9g,—+(g,)
0g 0g 0g°




IS ¥ nonrelativistic or relativistic?

s X¥'S momentum at the resonance k ~ | gmM,

(k/a) = [gmM, (%j _ Jom (tm) "

s Mass of x
m, (=g ® ()= g M(a./a)"* = g M (mt)"

n After 7t>7  t=gM/m (90(t)=m,)
k/a(t,)
m,(7;)

Relativistic particle p o< afor t>1

> (9/10—5)—1/6
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M
O(t) ~ —=
m,f
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Analytical estimate ofi 1t stage

= During preheating
® and x are massive

L=t/ m Y = (oM, m, )"

t.=gM,/m; (g®(t,)=m,)

2
/\/preheaT = In ( ?)
i

2
a/\/preheqf _ 2 0 /\/pr'ehea‘r _
— - =

0g 39 0g




Analytical estimation of 2"¢
stage

= After preheating
® IS massive, x is almost massless

i a(ﬂj:l, (p;"dj_l, [p::f p;"dj
Nesrer (a() 3N ,M )3 )

P = Ag~ Exp[Bg]

a/\/cn“rer' 105 p;.nd 82/\/ p;nd

= cn;’rer' _ 1010

89 Prot 0 g ,O,re oan




Spectrum and non-linear
parameter

oN
N,=9g,—+(g)
0g

o°N
0g°

I‘PQ; — (Na )2 (Hc / 272-)2 % (1 T @-loop)

N(TU
(N, Y

X (1 T ’%-Ioop)




Non-gaussianity
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