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AbstractAbstract

In In ““ModulatedModulated”” Reheating or PreheatingReheating or Preheating””
scenario, fluctuation of a light field scenario, fluctuation of a light field σσ
contributes to curvature perturbation and contributes to curvature perturbation and 
produces sizable amount of produces sizable amount of ffNLNL

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



IntroductionIntroduction
Inflation paradigm is attractiveInflation paradigm is attractive

Observation (WMAP)Observation (WMAP)

Solving horizon problemSolving horizon problem
Solving flatness problemSolving flatness problem
Solving GUT monopole problemSolving GUT monopole problem
Producing density (curvature ) fluctuationProducing density (curvature ) fluctuation

Power spectrum of density fluctuationPower spectrum of density fluctuation

Spectral index Spectral index 

Running of Running of n(kn(k))
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SlowSlow--roll parametersroll parameters

Spectral indexSpectral index

Tensor to scalar ratioTensor to scalar ratio

EE--folding number during inflationfolding number during inflation

Field value at horizon exitField value at horizon exit
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Constraints on nonConstraints on non--gaussianitygaussianity

WMAP 7WMAP 7--year reported year reported 

= ±32 21   (68% . .)local
NLf C L

Komatsu et al, (2010)



1.1. 22--point correlation functionpoint correlation function

2.2. OddOdd--number point correlation number point correlation funcsfuncs..

Gaussian perturbationGaussian perturbation
CorrelatorsCorrelators
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SDSS
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Olive and Peacock, Particle Data Group (09)
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Red galaxies, b = 1
Power spectrumPower spectrum



Cosmic Microwave Background Cosmic Microwave Background 
(CMB)  Anisotropy(CMB)  Anisotropy13(10 )O −×



NonNon--gaussiangaussian perturbationperturbation

33--point point correlatorcorrelator and and bispectrumbispectrum ＢＢ

Nonlinearity parameter Nonlinearity parameter ffNLNL
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Curvature perturbation Curvature perturbation ζζ with choosing a gauge in which with choosing a gauge in which 
threads are threads are comovingcomoving and the slice of uniformand the slice of uniform--energy energy 
densitydensity

δδNN formalism and curvature perturbationformalism and curvature perturbation
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δδNN formalismformalism
Curvature perturbationCurvature perturbation

Power spectrumPower spectrum

Nonlinear parameterNonlinear parameter
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Practice in chaotic inflationPractice in chaotic inflation

PotentialPotential

Slow roll parametersSlow roll parameters

Horizon exitHorizon exit
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Practice in chaotic inflation model Practice in chaotic inflation model 
part IIpart II

ee--folding number Nfolding number N

Friedman equationFriedman equation

SlowSlow--rollroll
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Practice in chaotic inflation model Practice in chaotic inflation model 
part IIIpart III

ee--folding number Nfolding number N

SpectrumSpectrum

NonNon--gaussianitygaussianity
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Large nonLarge non--gaussianity?gaussianity?

~ (10)NLf O



Modulated ReheatingModulated Reheating

If decay rate If decay rate ΓΓ=1/t=1/tdecdec ~ T~ TRR
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Calculation in modulated Calculation in modulated 
reheatingreheating
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Affleck-Dine baryogenesis with 
modulated reheating 

Kamada, Kohri, Yokoyama (2010)



How does it depend on TR?

The baryon number often depends 
on the reheating temperature in 
cosmologies with SUSY or SUGRA 
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Is baryonic-Isocurvature  
perturbation induced?

Baryonic-Isocurvature  perturbation

Adiabatic curvature perturbation
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Is it observationally allowed?

Theoretically

Observationally
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Affleck-Dine baryogenesis
Powerful mechanism in SUSY or SUGRA 
cosmology
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“Mass” term before reheating
i. Soft-mass term 

ii. Thermal mass term from plasma

iii. Thermal log from 2nd order and 
running of gauge coupling
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Baryon number generation

Oscillation of Affleck-Dine Field
starts at

Baryon number
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Baryon to entropy ratio
Dilution before reheating
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TR dependence on baryon#
i. Soft-mass term 

ii. Thermal mass term

iii. Thermal log term
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Isocurvature mode originated from 
the phase component

In case of thermal mass term

In case of thermal log
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Detectable non-gaussianity and 
tensor to scalar ratio

Non-gasussianity

Tensor to scalar ratio
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Modulated preheating

Kohri, Lyth, Valenzuela-Toledo (09)



Model of preheatingModel of preheating

Motivated by particle physics (Chaotic Inflation, Motivated by particle physics (Chaotic Inflation, 
AA--term Inflation, Inflection point Inflation.), we term Inflation, Inflection point Inflation.), we 
may adopt may adopt ½½ mm22φφ22 for for inflatoninflaton potentialpotential

See See masslessmassless preheating models.preheating models.

2 2 2 2 21 1
2 2φφ χ φ= +m gL

4 2 2 21
4
λφ χ φ= +L g

See Bond, Frolov, Huang, Kofman, arXiv:0903.3407

Reduction of ρφ

and resonant 
production ofρχ

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

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



Modulated PreheatingModulated Preheating

Coupling constant g can depend on Coupling constant g can depend on 
another fieldanother field

Then perturbation produced by Then perturbation produced by σσ is is 
importantimportant
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PreheatingPreheating
Kofman,Linde,Starobinsky(97)
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NonNon--gaussianitygaussianity



ConclusionConclusion

Modulated reheating/preheating Modulated reheating/preheating 
scenarios are quite attractive scenarios are quite attractive 
because coupled because coupled masslessmassless σσ quanta quanta 
can contribute to curvature can contribute to curvature 
perturbation and perturbation and ffNLNL

This scenario will be able to be This scenario will be able to be 
checked by Planck, checked by Planck, PolarBeaRPolarBeaR and and 
LiteBIRDLiteBIRD..



Angular spectrum of CMB anisotropyAngular spectrum of CMB anisotropy
Temperature fluctuationTemperature fluctuation

Angular spectrumAngular spectrum

Correlation function of temperature Correlation function of temperature flucfluc..

Curvature fluctuationCurvature fluctuation
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Model of preheatingModel of preheating

Motivated by particle physics (Chaotic Inflation, Motivated by particle physics (Chaotic Inflation, 
AA--term Inflation, Inflection point Inflation.), we term Inflation, Inflection point Inflation.), we 
may adopt may adopt ½½ mm22φφ22 for for inflatoninflaton potentialpotential

See See masslessmassless preheating models.preheating models.

2 2 2 2 21 1
2 2φφ χ φ= +m gL

4 2 2 21
4
λφ χ φ= +L g

See Bond, Frolov, Huang, Kofman, arXiv:0903.3407

Reduction of ρφ

and resonant 
production ofρχ

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

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



How large/small  is gHow large/small  is g22??

For no For no radiativeradiative corrections to the corrections to the 
potentialpotential

MasslessMassless fluctuation of fluctuation of χχ during during 
inflationinflation
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l-loop( log( / ))V g Qφ φ∼

2 1010−<g *( )φ< ∼pgM H m

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



Mathew EquationMathew Equation
Mode expansion

Equation of Motion



Instability bandInstability band
Kofman,Linde,Starobinsky(97)
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EvolutionEvolution
Kofman,Linde,Starobinsky(97)
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End of preheatingEnd of preheating
Kofman,Linde,Starobinsky(97)
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Does narrow parametric resonance Does narrow parametric resonance 
occur in occur in expandinexpandin universe?universe?

Narrow resonanceNarrow resonance

Conditions for efficient resonanceConditions for efficient resonance
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We may need another We may need another 
mechanismmechanism

Broad resonanceBroad resonance

Large fluctuation? Large fluctuation? 

Large nonLarge non--gaussianity?gaussianity?

10 2 610 10g− −< <



Modulated PreheatingModulated Preheating

Coupling constant g can depend on Coupling constant g can depend on 
another fieldanother field

Then perturbation produced by Then perturbation produced by σσ is is 
importantimportant
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Is Is χχ nonrelativisticnonrelativistic or relativistic?or relativistic?

χχ’’ss momentum at the resonancemomentum at the resonance

Mass of Mass of χχ
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PreheatingPreheating
Kofman,Linde,Starobinsky(97)
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gg22=10=10--88
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gg22=10=10--99
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Analytical estimate of 1Analytical estimate of 1stst stagestage

During preheatingDuring preheating
φφandand χχareare massivemassive
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Analytical estimation of 2Analytical estimation of 2ndnd

stagestage
After preheatingAfter preheating
φφ is massive, is massive, χχ is almost is almost masslessmassless
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Spectrum and nonSpectrum and non--linear linear 
parameterparameter
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NonNon--gaussianitygaussianity


