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1. Introduction

Standard (single-field, slewroll) inflation predicts scale-
Invariant curvature perturhations.
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- CMB (WMAP) is consistent with the prediction.
perturbation theory seems to be valid.




IHOWeEVer, nature may net e so simple...

- Jlenser pertureations (gravitationall waves) have
not been detected yer.

tensor=scalar ratio: r<0.2 (95%CL)

- Future CMB' experiments may’ detect non-Gaussianity.
gravitationall potential: D=D_ o+ fNLcDZQaUSS+

- Inflationary universe models need to be tested.
multi-field, noen-slowroll; extra-aim’s, string theory...

oN formalism for curvature perturbations




Scales In cosmology.

a(t): cosmic scale factor (~relative size of the universe)

H :E&: expansion rate

a
H™: expansion time scale (~ age of the universe)

cH™ =H ™ (inunits of ¢ =1) : Hubble horizon radius
(size of causally connected region)

L <H™: sub-horizon scale
(scale of everyday physics)

L>H": super-horizon scale
(no propagation of information;
spatial variations are frozen)




Slow-roll intlation e e

* single-field inflation, no other degree of freedem

, 871G 3 AN —
H :Tb\hvw)},\@fsm&rv (=0 = t=t(p)

(friction-deminated) over-damped system

() H ~ const.
1 log| IL ~ exponential expansion

1

inflation




Number of e-folds of Inflation

o nUmber of e-felds counted bhackward iR time
fromi the end of inflation

a‘(tend )
a(t)

—exp[N(t >t )] = N=N() :j::;")Hdt

A
log L

inflation




Comoving| scales

comoving wavenumber: K
IN=N(0p) . _
— L=a/k

constant comoving| length

inflation, =i

: > log a(t)
t=tend tzthz
[IN=EN(®,) ~ 60

* perturbation freezes out on superhorzon scales




2. Cosmological perturihation: theory
ISishiiizs 65,5

metnc on a spatially flat background
ds? =—(1+2A)dt? +a*(t)| (1+2R)s; + H; |dx'dx’

= 0,0,

. Idt

>(t) . = transverse-traceless

X'= const.

» propertime along X' = const.:; dz=(1+ A)dt

€) 4 (3)

* curvature perturbation en 2(t): — R = —g A

: o 1)
» expansion (Hubble parameter): Ho= H (1— )+(’3t +§A

a: cosmic scale factor H =a¥a




Typical choices of time-slicing

* comoving slicing 1% =0 (~matter rest frame)

matter-based slices

° uniferm density slicing — | OO = p = p(t)

o Uuniferm Hubble slicing

(3)
H=H(t) © -H A+@{R+5A E}:O

3

geometrical slices

o flat slicing (|?\>) — _izi) R=0 & R=0
a

comoving =~ uniform p ~uniform H




oN fermalism i linear theory

e-folding number perturbation between x(t) and X(t: )

SN (t;t;, ) = Ifm Hodz - ( :ﬁn H dr)

background

© @ T
_J'f'” [R+1AE}dt {R+:13 } ﬁ
g

spatial gradients are negligible depends only on
on superhorizon scales initial and final time

oN(t;t:) = P(t;,) - P(t) on superhorizon scales




Choose and X(t: ) = comoving / uniformidensity:

— i — S 2(tﬂn)a PC(tfin)

= SN (t;t;, )= Rc(t;, ) on superhorizon scales

cunrvature perturbation en comeving slice

RC(tﬁn) v+ directly related to gravitational potential
perturbation in the present universe

By definition, SN(t; t;,) is t-independent




olN 1nisingle-field slowroll inflation

log L. oN (th 1 . ): R C(tfin ) =R C(th )

inflation =======—§




Also oNI = H(t ) ot: ~ , Where ot - IS the time difference
bewveein e comoving and flat slices, at t=t;..

Ye(th) s comoeving 60=0, P=P
/ &F—C T\/ :

¢F(th +6t. ., X‘)=¢c(th) - Of +FRt, )5t =0

H
~agraro?(t)

- RC( fln) 5N (th’tfln)

dN
d—¢§¢F( )




= o NI for multi-ecomponent infliation

Rc(tfin):5N = N(¢+5¢F)_N(¢):Z§§a 5¢Fa(th)

Only the knowledge of the background evolution
is necessary to calculate Pq(t,) .

each horizen size region evelves independently
Pecause oii causality.




3. Nonlinear extension

* On superhorizon scales, gradient expansion is valid:

0
_iQ
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i

0
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1 HQ; HU./Gp

This is a consequence of

At lowest order, no signal propagates In spatiall directions.

Field equations reduce to ODE’s




Separate Universe Appreach

» Eachi norizon size region evolves, independently
as a homegeneous; universe

|

oN formula is applicable also to nonlinear perturbations
on superhorizon scales

* Nonlinear oN fermula for multi-ecomponent inflation:

SN = N(¢+54) - N(¢):an! d¢a?..%¢an S5 - 57




Diagrammatic method for nonlinear oN

D"N

A\
A“I - 6p" 6™ --- 5™ N s n, =
n!

¢ =oN :; 5¢A18¢A2,,,5¢Ah

‘basic’ 2-pt function: (54" (x)54°(y)) = hAB'\(¢)GO(x ~y)

IHere og is assumed to be Gaussian.
Extension to non-Gaussiani og is straightiorward.

* connected n-ptiunction ofi &:
2-pt function




3=pt function




4., SUummany/

= SUperhorizon scale perturbations are
I the sense that ne prepagatien effect Is |mportant.
Separate Uuniverse

—curvature perturoation can be evaluated by only
the knowledge of the background evolution: oN formula

IN.B., nonlocal nenlineanty (nen-Gaussianity) may.
appear due to guantum Interactions on sukNeriZon scales.

IS a venry usefiul toel 1n
evaluating nen-Gaussianity’ frem inflatien.

diagrammatic. methoad

_systematic evaluation off non-Gaussianity




