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Why inflation?
Hot big bang Inflation
@ Horizon problem @ Single causal patch
o Flatness problem o Locally flat
@ Monopole problem o Diluted away
o Initial perturbations @ Quantum fluctuations

@ Initial conditions for hot big bang
@ A certain amount of expansion is required
a

e .
) ~ 60 is necessary

Number of e-folds: N = log(
a;

@ Consistent with most recent observations

@ Typically driven by inflaton with a specific potential V(¢)
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PLANCK 2013 and new physics
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@ PLANCK seems to suggest nothing new

e No way to probe physics beyond ACDM?

@ If so, what is it and how can we probe?
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Status of inflation models
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Fiducial model: single field slow-roll inflation
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Lesson 1: nearly scale invariant power spectrum

Power spectrum : <=%k9?q> = (2n)36(3)(k+ q) P (k)
35(3) 2n’
=(2m)°6" (k+ t])?e@@(k)

e Spectral index ng: Py o k7!
e Harrizon-Zeldovich spectrum: ng = 1 (const g over all k)

For fiducial case,

2 I\ 2 11
ms (V %
@ ngp=1-6e+2 ithe‘:—m(—) and n = m?,—
R nw > |\ V7 n=mg v
n/2+1
° IfV~(/)”, ng~1- ~0.95-0.97

PLANCK found departure from HZ: ng = 0.9603 + 0.0073, 5.50 away
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Lesson 2: no gravity waves

Primordial gravitational waves
e Transverse (h"j, ;= 0), traceless (h'; = 0) parts of spatial metric

e Directly related to the energy scale of inflation

8 (H)z_ 2 pinf~ \%4
4
Mp,

Pr=—|—]| =
2 2 4
mg, 27 3 m,

P
Tensor-to-scalar ratio: r = gaTT = 16¢ for fiducial case

7

1/4

PLANCK found no gravity waves: rggp2 <0.11 at 20 — —— < 0.008
mp;
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Lesson 3: almost perfect Gaussianity

Bispectrum : (%, Ry, &y, ) = 2138 (kg + Iy + I3) B (K1, ko, ks)
. 3 .
o Expanding % locally as & = Zg + : LG+ -+ gives
12
Bog(ky, ks, k3) o EfNLP%(kl)P%(kS)
—

o If # is completely described by Sp, far. =0

5
For fiducial case, fn. = E(l —ng) <1

PLANCK found no nG: fyr, =2.7 £5.8 at 20 — 2 is 99.99% Gaussian
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Challenge 1: nearly scale invariant power spectrum

71 problem: a flat potential is difficult to obtain
@ Nearly scale invariance requires ¢, || < 1
@ When building inflation models based on particle physics...
© In supergravity,

1

|pl? 12
Vo—>17—1+mPl =0()

14—

2
VF: eK/mPl ‘/0
iy

K=lpf2+

@ On general ground, a new scale A(S myp)) gives

(I)Z 5 AV” mPl 2_
AV=cV(g) 5 — An=my—— ~2c(T) —6()

e Difficult to keep flat potential against corrections
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Challenge 2: no gravity waves

~

4n
For V~¢", r=— 2>0.1
N
@ Power-law potential in a corner
@ Either hill-top inflation

o Initially near a local maximum: how to start there?
e Usually min > mp;: Taylor expansion not trustable

© ... orlow-scale inflation

o V!4 aslow as TeV scale (N.B. Ejjc = 14 TeV)
e Possible signatures at the collider experiments?

@ ... or more perturbation from other sources

e Curvaton, modulated reheating... multi-field effects
e More complex
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Challenge 3: almost perfect Gaussianity

(RRR) requires cubic order action: using in-in formalism

. (o] t In %] N
(W)=Y i" dtnf dt,,_lmf dn {0 |[Hine(t1), [ Hine (82), -+ [ Hint (t2), 6 (1)
n=1 lin fin n

i
with H = H() + I{int

quadratic cubic and higher: S3 = — [ dtHiyt

R = free field, thus for non-zero (ZZ% %) we need at least S3

t
(RRR(1)) = if ar (0||RRR({), RRR(1)]|0) +---

4

Summary
o

~1]10)

@ Observable [fyr. = €(1)] nG when interactions are appreciable

@ New model discriminator

© Null detection: how to probe inflationary dynamics?
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Why correlating correlation functions?

Features may arise from such inflationary dynamics:
Q@ V(¢) is not smooth — departure from SR starobinsky 1992, Adams et al. 2001)
@ Curved trajectory — non-trivial ¢ achucarro etal. 2011-)
These effects permeate through mode function solution
e Features in a corr fct = features in other corr fcts
e Distinctive signatures to look for

e Unique way to probe higher order corr fct

Q: How are features in correlation functions correlated?
Q’: How can we correlate correlation functions?
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General slow-roll approximation

® (1) = de Sitter piece + corrections away from dS
@ No hierarchy between SR parameters: e ~n ~ ---
@ More general contexts

Mode equation for the comoving curvature perturbation %

& d [dPe A
$4[2] 3o

2a2 m e dr
“ 2= %, y= \/ﬁz%k, dxs—kc‘s;,fzbrx—kz
)

dier(l_i)y: if”_?’f,y (f/= df) - yo(x)=(1+£)eix

dx? X2 @2 f ~ dlogx
— —
de Sitter solution =g(logx)
[ —

departure from dS
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Power spectrum in GSR

Green'’s function solution 6 & stewart 2001)

i[> du X *
y(0) =y (%) + 5[ ﬁg(logu) (6 )yo (%) = ¥ (0 y0 ()] y(10)
X
=)0 (%) + L(x, w)y(w)
=0 (x) + L(x, u)yp (1) + L(x, u) L(1, ) yo (V) + - -
Power SPEeCtrum (stewart 2002, Choe, JG & Stewart 2004)

2
P (k) = lim
x—0

X

1 2 3 [®du 2 [ du
=lim — 1—7xf —4g(logu)+—f —glogu)W(u) +---
x U 3 u

Summary
o

x~0f2 3 x
U oo
= fiz {1+ g% + %f % [W(x) —0(xx — )] gllogx) + - } (x: evaluation time)
e * 0

Windows functions W(x) and X(x) (see later) given by yg
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Inverting power spectrum
By inverting 9@ aS (Joy, Stewart, |G & Lee 2005, Joy & Stewart 2006)
1 oo dk
log(f—z) :j(; ?m(kr)log@gz(k)
2 [1 cos(2x) .
m(x)=— |- - ——— —sin(2x)
T|lX X
. . 1 2]
fand g can be written i.t.o. P, 2872 4 logPg
dlogk ' dlogk?

1 d (1 ” 1f°° dk dlog P
L= _Z_ 1 =_ k) — &
7= zaogr 8\ 2)] T 200 & ™ Tdiogk

" _ 3l
g:f f

f
1 [ dk d*logPg 3 [ dk dlogPg [1 [ dk dlog P 12
== | Zmlr)—Z -2 —mlkr)—>"2% — m(kr) —>—2%
2[0 "D g 2 zfo "D gk [2[0 i "R dogk

N.B. These results are valid for cases without features
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3rd order action reprocessed

%3 and #°% : cumbersome to compute with many derivatives

f@3~f(yo+1y0+Ly0+'--)3~@

Using partial int and linear eq to reduce the # of derivatives

5L a%{ & d|de H]@—A@}
5% | e e dt 62 a?
\_\,—4
=C=H(3+n-2s)
. A—3AC—2A( 2 q (#° A (A-
fA‘%szfA 3AC-2AC+2AC* d (%°) . 5L A(A 24C o,
2 dr 3 a3 2
%3 5
fB@Zgz f “B+BCA (%), oL éljﬂz
dt 3 0% || ale 2

Field redefinition with more terms involved

2
Sg;:/drd?’x%é —csaH(Ss+%+es+9us—252)—%%(%)‘ d (23)+(hlgherSRterms)

s
=¢
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1st order bispectrum in GSR

“Source” for the bispectrum

csaH(3s+?n+€s+9us 252)+§d1:gr(n)l

7¢,,

1
gp(logr) = azmple 7 7

Bispectrum up to 1st correction [i.e. O(g)] (. Adsheadetal. 2011)

(2n)4 VPaq (k1) /P (ko) \/%z(kg) o dr
K K2

1 2

B (ky, ko, k3) = gp(logT)

X {(d, —BJ%J Wpg+ ng (XB+XB3)f ?g(logf)X(kgf) +2 perm
0

1 0 g7 1 T 47
- S Wi f Trg(logf)W(kgf)— 5 X3 f ?Tg(logf)X(kgf)+2perrn

1 1 d
—Edr(XB"'XBS)[ — g(logr)( kS 3)+2perm} (d,:WgT+3)

Window functions W5 and Xp constructed from yy
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Effective theory: source term gg

Effective action cheungeta. 2008)

[ s
a2

In principle M are independent couplings aehucarro etal. 20120

2 (Vﬂ

—2My7 |7+

rputet )

Mg —% (c;2-1) for integrating out 1 heavy mode
My | 3(2-1)  for DBI

(c.f. JG, Pi & Sasaki 2013)
gg can be explicitly connected to 24 for specific cases wuchucarroetal. 2013)
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Example: Starobinsky model

Linear V(¢) + sudden slope change estarobinsky 1992

1-A(p— o) for ¢ <o
V() = Vp x ]
1-(A+ AA)(¢—¢0)] for &> ¢y
. ! b v’ 1 d b
de Sitter approx: £ =~ % g 3V -1 (i) (Choe, IG & Stewart 200)
f H¢ v f dlogr \ H$

025F

020] 4

0.15

~005F -4

0.1 02 05 10 20 50 100 200

kifk.

(cf. Arroja & Sasaki 2012)
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Linear V(¢) + sudden slope change sarobinsky 1992)

1-Ap- f
V) — T x ) or ¢ <
1—(A+AA)(¢—¢0)] for ¢> o
. . )
Lo @ ooV 1 _d ( ¢ )
de Sitter approx: 7o H¢> 3788 7 diogz \ Tg (Choe, ]G & Stewart 2004)

>2

(cf. Arroja & Sasaki 2012)
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Example: Top-hat change in ¢

¢ is changed for a limited interval by a small amount

1 1 for N < N;
5 =1+A[0(N-N)=0(N-Np| =4 1+1 forN;<N<N;
c ’ 1 for N> Ny

f and g are given by: f; =3

008[

006

004f

APy/Py

002

000f

~002f L 1
01 02 05 10 20 50 100 200 o 02 05 10 20 50 100 200
Kilk,
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¢s is changed for a limited interval by a small amount

1 1 for N< N;
5 =14A[00N-N)-0(N-Np|={ 141 forN;<N<Nf
c? 1 for N> Ny

; s 8.8
f and g are given by: Ty 8T gs e

10 10
09 09
- %8 o8
< < N
] k] >

.0 02 04 06 08 X
kafky
. v :
.0 02 04 06 08 1
kefka

o ] 00 02 04 06 08 10
kafky
09 09
o8 < 08
o7 = o7
06 06 <-1
05 05
o a 00 02 04 06 08 10
kafky
«O> «Fr AEr « =) = Yo
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Summary

@ PLANCK suggests both lessons and challenges

e Mostly single field slow-roll inflation
e Butnot as simple as it seems

@ Correlated correlation functions
CMB outliers may arise from primordial features

Correlation functions are correlated
Possible window to inflationary dynamics

Lessons and challenges from PLANCK

GSR formalism: beyond standard SR including features

Summary
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