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Inflation

e Inflation is a very successful paradigm
e However, we know little about the theory of Inflation itself

e New experiments may soon change this situation
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Introduction

Inflation

Inflation provides an exiting window to physics at energies >>
TeV scalel
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introduction

Non-Gaussianity and loops

e Non-Gaussian signatures are one of our main windows into the
underlying model of inflation

e The study of non-linear perturbations also enables us to study
loop corrections to Inflation

e The IR divergences of de Sitter might lead to large loop
corrections, which should be properly understood.
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introduction

Non-Gaussianity and loops

What we can learn about the systematics of n-point
correlation functions and their contribution to non-Gaussianity
by studying the stability of de Sitter against loop corrections?
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introduction

Qutline of talk

The plan for my talk will be as follows

: 09050056

Introduction

de Sitter space and eternity

Non-linear perturbations and loops
Non-Gaussianity and the stability of de Sitter space

Conclusion
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de Sitter space and eternity

The IR divergences in de Sitter

e The stability issue of de Sitter may teach us about the
cosmological constant problem.

* The two-point function of a massless scaler field in de Sitter
space is IR divergent

2
(qbz(:r)) =UV. + f? In(eH/L)

e The IR divergency has prompted many to believe that pure de
Sitter could by itself be unstable (see rex. Poiyakov 2007).
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de Sitter space and eternity

Spectroscopy of de Sitter

Proposal: a universe with A > 0 is described by a finite number of d.o.f.
N = Infi, fi = €° [Banks 2000]

e The entropy of pure de Sitter space

1 3
& - — 5§
4 A
e which implies

37
N ——
A

» |f we quantize the horizon in terms of the fundamental area lﬁl
A =8mn n—01.2....

this implies N = Ing(n), where g(n) is the degeneracy factor
irsa: 09050056 i-E- g(ﬂ) e EXP(ZTL) [Bekenstein, Mukhanov 1995].
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de Sitter space and eternity

Correspondence principle

Classical relations are valid in the limit of large guantum numbers

* Consider the quantum harmonic oscillator,
E=(n+1/2)hw a—0FE2
e [he classical relation between energy and amplitude

mw? A2

E=
2

is valid in the the limit of large quantum numbers.
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de Sitter space and eternity

e From the de Sitter spectroscopy
1
ZA:27rn, n—012 ..

we see that de Sitter space with a small cosmological constant
IS a macroscopic system described by large quantum numbers

e [ he classical relation between the horizon area and the
cosmological constant

1 3
g
4 A

should be valid in the limit of small cosmological constant

Thus, the correspondence principle dictates that de Sitter with
a small cosmological constant is (quasi) stable!

Pirsa: 09050056 Page 10/60




de Sitter space and eternity

Wavefunction of the Universe

As a fun application of this line of thinking, we may use this
argument to fix the Wavefunction of the Universe

e Consider the tunneling probability from nothing to de Sitter

Wavefunction of the Universe |  Hartle-Hawking | Linde | Vilenkin
3=/CK | p, —e 3#/CK | p, — o 3=/CA

Tunneling probability from nothing | Pog —e¢

* |t has been debated which of these wavefunctions yield the
correct answer for the tunneling probability?
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de Sitter space and eternity

Wavefunction of the Universe

The Linde-Vilenkin proposals give the correct tunneling
probability!
de Sitter with a small cosmological constant is a macroscopic

object described by large quantum numbers = the tunneling

probability into a de Sitter space with small cosmological constant
must be exponentially suppressed
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Non-linear perturbations and loops

Non-linearity parameters

Non-Gausianity is a new observable that can give us insight into
the complexity of inflation

® The size of non-Gaussianity from the bispectrum is parameterized in
terms of fyr is defined by

(sl ) = (2?1')35(2 ﬁ)g‘fh‘:& | Pc(k1) P (k2) + 2 perm. |

e Similarly for the trispectrum, one can define a 751

(Chey Cier Sz Gy ) = (27)°8() E;)%TNL | P¢ (k1) Py (k2) P (k1) + 11 perm.|

® So, an order of magnitude estimate gives

f""JL —_— <i:3 TNL ~ @ = f(ﬁ'] o (gn)
iz PE' ¥ i Pg x :\’L Pé_ﬂ_l}
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de Sitter space and eternity

Wavefunction of the Universe

The Linde-Vilenkin proposals give the correct tunneling
probability!

de Sitter with a small cosmological constant is a macroscopic
object described by large quantum numbers = the tunneling

probability into a de Sitter space with small cosmological constant
must be exponentially suppressed
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MNon-linearity parameters of cosmological perturbation theory

o L

MNon-linear perturbations and loops

Non-linearity parameters

Non-Gausianity is a new observable that can give us insight into
the complexity of inflation

® The size of non-Gaussianity from the bispectrum is parameterized in
terms of fxr is defined by

(G GiaGis) = @083 o) Fv, [Pelkr) Pr(k2) +2 perm.]

e Similarly for the trispectrum, one can define a 71

-1 -
<Ckl Ckzl;-ka Ck4> — (2'3‘1')35(2 ki)EThrL E_Pf: (kl)Pg(kg)Pc (kldr) + 11 perm.]

® So, an order of magnitude estimate gives

£ (& . () fm  C)
NL P(? ’ NL Pé[ 2 NL P{Eﬂ,—l:}
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MNon-linear perturbations and loops

Second order action of perturbations

The bispectrum of non-Gaussianity can be obtained from the third
order action

e Second order action in uniform curvature gauge Mukhanoy]

; 12
S = - f a’ {5@52 — 8*808;80 — V"% + ﬁﬂiv&qﬁ

2 H?
2 [ 2 42 >
+2 — + a¢
" H? (Hd}c ]
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1o 1o, =
S == 3 ——6 6 ———5 880 — 808 x18:8¢
3 /ﬂ [ P O 1 H o(96¢) @0" x10;69¢

I¢2_. 14 1 - B, 142 _
a5 7 i TSP > P, * PP - B M8 37 3 o 52
8 H 2 g g 100000 + 3 1500700+ 4 0970 xa
1‘£}E - i
+= == (—8¢8' 8 x18:8;x1 + 608°x18°x1)
4 H
1 oe _ T ¥ 16
—=——4 Fx1=—=—00— —0c— 00+ - —b¢
= a°? X1 > 2T T 2m
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Tasitanr:

IMOMOEICAL D 0N Theory

Acl‘.mn uf pertl.lrhatlnns bﬂﬂ'ﬂ quadr:l:-: I:I'I:IEI"
Mon-linear perturbations and loops

Second order action of perturbations

The bispectrum of non-Gaussianity can be obtained from the third
order action

e Second order action in uniform curvature gauge Mukhanov]

) 12
£ = ;[ {6&3 ~ 8563,86 — V"'58 + TS V58

PO L
CH2 \ H¢, = 2HZ? &
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—osmological perturbation

A.chnnufperhu‘hambmldquadmh:ada

MNon-linear perturbations and loops

e [ hird order action [Maidacena. 2002]

16 s =
S3 = f63|: Zﬁéd’ Stf)— 1%5-;9(3&;})2 5@58‘}(131;545
Zo2_ . 1o 1 3,162 L. 1¢2_ 5.,
gl g T Weshl - —— =M — gD
-BH‘i’ 4 H mq::f-?'-’ ﬁ,apm¢+4m¢ @.4H¢ X1
1o e _
+ EC —893"87 x16;0;x1 + 0@‘-*32)(132;!(1)]
1o, 1o, 1. H 1o _
== S Fx1 = —= ——bp— —pe—0p + =~ —8
. ¢ B="sh 2P T 2 g
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v oarsmeters of cosm :i:‘i czl oerterbation theory

A.cbnr.l nf pern.u'hatlnm bEFH'Id quadratic l:n:ler
MNon-linear perturbstions and loops \ t

Fourth order action of perturbations

® The trispectrum is obtainable from the fourth order action puss, 200s).
[Seery, Lidsey, MSS, 2006], [Jarnhus, MSS, 2007]

-

Sa :ff =—£v$m¢$5¢ 5 -a X187 668, %18 86 — 568, %287 56

1
Hajes — ~o3)(—6H"
+exy (—Siﬁmﬂtéﬂ = v.r‘;,méﬁz) == 255533{2536-7){1 '9—262}{262){1

+268; x20° §¢ + 288,187 66 }|

5
ay = —£ 58% + F(86,9) .
BH?Z
3 @2 36 a? - ; S &
2 e o e 2 s c —
5 — _—E55 : _—“5b — —(O8p) — —db¢ ~ = 8;x18;8¢
X2 3 P ] ( } AH _'_EH T X195

Vv !
+ (%) — (3:8;)%) — _F(89,89)

F{éo,8d) = L a2 |2 ar 3Py — 8:0: a10:8;%1 + 0:800:5¢ + 5&325-@]
== 2H L 'I S = = : Page 20/60
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Mon-linear perturbations and loops

Tree-level stuff

From these results the Bispectrum and Trispectrum has been calculated
in single field slow-roll inflation

e S ~0O(1) = (é¢p*) x H* and
(=eY2%5/M, = {((°) xe(H/M,)

e S~ OED) = (86 x 2HYM, =
<C3> oc et (H/Mp)4 X EP% = f_"\-’L X € [Maidacena, 2002]

® S~ O(1) = (§¢*)xH°/M] =
<C4> X Etz(H/Mp)ﬁ X E‘PE = TNI X €

[Seery, Lidsey, MSS, 2006], [Seery. MSS, Vernizzi, 2008]

Perhaps slightly surprisingly

INL ~ TNL
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MNon-linear perturbations and locops

Loops and IR divergences

The third and fourth order actions of perturbations also enables us to
calculate the loop corrections to the power-spectrum

e From 54 we can calculate the one-loop corrected power
spectrum of inflaton perturbations in the " in-in” formalism

() = (U1 OWins(ts00)) ;  Uine =T g Hime)

which gives

Pimk) = gz |1 (spe+ 52— — 2(2e—mCi(-2km) ) (567

» With V(@) = AM; *¢* and assuming chaotic inflation

Ap = QAL < 8¢ = ¢; < A YOM,, | At=1/H
al\
6= Bpmanear, nxolog
a; H; 2&iwz Page 22/60
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MNon-linear perturbations and locops

Tree-level stuff

From these results the Bispectrum and Trispectrum has been calculated
in single field slow-roll inflation

® S, ~0O(1) = (é¢*) x H* and
¢ =€eY256/M, = {((?) xe(H/M,)?

e 53~ O(/?) = (6¢*) x?H*/M, =
<C3> X E_l (H/ﬂ{p)*ﬂ- S & EP{? = f_\-’L X € [Maidacena, 2002]

e S4~0O(1) = (d¢*)xH°/M; =
<C4> X E-z(H/Mp)G X E‘Pg = TN OLE

[Seery, Lidsey. MSS, 2006], [Seery, MSS, Vernizzi, 2008]

Perhaps slightly surprisingly

f NE ™~ TNL
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Non-linear perturbations and loops

Loops and IR divergences

The third and fourth order actions of perturbations also enables us to
calculate the loop corrections to the power-spectrum

e From Ss we can calculate the one-loop corrected power
spectrum of inflaton perturbations in the " in-in” formalism

<C4(t)> i <LT1:11C4(t)U_int(ta tU)) 3 fint = T'E_a“riL H;ne(t)dt’

which gives
H? 1

Pomk) = g |1 (G5e+ 3@e—n) = 32— mCi(~2km) ) (567

» With V(¢) = AM; *¢* and assuming chaotic inflation

A¢ = QAL < 5 = ¢; < A YOM, | At=1/H

{5(;5)—]&“ d—k?? (k) oc NW#+)/2 N = - &2
e B T YT T 2aM2E

i H z T Page 24/60
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MNon-linear perturbations and loops

= o
e =0
L — & 5

B s = e R
=R fatl BE G i B o il

Size of one-loop corrections

Relative One-Loop Correction io P

_0_2 8
04 |
_0_6 |
0.8

1L |
1.2 |

0 — ———

OP/P

2 3 4 &5 & 7 8§ 9 1w

c
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Mon-linear perturbations and loops

Resumming the loops

Large one-loop corrections requires resummation of the loops to all orders

in perturbation theory
e Consider an O(N) invariant toy model in the large N limit

A
4N

1 —
L= > (3;;@1.3“ &; —m P —

(p:0: )2)

* From the 2P| effective action we can derive a gap equation for
the two-point function (¢(z)é(z’)) valid to all orders

* The gap equation can be solved self-consistently for the
variance (¢*(z)) yielding

tanh(g

2 2
(¢°(z)) =H Jx

ina)
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MNon-linear perturbations and loops

Loops and IR divergences

The third and fourth order actions of perturbations also enables us to
calculate the loop corrections to the power-spectrum

e From S4 we can calculate the one-loop corrected power
spectrum of inflaton perturbations in the " in-in” formalism

<§4(t)> = <LT1;1C4(t)Uint(t: tﬂ)) : st — A€ E"r* Hine(2)dt!

which gives

Plmo. k) = g {1— (;—664— (2e — ) — —(EE—q)Cl( 2-’?7?0)) (5@2>]

* With V(¢) = AM; >¢* and assuming chaotic inflation

A¢ = AL < 8 = ¢; < A YA, At=1/H
all
dk : 1
(60) =f —Psealk) oc Nitte)Z N = &>
s H'E k ZEEMIET g Page 27/60
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Mon-linear perturbations and loops

Fourth order action of perturbations

® The trispectrum is obtainable from the fourth order action puss, 200s].
[Seery, Lidsey, MSS, 2006], [larnhus, MSS, 2007]

Sy :_/33 i_ﬁv,cbm¢¢5¢4+ E jxlaja’éﬁamﬂﬂawlﬁ@ == ‘EE"}aszajﬁm
""‘1{ I udd® — 202V 54

= ¢ —2c
> 3 o e

i 1 :
Hajas — -a3)(—6H" +6°) +
+ay (—8%608;606 — V, 54867 ) — 28;8;x28° 87 x1 +287 328 x1

+268;%20° 8¢ +2668;%18° 8o}

F _
‘7 gm2 B
3 &2 3é a? 2 &
2 e 2 = i iyl S - —
3 = —ltauE. ki —RE —— &kt - Bon kG
X2 g . 5 41{ &) - . p——

e ({azx P — (8:8:x )2) _ Y rae. 58y
I4—H : | Ty AL H iy oo

: 1 = : : 1
F(é,86) = E—Ha—z 818 x1 — 8;8;018;8;x1 + 8:868;5¢ + §¢0° 59|
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Mon-linear perturbations and loops

Tree-level stuff

From these resuits the Bispectrum and Trispectrum has been calculated
in single field slow-roll inflation

e S5 ~0(1) = (é¢*) x H* and
(=ecY2%5¢/M, = {((°) xe(H/M,)

e S3~0(?) = (§¢°) x €2H*/M, =
<C3> X E_l (H/Mp)4 X EP{% — f_"y,-’L X € [Maidacena, 2002]

® Sa~0O(1) = (§¢*) xH°/M] =
<C4> X E-z(H/Mp)E X Epg =% TNLEXE

[Seery, Lidsey, MSS, 2006], [Seery, MSS, Vernizzi, 2008]

Perhaps slightly surprisingly

INL ~ TNL

Pirsa: 09050056 Page 29/60



MNon-linear perturbations and loops

Loops and IR divergences

The third and fourth order actions of perturbations also enables us to
calculate the loop corrections to the power-spectrum

* From Ss we can calculate the one-loop corrected power
spectrum of inflaton perturbations in the " in-in” formalism

(¢' @) = <Uz:z:;lt§4(t)Uint(tr fﬂ)} ; fint = e S hig Hinclt)ot!

which gives

P(mo.k) = g [1 = (%E + %(25 — 1) — 3(26— n)Ci(—zkm)) (5@2)]

o With V(@) = AM; *¢* and assuming chaotic inflation

Ap = QAL < §p = ¢; < XYM, | At=1/H

&>

o dk s 1
dg) = — Pss(k) o< Nt )/2 N =~
Pirsa: 09050056 @&; H z k 2 b Page 30/60



Non-linear perturbations and loops

Resumming the loops

Large one-loop corrections requires resummation of the loops to all orders

in perturbation theory
e Consider an O(N) invariant toy model in the large N limit

1 | pa-s A -
F — = (3;,.%5“@1 —m°d;0; — m(fﬁé‘i’i)z)

* From the 2P| effective action we can derive a gap equation for
the two-point function (¢(z)é(z’)) valid to all orders

* The gap equation can be solved self-consistently for the
variance (¢*(z)) yielding

tanh(%

(¢%(z)) = B* A

ina)
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Size of one-loop corrections

Relative One-Loop Correction io P

-0.2 + |
04
06 ! |
-0.8 - 1
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a
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MNon-linear perturbations and loops

Loops and IR divergences

The third and fourth order actions of perturbations also enables us to
calculate the loop corrections to the power-spectrum

e From Ss we can calculate the one-loop corrected power
spectrum of inflaton perturbations in the " in-in” formalism

<€¢(t)> = <Lri;{lt€4(t)Uint(t-p t{))> . e — Te_z ft H;pe(t')dt!

which gives

P, k) = % {1 = (%E—r— (2e — ) — —(25— n)Ci(—ka)) (5@2)]

» With V(¢) = AM; *¢* and assuming chaotic inflation

Ap = QAL < 8 = ¢; < A YOM,, | At=1/H
al\
@)= [ TPruk) < NOTD2Z,  Nm g
a; H, 2&11’15 Page 33/60
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Mon-linear perturbations and loops

Resumming the loops

Large one-loop corrections requires resummation of the loops to all orders

in perturbation theory
e Consider an O(N) invariant toy model in the large N limit

1

A .
£ = 5 (3“%3#@ — mzﬁf’ini =2 —_(qﬁm)z)

4N

* From the 2P| effective action we can derive a gap equation for
the two-point function (¢(z)é(z’)) valid to all orders

* The gap equation can be solved self-consistently for the
variance (¢*(z)) yielding

5 . 2t:-mh(%lnﬂ)
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Non-linear perturbations and loops

Resumming the loops

® Jo lowest order in the expansion tanh we obtain

((;’;»)——Ina

472

e The asymptotic solution for Ina — 00 IS [Starobinsky. Yokoyama, 1994],

| Tsamis, Woodard, 2005] 5
H
<3 N
) VA

e [t acts like a regulating non-perturbative mass for the
two-point function
5 v 3A

- # .
mnp = FH
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Mon-linear perturbations and loops

Lo

R_._.ﬂ.,_ and thE

erTENCES

Non-perturbative enhancement of non-Gaussianities

Example:
e At tree-level the four point function of the O(N) field is

[Bernardeau, Uzan, 2003]

E4+k+k+kE

(i, - P )~ 55{3](51 + --- 4+ ka)H*

e At one-loop, we expect IR divergences as usual
e But, the non-perturbative mass m?_ regulate the log-divergent

= .
integrals
v = = B ek
127 3A§{33(k1+---+k4)H4 : + 3 T Ry
N 20K3RIRIRS

(Cky - - - Uy ) =

The tri-spectrum is non-perturbatively enhanced by a factor 12*,—;;’\/_3_1
while the IR divergence has disappeared [Riotto. MSS. 2008]
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MNon-linear perturbations and loops

Resumming the loops

¢ Jo lowest order in the expansion tanh we obtain

=~ In a
<¢ = 4?1'2
e The asymptotic solution for Ina — 00 IS [Starobinsky. Yokoyama, 1994],

[ Tsamis, Woodard, 2005]
2

() = =

e [t acts like a regulating non-perturbative mass for the
two-point function
5 vV 3A

— 2
mnp — FH
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Resumming the loops

Large one-loop corrections requires resummation of the loops to all orders

in perturbation theory
e Consider an O(N) invariant toy model in the large N limit

A -
AN (%‘%)2)

1 . =S
L= 5 (3;;%3“ G —m i 9; —

* From the 2P| effective action we can derive a gap equation for
the two-point function (¢(z)é(z’)) valid to all orders

* The gap equation can be solved self-consistently for the
variance (¢*(z)) yielding

tanh(lh%

i — 2
(¢°(x)) =H 5

ina)
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Resumming the loops

* Jo lowest order in the expansion tanh we obtain

—— In a
<¢ = 471'2
e The asymptotic solution for Ina — 00 IS [Starobinsky. Yokoyama. 1994],

[ Tsamis, Woodard, 2005]
2

() ==

e [t acts like a regulating non-perturbative mass for the
two-point function
5 v 3A

_ 2
mnp = FH
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MNon-linear perturbations and loops

Resumming the loops

Large one-loop corrections requires resummation of the loops to all orders

in perturbation theory
e Consider an O(N) invariant toy model in the large N limit

A, <3
(@0

1 Nl
L= 5 (3;1@@3” &; —m P ;i —

* From the 2P| effective action we can derive a gap equation for

the two-point function (¢(z)o(z’)) valid to all orders
* The gap equation can be solved self-consistently for the

variance (¢*(z)) yielding

tanh(% ina)

VA

(%(z)) = H*
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Mon-linear perturbations and loops

Resumming the loops

e Jo lowest order in the expansion tanh we obtain

((f))——lna,

472

® [he asymptotic solution for Ina — o0 IS [Starobinsky. Yokoyama, 1994],

[Tsamis, Woodard, 2005] 5
| H
& —

e |t acts like a regulating non-perturbative mass for the
two-point function
5 v 3A

— 2
mﬂp - FH
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Mon-linear perturbations and loops

Resumming the loops

Large one-loop corrections requires resummation of the loops to all orders

in perturbation theory
o Consider an O(N) invariant toy model in the large N limit

1 _ == A
> (8;1%5*“% == mz@i@i == E(%@i)z)

* From the 2P| effective action we can derive a gap equation for
the two-point function (¢(z)¢(z’)) valid to all orders

* The gap equation can be solved self-consistently for the
variance (¢*(z)) yielding

> — 2t;anh(% ina)
(p°(=)) =H -

Pirsa: OQ(ﬁQOEgSm‘ MSS, EIZK]H] Page 43/60



MNon-linear perturbations and loops

Resumming the loops

® Jo lowest order in the expansion tanh we obtain

< 2>-Hlna

® T[he asymptotic solution for Ina — o0 IS [Starobinsky, Yokoyama. 1994],

[Tsamis, Woodard, 2005]
2

() = =

e [t acts like a regulating non-perturbative mass for the
two-point function
5 v 3A

s 2
mnp — FH
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Mon-linear perturbations and loops

Non-perturbative enhancement of non-Gaussianities

Example:
o At tree-level the four point function of the O(NV) field is

|Bernardeau, Uzan, 2003]

3 - + k5 +E+
<1rf"fi‘.;_ ~n "!!’{}kq.) = EJ{EJ(k1+ T _'_k‘!-)H-q- 24k3k3k3k3 4('? +!ﬂg( kﬂ))

e At one-loop, we expect IR divergences as usual

» But, the non-perturbative mass m7, regulate the log-divergent
integrals
,;‘ 3 3 i 3
(tgkl"'ﬂhch_)N 12?1- "(aj(kl_'_"'_i'_k'*)H#klTkg_ﬁ_—kg_&“k‘#

pTIEPETETS)

The tri-spectrum is non-perturbatively enhanced by a factor 12:7_,-”\/_51
while the IR divergence has disappeared [Riotto. MSS. 2008]
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Non-Gaussianity and stability of de Sitter spacz

de Sitter Limit

We saw that S3 = O(e!/?) while S> = O(1), Sz = O(1) implying

fEVL ~INL

Naively we would perhaps have expected 7y << fnL

 We may wonder what requires the third order action, S3(d¢),

to be slow-roll suppressed, when there is nothing which forces
the second and fourth order actions S5(8¢), S4(d0) to be
slow-roll suppressed
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Non-Gaussianity and stability of de Sitter space

A toy example

e Assume that we have unsuppressed third order terms. The
interaction Hamiltonian for the perturbations will have the
form

H; = f &za’ [5@(&,: +3H¢. + V') + gO(6¢°) + .. }

with the O(d¢°) toy term being any operator of the type §¢°,
56 80, 660~2(8;009°60)

e The term O(d¢3) will give a contribution to the tadpole
diagram in the figure.

Figure: Tadpole diagram
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Non-Gaussianity and stability of de Sitter space

Tadpole destabilization of de Sitter?

e [he tadpole condition yields the one-loop correction to the
equation of motion of the classical background field

0= (6¢) = b +3H¢.+ V' +gl:,

where gl ; is the amputated tadpole contribution

e In the simplest case of a2 massless scalar field and with
O(663) = Hi¢3, the tadpole contribution would become

gT: = 3gH (5¢%) = f—gzﬂ“t

78

* In this case, the time-independent de Sitter solution is
destabilized by the tadpole.
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Non-Gaussianity and stability of de Sitter space

Tadpole destabilization of de Sitter?

o If the toy term has a more complicated form involving
derivatives, the infrared divergency will generally approach a
constant

e In this case the solution to with V' =0 and gl s = const. at

late times is

- gl;
@c(t) — —ﬁt

» This is inconsistent with a time-independent de Sitter solution.

—> if unsuppressed third order terms were allowed, classical de
Sitter space with a massless scalar field would be destabilized
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The systematics of non-Gaussianity

Since any unsuppressed odd order terms in the action would lead
to a non-vanishing tadpole contribution

= all odd order terms in the action should be slow-roll
suppressed, while even order terms are not slow-roll suppressed

e We can then extrapolate our results from n < 4 to any n, and
conjecture the order of magnitude of any n-point correlation
function in single field inflation

e We can also generalize the nonlinearity parameter fy; to n'th
order up to a numerical factor of order one

g T
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The systematics of non-Gaussianity

| Order | S(99) | S(G) | S(S)

2nd - 0Q) O(e) | O(e) |
| 3rd | o(A) | o) | Ofe) |
4rd | 0@1) | o) | O |
. 2nth - O(1)  O(e") 1 O(e)

R T e el

Table: Slow-roll order of the action to n'th order.

[Jarnhus, MSS, 2007]
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Non-Ga janity and stability of de Sitter s Tadpole -—=_§,, of de "

The systematics of non-Gaussianity

[ § = W () feL = () /PR
[ 2 | O(H?) O(e 1H?) o(1) |
3 O(eH/2H?) O(e 1H*) O(e)
4 | O(H®) O(e“H°) | O(e)
. 278 . CNO2) .« Ofe T O(er/271)

Table: Slow-roll order of the n-point functions and generalized
nonlinearity parameter.
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Non-Ga ianity and pility of de Si =2 Tadpoie _.=:":.;:: of de :

The systematics of non-Gaussianity

Pirsa: 09050056

It is easy to verify that the action S(é¢) to any even order,
2n, in perturbations will be unsuppressed in the slow-roll
parameters, as it will contain contributions from @

Similarly, to odd orders o'? will always appear in combination
with some o' or x™ to odd order, which are slow-roll

suppressed
As an example we predict that the nonlinearity parameter

related to the 5- and 6-point function is f(,\?g' = gg =

AL

Including gravitational wave modes one can have
unsuppressed odd n-terms in the action with gravitational
waves, ;;, of the form 8;600;6¢~v"

But terms like (5(}5':y’ij’;fij have to be slow-roll suppressed. This
agrees with [Maidacens, 2002] S



Conclusions

® The quasi-stability of de Sitter can be used to make systematic
predictions for the order of magnitude of non-Gaussianity.

e On the other hand, there is nothing so far in our studies of
non-linear perturbation theory that seems to vindicate the
point of view that de Sitter is unstable

e The IR divergences that appears order by order in
perturbation theory, which could be a problem for the stability

of de Sitter, go away when they are resummed to all orders in
perturbation theory

* However, the IR divergences do lead to a non-perturbative
(but finite) enhancement of correlation functions
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A toy exampie
Tadpole destabilization of de Sitter?

Nion-Gaussianity and stability of de Sitter space

Tadpole destabilization of de Sitter?

e [he tadpole condition yields the one-loop correction to the
equation of motion of the classical background field

0=(8¢) =6 +3Hop+ V' +gl:,

where gl ; is the amputated tadpole contribution

e In the simplest case of a2 massless scalar field and with
O(6¢>) = H5¢3, the tadpole contribution would become

g = 3¢H (6¢%) = %H“t

* In this case, the time-independent de Sitter solution is
destabilized by the tadpole.
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Non-Gaussianity and stability of de Sitter spa:e

de Sitter Limit

We saw that S3 = O(€'/2) while S> = O(1), Ss = O(1) implying

INE ~ TNE

Naively we would perhaps have expected 7y << fnL

e We may wonder what requires the third order action, S3(d¢),

to be slow-roll suppressed, when there is nothing which forces
the second and fourth order actions S5(d¢), S4(d@) to be
slow-roll suppressed
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MNon-linear perturbations and loops

Resumming the loops

Large one-loop corrections requires resummation of the loops to all orders

in perturbation theory
e Consider an O(N) invariant toy model in the large N limit

1 — > T
i — : (3;;%3“{;’15 —m ;0 — E(%‘Pi)z)

* From the 2P| effective action we can derive a gap equation for
the two-point function (¢(z)e(z’)) valid to all orders

* The gap equation can be solved self-consistently for the
variance (¢*(z)) yielding

tanh(é ina)

.2 _ 2
(¢°(x)) =H -

Page 57/60
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MNon-linear perturbstions and loops

Resumming the loops

* Jo lowest order in the expansion tanh we obtain

(c,f))-——lna

4772

® T[he asymptotic solution for Ina — 00 IS [Starobinsky. Yokoyama. 1994].

[ Tsamis, Woodard, 2005] >
_ H
., T
PI=7

e |t acts like a regulating non-perturbative mass for the
two-point function
2 _ V3A_
mﬂ_? — FH
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Mon-linear perturbations and loops

Non-perturbative enhancement of non-Gaussianities

Example:
e At tree-level the four point function of the O(N) field is

[Bermardeau, Uzan, 2003]

- ,._._5(3};5; s e e s IR
(Pry - i) = 8 + ka) 24;;33:3&3&3 (v + log(—kn))

e At one-loop, we expect IR divergences as usual

o But, the non-perturbative mass m7, regulate the log-divergent
integrals
Py - - Bk ) = A6 + -+ B2 24},7?3;;3;;33&3 :

The tri-spectrum is non-perturbatively enhanced by a factor 127/ /3,
while the IR divergence has disappeared [Riotto. MSS. 2008]
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MNon-linear perturbations and loops

Resumming the loops

* [o lowest order in the expansion tanh we obtain

( 2)—-@'“&

¢ [he asymptotic solution for Ina — o0 IS [Starobinsky. Yokoyama, 1994],

[ Tsamis, Woodard, 2005]
2

2y _ H*
<€D>-\/X

e |t acts like a regulating non-perturbative mass for the
two-point function
5 v 3A

- 2
mnp — FH
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