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Abstract: Scalar field models of early universe inflation are effective field theories, typically valid only up to some UV energy scale, and receive
corrections through higher dimensional operators due to the UV physics. Corrections to the tree level inflationary potential by these operators can
ruin an otherwise suitable model of inflation. In this talk, | will consider higher dimensional kinetic operators, and the corrections that they give to
the dynamics of the inflaton field. In particular, 1 will show how inflationary solutions exist even when the higher dimensional operators are
important and not tuned to be negligible. | will then show that these solutions, which include the usual slow roll inflationary solutions, are attractors
in phase space. | will end by speculating on the role of the corrections from these higher dimensional operators in alleviating the homogeneous
initial conditions problem for inflation.

Pirsa: 09120017 Page 1/71



The Attractiveness of Higher Dimensional
Kinetic Operators for Inflation

Bret Underwood
McGill University

In collaboration with:

Paul Franche, Alisha Wissanji (McGill University)
Rhiannon Gwyn (King’s College)

arXiv:0912.1857
e 09120017 arXiv: 1000 (in preparation)




QOutline

* Inflation Overview
* Motivation: EFT and Inflation

* Higher Dimensional Kinetic Operators:
— Non-Canonical Inflationary Solutions
— Non-Canonical Inflation is Attractive
— Requirements for Non-Canonical Inflation
— Examples

* Phase Space Dynamics & the Overshoot
Problem

Pirsa: 09120017 Page 3/71




Pirsa: 09120017 Page 4/71




Aftergiow Light
Pattern
400,000 yrs.

inflation

Quantum
Fluctuations

Pirsa: 09120017

Cosmology

Dark Energy
Accelerated Expansion

Dark Ages Development of
Galaxies. Planets, etc.

ﬂ‘ﬁﬁ‘ﬁﬁm ‘m ﬁiﬂﬁf _

"
4
'1'

1st Stars
about 400 million yrs.

Big Bang Expansion
13.7 billion years

V\AIRAAD




Cosmology

Why is the universe so flat and homogeneous?

What sets the initial fluctuations? Dark Energy
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Cosmology

Why is the universe so flat and homogeneous?

What sets the initial fluctuations? Dark Energy
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Cosmology

Why is the universe so flat and homogeneous?

What sets the initial fluctuations? Dark Energy

Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
400.000 yrs. Galaxies, Planets, etc.
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What is the physics of the 200 miliion yrs.
inﬂatinnary era? Big Bang Expansion

13.7 billion years
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Classical Inflaton Physics

Why is the universe so flat and homogeneous?

ds; = —dt” + a(t)*dz”

Accelerated Expansion a > 0

Inflation happens... ..for long enough.

When energy density/Hubble parameter is caonstant, we get inflation —
exponential expansion.

Sy 2
a - .
( ) — H? ~ const = al(t) ~ eltt

Needse € 1, |n| K1

Pirsa: 09120017

Page 9/71




Classical Inflaton Physics

Parameterize Inflation by physics of a scalar field {Inflaton):
I
Ling = 5(09)" — V(o)
“When energy density/Hubble parameter is constant, we get inflation.”

H is constant when potential energy dominates:
1. A
g — 3@2 + V(o) = V(o)

V(o) This happens for flat potentials:
i. | | X A2 N 2
e .. *]"[p (V )

€ — €E3R _ =
immflation 2 V

I/.f"f.-'
Y/ = non =3 ()

-0
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Quantum in the Sky

fluctuations?

-What;:ts the |mtlai | : 5 T; 5C
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Quantum in the Sky

A - | Quantum fluctuations of inflaton lead
' to density fluctuations in post-
inflationary universe:

Jo

. _. -0
DPCMB Pend  reheating
~ag- -

fluctuations?

-What. s_ets ti;e .init-ial == '; o 5 17:| (5 C
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Motivation: EFT & Inflation

= _ Inflation is an Effective Field Theory (EFT)
M. Receives corrections from UV physics through higher dim. Operators
P (e.g. 4-Fermion interaction, proton decay)
m. — UV
O,
A o ﬁﬁff — E-relemnt W E :Cﬂ-i.-\n—%_

Tt
On are all passible operators consistent with symmetries.
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Motivation: EFT & Inflation

= _ Inflation is an Effective Field Theory (EFT)
M Receives corrections from UV physics through higher dim. Operators
P (e.g. 4-Fermion interaction, proton decay)
m. — UV
T 5
A N [’Eff — E-rf.femn-t T E Cn An—d
- . n .LI -
O, areall possible operators consistent with symmetries.
H Inflation is sensitive to higher dimensional operators
(e.g. corrections to the potential)
9
_ " 9 .9 O,0°
Verr = Vo +mpo™ +——

Of ~ W = g~ Ol

Higher dimensional operators can also correct
kinetic terms
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Motivation: EFT & Inflation

= _ Inflation is an Effective Field Theory (EFT)
M. Receives corrections from UV physics through higher dim. Operators
P (e.g. 4-Fermion interaction, proton decay)
m. — UV
OH_
A 0 ﬁeff = ‘C'I"EEE'E.'LIHi’- i E :C”'L_,-\n—%

T2
On are all possible operators consistent with symmetries.

H Higher dimensional operators can also correct kinetic terms

Consider a two field model

£ =5(88)" +5(8p)" +(80)" — \*p* — Vin¢(9)

Integrating out the massive field gives  (see Tolley, Wyman, 0910.1853)

1. L, (o)

Losr =5(00)" —Ving(9) +—53
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Motivation: EFT & Inflation

= _ Inflation is an Effective Field Theory (EFT)
M. Receives corrections from UV physics through higher dim. Operators
P (e.g. 4-Fermion interaction, proton decay)
ms — UV
2,
A o L:Eff — E-r‘eferan-t i E :Cn An—4
Tt
O-n are all passible operators consistent with symmetries.
Goals:
H
- Construct explicit inflationary solutions for
non-canonical kinetic terms
m . - Non-canonical inflation has attractor in phase
)

space.

- What properties must the Lagrangian have in
order to support non-canonical inflation?
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Non-Canonical* Inflationary Lagrangian

M2 |
4 : =
S — fd L~/ g4 Qp R_L_’_p(X‘ @) ‘&*E_%lag_‘}izééi

s

*(Not really most general Lagrangian; can have higher powers of derivatives.
More later...)
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Non-Canonical* Inflationary Lagrangian

o |
= | & Tv/a 5 Ri+p(X,90)| | x= —(d0) = %f;‘}?
Canonical: p(X,0) =X — V(o)
_ X |
DBl:  p(X.9)=~ \/ -2 — 1| V() ~ X—V(o)+.. for 2X/N* « 1
el I X B
Closed String Tachyon: p(X.0) = —V (Q_}v 1— 2? A Sen
.. X+ X7
k-inflation: p(X.0) = 5 ki ora
_ _ b skhanoy, et 3l
_ : = , X” =
Series Lagrangian: p(X,0)=X—-V(o)+ec Z Cplo A Vo)
>0

*(Not really most general Lagrangian; can have higher powers of derivatives.
More later...)
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Non-Canonical Inflationary Lagrangian

. M N
5 — dz ga 5 R+ p(X-, @) X = _;5@:}3 = %@9

—

—_ s

Canonical: p(X,0)=X —V(¢)

o X |
DBI: (X, 0) =—A*|4/1—2 = 1} V(o) 2 X—V(d)+... for 2X/\* <« 1

| . X
Closed String Tachyon: p(X.0) = —V(0)y/1 — ‘3? A.Sen

k-inflation: p(X, o,

My _Restric_tion-s-:

(1) Must obey the Null Energy Condition Tabk“kb > = @Xp —ipx =0

2) Must have physical speed of perturbations CE = (1 L Ertfag{p_/ﬁxp) —1 <

Pi(sa: 09120017
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Phenomenology of Non-Canonical Lagrangian
L=p(X.¢), X =—3(30)

“Non-canonical-ness” of kineticterms
importantif

e —{i +2X(9_2Xp/ﬁxp)_l <1
(e:g- 9xp > 0)
Armendariz-Picon, Damour, Mukhanov

Garriga, Mukhanov

Chen, Huang, Kachru, Shiu

. H
=—=
€

=g Tl
s és

Observables:

2
Pkg - L H_ E Scalar Power Spectrum
- 82 ﬂfg- el

=

ns —1=—2¢ —n—~K Tiltof Scalar Spectrum
r—Il6 e € Tensor-to-Scalar ratio

f&f?ﬂ) ~ CS_Q‘ Equilateral Non-Gaussteniity




But...Recall Canonical Inflation

Equations of motion

; . | . 24 V(o)
o+3Ho+ V(o) =0 33[;
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But...Recall Canonical Inflation

Equations of motion

R+3Ho+ V'(6) =0 s B e

Slow-roll Inflationary Approximation/Solution

. . L. o
o < 3Ho,V'(9) 5@2 < V(o)
- M2 vty
f V(o) TR 1)
= Qslow—roll — 3 leadsto - L 7
n—nse=M, (E—)

IH‘

Whatis the analog of the “Slow-rol
S— solution for Non-Canonical Inflation?




Phenomenology of Non-Canonical Lagrangian
L—p X 9 X — —%(3@)2

“Non-cananical-ness” of kinetic terms
importantif
; ; -3
;= (1+2X0%p/0xp) <« 1

(e:g- xp > 0)

Armendariz-Picon, Damour, Miukhanov
Garriga, Mukhanov

g

3 - e

~ WMAP

Chen, Huang, Kachru, Shiu
Inflationary Parameters: ObS'EWEbIES:Z
H P‘f — 1 & _ 1 Scalar Power Spectrum
= B 8m2M2 e, €
2 Moy Cs €le k—ak
€ | ... ik
= ne—1=—-2—n—=k
n= — de — nx — I s n Tilt of Scalar Spectrum
7
: r—l6ec. € Tensor-to-Scalar ratio
e
- fleauil) =2 | Equilateral Non-Gaussien
5 NL € quilateral Non-Gaus ty




But...Recall Canonical Inflation

Equations of motion

WR+3Ho+ V'(6) =0 H =

Slow-roll Inflationary Approximation/Solution

6 < 3Ho, V(o) 50" < V(9)
- M2 vy
v V'(9) T 1)
= Qslow—roll — 3T Leads to J (V"
H— Hsg — Jlirp <?)

IH‘

Whatis the analog of the “Slow-rol
S— solution for Non-Canonical Inflation?




Canonical Inflation

We will need a more systematic approach...

p=—¢>+ V(o) Equatians of Motion
y (It order formulation) 7 =

5 ar

 HIO
e, |nl < 1

Inflation happens... ..forlong enough.

Pirsa: 09120017 Page 25/71




Canonical Inflation

We will need a more systematic approach...

p = %@2 + V(é) Equations of Motion
- . - (1°t order formulation) T = @
= " [T = —3HI — V/(¢)
: or =l & o
p=—3H(p+p)
_ | Inflationary Parameters: _ .
e e g . T
— HT 2Hp He HII
Inflation happens... €; ‘77[ <1 ..forlong enough.
p EOM: 1I EOM:

2 V(o) n e\ !
p——pfi— ¢ M=—2 (1+2-5)
S ( 3 ) 3H 6 3

= |Pinf = —Pinf el V(o)
irsa: 09120017 = E-?‘If £l 3 H Page 26/71
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Non-Canonical Inflation
 H €
‘= TH? 1= He

Inflation happens... ...for long enough.

Want to preserve the Inflationary Conditions

€, |n <1

In the presence of higher dimensional kinetic operators.
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Non-Canonical Inflation
 H €
‘= TH? = He

Inflation happens... ...for long enough.

Want to preserve the Inflationary Conditions

€, |n| <1

In the presence of higher dimensional kinetic operators.

Non-Canconical Inflation occurs when

3 ;1,[;.) -{fﬂr
But far f SRT Y
ut far from _ = b~ 1
= |77l <1 slow roll (w) ( )
}7 L —— J-[ T Page 28/71




Non-Canonical Inflationary Solutions

) M2 o
S = d L/ 94 > Ry+ p(X o) X = —L@@"ﬁi — }cﬁg

ap Equations of Motion 3 5
—9X_~- . (15 order formulation) —“F _ X g
= ax * =35 ;ax
p=—3H(p+p) o ]_L[:_-?)Hl_[—i_a—?

@

Inflationary Parameters

_ H 19
c =
_H? 2Hp
€
I = —4¢ Ty — T
_HE b
Ty —/— ¢ —
L SHX
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Non-Canonical Inflationary Solutions

M2

g _ / d—li,\/‘i 2p R4 b p()(‘ G)) X = —%i_a@_ﬁi = gfﬁ;’g

9 Equations of Motion
p=2X P D (1% order formulation)
- 0X

Il
p=—3H(p+p) o [1=—3HI+—

Inflationary Parameters Non-Canonical Inflationary Solutions

Pirsa: 09120017 H




Inflationary Parameters

General Inflationary Parameters

o Xing(0) ( Op el kg L flo, , ff(
X ) i 4 2Hiny  Xing(0)

mi(Q) = 2Xing(@) (52;1:'/ 5‘@?)
\. =1L £l o)

Hg'n_f 5})/5@
Given the Lagrangian, can explicitly construct inflationary solution,
parameters, as functions of ©

irsa:
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Inflationary Parameters

General Inflationary Parameters

) ’ : 2 in o<Yin
=110

€9 =3 Pinf FX ) il SHeE e
T}'H(‘?M:\/ f(@_}( P/@)
i a'p/aﬁ*' =1L, £(o)

Given the Lagrangian, can explicitly construct inflationary solution,
parameters, as functions of ©

| FXNY
Example: [ — p(X,0) = A* (1 - §¥) —1| = V(o)

, _ 1/2 |
e e (Vm 1) (1+\[=:1TA2) :::{ o i

B L

; 2
Dnon—eanon — A" \

e

[ = | O
non—canon\ <, 3/ 3 31 'L esm ‘;1;5399,32/ i
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Comparison to Hamilton-Jacobi

When the scalar field is monotonic, can use ¢ as time variable.

Can rewrite the full EOM (no inflationary approximation) for a general scalar field as:

AM(H')?

SM2H(¢) = ——— —_ —p(X(H, $),0) , _dH

S P G - =2
do _ X — _ZM?EH’ @ _2‘1{5 H i o
dt < Px * ] i Dx J=3 Bean, Chung, Geshnizjani

Slow Variation Parameters become:

: N2 2
_ _H _ EJIP H
i’ Px H
: .
= meE _ _—iﬂfp (H#r) +2E%_2ihr§ (g) (&)
dN. px \H H ]} \px

de. 2M? [(FH (e1Y
e — = S
Pirsa: oglzdz\’*e pX _H ( ES_I } Page 33/71




Comparison to Hamilton-Jacobi

When the scalar field is monotonic, can use ¢ as time variable.

Can rewrite the full EOM (no inflationary approximation) for a general scalar field as:

i AMZ(H")
SMIHY¢)=—— L2~ —p(X(H', ), w1
p_‘f[\}({H - D), @,.} - dt_::-‘
d$ o= _zﬂ-fpr, do _ _21{3 H’ -
dt ~ Px : g I o o Bean, Chung, Geshnizjani
L This formalism is a rewriting of
Slow Variation Parameters become: e bl CORE & i usebal whes ane
H 2M (H)? has
£ — — — —
H> px \H H = H(¢)
il AM?Z /g H o (such as flow equation reconstruction
n= — 2 ( ) + 2e + ﬂﬂfg (—) (—X> of a general trajectory)
d;‘\‘g Px H H Px
. o Agarwal, Bean
de, 2M; (H'\ ((Y)
Pf"fjlz N == Dx I=3 = Does not specifically ppicg:z(sgyt
- = inflationary trajectory solution.




Inflation is Attractive

Inflationary Solution

,. op 1
[L;. r( ) = 363

\_ﬂ_ | Defines a trajectory in phase space.

- 'I'-
e

Take perturbations about inflationary trajectory

11 :Hgnfﬂ%(ﬂ_[-], oll « 1

&

| ‘ _ : d
EOM = —=—-"34+0(e,nx.mno) = oll ~ e Ve (’ = i )
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Inflation is Attractive

Inflationary Solution

| op 1
[Liflo) = ——
%\}_ | Defines a trajectory in phase space.

Take perturbations about inflationary trajectory

I1 :Hgnf('ll—{ﬂ_[-), oll « 1

oIT’ | | . d
EOM = —— = —3+ Of(e, nx, ) =8I ~ e~ (f ~ dnN )

Alternatively, in Hamilton-Jacobi formalism... H(o) = He}‘i} (1 +0H(9))

x

EOM = {)_Hd SR :P(F)-H ~ e 3V e | Perturbations
o Decay

Non-Canonical inflationary solutions are attractors in phase space.

Pirsa: 09120017 Page 36/71
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Recall...Canonical Inflation

1 . |
- : 5D =
Vio) r ﬁmf — 5(8@) — K (@)
A
[ T Inflation occurs for flat potentials.
inflation - 1 [; 1 5 1
€SR = 5 v <
\/ 2 {7
s TNse=M, (1) nsal <1

. “clock™
end of inflation

What properties must p(X,¢) satisfy for
Non-Canonical Inflation?
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Inflation is Attractive

Inflationary Solution

| op 1
[Litl0o) = =——
*‘\‘w_ | Defines a trajectory in phase space.

.....
s

Take perturbations about inflationary trajectory

11 :Hgnf{l+(5f[-), oll « 1

oIl _ | - d
EOM = — =3+ O(e.nx.7m) ={0Il ~ e (f = dN )

Alternatively, in Hamilton-Jacobi formalism... H(o) = H:}‘i} (1 +0H(9))
SH | i '

EOM —= —— 3}t e—0fc e 3N e | Perturbations
oH | | Decay

Non-Canonical inflationary solutions are attractors in phase space.

Pirsa: 09120017 Page 38/71
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Recall...Canonical Inflation

| B L
V(o) | Ling = 5(99)" = V(9)
A
| e Inflation occurs for flat potentials.
inflation 5 -
*1{_ & -
€sR = — (L ) <1
2 Vv
\_/ 3 T/"H
- - 1SR = ﬂfg (V) : !USRI <1

= : “clock™
end of inflation

What properties must p(X,¢) satisfy for
Non-Canonical Inflation?
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Inflation is Attractive

Inflationary Solution

| op 1
[Linfl0) = ———
*\gw_ | Defines a trajectory in phase space.

__________

- Wy
e

Take perturbations about inflationary trajectory

H:Hgnf{l—!—oﬁﬂj, oll « 1

é
BOME-5 T o ey ) =1 Ol ~ e 2 -
wints ﬁ T é (_E: TDi )?H =L & e d;'?\re
Alternatively, in Hamilton-Jlacobi formalism... H(o) = H:}‘i} (1 +0H(9))
EOM — {E_H_f s :>‘|5H " 8—3_-\'; € - Pertlrrbatiﬂﬂs
H | | Decay

Non-Canonical inflationary solutions are attractors in phase space.

Pirsa: 09120017 Page 40/71
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V(o)
A

Recall...Canonical Inflation

L .
Lins = 5(96)" = V(9)
r

[ Inflation occurs for flat potentials.

inflation

M2 (V" ?
Esp = ")p (L_> <1

e

\/

> (V"
-6 NsrR=M, ($> Insa| < 1

Pend an
. o “clock
end of mflation

What properties must p(X,9) satisfy for
Non-Canonical Inflation?

irsa: 09120017
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What Properties must p(X,¢) satisfy for inflation?

mfation

Non-Canonical: Far from flat potential!

oo
Parameter keeps track of 4 7 V 1/2 f A1 Siow ol
“non-canonical-ness.” £ gESﬁ' AL 3

A > 1 Non-canonical

| - X+
[ﬂk typical UV zeale. p(X.0) = X — V(o) + O (v)X

(1) Steep Potential cqp > 1
€

(2) Large Potential If-'T/;\* > 1

irsa: 09120017
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What Properties must p(X,}) satisfy for inflation?

imnmfation

- ()

Non-Canonical: Far from flat potential!

(4«1 Slow Roll

7 1/2
Parameter keeps track of A 2 V"
“non-canonical-ness.” 2 _ESR M

4
A > 1 Non-canonical

| - X2
[ﬂk typical UV zeale. p(X.0) = X — V(o) + O ( )]

(1) Steep Potential egp > 1

..\._l-

Ny < 1
,\ - J'Ip -\LL Page 43/71




What Properties must p(X,¢) satisfy for inflation?

| ; Looo
L=p(X,9), X=—(30)

Equation of Motion

- | 9p . 59 O p . 39 Fp o dp\ . Op -
O[a}('oa}{? o - \ax]® ae

irsa: 09120017 Page 44/71




What Properties must p(X,¢) satisfy for inflation?

T
£=p(X,0), X =—5(90)

Equation of Motion

., O°p . Op
O |l==+0 e ——3H @— =10
00
Non-Canonical Inflation approximation:
Throw away “acceleration” terms Non-Cznonical

Lagrangian gives
“extra” Hubble
Friction

(3) Positively curved kinetic term Qgp/aXi e )

irsa: 091206@‘I ready req UE rEd Page 45/71
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What Properties must p(X,¢) satisfy for inflation?
(Summary)

_ 1 :
L=pX, 0), X = —;(8@)2

ikt

!

Parameter keeps track of i 26 VY A <1 Slow Roll
‘ e A — - Can
non-canonical-ness. 3 L5 A>1 Non-canonical

. . _ X
[fl typical UV scale. p( X, 0) = X — V(o) +O ( v )l

(1) Steep Potential e€gp > 1
(2) Large Potential Vﬁ/:\i > 1

(3) Positively curved kinetic term 321)/(9)(2 >0

irsa: 09120017 Page 46/71




What Properties must p(X,) satisfy for inflation?
(Summary)
L =pX, 9), — —%(3@_}2

Parameter keeps track of 4 — Qt_ v\ 2 A< 1 Slow Roll
rr _ S ” 42— | SYSH 4 =
non-canonical-ness. i Ot xg Ao Noncanesl

: e XZ
[_‘1 typical UV scale. p(X.0) = X — V(o) +O ( \2 )l

(1) Steep Potential e€gp > 1
(2) Large Potential V/;\i > 1

(3) Positively curved kinetic term 3233/(9)(2 > 0

Then the Inflationary Parameters behave as

CSR ~ESR TSR

€ ~ — e i . Suppressed by powers of A
AT 0 A™ AT - '~
(for some 0 < m < 1)
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What Properties must p(X,¢) satisfy for inflation?

L=p(X.0). X= _%{'5}@}2 (1) Steep Potential €5z = 1
3 wA¥E (2) Large Potential V/\*>1
A= | €9 o ;
(3 o ‘f‘) (3) Positively curved kinetic term azp/ ax* >0

There are a large class of examples:

Power Series
: : o ‘X”';_l ‘ _KQ ;
pX) = ea(9) o V(9) =X+ 5+~ V(@)
n=0 = y
Require: C
(1) p(X) has a non-zero radius of convergence R= lim | —
1

p(X) converges in X/A* € [0, R) or [0, R]
Oxp converges in X/A* € [0, R)

(2) x P must diverge at the radius of convergence

Then we have, irrespective of the details of the power series p(X)

€
Pirsa: 09120017 2 R iR n X E.'. et W ‘) R fOI' ¢_l >> 1 Page 48/71




What Properties must p(X,¢) satisfy for inflation?

£E—p(X.d). X= _%[-_'3,&5‘}2 (1) Steep Potential €sr =~ 1
o (-') 1% ) yz - (2) Large Potential V/A* > 1
) 3 (3) Positively curved kinetic term & p/ 8X* >0

There are a large class of examples:

Ko X | |
(X} =N \/ L =25 =1 —V(9): p/ax? = A4 (1 —2X/M9) " > 0
e~ —— for A O | “Speed Limit” not the relevant feature!

I &

( Note we do not have any particular stringy realization in mind; just using this as a 4d EFT.)

“Power-like”
08 & (n—1) L EN"
(1—;F) == ]—Tf'@' &pf@Y = A 4( —'———,) > Oform >1

T

e A(@n—2)](n—1) for A> 1 po speed limit, but still similar behavior!

“Exponential” (X)) = A XIAY Vig), Felax®—A % XNE g

Pirsa: 09120017 € ~ €Egp (1(}% A} 1-“52/ A for A o> | Page 49/71
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Consistency of Solutions...

We considered a subset of all possible higher dimensional operators

O . Lo e
‘Cﬁff == L"Teferanf = = Z \:ﬂj—i ) Z Cn \1n 7. | @’]
n i

r

What about:

(8°0)
Higher powers of time derivatives? ﬁeff : H-
R* (9R)?
Higher dimensional curvature operators? ﬁeff =3 Vi ' H- s

Are these important when evzaluated on the background?
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Consistency of Solutions...

We considered a subset of all possible higher dimensional operators

O Xk |
ﬁeff == 1:?5?51'&;11& T Z ._ nj-L D, Z Cn A\dn — Lr{@)

r

What about: .
(9°0)
A

Higher powers of time derivatives? ﬁeff s

R* (OR)*

Higher dimensional curvature operators? ﬁeff:}*\g, Al e

Are these important when evzaluated on the background?

H n—4
{higher dimensional operators} ~ O ((1) Em)

n = dimension of operator (n > 4)
m = number of derivatives on X

Page 51/71
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Consistency of Solutions...

Also should be concerned about perturbations... b et ok i e
s |'«_|.A.|:D'\\___'|'«_p|"n.l_r'|_r L
Leblond, Shandera, 0802.2290
Shandera, 0812.0818
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Consistency of Solutions...

Also should be concerned about perturbations... Cheting ot al. 0709.0293
Leblond, Shandera, 0802.2290
Shandera, 0812.0818
J[p * Want perturbations to be small compared to background solution:
9
WE <~ €
A P

* Due to kinetic term couplings, perturbations become strongly

i'\strong coupled at a scale:
X 1/2 1/4 5/4
*\Sfi‘ﬂﬂg e (J.l[ij = CSI

- -
] 5
H < ;\_Sfr(}ng :.\r> ﬁ < CSE
=
m » Higher derivative terms in perturbations could become
P important:
o D)
F ‘-\-Ll -':}
H < Csi\_j e < QCE
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Consistency of Solutions...

Also should be concerned about perturbations... Cheting ot al 0709.0293
ol g O "'.\_-.""a__,'._,' r 5
Leblond, Shandera, 0802.2290
Shandera, 0812.0818
J[p * Want perturbations to be small compared to background solution:
2
Mz <=
A P

\ * Due to kinetic term couplings, perturbations become strongly
{isirong coupled at a scale:

f

= 1/2 1/4 5/4
H ‘\Sfr(}ﬂg iz {le"[pH) ' & C:Sf
iz -
)
H < i\_sfrgng # . o < CSE
M2
p
m » Higher derivative terms in perturbations could become
@ important:
H?2 A2 Restrict degree of
H <c\=l— < —c “non-canonical-ness”.
Pirsa: 09120017 1[2 1[2 i Page 54/71
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Overshoot and Motion in Phase Space

| 1L

MI;I

R
Work In Progress...
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£(@)x1075/a “Ove rShOOting”

3.70001 Certain initial conditions lead to inflation,
while others do not:

» Start on steep part of potential atlarge ¢

BAD
@
0.003 0.010 0.015 0.020 _flfpi

| II ]

AF2

i Pl
1ot
L o
Lot
it

i

Pirsa: 09120017
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w£(@)x1075/02% “Ove rShOOting”

3.70001 Certain initial conditions lead to inflation,
while others do not:

» Start on steep part of potential atlarge ¢

3TH BAD
» Start on flat part of potential with momentum
é BAD
0.005 0.010 0.015 0.020My; » Start on flat part of potential with very small

| I | (zero) momentum

M GOOD
108 Generic initial conditions “overshoot”

inflationary solution.

17 e —

How general is this problem?

Solutions?

0 i i
Pirsa: 09120017 ,.rf: _ pf{;Y. Q‘] _ X . I‘_":@‘\J
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Small Field vs. Large Field

woa0opg 20 < M,y Ao > M,

Vas(d)x10710

3.70001 iR
V :mz@z

3.7F

@

............

0.005 0.010 0015 0.020 My, |

5w M,
| II] z
i
Mpl
_.—'—'_'_'_.-._'-'_FHJ
- iy
_-———"_'_'_'-H_H_H-ﬂ o 4 .. .-'..I-'.'..-' .; / . 4
- ,/’"/ o | gy, / // / ),.f;
___________ [ A I LLLLELL L
\ | A | i i T
ot ! ; [ 11|
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Small Field

we Ao < M,

e(@)x1070

370001 |

3.7k

Homogeneous Initial
Conditions Problem:
“Overshoot”

| 1T}

Pirsa: 09120017
i L L1

VS.

Vs(d)x 10710

L S

Large Field

Ao > M,

‘No Homogeneous Initial

Conditions Problem:

i
1 T 1 T

f Fd F l’" f i '-. .- x
F ey Y v fro gl Fd
F o i 4 .
4 F F ey f . PR
4 ’ J v
i o / /
£ oy £l i,
oy i . o
/ o ! ro !
4 | |
£ f £ J o i Iy
A FlY y
f Fof o po ! | |
s e B K R | | |
o W el S § |
| | (] ) |
F L Foq 4] | |
= £ L i & =, &
N T e S o e | T . N SEE : .
i i ‘ I
‘ -

Page59/71cb
- R e et

S_E}LE 20 15 30M1




Small Field vs. Large Field

e DO <K M, Ad> M
nf{@})(lﬂ l,-'.-‘ifl;‘ p Vhf{_qﬂxlﬂ_lﬂ : >> - p
3.70001 }F - ¥ 3
Y V=mo
6L
3TF 4
= & _ _
Hemmore e kol No Homogeneous Initial |-
| ; ~ 1,
| I Confltlons Prob”lem. ITII|] | Conditions Problem:
Ve Overshoot -
i P i
gl —u———_"’_'-: +o=1 pl
== _
: What s the relevant feature of Large Field ’
; inflation that makesitimmune to the
- —| (homogeneous) initial conditions problem?
= = = ¥ /4 / :
« Scale of inflation V ~ Vigpr ¢ ]
e | * Field range Ao >> M, ? e
| Can non-canonical kineticterms help? &
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Regional Analysis of Phase Space

p = (kinetic energy) + (potential energy) [1=-3HII+ V(o)

Hubble Driving

Dt Friction Force
|

Region A: KineticEnergy dominates

2] / ‘/ Region A / ,' Hub:ble Friction dominates
P ' [1=—-3HII <0
/ Region B: Kinetic Energy dominates

Driving Force dominates
I=V'(¢) >0

Region C: Potential Energy dominates
Hubble Friction dominates

N Il— 3«0
Region D \ Region D: Potential Energy dominates
| T | T 1 Driving Force dominates
—A — —'21 -1 0 H = Er_?'f(@j > D

Log o
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Overshooting

How far does the inflaton move while losing momentum?

I 4 (0;.11;) (Region A)
N Canonical:
Ao 2 IL; _
M, 3 (HJ (1)

-0
I~ A@mf
\
.\%h_—_-
%ﬁ&"i Fea
e e ¢ (S)
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Regional Analysis of Phase Space

p = (kinetic energy) + (potential energy) [I=-3HIT+ V(o)
Hubble Driving
e e e e - Friction Force
: { Region A: Kinetic Energy dominates
] / / Region A / | Hubble Friction dominates
/ Region B: Kinetic Energy dominates

Driving Force dominates

[I=V'(¢) >0

Region C: Potential Energy dominates
Hubble Friction dominates

II— _3HII <0

Region D: Potential Energy dominates
\ Driving Force dominates

& -3 —2 =0 0 T Vf( 5
= o) >0
Logo ?)
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Overshooting

How far does the inflaton move while losing momentum?
IT¢ %(@_.. II;) (Region A)

Canonical:

f‘ A 2 I1; |
Jiam = \@k}g (Hf) ~ O
i = F :
Ao

-0
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Overshooting

How far does the inflaton move while losing momentum?

I1 ¢ %ti@z‘._-. I1;) (Region A)

II[i
 ATT
i

(Of : Hf J 1

Ao
-0
= AQinf
N\
N
"""" o R
(G

Pirsa: 09120017

Canonical:
Ao

\/51 1L (1
== = r P i, ]_
M, 3 %5 (Hf) =Y

* Large field models have
Ao

A f
No “Overshoot” problem.

* Small field models have_

Ao € M, =5 — 51

Aﬂinf

“Overshoot” problem!!
Non-Canonical:
Ao

\2 1/2
M, (Hf ) <

Na “Overshoot” problem?
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10—2¢
ot

! 1{‘1—6-

1(}-1: L

Canonical OVEI’ShOOting E)(am ples

Canonical £ —=p(X.0)=X —V (o)

: . X
“DBI” £ =p(X,¢) =N\ {Hl

1 Tﬁ‘rh II

A

—V(¢)

“Power-like”

10~

~% 32
L=p(X,¢)=\ KIJF?:;) 4 — V(o)

“Power-like”

o
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Canonical OVEI’ShOOting Examples

10—2¢

7y

! 1G—G_

]

Canonical

“Power-like”

E—p{X. 0)=A" [(1+

Higher Dimensional Kinetic
Operators play an important role in
modifying the dynamics of the
overshoot problem!

L=p(X.¢)=

“DBI” £ =p(X,¢)=A" {V 1—25 -1

X — V(o)

g X\ 2
3 14) = 4 — Vo)

“Power-like”
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Small Field vs. Large Field

Homogeneous Initial Conditions Problem No Homogeneous initial Conditions Problem
Inhomogeneous Initial No Inhomogeneous Initial
Conditions Problem Conditions Problem?
Early Universe must be Inhomogeneities on scales
homogenous on scales

L <« H!

: —{
L ~3H redshift away.

e P SRS
Brandenberger, Kun

(il
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Summary

)
Inflation is an EFT Eeff =N s Z C-n‘\nl
n
What is the role of Higher Dimensional Kinetic Operators?

o x= |
Lorp =PX.0) =D ey —V(6), X =—5(00)

!

Non-Canonical Inflationary Solutions |
when €sg > 1, V > A%, 8%p/0X* > 0

(Steep potential, low EFT scale, physical propagation of perturbations)

Canonical/Non-Canonical Inflation is an
Attractor

Log IT

Higher Dimensional kinetic operators
Modify dynamics at large momentum,

pirsa: 09120017 I/ new dynamical mechanisms for avaoiding. csm
o e .'.‘ . I .
Y | the initial conditions problem?
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Summary

_ @
Inflation is an EFT  Lefr = Lrelovant + Z Cn

n
An —

)
What is the role of Higher Dimensional Kinetic Operators?

B x=" B
Gy =plX.0) = Lo Vo), X =Koy

)

Non-Canonical Inflationary Solutions
when €sp > L ¥ b :\4, 82-;)/8}{2 > 0
(Steep potential, low EFT scale, physical propagation of perturbations)

Canonical/Non-Canonical Inflation is an .
Attractor e

Higher Dimensional kinetic operators

Modify dynamics at large momentum,
reat012001) f{ new dynamical mechanisms for avoiding. .
5/ | the initial conditions problem?




