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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.
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Cosmology

Why is the universe so flat and homogeneous?

What sets the initial fluctuations? Dark Energy
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Afterglow Light
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400,000 yrs. Galaxies, Planets, etc.
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1st Stars
about 400 million yrs.
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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.

Inflation
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Fluctuation s &' | T ) » T~
N Accelerated Expansion a > 0 G
| e

e R

ars

What is the physics of the 200 miliion yrs.
inflationary 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 constant, we get inflation —
exponential expansion.

e
a , .
( ) — H? ~ const = a(t) ~ et

Needse € 1, |n| K1

Pirsa: 09120017
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Classical Inflaton Physics

Parameterize Inflation by physics of a scalar field (Inflaton):

1 5
Linr = 5(_3@)5 — V(o)

“When energy density/Hubble parameter is constant, we get inflation.”

H is constant when potential energy dominates:

2
o= 3@2 + V(o) = V(o)

V(o) This happens for flat potentials:

A

L —T & Jlg
=

inflation \

M
|
M
Lo
-
I

= ()
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Quantum in the Sky

V(o)
A s | Quantum fluctuations of inflaton lead
to density fluctuations in post-
inflationary universe:

09

. . - O
@CMB @end  reheating
- o

fluctuations?

ra— the initial 0 5 T? 5 C
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Motivation: EFT & Inflation

- _ Inflation is an Effective Field Theory (EFT)
M Receives correctionsfrom UV physics through higher dim. Operators
B 4 (e.g. 4-Fermion interaction, proton decay)
m. — UV
O
A N ﬁeff = Er‘eferant i E ;C”;-\n——_lc

n
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
Z O,
A o Eﬁff = Er‘eferant by C”;-\n——]:

(.
On are all passible operators consistent with symmetries.

H Inflation is sensitive to higher dimensional operators
(e.g. corrections to the potential)
9
- . 9,9 O, 07
I/eff = Vo + myo” + V2

(Oy) ~ Vo = n~0O(1)

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

- _ Inflation is an Effective Field Theory (EFT)
M. Receives caorrectionsfrom UV physics through higher dim. Operators
P (e.g. 4-Fermion interaction, proton decay)
m. — UV
A Al ﬁeff = E-r&ferant L E Cn An—4

(.
On are all possible operators consistent with symmetries.

H Higher dimensional operators can also correct kinetic terms

Consider a two field model

1 o Loavo Pran 5 3 — e
M = EE 0o)” + E(ap)‘ - I(@@)— —Ap— Vi r(0)
Integrating out the massive field gives (see Tolley, Wyman, 0910.1853)
1 .5 . .. (00)*
E’e_ff :5(30]_— inf{‘.:}) T A I
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Motivation: EFT & Inflation

- _ Inflation is an Effective Field Theory (EFT)
A, eceives correctionsfrom sics through higher dim. Operators
M Recei ionsf UV physics through higher dim. Op
i (e.g. 4-Fermion interaction, proton decay)
m. ¢ Uv
T < A
A i L:Eff = 'E-referant 0 E Cn An—4
- n n .* n
On are all possible operators consistent with symmetries.
Goals:
H
- Construct explicit inflationary solutions for
non-canonical kinetic terms
My - Nan-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

M?
S/difﬂ gy |[—

*(Not really most general Lagrangian; can have higher powers of derivatives.

irsa: 09120017

Moare later...)
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Non-Canonical* Inflationary Lagrangian

\ | M2 o
S= [ dz\/g Ry+p(X, 0) o !

9 X =—3(8¢) =59’

Canonical: p(X,0)=X —V(¢)

. . X . I A
DBI: (X, ¢) =—A° [ 2 N 1} —V(¢) =~ X—V(¢)+... for 2X/A\" <« 1
| i - X :
Closed String Tachyon: p(X.0) = —V(0)y/1 — 2? A.Se
= =
k-inflation: p(X.0) = - e
_ _ &2 E

Series L ian: X,0)=X—-V(0) ”'XE' = P e Vie
eries Lagrangian: p(X,0) = X— [,_o__}.—cl(__a_}l—éf... = Z cn(0) A= (o)

n=0

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

S/d*:g\@ ";’

Canonical: p(X,0)=X —V(¢)
o X i N _
DBI: (X, ¢) =—A° \/l —2 e lw —V(¢) =~ X—V(¢)+... for 2X/A\" < 1
Closed String Tachyon: p(X.0) = —V(0)y/1 — 2? A
k-inflation: p(X.g, ;
) | | r _ ;gfn:—l -
Series Lagrangian: p(X,0)=X-V (__D_)I—Cl(ﬂ_}i—é+ Z cn(0) \1n —V(9)
n=>0 )
My Restrictions:
(1) Must obey the Null Energy Condition Tabk“kb > 0= affp —ipx = 0
_(2) Must have physical speed of perturbations cg = (1 == 2}{8% p/ axp) T = 3%@5?@8@9 5

(2AMiet reriire +o ranonicz2l | 2or2anocizn

AMX A~ X —Vid) L




Phenomenology of Non-Canonical Lagrangian
L—p(X,9), X= _%(a@)?

“Non-canonical-ness” of kinetic terms
importantif
- - —1
¢; = (1+2X0%p/0xp) < 1
(e:g- Ixp >0)

Armendariz-Picén, Damour, Mukhanov
Garriga, Mukhanov

WMAP

Chen, Huang, Kachru, Shiu
Inflationary Parameters: Observables:z
als H Pf - 1 57 1 Scalar Power Spectrum
E = _ﬁ . 8?2_._113 Cs E ﬂskzﬂﬂ
€ e
- ne—1l=—2e—n—=xk
7—  — I uxr s n Tilt of Scalar Spectrum
He
P r—I16¢e. € Tensor-to-Scalar ratio
- 5
= (equil) _9 . .
Pirsa: 0910017/ For 6 Equilateral Non-Gausshetity




But...Recall Canonical Inflation

Equations of motion
19 8
50”4+ V(o)

e  ae 5
. 7 — H? =
o+3Hop+V'(0) =0 302
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But...Recall Canonical Inflation

Equations of motion

&—f— 3Hé+ V' (6) =0 0z 2

Slow-roll Inflationary Approximation/Solution

o < 3Ho,V'(9) 59" < V(9)
P Jfﬁ( '
f V(o) HT 2V
= Qslow—roll — == leadsto -

274
n—nsg =M, (

IIJ

Whatis the analog of the “Slow-rol
s 05120017 solution for Non-Canonical Inflation?

T

Page 22/71

%4




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

“Non-canonical-ness” of kinetic terms
importantif
: : —1
c; = (1+2X0%p/0xp) <1
(e-g- 9xp > 0)

Armendariz-Picon, Damour, Mukhanov
Garriga, Mukhanov

WMAP

Chen, Huang, Kachru, Shiu
Inflationary Parameters: Observables:g
ol H P;E - 1 H° 1 Scalar Power Spectrum
= T2 - 8wt M7 cs € e k—aH
€ S
— n: —1=—2¢ K
n= — e nx — N s n Tilt of Scalar Spectrum
He
P r—Il6 e e Tensor-to-Scalar ratio
- s
— (equil) 2 . .
Pirsa: 0910017/ e Equilateral Non-Gaussheriity




But...Recall Canonical Inflation

Equations of motion

W+3Hé+V'(¢)=0  H*=2

Slow-roll Inflationary Approximation/Solution

o . ) 1 i e
o L 3Ho,V'(9) 5@2 < V(o)
- M (
o _ V(9 S
Dslow—roll = 30 Leads to

s 2
= M, (

IIJ

Whatis the analog of the “Slow-rol
s 05120017 solution for Non-Canonical Inflation?

|
7)




Canonical Inflation

We will need a more systematic approach...

p=-06>+V(d) Equations of Motion
- (I order formulation) 7 = 4

p:%éi—rwl : | o
- - In=—3HI —V'(¢)
p=—3H(p+ p)
Inflationary Parameters:
€= g _EH—,O -~ He HII
Inflation happens... = ‘r]‘ <1 ...forlong enough.
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Canonical Inflation

We will need a more systematic approach...

p = %C;,? 1 V(o) Equations of Motion
"1 . . (1 order formulation) 7 = 4
p=5¢ —V(9) : -
T2 | . Il = —3HII — V'(¢)
p——3H(p+p)
. Inflationary Parameters: _ .
€="gz _EH—p -~ He HII
Inflation happens... = ‘r]‘ <1 ..forlong enough.
p EOM: [I EOM:

2 V(o) n e\ !
p=—p|1—_¢ 1= — -'-(1'———)
Sl ( 3 ) SH \" ' 6 3

= |Pinf = —Pinf | _J _Lﬂ(_’@-}
irsa: 09120017 = E-?‘If 3 H Page 26/71




irsa: 09120017

Non-Canonical Inflation
. H €
T TH? 7= 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 €
T TH? 1= He

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

Want to preserve the Inflationary Conditions

€, |n| <1

In the presence of higher dimensional kinetic operators.

Non-Canonical Inflation occurs when

.. 1[ 1/ %
But far f N
Ut iar 1rom . = - ~ O 1
= ‘77| <1 slow roll % ( )
Pirsa: 09120017 T),S' V2 J-[ T i Page 28/71




Non-Canonical Inflationary Solutions

Sfd% JJ[;R p(X,é
= 94 1+p(X,9) o
2

Equations of Motion

—— _ (1°* order formulation) T Y y%

’ ox " L= ox
p=—3H(p+p) or N 3ENE:
| ; 9

Inflationary Parameters

_ H  1p
H?  2Hp
€
n=—=4€—nx — 1
_HE D
.
T YHX

Pirsa: 09120017 H Page 29/71




Non-Canonical Inflationary Solutions

) M? |
S — d €I g_i 2 R_L —|—p(xY (D) _YE—E SQJEZEDE
_ aie—,
= =

9 Equations of Motion ‘
p=2X r (1°f order formulation) 1 — 8_ __ Jovw op

azY i ac} (‘;4 8;%:
p=—3H(p+p) of f[:—BHHJr_—P

Inflationary Parameters

Pirsa: 09120017 H
. —

T T

Non-Canonical Inflationary Solutions

2
pP——p (136>

= Pinf = —Pinf




Inflationary Parameters

General Inflationary Parameters

o 2Xin(0) 05 Xins(0)
E{_.@.]:ngf(o) (&U) 1 (6) = e(9) + = £ > ;__f(
Pinf 0X 1T, (o) ~Llinf - z-nf( )
&) 2X;n5(9) (82;}/8@9)
Q) — : =
Hin /3¢ ] e, o)

Given the Lagrangian, can explicitly construct inflationary solution,
parameters, as functions of ®
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Inflationary Parameters

General Inflationary Parameters

- ij:(OJ 8p AN JEER lenf(o) acj){inf(o)
- nx(0) = €(o) +— =
i ( )HH.,I{ ) 2linf  Xinf(9)

() = Y 2ins(#) (aﬂp/a;az)
.. Hi”f ap/a@ I=I1;, (o)

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

" 3A*

| </ | (2 V(e
Dot crmme — ‘\12\ % (\/1 4 %I:_l[@)g - 1) J‘MOJ — (BESR{O) AL )

1/2
s [ 14 [ 4 Akl
@) —— 2 (\«' L 1) (1 + V’l + 3‘49) ~ {E;f“ <

| 2 X\ |
Example: — X, Q) = A (1 — ——) — 1| — VE__@_:}

€ (D) =
non—canon\ < 2 5 =
Pirsa: 09120017 23/2 A2 4 €5 2 A egesln,




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')?

3M,H*(¢) = —— —p(X(H'.0).0) ,_dH
N px(X(H".9).9) S e = " do
do e 2M? do 2M? [ H
E =¥ pxp H. dN, - pxp (H) Bean, Chung, Geshnizjani

Slow Variation Parameters become:

: INL2 2
== ad — EJIP H
I’ Px H
= dive, 2 (HU +2¢ 4+ 2M> (E) (&>
dN. px \ H "\H) \px

de. 23{2 H (eLY
e - — il -
Pirsa: 0912@1\’*& pX H ( CS_]- } 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:

ol AMNH")? |
3M,H*(¢) = e p(X(H' 9),9) o= 9H
pj{(}&{H D), @)  do
S eD 172
d—@ —WVaX — _ZJIP i = - _EJIp 7 Bean, Chung, Geshnizjani
df i Px QL *E Px H clil, 1 p 3 LZid
St e . This formalism is a rewriting of
S RORRIETSIC cainE o S DI the full EOM & is useful when one
H 2M? ( HI)E has
e — — — —
B~ px \H H = H(d)
dlne AM? ([ H "\ (7 (such as flow equation reconstruction
n= — = — < ( ) + 2e + 2JI§ (—) (—X> of a general trajectory)
dN. px \H H ] \px
. M2 [ (1Y Agarwal, Bean
_ s - p e
pﬁaz@z@ﬁ "~ px ( H) ('l 8_1*}) Does not specifically pick out
- = inflationary trajectory solution.




Inflation is Attractive

Inflationary Solution

. Op 1
L, () = ———
\ wH\P) = Sp3t
H.m_ Defines a trajectory in phase space.
............ T=«@  Take perturbations about inflationary trajectory
i H:Hgnf{l+(51_f). oIl « 1
| oI’ | | v s ; A
EOM = ST —3+0(e,nx,mm) = oll ~ e ( = diV.

irsa: 09120017 Page 35/71




Inflation is Attractive

Inflationary Solution

. op 1
anf{_ )
\ d63H
N Defines a trajectory in phase space.

"y
ey,
i ."l'
-

Take perturbations about inflationary trajectory

H:Hgnf{ll—(ﬂ_[-). oIl « 1

oI’ | | : d
EOM = ST —3+ O(e, nx, ) = 011 ~ & i (’ = i )

Alternatively, in Hamilton-Jacobi formalism... H(o) = H:}\‘i ) (L+0H (o

b

EOM = E 1 :}(53 ~ e —3Ne el Perturbations
Decay

Non-Canonical inflationary solutions are attractors in phase space.

irsa: 09120017 Page 36/71
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Vo)

Recall...Canonical Inflation

Lo — %(80)2 _V(9)
, _

[ S Inflation occurs for flat potentials.

inflation

M2 (V"2
Eop — r)p (Ir> <L 1

\/

, (V"
o =0 (1) ,nse| K1

Dend s
e : “clock
i‘."ll(l {Ji' Il'lﬂﬁtlﬂll

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

irsa: 09120017
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Inflation is Attractive

Inflationary Solution

. oOp 1
Hinf{_ )
\ d63H
. Defines a trajectory in phase space.

Ty
...........

Take perturbations about inflationary trajectory

II=I,(14+0ol), dlIK1

oI’ _ | : d
EOM = ST —3+ O(e, nx, o) = o1l ~ ¢ e (’ = i )

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

EOM= — — 34 e=|0H ~¢e N fe—__ Perturbations
0oH | Decay

Non-Canonical inflationary solutions are attractors in phase space.
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Recall...Canonical Inflation

| S—— "
Vo) |' *Eiﬂ.f == 5(80) =—— V(CD)
A
e ., Inflation occurs for flat potentials.
inflation . J[pz v - 1
€ESR = 5 v <
\/ 9 I/f.—”
- TISR = ﬂff; (V) , |nsr| K 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
Wy ——"
. Y Defines a trajectory in phase space.

Ty
...........

Take perturbations about inflationary trajectory

H:Hgnf{ll—é‘ﬂ-], oll <« 1

oI’ | | : d
EOM = ST —3 4+ O(e, nx, ) = 011 ~ e 3N (’ = i )

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

= ! LY

EOM = O_ — 31t e=0H ~ e 3N le—L Perturbations
oH Decay

Non-Canonical inflationary solutions are attractors in phase space.
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Recall...Canonical Inflation

L. 5
Vio) |' ﬁfﬂ-f o 5(80) T L (@)
A
[ S Inflation occurs for flat potentials.
inflation - J[pz 7 5 1
€ESR = 5 v <
\/ 3] ‘-/F”
- () TISR = J[;; (V) : |775'R‘ L1

= . “clock™
end of inflation

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

o
infation

Non-Canonical: Far from flat potential!

Parameter keeps track of A "}E v\ 2 [A <1 Slow Boll
P e # 2 —€SR 5 4
non-canonical-ness. A= A>1 Non-canonical

- ik X-
L typical UV scale, p(X.0) = X — V(o) + 0O (-H )]

(1) Steep Potential cgp > 1
€

(2) Large Potential V/A* > 1

Pirsa: 09120017 Page 42/71




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

inmfation

Non-Canonical: Far from flat potential!

(4«1 Slow Roll

F 1'I2
Parameter keeps track of 4 2 V
“non-canonical-ness.” £ _ESR AL

3

&
A > 1 Non-canonical

| | - XZ
["‘1 typical UV seale, p(X.0) = X — V(o) + 0O ( )]

(1) Steep Potential egp > 1

A4

H X I/-T ]___,-’f 2
=— - 1
A J/[ p ( / l'—]r ) Page-f;ﬁ




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

- L. ..
L=pX, 0), X = —5(\30_)"

Equation of Motion

- | Op . a_‘p 19 azp - Op : 8?_
o[aXTOaX? e e - \ax)” %
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What Properties must p(X,¢) satisfy for inflation?

. . ] I
L=pX, 0), X = —5(30_)‘

Equation of Motion

O
» —— 0 0P . Op
®, & o ——— +3H o —— =0
0X 0X do
Non-Canonical Inflation approximation:
Throw away “acceleration” terms Non-Cznonical

Lagrangian gives
“extra” Hubble
Friction

(3) Positively curved kinetic term 82p/5‘X2 e

irsa: 0912061&7‘I read"r” req - i rEd Page 45/71
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What Properties must p(X,¢) satisfy for inflation?
(Summary)
E=pX ¢, X= —%(ao_)f

“non-canconical-ness.” oCSH 4 Aot Nom sl

Parameter keeps track of §L (2 V ) 1/2 {‘4 <1 Slow Roll
\3 T\

: ; j{_i
[JL typical UV scale; p(X, ¢) =~ X —V(¢) +O ( \£ ﬂ

(1) Steep Potential e€gp > 1
(2) Large Potential V/;\J‘ >1
(3) Positively curved kinetic term azp/an > 0
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What Properties must p(X,¢) satisfy for inflation?

(Summary)
e _ | B
E—p(X & X— (6
. -\ 1/2
Parameter keeps track of 2 V A« 1 Slow Roll
“non-canonical-ness.” A= 565 RF At N cansasal
[_'i typical UV scale. p(X.0) =~ X — V(o) + O (j;_;)l

(1) Steep Potential e€gp > 1
(2) Large Potential V/_\J‘ =1
(3) Pasitively curved kinetic term ('9210/3)(2 > 0

Then the Inflationary Parameters behave as

€SR ST ISR

€ ~ — e d . Suppressed by powers of A
A= T A™m A™| | '
(for some 0 < m < 1)
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What Properties must p(X,¢) satisfy for inflation?

£L=p(X,0), X= —%{'8@:}2 (1) Steep Potential €sr = 1
9 v\¥2 (2) Large Potential V/\">1
o <§EJRE) (3) Positively curved kinetic term aﬂp_/ ax* =0

There are a large class of examples:

Power Series
. . . X ‘
P(X) =) en(d) g —V(8) = X +ex(d) g+ —VI(9)
n=>0 ) )
Require: -
(1) p(X) has a non-zero radius of convergence £ = Im . :
n—3 | Cpt1

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

(2) Oxp must diverge at the radius of convergence

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

ESR SH
Pirsa: 09120017 € ~ 2 R —_l' T?X s ?’m ~ 4/ 2 R UT fOI' L—L >> 1 Page 48/71




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

L=p(X.0), X= —%ié‘@‘}i (1) Steep Potential €sr = 1
14 (2 r)l S (2) Large Potential '/ A1
A (3) Positively curved kinetic term O p/ ax2=a

There are a large class of examples:

“DBI” <
p(}f) ——— [H 1 — E:F — lw — I-’r(_ﬂ:‘}, aip/ak*i __N* (1 s Q‘X/L\LTF)—-'}’IE ~ 0

. for A >>1 “Speed Limit” not the relevant feature!

e =

i

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

“Power-like”
) . & L (m—1) j 0. 4
p(X) —A* [(1—7—__) = 1} W@ Fplan®—E Int (1 +——) >0forn>1

n nA%

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

“E)(pnnentiﬂlﬂ plX:; - ‘\fl E_Y-"';"LJ-' = -‘;v(@]. asz; a_}{z 2 LE__‘iEX":I-lJ: > 0
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Consistency of Solutions...

We considered a subset of all possible higher dimensional operators

Eeffzﬁreferanff_z \p 1 ) ch Sl — V(o)

)

What about:

(0°0)
Higher powers of time derivatives? )Cef_f i \*- =
R*> (OR)’
Higher dimensional curvature operators? [:Eff 3 Vi ' \4- :

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

We considered a subset of all possible higher dimensional operators

a, Xt B
Eeff = ﬁreferanf T Z \n4 B ch A4 — ¥ (@J

)

What about:

o ® i n
(0°9)
Higher powers of time derivatives? Eeff ' \J‘- =
R?> (OR)?
Higher dimensional curvature operators? EEHD 2 ' \4- = =

Are these important when evaluated on the background?

H n—d
{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...

Cheung et al, 0709.0293
Leblond, Shandera, 0802.2290
Shandera, 0812.0818
» Want perturbations to be small compared to background solution:
H-
M?
D

(%]

< €

L
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Consistency of Solutions...

Also should be concerned about perturbations... et & (e

Mg

Pirsa: 09120017

Leblond, Shandera, 0802.2290
Shandera, 0812.0818
* Want perturbations to be small compared to background solution:
&
Mz =€
D

* Due to kineticterm couplings, perturbations become strongly
coupled at a scale:

H2

* Higher derivative terms in perturbations could become
important:

H < ‘.\Sl‘tr(}ng :} < Cg{f

I—F A2 E

Jh[ J _[ = 5 Page 53/71
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Consistency of Solutions...

Also should be concerned about perturbations...

i,

Pirsa: 09120017

* Want perturbations to be small compared to background solution:

H _
Ve Cs

* Due to kinetic term couplings, perturbations become strongly

coupled at a scale:

= \1/2 _1/4 5/4
‘\Shong - {_Jr_[pHJ € CS

H‘E
H < Q\strong = =
1[5

5
o

* Higher derivative terms in perturbations could become

important:

H < e\ =|—
R DV

=

7

M2

Restrict degree of
“non-canonical-ness”.
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Overshoot and Motion in Phase Space
| IT]
M3

{1

Work In Progress...
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L£(6)x10719/0L% “Overshooti ng”

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

* Start on steep part of potential atlarge ¢

BAD
o
0.005 0.010 0.015 0.020 Mpl
| II |
2
L pl
108
=k
ot
izt
{1

Page 56/71
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o107 “Overshooting”

3.70001

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

* Start on steep part of potential atlarge ¢

37h BAD
» Start on flat part of potential with momentum
é BAD
0.005 0.010 0.015 0020M,; -+ Start on flat part of potential with very small
| IT| (zero) momentum
) El GOOD
1078 j Generic initial conditions “overshoot”
BAD j ' inflationary solution.
—
1074k :———%ﬁ
j{f; Il How general is this problem?
Lot | i
e | " Solutions?
L L LY conmiPARI ¢
10 1073 1072 107! My -
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Small Field vs. Large Field

Ao > M,

(€)X 107/ 2 SRS A

Vs()x10710

370001 | 3

3.TF

)

¢
0.005 0.010 0.015 0.020 My -

g / iy ! S 4 fF L rr/
r o £ J e r Fiv
4 r F PV VY F, i
F LSy FAF Y O ' O !
F Y A A r .
", J / / i /!
" AT Lo J i F
s@ w32l //// il 7,
g‘_ F 3 i F 4 i £ F i
. _______._.—-—'—""-_._._'_._H |'lI LA A £ o i A
\ 1 | / r ) ! r J s
; rr 5 F ¥, / / 7
i ] Y / / ! !
7 ¥, F Fr / F

-_ﬂ—l':' L
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Small Field

vs. Large Field

- Ao <€ M Ad M
ae(6)}107° /M p stipiie > M,
3. 70001 F " : 9
|V —m2e?
6L
3.7F st
= &
Hamf:fg'eneous Initial L ;- No Homogeneous Initial |.7-
. R S -
| IT| CanItIGﬁS Prol:ﬂem. Conditions Problem:
V2 Overshoot
e P}-
"| 1 " |13 | P11 T 1 1
Pirsa: )9120917 o1 | 1L @5 ‘ ‘ ‘ Page 59/71é
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Small Field vs. Large Field
af(6)x 107" /M Ao K *Mp p— Ao > M 7
370001 | A 1[’;- _ m
3.7F P
H mitial | &
o A I W oo 0 No Homogeneous Initial |7
Ir] [ e 11| | Conditions Problem: ’
M3 “Overshoot” -
———"’_'-_::I 1g-1 pl
— i

. | "
g1l

Pirsa: 09120017

What s the relevant feature of Large Field
inflation that makesitimmune to the
(homogeneous) initial conditions problem?

3 4

*Scale of inflation V' ~ Vigor - ]
* Field range Ao > M, ? ———

Ll L iiil
ot -3
10 10

' Can non-canonical kineticterms help? | o
L | S— ————————————————————— : Page 60/71
1= 10
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Regional Analysis of Phase Space

p = (kinetic energy) + (potential energy) 1 =-3HII+ V(o)
Hubble Driving
e —— — . — — Friction Force

r : Region A: KineticEnergy dominates
2] / / Region A Hubble Friction dominates

Region B: Kinetic Energy dominates
Driving Force dominates

[I=V'(¢) >0

Region C: Potential Energy dominates
Hubble Friction dominates

[I— _3HII <0

Region D: Potential Energy dominates
— : — . Driving Force dominates
-4 -3 -2 -1 0 : Ay
Log o = L(‘D} >0

Pirsa: 09120017 Page 61/71

(Region B not pictured)
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Overshooting

How far does the inflaton move while losing momentum?
(Region A)

Canonical:
Ao 2 I1; |
—uf——Jom —§ == N1
M, V3°° (Hf) (1)
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Regional Analysis of Phase Space

p = (kinetic energy) + (potential energy) 1 =-3HII+ V(o)
Hubble Driving
oF: Friction Force
: {  Region A: Kinetic Energy dominates
-l / / Region A / [ Hubble Friction dominates
i P ' [T=-3HII <0
/ Region B: Kinetic Energy dominates

Driving Force dominates
I=V'(¢) >0

Region C: Potential Energy dominates
Hubble Friction dominates

[I— _—3HII <0

Region D: Potential Energy dominates
— : — 1 Driving Force dominates
= | AT s [T=V"(¢) >0
Logé :
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(Region B not pictured)
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Overshooting

How far does the inflaton move while losing momentum?
(Region A)

Canonical:
Ao 2 I1; _
— o —} —§ e O]
M, V3°° (H f> (5
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Overshooting

How far does the inflaton move while losing momentum?
IT¢ (0. II;) (Region A)
Cananical:

h

: Ao \/5 I1; |
I o—r — 1 ———E— e (i} ]_
IAH M, 3 (Hf> ()
]

I

(0, I¢)

e ] * Large field models have
A0 Abins ~ O(10)M, =
.0

Ao
K1

AOinf
No “Overshoot” problem.

* Small field models have

= A@gnf i{;};-nf =<4 fl.-fp —

e

Aﬂinf
“Overshoot” problem!!

b, Non-Canonical:

W Ao A2\ /2
e L 1
M, (Hf) ¥

& Page 65/71

No “Overshoot” problem?
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Canonical OVEI’ShOOting Examples

Canonical £ —=p(X.0)=X —V(0)

ol 4 X |
“DBI” ﬁ—p(X-@V“‘ﬂ 12-\44‘*(@)

“Power-like”

3/2
L=p(X,0) =\ KlJr_QX) 1} — V(o)

“Power-like”

¢
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Canonical OVEI’ShOOtIng Examples

10—t

10—t

! 1G—G_

107213

ln'i°-§

10-12;

2

Canonical

L=p(X, o)

“Power-like”

E—plX.p)—

10~

1073 1072

1 7

A e

T

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

— X — V(o)

B ol 4 X
“DBI” E—p(}i.@l—-ﬁ{ L2 —1
(35" ] v

—V(0)

“Power-like”

&
——Page 67/71
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Small Field
AO <<J[p

vs. Large Field

Ag > M,

Homogeneous Initial Conditions Problem

Inhomogeneous Initial
Conditions Problem

Early Universe must be

No Homogeneous Initial Conditions Problem

No Inhomogeneous Initial
Conditions Problem?

Inhomaogeneities on scales

homogenous on scales

L ~3H1

Pirsa: 09120017

Homogeneous Space L

L<
redshift away.

Brandenberger, Kung
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Summary

O
Inflation is an EFT  Lerr = Lrelevant + E Cﬁ‘\niL
n
What is the role of Higher Dimensional Kinetic Operators?

o X== | S
Lopr=p(X,8) =) ng—V(9), X=—(89)

T

Non-Cancnical Inflationary Solutions
r | iy )
when €sp > . ¥ > LYL. azp/aX“ > |
(Steep potential, low EFT scale, physical propagation of perturbations)

Canonical/Non-Canonical Inflation is an
Attractor

Higher Dimensional kinetic operators

Maodify dynamics at large momentum,
SN - !( new dynamical mechanisms for avaoiding. .
N | the initial conditions problem?
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Summary

@
Inflation is an EFT  Lerr = Lrelevant + Z e
n

An—

What is the role of Higher Dimensional Kinetic Operators?

o o S
Lopr =P(X.0) =) eagr —V(6), X =—5(90)

)

Non-Canonical Inflationary Solutions
T | iy )
when €sgp > | SO ;yl._ azp/ajf“ > 0
(Steep potential, low EFT scale, physical propagation of perturbations)

Canonical/Non-Canonical Inflation is an
Attractor

Higher Dimensional kinetic operators

Madify dynamics at large momentum,
R T !{ new dynamical mechanisms for avoiding. .
N | the initial conditions problem?




