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Abstract: We estimate the size of loop corrections in various inflationary systems and determine the region of parameter space wh
perturbation theory around a quasi de Sitter background is strongly coupled. In some models, we argue that backreaction to the infl;
background become important before the erturbations become strongly coupled while in others, there seems to exist a legitimate strongly
but still inflating regime. We also demonstrate that loop effects could be dominant in the bispectrum while still having a well controlled perturt
theory and we explore the phenomenological implications.
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Motivation

(Ck) =

+ From observation: Planck and other data set are coming. We want to calculate
more precisely the primordial curvature 2-pt and higher.

<+ From theory: Holographic description of the early universe (dS/CFT), eternal
inflation... Anomalous dimensions of some operators in quasi-de Sitter.
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Motivation

()=
/
274 > 102 - Q -
(on CMB scale) M

+®From observation: Planck and other data set are coming. We want to calculate
more precisely the primordial curvature 2-pt and higher.

<+ From theory: Holographic description of the early universe (dS/CFT), eternal
inflation... Anomalous dimensions of some operators in quasi-de Sitter.
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Precision cosmology = Loops?

+ Dissecting the 1-loop, there are 3 main parts IR log

/
Pe =P (1+ A(In(kL) + 3))

Amplitude UV constant

+Q: When does the perturbative regime breaks down? For log of order 1, A~1.
+Q: Can we have large loops effect?

+Q: Renormalization? Resummation of Logs?
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2 examples, 4 numbers:

<+ Single field. general sound speed. (e.g DBI & Ghost inflation)

1 :
§=3 /d%;,/—g (MJR +2P(X, 9))
1 . = 9 aF Px
X = = Iu0u® = = P 1 2XPxx

*Many uncoupled fields (e.g. N-flation type or 1 inflaton and N spectators
massless fields)

= /d%\/g Z %Qf — V{(¢i)
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Effective Field Theory of Perturbation

@ Expand around a FRW inflating background. (set the tensor modes to zero).

0o(Z,t) C(,t)

=0+ 90 onF--.

Sa > S Gradient Energy Condition
B > 8. _ n>3 Perturbative Regime

c.f. Nicolis

very simplified, power counting
| Burgess, Lee & Trott



2 examples, 4 numbers:

*Single field, general sound speed. (e.g DBI & Ghost inflation)

q — E[d4xﬁf—g (l\«fﬁR 2P(X, Q))

2
et i Fox
X = =8 OO &= g =P oxpP -

+* Many uncoupled fields (e.g. N-flation type or 1 inflaton and N spectators
massless fields)

=
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Effective Field Theory of Perturbation

@®Expand around a FRW inflating background. (set the tensor modes to zero).

0o(Z,t) ((.t)

S=50+S52+53+...

e Gradient Energy Condition
B> N >3 Perturbative Regime

c.f. Nicolis

very simplified, power counting
Burgess, Lee & Trott



Explicit -- single field

Acquaviva, Bartolo, Mattarese, Riotto
Maldacena,

So ~ V(¢) ~ Hszg Seery Lidsey,

Chen, Huang, Kachru, Shiu

Sy = Z\Jg /dtd3:1: (a3;—2 e ae(@()z)

S

Sz = Z\f"fpz fdtd3z—(e — 25+ 1 — 2)¢(8¢)° +

c2

Neglecting interactions and solving EoM

t~1/H
<C2>1/2 = H over time /c
Pirsa: 09050062 . /ECS A[p and Size A.CC ™ Pagmfn—
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Explicit -- single field

Acquaviva, Bartolo, Mattarese, Riotto
Maldacena.

S(} £ V((;b) ~J Hzﬂ/fg Seery Lidsey,

Chen, Huang, Kachru, Shiu
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S:—M, fdtd%—(e — 25+ 1 — &)C(8C)? +

c2

Neglecting interactions and solving EoM

t~1/H
<C2>1/2 = H over time /c
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SR

Ca < 1

N> 1

Backreaction
SZ2/S0 < 1

Perturbative
(S/S2 < 1)

Loop
Calculation
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SR

Ca % |

N> 1

Backreaction
S2/S0 < 1

Perturbative
(o/ae < 1)

Loop
Calculation
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SR

c, < 1

N> 1

Backreaction
S2/S0 < 1

Perturbative
(S3/S2 < 1)

Loop
Calculation
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SR cs < 1 N = 1
Backreaction| H~ H? . | H2N
el B s B e S S
= - p e ‘A[P
Perturbative
(S3/S2 < 1)
Loop

Calculation
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SR <l | N>»1
on| H* PN
ng/(éeoacnfn Mz ! Ve 5 =
e = p 4 P ‘A[P
Perturbative | H?Ze P H?Ne
(S3/S2 < 1) N A2 <1 ‘_4“<1 V2 iy
M? e M:
Loop

Calculation
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Explicit -- single field
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SR

o

N> 1

Backreaction
S2/S0 < 1

Perturbative
(S3/S2 < 1)

Loop
Calculation
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SR e idl N> 1
i 7 H> s 1 H°N
ng/(éeoacn‘lon \VE <) VE o Cﬁ e
- g « D ‘JIP
Perturbative
(S3/S2 < 1)
Loop

Calculation
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SR et N>1
- H? H? H?*N
< LV D Ly D ‘AIP
Perturbative | H2e Pe H%Ne
R T S T o = S,
J[ﬁ Cg e
Loop

Calculation
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SR Cs < 1 N >1
i H* H" H?N
ng/(éeoacnfn T St o B =)
* M M M32
Perturbative | HZe P H4*Ne
(S3/S2 < 1) e _I<1 Ve < 1
M: A M
Loop
Calculation
' o
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SR s < 1 N >1
2 2 2N
Backreaction H2 < 1 Hz & H;‘ -1
82/80 < 1 'ﬂjp ﬂ[p “1[}3
Perturbative & <1
(S4/S2 < 1) ¢
Loop

Calculation (A)
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SR € < 1 N >1

2 ‘) 2 AT
Backreaction {{ == H e &3 H ;\ <1
S2/S0 < 1 M2 M M2

2
Perturbative | 7 =z & <1 27
(S4/S2<1)| Mp ¢

Loop

Calculation (A)
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SR € < 1 N>1
2 2 2
Backreaction| 1~ <1 = < i < 1
VE M2~ ° | M3
S2/S0 < 1 1 D S g
2
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(S4/S2 < 1) | Mp Cs
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Calculation (A) M f, o M p
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Dimastrogiovanni

Q BAart~l~

Easther & Lim
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SR . << 1} N >1

2 2 2N
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These bounds are showing up everywhere,
In every talk...

« These are order of magnitude estimates which are not true in general. No huge
IR effect included, no cancellation of diagrams.

* For small sound speed, there might be higher derivative interaction besides X
but no new more dominant term seem to appear.

Shandera

+ Generic action at quadratic order also gets the same bound (including gravity

terms) for single field.
P()‘ Cheung. Creminelli, Fitzpatric

— < 1 Kaplan, Senatore

Cs
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SR € 5. N>1
- I H’ H2N
Backreaction < 1 < 3 -1
T2 T2 °S A T2
S2/S0 < 1 M - M < M5
, 2
Perturbative H <1 _& - 27
(S4/S2 < 1) | M3 ¢!
Loop H* & H-
Calculation (A) M j_i, ¢ VE
- -
N Seery/Sloth Gao & Xu  Weinberg/Adsheac
o[\,  Dimastrogiovanni SEec.
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Comments on Eternal Inflation

@Eternal inflation occur when the quantum fluctuations of the inflaton
are of the same order as the classical motion. This translate to order

1 curvature perturbations .
Q e 1 ,PC e ]. Creminglii, Dubowsicy, Nicc
Senatore. Zaldamaga

®For slow-roll, you can locally reach order one curvature in the weak

coupling regime 1
) 5
®But for small sound speed €
Pt <c; <1
c.f Shander
c.f. Nicolis

@®There is no point locally, where one can eternal inflate in the
perturbative regime if the sound speed is small.
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These bounds are showing up everywhere,
In every talk...

* These are order of magnitude estimates which are not true in general. No huge
IR effect included, no cancellation of diagrams.

* For small sound speed, there might be higher derivative interaction besides X
but no new more dominant term seem to appear.

Shandera

+ Generic action at quadratic order also gets the same bound (including gravity

terms) for single field.
PC Cheung, Creminelli, Fitzpatric
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Comments on Eternal Inflation

@®Eternal inflation occur when the quantum fluctuations of the inflaton
are of the same order as the classical motion. This translate to order

1 curvature perturbations T
pe Q Y 1 PC e ]. Creminedli, Dubovsiky, Nicc

Senatore. Zaldarriaga

@For slow-roll, you can locally reach order one curvature in the weak

coupling regime 1
PH i
*But for small sound speed €
Pc<c: <1
c.f Shander
c.f. Nicolis

@®There is no point locally, where one can eternal inflate in the

perturbative regime if the sound speed is small.
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Large Loops Effect?

2
@ All the A are very small. —_— < 10_10
M2
+*The Gaussianity of CMB tells us that these effect have to be small
1 ¢
7 P LEg
[ iee)~—5 <10 —< 10
Cs Cs L L. Shandera

Armendaritz-Picon, Lin
Khoury, Piazza
®could get large loops on other scales than CMB. For example running of cs

*large logs?? Sloth, Riotto & Sloth

e+ most sensitive probe may be the running 7l g — 1

1+ AlnékL)






Loops from § N

t~1/H

@ For single field, this is just a gauge transformation and the curvature

perturbation is constant outside the horizon. For multi-fields there is new

physics in there.

(DEH H*I

N = —do C—alN = ——
s Sy P ¢
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Large Loops Effect?

2
@ All the A are very small. L 10—10
M2
#The Gaussianity of CMB tells us that these effect have to be small
1 7218
fne|l ~ = <10 — <1077
Ea Cs L.L. Shandera

Armendaritz-Picon, Lin
Khoury, Piazza
#®could get large loops on other scales than CMB. For example running of cs

<large logs?? Sloth, Riotto & Sloth

+most sensitive probe may be the running 7l g — 1
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Loops from § NV

t~1/H

@ For single field, this is just a gauge transformation and the curvature

perturbation is constant outside the horizon. For multi-fields there is new

physics in there.

@cH H-.

N = —do (=0l — ——234
. R ¢
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Loops from § NV

t~1/H

classical evolution

C(t, %) = 6N (¢, 7)

Sasaki & Stewart

@ For single field, this is just a gauge transformation and the curvature
perturbation is constant outside the horizon. For multi-fields there is new
physics in there.

e H et H
fj-")* (“b @ Fag§%3/124
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Beyond linear order ¢ = adp + Bdp?

ol / Baddr_ 6y +

\

[ B (5n, 10500560, 50n

2)(272%P.)?
3263 k. / d“k’(
(Z ) ‘k k!|3k!'3 e

.
e
sl
£
b

By e
@]

o
o

|

|
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Loops from &N

t~1/H

@ For single field, this is just a gauge transformation and the curvature

perturbation is constant outside the horizon. For multi-fields there is new

physics in there.

(DE = . H e
N = Ed@ ( =0N = ——d¢

I
Pirsa: 09050062 (P - Cb : P
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Beyond linear order ¢ = adp + Bdp?

&kl 8 / Badde_o6d, +

\

-
''''''''

(G Gsdtoay = B [ PHEN Gbn, 1560150, 10500

2)(272%P,)?
= (32%5° k. / d"k’(
(Z ) ‘ k’ k.f|3 k.rS e
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Loops from § N

t~1/H

@ For single field, this is just a gauge transformation and the curvature
perturbation is constant outside the horizon. For multi-fields there is new
physics in there.

Qjﬂ = H =
N :/ LT E=iN— N
die- 5
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Loops from &N

t~1/H

classical evolution

((t, %) = 6N (t, T)

Sasaki & Stewart

@ For single field, this is just a gauge transformation and the curvature
perturbation is constant outside the horizon. For multi-fields there is new
physics in there.

P H T H _
b, @ @ ).
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Beyond linear order ¢ = add + B6d>

e ey f R o e

\

@
_______

G / &K' d° k" (60, —k SPr S ks — i O

2)(2n*P.)?
3483 k; / d"k’(
(Z ) )k kr|3ks3 ==

i
e
sl
g
b
S
=]

)
o

|
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Note

+*delta N requires you to know the perturbation at horizon exit

H? H;
0Pk |« 5 I-3+6

tree 1-loop

+you should include all loops (which may have large log and need to be
resummed). “** if you are given a lagrangian at some scale and initial conditions
such that there is no more than 60 efolds than the log is small

@®and then using delta N | get extra loops contribution
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Assuming no tilt, loop integral has two poles

- 1
&k ——— ~ In(kL
i (kL)
And converge rapidly for k' > k. It is UV finite. (good
since this formalism is not valid inside the horizon)

#The series can truncate and in general each coefficient could be completely
independent of each other. If the higher order term are not there (or much
smaller) one can consistently have large 1-loop coefficient while neglecting 2-
loops and higher

( = add + B6p° +K5P° + - - -

irsa: 09050062 Page 61/124



Note

@+ delta N requires you to know the perturbation at horizon exit

H? H;
00k |« 73 I-3+06

tree 1-loop

+you should include all loops (which may have large log and need to be
resummed). " if you are given a lagrangian at some scale and initial conditions
such that there is no more than 60 efolds than the log is small

<*and then using deita N | get extra loops contribution

Pirsa: 09050062 Page 62/124



Assuming no tilt, loop integral has two poles

Q- 1
&K — ~ In(kL
| ot 2o (kL)
And converge rapidly for k' > k. It is UV finite. (good
since this formalism is not valid inside the horizon)

+The series can truncate and in general each coefficient could be completely
independent of each other. If the higher order term are not there (or much
smaller) one can consistently have large 1-loop coefficient while neglecting 2-
loops and higher

¢ =add + B> +Kk6p> + - - -
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Beyond linear order C = adp + Bdd?

o Ty / Lobbs- Sbet

\

(N e ﬁzfdgkfdgk” (0O, —k’ OPR OOy — k17 OO

2)(272P.)?
3203 k:, /dSkf(
(Z ) [ k k"|3 ket3 i
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Assuming no tilt, loop integral has two poles

_, 1
&K —— ~ In(kL
e (kL)
And converge rapidly for k' > k. It is UV finite. (good
since this formalism is not valid inside the horizon)

#The series can truncate and in general each coefficient could be completely
independent of each other. If the higher order term are not there (or much
smaller) one can consistently have large 1-loop coefficient while neglecting 2-
loops and higher

( = adp + BéP% +Kk60> + - - -
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Beyond linear order C =add + 55(332

G P / bl 5ot

\

C 2 P
——— S —— + _:.,_"i ‘J::_-
<Ck1 gf"::a)laop = 32 f dgkfdgkﬂ <5¢)k1 "k’(sqbk’(sékz—k” 5@1&‘

2)(272P. )2
3483 k; f d3k’(
(Z ) ‘ k’ k!|3 k!S =
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Note

+delta N requires you to know the perturbation at horizon exit

H? H;
0Pk |« =5 I-3+6

tree 1-loop

@+ you should include all loops (which may have large log and need to be
resummed). *** if you are given a lagrangian at some scale and initial conditions
such that there is no more than 60 efolds than the log is small

@*and then using delta N | get extra loops contribution
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Assuming no tilt, loop integral has two poles

~ 1
&k = ~ In(kL
Lo (kL)
And converge rapidly for k' > k. It is UV finite. (good
since this formalism is not valid inside the horizon)

#®The series can truncate and in general each coefficient could be completely
independent of each other. If the higher order term are not there (or much
smaller) one can consistently have large 1-loop coefficient while neglecting 2-
loops and higher

( = ado + 55(}52 KO + -~ -

irsa: 09050062 Page 68/124



Assuming no tilt, loop integral has two poles

— 1
&k —— ~ In(kL
(kL)
And converge rapidly for k' > k. It is UV finite. (good
since this formalism is not valid inside the horizon)

#The series can truncate and in general each coefficient could be completely
independent of each other. If the higher order term are not there (or much
smaller) one can consistently have large 1-loop coefficient while neglecting 2-
loops and higher

( = ado + B6¢* +KID® + - - -
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Note

@+ delta N requires you to know the perturbation at horizon exit

| H? H;
0Pk |+ 3 I-3+6

tree 1-loop

@ you should include all loops (which may have large log and need to be
resummed). *** if you are given a lagrangian at some scale and initial conditions
such that there is no more than 60 efolds than the log is small

#®and then using delta N | get extra loops contribution
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Assuming no tilt, loop integral has two poles

= 1
&k ——— ~ In(kL
Ea (kL)
And converge rapidly for k' > k. It is UV finite. (good
since this formalism is not valid inside the horizon)

+The series can truncate and in general each coefficient could be completely
independent of each other. If the higher order term are not there (or much
smaller) one can consistently have large 1-loop coefficient while neglecting 2-
loops and higher

( = adop + B5¢2 + kb + ---
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What is the IR cutoff?

<@ For these delta N loops, one can argue that the cutoff is limited by

Lyth/
T Bartolo, Matarrese, Pietr
0P = ¢ (-’Es t) —@ (t) Enqvistjcmimi, Podolsk
Rigopoulos

2 procedures that gives
the same answer

* Measure the real zero mode on L
and do loop up to L

* oOr measure the zero mode on M

(~1/HQ) do loops up to M, average
over all of Minto L




Assuming no tilt, loop integral has two poles

e 1
/d% K — K3k ~ In(kL)

And converge rapidly for k' > k. It is UV finite. (good
since this formalism is not valid inside the horizon)

+The series can truncate and in general each coefficient could be completely
independent of each other. If the higher order term are not there (or much
smaller) one can consistently have large 1-loop coefficient while neglecting 2-
loops and higher

C :a5¢+ﬁ5¢2—l—f{5©/{~



Assuming no tilt, loop integral has two poles

~ 1
k= ~ In(kL
e (kL)
And converge rapidly for k' > k. It is UV finite. (good
since this formalism is not valid inside the horizon)

#®The series can truncate and in general each coefficient could be completely
independent of each other. If the higher order term are not there (or much
smaller) one can consistently have large 1-loop coefficient while neglecting 2-
loops and higher

( = abp + Bé¢* +Kdp” + - -
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What is the IR cutoff?

<@ For these delta N loops, one can argue that the cutoff is limited by

o Lyth/
P Bartolo, Matarrese, Pietr
, —> &N Riotto & Seery/
5“?5 - ‘?B(I ’ t) = ¢ (t) EnqvistjoNSnni* I?':;oifsk

Rigopoulos

2 procedures that gives
the same answer

* Measure the real zero mode on L
and do loop up to L

* or measure the zero mode on M

(~1/HO) do loops up to M, average
over all position of M into L




Note

+delta N requires you to know the perturbation at horizon exit

H? H
0Pk | 5 L.3+6

tree 1-loop

@+ you should include all loops (which may have large log and need to be
resummed). ™ if you are given a lagrangian at some scale and initial conditions
such that there is no more than 60 efolds than the log is small

+*and then using delta N | get extra loops contribution

Pirsa: 09050062 Page 76/124



Assuming no tilt, loop integral has two poles

~ 1

K ——— ~ In(kL
/ l [ — k;IB Jr3 ( )

And converge rapidly for k' > k. It is UV finite. (good
since this formalism is not valid inside the horizon)

#The series can truncate and in general each coefficient could be completely
independent of each other. If the higher order term are not there (or much
smaller) one can consistently have large 1-loop coefficient while neglecting 2-
loops and higher

( = add + Béd? +K6d° + - -
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What is the IR cutoff?

<+ For these delta N loops, one can argue that the cutoff is limited by

observations. Lyth/
Bartolo, Matarrese, Pietr
. B Riotto & Seery/
0P = ‘?5(53: t) — @ (t) Enqvist,lGNL?rmi., gzgoisk
Rigopoulos

2 procedures that gives
the same answer

* Measure the real zero mode on L
and do loop up to L

* Or measure the zero mode on M

(~1/HO) do loops up to M, average
over all position of M into L




Assuming no tilt, loop integral has two poles

- 1
&k —— ~ In(kL
B (kL)
And converge rapidly for k' > k. It is UV finite. (good
since this formalism is not valid inside the horizon)

# The series can truncate and in general each coefficient could be completely
independent of each other. If the higher order term are not there (or much
smaller) one can consistently have large 1-loop coefficient while neglecting 2-
loops and higher

( = adp + B6¢” +Kb” + - - -

irsa: 09050062 Page 79/124



What is the IR cutoff?

@ For these delta N loops, one can argue that the cutoff is limited by

L
ey Bartolo, Mamiwése. Pietr
‘5‘?5 Tn (,1‘5(.’1’.7 7 t) =y (‘?5 (t) Enqvist:GNSnﬂi* Podolsk

Rigopoulos

2 procedures that gives
the same answer
* Measure the real zero mode on L
and do loop up to L

* or measure the zero mode on M

(~1/HO) do loops up to M,average
over all position of M into L




Explicit Example
Tachyon Mediated Density Perturbations

*|n Hybrid inflation
Curvature

Hidden

We are not generating
density perturbations from the tachyon.
2 . (assume that contribution from tachyon
/ ’ preheating for example are small)

= B
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What is the IR cutoff?

tWMMNmm&mmmmmﬁm““mdw Lyth/
bservations Bartolo, Matarrese, Pietr

5¢ (}5(.’17 t) = ¢ (t) Enqvis?j?ﬁtﬁ?rriizszg;isk
Rigopoulos
2 procedures that gives
the same answer

+ Measure the real zero mode on L
and do loop up to L

* Or measure the zero mode on M
(~1/HO) do loops up to M, average
over all position of M into L




Assuming no tilt, loop integral has two poles

9 = 1
&k —— ~ In(kL
P (kL)
And converge rapidly for k' > k. It is UV finite. (good
since this formalism is not valid inside the horizon)

+The series can truncate and in general each coefficient could be completely
independent of each other. If the higher order term are not there (or much
smaller) one can consistently have large 1-loop coefficient while neglecting 2-
loops and higher

C = add + Béd” +Kkb6> + - - -
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What is the IR cutoff?

<@ For these delta N loops, one can argue that the cutoff is limited by

e Lyth/
| | Bartolo, Matarrese, Pietr
= Riotto & S /
5Q§ — ‘25(3-7 ’ t) = 9?5 (t) EnqvistjGNL?nﬂi* I;e;gaisk
Rigopoulos
2 procedures that gives

the same answer

* Measure the real zero mode on L
and do loop up to L

* or measure the zero mode on M

(H’Tmo) do Im up {o M¢ a%
over all position of M into L




Assuming no tilt, loop integral has two poles

9 = 1
&k ——— ~ In(kL
Ea (kL)
And converge rapidly for k' > k. It is UV finite. (good
since this formalism is not valid inside the horizon)

*The series can truncate and in general each coefficient could be completely
independent of each other. If the higher order term are not there (or much
smaller) one can consistently have large 1-loop coefficient while neglecting 2-
loops and higher

¢ =add + B6d” +K6d> + - - -
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