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Abstract: We clarify the origin of IR divergence in single-field models of inflation and provide the correct way to calculate the observable
fluctuations. First, we show the presence of gauge degrees of freedom in the frequently used gauges such as the comoving gauge and the flat gauge.
These gauge degrees of freedom are responsible for the IR divergences that appear in loop corrections of primordial perturbations. We proposg, in
this talk, one simple but explicit example of gauge-invariant quantities. Then, we explicitly calculate such a quantity to find that the IR divergenceis
absent in the slow-roll approximation. In this formalism, we revisit the consistency relation that connects the three-point function in the squeezed
[imit with the spectral index.
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Primordial perturbation

Important tools to study models of inflation

Curvature perturbation &

--------------------------------------------------

B 2-point fn.

----------------------------------------------------

Leading Sub-leading

Consistent with CMB  Divergent due to IR mode
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— Break down of perturbation theory?’



Infrared(IR) divergence

. ® Two point function (Ck (k)
7 !

s x ( ( : mass-less field

B Leading order

i 1. [ 7~ e = £ _} - L._:i
K K \Ck Gk7) = |Gk| X
L —

Scale-invariant

B Next to leading order

q Momentum ( Loop )integral

11_ l\_l dj 't_ :_} — di . f;’ 3
‘; - / q |Gq / q9/9
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Logarithmic divergence




Introduction of IR cutoff

VWWhich modes participate in loop corrections!?

A




- Introduction of IR cutoff

Which modes participate in loop corrections?

horizon scale
> — bkl

r

Oscillation

>

5




- Introduction of IR cutoff

Which modes participate in loop corrections!’

horizon scale
k=aH

A

Oscillation

>




Introduction of IR cutoff

Which modes participate in loop corrections?
- horizon scale

4 k=aH

/ As inflation goes on,
more and more modes participate.

i RS o L, e i Fo——— S — f1:\:1' ;-Ii.r!




In this talk, ..

“IR divergence is physical or not?”

in single field models of inflation

- @ Contents

|. Origin of Infrared divergence

2. Two ways of regularization
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ADM formalism

ds® = —N?*dt* + h;; (dz* + N'dt) (dz? + N?dt)

]l oy Ben P —.
i

T o il

Comoving gauge

8 O~ — eP: scale factor

- @ Lagrange multiplier N / N,

Hamiltonian constraint 9£/N = 0 N = Ni¢
Momentum constraints dL/ON* =0 N; = NGi€
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DOFs in boundary conditions

— s

— X The teémporai

dU

D

UrQ
U

S 5 x ((t+ 6t. x)

!

t (¢, ON[C], N;[C])
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DOFs in boundary conditions

o = 0 Fix the temporal gauge

;4 ot x ((t+6t. x)
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- DOFs in boundary conditions

Yo = 0 Fix the temporal gauge

s 5 x ((t+ot. x)

Pirsa: 10100066 Page 13/131

Change the evolution of ¢



DOFs in boundary conditions 2

Time evolution from t; to t

@ Hyperbolic system

t¢ x Qts, ')

Past light-cone
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- DOFs in boundary conditions 2

Time evolution from t; to t

@ Hyperbolic system

Ly X Q[ff. .I‘i)

Past light-cone

i Vertexes in Q1

Pirsa: 10100066



- DOFs in boundary conditions 2

Time evolution from t; to t

@ Hyperbolic system

ts x iy, z*)

Past light-cone

i Vertexes in (1

¢

Wavelengths of fluctuation that affect(
—d BReosendad b b > 1 /1(4)
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DOFs in boundary conditions 3

Time evolution from t; to t

@ Evolution of

X L:(fj I)

(6NTC]. N:[¢]
< Boundary

bhit
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- DOFs in boundary conditions 3

Time evolution from t; to t:

@ Evolution of (

SNTcl, N:cD)
CC‘;‘@ Boundary

h(t

Vertexes in ¢
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- DOFs in boundary conditions 3

Time evolution from t; to t

@ Evolution of ¢

tf X ‘-:(fj T)

(6NTC]. N:[¢])
CC’t@D Boundary

bl t

Vertexes in ¢

Wavelengths of fluctuation that affect ((?
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Residual gauge modes

Single field inflation

a2 - ;'
[

@® General solutions of ON. N. = e PN,

From Hamiltonian&Momentum constraints at | st order
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Residual gauge modes

Single field inflation

£ 5

@ General solutions of 6N, N; = e PN,

From Hamiltonian&Momentum constraints at |st order

| I l
1\ = —| G —8'G; 1(x)
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Residual gauge modes 2

@ Gauge transformation: (t. z') — (t + 6t. z* + éx")
B Time coordinate Fixed by 4

B Spatial coordinates
“Residual gauge modes

| : | =g : B
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Residual gauge modes 2

@ Gauge transformation: (t. x*) — (t + ét. z' + dx*)
B Time coordinate Fixed by ¢

B Spatial coordinates

“Residual gauge modes

. J||'- i k ===} _ j | T =

(i) Scale transformation

oy oy . S
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- Residual gauge modes 2

_1\.. \ 1O U e
@ Gauge transformation: (t. z') — (t + 6t. x* + dz*)
B Time coordinate Fixed by do = |
B Spatial coordinates "4~

“Residual gauge modes

(i) Scale transformation

SR ™ i

= —y i . il

(ii) Integral region of 9~
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Residual gauge modes 2

@ Gauge transformation: (. z*) — (t + ot. =* + dz*)
B Time coordinate Fixed by ¢

B Spatial coordinates
“Residual gauge modes
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DOFs in boundary conditions 2

Time evolution from t; to t

@ Hyperbolic system

L x Qty, ')

Past light-cone
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- DOFs in boundary conditions 2

Time evolution from t; to t

@ Hyperbolic system

s x Qts, ')

Past light-cone
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- DOFs in boundary conditions 2

Time evolution from t; to t

@ Hyperbolic system

ff X Q(ff..l‘t)

Past light-cone

i Vertexes in Q(1

Wavelengths of fluctuation that affect((?
— Bvyindad v - > 1 /1(4+)
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Residual gauge modes

Single field inflation

A ' / . A%

@ General solutions of IN. N. = e PN,

From Hamiltonian&Momentum constraints at | st order
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Residual gauge modes

Single field inflation

= Fa)

@® General solutions of ON. N; = e PN,

From Hamiltonian&Momentum constraints at | st order

1

A = 3 { 3 —r'f{r', ' T
1 r —

dG;1(x) =0
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Residual gauge modes 2

@ Gauge transformation: (¢, z') — (t + 6t. x' + éz')
B Time coordinate Fixed by o

B Spatial coordinates
“Residual gauge modes
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 Residual gauge modes 2

—

@ Gauge transformation: (¢, z') — (t + 6t. =* + dz*)
B Time coordinate Fixed by §
B Spatial coordinates "4~ J
“Residual gauge modes

(i) Scale transformation

S F

- " - E - o 4

(i1) Integral region of &~
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| Proposal of IR regumriza’rion

re "]'3"]*9: b\f’
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Residual gauge modes 2

S —

@ Gauge transformation: (t. z*) — (t + 6t. =* + dz*)
B Time coordinate Fixed by o

B Spatial coordinates

“Residual gauge modes
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Residual gauge modes 2

@ Gauge transformation: (t. z') — (t + 6t. x* + 6z')
B Time coordinate Fixed by o

B Spatial coordinates "4~ d

“Residual gauge modes

(i) Scale transformation
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- Residual gauge modes 2

e ———— e

@ Gauge transformation: (t. z') — (t + 6t. x* + dz*)
B Time coordinate Fixed by 9
B Spatial coordinates +'4- )
“Residual gauge modes

- Z [ . I : | | | | i e ! ¥ | | [ ' F - I - -—
J |

(i) Scale transformation

. ™ ¢

. - . - o &

(ii) Integral region of &~
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Proposal of IR regularization

IR corrections, that yield divergence, are changed by
the residual gauge DOFs.



Residual gauge modes 2

@ Gauge transformation: (t. z') — (t + 6t. x* + éx")
B Time coordinate Fixed by ¢

B Spatial coordinates
“Residual gauge modes

.III . L i l f | = /
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DOFs in boundary conditions 3

Time evolution from t; to t

@ Evolution of ¢

X L:(fj F)

AN, N;[C
< < Boundary

bit

Ly
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Residual gauge modes

Single field inflation

S > ' j . A

@ General solutions of ON. N, = e PN,

From Hamiltonian&Momentum constraints at | st order

1

— —- - —r!fr "

_h:l_ : ."r".-_:r"frr. ay —{r.;_
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Residual gauge modes 2

@ Gauge transformation: (t. z') — (t + 6t. =* + éx')
B Time coordinate Fixed by 4

B Spatial coordinates
“Residual gauge modes

[ ) — <« 2)
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- Residual gauge modes 2

————

@ Gauge transformation: (t. z') — (t + 6t. x* + dz*)
B Time coordinate Fixed by o
B Spatial coordinates ~"4-
“Residual gauge modes

(i) Scale transformation

. " [

S, . oy . —

(if) Integral region of @ -
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Proposal of IR regularization

IR corrections, t

L

a vield dn ~O ar CNane
hat yield divergence, are changed by
the residual gau
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- Proposal of IR regularization

IR corrections, that yield divergence, are changed by
the residual gauge DOFs.

Why don’t you perform gauge-inv. perturbations’




Proposal of IR regularization

IR corrections, that yield divergence, are changed by
the residual gauge DOFs.

Why don’t you perform gauge-inv. perturbations’

|. Complete gauge fixing

r —— ——— - —
o ,{ V| F - | L
- _ =1 ¥ ..:..] o | \ L

2. Construction of gauge-invariant variables

4 r [ — — ) i T o S
il A = A Q | - " | B Er
s a ol ¥ o L B T g N,
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Proposal of IR regularization

IR corrections, that yield divergence, are changed by
the residual gauge DOFs.

Why don’t you perform gauge-inv. perturbations’

=g | . Complete gauge fixing

\ — g —— . o o
- ¥ il
v _,.-"4. - s M -r’q-r'ﬂ A I._ L

2. Construction of gauge-invariant variables

L7 A ﬂ""_""_"; .._.']IJ:"?.'.: L .

s N & i I el - N o o,



: Local gauge condition U ET Tanaka (09

Remove gauge DOFs associated with boundary cond.

@ Boundary conditions for 0N & N
@ : Observable region = Causally connected region

Boundary conditions at 90

.

Fluctuations within O = Not affected by outside of (

ts w3 )

- -
---------

Blue region: O
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Local gauge condition 2 v«sramakaes

Remove gauge DOFs associated with boundary cond.

@ Boundary conditions for 0NV & NN,
@ : Observable region = Causally connected region

Boundary conditions at 00O
Fluctuations within O = Not affected by outside of O

(ex) Scale transformation ' — e/'72’

—r

EEEF—r (L ({T)

__) Averaged value in O [, B3z {(t, z%) =0

( measures deviation from local average .......




£y e x = GlEf, T)
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 Regularization scheme  v«smmamarats

Vertex integral | 1

@ Momentum integral

Ls
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Local gauge condition  vusTTmamas

Remove gauge DOFs associated with boundary cond.

@ Boundary conditions for 6V & N
O : Observable region = Causally connected region

Boundary conditions at 0

)

Fluctuations within O = Not affected by outside of (

t s e w (U5 3

- -
--------

Blue region: O
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Local gauge condition 2 y«srraearaes

Remove gauge DOFs associated with boundary cond.

@ Boundary conditions for 0V & N,
@ : Observable region = Causally connected region

Boundary conditions at 00
Fluctuations within O = Not affected by outside of O

(ex) Scale transformation " — e/

— 1 I I

\ £ ] L. e §y — G\

__) Averaged value in O Jo@®x((t, ) =0

. measures deviation from local average ......



Residual gauge modes 2

# Gauge transformation: (t. ') — (t + 6t. x* + 6z")
B Time coordinate Fixed by 0

B Spatial coordinates - |

“Residual gauge modes
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- DOFs in boundary conditions 3

Time evolution from t; to t

@ Evolution of ¢

X t:(ff “ 4

SNICl. Nif¢
<< Boundary

bhit

L
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Residual gauge modes

Single field inflation

A / _ 2A

@® General solutions of ON. N, = e PN,

From Hamiltonian&Momentum constraints at | st order

l
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Residual gauge modes 2

@ Gauge transformation: (¢, z') — (t + ét. z* + éx")
B Time coordinate Fixed by o

B Spatial coordinates

“Residual gauge modes

_f' i + — | dnd;0 <o
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 Residual gauge modes 2

-~ w 7 \
] \ \ I’ - ———————
L L - -

J.

@ Gauge transformation: (t. z') — (t + 6t. x* + dz*)

B Time coordinate Fixed by ¢

B Spatial coordinates "4~ 8 8v:: =0

“Residual gauge modes

(i) Scale transformation

. " ¥

—y o . o

(i1) Integral region of ¢
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Residual gauge modes 2

@ Gauge transformation: (t. z*) — (t + 6t. =* + dx*)
B Time coordinate Fixed by o

B Spatial coordinates

“Residual gauge modes

f . =g -
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DOFs in boundary conditions 3

Time evolution from t; to t

@ Evolution of ¢

X L:(ff “ 4

SN[, N:[¢
< < Boundary

bhit

Lf
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Residual gauge modes

Single field inflation

A = ' Il_j . | pA

@ General solutions of ON. N, = e PN,

From Hamiltonian&Momentum constraints at | st order

-
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Residual gauge modes 2

@ Gauge transformation: (t. x*) — (t + ét. x' + dz")
B Time coordinate Fixed by o

B Spatial coordinates
“Residual gauge modes

. ||I . i : | 2 i ! —_ |
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Proposal of IR regularization

IR corrections, that yield divergence, are changed by
the residual gauge DOFs.

Why don’t you perform gauge-inv. perturbations!’




Proposal of IR regularization

IR corrections, that yield divergence, are changed by
the residual gauge DOFs.

Why don’t you perform gauge-inv. perturbations’

=gy |. Complete gauge fixing

# r— —— - ~ )
Y .-'4._. — s M -"'q-J ":_H'{ l\ L -

2. Construction of gauge-invariant variables

5 5 -"'-r—'—l-—-\_n. rw a5 7 P
r IAST. T AnGrRA

T o i, N
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Vertex integral | df | d°k
-~ @ Momentum integral

Ls
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Regularization scheme 2

@ Time integral

Pirsa: 10100066



 Regularization scheme 2
- Vertex integral h)-ll"; / t‘fw

@ Time integral | horizon scale
kE—al¥

—h_l*—_{ A

Pirsa: 10100066



Regularization scheme 2

Vertex integral | i / d”k

@ Time integral = horizon scale
E—oal}
¥)Q

EHaoctive ciiteatt T4 ~ T . L H) !



~ Regularization scheme 2

Vertex integral f'(l_f' l d’k
) B e

@ Time integral - horizon scale
E—al

| |*=
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Regularization scheme 2

Vertex integral | df I d°k
. S T

@ Time integral == horizon scale
=

! Oscillation , =

——

! Suppressed l

og k
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Regularization scheme 2

Vertex integral ] di [ d’k
J N

@® Time integral L horizon scale
:— N

R ——

! Oscillation ’ =

|

! Suppressed '

Effcctive civitaff 7(4\ ~ T . L {(aH) !



Regularization scheme 2

Vertex integral I_'(U I d°k
. y

@ Time integral : horizon scale

vl ) I.-:'

—

s — iR

R ——

! Oscillation ' =

| ——

g Suppressed l

Effcctive civitaff 7(#\ ~ T . L{(aH) !



Upper bound on secular growth

Assumption

UV renormalization is safely performed.

@ Upper bound

Correlation fns. EC .

Expanded by interaction picture field <;

B Amplitude of ¢ n: # of the included ¢ s
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~ Regularization scheme 2

Vertexintegral | A7 | d”A

@ Time integral




~ Regularization scheme 2
 Vertex integral _]‘(U ] 'k

@ Time integral 3 horizon scale
E—=al}

! Oscillation ’ :

| ——

=

oo k
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~ Regularization scheme 2

Vertex integral | df I d’k
J o1

@ Time integral == horizon scale
E—=al

R ——

! Oscillation ’ =

-

g Suppressed l

og k
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Upper bound on secular growth

Assumption

UV renormalization is safely performed.

@ Upper bound

Correlation fns. G

Expanded by interaction picture field <;

B Amplitude of ¢ n: # of the included ¢/ s

Pifrsa: 00000000 ' — A l — L_.l |Pa§ei7!5’lillll



~ Regularization scheme 2

/

Vertex integral | df | d’Kk

@ Time integral




Regularization scheme  v«s moaraie
Vertex integral | di I d° L
@® Momentum integral

Ls
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Regularization scheme v« onarat

—_— a — M | 1;!' :Jir
Vertexintegral | A7 | d“A

@® Momentum integral

Ls

vertexes In

— g -

-
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~ Regularization scheme 2
: Vertex integral ){1 I .11[';[1'

@ Time integral | horizon scale
E=ahll

o K

1 Ik
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~ Regqularization scheme 2
| Vertex integral ]'(U / d> k
' J1/L(1

@ Time integral = — horizon scale
k—all

! Oscillation ’ =

JQ
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~ Regularization scheme 2

Vertex integral | if I ad’k
B ore

@ Time integral - horizon scale

i) rl'

—

kE—all

R ———

! Oscillation ' <

| ——

! Suppressed l

dog k
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Upper bound on secular growth

Assumption

UV renormalization is safely performed.

@ Upper bound

Correlation fns. EC 6

Expanded by interaction picture field <:

B Amplitude of ¢ n: # of the included ¢r s
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Upper bound on secular growth

Assumption

UV renormalization is safely performed.

@ Upper bound

Correlation fns. EEC .

Expanded by interaction picture field <;

B Amplitude of ¢ n: # of the included ¢ s
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- Summary of the local gauge

Comoving gauge Local comoving gauge

5= .+ Locality

IC d°z((t, 2*) =0 esr

G with all & Cwithk > 1/L

Initial condition

(r:Adiabatic vacuum e (r(z) — [, 3=
Gauge trans.

by . d - |
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Upper bound on secular growth

Assumption

UV renormalization is safely performed.

@ Upper bound

Correlation fns. EC G

Expanded by interaction picture field ¢;

B Amplitude of ¢ n: # of the included ¢ s
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Regularization scheme 2

Vertex integral | df I d°k
. i

@ Time integral g horizon scale
kE=all

g Suppressed l ! Oscillation ’ :

Efcctive civitaff 7(#\ ~ T . L(aH) !



~ Regularization scheme 2

Vertex integral ' 1f I A
P
@ Time integral = horizon scale
E—al
! Suppressed l ! Oscillation ’ =
g k

Effcctive ciitaff 7(t\ ~ F . L{(aH) !



Summary of the local gauge

Comoving gauge Local comoving gauge
+ Locality Jod3z((t, ) =0 ete
G with all & G with £ > 1/L(#

Initial condition

:Adiabatic vacuum e—p Cr(z) — [, B3z (2
Gauge trans

. . i -
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Proposal of IR regularization

IR corrections, that yield divergence, are changed by

the residual gauge DOFs.

Why don’t you perform gauge-inv. perturbations!’

|. Complete gauge fixing

I A — ——— = ~ "
=1 i / 3
Y ..-"4_. — - Jqui:? .I’:. b I.l‘ -

2. Construction of gauge-invariant variables

o I P ———— o g T g ~sTY
o - & =
. .-'4._. = .-'r-"-l'.j. r::_,t |, — e

Page 90/131
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Genuine gauge-inv. quantities

It's only necessary to evaluate the gauge-inv. quantities.

@ Genuine gauge-inv. quantities -2
| Gauge invariance regarding ' — 7' = 7' + §r'
Scalar quantity, labeled by the gauge-invariant argument
"IT : 3D scalar curvature SR ~ 9%(

S ; S : Lt S SRR
R(x) — °Rlx) — 02 d, R(:
e T S T i T et ATt

Due to change of the argument
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Proposal of IR regularization

IR corrections, that yield divergence, are changed by
the residual gauge DOFs.

Why don’t you perform gauge-inv. perturbations’

|. Complete gauge fixing

Vv A

———— ——— . o~ !
ir*iﬂ f:-__i |Il -

s o -

2. Construction of gauge-invariant variables

Y T———— -y I A1 g )
(A ST .1 anara\10-,1cCc

- .
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Genuine gauge-inv. quantities

It's only necessary to evaluate the gauge-inv. quantities.

- @ Genuine gauge-inv. quantities G
. Gauge invariance regarding ' — 7' — ' L+ §z
Scalar quantity, labeled by the gauge-invariant argument

"I : 3D scalar curvature SR ~ f):g

R(z) — °R(x) — 0x"'0;°R(x)

Due to change of the argument
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‘Genuine gauge-inv. quantities

It's only necessary to evaluate the gauge-inv. quantities.

- @ Genuine gauge-inv. quantities Y-UST-Tanaka (10)
. Gauge invariance regarding ' — 7' = ! + §z
Scalar quantity, labeled by the gauge-invariant argument
"R :3D scalar curvature *R ~ 9%(
‘R(z) — °R(x) — 6x'0;°R(x)

Due to change of the argument

Not appear if we specify the arguments of "R
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‘Genuine gauge-inv. quantities 2

. |. Geodesic normal coordinate
: =—ain _—_________“\
R°R°R) (L1, l2), ...

‘R°R

[, : Geodesic distance

t.const

- 2. Gauge-invariant initial state

= Physical DOFs
Quantization
Gauge DOFs




Genuine gauge-inv. quantities

It's only necessary to evaluate the gauge-inv. quantities.

- @ Genuine gauge-inv. quantities Y- UET Tanaka (20}
Gauge invariance regarding ' — 7' = ' + 4x!
Scalar quantity, labeled by the gauge-invariant argument

R :3D scalar curvature R ~ 9°(

R(z) — *R(zx) — 6z'd:°R(zx)

Due to change of the argument
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‘Genuine gauge-inv. quantities 2

. |. Geodesic normal coordinate

———————
TR R, l2), ...

R°R

[ : Geodesic distance

-R./Z’-—.”R

t.const

- 2. Gauge-invariant initial state

=355 { Physical DOFs
Quantization
Gauge DOFs




‘Genuine gauge-inv. quantities 2

. |. Geodesic normal coordinate

g i

"R°R°R) (1.

l.m : Geodesic distance
*R._,/r—'”ﬂ

: t:const

- 2. Gauge-invariant initial state

- Physical DOFs

d S

Quantization




‘Genuine gauge-inv. quantities 2

| . Geodesic normal coordinate

Rt} CIOR IS, i2), ..

[, : Geodesic distance

- 2. Gauge-invariant initial state

Physical DOFs

d S

Quantization

=doapitial state | W) :Need to restrict to the physical seate



Gauge-invariant initial state
@ Initial condition in interaction picture

( :Heisenberg picture field Y- W ST Tanaka (10)

a\

(1 : Interaction picture field

1 (C(t:) = ':H_Jr-f

— -

2. Positive frequency fn. for (;

B One-loop corrections ==
| Total derivatives

CHCR)(L) ~ / d(logk)hosk ! ...

+ (Divergent terms) + (Regular terms)
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‘Genuine gauge-inv. quantities 2

. |. Geodesic normal coordinate

TRt CIOR IO, 2], -

[ : Geodesic distance

tconst

- 2. Gauge-invariant initial state

Physical DOFs

d S

Quantization




Gauge-invariant initial state

@ Initial condition in interaction picture

( :Heisenberg picture field Y.L

in

— o~ - o~ \
| T_,,ﬂ' .-".-H F.'?_,.-* L:..S'

(

(1 : Interaction picture field

E &(R) =l

s -

2. Positive frequency fn. for (;

B One-loop corrections A=
; Total derivatives

CRR) (1) ~ / d(logk)hogk| --.

= (Divergent terms) + (Regular terms)
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Gauge-invariant initial state
@ Initial condition in interaction picture
: ( :Heisenberg picture field Y. W ET Tanaka (10)
(1 : Interaction picture field
|, \_‘PL ] — ( :Lﬂr'f

2. Positive frequency fn. for (;

B One-loop corrections ==
Total derivatives

CRR) () ~ / d(logk )oh, ek | -

o+ (Divergent terms) + (Regular terms)

Choose initial conditions | &2

Pirsa: 10100066 Page 104/131



e
Gauge-invariant initial state
@ Initial condition in interaction picture
' ( :Heisenberg picture field Y- W ET-Tanaka (10)
(1 : Interaction picture field
1. {(t:) = ¢ |C(2
2. Positive frequency fn. for (;

B One-loop corrections =
Total derivatives

CRR) () ~ / d(logk)hoek(.--.)

+ ‘ Divergent terms);-l- (Regular terms)

Choose initial conditions | &2 =0
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e
‘Gauge-invariant initial state
@ Initial condition in interaction picture
' ( :Heisenberg picture field Y.U §T.Tanaka (10)
(1 : Interaction picture field
ECH.) —=CICit)
2. Positive frequency fn. for (;

B One-loop corrections —
Total derivatives

R R)() ~ / d(logk)dhogk(---)

+‘Divergent terms);'l- (Regular terms)

Choose initial conditions | &2 =0
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_Gauge-invariant initial state 2
o) =Cler
= Y. UWET.Tanaka (10)
Heisenberg eq. £L =S
C=Y.a;F||+ LS L : Derivative op.
homogeneous solution = =
Conditions on @; = (ClI)
2. Positive frequency fn. for (; p-e-folding
(L F )0 (s —T O +c(i+ ... —— (Rogp + /2N
| (C2)




e~
Remarks
@ Slow-roll approximation
E B Leading order Of:
Bunch-Davies vacuum (Cl), (C2) OK!

B Higher orders
Adiabatic vacuum & Cu (f:) = Cr(t;)

— (Cl1), (C2) are not satisfied

@ Canonical commutation relations

Choosing the appropriate @;

Page 108/131

3 Commutation relations can be compatible

with the gauge-invariance condition



—

Concludmg this talk, ..

|. Origin of Infrared divergence
— Presence of non-local gauge DOFs

2. Two ways of regularization

— Gauge inv. perturbations

(1) Gauge fixing
Momentum integrals are regularized.
No secular growth for n < n. = O(100)

(2) Construct genuine gauge inv. variables
a. Geodesic normal coordinate

b. Gauge-inv. initial vacuum
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Concludlng this talk, ..

|. Origin of Infrared divergence
— Presence of non-local gauge DOFs

2. Two ways of regularization
— Gauge inv. perturbations
(1) Gauge fixing

Momentum integrals are regularized.
No secular growth for n < n. = O(100)

(2) Construct genuine gauge inv. variables
a. Geodesic normal coordinate

b. Gauge-inv. initial vacuum

3 Implications on observable fluctuations, such &s*MNGs
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~ Origins of IR divergences

Single field Multi field

r (Adiabatic) | (lsocurvature)
Momentum Absence of

Bl l decoherence

e | t

s Gauge artifacts — Takahiro’s talk
— This talk

2 _ — Arthur’s talk

o Time .
e Controversial
| integral
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Concludmg this talk, ..

|. Origin of Infrared divergence
— Presence of non-local gauge DOFs

2. Two ways of regularization
— Gauge inv. perturbations
(1) Gauge fixing

Momentum integrals are regularized.
No secular growth for n < n. = O(100)

(2) Construct genuine gauge inv. variables
a. Geodesic normal coordinate

b. Gauge-inv. initial vacuum
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Gauge-invariant initial state

@ Initial condition in interaction picture
T ( :Heisenberg picture field Y- U ST-Tanaka (10)

(1 : Interaction picture field

L. C(1:)) =CICili

oy - e

2. Positive frequency fn. for (;

B One-loop corrections =
. Total derivatives

CRR) () ~ / d(logk )k ..

o+ (Divergent terms) + (Regular terms)
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‘Genuine gauge-inv. quantities 2

. |. Geodesic normal coordinate

oRME), CICR R, i2), -

l,.- Geodesic distance

- 2. Gauge-invariant initial state

— Physical DOFs
Quantization
Gauge DOFs




Proposal of IR regularization

IR corrections, that yield divergence, are changed by
the residual gauge DOFs.

Why don’t you perform gauge-inv. perturbations!’

|. Complete gauge fixing

Y.UET. Tanaka(09)

2. Construction of gauge-invariant variables

.

ﬂ"’_/{__:‘_: _':iﬂualic_ﬂl'\:_:lgi_s__‘?
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~ Upper bound on secular growth

Assumption
UV renormalization is safely performed.

@ Upper bound

Correlation fns. L

Expanded by interaction picture field <;

B Amplitude of ¢ n: # of the included ¢r s

Pirjsa 000000000



i Reqularization scheme v STl
| ‘VEftEX9r“€gF1ill-nl‘I’ d3 L
® Momentum integral

Ly

Vertexes in ¢
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~ Regqularization scheme  vwsmmanae
: Vertex integral I_IIUL" .-i e 3

@ Momentum integral

Ly
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 Regularization scheme 2

Vertex integral | d1 ] d’k

@ Time integral

202 K
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 Regularization scheme 2

Vertex integral ]'df f d3k
: L5110

@ Time integral = horizon scale
A E—all

o —n T —

! Oscillation , -

——

dog k

T T ——— e —
e e— - ———

k=1/L,
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 Regularization scheme 2

Vertex integral ! ‘I.LI d’k

1/L(2
@ Time integral = horizon scale
== '

! Suppressed ’ ! Oscillation , :

——

oo k
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~ Upper bound on secular growth

Assumption
UV renormalization is safely performed.

@ Upper bound

Correlation fns. WS

A A

Expanded by interaction picture field <;

B Amplitude of ¢ n: # of the included ¢r s
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( with a

' . e
‘ Iniial condit = ¢
= . Gr:Adiabatic vacuum —} i
: : i
|

18 . Time Machine

L
I = L] —
irfﬂ.(}OOO% Page 123/131
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homo
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Gauge-invariant initial state

@ Initial condition in interaction picture

: ( :Heisenberg picture field Y.WET-Tanaka (10)
(1 : Interaction picture field

1. C(t:) = C [ (¢

*--. - o

2. Positive frequency fn. for (;

B One-loop corrections ==
_ Total derivatives

“HR)(l) ~ / d(logk)oek | --.

5 (Divergent terms) + (Regular terms)
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