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Universal properties in infrared (IR)

Going beyond case studies for IR ( k/aH <<1)

Soft theorem
(a.k.a CR)

Maldacena(02), Creminelli & Zaldarriaga(04),....

- SolicHnffation

SEe Dimastrogiovanni’s talk

- Nop-attractor

see Kinney’s talk

What’s the necessary condition”

Cancellation of
IR divergence

Time conservation
of C

Wands et al (00), Weinberg (03),.... Tanaka & Y.U. (09, 10,....), .....



Soft theorem

- Weinberg’s soft theorem Weinberg (65)
Graviton scattering in (asym.) flat spacetime

n—1

Moldr e g k) = Tim S ST
n\d1, y dn—1, PR k- g, n—141, y dn—1

a=1

- Consisten cy relation Maldacena(02), Creminelli & Zaloarriaga(0d),....

(n) ) n—1
m S - (S a2 e



Necessary condition for universal IR k/aH <<

Soft theorem
(a.k.a CR)

Locality condition

Cancellation of
IR divergence

Time conservation
of C

Formulation in model independent language!!
See also Berezhiani & Khoury (13)



Application: Probe of string theory

E s M :Planck scale
R _|Ms :String scale
. 1 Hinf

Copias stringy corrections during inflation

N.B. No successful model building yet.

Mo~e"2 Hint




Application: Probe of string theory

E s M :Planck scale

Copias stringy corrections during inflation

N.B. No successful model building yet.

Massive particle nf

\ (Spin sz2)




Application: Cosmological collider

Hubble  end of
crossing inflation

Hubble

, clustering
crossing

)4 .

Massive particles
¢ \ (including sz2)
/—’ o, Vi

By(ks, kp) = Y APi(ks-kg)...
1=0,2,--

Arkani-Hamed&Maldacena (15)

see also Lee et al.(16)

C, Vi Is conserved,
if L.C. is valid.

ﬁ

NOowW

Galaxy (intrinsic) alignment

Schmidt et al. (15, 16)



Large gauge transformation

Gauge transformation g: g # 1in [x|—=

Large Gauge transformations

Classical action is invariant under

B Dilatation transformation R
Constant shift in homogeneous mode of ¢
C(tv w) — CS(tv w) — C(ta e_sw) — 3

As((t, ) = —s(1+z - 9a((t, ) + O(s7)
\ J/

- Shear transformation ' — [Gg]lj 2?8 Symmetric traceless constant tensor

Constant shift in homogeneous mode of ;i



Noether charge

Noether charge for dilatation Hinterbichler et al. (14)
1
Q=1 / B [A(t, z)me(t, @) +me(t, 2)AL(E, )]

Generator of dilatation [Qc, ((x)] = —iAs((x)

Decomposition

W) = [ @) B () = WE ¥

1¢¢) : Eigenstate of k=0 mode

'v).: Projected k = O mode onto [¢%)



WT identity for Dilatation invariance

Tanaka & Y.U. (17)

[ Ward-Takahashi identity (C_C/ Q| P) =0 ]

W) = [ 4 w(E) 18 W
0

Q¢ shifts k=0 mode iQc| () = e | C°)
1) Condition on k=0
Re[WT]=0 —> % H(E)| = 0 P = AC)F

N.B. Scale-invariant Gaussian _

(Ck|?) x 1/k% — 0o (k — 0)



WT Identity for Dilatation invariance 2

Tanaka & Y.U. (17)

[ Ward-Takahashi identity (C_C/ Q| P) =0 ]

W) = [ (18] Ve

Q¢ shifts k=0 mode  iQ¢|(°) = \ ¢

oce
2) Condition on k=0 which interacts w/ k=0

MWTI=0 — Qe = 5l

. ' k=0
1 S 1
L — e — (k=0 Ck=0-'S
S: constant
Ck=0




Locality condition

Tanaka & Y.U. (17)

Extension of WT identity to soft mode k.—0, but 0

( )
0
LC iQ?/(kL)’\Ij>gck = F!%gck
vy _k’L -

\_ J

Generator of inhomogeneous dilatation QY (kr)

T — e’FLy’ Ck

G CkL™ CkL - SkL
Sk.. constant
Ck

LC — Quantum version of Weinberg’s adiabatic mode
Weinberg (03)



Why Locality condition”?

Tanaka & Y.U. (17)

Extension of WT identity to soft mode k.—0, but 0

r )
0
LC iQ?/(kL)’\Ij>gck = F!%gck
vy _k’L -

\_ J

Generator of inhomogeneous dilatation Q¢ (kz)

In position space

X=x | XX
CL” (L’

X=X | 2= et
CL” CL

e R

~1/kL




Soft theorem (C.R.)

Tanaka & Y.U. (17)

r N\
o
ZQW kL \Ij . — ‘—’ \Ij> ¢
LC ¢ (kL) ><—kL OCC k,
)= [ g, 16,116, ) B)g,

. B CkL C—kL
Assumption  [¥(Ck, )| = exp [_ 4P<(kL)]

A/\/_NL)

see also Hinterbichler et al. (14)

Compute (U [iQ¢" (kL) Chgy -+ Chogn) \(2\1)f> ki/Ksi << 1
. AW - . ” 0 . N CkL_
(1) Qa9 = [ty 06 5 — (10190, ) ~ 55y | ¥

(2) [iQF (L), Cs]| = OresksCis



Generalization of CR Tanaka & Y.U. (17

(W [iQ¢ (kL), O yhss (t1) -+ Oy i, (tn)]| ¥) Ki/Ksi<< 1

Composite operator O}, 1 (t, e°x) = e 220y 3 (£, X) 4 e

( N
(UG, Ofin ks, (1) - Ol ks, (T0) [0)
LC = CR mm, Pe(kr) A= A
s.l. n 0
o (Z i gg, + =1 - A) (W10, e (1) Oy, (1))
i=2 L
L J

- General operator for short modes

- Non-perturbative contributions of short modes
- Short modes are not necessarily super Hubble
- Space-time dim d+1

- Time coordinates of short modes can be different



Universal properties in IR k/aH <<1

Tanaka & Y.U. (17)
arXiv:1707.05485

Soft theorem
(a.k.a CR)

Locality condition
a la Weinberq

Cancellation of
IR divergence

Time conservation
of C

Formulation in model independent language!!



Conservation of ¢

Tanaka & Y.U. (16, 17)

Claim Ckis conserved in time in k/aH —0, if

1) Being perturbative about (kL G \,\ /

2) LC is valid s 207

non- pert.?

QOutline of argument
1. Compute Influence functional I'[C] by integrating out

~ non-local effective action

2. Using CR («LC) for DOFs in

[ [Ck )=l [Cie -S] Presence of constant solution



Universal properties in IR k/aH <<1

Tanaka & Y.U. (17)
arXiv:1707.05485

Soft theorem
(a.k.a CR)

Locality condition
a la Weinberq

Cancellation of
IR divergence

Time conservation
of C

Formulation in model independent language!!



Cancellation of IR divergence

Properties of Infrared enhancements
- IR divergences of loop corrections in <Cxi...Ckn>
- Presence of IR divergence divergence free quantities + LC

Tanaka & Y.U. (09, 10,....), .....
IR div. free variable  9R(z) = /9 FL9R(g)e ¢ (ke)

(W [9R(z1) - - - 9R(xp )| ¥) = / Ak, [ (I o (¥ R (1) -+ “R(xn)| V)

L Ck:L

singular

LC — 0= c;;f‘l” [iQ¢ (kL), ‘R(z1) - - ‘R(zy)] ’\m%

0
— c \PQRCU ngn \Ij c .
o YR R g




Summery

Tanaka & Y.U. (17)
arXiv:1707.05485

Soft theorem
(a.k.a CR)

Locality condition
a la Weinberq

‘/Cancellation of
IR divergence

Time conservation
of C

Same story follows also for yj

Thanks!



Example ofyé'

Maldacena’s gauge can be non-local.

Linear perturbation

0; N; D €C
In one field model (on attractor)
in the limit k — 0 as (x = O(kP() with p > 1.

Otherwise, non-local



