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Infrared physics in cosmology
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Questions

- Gauge theories in asymptotically flat spacetimes,

Conditions on asym. geometry +  Gauge invariance
(symmetry group therein)

—» |R universal properties: Soft th., Memory effect, Canc. of IR div.

Q1. Does the same argument apply to C?
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Questions

- Gauge theories in asymptotically flat spacetimes,

Conditions on asym. geometry +  Gauge invariance
(symmetry group therein)

—» |R universal properties: Soft th., Memory effect, Canc. of IR div.

Q1. Does the same argument apply to C?
Conditions on asym. geometry + Gauge invariance

asym. FLRW spatial Diff (including large GTs)

— R universal properties: Soft th., const sol. of ¢, Canc. of IR div.

Q2. Does it apply just w/ spatial Diff but w/o 4D Diff?

IR universal properties hold e.g., for Horava-Lifshitz gravity



Outline

1) Exercise in classical theory (Mostly review)

- Definition of asym. FLRW, following gradient expansion

- IR properties: Const. solution of C (a.k.a.Weinberg’s adiabatic mode)

2) Extension to quantum theory

- Stochastic approach + Gradient expansion



Basic assumptions

[ Asymptotically FLRW spacetime]

[Spatial Diff. invariance] xi = Xi(t, xI)
Including dilatation inv.  z* — e~ 52"

Asymptotic symmetry which is compatible w/ asym FLRW

[ Locality] (of the original Lagrangian)  * before solving constraints



Gradient expansion

Gradient expansion Salopek § Bond (1990), shibata § sasaki (1999)

Physical scale of inhomogeneity of our focus L >> 1/H
(or coarse graining scale)

e=1/(HL)

In local theory, we identity € exp. as derivative exp.

(d+1)-dim line element & Gauge choice

ds® = —N2dt? + g;;(da’ + N'dt)(da? + N7 dt) gij = a’e®%y;;  detly] = 1

- spatial coordinates: Transverse Vi =0



Asymptotically FLRW spacetime

Asymp FLRW condition

spatial average at reference time t.

— d%x ((ty, )
= IV; = f okl
| =0 C Jdtw
rt — e Syt (—>(—s

* Do not impose condition on time derivative of y;
Lyth, Malik § sSasaki (2004)

* At linear order, [ AsympFLRW] is a condition on shear. ko, ~ 9;N;/a

* f IS introduced for the dilatation invariance.

(* For (d+1)-Diff, the above condition is imposed on K=dH slicing.)



Classical Lagrangian

[Spatial Diff. invariance] & [Locality]

S = /dd+1$\/ —( [»Cg + »Cmatter]

with
L

. []
1 KK’ —B1K* +B2°R+ O(FFIw/o N;, Plw/N;)

e

Lg p—
1. )
Kij = 527 Vij = DiNj = D;jNi) K =YY K

* Condition on matter sector needs a bit more inspection.

Matter sector > Integer spin fields w/sDiff + locality



Bottom-line argument Tanaka § .U, (in progress)

(d+1)-dim Diff H-const & M-const —— % = J + O(e)

J is described only by other independent dynamical fields.

lzumféMul@ohgama (11)
Gqumrukewoglu et al. (11)

c.f. projectable HL ~ M-const -
—l =7+ O(e)

<
H .
Armendariz-Piecon et al (10)

non-projectable HL ~ H&M-const
Arat, Sibiryakov, Y.U. (18)

(ex) Single scalar field, Linear perturbation

2(d—1)Hzaka+O(E) — ()

H-const &= )17 O
H 16nGe2 o°H [ AsympFLRW]
I
ko.g IIIZ\TZ/CL mad—l Z(L)adec I:Idtad(BQ Ultra—SR Ki«V\aVbCﬁ (05)

see also Leach et al.(o1), Y.Tanakagsasaki (06)



Existence of const. solution w/ (d+1)-dim Diff
Choosingtime slicing K =dH —» N=1+ % + O((3)

recall 6[\] formalism S’carob'w\,sleg (82), sasaki-Stewardt (95)

At A

H-const  OPtot _ 500l = O + B S0 = a0
5 (b Ptotal = OP + OPTT PTT e

M-const  Remove one field e.g. scalar field system o' = ¢'(¢? ¢3, ---)

Tanaka § Y.U. (n progress)

C w/o O(12) appears only through N (or 8N) in Bpg)t - 0(I)
[Spatial Diff.] & [Asymp FLRW]

— % = J + O(e) also for inhomogeneous ¢ [locality]



Outline

2) Extension to quantum theory

- Stochastic approach + Gradient expansion

Repeat the same argument, using effective action.



Dilatation invariance

| WL : Quantum state for gu, ¢ OO (t, ) = e SHO (¢, ) z. = o

Including higher spin particles Arkani-Hameds Maldacena (15)

Noether charge of the dilatation

B — :
Q=35 dz AL 2t x)+ APt 2)a(t, @) + ... +(he)

Dilatation invariance of the quantum system

Q| WLF0



Locality

Effective action is in general non-local.

Assuming that a quantum state can be expressed as

|WEEF UQRyg, ¢7)| Waail UtU = 1

\ W._4:[: adiabatic vacuum or Euclidean vacuum

Qg ‘ WaailF=0

e.g. non-adiabatic vac. |¥') = H Sk (0, O1)| Uaai) SuBr, 1) = exp By %+ al yale
k

[locality]
Stot = S+ 0S5 islocal. [] ~ 05



Integrating out short modes

@ = {0g, °}  metric perturbations & matter fields

(S) _ [ d%k ik
short modes (¢, z) = / 00k~ (@)™ (e, )

(27)

Stochastic inflation

|Ong modes oM (t, ) = go(t;, a:) — )¢, x) Starobinsky (2¢)

Smeared field in gradient exp. corresponds to QO(L)

Feynman § vernow (63)

Influence functional

Feynman § Hibbs (65)

— (L) (S) (L) (S) L
iSer o, " =In DI DIp®) iSienler” ey =Sl 0

effective action w/ influence of )



Existence of constant solution

[Spatial Diff. invariance]
including dilatation inv. X — esxi Q| WLF0

[ Asymptotically FLRW spacetime]

e¢ % = O(e) N, Ni, C satisfy the eoms derived from effective action
[ Locality] Siogt = S+ 465 islocal. 8S: excitation from adiabatic vac.
(L)
— — = Ja + Jir + Ofe)

H

long modes Integrated out
of isocurvature short modes




WT identity for dilatation

dilatation preserves asymp FLRW
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Spin-0 Tanaka § Y.WU. (2015)

arbitrary integer spin Tanaka § Y.U. (in progress)

Soft theorem

Soft theorem: WT for dilatation + [locality]

amputated
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Remark

Soft theorem D™ # Consistency relation D¢® D™



Soft theorem — Consistency relation

Soft theorem D% = Consistency relation D% D™

only when the contribution of (k. is factorizable.

= O C
COt, ) = D (k) + dwkm + 0(6)

CR <Z k; - 8,% + (n — 1)d — Z Sa) <T90(S) (tla kl) T QO(S) (tny kn)>
1=2 a

_ (0
Pr(kr)

(T W) (11, k1) 0 (1, kn))

No additional requirement for gauge theories in asymp. flat sp.

LSZ reduction formula (, Lorentz symmetry)

Inserting soft legs. ST e A & 1ee"2Qp,




Summary

[Spatial Diff.] wrdilatation
X Non-flat FLRW

[ Locality]
)( non-BD k=0
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weinberg
Soft theorem [ Asymp FLRW] e
x sol@d inflatliorj, ‘
™ (U anisotropic inflation Existence of const. sol (WAM)
| _

No LSZ 1 7 —W C:(L) 4 ; O( )

v — = Jal T JIF T+ €

H —_—

Consistency relation jong eg.ultra

isocurvature SR



