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Overview

Thomas Colas’ talk this morning: how to construct the “Open EFT of inflation”
— EFT of a single dissipative scalar on rigid inflating background

This talk: how to incorporate dynamical gravity in the theory?

Motivation:

— Describe gravitons propagating through unknown medium
- Interactions between graviton and scalar

= Applications to late-time cosmology

Goal:

How to describe gravitational systems in the Schwinger-Keldysh formalism?



Outline

1. Gravity in the Schwinger-Keldysh formalism
2. Dissipative gravitational waves during inflation

3. Summary and outlook
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1. Gravity in the Schwinger-Keldysh formalism



Gauge symmetries in open gravity
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In “single clock” cosmologies: tﬂ
ti s @5 diff Ly
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“Retarded” diffs - same direction: “Advanced” diffs - opposite direction:
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Overall: (4d-diff, X 4d-diff_) ~ (4d-diff, X 4d-diff,) —— (4d-diff,) “25° (3d-diff.)

= Seff most generic action invariant under 3d-diff,



Construction of §_ .+ for open gravity

Retarded and advanced metric:

(g+) - (g_) = ” Tensors under diff,
8 = < = ar = <8+> — (8_) More involved transtormation under diff,
2
Construct S, in “unitary” gauge , in which the “clock” is absorbed in the metric
(n,: clock foliation; K, extrinsic curvature):

S = |d*x\/—g [lea”” IN,,,a" a"® @(a3)]
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Derivative expansion (up to 2 9’s)
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Open EFT of inflation

Seff = J‘a"‘x1 /—g [Mwa/’”’ +IN,, 0" a’ + @(a3)]

Contains 1 scalar dof, which can be made explicit by restoring 3d-diff, — 4d-diff, via Stiickelberg trick:
t > t+ n(t,X)

Decoupling limit: at high energy z decouples from fluctuations of g,, - EFT of inflation

In that limit our theory reduces to the “Open EFT of inflation” - EFT of a single
dissipative scalar on rigid inflating background — covered in Thomas Colas’ talk this morning

But our construction is more general than that:

EFT of inflation: Open EFT of
all single-field inflation:

hviinteraamnteretccm additional presence
[Cheung et al. 2008] of environment

- additionally 2 tensor dof’s

- Away from decoupling limit (important for applications to
late-time cosmology)
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2. Dissipative gravitational waves during inflation



Application: Open EFT of Inflation

Expand around inflating FRW spacetime: 8w =8, t08, att = oar”

Restrict to transverse traceless (T'T') perturbations: 6g; = a’hy; a’ = _2hg

S.;¢ to second order in T'T perturbations:
v* £ Ps . .

" Mz .. . .
2) _ 4 Pl — A - 2 "0
S = | d*x,/—g 1 h! _hl:,. ‘r— hij+ (Up + 3H) hy; + aeimnamhnj +ic > h]

c% . Speed of propagation
['7 : Dissipation

y : Dissipative Birefringence
G;; + Noise
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(All given as combination of EFT
coefficients y’s)



Dissipation and noise

Power spectrum for ¢, =1, y = 0:

i) = o Tl = DI

M Tp - Qo —3)

Usual (closed) EFTol: A, (k) ~ (H/Mp1)2
— scale fixed by H

Here: Ay(k) ~ fo/ M
— scale set by environment
— perturbations can be of classical origin
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Birefringence

1 1
For y # 0 dispersion relation for k > aH: w = — Zi)(sk + Ek\/ 4 — y? with s = 2

—

- dissipative effect — term not present in closed (conservative) EFT

- one polarisation enhanced (instability), one damped — also known as amplitude birefringence
= instability can be cured by including higher derivative operators and/or non-linearities

- alternatively cure by choosing a time-dependence of coupling y
(realised in some concrete theories, e.g. in Chern-Simons gravity where time-dependence of this term is
realised through coupling RR-term to the inflaton )

No term ~ ¢;,,,0,h, (velocity birefringence) in eom — would violate retarded diffs

Ditterent from electromagnetism in a medium — here such a term ~ €,;0;A; appears as leading one in eom
for gauge field A.
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Summary and outlook

Summary:

= We developed a general framework for open gravitational dynamics based on General Relativity and the Schwinger—

Keldysh formalism

= As an application, we use this framework to extend the Open EFT of Inflation to include dynamical gravity

— In the dynamical-gravity sector, we find that:

= The tensor power spectrum is determined by the properties of the environmental sector, rather than the scale of

inflation

- Leading-order gravitational birefringence is dissipative in nature — opposite to, for example, birefringence in

electromagnetism

Outlook:

— The framework of open gravity can readily be applied to settings beyond inflation, in particular:

— Late-time cosmology, e.g. dark energy

= Modified GW luminosity distance

~ Black hole perturbation theory (quasi-normal modes) and binary mergers

= (Can we derive bounds on various |

CFT operators from physical principles (e.g. causality, locality, unitary UV)?



Thank youl!
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Dissipative fluids in our model

Map EFT to dissipative fluid:

Two fluids:

i 1 . .
S = d4x\/—7g ~at” <M§1G =L = T;;SSIP>

7950 = pp n, + (P = CV,n%) A, + nATAY ( Viartp—s4, V in’l) -

A,p: projector on 3d hyper surtaces, ¢ bulk viscosity, # shear viscosity

Vint=K, AZAfV(anﬂ) = K, so the above action is equivalent to

n I
S=|d*x/—¢ ~at” <M§1G =Ty +1nK, + 1A, K+ )

Here A, =g, + n,n, our model even breaks tuning between these two terms

Could include terms at higher order in d’s by expanding T/f,ifSip to higher order



Modified Friedmann equations

SM3H? = ay + apH,
Open: Closed:

le — 053 ~+ C(4H

Where a; are combinations of the EFT coeflicients ;

Bulk viscosity ay = 3¢
2MSH = — (p+ (P —3H?))

o . _ 2
Brane-world gravity o, =% 3Mp1/ r.

3M§1 (H2 gis H/rc) =p



