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.
Inflation can be dissipative e.g. [Creminelli et al., 2305.07695]

A simple model: inflaton ¢ 4+ massive scalar field x with softly-broken U(1):

5= [ atev=E | MR - 5 (06 V(o) ~ iox + b

_Oud

* * 1 *
= (X0"XT = X" x) — 5m” (X +x7)

= gauge sector x plays the role of an effective bath for inflaton ¢.
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Inflation can be dissipative e.g. [Creminelli et al., 2305.07695]

A simple model: inflaton ¢ 4+ massive scalar field x with softly-broken U(1):

5= [ atev=E | MR - 5 (06 V(o) ~ iox + b

ey,

* * 1 *
o (x0"X" = x a“x)—2m2(x2+x2)}

= gauge sector x plays the role of an effective bath for inflaton ¢.

Perturbations { = —Hm controlled by non-linear Langevin equation:

2

2 /
" - S | N2 2y am ™
7+ (2H+~v)ar — 0w ~ 207 [(8,7r) 2mém ] - (1 +2m¢ apf) 005,

with noise statistics:

(60s(k,)60s(k',n")) = (27)°6(k + k")5(n — 0" ) H' n*vo
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Inflation can be dissipative e.g. [Creminelli et al., 2305.07695]

A simple model: inflaton ¢ 4+ massive scalar field x with softly-broken U(1):

5= [ atev=E | MR - 5 (06 V(o) ~ iox + b
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o (x0"X" = x a“x)—2m2(x2+x2)}

= gauge sector x plays the role of an effective bath for inflaton ¢.

Perturbations { = —Hm controlled by non-linear Langevin equation:

2

2 /
" - S | N2 2y am ™
7+ (2H+~v)ar — 0w ~ 207 [(8,7r) 2mém ] - (1 +2m¢ apf) 005,

with noise statistics:

(60s(k,)60s(k',n")) = (27)°6(k + k")5(n — 0" ) H' n*vo

Beyond this model: General rules? Universal predictions? Smoking gun?
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|
Effective Field Theories (EFTs)

EFTs explain the emergence of universality classes:

Observational

uindow Data @ Degrees of freedom;
@ Principles and symmetries;
Models Physical principle

© Hierarchies of scales.

Usually for clean and isolated vacuum.
Yet many systems evolve in noisy and dissipative media.

Hydrodynamics: imperfect fluids & viscosity;
Heavy ions collisions: quark-gluon plasma;

Gravitational waves: damped by relativistic neutrinos;

Early universe: gauge sectors act as medium.

Goal: model dissipation and noise with EFTs in cosmology
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Combining EFTs and Open Quantum Systems

Langevin equation |Stochastic Schrodinger equation|

4O = {H, 0}dt + d¢ =—i[A,0] +d€

\/f‘&

et
‘Martin-Siggia»Rose formalism % Fokker-Planck equation| Influence functional £
_ o Shx.x] = i iSte (64,0
P= /DxDxe <:> g = LeelP] (61] Pred |62) = / Do elSF [o..a,]<:> (lzrtrd Llpred]

Open EFT
Inflatlon
Local dissipative
models

Extend the embedding power of EFTs:

( Quantum
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Inflation

Effective
Field
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Scale hierarchies
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Outline

@ The Open EFT of Inflation

© Primordial non-Gaussianities
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The Open EFT of Inflation [S.A. Agiii Salcedo, T.C. & E. Pajer, 2404.15416]

Early universe: one scalar degree of freedom 7(x, t):
Observed (€ :3) = (7M)(t) = /dmr"Probﬂ(t).
@ EFT of Inflation [cheung et ar, 2008]: most generic wavefunction
T 2
_ D eSenlr] ‘
/ =>

o Dissipation & noise: most generic density matrix

Prob,(t) = pr=(t / D7r+/ Dr_ Senlmim-] |:> : X )

Physical principles restrict Seg[ny, 7_]:

Prob,(t) = |V

@ Unitarity: {Sys. + Env.} closed = non-equilibrium constraints; [Liu & Glorioso, 2018]
@ Symmetries: strong-to-weak SSB & in-in coset construction; [Akyuz, Goon & Penco, 2023]

Q Locality: truncatable power counting scheme.
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The Open EFT of Inflation

Strong-to-weak spontaneous symmetry breaking ongo et a1, 2013

Sunit [7+] invariant under shift, X shift_:
T (t) = 7 (t) = 7 (t +ex) + ex,

but Spon_unit [74; 7] is not: shift, X shift_ — shift,

(in|

t; \ tr t \ i
N P J

— —

|in)

€, =c =¢€ €, ==

Retarded 7, = (7. + 7_)/2 and advanced 7, = 7 — w_ fields:

7 (t) = mi(t) = 7. (t +€) + €, ma(t) = mh(t) = ma(t + €,).

Building blocks:

Tar t4+m, Ouma,  Ou(t+m).
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The Open EFT of Inflation

Effective functional

@ Quadratic order: 1 — 5 EFT param (1 tadpole constraint):

Kinetic term

Seff = /d4:v\/ {Wﬂr“ czam,.aiwu
vt i [t = (52 - 02+ o 0] |

Dissipation Noise

@ Cubic order: 1 — 13 EFT param: EFTol famous for relating operators at
different orders because of non-linearly realised boosts [Lspez Nacir et a1, 2011].

EFTol: £ (2 1) [-27, + (du7,)?] 7a
Dissipation : LDy [-27 + (apﬂ-r)2] T,
Noise: L D ifs(—7a + 0,m,0"7,)?

Recover and extend EFTol construction.
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© Primordial non-Gaussianities
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Primordial non-Gaussianities

Standard observables

Symmetries ensure existence of nearly scale invariant power spectrum
2w

k3
= A% = 10? obtained by imposing hierarchies of scales.

2

(o) = T ) = (2mPo(i + 02 A2(K)

Bispectrum computed in perturbation theory using standard in-in rules.

/ \ | / n T]/ —iGE (k. n)
, + N N —iGRkn.n)
) \\:,/ %
® 1ozl _ /’7“ dn/
S g
Dy D, K < —oo(1:tie) (Hp')*
H3
(Ciy G Cis) = *ﬁ(ﬂilﬁﬁzﬁﬁ (27)*8(k1 + ka + k3)B(ki, ka, ks).

2 B(ki, xak, xski) faw (ke ko, ka) = 5 B(ki, k2, ks)

Sbe,xa) = bexa) —ga= 2y 6 P(k1)P(k2) + 2 perms.”
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Bispectrum shapes

Main features:

@ v > H: equilateral
Dissipation suppresses unequal
freeze-out times

@ v < H: folded
Environmental sourcing enhances a
folded signal

Shape evolution cannot be retained by a single equilateral/orthogonal template

Squeezed y=005 FEquilateral Squeezed v=5 Equilateral
kZ - o4 - o
5o S(xz, x3) Y2 - S(x2, x3)
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Fol,
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Primordial non-Gaussianities

ReSU ItS from Pla an 20 18 [Bowei Zhang, Petar Suman et al., 2603.13473]
2log £ Doty g B ?
—<clog L x Z 6 [ 01,00,63 — 21,12,z3]

6Ce, Cr, ey
£1,42,43 1T

1.0

y/IH

¢ >0.38, v<383.6H at 20 (with uniform priors)
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Primordial non-Gaussianities

ReSU ItS from Pla an 20 18 [with Bowei Zhang, Petar Suman et al., 2603.13473]
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COﬂStraining UV mOdels (W/P) [with Bowei Zhang, Petar Suman et al]

Dissipative inflation via scalar production [Creminelii et al., 2305.07695]

1
/\/ MP1R+E(¢>) |ox|? + M? x| — “ (x&x* —x*a“x)—EmZ(x2+x*2)]

10.0
@ Scale hierarchy: with pf = ¢ 7.51
2 5.01
fF>p2M>m>H R
-= M=m
= 2.5 — pzMEA=10")
=> constrains parameter space e
0.0 7 = lem<Msp
@ Power spectrum Aq: 0 2 4 6 8 10
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Primordial non-Gaussianities

Posteriors from joint likelihood (preliminary)

logiom = 145334

logioM = 1.53:341

logioM

logiop
0‘(? {6‘ v:‘Y

logiop = 1.63'3

L4
e &

S

o logiof = 348372
&
<
g ©
*
N

RN SRR RSN SR IR T

logiom logioM logi0p logiof

@ Bispectrum only marginally improves the constraints;

@ Bispectrum helps to break degeneracy in (v, £) plane.
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Conclusion

Conclusion

Open EFT of Inflation:
@ Unitarity, locality, scale invariance: dissipative shift symmetric scalar in dS;
@ Capture some gauge-inflation models with a scale hierarchy.

Power counting & radiative stability, dynamical gravity & GWs
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CMB and LSS constraints on EFT coefficients
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Conclusion

Conclusion

Open EFT of Inflation:

@ Unitarity, locality, scale invariance: dissipative shift symmetric scalar in dS;

@ Capture some gauge-inflation models with a scale hierarchy.
Power counting & radiative stability, dynamical gravity & GWs

Primordial non-Gaussianities:
@ Smoking gun near folded triangles in primordial non-Gaussianities;
@ Shape evolution needs to go beyond equilateral/orthogonal template

CMB and LSS constraints on EFT coefficients

Constraining UV models:

© Combined constraints from scale hierarchy, power spectrum & PNG;

@ So far, PNG add marginal information but may break degeneracy.
Axion inflation, warm inflation, dissipative Cosmological Collider
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UV model

Details of matching with [Creminelli et al., 2305.07695]

Parameters:
UV completion M m f p £ 5 Vo [vpd
Open EFT ﬁ? Cs v Y2 51 Bs 01
Matching: 2 = pf
€= g v =Lt
M =mty b=y
Bs =21 8 = efﬁ%
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UV model

Posteriors from joint likelihood (preliminary)

logiom = 1.45:318 Hybrid params

— Lik3pt
— Lik 2pt

logioM = 1.52:83

logioM

logioy = 0472333

logio y

0.0 0.0, 0 N, N,
%% % s Yo % % % te % Yo ‘e Yz Yo
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Primordial Gravitational Waves

Open gravity [S.A. Agiif Salcedo, . L. Dufner & E. Pajer, 2507.03103]

Dissipative theory for a massless spin 2 graviton: theory of gravity in a medium.

4 Diffeomorphisms invariance:
guv < "
System O(xt + &) o(x¥ +€1)
v v ap
Tenv 2 Té‘;s W 84 (X) — Ix IxB 84 (X)
Environment for each branch of SK path integral contour.

Dissipation & noise: strong-to-weak SSB [sieberer et al., 2016]

l=—g
(in] <& (in| -
“ >tf - )tf
uv nv
lin) 9+ ® lin) 9+ & =
d=ii=d §r =4

ISO(3, 1)+ X ISO(3, 1)7 — ISO(?))r X Ry [Crossley, Liu & Glorioso, 1511.03646]
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Primordial Gravitational Waves

Gravitational waves in a medium

Transverse and traceless (TT) sector: g; = a*(t) (0; + hy):

. V2 . .

iy — S~ hy + (T 4 3H) by + 2L iy (O + 2HOmhy) =
@ Speed of propagation c%; © Birefringence x7;
@ Dissipation T; © Noise Bg o (£;£7).

104

1004

For xT = 0 (no birefringence):

1074

BICEP/Keck bound:

BICEP/Keck: < 0.036
1072

SO: 7 < 0.01

r<0.036 = A7 < (0.002Mp))*

0%

LiteBIRD/CMB-S4: < 0.001

10-t] SGWB and PTA data?

0 20 40 60 80 100
T/H
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