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Aspirations
Learn about fundamental physics:

@ New degrees of freedom; @ QFT in curved spacetimes;

@ GR at high energy; @ Quantum gravity; - -

A defining moment for cosmology:

2001 2013 2019 2023 2026 2030's 2030's

SDSS Planck SPT-3GEUCLID Vera Rubin MegaMapper CMBS4
1998 2003 2015 2021 2025 2030's 2030's 2040's
Riess et al WMAP LIGO JWST SPHEREX  LISA SKA LGWA

Challenges: i) model degeneracy; ii) enlarged parameter space.
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Effective Field Theories

egrees of freedo
Symmetries?
i ies?

Data
Microphysics

Information retrieval?
Bottom-up?

_ The Open EFT of Inflation Thomas Colas

4/22



Effective Field Theories

egrees of freedo
Symmetries?
i ies?

Data
Microphysics

Information retrieval?
Bottom-up?

_ The Open EFT of Inflation Thomas Colas

4/22



When (non)-unitarity matters

interacts with

System => non-unitary evolution

Dissipation & noise = energy & information losses
Environment

Perfect fluid: Wilsonian EFT Imperfect fluid: non-equilibrium EFT
Az r «
)V B o
0->0 >0 el
@ f O\ x : 5 |
N it

. »

0:<0 Credit: [Guyon et al, 2012]  x

What about cosmology?
@ Observable universe # whole; g ‘ @ Always a medium;
@ Continuously evolving; @ I fluxes between sectors. BEE
= effective dynamics often non-unitary [Baumann, Nicolis, Senatore & Zaldarriaga, 2010]

Goal: EFTs accounting for dissipation & noise in cosmology
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Combining EFTs and Open Quantum Systems

Langevin equation

4O = {H, 0}dt + d¢

|Stochastic Schrodinger equation|

O=—i [H o +dé

\/f‘&

e —
‘Martm-Slggra»Rose formalism Fokker-Planck equation|
= e e (gmm)y AP
P /DxDxe o = Lep[P]

Extend the embedding power of EFTs:

( Quantum
Systems

5 Effective
PN Field

Theories

i &

Scale hierarchies

Dissipation and
and symmetries

noises

Influence functional e
(01] rea |$2) = / Doie"s“'["""’]<:> dzr;d L[Pred]

Operﬁ
EFT of Inflation
Inflation

Single clock

s Local dissipative

models

Stochastic and
warm inflation
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The Open EFT of Inflation

Cosmological correlators

Credit: Quanta Magazine e
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The Open EFT of Inflation

Schwinger-Keldysh formalism

Consider some observable

Q = C(x1)C(x2) -~ C(xn)

and some unitary evolution operator U(ng,7;) so that

~ . ¢ _
(W(no)) = U(no,mi) IBD) ~ with  (¢| U(mo,m) |¢1) = i D [d] &1,

If S [(D] = SC [C], S€€ [Weinberg, 2005]:

{(Q(m0)) = (W(0)| Qo) |W(10)) = (BD|U* (0, 1:)Q(0) U110, m:)
S

BD)

¢
D[¢] [ DIc-]eSelel=5el-1(;|BD) (BD|¢2)

¢ ¢
)-
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The Open EFT of Inflation

Integrating out an environment

Total System
o S[®] =S¢ [¢]+ SF[F]+ Sins [C: F]
with F a hidden sector.

System
¢ @ Goal: tracing out F, the

) environment being unobservable.
Environment F

Effects of the environment captured by the Influence Functional (IF):

< <
(Quy) = / 4CdGrdGa [C(x1) -+ Cxn)] | DIci] [ Dle-JeSelerimiscleeiinlesic-]
G ¢
i) effective action
(in] <s - -

elisiFld+.d-] ’X A,°/“_ > nf

in) . m
™ (+) branch : eSEFTIS+]

ii) dissipation
iii) noise

What are the rules obeyed by Sir[(y;(_]?
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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-] |:>

Physical principles restrict Seg[ny, 7_]:

Prob,(t) = |V

X

@ Unitarity: {Sys. + Env.} closed = non-equilibrium constraints; [Liu & Glorioso, 2018]
Q Sym metries: in-in coset construction; [Akyuz, Goon & Penco, 2023]

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

Non-equilibrium constraints i & cierioso, 2019

Requiring Open QFT originates from a unitary “closed” UV theory:
i) Tr[p] =1, i)pf=p and iii)p>0

implies constraints on Se [, 7—] = Sunit[m+] — Sunit[T—] + Snon—unit[m+, 7—]:

i) Sem[my,m] =0, Seft [mr,ma = 0] = 0;
11) Seft [TI'+, 7I_*] = - :ff [7T7,7T+] s Sett [7rr7 7Ta] - 75:8 [7Tr, *ﬂ'a] '
111) jms@ff [7T+7 7T—] 2 07 jmseff [T('r, 7T3] Z 07

for 7 = (7 +7-)/2 and 7, = 7+ — m—. Consequences:
© Sc [7, 2] starts linear in 7,;
@ 0dd powers of 7, are purely real; even powers of 7, purely imaginary;

© Bounds on the noise coefficients.

= Already reduce the scope of available Open EFTs
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Dissipative shift symmetric scalar piongo et ar. 2018), [akyuz. Goon & Penco, 2023
Sunit [7+] invariant under shift, X shift_:

mo(t) = 7 (t) = 7ot +es) +ex,
but Spon_unit [T1; 7] is not: SSB shift, X shift_ — shift,:

€a

€. =——

(in| ) \tf (in| ? \:f
X 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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The Open EFT of Inflation

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.”

R b Open EFT of Inflation
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The Open EFT of Inflation

Bispectrum shapes

Main features:
@ 7> H: equilateral;
Cy= . )
S o v < H: folded;

@ Consistency relations;

@ Regularized divergence.

Consistent with flat-space/sub-Hubble analytic results:

Squeezed y=005 FEquilateral Squeezed v=5 Equilateral
K _ , ‘ ‘
o S(yz, x3) Y2 - S(x2, x3)
D o .

Folded

04 06 08 10 Y3
e

ks
02 04 06 08 10 Y3E
ki

—

02
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Matching with inflationary models

Matchi ng a nd fNL with [Creminelli et al., 2305.07695]

UV completion: inflaton ¢ + massive scalar field x with softly-broken U(1):

/ dxr{ MAR = 2 (00)" = V() — [onf” + M |x

O X X 1 5,5 2
— = (XX =X x) = 5 (X + x )}

= narrow instability band in sub-Hubble regime: /ocal particle production.

Planck 2018: 5 — 26+ 47

10' 4 SPHEREX & MegaMapper,

10° 4 e

(9im,)?ma

-2
T Ta
w2
2

100
v/H
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Matching with inflationary models

C M B ConSt ra i ntS On P N G [with Bowei Zhang, Petar Suman, in progress]

Planck data using CMB—BEST pipeline [Fergusson, Liguori & Shellard, 2009], [Fergusson, 2014]

Goal: constrain on EFT coefficients c2,, 3, -- to not overproduce PNG
Operators more or less easy to constrain: at low dissipation v = 0.2H
@ 73: Signal-to-noise ~ 0.50 e 72m,: Signal-to-noise ~ 1o

TaMs A

0 -os " 05
o 10
e —— shape,v=16 15 — shape,v=16
— equil — equil
20 — ortho 20 — ortho
% o o B3 ) B B s s 000 025 o030 o075 oo 125 150 175 200
K3/k1

K3/k1
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Matching with inflationary models

C05m0|0gica| CO”ider SignaIS [with Xi Tong, Zhehan Qin, in progress]

1 1 1 1 .
Llp,0] = _5(%@)2 - 5(8ua)2 - §M202 + ﬂ‘p20’a

@ Step 1: Write a non-local Open EFT with unitary, dissipative and
stochastic operators.

. . . i P A K
@ Step 2: Split the signal: (v YY) = I  + I +1I" .
unitary  dissipation noise

@ Step 3: Use time-convolutionless methods (reuer & Petruccione, 2007]: trade
non-locality for non-analytic EFT coefficients.

kq ks ky ko ks k ki k, k3 k

T =TT+ Gy ch 8K (ky, 5)
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Origin of the Cosmological Collider

ki2 4kiok:
Iirr:)(goklcpkchk3apk4>' > A" sin (pln k—) + AN cos (uln 152 * 4 6)
s—>

local signal non-local signal

Parity-even sector | Parity-odd sector

Local signal Unitary Stochastic

Non-local signal Stochastic Stochastic

EFT coeff non-analytic in = \/M?/H? — 9/4 (analytic part = background)

. ’k1k27] ik
Jim cunie.(k1, k2, 5) = B e 2NE;,_35(ikian) + (1 — —p)
+ (ki = —ki) + (ko = —k2) + (k12 = —ki1,2)
) kiken? s\ TR o L ;
lim Cotocn. (ki ke, sim) = | =7 —5 (=% F(ip)e™ 2 E;y,_5/2(ikizn) + (b — —p)

+ (ki = —ki) + (k2 = —k2) + (k12 = —ki,2)
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Matching with inflationary models

StOChaStiC inflation [with Sebastian Cespedes, in progress]

Q7: Can a field produce its own bath?
Answer is yes! Stochastic inflation from Open EFTs [Burgess, Holman, Tasinato, 1512.00169]
Smooth filter function: ' (k, t) = Qa(k)p(k, t), °(k,t) = [1 — Qa(k)]e(k, t)

System-environment interactions [Pinol, Renaux-Petel & Tada, 2008.07497], [Li, 2507.02070]

S = | [ A6 (0006) [8h05 — obef — ebief + bt
© Integrate out go;g_’a: influence-functional for gofya [Lombardo, 0412069];
@ Super-Hubble gradient expansion: k < aH [Gorbenko & Senatore, 1911.00022].
Consequences:
@ Dissipation gradient-suppressed: GEoLol ~ [k/(aH))?
@ Leading noise: GKQLOL ~ H?/(2k3) = [starobinsky, 1986]
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Matching with inflationary models

Non-equilibrium Renormalization Group

Schwinger-Keldysh path integral prepares a density matrix:

o* 0
oA ; 1 ¢ Ly ...
PA[¢z]:/ D%/ DopyeiSlalered . GTale(00).6(60),B(6").]
Q Q nPI

Coarse-graining and Polchinski equation [Polchinski, 1984] %Z/\[J,,Ja] =0

= generates Fokker-Planck equation for Pp[¢‘].

At 0PI, resum classical non-linearities: in terms of ®,[¢°] classical field solutions:

A B 2
OPh 5 [ qtx—29 9% —2i [ d* d“ (x.¥) 9"Pn
Olog A\ 0Pa(x) 8Iog/\ 8Iog/\ 0Pz (x)dPa(y)

Identify A = eaH with € < 1: recover stochastic inflation and its corrections.

Fixed points, S-functions, universality classes?
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Conclusion

Conclusion

Realistic environments are noisy and dissipative:
We need systematic modelling for upcoming data.

Open EFT of Inflation:
@ Unitarity, locality, scale invariance: dissipative shift symmetric scalar in dS;
@ Smoking gun near folded triangles in primordial non-Gaussianities.

Power counting, renormalization, boostrap, entropy bounds

Matching:
@ Gauge-inflation models with a scale hierarchy;
@ Non-local Cosmological Collider Signal as an environmental noise;
© Stochastic inflation as a non-equilibrium renormalization group.

Axion inflation, warm inflation, Open Cosmological Collider

Beyond scalar perturbations: tensor modes = Lennard Dufner’s talk
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In_i n COSGt COﬂStrUCtion [Hongo et al., 2018], [Akyuz, Goon & Penco, 2023]
Two Simp|ificati0ns from [Cheung et al., 2008]. [regime of validity? =- later]
@ Decoupling limit: Mixing 7/dg small as long as E ~ H > E; ~ €'/?H

= enough to construct theory of dissipative shift symmetric scalar:

— Ea’
“T2
(in| <& (in|
ti \tf ti \tf
lin) j lin) j
o €,
e=c =¢ e =%
Seft [y, 7a] invariant under retarded time diffeomorphism:
t—t+e: Tr — Tr — €r, Ta — Ta.

Building blocks: m,, t + 7., Opma, Ou(t + 7).

@ Derivative expansion: locality and truncatable power counting scheme.
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More on Open EFTol

Primordial non-Gaussianities

Matching with [Creminelii et al., 2305.07695]

@ inflaton ¢
@ massive scalar field x

@ softly-broken U(1)

Lly=5H
Hy=02H

Main features:

@ v > H: equilateral shape;

@ v < H: new folded signal;

@ Consistency relations hold.

/
,
,

/_M

Planck 2018: fx} = 26 + 47

5
’ »
> 7
SPHEREX & MegaMappe/ M
’ P4
g
.

s
/

New challenge: dynamical gravity

Backup
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More on Open EFTol

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
=1 v = 757"’:262”5
M =mty b=y
Bs =21 8 = efﬁ%

Thomas Colas 22/22
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More on Open E&M

Open gauge theories

[S.A. Agiif Salcedo, T.C. & E. Pajer, 2412.12209]: Dissipative theory for of light in a medium.

> A 4 @ Gauge symmetry: U(1), x U(1),
sys
Aby System @ Global symmetry:
ulsys = Q
Quits == PR U(1), x U(1), = U(1),

Environment

Keldysh basis: retarded A* = (Al + A") /2; advanced a* = A} — A"

“
At = AF — Z AH
2

(in| O s

X )

. Backup Thomas Colss  22/22
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More on Open E&M

Retarded & advanced gauge transformation

Retarded gauge transformation €, = e_ = ¢,:

A — AP+ OFe, al — a#.
Advanced gauge transformation €, = —e_ = €,:

Al — AR a — a" + 9", .

@ Global U(1), broken: BY = at 4+ Otp, with @, — v, — €,.

@ Unitary gauge: ¢, = 0 and retarded gauge invariance only.

Effective functional constructed out of F*” = gFAY — OY A* and a*:

51 = / [aoik,'FOi + a; (’}/QFO’. + ’y3lkjFU + 74€9lel) + a“ju]
w,k

: v
52 = / la“Nl“,a , Sn23 =
w,k
e Backup Thomas Colas 2/



More on Open E&M

Summary

© Unitary: ASg‘g" =0 = 0*j, =0: Maxwell in medium;

e =—€,
(in| - (in] <t
n
|in) Ay v lin)
€, =E_= € €L = €q

@ Non-unitary: ASY3V£0 = 0*j,, # 0: modified charge conservation;

€E_=—€,
(in| = (in|
AH* /? N A* Ui
A a AR
in) £ in) -
€, =c_=¢ €, =€,

© Conductor: AS' #0 = new d.o.f.: dissipative Proca theory.

€
e =—€,
(inl - : (in] <—— |
A" )nf X )”f
m
lin) it lin)
€. =€c_=¢€, €L = €q4
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N - - -1
Recovering electromagnetism in a medium

From S.g, obtain modified Gauss and Ampere laws:

35S, .
=0 = V.E=j+&,
éa
5563 H
~— =0 = YE +73V x B — 2B =j+ &,

and a noise constraint: modified charge conservation in the system

a“(.ju + fu) = I_(_/.O + £0)

Properties:

@ Dispersive medium: n=1/\/=~3;
@ Dissipative medium: v = —jw +T;

@ Anisotropic medium: ~yq;

@ Random medium: &+, S ——

! [cacetal, 2022
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Unitary limit

AS* =0  but ASMY = / (iw + v2)eaiki FO".
w,k

)

@ For general 7o, AS?Y £ 0;
@ When 7, = —iw, AS}Y =0.

E.=—€,
(in] << = (in| <z s -
A* >17f >7]f
I
lin) A+ lin)
€, =€_=¢€, €y =€,

Unitary theory with $1[A;, A_] = S[A;] — S[A_] and

S[A] = %/d‘lx [F" Fuu + (c2 — 1)F7F; + OF* F*]

Recover Maxwell in a medium.
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More on Open E&M

Deformed advanced gauge

When ~, # —iw, does it exist physically equivalent advanced configurations?

© Retarded gauge invariance: M, k¥ = 0 where k* = (w, k).
@ 3 “right kernel” = 3 “left kernel” such that v*M,, = 0.

© M is non-Hermitian = different left and right kernels: v# = (i, k).
Conclusion: retarded gauge invariance generates advanced gauge invariance.

S1 remains unchanged under
AP — A* + e kM, at — at + e, v

Not broken but rather deformed! [Liu & Glorioso, 2018], [Akyuz, Goon & Penco, 2023].

Advanced gauge redundancy allows us to reduce number of advanced components.
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More on Open E&M

Noise constraint
Add some noise: N, positive semi-definite [Kamenev, 2011}, [Brever & Petruccione, 2007]
S= /d4x [a" M, AY + ia"N,,a"],
Hubbard-Stratonovich trick:
2= [oa) [10s) [0 00 | [ ot (Mt - )= Feutv e

Advanced gauge symmetry a* — a* 4 €,v* induces noise constraint:

V#(J'u + gu) =0.

Meaning: 7, = — jw leads to

8#(./'u + gu) = r(JO + EO)
Conservation of the total current < Non-conservation of the system’s current

. Backup Thomas Colss  22/22



More on Open E&M

Advanced StueCkel berg [Lau, Nishii & Noumi, 2412.21136]
Stueckelberg trick: X, — X; — €5 s.t. A¥ = a# + 0" X, — A invariant

Seft = / [AcoikiFO + Asi (2F% + v3iki F7 + yaely F') — Agy (j* + €1)]
w,k

= §§d+/ X [(iw + 72)iki F% + 8, (j* + €M)] .
w,k

)

X, e.o.m. recovers noise constraint: for v, =T — jw,

0Se . .
cSXlCf =0 = 9"(u+8&)=Tlo+ %)
using on-shell relation §S.¢/dap = 0 that is ik;F% = — (j© 4 £°).

Lessons:
@ Manifest advanced gauge invariance at the price of Xj;
o If 9" (j, +&,) =0, only solution is v» = —iw, i.e. no dissipation ' = 0.
] Backup Thomas Colas 22/22



More on Open E&M

Proca mass term

Adding a mass term breaks both retarded and advanced gauge symmetries:

Sef = / ikiagF®" — iwa;FO" — m?a, A¥
w,k

)

.= —€4
(in] <t= = (in] <z —t
A# >'7f X >ﬂf
"
lin) A ? lin)
€, =€ =€, [

Stueckelberg trick:

@ X; = X; —e5s.t. A = at + 0" X, — AY invariant;
o X, = X, —¢ s.t. A = A 4+ 0P X, — A¥ invariant
Set = SO — m? / d*x [0, X:0" X, — 3,0" X, — 0, X,A"]

Decoupling: when E > m, mixing between X and A negligeable.

Breaking retarded gauge invariance triggers new d.o.f.

. Backup
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More on Open E&M

Dispersion relations

Gauge fixing
@ retarded Coulomb gauge: 9;A" =0

Je st kKAT=0, where A" = A" 4 e kM.
@ advanced Coulomb gauge: d;a’ =0

Je, st. kia' =0, where a*=a"+ev" .
bl

Eigenvalues of the kinetic matrix: 1 constrained dof, 2 propagating dof
(K, ivow + v3k® + 2794k, ivow + v3k® — 274K) .

Introduce o = I — jw, 73 = —c2:

r
W iTw— kK +2yuk=0 = w= i E V/e2k? — ([ /2)2 F 2y4k.
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Outline

@ More on Open GR
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Open gravity

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

4 Diffeomorphisms invariance:
guv < "
System O(xt + &) o(x¥ +€1)
uv g apf
Tenv J Té‘;s y gj: (X) - 8x°‘ 6x5 gi (X)

Environment

for each branch of SK path integral contour.

Keldysh basis: retarded g,, and advanced a*” metric:

tg
g:%:gﬂ;g, and a=g, —g_ =0a
(in| O x

X )

|in)
gt =g" N
+ g 2

Backup

eiSuniele’]

s 3¢
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More on Open GR

A tale of two clocks

Fluctuating clocks: ¢ (t,x), i.e. i

@ ¢,(t,x) < t,(t,x): average clock; '

@ ¢,(t,x) < t,(t,x): stochasticity. Y HAR

Gauge fixing. Work in unitary gauges: ¢, (t,x) = ¢_(t,x) = ¢(t):
é:(t,x) = ¢(t) and ¢.(t,x) =0 ie. t =t and t,=0.

FO”OWing EFT of Inflation [Cheung et al., 2008] and Dark Energy [Gubitosi, Piazza & Vernizzi, 2013].

L= g
(in|] << . (in| << T .
;V > L >
lin) « 9+ : ® _ lin) « 9+ ——w
§h=l=& f=¢4

open clock

4d-diffy x 4d-diff— —  4d-diff, —  3d-diff,.
e Backup Thomas Colss  22/22



Unitary gauges

Most generic functional invariant under retarded spatial diffeomorphisms.
Setr = /d4x 7gz(g00 =+ 1)£ [M#Ma’“’ + iNuwpo,ea” a” + - }
£=0

with M, ¢ and N, p0¢ rank-2 and 4 cotensors under retarded spatial diffs.

Moo, = Yiie + 120K + 73t K>+ Ya.eKap K + ’Y5tsz0K + V6.6 R + V1t R%;

Mo = MR + 75 VK + 150V KP 4

Muve = guw (Ve + 155K + 150K + 755 Ka K™ + 98 VOK + 48R + 775 RY)
50 Kuw + VSTZVO Kuv + 10,0 Ko K< + 71,0 KK + 72,0 Ruw + V130 SR

P.O. P.O.
+M,e EuaﬂovaKﬂu‘F’Yz,z GMQBORaBOw

and similarly for N, ,5,¢ = can be studied systematically.
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Background evolution

Modified Friedmann equations with «; functions of EFT coefficients:

2 2 2 2 _
Open: 3MP’I__I = a1+, vs Closed: 3MP/I__I I
2MEH = a3 + auH 2MEH = —(py + Py),

@ Bulk viscosity [Weinberg, 1971]: s = 3¢
2Mp,H = — [ps + (Ps — 3HQ)],
@ Brane-world gravity [Dvali, Gabadadze & Porrati, 2000]: (tp = :|:3M12>,/rc
3ME(H?> £ H/r) = po,
= Modified continuity equation: a1 + (é2H + aaH) — 3H (a3 + asH) =0
@ Interacting dark sector: Q = —(caH + azH) + 3asH?
po +3H(ps + Ps) = Q.
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Reintroducing the scalar

Restore covariance by retarded and advanced time diffeomorphism:
Sett |8y auw] = Sett[8uvs A, Tr, Ta s
o retarded Stiickelberg trick: t, — t, + 7,(x):
g% = g% +28% o, + g O, Oy,
a® — 3% 4+ 2%, 7, + a" 9w, 0,7,
@ advanced Stiickelberg trick: t, — t, — m,(x):
8uv = Buv,
a2V,
Decoupling limit: slow-roll ¢ < 1 (even with dissipation & noise):
-a% + (g%°/2)ga" = 27, —20Mm,0u7a
guwa' — 2@, +4 6Hm,,
1+g% — 27, +(9,m,)%,

= recover Open EFTol & more: primordial GWs
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More on Open GR

Primordial gravitational waves

Transverse and traceless (TT) sector: g; = a*(t) (§; + hy), *zh"”:
4 Pl , V2 ;
/d Xy — ha{ CT?h;j—F(rT—I—?)H) h,-j

XT ; 5
+ ?@'mn (amhnj + 2H8mhnj) [\ﬂ%lh’f}

@ Speed of propagation c2; © Birefringence xr;
@ Dissipation I'; @ Noise S7.
Effects correlated with background and scalar sector [Lau, Nishii & Noumi, 2024]:

Seg D /d4xx/fg’y§féKWa’“’

@ Background with bulk viscosity: ¢ = 275°/3.

o Dissipation in tensor sector: 't = 27§,/ M3,.
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More on Open GR

Tensor-to-scalar ratio

Without birefringence (x+ = 0): define v =3/2+ 1 /(2H)

2
Ah

Bt
4 9
B e Tlor =T ()? Mg,

%
ME T — Dry — &
(vr )(VF ) BT £[1+(’)(£)}, for 't > H.
Mlil rr rr

—_— G IUOU
x10™

@ Thermal equilibrium:

BICEP/Keck: r < 0.036 ﬁT X rT T (FDR),
- S0t 7 < 0.01
@ What about
LiteBIRD/CMB-S4: r < 0.001 out_of_eq uilibrium?
0 2 10 60 50 100

T/H

BICEP/Keck bound: r < 0.036 = A7 < (0.002Mp,)*

e Backup Thomas Colas

for T+ <K H,

A n general, f7 o £(T7):
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More on Open GR

A glimpse on what to expect

@ Dissipative and stochastic Einstein Equations: G, +TD,, = T, + &
@ Non-conserved stress-energy tensor: V, TH” # 0
Phenomenology:

@ Background: Viscous cosmology & Interacting dark sectors
poe +3H(ppe + poe) =T and  pm + 3H(pm + pm) = =T
@ Clustering = redshift space distortion (RSD) and weak lensing (WL)
R) = —anGu(a, T pnle), KLY

@ Gravitational waves = GW production, propagation and dissipation
hj + Thyj + c2hj + X€imkmhy = Ty + &;

= —41GX(a, k)a*pm(6)

Rich phenomenology to explore,
eventually already constrained from data.
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More on Open GR

Including birefringence

2+ 1
[aﬁ-( nH ;X7k>an+k2

Analytic expression in terms of Appell F, function: ki = F—2L_ (v — 1/2)
\/I_X%—

G (kim,n') = Hn?8(n — 7).

4
2 _ Br/Mg, ! 1 . . 1 1
A2, = WFQ (3,2+V|—ni,Z+Vr+ni,2vr+1,2ur+1,$\/1X%_,i\/l ><ZT>

Recover instability band at low dissipation:

10"

0]
104 -
Keck: 1 <0.036

SO: <001

%)

=0

LiteBIRD/CMB-54: r < 0,001

1073 ==

10714

1077
0.4 06 08 1.0

0.0 0
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Late-universe: clockless example

Subset that preserves retarded time-diff: no dynamical scalar

Seft = /d4X\/jg(f1R;w + f2gu + 3Ty +hud.) @
= Very few ingredients! To lowest order, e.o.m. takes the form:
Guv + hiRguw = BT + B Tgu.
w.l.o.g., separating Standard Model, dark matter and cosmological constant:
Guv + Nguw = G [Tl + TN+ (WM TM 4 \PMTOMY g ]
If dark matter ~ perfect fluid, absorb APMTPMg  into equation of state wPM:

~ Gravitational Aether [afshordi, 2008] | Massive Gravity [isham, Salam & Strathdee, 1971]
Guv + Mg = Gn [T} + T + XM TNg,,, |
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More on Open GR

Blueprint for cosmological analysis win . mccarhy, act & s0]

Does not come from an action = evade [Lovelock, 1971] theorem;

@ Dissipative dark matter:

VAT =0,  VFTOM 4 ANy, TM =0,

@ To UV complete, need to find sector s.t. (V) = ASMTMg,,;

@ One-parameter extension of A-CDM =- data-analysis CMB + BAO.

Background =- Hubble diagram function of redshift z:

H(Z) \/QA + Qo (L + 2)30wDr0) 4 Qepr(1 + 2)30+wsn) [1 4 A(L — 3wswr)] -

Clustering = redshift space distortion (RSD) and weak lensing (WL):

k?(¢) = —4wGu(a, k)a®pm(6), <1/J + ¢>

5 —47GY(a, k)apm(0)
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