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Cosmological correlators

Credit: Quanta Magazine e
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Schwinger-Keldysh formalism
At first sight, correlators necessitate finite-time QFT

(©O(0) = Tt[p()0(0)] = [ dspsaln00).
with

. ¢/ . -z )
poo (t) = / Dy / Dy_ eSenlere-] ) )
Q

Q

Physical states satisfy non-equilibrium constraints [Liu & Glorioso, 2018]
i) Tr[p] =1, i) pt = p, i) p>0

which translate into

i) Sett [0+, 0+] =0, i) Sest [0+, 9-] = =S [0—, w+], iii) ImSes [0+, -] >0
Is Set[0+, P—] = Sunitlp+] — Sunit[e-] o
too restrictive? - = -
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Non—eq u i | i bl’i um a nd O pen Q FT [Kamenev, 2011], [Breuer & Petruccione, 2007]

Seff[90+7 90—] = Sunit [80+] - Sunit[SO—] + F[<P+7 90—]-

= 7
u& ty

t;
A
—

1) _
elSunitlo+]

Mixing between the branches of the path integral: non-unitary effects:
= Dissipation, decoherence, thermalization, entropy production, - - -

Top-down: in cosmology, many situations in which Flp,, p_] does not vanish.

Do EFT techniques have something to tell us about these effects? = [2404.15416]
When do unitary effective evolutions emerge? = [2411.09000]

How do we do physics with mixed states & information losses? = [2406.17856]
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Brownian motion
Outline

© Open EFTs

@ Brownian motion
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Open EFTs Brownian motion

Single scalar

In Keldysh basis: retarded ¢, = (4 + ¢_) and advanced ¢, = ¢ — p_

Unitary part Dissipation Noise
| 1

Sett[ipr, pa] = / d*x (@rpa — 20ipr0' pa + YPripa + iBP32)

@ Unitary part: S,[o1] — S,[w—] with usual kinetic term.
@ Dissipation: —% [ d*x (¢4p— — @4$_): no in-out counterpart.

© Noise: even in ,, requires Hubbard-Stratonovich trick:

exp </d4xﬁ¢§> :J\/o/DE exp [/ d*x <f; + f&Pa)} :

Langevin equation: stochastic differential equation

Gr + 79, + k20, = ¢ with  (¢%) =28.

G <1, 7 =0, p=0
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Open EFTs Brownian motion

Propagators

Causality structure:

Solr ©a] = —%/d4x/d4)/(<ﬂr(x)a¢a(x)) (50R _S%K) (i;g;)

Free generating functional:
2i—eo [ [t [ty 0, a0y (S67) S6) (4]
Retarded/advanced Green's function: how information propagates
DR o GR = s (x —y), D*o G* = d®(x —y)
Keldysh-Green's function: how the state is occupied
GK = i(G* o DX o GR + GR o DX 0 G*)
= —iGK(k; t,t) is the power spectrum.
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Open EFTs Brownian motion

Initial conditions (sieberer et a1, 2016
i€ prescription
DRIA = (8 £ €)? + 400 — 20?2,  —2iDX = if(k)e + iB
@ When v = 0: standard Feynman prescription

1 1 1 1
RIAC k- - - = _
G (ki w) (w F i€)? — c2k? 2k L}—(csk:tie) w—(—csk:tie)]

csk

with f(k) = 2n(k) + 1 and n(k) = (e ™ — 1)~1: initial occupation.

@ When v # 0: dissipation leads to initial conditions erasure

1 1 1 1
G Ak w) = — =— -
(kiw) w? + iyw — c2k? (we —wi) |w—w-  w—wy

with wy = —i(v/2) £ \/c2k? —42/4 = if v > 0, then Imwy < 0: stability.
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Open EFTs Brownian motion

Interactions (ema & mukeids, 2024]

ﬂ%ﬁ

A A A
Sunit[SO] D) */d4x3'@ , = Seff[S@hSDa] D) /d4X <290%§03 - 2)

Correlators computed in perturbation theory using standard in-in rules

t 8 ¢ —iGK(k,t,t")

% oy =GRkt

\l VAN

[
// to Z> AN
tol-— igf dt

i,
—oo(1xki€)

1 DZ

to
D, = ;\ / dt [GK(kl; to, t)GK(kg; to, t)GR(k3; to, t)] + 5 perms
—oo(ltie)
AP
D, =—-2 dt [G®(ku; to, ) G (ka; to, £) G" (ks; to, )] + 5 perms
24 —oo(ltie)

Using unitary propagators, recover standard results upon summing all diagrams
]
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Time translation pongo et o 2018
Sunit [¢+] invariant under

P+ (t,x) = @' (t,x) = o+ (t + e+, %),
but Seg [¢4; ©—_] is not due to non-unitary effects:

€

a
€. =——
2
_ . —
(in| << (in| <<
. N\ o QA AV
_ N ) , N )
lin) —g lin) ®
Ea
€y TE- =6 €, =—

Consider the €, broken symmetry:
pr(t.x) = @(t.x) = pr(t,x) + 2 ea(t,x) + O ().
Pa(t, x) = @5(t, x) = pa(t, x) + eapr(t, x) + O (Eﬁ) :
o Invariant operators: ¢, 0 0'pa,  @ioa + 3/12,
@ Symetry breaking operators:  ¢,0,, 92, @3,
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Open E&M
Outline

© Open EFTs

@ Open E&M
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(OIILNSS N Open E&M

Open EleCtrom agnetism [Agiii Salcedo, TC & Pajer, to appear]

Dissipative theory for a massless spin 1 photon: theory of light in a medium.

Keldysh basis:

1
AH 5(Ai+A“) at = Al — A"
Retarded gauge transformation e, = e_ = €:
AF — AP 4 OMe at — at.

Gauge invariant functional: constructed out of FF = gFAY — O¥ A* and a*.

S1= / [2%ikiFO + ai (v2F% + v3iki FT + ~yae’y F1) E/ M, A",
w,k w,k

The theory is dissipative < M is non-Hermitian.
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(OIILNSS N Open E&M

Retarded and advanced gauges

@ 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.
51 remains unchanged under

AP — AP+ € kM, at — al' + e vH.

Advanced gauge redundancy allows us to reduce number of advanced components.

Maxwell: v, = —iw, 3 =—c?= -1, Y4 =0,

= M Hermitian, v* = k*: two copies of E&M gauge group [Akyuz, Goon & Penco, 2023].
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(OIILNSS N 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: 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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(OIILNSS N Open E&M

Noise constraint
Add some noise: N, positive semi-definite

S= /d4x [a* M, AY + ia" N, a"],
Hubbard-Stratonovich trick:

2= [a) [0 [D61e0 | [ i (i -6) - v ye

Advanced gauge symmetry induces noise constraint:
vF(ju +&u) = 0.

Crucial ingredients for understanding stochastic systems
in the presence of gauge symmetries.

= covariant gauges, propagators, interactions, anomaly, - - -

_ Open Effective Field Theories Thomas Colas 14 /24



(OIILNSS N Open E&M

Recovering electromagnetism in a medium

From S.g, obtain modified Gauss and Ampere laws

555:f =0 = VE=j+&,
5;;? =0 =  pE+uVxB-2uB=j+¢
Properties:
@ Dispersive medium: n=v/c=1/\/—73;
@ Dissipative medium: v, = —iw +T;

@ Anisotropic medium: q4;

@ Random medium: & and &.
Dark matter & dark energy: medium through which light/GW propagate:

From Open E&M to Open GR?
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Open EFT of Inflation
Outline

e Applications
@ Open EFT of Inflation
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Open Effective Field Theory of Inflation g ssicew. tc & pajer, 2104 1516

Decoupling limit + derivative expansion (up to one 9/field):
Building blocks: t + m,, m,, 0, (t + 7/), 0uTa.

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

Kinetic term

L}
SOH —/d*x\/ {ﬂ,m, cff)m,.aiwﬂ
vt i [t = (52— 002+ o O] |

Dissipation Noise

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

EFTol: LD (2 —1) [-27, + (9um,)*] 7,
Dissipation : LDy [—27’1’, + (8N7r,)2] Ta
Noise : LD ifs(—7a+ 8#7r,5‘“7ra)2
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AGIIIETI 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.”
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CranEAr i
Bispectrum shapes

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

@ Regularized divergence;

@ Consistency relations.

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

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

‘\\V 00
.vazded\ K Folded

07
02 04 06 08 10 X:‘EE i 02 04 06 08 10 '3
e
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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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Open EFT of Dark Energy
Outline

e Applications

@ Open EFT of Dark Energy
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ALIIEII I Open EFT of Dark Energy

Beyond CleCOU pI i ng [Agiii Salcedo, TC & Pajer, to appear]

Main challenge: include metric perturbations

_ &+t 8-
2

Retarded unitary gauge:

:g+6g, and 3:g+—g7:(sa

Retarded gauge fixing removes perturbations in one clock
Open theory invariant only under diffs that are identical in each branch

To(t,x) = = [me(t, x) + 7 (t,x)] =0

4
2

Sett[guvs @y, ma] = an with Sn= O(afw’ﬂ'g)v p+qg=n

n=1

with
S = / d4x\/7—g{0[diff—inv (guv) @] + O [diff-inv (guv ) 7a]
+ O [space-diff-inv (g, ) a*”] + O [space-diff-inv (gu. ) 7] }
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A minimal implementation

Seﬁ = Sf(t) + 5/\(t) + Sc(t) + SSET + Sdissip + Snoise + -
Universal part:

2

M*
Sf(t) E/d4X\/—g

2 2
f(t)Guwa™” + %f(t)g””éaﬁ’w + ";’*if(t)Rwa] )
A(t) ;
Sa(e d*x/— 5 ——guwa — Nt)m. |,

c(t y ,
Ser) = / d*xv/—g [9googuua“ —c(t)a” - c(t)go"mzc(t)g"“aﬂa],
Minimal coupling:

SSET = _,/d X\ — TWa 5

Dissipation and noise in the scalar sector:
_ 4 00 4
Sadissip = —/d xv/—gl(t)g ma, Shoise = /d X\/— /Bﬂwa,
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Oen EFT of Dark Energy
A glimpse of what to expect

Background: Interacting DE/DM sectors (f = 0):
poe +3H(ppe + ppe) =T and  pm + 3H(pm + pm) = =T
= an embedding for Interacting Dark Energy models (?)

Perturbations: modified (dissipative and stochastic) Einstein Equations

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

k2@ — 47 GY (3, k)2 pim(S)

K2 () = —4mGpu(a, k)a* pm(6),
@ Gravitational waves = GW production, propagation and dissipation

Rich phenomenology to explore,
eventually already constrained from data.
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Conclusion

Summary

Open EFT are EFTs for finite-time QFT:
@ dissipation & noise;
@ entropy production & information losses;

@ decoherence and (lack of) thermalization.

In this presentation:
@ Brownian motion: basic structure, NEQ constraints;
@ Open E&M: gauge symetries in stochastic QFT;
© Open EFTol: inflationary phenomenology in the decoupling limit;
@ Open EFToDE: away from decoupling: DE and GW phenomenology.
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Outlook

© Strengthen:

e Loop corrections, renormalization & power counting;
o Locality and its eventual breakdown.

@ Explore:

o Close-from-equilibrium: approach to thermalization;
e Far-from-equilibrium: non-equilibrium steady states.

© Extend:

e Bootstrap non-unitary evolution;
e Bound EFT coefficients.

Thank you!
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Outline

@ Origin
© Construction

@ Phenomenology
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Outline

@ Origin
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Ingredient 1: In-in formalism

Schrédinger picture: consider some observable

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

and some unitary evolution operator U(n, 1) so that

~ . ¢ _
(W(n)) = U(n,m0) [BD) with  {¢| U(n,m0) [C1) = i D [@] ™11,

If S[P] =S¢ [(], see Donath & Pajer, 2402.05999:

(Qm)) = / d¢dCidGa [¢(x1) - C(xa)] [(¢] U(n,m0) 1¢1)] [{G1IBD) (BDIC2)] [ (Gl Ut (1,m0) 1€)]

S §
= / d¢dGdG [¢(xa) - C(xa)] [ DI¢H] [ DIC-]eScl =51 |BD) (BD|(2)
¢ 2
(in| <a
X
|in)

(+) branch : e¢l¢+]
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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):

¢ ¢
n) = / d¢dGdG [C(x) - C(xn)] | DIe+] [ Dle-]eelerdBele-Thiswleric -]
<1 &2

i) effective action

(in| <
elSiplfe ) —4m8 —— ;é O“'" > Ny

in
" ~ (+) branch : eSerFrld4]

ii dlssmatlon
iii) noise

What are the rules obeyed by Sip[(+;(_]?
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Ingredient 2: The EFT of Inflation (cheug et st 2008

© General perturbed FLRW universe: ¢(t, x) = ¢o(t) + do(t, x);

@ Unitary gauge: choose slicing t = t(¢) such that d¢ = 0;
%o 5
V(002 V-g®

¢o(t) = time translation is broken: invariance under 3d spatial diffeo only!

© Unit vector perpendicular to slicing: n, = — —

Allowed terms:
@ 4d covariant terms (R, ---);
@ time dependent functions (A(t),---);
@ contractions with n,, (g%, R%,---);

@ extrinsic curvature Ky, = (g,” + n.n?)Vyn,.

5= /d4x\/_7gF(Rmegoov Kuuv: Vi, t).
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Decoupling limit

/ A'xV B AMBR A1) — e(0)6® + LME(O)(38™): + % ME(0)(08™)
R0

(58%)0K*, — Mzz(t) (5K%)° — M3(t)6K“ 5K, +

Reintroduce scalar field by performing a time-diffeo t — t + 7(x):
@ 4d covariant terms do not transform under time diffeo;
o A(t) = A(t +7) = A(t) + A(t)m + JA(t)m? +
0 g0 — g% 4 2g%9 1+ g9, md,m and 6K — IK — 3HT — 9,0"~.

Two simplifications:
@ Slow-roll: Mixing 7/8g small as long as E ~ H > Epi, ~ €/?H;
@ Derivative expansion: 6K tower < §g°° tower.

= enough to construct the theory out of 0, (t + 7).

What if w(x) also experiences dissipation and noise?
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Outline

© Construction
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Constructing bottom-up Open EFT jagi saicedo, Tc & pajer, 2008 15016

DeVeIOp Open EFT fOr inﬂation, bUIIdlng ON [Lépez Nacir, Porto, Senatore & Zaldarriaga, 2011]:
@ Low-energy degrees of freedom;
@ Physical principles and symmetries = most generic functional;

© Radiatively stable power counting scheme = finite number of operators.

Step 1: Nambu-Goldstone boson of spontaneous breaking of time-translation
symmetry by inflaton background [cheung et ar, 2007].

In-in formalism: double fields for 4-/— branches of path integral: 7+ = 7, + %.

Z[Jy,J ] = /DTF+D7T eisunit[Tr+]*f5unic[ﬂ'—]+i5non—unit[ﬂ'+ﬂf—]eifd4x\/—gJ:HT:(:
,J-]= _

(inl —
X )

lin) ——b

Ta eiSunit[Ter]
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Construction

Non-equilibrium constraints i & cierioso, 2019

Step 2: Requiring Open QFT originates from a unitary “closed” UV theory:

i) Tr[p] =1, i)pf=p and iii)p>0

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

l) SGH [’/T+, 7T+] = 07 Seff [ﬂ—ry Ta = 0] = 0;

ii)  Sem[mi,m]=—-Seg[r_,m], Sett [7r, ma] = —Sig [7r, —ma]

ii) JmSes [r4,7-] >0, JmSes [7r, ma] > 0.
Consequences:

Q Scg [7r, 2] starts linear in 7,;
@ Odd powers of 7, are purely real; even powers of 7, purely imaginary;

© Positivity bounds on the noise coefficients.

= Already reduce the scope of available Open EFTs
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In-in coset cONStrUCLION [Hongo et ar, 2018, [Akyuz, Goon & Penco, 2023]
Sunit [T+] invariant under
m(t) = wl(t) = T (t + ex) + ex,

but Spon—unit [T+; 7—] is not due to non-unitary effects G x G- — Gyjag:

€,

—a

2
. . ,J:—
(in| f \tf ) w \tf
lin) — J lin) m j

€
€, =¢c =6 €, = ?‘1
m(t) = 7 (t) = 7 (t + €) +er, ma(t) = wh(t) = ma(t + /).

Building blocks: 75, t + m,, 0,ma, Ou(t + m,).

Step 3: Locality: strong assumption yet necessary for truncatable power
counting scheme.
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Open Effective Field Theory of Inflation

Decoupling limit + derivative expansion (up to one 9/field):

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

Kinetic term

L}

SPﬁ —/d4x\/ {Wﬂrﬂ cz&-mﬁ”ﬁru
vt [k = (52— 00 2+ o 0] |

I;issipatior: Noise
@ Cubic order: 1 — 13 EFT param: EFTol famous for relating operators at
different orders because of non-linearly realised boosts [Lopez Nacir et a1, 2011].
EFTol: LD (¢ —1) [-27, + (9,m,)*] 7,
Dissipation : LDy -2+ (5H7r,)2] Ta
Noise: L D ifs(—7a + 0,m,0"7,)?
Recover and extend EFTol construction.
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Outline

@ Phenomenology
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Phenomenology

Free theory and propagators

Free theory path integral: N
- 0 ifd4Xﬁ(ﬂ,,ﬂa)<£ DA) ( ) + [ dx(Upmotdama)
Z[Jr, Ja] = / Dﬂ,/ Drae Dr 1Dk
Q Q

Propagators: retarded/advanced G*/# and Keldysh-Green GX:

@ Dissipative retarded Green function:
™ 3 H
6" (kins,me) = 3 H )t ()™ o [HY) . (—kn)HS) . (~kne)) 00 —2)
2 2 2+2m 2

@ Keldysh-Green function (A, and B, complicated combin of »F3):

2B2
GK (K m,m) = i 1(771772)% lH?Re[H(;il(—km) ¢
272 2

) (—kn2) Ay (—kn2)
+2m

~HY) (k) (—ki)B ()| + (m > )

EP
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Dissipative power spectrum

Symmetries ensure existence of nearly scale invariant power spectrum:

A H{ (H)}
1 3 2 + O , > H,
2 _151”’4 1+ (§+lH) (5+%) H2f4 Y 7
Ak =572 5 x
H? £ Fri+25)r(3+3) 8y H o(2

= A% = 1072 obtained by imposing hierarchies of scales.
@ Imposing thermal equilibrium at temp. T (KMS symmetry: 51 <~y T):
THY &
2
A x ﬁfj‘r‘1 / Y
= recover warm inflation predictions [Berera, 1995], [Montefalcone et al., 2023].

@ Extend to scale-dependent noises [, 34 # 0: also scale invariant

1o 5)*2” L for i(Ba— )2,
A2(k) D 4C3 r(z)r(G+4) to
4 r _l_;’_l r 3_;’_1 2
R e e
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. Backup

Phenomenology

Interactions and non-Gaussianities

3
(Cky Cp Cies) = I;I@ (T Ty Ths) = (27)°0 (k1 + ko + k3)B(ku, ko, ks).

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

/ \ | / n 77/ —iGE (k)
4 + N7 N—--- 77/ 7'L'Gn(k': n,1)
// \\3// / )
Dy D,

I [ dn/
neI—— 9 I
S —oo(1+tie) (H’r]/)’

Contact bispectrum:

H® g o dn
B k17 k27 k3 = ((=f nk+ng+1 /
( ) ( ) fT? H#=ra (1£ie) 7’]4_"d

D({ki},dy) [G"/"(k1,0,7)G*/% (k,0,7)G"(ks,0,7) + 5 perms.]

25(k17X2k1,X3k1) 5 B(kl,k27k3)
= _ 7 fNL(ki, ko, k3) = = .
S(x, x3) = (x2x3) Blki, ki, k) NL (K1, k2, k3) 6 P(k1)P(kz) + 2 perms.
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Phenomenology

Flat space intuition

Contact bispectrum B(ki, k2, k3) ~ Poly, /Sing, with E] = \/c2k? —~2/4
Sj —|EY + EY L EY 3. 2 EY E’Y. EY 3. 2
lng'y_| 1 TE + 3+§"7| x|—E'+E +E +§"7|

v 3 \ 3
x |E) — E) I+ EJ + 5i’y|2 x |[E) + E)— EJ + Ei’y|2,

X Squeezed y =005 Equilateral Squeezed y=5 Equilateral
Fi =x. S(xg, x3) X2 S(x2, x3)

10

\\V 0

07

05

LN e s oo

o3
0.1
Folded

02 04 06 [ 10 '3
RS

3
xX3=—
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Folded\
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= at small dissipation, peaks when k; & ko &+ k3 = 0, i.e. folded triangles.
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Fingerprints

Smoking gun: peaks near folded triangles when v < H

(=]

— =008 05
— y=012
— 1=016

00

00
00 02 01 06 05 10 00

@ May T intermediate péék in the small dissipation ergime;

@ Sing, regulated: different from non-BD ICs [chen et af, 2007], [Holman & Tolley, 2008;

© Squeezed limit goes to zero because of symmetries (consistency relations).
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Phenomenology

de Sitter bispectrum: shape function

Analytical results hard to reach = mostly rely on numerics.

Main features unchanged:
@ v > H: equilateral,
@ v < H: folded;
@ Consistency relations;

@ Regularized divergence.

1.0

Convergence in the sub-Hubble regime:

—/(iklikZi/q)n
g

+32
tim

i
h — .
< 00 when H>0
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de Sitter bispectrum: fyi, heuristic estimate

. . . £2A
@ Adiabatic perturbations m, ~ % freeze at ii/-/ ~ \/H—:,'l;
@ Noise-sourced dynamics m, ~ %ﬂa = dominant quadratic term: a*g;72.

Estimate non-Gaussianities from fy  A¢ ~ L3/(a*B172):

1
—7'( 7Ta—>fN|_N 557r7r %fNLN&

v 2 1~
—(0; = L~ = —, _ .
fﬂ%( /7Tr) Ta NL 052 H f2 H+~ f2 e

eq
IxL

s o7 O
100 4 ’,/’ e 7'\',2.7@l
‘,a/ e ir,.ﬂﬁ
________ Ao --= 7
4
102 10~ 10° 10! 102
v/H
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Matchin & with [Creminelli et al,, 2305.07695]

UV completion: inflaton ¢ + massive scalar field x with softly-broken U(1):
5 [[atevTE| MR - 3 008 < V(6) - o 4 M

a * * 1 *
—“T¢(x8“x =X'0'x) = 5m* (X + x 2)}

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

Dynamics described in terms of a non-linear Langevin equation

a?m?

1 / 2 ” '
7 +(2H+y)ar — Oim ~ 3 f[(aﬂ) —2ném ]— 7 <1+27r§apf>505,

with non-Gaussian noise d0s = completely equivalent to
St = /d4 {a T — csa 2910, — a° T, + iﬁla47r§

8v2 — J61 13
% 207, + —L 2% (9ym,)? walefg a*mm §+f§ a* 3]

+
212
. Backup Thomas Colss  24/24



Conclusion

Summary and prospects

@ We developed a systematic Open EFT for inflation building on previous
WOI’k by [Lépez Nacir, Porto, Senatore & Zaldarriaga, 2011].

@ Assuming locality, the resulting EFT is easy to write and can be studied in
perturbation theory.

@ Smoking gun signal are peaks in the bispectrum near folded triangles in the
small dissipation regime.

@ Our formalism is a starting point to study dissipative and diffusive effects in
primordial cosmology and beyond.

Future directions:
@ Theory: beyond decoupling, tensor modes, dark energy - - -

@ Observations: constraints on EFT parameters (e.g. folded bispectrum).
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Outline

@ More motivations
© More construction

© More phenomenology
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Outline

@ More motivations
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Why Open EFTs?

Yij

{l R

UV sector <=

entropic dir. &7
Model

EFT

+ 4
{UV

EFTs focus on
ing

while encod-
in free coefficients.

@ EFTs are useful middle grounds between observations and models;

@ EFT of Inflation [cheung et a1, 2007] embed single-clock models. Extensions?

@ Relaxing unitarity open doors to dissipation and noises.

Open
| Quantum

@s

¢

Open
EFTs

Effective
Field
Theories

&

Dissipation and
noises

Scale hierarchies
and symmetries

Appendices

Open EFT
of
Inflation

EFT of
Inflation

Single clock

odes Local dissipative

models

Stochastic and
warm inflation

Thomas Colas

24 /24



Why Open EFTs?

Yij .
ZIR
UV sector <3 System EFTs focus on while encod-
b ing in free coefficients.
entropic dir.

Environment

@ EFTs are useful middle ground between observations and models:

e A convenient parametrization for degenerate models;
o Test physical principles rather than microphysics: bootstrap.

@ The EFT of Inflation [cheung et al., 2007]:

e Provides an embedding for many single-clock inflationary models;
o I well-motivated classes of models which do not fit this description.

© To embed them in an EFT, we need to relax assumptions:

e Main inputs: symmetries, locality, unitarity;
e Relaxing unitary open the door to dissipation and noises.

. Appendices Thomas Colss  24/24



More motivations

Ingredient 1: In-in formalism

Schrédinger picture: consider some observable

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

and some unitary evolution operator U(n, 1) so that

~ . ¢ _
(W(n)) = U(n,m0) [BD) with  {¢| U(n,m0) [C1) = i D [@] ™11,

If S[P] =S¢ [(], see Donath & Pajer, 2402.05999:

(Qm)) = / d¢dCidGa [¢(x1) - C(xa)] [(¢] U(n,m0) 1¢1)] [{G1IBD) (BDIC2)] [ (Gl Ut (1,m0) 1€)]

S §
= / d¢dGdG [¢(xa) - C(xa)] [ DI¢H] [ DIC-]eScl =51 |BD) (BD|(2)
¢ 2
(in| <a
X
|in)

(+) branch : e¢l¢+]
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More motivations

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):

¢ ¢
n) = / d¢dGdG [C(x) - C(xn)] | DIe+] [ Dle-]eelerdBele-Thiswleric -]
<1 &2

i) effective action

(in| <
elSiplfe ) —4m8 —— ;é O“'" > Ny

in
" ~ (+) branch : eSerFrld4]

ii dlssmatlon
iii) noise

What are the rules obeyed by Sip[(+;(_]?
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Ingredient 2: The EFT of Inflation (cheug et st 2008

© General perturbed FLRW universe: ¢(t, x) = ¢o(t) + do(t, x);

@ Unitary gauge: choose slicing t = t(¢) such that d¢ = 0;
%o 5
V(002 V-g®

¢o(t) = time translation is broken: invariance under 3d spatial diffeo only!

© Unit vector perpendicular to slicing: n, = — —

Allowed terms:
@ 4d covariant terms (R, ---);
@ time dependent functions (A(t),---);
@ contractions with n,, (g%, R%,---);

@ extrinsic curvature Ky, = (g,” + n.n?)Vyn,.

5= /d4x\/_7gF(Rmegoov Kuuv: Vi, t).
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Decoupling limit

5= [ dx/ =R [FMER — AGE) — (0™ + SMAOGE + 5 MO0’

Ml(t) > M3(t)

0K OKY, +

00 K MQ(t) iz
(68™)dK", — > (6K%)" —

Reintroduce scalar field by performing a time-diffeo t — t + 7(x):
@ 4d covariant terms do not transform under time diffeo;
o A(t) = A(t +7) = A(t) + A(t)m + JA(t)m? +
0 g0 — g% 4 2g%9 1+ g9, md,m and 6K — IK — 3HT — 9,0"~.

Two simplifications:
@ Slow-roll: Mixing 7/8g small as long as E ~ H > Epi, ~ €/?H;
@ Derivative expansion: 6K tower < §g°° tower.

= enough to construct the theory out of 0, (t + 7).

What if w(x) also experiences dissipation and noise?
] Appendices Thomas Colas 24 /24



The problem

@ Start with unitary evolution:
proao () = ('@ ([ p(n) [7) @ ) = W [, o] " [, 0]
@ Integrate out o: cannot write the state of 7 as a wavefunction

pww’(n) # Vied [7T] w:ed [7T/] :

@ There is an extra piece which does not obey the rules of unitary EFTs.

How can we understand it?

. Appendices Thomas Colas
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Top-down approach

giselerc ] _ 3 /Fp[a]/zD[f]

F,F1,F2

S F T+ iSine [CiF 4] —iSF [F-]=iSine[¢ 7] (F1| pr.o|Fa)

Suitable for perturbative expansion, e.g. Sin: [(; F] = g [ d*xJs[¢]Je[F]

iSte [¢+i¢-] / d*x / d*y 06 ) () +

with
Gi—(x,y) = (Je(x)e(y))o = G* 1 (x,¥)
Gt (x,y) = (TTe(x) e ()0 = G (x, )

Environment encoded in unequal-time correlators: <ka(n)kal(nl)kaz(nz)>,,
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More motivations

An exam ple from [Agiif Salcedo, Gordon Lee, Melville & Pajer, 2022]

1 1
Lyv[o, x] = (‘%) - *m 207 — 5(3X)2 - §M2X2 — gM¢?x
Amplitudes Correlators
2 2 n Beven Bodd
g g S 4,n 4,n
p e~ e 2 (1) B X T

WZZ V +277

No unitary local EFT can reproduce the low energy expansion for By.

Appendices
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More motivations

Relevance for cosmology

Integrate out:

Yij
P> Cir o ;
UV sector ¢ System ° .
Y o ;

entropic dir.

) Suv
Environment

and write an EFT for
Which properties depend on the microphysical details?
Physical principles strongly constrain the system dynamics [Baumann et al, 2022]:

@ Symmetries: near scale invariance, soft theorems [Hui et al, 2022];
o Locality: Manisfestly Local Test [Jazayeri, Pajer & Stefanyszyn, 2021],

@ Unitarity: Cosmological Optical Theorem [Goodhew, Jazayeri & Pajer, 2021].
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More motivations

Unitary vs. non-unitary dynamics

Closed/Unitary Open/Non-unitary
i
£ =N
r/Seff[(lR]\"v\
System g)
Environment Environment
energy and
- Z >< \ f § / = z \V +  information
p n losses and gains
Perfect fluid: Imperfect fluid:
S w>0 w.>0 .
@ [N .
h'
)
- <0 >
Shuid = / d'zF (det B) + higher s Credit: Guyon et al, 2012

Sert[Cir] local and unitary might not be enough: Reheating, BBN, EFTofLSS, - --
_ Appendices Thomas Colas 24 /24



Open Effective Field Theories

@ When integrate out . Set[¢ir] local and unitary might not be
enough to describe

@ Non-unitary effects (dissipation & decoherence) capture energy and
information loss (or gain);

@ Many generic models, once coarse-grained, exhibit non-unitarity

evolutions (e.g. decoherence).

How do we incorporate these effects in EFT dictionnary?

T~

/ Open EF&
(non-unitary) \
\

[ Open a Effective Wilsonian \

. \

| Quantum pen Field || EFTs (unitary) |
\ EFTs . |

Systems Theories \ EFT of /

Inflation

~— Stochastic inflation
& 4 Warm inflation

Dissipation and Scale hierarchies

decoherence and symmetries
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Outline

© More construction
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More construction

Non-equilibrium constraints i & cierioso, 2019
Step 2: 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 [+, m—] = Sunit[m+] — Sunit[T=] + Snon—unit[m+, 7—]:

1) Seﬁ [7T+7 7T+] = 07 Seff [ﬂ—r,ﬂ-a = 0] = 0,
H) Seff [TI'+, ﬂ-—] = - e*ﬂ [7T_,7T+] ) Seff [ﬂ'r, 7Ta] = — ;ﬁ [ﬂ'r, —7I'a] ;
iii) JmSeq [y, m-] >0, JmSes [7r, ma] > 0.

Influence functional as a transition probability [Glorioso & Liu, 1612.07705]
eenlror] — @i (1))l (¢)

where Q8™ (8)) = U(t, to; {m 1) 1), QY (1)) = (Qo | U (¢, to; {7 }).

@it ey =1, i) e @l @t = @ @reltt @),

and i) (2" ()L (eI < 1.
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More construction

Broken time-translation: a bottom-up Wilsonian EFT
A scalar field breaking time-translation symmetry

(6(t.x)) = 6(t) with & #0.
Nambu-Goldstone mode [cheung et al., 2007]
¢(t, x) = o[t + 7(t, x)]
transforms under time-translations as
7(t,x) — 7' (t,x) = w(t + €, x) + €.

Effective action is constructed from t 4 m(x) and its derivatives:

1 : n
St = -5 /d4x a1(0,7)* + Z ap [=27 + (9,m)?]

n>2
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More construction

Time-symmetries and open systems oo et a1, 2015

Influence functional:

pros = [amdns [ Dlr] [ Dl eSS o 50
™1 T2

Microscopic action S, [r4] invariant under

Wi(t) — W/i(t) = Wi(t + ei),

but Sip [74;7_] is not due to non-unitary effects:

Detailed balance: conserved Time reversal: broken
€
e =—2
2
. )
(in] <@ B Q" (in| <& Ex
in) in) ¢ - —
lin) @ |in) g
€q
€4 = €~ = €q e+=7
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More construction

Constraining the open dynamics

cl-q basis transform as [Hongo et al.2015]
() = [y (8) + 7 (8)]/2 = 7)(t) = m (t + €)) + €
ma(t) = m o (t) — m_(t) = 7h(t) = ma(t + €°),

@ Non-unitary Lagrangian constructed out of

Ta, t+ 7, and their derivatives

@ Semiclassical expansion (MSR formalism): 7w, = O(h°) and 7, = O(h)

Leg =Y Lo st L,=0(r])=0O(h")
n=1

© Physical constraints: [Glorioso & Liu, 2018]

Set [1r;ma=0]=0 Normalization

*

Seft [T o] = —Seqt [7r; —7a) Self-adjointness

Im {Seff [7,; 4] } >0 Positivity
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More construction

Effective open dynamics

o DiSSipatiOn O(h) fl\eI% ~ ’)/]_/H in [Lépez Nacir et al., 2011]

Kinetic term Dissipation NL ext.
Ir ] ] 1 I 1l

. 2
EIIJO — —013”7&13”7&1 +m —27TC1 + (8;[71'(',1) } Tq-

e Diffusion O(hZ) fl\e}% > O(].O) in [Creminelli et al., 2023]

Diffusion Non-standard noises NL ext.
| ) " | )

1 —
L5 = {/317T + 532 (0;17r<1) + B3 (=g + 0" Ta0pmq) Tq + - }

Higher order: multiply operators by powers of —27, + (8M7r,)2, e.g.

n—1
L1 L0 = ap (—ita + 0"m,0,m,) |27, + (aﬂ,ﬂ

n=2

«,'s dynamics invariant under both ¢, and €,: unitary evolution
— Appendices Thomas Colas  24/24



Constructing bottom-up Open EFT jagi saicedo, 7c & pajer, in prep)

DeVeIOp Open EFT fOr inﬂation, bUIIdlng ON [Lépez Nacir, Porto, Senatore & Zaldarriaga, 2011].

X

In-in formalism: double fields for 4-/— branches of path integral: 7+ = 7, + %.

S T
T =Ty ——

2

(in

lin)

bt iSynitl™
n+:nd+7q e unlt[ +]

3 . . . 4
Z[J+ J ] _ /DTF+D7T elsunit[7\'+]*‘Sunit[W—]+’51;oxl—ur;it[7\'+77T—]e'fd xv/—glymy
,J-] = _

Consistency and physical principles:
@ unitary “closed” UV theory [Liu & Glorioso, 2018]: i) Tr[p] = 1, i) pT = p and iii) p > 0;

@ coset construction for in-in [Hongo et al., 2018], [Akyuz, Goon & Penco, 2023].
Gy X G- — Gdiag;

@ locality: truncatable power counting scheme.
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Outline

© More phenomenology
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More phenomenology

Heuristic estimate

e

2 4 2 /1 2 2 i 3 / . 4 2
S(H) = /d x(a Ty — Cead O, 0'ms — aym,ma+ iB1a 7ra>

. . : fZAC csk Hi~.
@ Adiabatic perturbations 7, ~ 7% freeze at =0~ T

@ Noise-sourced dynamics 7, ~

B
A )

= Driven-dissipative harmonic oscillator:

R H c2a?0im O, 1 Sy, ol
—ra v — == ~1, — L re o .
a*pirl  H+7y atpm? a*Bim2  H+xy
Estimate non-Gaussianities from fyL A¢ ~ L3/(a*Bi72):
Y 2 2 1~ 104 &
ﬁa (8,‘71‘,) Ta — fNL ~ jﬁ’ 7
™ Cs Planck 2018: ff =26 +47 //
Y 2 2 2
ﬁa ﬂ'; Ta —r fNLNH77 10
105 5
% 37r;7r§ — fNL ~ é,
fz B1 ol
51 51
—2.347r3 —  fnL~ 7(H+’y).
fTr 1 10"3 100 u‘y‘ 11‘)1

v/H
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More phenomenology

Free theory and propagators

Free theory path integral:

T 0 l'fdAX\/jg(ﬂ',,ﬂ'a) </9 DA) < )+fd x(Jpmr+dama)
Z[Jr, Ja] =/ Dﬂ,/ Drae Dr 1Dk
Q Q

Propagators: retarded/advanced G*/# and Keldysh-Green GX:

@ Dissipative retarded Green function:

-
™ 3 2H
GR(k;n1,m) = 5H2(771772)2 (ﬂ) fim[ (éJ)rl( kny)HY) 1(—1072)} 6(m — m2)

2 27T2A 3t3m

@ Keldysh-Green function (A, and B, complicated combin of »F3):

232

GK (K m,m) = i ﬁl(mnzﬁ lH?Re[H(;il(—km) éil(—knz)Aw(—kflz)
2" 2H 2"2H

27T2H

~HY) (k) (—ki)B ()| + (m > )
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Dissipative power spectrum

Symmetries ensure existence of nearly scale invariant power spectrum:

A H{ (H)}
1 3 2 + O , > H,
2 _151”’4 1+ (§+lH) (5+%) H2f4 Y 7
Ak =572 5 x
H? £ Fri+25)r(3+3) 8y H o(2

= A% = 1072 obtained by imposing hierarchies of scales.
@ Imposing thermal equilibrium at temp. T (KMS symmetry: 51 <~y T):
THY &
2
A x ﬁfj‘r‘1 / Y
= recover warm inflation predictions [Berera, 1995], [Montefalcone et al., 2023].

@ Extend to scale-dependent noises [, 34 # 0: also scale invariant

o 4c3 (ﬂ — B2 )72H - (%) F( n 7) , for i(Ba — Ba)i2,
2 3 W T (24T (3+ )
, o 2T 2H 2 " oH) for 8202
2 fi rG)r(3+4)
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More phenomenology

Interactions and non-Gaussianities

3
(Cky Cp Cies) = I;I@ (T Ty Ths) = (27)°0 (k1 + ko + k3)B(ku, ko, ks).

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

/ N | 7 n n 6K (k)
; + NN N—-=-n  —iGRkn.)
// \3,’ S )

D, D,

). .o dn/
- 9 1
S —oo(1+tie) (H’r]/)’

Contact bispectrum:

H® g o dn
B k17 k27 k3 = ((=f nk+ng+1 /
( ) ( ) fT? H#=ra (1£ie) 7’]4_"d

D({ki},dy) [G"/"(k1,0,7)G*/% (k,0,7)G"(ks,0,7) + 5 perms.]
25(k17X2k1,X3k1) 5 B(kl,k27k3)

fnL(k, ko, k3) = = .
B(ky, ki, ki) Lk, ke, ks) = g P(ki)P(k2) + 2 perms.
_ Appendices Thomas Colas 24 /24
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More phenomenology

Flat space intuition

Contact bispectrum B(ki, k2, k3) ~ Poly, /Sing, with E] = \/c2k? —~2/4
Sj —|EY + EY L EY 3. 2 EY E’Y. EY 3. 2
lng'y_| 1 TE + 3+§"7| x|—E'+E +E +§"7|

v 3 ! 3
x |E) — E) + E] + 5i’y|2 x |E) + E) - EJ + 5i’y|2,

X Squeezed y =005 Equilateral Squeezed y=5 Equilateral
Fi =x. S(xg, x3) X2 S(x2, x3)

10

\\V 0

07

05

LN e s oo

o3
0.1
Folded

02 04 06 [ 10 '3
RS

3
X3=
08 10 ks

Folded\
04 06

= at small dissipation, peaks when k; & ko &+ k3 = 0, i.e. folded triangles.
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Fingerprints

Smoking gun: peaks near folded triangles when v < H

(=]

— =008 05
— y=012
— 1=016

00

00
00 02 01 06 05 10 00

@ May T intermediate péék in the small dissipation ergime;

@ Sing, regulated: different from non-BD ICs [chen et af, 2007], [Holman & Tolley, 2008;

© Squeezed limit goes to zero because of symmetries (consistency relations).
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More phenomenology

Summary on interactions and non-Gaussianities

H3
(Cy ChrChs) = _F<7Tk177k277k3> = (2m)35(ky + ko + k3)B(ki, ka, ks)

Squeezed v =005 Equilateral Squeezed y=5 Equilateral
X2 S(xg, x3) Y2 Sz, x3)
10

)
! 01
Folded Ny :
02 04 06 08 10 3= " 02 04 06 08 10 x:
—_—— : kl — :
10?
Constrained class of models:
Planck 2018: £33 = 26+ 47 /—7\
) in ,y > H: fl\?? — _26 :t 47 oz 10" 4 SPHEREX & MegaMapper, - /- = Z
iz L, "
; . ffol
o iny < H: figlded =7 e o
1004 /// L 270
S 7 —
Matching with [creminelli et ar., 2305.07695] A .
10-2 10! 00 it 10°
V/H
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More phenomenology

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 24 /24
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