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Non-unitarity

@ Start with unitary evolution:
proao () = ('@ ([ p(n) [7) @ ) = W [, o] " [, 0]
@ Integrate out o: cannot write the state of 7 as a wavefunction
Prr (1) # Wred [T] Wieq [7']

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

How can we understand it?
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@ Entropy measures

© Cosmological correlators
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Information conservation

Degrees of freedom?

Symmetries?

Information

Scale hierarchies?

Unitary or not?

Local or not?

conservation?

Information retrieval?

Bottom-up constructions?
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When unitarity matters

Sometimes, Sig local and unitary is not enough:

Energy not conserved

y
w:>0

WEFT [Dubovsky et al, 2011]

w->0

o I
% \

w-<0

Stuia = / d'zF (det B) + higher d’s

U
i

NEQ EFT [Glorioso & Liu, 2018]

o

5’

Credit: Guyon et al, 2012

= dissipative effects (energy or information losses) can be crucial.

@ Scales are dynamical: UV/IR mixing;

What about cosmology?

@ Lack of stationarity: out-of-equilibrium system;

@ No well segregated energy sectors.

Goal: Extend EFTs to account for dissipative/non-unitary effects in cosmology

_ Non-unitary effects in the early universe Thomas Colas

5/23



-
The Holy Trinity of Open Systems

What happens to a system immersed into an environment? [grown, 1827]

Effects of environment encoded through noises.

|Classica| Brownian motion‘ ‘Quantum Brownian motion |
|Stochastic Schrédinger equat'\onl
dO = {H,O}dt +d¢ |dy) = —i [i_\l@] dt+ d?

iy :

e - J
Wiener path integral wiener, 1923] 3 Fokker-Planck equation| ||"'ﬂ“e'1ce functional [Vernon, ‘959]| R
_ iScla.l dP Prea [C2) = /'D iSclC -5 dpre .
P= /Dque clarlp(ty) <:> & LeelP) (G1l Prea IC2) | Déxe Pred _ Llprea]

a &S (G2 a
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Motivations
Model impact of:
(R ° ;
UV sector System o ]
entropic dir.
o ;
Environment
on using Open EFTs.

@ Technical: Open EFTs may go beyond Standard Perturbation Theory (SPT) by
implementing late-time resummations [Boyanovsky, 2015], [Burgess et al., 2015], [Burgess, Holman &
Tasinato, 2015].

@ Conceptual: By assessing departure from unitarity, Open EFTs improve our
understanding of the emergence of unitary descriptions [Kaplanek & Burgess, 2022], [TC,
Grain & Vennin, 2212.09486].

© Phenomenological: Non-unitary effects leave signatures on cosmological

observables = If neglected, there is a risk to misinterpret the physics [Lopez Nacir et
al,, 2011], [Creminelli et al., 2023].
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Early universe phenomenology

System s Quantum fluctuations of (C2) = H2(72)
{=-Hm leads to ((6T/T)?) ~ @i
Environment o
Minimal framework: EFT of Inflation [cheung et at. 2007): §g%° = —27t — 72 + (9;)?/a°

5= [ atev=a [ @ume) - SMEO0E™) - M"Y+

Extensions: Scalar hidden sector [assassi et al., 2013], [Jazayeri, et al., 2023]
S, = —/d4ijg [% (8u0)* + %m202 + po’ + - }
Interactions: Fixed by symmetries
Spg = / d“x\/fg[/\?fdgma + M (6g%)%0 + M25gP0? + - }
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@ Entropy measures
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Entropy measures

Purity and entropy measures

Corrections to the observables leads to
corrections to prea = Trep

<O(7l) / dTIl/ dmz - / ) dnn [ﬁint('fln)’ [ [ﬁint(nl):a(n)]]] >A
P

0

leads to

n—1
Aon(m) = (=i)" "Trs/ dm/ dr - / dnn [Hine(m), [+ -+ [Hint(mn), p0] ]|
From pred, quantify amount of information shared between system and environment
~ ~ 1 ~
Sent = —Tr [pred log prea] = lim S, with  Sg= ——Tr[p — p]
q—1 qg—1

Focus on purity v =1 — S, to assess non-unitarity: if v < 1, system has decohered.
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Entropy measures

Linear interactions [TC, Grain & Vennin, 2212.09486]

At linear order: entropic and adiabatic linear mixing of multifield inflation.

System Environment Interactions
I 1 0 1 T [

. 2
s(@) — / d4x% a2 _ (8 7TC) o2 (8,-0) — m?a%e® + parnLo

Does an entropic sector lead to quantum decoherence (v < 1) of the curvature
perturbations?

Gaussian systems: purity v fully determined by det X [serafini et al., 2003]

(72) {Fe, Pr.})
> = (<{wc,p$}> (B2)q Q)

with pr. conjugate momentum and Q Bunch-Davies vacuum.

Solve numerically and analytically in asymptotic regimes (exact).
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Entropy measures

De(re)coherence phenomenology

1.0 A
0.8 1
0.6 - Fast decoherence 1;
X = >
/(2) o P aH
=T
0.4 4 pi
— p=0.5H
..... p=H
0.2 4
— m=0H
—— m=+V2H
0.0 4 = 2H

@ _ oo PH K
Tk =k H2 m3 aH
Recoherence

Slow decoherence

2
@_q_ 10 2k
v =1 lee (aH)

=5.0 -2.5

1

3/2—v’ v=

o) X

O

0.0

m?2
CH?
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5.0 7.5

In(a/a.)

and

oh X
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cos(,uln ai) m?2
x

P A H2
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Entropy measures

Purity as unequal time correlators pwin c. kapianek, in prep]

Is the recoherence mechanism robust to the inclusion of non-linear interactions?

For Liny = A(t)f(7c)g(o), second-order perturbative purity:

_ Coupling _ System Environment
[ Il I I | |

dg(:) = —4A(t) [ ;(lif) dsA(s)Re Kf(ﬂc)(t)f(ﬂc)(5)>9<g(‘7)(t)g(a)(5)>gj

NL extensions: Lin; O pég%c with §g%° — —27 — 72 + (0;7)?/a?

1
Sreo /d3xdna [paw o+ A—7r 25 + = (8 ) }
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Entropy measures

Robustness of recoherence

@ Heavy environment (recoherence):

=% H2 m3 aH

@ P H® k 1 31 H*
Tk (278 16¢ c* M2,m?

e\ 2
()
@ Massless environment (fast decoherence):
(@ _q_ p?> (aH 1 1 31 H? ) aH
L AN (27)8 Be c* M2, k
@ Conformal environment (slow decoherence):
0y 1P ( kN[ L 31 L
o=l <aH> [l L R R 7

Open questions: environmental non-linearities, higher-order interactions, - - -
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© Cosmological correlators
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Cosmological correlators

Non-unitary effects on correlators win . coodhew, in prep)

Goal:
@ Assess the impact of non-unitary effects on cosmological observables;
@ Clarify the regime of validity of different integration scheme.
Observables:
@ Power spectrum with heavy mediator;
@ Trispectrum with heavy mediator.
Techniques:
© In-in computation: standard perturbation theory [chen et al, 2017], - - -;
@ Wavefunction: cosmological bootstrap [arkani-Hamed et al., 2018], [Pajer et al., 2020], - - - ;
© Open EFTs: unitary and non-unitary effects [tc, Grain & Vennin, 2209.01929], - - - ;

© Non-local EFT: integrate heavy mediator from eom [Jazayeri et ar, 2023], - - - .
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From in-in to Open EFTs

In-in computation recasted in terms of a master equation [TC, Grain & Vennin, 2209.01920]

d;red _ —g2 /
dn .

which can be decomposed into [Breuer & Petruccione, 2002]

db\red
dn

Unitary evolution

Lamb shift

Energy levels of the system
shifted by interactions with
environment: dressing of the
system Hamiltonian

CREDIT: [RENTROP ET AL. 2015]

= —i [Fo(n) + A (1), Bean)]| + 3" Dy(0)

dn’ Tre [Hint(n), [Hint(n'), Prea(n) @ po.e] |

|:/Z\iﬁred(77)/z\,i - % {EJEhﬁred(n)}]

)
L
Non-unitary evolution
@ Unitary
* * * Nonunitary
Dissipation Diffusion

Energy can be lost onto the
environment: time-
translation symmetry

breaking
—
A —~
-
=y =

CREDIT. ULM UNIVERSITY

Non-unitary effects in the early universe

Noise-induced spreading:
information loss and
quantum decoherence of
the system

®

CREDIT: [ZUREK. 2005]
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Effective cosmological flow wern, pinol & renauscpetel, 2023
Power spectra from Lint D pm.o: consider z = (’ﬁc,’ﬁﬁc)T and X = <{Z‘L,z}>Q

ax®@
dn

= Hom + Sis + Sdissip + Sais

with homogeneous evolution from Hg the free Hamiltonian

Hom = wHyx® — 2(2)H0w7 w = (_01 é)

and source terms with D and A the noise and dissipation kernels
Sis =wAX® —xO0Aw
Saissip = 201, X
Sdif = —wDw

Result is equivalent to in-in treatment [TC, Grain & Vennin, 2209.01929]
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Cosmological correlators

Heavy environment m > H

10 4
— Sis S
wnd T Saissip /
— Sdiﬂ '/
Rd
Rd
10° 4 /
rd g
rd 7
-1 e d
10 / s
fl; rd Rd
/f S/
1072 4 /
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Cosmological correlators

Heavy environment m > H

In the super-Hubble k < aH regime:
@ Lamb shift dominates:
2 2 2 0 146
p- H H"\ aH ( k ) H
= " [14-
Sts H2m2< +m2> k +O|: aH/) ' m®

@ Dissipation is O(H?/m?) suppressed:

2 4 0 6
p° H* aH k H
Sdissip,ll = WWT + @) |:( ) ' 6

@ Diffusion is O(k/aH) and O(H/m) suppressed:

30 H k\ H°
Sdlff,ll*imﬁ‘i’o (7)77

= Non-unitary effects are O(H?/m?) suppressed.
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Conformal environment m = /2H

12
10 — |SLs| /.,
— [ Saissip| ./'
1004 = [Sainl /
0/.’
e
106 A "
C}): ,/. -
10° 1 7
= ./././
-
£
100 4
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Cosmological correlators

Conformal environment m = 2H

In the super-Hubble k < aH regime:

@ Lamb shift cancels with dissipation:

1p° H\3 H
SLs,n:—Z%(’yE—HOgZ) (37) +O[(a )}

@ Dissipation also has subleading contributions:
1p° aH\® 7 p (aH 2 [(aH }

issip,11 = 7 775 log2) | —/— ) — 715
Saissip11 4H2(VE+°g)(k) 4 H? k>+0 k)

@ Diffusion dominates with dissipation:

2 2
Saifr,11 = 112 ( P + O P

= Non-unitary effects are not suppressed!
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Cosmological correlators

Trispectrum

1 1 1 1 1
r— 532%)/2 _ 532(3,'90)2 n 5320/2 _ 532(8;0)2 _ §a4m202+/\a4<p20

\VAYA \A/
CEIE:2§Re[—)\2/ dna (n)/ dn’a*(n

G (ki,m)GY (ka,n) G4 (ps, ') GE (k3,1") GE (Ka, n’)}

70 M0
caIM—zme{f / ana*(n) / an'a" ()

G . )67 b )G 510G 16 )
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Flat space limit

1 1 A2 kiok k2, k3q + kiok?
Come + Cem = (1— 12734 | C12734 T 712 34_|_...)

2 - -
Er [T 2k E7° Eg? Eg?
with EZ = /p? + m? > ki = k; + kj, whereas
Serr ] =~ [ a*x [ dtye (98, (- 1))

only captures even powers of the mass through

O (x—y)=i [n; — %i +0 (f;ﬂ 5(x —y).

Odd powers come from the noise kernel, Re[G7_ (ps,n,7’)]: non-unitary effect.
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Cosmological correlators

Summary and prospects

In the presence of heavy environments (m > 3H/2):
© S, freezes: recoherence and decoupling;

@ Non-unitary effects on power spectrum are O(H?/m?) suppressed.

In the presence of light environments (m < 3H/2):
@ Scus grows: late-time decoherence;

@ Non-unitary effects on power spectrum are not suppressed.

Now, need to:
@ Extend trispectrum computation in de Sitter;

@ Generalize to other interactions and environments.

Short-term: Wavefunction approach and bootstrap [with H. Goodhew, in prep.];
Future direction: Bottom-up Open EFTs [Lopez Nacir et al., 2011], [Hongo et al., 2018].
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