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Inhomogeneities In the early Universe - |

» Primordial inhomogeneities come from (vacuum) quantum fluctuations at the
beginning of inflation stretched to cosmological scales by expansion.
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Questions / Motivations

- Direct proof that initial fluctuations canno * Indirect proof:very good
be classical? Would establish the need to agreement with observational
guantised gravity. datal.

- If guantum then and classical now, how
did the transition happen? Quantum-to-
classical transition problem.

1. [Planck-Collaboration et al., 2020] 2 /23




l.  Quantum description of the state of the perturbations
Il. Quantum signatures

lll. Decoherence: Destruction of quantum signatures

3 /23



I - Quantum state of perturbations



. R
g, With a Q: S= [d4x, [—g [167[(} —

2

1
¢V BV, - v<¢>]

- Background: Inflation, leading to a

with an accelerated expansion a > 0.
» Focus on the perturbations, represented by

, at

1 1 . Z , Z
reads L= [akiy = [k | (- i) (-Sn) -]

where z = Mpay/2¢,, €, = — H/H* and VE =V

. Z//
, collection of - Vit <k2 — —) Vi =0

- Perturbation when k% > z71z” and in slow-roll corresponds to

k(aH) !> lie.



/

A A ) Z A A A /
. Quantisation: Conjugated field 7 = V,,, — —V; and [vk, ﬂk/] = 7o (K + K')
<
24 2 A A
° GO to Hk _k — ﬂkﬂ' k —+ k VkV k + — (ﬂkv_k —+ Vkﬂ'_k)
Z
» Harmonic oscillator + with a : typical
e.g. Schwinger effect, Dynamical Casimir effect.
IS : state
. — 1y — 5 T
.m \p — k p ' . m”) wk where y11 = 2k <Vkvk>
y-representation k,—k \ Thy
H — = A apt
Y12 =7Y21 = <Vk7f + 1V >
. Introduce A (\A/k + f/;i) and similarly for 7}

_ ko g omd o4 ()] _ . i\ NB: Not real and
Pk = \ why, ‘ =¥ () ¥ (V) Imaginary part
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Phase-space representation of state - |

+ Density matrix p = |‘P) (\P| = [P (V.| ® |¥;) (¥;| =p,®p; focuson

- Weyl transform maps operators O to nhase-space functions (J (vr, 7Z'r)

A 1 L x A
W(O) (Vr,ﬂr> =%J'dxe T <Vr+§ 0, Vr—%>

+ Wigner function W (v, z") = ﬁ dxe == Lpr e 2 p v = 2
> , 2 27rh p) Pr )
. Satisfy for any O: <é> — ( ) J v dr" W (@) (v, z") W (v', ")

* Need not be positive, phase-space quasi-probability distribution
7 /23



» Cosmological perturbations: Work in r/i variables and

1 ! X X 1 XT ()~ x
W(vr,itr) = dxe " "W [ VvVi+=|PE[(V —= ) = e~ |
2rh 2 2 ﬂh\/dﬁt YT SO

s (711 712
State by V= (7,21 7,22) where
A1\ 2 AT AT AT AT 2 As | 2
V11 = 2k<("k) > Y12 = V21 = <Vk”k T TV /22 = T <(”k) >
» Geometric representation: Gaussian are whose axes

and /5, given by of covariance and by
| h? h’n? n

Dr = tr (ﬁ2> — — — o pI’ — |lI’I.> <lPI.

det (y*)  AZB{ St NI 8 /23



Wigner function, geometrical representation - lli

. Parametrise length ¢~ by squeezing parameter Y
and direction by squeezing angle ¢,

« Covariance matrix elements
Y11 = cosh (Zrk) — COS (Zgok) sinh (Zrk)

Yo = ¥ = — SIN (ngk) sinh (Zrk)
Y2, = cosh (Zrk) + cos (Zgok) sinh (Zrk)

k—l/Qh—l/Qﬂ_Z

» Inflationary dynamics: very strong squeezing

NN/

I, ~

9 /23
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IT - Quantum signatures of the
state



- Reminder: Perturbations described by positive Wigner function

which allows to compute expectation value via <é> — I dzt dvt 7/ <(§> (vi,z") W (v', z")

How can we get anything

quantum?
- Possible due to - W) =W W (a)) =m' Trivial
W (Dt + APy ) = 20 Trivial:
W (912(7212( + 7%12{912() = vy Non-trivial, so Wigner function a probability
distribution
W (WA = wWm! + havy g+ Non-trivial

11/23
When are these terms relevant?



Apparent classicality - Ii

| | | 2
J N =-20 l N=00 l N=05 ° _ A S A~ 2N
A T Wi In de Sitter limit

AS AS AS AS N

Y12 =721 = <Vk”k T ”kvk> ~ €
- - T =7 (7))~
W (NAL) = viml + hay " 'm L

|

, e Classical” higher-order
As long as we consider polynomials In term dominates

(f/, fz) the expectations values at a given

Take Home Message 1

time can be very well reproduced by a
classical probability distribution given by
Wigner function.

12/23



k
- Take a closer look at the wavefunction YW, _, = \ - e
Y1

U-ira)
e kk L ‘Pk‘P—k

A P

Other ways to make it manifest?

- Paradigm: for a system & =
& =&, U, for this state.
Goal: Show that correlations are stronger than classically allowed e.g. Bell inequality

. Another instance iIs the

with 7, J two measures of between &' ».



Quantum correlations - i

»+ Subsystems? At quadratic order perturbations are in independent £k pairs
- Consider one of the pairs.

- Gaussian state: Discord can be computed using covariance matrix elements directly?

raermtn] o () () () (5

Squeezing parame ter ry,

* For large squeezing Y. =~ 2r,/In2 ~ 2N/In2 _ o W % .

160

» The state also violates a Bell inequality? .

120 -

Take Home Message 2 100 -

g

Hubble crossin

Dynamics generates strong quantum 60-

correlations between =k modes in ;
.. 209 |

the sense of several non-classicality S e St v desorenc

criteria. SR 1403

2. larX1v:2211.10114 Martin, Micheli, and Vennin]
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Quantum correlations - Il

- Isthere a contradiction? No!

Take Home Message 3

A C T Y L Quantum correlations are present
<0> B [dﬂ v (0) (v 2') W(v,a7) but, unfortunately, manifest only for

A - a class of observables which are not
Need 7' (0) non-polynomial in the ones routinely measured by
(v, ) to be revealed. cosmologists.

o0
., Example: One such operator is 6, = — { |vk> <—vk| dv such that 8? = 1,
eigenvalues * | e

- Tts Weyl transformreads: % (@) = — 70 (Vk) 0 (ﬂk) Non-analytical in (v, 7)

In principle, guantum correlations in the state,
but are they robust against interactions? 15/23



I1II - Decoherence: Destruction of
guantum correlations



Decoherence : how to destroy quantum features

Actual situation E
Interactions

Interactions with extra d.o.f lead to cecoherence of quantum systems. 17123



-+ & = pair of cosmological perturbations modes *K.

+ & = other =K’ pai her fi . .
& = other pairs and other fields Interaction taken to preserve

. Model: H,,(7) = gId3X P(x) ® E(z, x) ,
ps = ®keR3,+ P4k

Under a (perturbative coupling, & large w.r.t & and
stationnary) can derive (non-unitary)
a = — | lﬁ, ﬁ] — EJd3X d’y Ci(1; X, y) l\?(x), [\?(y), ﬁ” with Cemxy) = (HE0kE )
dr 2 I =2g°t,
becomes parametrised by and
18/23

3. [arX1v:2112.05037 Martin, Micheli and Vennin]



Environment destroys quantum correlations

.Geometrically: growth of the ellipse area §, = nh/, /p;

2-mode squeezed state

—1/2_
T

_1/2h
k—l/Qh—l/Qﬂ_lsc

k

2-mode squeezed thermal state

-Covariance matrix elements multiplied by same overall factor of pk_l/2 e.d.

Y11 =Dy 172 lcosh (2rk) — COS (2g0k) sinh (Zrk)]

. 19/23
How does decoherence affect guantumness of correlations?



Environment destroys quantum correlations

Pr 12 cosh (Zrk) + pr 1
pi 2 cosh (2r;) + 1

» Discord in presence of _ l 172 ] _ 172
decoherence?3 D =f | cosh (2n) | = 2f (p ") +f

Take Home Message 4

Quantum correlations can always be erased

by sufficient decoherence but there is a
competition between correlation build up
and interaction erasing quantum features.3°

Where are we in this plot for the precise
dynamics of inflation?

0.0 0.2 0.4 0.6 0.8 1.0

Squecsing parameter tanh(r) p, recently computed in [4] for non-
2. [arXiv:2211.10114 Martin, Micheli, and Vennin] linearities of pure gravity, would need to
3. [arXiv:2112.05037 Martin, Micheli and Vennin] compare! 20/23

4. [arXiv:2211.11046 Burgess et al.]



Conclusions and future directions



Conclusions

» Without decoherence the state of the perturbations undoubtedly exhibit
quantum correlations but...

A. Latest results on the level of decoherence tend to show that perturbations
classicalised on cosmological scales.

B. In any case, no proposed protocol to measure these criteria; two reasons why:

1. Only measure curvature v (x) ~ Zf(x) at a single time: miss another non-
commuting observable 7 (x).

2. Even measuring 7 (x) ~ dtf () would not be sufficient as explained, would
need to measure a complicated combination of both.

22/23



- If we want to either to have , O go

or consider
C. Could try to exploit Z_? (x, tl) and
f(x, tz), using
D. + certain assumptions (a la Green and Porto>)
E. (a la Maldacena®) where other fields could

store quantumness robustly.

W)

. [arXiv:2001.09149 Green and Porto] 23/23
6. [arX1v:1508.01082 Maldacena]




Thank you for your attention!
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