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Can we prove that cosmic structures  
are of quantum-mechanical origins?

Vincent Vennin
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The universe as a quantum lab

Credit: ESO/M. Kornmesser



H = ·a/aHubble parameter

: characteristic time scale, or length scale (c =   1), of the expansionH−1 c = 1

λ ≪ H−1 λ ≳ H−1

Insensitive to space-time 
curvature

Feels space-time 
curvature

Cosmic Inflation
ds2 = �dt2 + a2 (t) d~x2



Cosmic Inflation

0 20 40 60 80 100 120
N = ln(a/aini)

100

108

1016

1024

1032

1040

1048

1056

1064

M
P
l/
H

H°1∏k

Inflation Radiation M  DE 



Quantum mechanics on cosmological scales!

• Strong statement (extraordinary statement requires extraordinary evidence)

• The consequences that can be inferred from this idea are consistent with observations

• This gives an indirect confirmation that cosmological structures have an quantum-mechanical origin

Any direct evidence?

Role of the decaying mode: Lesgourgues, Kiefer, Polarski, Starobinsky (role of decaying mode) 
Bell inequalities: Campo, Parentani // Maldacena // Martin, Vennin // Kanno, Shock, Soda // Choudhury, Panda, Singh  
Entanglement entropy, Quantum discord: Lim // Martin, Vennin // Hollowood, Mc Donald // Espinosa, Garcia-Bellido 

Higher-order statistics: Martin, Vennin // Green, Porto 

Structure formation by the gravitational 
amplification of quantum fluctuations

True for inflation, but also for most alternatives (such as contracting cosmologies)

• Can we trust QM at those scales? 
• Is it legit to quantise metric !uctuations? 
• What about the QM measurement problem? 



The quantum and the classical worlds  
differ by the nature of  

the correlations they allow for

uA

uB

0

Are there some quantum correlations in the primordial density field? 

Can we detect them?





Quantum discord
Henderson and Vedral 2001; Ollivier and Zurek 2001


CLASSICAL LEVEL: p

Subsystem A: configurations {ai} Subsystem B: configurations {bj} 

Von-Neumann entropy: S(A) = − ∑
i

p(ai)ln p(ai) > 0

S(A) = 0 The system A is entirely determined 

How to characterise the presence of quantum correlations?

A B

pi|j = p(ai |bj)

S(A, B) ≠ S(B) + S(B |A)(Bayes theorem) 

QUANTUM LEVEL: ρ

ρA = TrB(ρA,B)p(ai) = ∑
j

p(ai, bj)

S(A) = − Tr(ρA ln ρA) > 0

S(A) = 0 The system A is in a pure state 

S(A, B) = S(B) + S(B |A)



Quantum discord
Henderson and Vedral 2001; Ollivier and Zurek 2001


pi|j = p(ai |bj)

Example: Entangled State 

S(A, B) = 0 (pure state) 

ρB = TrA(ρA,B) = 1
2 | ↑B ⟩⟨ ↑B | + 1

2 | ↓B ⟩⟨ ↓B | S(B) = ln(2)

S(A, B) ≠ S(B) + S(B |A)

|ψ⟩ = | ↑A , ↑B ⟩ + | ↓A , ↓B ⟩
2

0 ln(2) > 0

A
B



Quantum discord
Henderson and Vedral 2001; Ollivier and Zurek 2001


CLASSICAL LEVEL: p

Subsystem A: configurations {ai} Subsystem B: configurations {bj} 

Von-Neumann entropy: S(A) = − ∑
i

p(ai)ln p(ai) > 0

S(A) = 0 The system A is entirely determined 

How to characterise the presence of quantum correlations?

A B

pi|j = p(ai |bj)

S(A, B) ≠ S(B) + S(B |A)(Bayes theorem) 

QUANTUM LEVEL: ρ

ρA = TrB(ρA,B)p(ai) = ∑
j

p(ai, bj)

S(A) = − Tr(ρA ln ρA) > 0

S(A) = 0 The system A is in a pure state 

S(A, B) = S(B) + S(B |A)

)(A, B) = min
{Π̂j}

[SΠ̂j
(A |B) + S(B) − S(A, B)]



Scalar perturbations are described by a 
single combination of metric and field  

fluctuations that directly determines CMB 
temperature anisotropies 

Cosmological perturbations

� = �̄(t) + c�� (t,x)

gµ⌫ = ḡµ⌫(t) + b�gµ⌫ (t,x) b⇣ (t,x)
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ĉkĉ�k � ĉ
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†
k

⌘#

Expansion of Einstein-Hilbert + scalar field action at second order: 

Free term

Interaction term between the 
quantum fluctuations and the 

classical background 

Pump field: time-dependent coupling constant 
Depends only on the scale factor and its derivative 

Vanishes if a is constant 

Creation / annihilation 
of pairs of particles 

ϵ1 = − ·H/H2

independent parametric oscillators, one for each k ∈ ℝ3+
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Strongest squeezed state 

produced in nature (r=50)


Entangled state 
(correlations between modes k and -k) 

 =      highly-non classical state? Can we violate Bell’s inequalities with the CMB? 

Cosmological perturbations
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produced in nature (D  =150)
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Bell inequalities

uA

uB

0

• Bipartite system: k and -k 

• Entangled system: two-mode squeezed state 

• improper, spin-like operators 
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(Revzen 2006)




Bell inequalities

q̂k =
ĉk + ĉ†kp

2k
= q̂†k

continuous variable


qk
continuous spectrum


`

• Divide the real axis into intervals 

• Perform a measurement of 


• Return 
Sz (`) = (�1)n

qk

[n`, (n+ 1)`]

+ + - 

Larsson 2004
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Bell inequalities in the CMB
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B̂ (`)

E
< 2classically:




Wait a minute … do we measure correlations in Fourier space? 

Does it make sense to test for locality in Fourier space?



Does non-vanishing discord in Fourier space translate into non-vanishing discord in real space?



Previous work: Casini, Huerta (2009) // Datta (2009) // Shiba (2012) (for mutual information only, using numerical lattice simulations)


New approach (Martin, Vennin 2021) :
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Real-space entanglement of quantum fields

⃗x1

⃗x2

[ϕi, πj] = iδi,j

ϕ1 ∝ ∫ d ⃗y
RD

1
ϕ( ⃗y )W ( | ⃗y − ⃗x 1 |

R1 )

ϕ2 ∝ ∫ d ⃗y
RD

2
ϕ( ⃗y )W ( | ⃗y − ⃗x 2 |

R2 )

The support of the 
window function needs 

to be compact

The fields need to be 
rescaled
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Real-space entanglement of quantum fields
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[ϕi, πj] = iδi,j

The support of the 
window function needs 

to be compact

The fields need to be 
rescaled

Bipartite, “particle-like” system
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For Gaussian quantum fields, this is a Gaussian bipartite 
system with correlation matrix

Previous work: Casini, Huerta (2009) // Datta (2009) // Shiba (2012) (for mutual information only, using numerical lattice simulations)


New approach (Martin, Vennin 2021) :


Mutual information and discord for 
bipartite Gaussian systems entirely 

given by the symplectic spectrum of 
the (sub-blocks of the) covariance 

matrix [Adesso & Data 2010]

Does not describe a pure state

� /
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/ ≡ Tr( ̂ρ2) = 1
4 det γ

< 1



Real-space entanglement of quantum fields
Cosmological perturbations

Martin, Vennin (2021)

α = d/R

• Flat space results recovered at sub-Hubble scales 

• Enhancement at large distance compared to flat space 

• Smaller mutual information and discord than in Fourier space (effect of self-decoherence) 

• Best place to look for quantum effects: Hubble scale at the end of inflation (compromise between correlations vs “self decoherence”, or between particle creation vs decaying mode)
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Cosmological perturbations
Espinosa-Portales, Vennin (to appear soon)
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Real-space Bell inequalities
Cosmological perturbations

Espinosa-Portales, Vennin (to appear 2022)
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Need to access the decaying mode
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1X
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requires to access phase information

conjugated momentum

decaying mode

How to measure                                                                                      ?

⇡k

⇣ 0k ⇠ e�rk⇣k

Can we detect quantum correlations using “position” measurements only?

e⇣k = ⇣k and                            so according to Revzen’s theorem: not with Bell inequalities! ef(⇣k) = f(⇣k)
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Generalised Bell inequalities in the CMB
Type of inequality Assumptions

Requires bipartite
system

involves single spin
measurement only

Spatial Bell realism and locality yes no

Temporal Bell
realism and

non-invasiveness
no no

Legget-Garg
realism and

non-invasiveness
no yes

Bipartite temporal Bell realism and locality yes yes

Table 1. Classes of Bell inequality experiments discussed in Sec. 1.

of the large-scale structure of the universe, hence only the growing mode can be probed, which
prevents one from performing experiments involving several, non-commuting spin operators.

Finally, a last class of experiments exists, which mixes features of the two previous
classes, and which is in fact what was originally considered by John Bell in 1966 [21] (see
Ref. [22] for a recent and insightful resurrection of this work). There, one performs mea-
surements separated both in space and time. More precisely, given a bipartite system made
of two subsystems 1 and 2, located at two di↵erent locations x1 and x2, Alice measures the
same dichotomic variable Ŝ1 on the first sub-system at times ta and t

0
a, while Bob measures

Ŝ2 on the second sub-system at times tb and t
0
b. Here, the two sets of measuring events,

{(x1, ta), (x1, t0a)} on one hand, and {(x2, tb), (x2, t0b)} on the other hand, are causally discon-
nected, and time plays the exact same role as the measurement parameter (e.g. the polariser
angle) in the ordinary spatial Bell inequalities. We call this kind of setup “bipartite temporal
Bell inequality”. The inequality (1.1) is satisfied provided the assumptions of realism and
locality hold (if Alice and/or Bob perform repeated measurements on the same physical re-
alisation of the system, or if the two sets of measuring events are not causally disconnected,
then one must add non-invasiveness, but this is not compulsory), so the same fundamental
properties are tested as in the usual spatial Bell inequality. However, compared to the spatial
Bell inequality, this has the advantage of relying on measuring a single spin operator.

In table 1, we summarise the main features of the four classes of Bell inequalities dis-
cussed above: spatial Bell inequalities, temporal Bell inequalities, Legget-Garg inequalities
and bipartite temporal Bell inequalities. In this work we focus on bipartite temporal Bell
inequalities, since they are the only ones that allow us to test realism and locality, while rely-
ing on measurements of a single spin operator. In practice, we consider continuous-variable
systems that are placed in a two-mode squeezed state [23, 24]. These states are entangled
states that arise in a large variety of physical situations, since any quadratic Hamiltonian
produces squeezed states. They are therefore commonly found in quantum optics [25–27].2

In the large-squeezing limit, they also provide a realisation of the Einstein-Podolsky-Rosen
(EPR) state [31]. Let us note that the spatial Bell inequalities, and the Legget-Garg inequal-
ities, have been already applied to two-mode squeezed states in Ref. [32] and in Ref. [17]
respectively, and in this work we perform a similar analysis for the bipartite temporal Bell
inequalities.

2For a quantum field on a statistically isotropic background, the Fourier modes corresponding to opposite
wavenumbers ~k and �~k also evolve towards a two-mode squeezed states. In particular, this is the case of
primordial cosmological perturbations [28–30]. However, in that case, the two subsystems, “~k” and “�~k”,
correspond to disconnected regions in Fourier space, not in real space, so “locality” would then be tested in
Fourier space, which may not be as relevant.

– 3 –

⟨ ̂Sa
1(t) ̂Sb

2(t)⟩

J. Martin, V.V. (2016) for LGI;

⟨ ̂Sa
1(t) ̂Sb
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(≥3 measurement times)
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2(t′ )⟩



Generalised Bell inequalities in the CMB
Type of inequality Assumptions

Requires bipartite
system

involves single spin
measurement only

Spatial Bell realism and locality yes no

Temporal Bell
realism and

non-invasiveness
no no

Legget-Garg
realism and

non-invasiveness
no yes

Bipartite temporal Bell realism and locality yes yes

Table 1. Classes of Bell inequality experiments discussed in Sec. 1.

of the large-scale structure of the universe, hence only the growing mode can be probed, which
prevents one from performing experiments involving several, non-commuting spin operators.

Finally, a last class of experiments exists, which mixes features of the two previous
classes, and which is in fact what was originally considered by John Bell in 1966 [21] (see
Ref. [22] for a recent and insightful resurrection of this work). There, one performs mea-
surements separated both in space and time. More precisely, given a bipartite system made
of two subsystems 1 and 2, located at two di↵erent locations x1 and x2, Alice measures the
same dichotomic variable Ŝ1 on the first sub-system at times ta and t

0
a, while Bob measures

Ŝ2 on the second sub-system at times tb and t
0
b. Here, the two sets of measuring events,

{(x1, ta), (x1, t0a)} on one hand, and {(x2, tb), (x2, t0b)} on the other hand, are causally discon-
nected, and time plays the exact same role as the measurement parameter (e.g. the polariser
angle) in the ordinary spatial Bell inequalities. We call this kind of setup “bipartite temporal
Bell inequality”. The inequality (1.1) is satisfied provided the assumptions of realism and
locality hold (if Alice and/or Bob perform repeated measurements on the same physical re-
alisation of the system, or if the two sets of measuring events are not causally disconnected,
then one must add non-invasiveness, but this is not compulsory), so the same fundamental
properties are tested as in the usual spatial Bell inequality. However, compared to the spatial
Bell inequality, this has the advantage of relying on measuring a single spin operator.

In table 1, we summarise the main features of the four classes of Bell inequalities dis-
cussed above: spatial Bell inequalities, temporal Bell inequalities, Legget-Garg inequalities
and bipartite temporal Bell inequalities. In this work we focus on bipartite temporal Bell
inequalities, since they are the only ones that allow us to test realism and locality, while rely-
ing on measurements of a single spin operator. In practice, we consider continuous-variable
systems that are placed in a two-mode squeezed state [23, 24]. These states are entangled
states that arise in a large variety of physical situations, since any quadratic Hamiltonian
produces squeezed states. They are therefore commonly found in quantum optics [25–27].2

In the large-squeezing limit, they also provide a realisation of the Einstein-Podolsky-Rosen
(EPR) state [31]. Let us note that the spatial Bell inequalities, and the Legget-Garg inequal-
ities, have been already applied to two-mode squeezed states in Ref. [32] and in Ref. [17]
respectively, and in this work we perform a similar analysis for the bipartite temporal Bell
inequalities.

2For a quantum field on a statistically isotropic background, the Fourier modes corresponding to opposite
wavenumbers ~k and �~k also evolve towards a two-mode squeezed states. In particular, this is the case of
primordial cosmological perturbations [28–30]. However, in that case, the two subsystems, “~k” and “�~k”,
correspond to disconnected regions in Fourier space, not in real space, so “locality” would then be tested in
Fourier space, which may not be as relevant.
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But requires to measure zeta at different times … cross correlate measurement at different redshifts?
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Conclusions

• Cosmological perturbations are placed in a two-mode highly squeezed state in the very early Universe


• Such a state has a large quantum discord in Fourier space, denoting the presence of large quantum 
correlations between particles created with opposite wave momenta


• In real space, quantum discord is much more suppressed, and we de not report violations of Bell 
inequalities.


• Even if we found successful Bell operators, would it require to “measure” somehow the (exponentially 
suppressed, at least in the standard setup) decaying mode ? 

• What about non-Gaussianities? 

• What about decoherence?



Thank you for your attention!
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