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Motivation: probe quantum gravity
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• Primordial inhomogeneities = seeds for structure formation by gravitational collapse 



/24

Motivation: probe quantum gravity

2

0

1000

2000

3000

4000

5000

6000

D
T

T
`

[µ
K

2
]

30 500 1000 1500 2000 2500
`

-60
-30
0
30
60

¢
D

T
T

`

2 10
-600

-300

0

300

600

P
S
fr
a
g
re
p
la
ce
m
en
ts

-300 300 µK

Leading Scenario

Initial quantum vacuum fluctuations of 
matter and gravity during inflation 
generates inhomogeneities in very 
good agreement with observation1.

1. [arXiv:1807.06209 Planck Collaboration]

• Primordial inhomogeneities = seeds for structure formation by gravitational collapse 
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• Distribution of matter in the Universe is an (as of now, only) observational window 
on linearised quantum gravity!

• Primordial inhomogeneities = seeds for structure formation by gravitational collapse 
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Leading Scenario

Initial quantum vacuum fluctuations of 
matter and gravity during inflation 
generates inhomogeneities in very 
good agreement with observation1.

1. [arXiv:1807.06209 Planck Collaboration]

• Distribution of matter in the Universe is an (as of now, only) observational window 
on linearised quantum gravity!

Can we extract more information?

• In particular, a direct proof that inhomogeneities cannot have a classical origin would 
show that gravity can and should be quantised.

• Primordial inhomogeneities = seeds for structure formation by gravitational collapse 
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Conclusions & Perspectives

A. In the simplest models, inflationary perturbations enjoy at least some quantum 
correlations that cannot be explained classically.

B. Even a slight amount of interaction of the perturbations, will degrade the 
correlations… but not necessarily classicalise them!

C. However, we cannot reveal these correlations with typical cosmological 
observations.

D. Have to seek other type of correlations that may appear in richer scenarios, for 
example featuring non-Gaussian perturbations.

3
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Plan

I. Context and motivations 

II. Evolution of perturbations during inflation 

III. Quantum features in the perturbations? 

IV. Apparent classicality and detectability 

V. Conclusions and Perspectives
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II - Evolution of perturbations 
during inflation
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Classical cosmological perturbations in inflation - I

• GR
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• Inflationary background: Homogeneous universe in accelerated expansion due to a 
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Classical cosmological perturbations in inflation - II

• Collection of parametric oscillators:
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Quantum state of perturbations

• Quantisation:
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Ĥ, ω̂

]

<latexit sha1_base64="T+XH7oEbu2TAeXbAgP+N2JwV/vw="></latexit>

[v̂k, ω̂k→ ] = i⊋ε (k + k→) ;

8



/24

Phase-space representation of TMSV - I

• Density matrix focus on
<latexit sha1_base64="oNZ9B+l+BXVRpk63Yf9qR2lA3zM="></latexit>

⇢̂ = | i h | = | ri h r|⌦ | ii h i| = ⇢̂r ⌦ ⇢̂i
<latexit sha1_base64="Ip5/Twgt2J4mLQK9ynGD3am5GqE="></latexit>

ω̂r

9
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Phase-space representation of TMSV - I

• Density matrix focus on

• Wigner transform maps operators to phase-space functions
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• Wigner function

<latexit sha1_base64="+ijJqq3/3EiX03AeHpopYET3IN0="></latexit>

W (vr,⇡r) = W
✓
⇢̂r
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◆
<latexit sha1_base64="RifEbHR+YGAB8apU+4duP9VmKCg="></latexit>)︄

dvr dωrW (vr,ωr) = 1which is normalised 
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Ô

⌘
(vr,⇡r) =

1

~

Z
dx e�i⇡r.x

~
D
v
r +

x

2

��� Ô
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Ô

E
= tr

⇣
⇢̂rÔ
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Phase-space representation of TMSV - II

• TMSV has a Gaussian, so positive, Wigner function
<latexit sha1_base64="nyOQcEc1+Nw+GLiL4KT/runzZ0A="></latexit>

W (Xr) =
1

⇡~
p
det �r

e�
XT

r (�r)�1Xr
~

<latexit sha1_base64="Jz87uanGVkAF5XsWMqdKg0aqYqo="></latexit>

�r =

✓
�11 �12
�21 �22

◆
where covariance matrix encodes all information and

<latexit sha1_base64="GnwHZsI5UgRKuAmsbb5o8KFBGgI="></latexit>

�22 = 2
k h(⇡̂

r
k)

2i

10



/24

Phase-space representation of TMSV - II

• TMSV has a Gaussian, so positive, Wigner function
<latexit sha1_base64="nyOQcEc1+Nw+GLiL4KT/runzZ0A="></latexit>

W (Xr) =
1

⇡~
p
det �r

e�
XT

r (�r)�1Xr
~

<latexit sha1_base64="Jz87uanGVkAF5XsWMqdKg0aqYqo="></latexit>

�r =

✓
�11 �12
�21 �22

◆
where covariance matrix encodes all information and

<latexit sha1_base64="GnwHZsI5UgRKuAmsbb5o8KFBGgI="></latexit>

�22 = 2
k h(⇡̂

r
k)

2i

• Contours levels to visualise typical ‘values’ of 
<latexit sha1_base64="GMhlyGZuFl/QMSIaUcSGRUVKVTY="></latexit>

v̂, ⇡̂

10



/24

Phase-space representation of TMSV - II

• TMSV has a Gaussian, so positive, Wigner function
<latexit sha1_base64="nyOQcEc1+Nw+GLiL4KT/runzZ0A="></latexit>

W (Xr) =
1

⇡~
p
det �r

e�
XT

r (�r)�1Xr
~

<latexit sha1_base64="Jz87uanGVkAF5XsWMqdKg0aqYqo="></latexit>

�r =

✓
�11 �12
�21 �22

◆

is related to purity of the state

<latexit sha1_base64="KadzQCBRnNmNCHWnktj7u8a0Vkg="></latexit>

Sk

<latexit sha1_base64="+QzvzUq8/F5jfvz+NNo0jlTYibM="></latexit>

pk = tr
�
⇢̂2±k

�
=

~2⇡2

S2
k

<latexit sha1_base64="P6PlbT91jltFvYTjCA7b8bs0MiQ="></latexit>pk

where covariance matrix encodes all information and
<latexit sha1_base64="GnwHZsI5UgRKuAmsbb5o8KFBGgI="></latexit>

�22 = 2
k h(⇡̂

r
k)

2i

• Contours levels to visualise typical ‘values’ of 

• For Gaussian, contours are ellipses, whose area 

<latexit sha1_base64="GMhlyGZuFl/QMSIaUcSGRUVKVTY="></latexit>

v̂, ⇡̂

10



/24

Phase-space representation of TMSV - II

• TMSV has a Gaussian, so positive, Wigner function

Pure state

<latexit sha1_base64="nyOQcEc1+Nw+GLiL4KT/runzZ0A="></latexit>

W (Xr) =
1

⇡~
p
det �r

e�
XT

r (�r)�1Xr
~

<latexit sha1_base64="Jz87uanGVkAF5XsWMqdKg0aqYqo="></latexit>

�r =

✓
�11 �12
�21 �22

◆

is related to purity of the state

<latexit sha1_base64="KadzQCBRnNmNCHWnktj7u8a0Vkg="></latexit>

Sk

<latexit sha1_base64="+QzvzUq8/F5jfvz+NNo0jlTYibM="></latexit>

pk = tr
�
⇢̂2±k

�
=

~2⇡2

S2
k

<latexit sha1_base64="P6PlbT91jltFvYTjCA7b8bs0MiQ="></latexit>pk
<latexit sha1_base64="T5ke4z2Di+jXm8WcChHoolKZXno="></latexit>

= 1

where covariance matrix encodes all information and
<latexit sha1_base64="GnwHZsI5UgRKuAmsbb5o8KFBGgI="></latexit>

�22 = 2
k h(⇡̂

r
k)

2i

• Contours levels to visualise typical ‘values’ of 

• For Gaussian, contours are ellipses, whose area 

<latexit sha1_base64="GMhlyGZuFl/QMSIaUcSGRUVKVTY="></latexit>

v̂, ⇡̂

10



/24
°2.0 °1.5 °1.0 °0.5 0.0 0.5 1.0 1.5 2.0

k1/2vs
k

°2.0

°1.5

°1.0

°0.5

0.0

0.5

1.0

1.5

2.0

k
°

1/
2 º

s k

'k e°rk

erk

Phase-space representation of TMSV - II

• TMSV has a Gaussian, so positive, Wigner function

Pure state

<latexit sha1_base64="nyOQcEc1+Nw+GLiL4KT/runzZ0A="></latexit>

W (Xr) =
1

⇡~
p
det �r

e�
XT

r (�r)�1Xr
~

<latexit sha1_base64="Jz87uanGVkAF5XsWMqdKg0aqYqo="></latexit>

�r =

✓
�11 �12
�21 �22

◆

is related to purity of the state

<latexit sha1_base64="KadzQCBRnNmNCHWnktj7u8a0Vkg="></latexit>

Sk

<latexit sha1_base64="+QzvzUq8/F5jfvz+NNo0jlTYibM="></latexit>

pk = tr
�
⇢̂2±k

�
=

~2⇡2

S2
k

<latexit sha1_base64="P6PlbT91jltFvYTjCA7b8bs0MiQ="></latexit>pk
<latexit sha1_base64="T5ke4z2Di+jXm8WcChHoolKZXno="></latexit>

= 1

where covariance matrix encodes all information and
<latexit sha1_base64="GnwHZsI5UgRKuAmsbb5o8KFBGgI="></latexit>

�22 = 2
k h(⇡̂

r
k)

2i

• Contours levels to visualise typical ‘values’ of 

• For Gaussian, contours are ellipses, whose area 

<latexit sha1_base64="GMhlyGZuFl/QMSIaUcSGRUVKVTY="></latexit>

v̂, ⇡̂

10



/24
°2.0 °1.5 °1.0 °0.5 0.0 0.5 1.0 1.5 2.0

k1/2vs
k

°2.0

°1.5

°1.0

°0.5

0.0

0.5

1.0

1.5

2.0

k
°

1/
2 º

s k

'k e°rk

erk

Phase-space representation of TMSV - II

• TMSV has a Gaussian, so positive, Wigner function

Pure state

<latexit sha1_base64="nyOQcEc1+Nw+GLiL4KT/runzZ0A="></latexit>

W (Xr) =
1

⇡~
p
det �r

e�
XT

r (�r)�1Xr
~

<latexit sha1_base64="Jz87uanGVkAF5XsWMqdKg0aqYqo="></latexit>

�r =

✓
�11 �12
�21 �22

◆

is related to purity of the state

<latexit sha1_base64="KadzQCBRnNmNCHWnktj7u8a0Vkg="></latexit>

Sk

<latexit sha1_base64="+QzvzUq8/F5jfvz+NNo0jlTYibM="></latexit>

pk = tr
�
⇢̂2±k

�
=

~2⇡2

S2
k

<latexit sha1_base64="P6PlbT91jltFvYTjCA7b8bs0MiQ="></latexit>pk
<latexit sha1_base64="T5ke4z2Di+jXm8WcChHoolKZXno="></latexit>

= 1

Vacuum 
state

where covariance matrix encodes all information and
<latexit sha1_base64="GnwHZsI5UgRKuAmsbb5o8KFBGgI="></latexit>

�22 = 2
k h(⇡̂

r
k)

2i

• Contours levels to visualise typical ‘values’ of 

• For Gaussian, contours are ellipses, whose area 

<latexit sha1_base64="GMhlyGZuFl/QMSIaUcSGRUVKVTY="></latexit>

v̂, ⇡̂

10



/24
°2.0 °1.5 °1.0 °0.5 0.0 0.5 1.0 1.5 2.0

k1/2vs
k

°2.0

°1.5

°1.0

°0.5

0.0

0.5

1.0

1.5

2.0

k
°

1/
2 º

s k

'k e°rk

erk

Phase-space representation of TMSV - II

• TMSV has a Gaussian, so positive, Wigner function

Pure state

• Contour levels: length
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Inhomogeneities in the early Universe

• Cosmological perturbations: Follow a pair
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• Extreme amplification:
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- Light squeezing record2
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Inhomogeneities in the early Universe

• Cosmological perturbations: Follow a pair

How quantum is this state?
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Quantum correlations - I
Between which degrees of freedom?
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Quantum correlations - I

Many possibilities, let’s consider first Quantum Discord
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Quantum correlations - II
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Quantum correlations - II

Is this description too naive e.g. are quantum 
correlations robust against interactions?
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Effect of interactions on quantum state
• After 60 e-folds of inflation3 with interaction
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3. [arXiv:2512.17622 Micheli, Oshima & Takahashi]
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Effect of interactions on quantum state
• After 60 e-folds of inflation3 with interaction
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Effect on correlations?
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Effect of interactions on quantum correlations
• After 60 e-folds of inflation3

Take Home Message 2

Purity can be vanishingly small and yet 
quantum correlations still present, 
estimating them requires to compute 
the squeezing parameter as well!

3. [arXiv:2512.17622 Micheli, Oshima & Takahashi]
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Apparent classicality - I

• Reminder: Perturbations described by positive Wigner function

which allows to compute expectation value via
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Ô

[︄
=

]︄
dωr dvr W

⌊︄
Ô
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Ô

⌋︄
(vr,ωr)W (vr,ωr)

True quantum expectation
values with

<latexit sha1_base64="+gkFbiWT8D28927bhhCPNhvC2CA="></latexit>

hf (v̂±k, ⇡̂±k)i

<latexit sha1_base64="+3oOAxnof0EY6E3uGRJgY10ccjM="></latexit>

W [f (v̂±k, ⇡̂±k)] 6= f (v±k,⇡±k)

<latexit sha1_base64="PxMp64Rs/iD7prWaa/7ei0Vzff0="></latexit>

⇢̂±k

19



/24

Apparent classicality - I

How can we get quantum correlations e.g. violate Bell 
inequalities? 

• Possible due to non-trivial Wigner transform i.e.

• Reminder: Perturbations described by positive Wigner function

which allows to compute expectation value via

<latexit sha1_base64="JwdSl7OItemV8oMYcwiUkOq7z6M="></latexit>

W (X) → 0
<latexit sha1_base64="iGEr7ypa2W8gN7I/F3L1IUOpjrU="></latexit>)︄
Ô
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Apparent classicality - II
• Non-vanishing commutators: Trivial
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Apparent classicality - II
• Non-vanishing commutators: Trivial

Non-trivial
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• Strongly squeezed
Take Home Message 3

Because squeezing is very large, for polynomial 

, we have .f ( ̂v, ̂π) ⟨ f ( ̂v, ̂π)⟩ ≈ ⟨ f (v, π)⟩st.

‘Classical’ higher-order term dominates
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Apparent classicality - III

• NB: No contradiction with previous statements, quantum correlations exist but 
need non-polynomial in to be revealed with a large squeezed state.
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• NB: No contradiction with previous statements, quantum correlations exist but 
need non-polynomial in to be revealed with a large squeezed state.
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• Example: Pseudo-spin operator

Check: its Wigner transform reads

Non-analytical in
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Can be used to build a Bell inequality violated by perturbations 
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B. Even a slight amount of interaction of the perturbations, will degrade the 
correlations7… but not necessarily classicalise them5!

7. [arXiv:2509.07769 Burgess et al.]
5. [arXiv:2512.17622 Micheli, Oshima & Takahashi]
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Conclusions & Perspectives

A. In the simplest models, inflationary perturbations enjoy at least some quantum 
correlations that cannot be explained classically.

C. However, we cannot reveal these correlations with typical cosmological 
observations6.

D. Have to seek other type of correlations that may appear in richer scenarios8,9, for 
example featuring non-Gaussian perturbations.

8. [arXiv:2001.09149 Green and Porto]
9. [arXiv:1508.01082 Maldacena]
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