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Motivation 1
Inflation + Quantum theory   →   CMB / LSSPlanck Collaboration: Cosmological parameters
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Fig. 1. Planck 2018 temperature power spectrum. At multipoles ` � 30 we show the frequency-coadded temperature spectrum
computed from the Plik cross-half-mission likelihood, with foreground and other nuisance parameters fixed to a best fit assuming
the base-⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum estimates from the Commander
component-separation algorithm, computed over 86 % of the sky. The base-⇤CDM theoretical spectrum best fit to the Planck

TT,TE,EE+lowE+lensing likelihoods is plotted in light blue in the upper panel. Residuals with respect to this model are shown in
the lower panel. The error bars show ±1� diagonal uncertainties, including cosmic variance (approximated as Gaussian) and not
including uncertainties in the foreground model at ` � 30. Note that the vertical scale changes at ` = 30, where the horizontal axis
switches from logarithmic to linear.

the best-fit temperature data alone, assuming the base-⇤CDM
model, adding the beam-leakage model and fixing the Galactic
dust amplitudes to the central values of the priors obtained from
using the 353-GHz maps. This is clearly a model-dependent pro-
cedure, but given that we fit over a restricted range of multipoles,
where the TT spectra are measured to cosmic variance, the re-
sulting polarization calibrations are insensitive to small changes
in the underlying cosmological model.

In principle, the polarization e�ciencies found by fitting the
T E spectra should be consistent with those obtained from EE.
However, the polarization e�ciency at 143 ⇥ 143, c

EE

143, derived
from the EE spectrum is about 2� lower than that derived from
T E (where the � is the uncertainty of the T E estimate, of the
order of 0.02). This di↵erence may be a statistical fluctuation or
it could be a sign of residual systematics that project onto cali-
bration parameters di↵erently in EE and T E. We have investi-
gated ways of correcting for e↵ective polarization e�ciencies:
adopting the estimates from EE (which are about a factor of
2 more precise than T E) for both the T E and EE spectra (we
call this the “map-based” approach); or applying independent

estimates from T E and EE (the “spectrum-based” approach). In
the baseline Plik likelihood we use the map-based approach,
with the polarization e�ciencies fixed to the e�ciencies ob-
tained from the fits on EE:

⇣
c

EE

100

⌘
EE fit

= 1.021;
⇣
c

EE

143
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EE fit

=

0.966; and
⇣
c

EE

217

⌘
EE fit

= 1.040. The CamSpec likelihood, de-
scribed in the next section, uses spectrum-based e↵ective polar-
ization e�ciency corrections, leaving an overall temperature-to-
polarization calibration free to vary within a specified prior.

The use of spectrum-based polarization e�ciency estimates
(which essentially di↵ers by applying to EE the e�ciencies
given above, and to T E the e�ciencies obtained fitting the T E

spectra,
⇣
c

EE

100

⌘
TE fit

= 1.04,
⇣
c

EE

143

⌘
TE fit

= 1.0, and
⇣
c

EE

217

⌘
TE fit

=

1.02), also has a small, but non-negligible impact on cosmo-
logical parameters. For example, for the ⇤CDM model, fitting
the Plik TT,TE,EE+lowE likelihood, using spectrum-based po-
larization e�ciencies, we find small shifts in the base-⇤CDM
parameters compared with ignoring spectrum-based polariza-
tion e�ciency corrections entirely; the largest of these shifts
are +0.5� in !b, +0.1� in !c, and +0.3� in ns (to be com-
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Planck 2018

CMB / LSS   →   Quantum feature?

Violation of Bell inequality ?

If we can see some quantum features in cosmological observations themselves, 
it will be a stronger evidence that the cosmological perturbations have a 
quantum origin.



Motivation 2

Squeezing parameter r ⇠ N ⇠ 50
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r ⇠ 1.7
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Inflation

Lab

n
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Quantum state of cosmological perturbation is two-mode squeezed state            | 2sqi
<latexit sha1_base64="JHfgTzMmyiJFwbDcb5h7Udn7NpQ="></latexit><latexit sha1_base64="JHfgTzMmyiJFwbDcb5h7Udn7NpQ="></latexit><latexit sha1_base64="JHfgTzMmyiJFwbDcb5h7Udn7NpQ="></latexit><latexit sha1_base64="JHfgTzMmyiJFwbDcb5h7Udn7NpQ="></latexit>

Cosmology Quantum Information 
Quantum Optics

• Quantum nature of Inflation 
• Inflation as a Quantum lab

Analogy? CMB           : the best Black Body radiation 
Perturbation: the best Squeezed state

n
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| 2sqi ! |EPRi =
1X

n=0

|niA ⌦ |niB =

Z
dx |xiA ⌦ |xiB
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Bell Inequalities

Classical Mechanics 
Electromagnetism

Macrorealism +  
Locality and/or Non-Invasiveness

Quantum Theory

Bell inequalities

Satisfied Violated

“classical”  
assumptions



CHSH Scenario
4

uA

uB

0

FIG. 1: Standard setup for Bell experiment. Two spin particles are emitted at the origin 0 and travel in opposite directions.
Their spin is then measured at A and B along the directions uA and uB .

S · u are |+ui = cos(✓/2)e�i'/2|+i + sin(✓/2)ei'/2|�i
and |�ui = � sin(✓/2)e�i'/2|+i + cos(✓/2)ei'/2|�i with
eigenvalues ±1. Then, one can introduce the Bell opera-
tor

B̂
CHSH

(A, B) = uA · ŜA ⌦ uB · ŜB + uA · ŜA ⌦ u0
B · ŜB

+ u0
A · ŜA ⌦ uB · ŜB � u0

A · ŜA ⌦ u0
B · ŜB ,

(9)

where uA, u0
A, uB and u0

B are four di↵erent vectors, all
located in the (x, z) plane (and, therefore, with vanish-
ing azimuthal angles). Then, one has to calculate the
mean value of the Bell operator in the state (8). One
can show that hB̂

CHSH
(A, B)i = E(✓A, ✓B) + E(✓A, ✓

0
B) +

E(✓0
A, ✓B) � E(✓0

A, ✓
0
B) with E(✓A, ✓B) ⌘ huA · ŜA ⌦ uB ·

ŜBi = � cos(✓A � ✓B). If, for instance, one chooses
✓A � ✓B = ⇡/4, ✓A � ✓

0
B = ✓

0
A � ✓B = �⇡/4 and

✓
0
A � ✓

0
B = �3⇡/4, then hB̂

CHSH
(A, B)i = �2

p
2. Since

|hB̂
CHSH

(A, B)| > 2, the Bell inequality is violated and
this cannot be accounted for in a theory with local re-
alism. As is well known, this has been experimentally
confirmed [45–48]. Very recently, this has even been ob-
served with a set-up where the detectors are controlled
by the light coming from distant stars [49].

Our goal is now to design a similar approach but with
the CMB.

B. Banaszek-Wodkiewicz (BW) spin operators

The first di�culty that we meet is that we deal with a
continuous variable system. Indeed ⇣̂k (or the Mukhanov-
Sasaki variable v̂k) are continuous complex operators and
have a continuous spectrum, not a discrete one with two
eigenvalues ±1. However, for any continuous variable

system, it is possible to introduce fictitious or pseudo-
spin operators. They have been discussed by Banaszek
and Wodkiewics (BM) in Ref. [50] and Chen, Pan, Hou
and Zhang in Ref. [51] and are defined by [50–53]

ŝx (k) =
1X

n=0

(|2nk + 1ih2nk| + |2nkih2nk + 1|) (10)

ŝy (k) = i

1X

n=0

(|2nkih2nk + 1| � |2nk + 1ih2nk|)(11)

ŝz (k) =
1X

n=0

(|2nk + 1ih2nk + 1| � |2nkih2nk|) ,(12)

and similar expression for the mode �k. The states |nki
are the eigenvectors of the particle number operator al-
ready introduced before. It is easy to verify that these
operators satisfy the usual SU(2) commutation relations
for a spin, namely [ŝx, ŝy] = 2iŝz, [ŝx, ŝz] = �2iŝy and
[ŝy, ŝz] = 2iŝx. Moreover, if one defines a fictitious unit
vector n = (sin ✓n cos 'n, sin ✓n sin 'n, cos ✓n), then one
has (n · ŝ)2 = Î which means that the outcome of a mea-
surement of the Hermitian operator n · s is, as expected,
±1. Therefore, we have achieved a first goal, namely
define a dichotomic variable from a continuous variable
system. From this point, one can then proceed by anal-
ogy. We can indeed define the Bell operator by

B̂
BW

(k, �k) = n · ŝ (k) ⌦ m · ŝ (�k)

+ n · ŝ (k) ⌦ m0 · ŝ (�k)

+ n0 · ŝ (k) ⌦ m · ŝ (�k)

� n0 · ŝ (k) ⌦ m0 · ŝ (�k) , (13)

where n, n0, m and m0 are four unit vectors, since this
mimics exactly Eq. (9). Then, one has to calculate the
mean value of this operator, not in a state similar to the

Fig. from J. Martin, V. Vennin (2017)Algebraically,

Bipartite system

�1  a, a0, b, b0  1 ) �2  a(b+ b0) + a0(b� b0)  2
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H = HA ⌦HB
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If the correlation function is described by stochastic average

Then,

ha, bi =
Z

d� a(�)b(�)P (�)
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: hidden variable

B ⌘ hSA(✓a)SB(✓b)i+ hSA(✓a)SB(✓
0
b)i+ hSA(✓

0
a)SB(✓b)i � hSA(✓

0
a)SB(✓

0
b)i
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Spin variables
SA(✓), SB(✓) = ±1
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(Spatial) CHSH inequality

• MacroRealism 
• Locality

J. F. Clauser, M. A. Horne, A. Shimony, R. A. Holt (1969)
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free field 
(harmonic oscillator)

Cosmological Perturbations

Hamiltonian of cosmological perturbations

Ĥ =
1

2

Z

R3

d3k


k

⇣
ĉkĉ

†
k + ĉ

†
�kĉ�k

⌘
� i

z
0

z

⇣
ĉkĉ�k � ĉ

†
�kĉ

†
k

⌘�
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Mukhanov-Sasaki action

S =
1

2

Z
d4x


(v0)

2 � �ij@iv@jv +
z00

z
v2
�
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z(⌘) = aMP

p
2✏
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coupling to gravity

Hilbert space

H =
Y

k2R3+

Hk ⌦H�k
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for a bipartite system

⇥
ĉk, ĉ

†
q

⇤
= � (k � q)
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external field

opposite momentumk
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Cosmological Perturbations
Time evolution operator Û(t) = ÛS(t)R̂(t)
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(Two-mode) Squeezing operator

Rotation operator

ÛS(t) = exp
h
re�2i'ĉ†1ĉ

†
2 � re2i'ĉ1ĉ2
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Heisenberg picture

Schrödinger picture

Bogoliubov transformationĉk(t) ⌘ Û†(t)ĉkÛ(t)
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Two-mode Squeezed state
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start from Bunch-Davis vacuum
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In                limit 

Pseudo-Spin Operator
Define the “position” and “momentum” operators

Q̂k =
1p
2
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r
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ĉk � ĉ†k
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cf.

Continuous variables to Dichotomic variables

• Larsson’s spin operators Ŝx, Ŝy, Ŝz
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- easy to relate with measurements 

- “proper” operator  →  observable in cosmology
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J. A. Larsson (2004)



Obstacles
Are the pseudo-spin operators measurable in Cosmology? J. Martin, V. Vennin (2017)

In Cosmology, we are “given” observations.

→  two-time correlations are motivated
CMB and LSS ? 
finite thickness effects in CMB?

If we neglect the decaying modes, ⇣k $ Qk
<latexit sha1_base64="BVZGKcskkGJev98eHUMzWHqM5oc="></latexit><latexit sha1_base64="BVZGKcskkGJev98eHUMzWHqM5oc="></latexit><latexit sha1_base64="BVZGKcskkGJev98eHUMzWHqM5oc="></latexit><latexit sha1_base64="BVZGKcskkGJev98eHUMzWHqM5oc="></latexit>

We cannot measure all of the x, y, z components of the spin. 
ex)  Larsson’s spin operator
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Temporal Bell Inequality

temporal CHSH inequality

B(ta, tb, t
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polarization angle  ↔  time θ t

J. Martin (2019)

In spatial CHSH inequality,
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1, 2 : two subsystems
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J. Martin (2019) 1, 2 : two subsystems

What we did: 

Search for violations of the temporal CHSH inequality 
for a general two-mode squeezed state
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Note

However, it exists in a time correlation due to projection.



�3 �2 �1 0 1 2 3

'a

�3

�2

�1

0

1

2

3

'
b

�✓ = 1

�1.00

�0.75

�0.50

�0.25

0.00

0.25

0.50

0.75

1.00

E
(ta ,tb )

contour: E(ta, tb) = 0.5, 0,�0.5
<latexit sha1_base64="C/AG7XPriGApVHPsT0Ro0VTGLP8="></latexit><latexit sha1_base64="C/AG7XPriGApVHPsT0Ro0VTGLP8="></latexit><latexit sha1_base64="C/AG7XPriGApVHPsT0Ro0VTGLP8="></latexit><latexit sha1_base64="C/AG7XPriGApVHPsT0Ro0VTGLP8="></latexit>

�3 �2 �1 0 1 2 3

'a

�3

�2

�1

0

1

2

3

'
b

�✓ = 0

�1.00

�0.75

�0.50

�0.25

0.00

0.25

0.50

0.75

1.00

E
(ta ,tb )

Correlation Function - Infinite ℓ
E(ta, tb) =

1

2

Dn
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Large squeezing ( ) 
Sign operator ( )

ra, rb → ∞
ℓ → ∞

1, 2 : two subsystems 
a, b : two times

Δθ = 0 Δθ = 1
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Ŝ1(ta), Ŝ2(tb)
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Large squeezing ( ) 
Sign operator ( )

ra, rb → ∞
ℓ → ∞

1, 2 : two subsystems 
a, b : two times

Large squeezing ( ) 
Finite  ( )

ra = rb = 5
ℓ ℓ = 100

local minimums appear around the maximum
→ crucial for violations of Bell inequalities
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Summary

• Bell experiments in cosmology may be able to give a strong evidence 
that cosmological perturbations have a quantum origin. 

• The quantum state of the cosmological perturbations is a two-mode 
squeezed state and it is highly squeezed during inflation. 

• The rotation angle disappears in a state evolved from the vacuum state 
but appears in temporal correlations. 

• Temporal correlations would be the only way for Bell experiments in 
cosmology. 

• A two-mode squeezed state shows violations of the temporal CHSH 
inequality for the Larsson’s spin operator. 

• Necessary conditions for the violations:  ℓ ≲er, r ≳1.5


