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    Classical v/s quantum correlations

A. Kumar Srivastava, GMR, M. Lewenstein et G. Rajchel-Mieldzioć, arXiv:2402.09523 (2024)
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“Quantum phenomena do not occur in a Hilbert space. They occur in a laboratory.” 
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    Classical v/s quantum correlations

A. Kumar Srivastava, GMR, M. Lewenstein et G. Rajchel-Mieldzioć, arXiv:2402.09523 (2024)

Both states are perfectly (anti)correlated ZZ  

H => A prepares +1 & B prepares -1
T =>  A prepares  -1 & B prepares +1

“Quantum phenomena do not occur in a Hilbert space. They occur in a laboratory.” 

explained by shared randomness + “list of instructions“
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    Classical v/s quantum correlations

A. Kumar Srivastava, GMR, M. Lewenstein et G. Rajchel-Mieldzioć, arXiv:2402.09523 (2024)

|Ψ-> is also perfectly anticorrelated XX

H => A prepares (+ 1Z, + 1X) & B prepares (- 1Z, - 1X )
T =>  A prepares (- 1Z, + 1X ) & B prepares (+ 1Z, - 1X )
… 

“Quantum phenomena do not occur in a Hilbert space. They occur in a laboratory.” 

explained by shared randomness + “list of instructions“
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    Classical v/s quantum correlations

A. Kumar Srivastava, GMR, M. Lewenstein et G. Rajchel-Mieldzioć, arXiv:2402.09523 (2024)

|Ψ-> is also perfectly anticorrelated XX

H => A prepares (+ 1Z, + 1X) & B prepares (- 1Z, - 1X )
T =>  A prepares (- 1Z, + 1X ) & B prepares (+ 1Z, - 1X )
… 

“Quantum phenomena do not occur in a Hilbert space. They occur in a laboratory.” 

explained by shared randomness + “list of instructions“
(+ 1Z, + 1X ) do not exist, Z 
and X are incompatible  
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    Classical v/s quantum correlations

A. Kumar Srivastava, GMR, M. Lewenstein et G. Rajchel-Mieldzioć, arXiv:2402.09523 (2024)

|Ψ-> is also perfectly anticorrelated XX

H => A prepares (+ 1Z, + 1X) & B prepares (- 1Z, - 1X )
T =>  A prepares (- 1Z, + 1X ) & B prepares (+ 1Z, - 1X )
… 

“Quantum phenomena do not occur in a Hilbert space. They occur in a laboratory.” 

explained by shared randomness + “list of instructions“

Entangled 

(Separable)

The outcome of a measurement 
do not “preexist”



Geometry of correlations
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    Crash course on Bell nonlocality – Bipartite scenario 

After several rounds of collecting statistics, they are able to infer 
the joint probability distribution  

and notice some correlations: p(ab|xy)!=p(a|x)p(b|y) 

What can we say about S?

Bell scenario 
(device-independent)  

N. Brunner, D. Cavalcanti, S Pironio et 
al., Rev. Mod. Phys. 86, 419 (2014)
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    Crash course on Bell nonlocality

Correlations assisted by 
shared randomness

Local hidden variable models
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    Crash course on Bell nonlocality

Correlations assisted by 
shared randomness 

Vertices: Local deterministic strategies

Facets: Bell inequalities
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    Crash course on Bell nonlocality

Quantum correlations

Vertices: Local deterministic strategies

Facets: Bell inequalities
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    Crash course on Bell nonlocality

Quantum correlations

Vertices: Local deterministic strategies

Facets: Bell inequalities

Insufficient

Violation

Bell n
onlocality
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    Crash course on Bell nonlocality

Quantum correlations

CHSH

Maximally violated by the singlet |Ψ-> for certain optimized 
measurement settings

Bell nonlocality => Entanglement  

(a,b = +1, -1)



Towards multipartite/many-body 
systems
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    Multipartite scenario 

Infer two body correlations 

dim ~ n^2

[0,0,1,0,..]

(n, 2, 3)
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    Multipartite scenario – Symmetrization 

Infer two body correlations 

dim ~ n^2
dim ~ 1
 

Permutation-
invariant Bell 
inequalities 
(PIBIs)

Permutation-invariant (PI)

[0,0,1,0,..]

[c1,c2,..]
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    Multipartite scenario – Bell correlation

Local measurements (not scalable)

Collective measurements (scalable)



24

    Multipartite scenario – Bell correlation

Local measurements (not scalable)

Collective measurements (scalable)

Bell correlation instead of Bell nonlocality



2. Quantum chaos
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   Classical chaos

Definition: A classical dynamic system is chaotic when small perturbations on initial 
conditions may have dramatic effects in the long run (Butterfly effect)
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   Classical chaos

Definition: A classical dynamic system is chaotic when small perturbations on initial 
conditions may have dramatic effects in the long run (Butterfly effect)

Examples Quantified by Lyapunov exponent

sensitivity on initial conditions
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   Features of classical chaotic systems 

Ergodicity
With enough time, the system will visit all 
accessible points in the phase space in a 
uniform way.
Time average = ensemble average
Randomness

Example: free particle/Sinai billiards
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   Features of classical chaotic systems 

Ergodicity
With enough time, the system will visit all 
accessible points in the phase space in a 
uniform way.
Time average = ensemble average
Randomness

Example: free particle/Sinai billiards

Non-integrability 
# DOFs > # conserved quantities
Integrability: 
# DOFs =  # conserved quantities
Example: 1-DOF closed systems
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   Quantum chaos 

Problem: phase space trajectories are not well-defined in QM
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   Quantum chaos 

Problem: phase space trajectories are not well-defined in QM

Quantum system is chaotic when it its classical limit is chaotic.

two-level systems SU(2) three-level systems SU(3)

1-DOF (1 canonical pair) => 
integrable

various DOFs depending on how the 
classical limit is approached => chaos? 

J ->∞

p,q ->∞
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   Tools to diagnose quantum chaos in the quantum regime?
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   Energy levels spacing distributions 

Bohigas-Giannoni-Schmidt conjecture: 
Quantum systems with classically chaotic counterparts exhibit energy spectra resembling 
those of random matrix theory
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   Energy levels spacing distributions 

Bohigas-Giannoni-Schmidt conjecture: 
Quantum systems with classically chaotic counterparts exhibit energy spectra resembling 
those of random matrix theory

Example: Ratio of Consecutive level Spacing (RCS) distributions

Poisson
Signature of integrability in the classical 
limit

Wigner: 
Signature of non-integrability/chaos, as 
described by random matrix theory





3. Bell correlations and quantum chaos
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arXiv:2406.11791
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   Three-outcome many-body Bell inequality   

PIBI

A. Aloy, GM, J. Tura, M. Fadel, Entropy 2024, 26(10), 816

3-outcomes, arbitrary n =>  suited to SU3 models in the classical limit n->∞ in which chaos may arise



40

   Three-outcome many-body Bell inequality   

PIBI

A. Aloy, GM, J. Tura, M. Fadel, Entropy 2024, 26(10), 816

We study the Bell operator eigenvalues distributions for different measurement settings. 
From these, we identify signatures of chaos and integrability if we interpret it as an 
effective Hamiltonian

Bell operator POVMs

3-outcomes, arbitrary n =>  suited to SU3 models in the classical limit n->∞ in which chaos may arise

can we diagonalized in SU(3) irreducible representations (p,q)



41

   Results

For optimal measurement settings, the RCS distributions 
displays “Poisson behaviour” 

Away from the optimal setting, the behaviour is typically 
Wigner 
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   Results

For optimal measurement settings, the RCS distributions 
displays “Poisson behaviour” Conserved quantities

Away from the optimal setting, the behaviour is typically 
Wigner 

Parity sectors



Quantum 
correlations in 
space and time 

arXiv:2507.03440



Conclusions
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● Bell correlations are one of the strongest quantum effects that 
can be witnessed in many-body systems

● Classical chaos: small changes in initial conditions cause 
long-term unpredictability. Absence of chaos implies integrability

● Integrability/quantum chaos of the Bell operator from its 
spectrum distribution 

● Interplay between Bell correlations and quantum chaos, but 
there is still much work to do!



Conclusions

46

● Bell correlations are one of the strongest quantum effects that 
can be witnessed in many-body systems

● Classical chaos: small changes in initial conditions cause 
long-term unpredictability. Absence of chaos implies integrability

● Integrability/quantum chaos of the Bell operator from its 
spectrum distribution 

● Interplay between Bell correlations and quantum chaos, but 
there is still much work to do!

Thanks for your attention!


