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The problem

Classical limits must kill 
quantum contextuality
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classical limits?
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Quantum theory is contextual

Our everyday experience is classical
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Noncontextuality emerges under quantum 
Darwinism processes
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Part I requests

We need to set our ground:

N-cycle inequalities
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• Simple compatibility scenarios.

M. Araújo et al, Phys. Rev. A 88 022118 (2013) 

Contextuality: N-cycle scenarios
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• Simple compatibility scenarios.

Scenarios with odd N cannot be split into 2 parties!

Contextuality: N-cycle scenarios
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Exclusiveness: 

Extra assumption

A. Cabello, S. Severini, A. Winter, arXiv:1010.2163
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Contextuality: N-cycle scenarios

Measurement protocols
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Contextuality: N-cycle scenarios

Measurement protocols

Usually 
equivalent!



• Hilbert space of dimension 3

Quantum realizations 
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• Hilbert space of dimension 3

Quantum realizations 

Exclusivity
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Usual way to test the inequalities
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Contextuality: N-cycle scenarios



  

Our multiobserver setup proposal

Sequential observers
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Best quantum realization

Sequential observers
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• Which observers still find violations?
-Does this depend on N?
-Does this depend on the 

measurement protocol?

• Already analized, in different setups, 
for non-locality and steering, but 
lacking for Contextuality.
S. Sasmal et al, Phys. Rev. A98, 012305 (2018)
R. Silva et al, Phys. Rev. Lett.114, 250401 (2015)
D. Das et al, Phys. Rev. A99, 022305 (2019).

RDB, Marcelo Terra Cunha, 
Phys. Rev A 102, 052226(2020)/Arxiv 
1811.00615

For the odd N-cycle

Sequential observers
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RDB, Marcelo Terra Cunha, 
Phys. Rev A 102, 052226(2020)/Arxiv 
1811.00615

For the odd N-cycle

Here: we focus on the message we take 
regarding emergence of noncontexuality in 
open quantum systems

Sequential observers
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Results 

The typical results (N=9)

9RDB, Marcelo Terra Cunha, Phys. Rev A 102, 052226(2020)/Arxiv 1811.00615



• Assymptotic limit 
without violation!

• Violation 
disappears 
quickly

• Protocols behave 
differently
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• The behaviour showed for N=9 is qualitatively the same 
for all N.

• No-violation is always atained for large enough K, tending 
to the assymptotic limit.

Results 

9RDB, Marcelo Terra Cunha, Phys. Rev A 102, 052226(2020)/Arxiv 1811.00615



Interpreting as a classical limit



• Multiplayers setup as collisional models and multisystem 
environment 
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Environment

Interpreting as a classical limit 

• Multiplayers setup as collisional models and multisystem 
environment 

Projective ideal 
measurements

Strong interactions
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Interpreting as a classical limit 

Our re
sults 

tell us...
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Dynamics makes contextuality disappear, for all N and 
large enough ‘environment’.

Can you witness 
contextuality?

No

No

No

No

Interpreting as a classical limit 

Our re
sults 

tell us...
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Interpreting as a classical limit 

Take home message:

In this very idealized and special environment, designed to test contextuality, 
noncontextuality emerges.
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Interpreting as a classical limit 

Take home message:

In this very idealized and special environment, designed to test contextuality, 
noncontextuality emerges.

Does noncontextuality emerge in more 
generic classical limit processes?
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Part II requests

We need to set our ground:

Quantum Darwinism (Brandão,Piani and Horodecki)

F. Brandão,M. Piani,P. Horodecki, Nat. Comm. 6 7908(2015)
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Quantum Darwinism – BPH’s approach 
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Quantum Darwinism – BPH’s approach 

Environment as a witness dynamics
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Quantum Darwinism – BPH’s approach 

Environment as a witness dynamics

QD aims to explain why 
they see the same thing

A

A

A
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Quantum Darwinism – BPH’s approach 

Let us formalize a bit...
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Quantum Darwinism – BPH’s approach 

Def.

Theorem (Thm 2 of ref*)

This Thm tells us that EWt-dynamics 
already leads to emergence of some 
objectivity: objectivity of observables
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Quantum Darwinism – BPH’s approach 

Def.

Theorem (Thm 2 of ref*)

Assumptions:
● We consider portions in which the 

approximation is valid
● Infinite environment

*F. Brandão,M. Piani,P. Horodecki, Nat. Comm. 6 7908(2015) 16
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Quantum Darwinism – BPH’s approach 

Def.

Quantum Darwinism: the environment encodes 
information regarding system A
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Quantum Darwinism – BPH’s approach 
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Quantum Darwinism – BPH’s approach 

Specifics of the interaction do not matter!

EW dynamics describes our generic experience
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Quantum Darwinism – BPH’s approach 

Specifics of the interaction do not matter!

EW dynamics describes our generic experience

There is no restriction on the observable 
selected by the dynamics

can be an IC-POVM!
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Results 

RDB, R. Wagner, C. Duarte, B. Amaral, M. Terra Cunha, Arxiv 2104.05734

Taking Spekkens’ notion 
of (non)contextuality
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Results 

Lemma 1

Not operational...

RDB, R. Wagner, C. Duarte, B. Amaral, M. Terra Cunha, Arxiv 2104.05734

Taking Spekkens’ notion 
of (non)contextuality
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Lemma 2
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Results – relaxing assumption 

Infinite environment

Finite environment

RDB, R. Wagner, C. Duarte, B. Amaral, M. Terra Cunha, Arxiv 2104.05734 21



Results – relaxing assumption 

Infinite environment

Finite environment

RDB, R. Wagner, C. Duarte, B. Amaral, M. Terra Cunha, Arxiv 2104.05734 21



Results – relaxing assumption 

Infinite environment

Finite environment

RDB, R. Wagner, C. Duarte, B. Amaral, M. Terra Cunha, Arxiv 2104.05734 21



Conclusions and perspectives 

● Noncontextuality generically emerges out of quantum Darwinism in infinite environments
● It can emerge even if Darwinism fails (EW+affine independence are enough);
● Objectivity emerging from Darwinism can be considered classical, even in the broader case

● In finite environments, contextuality is strongly constrained;

● We have a bound on state discrimination tasks that leads to witness if the coding states are 
vertices of a simplex in the state space
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Compatibility with an ontological model 
assigning deterministic values. 

Probabilities arise as a result of our 
ignorance.
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Pic by Konrad 
Jacobs, Erlangen

Pic from Princeton 
website

Is Quantum Theory compatible with the idea of an 
underlying reality where measurements play only 
the role of revealing pre-determined values?

KS Contextuality

Answer: Yes, but this assignment must be 
context-dependent.
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Specify compatibility 
structure!

KS Contextuality

S. Abramsky and A. Brandenburger 2011 New J. Phys. 13 113036

A. Fine Phys. Rev. Lett. 48, 291 
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Alternating values, non-contextual
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• Non-Disturbance
• Exclusiveness: 

Example: foolish noncontextual 
assignment...

The new inequalities can be violated 
while the original is obeyed!

Odd N-cycle: new inequalities 
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inequalities
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Our multiobserver setup proposal
Colocar em 
outro lugar?

KS Contextuality



• Which observers still find violations?
-Does this depend on N?
-Does this depend on the 

measurement protocol?

• Already analized, in different setups, 
for non-locality and steering, but 
lacking for Contextuality.
S. Sasmal et al, Phys. Rev. A98, 012305 (2018)
R. Silva et al, Phys. Rev. Lett.114, 250401 (2015)
D. Das et al, Phys. Rev. A99, 022305 (2019).

Adapting to sequential observers
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• Hilbert space of dimension 3

Image from ref: Tao Li et al, Experimental Contextuality in Classical Light, Scientific Reports, 2017
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• Hilbert space of dimension 3

Image from ref: Tao Li et al, Experimental Contextuality in Classical Light, Scientific Reports, 2017

Quantum realizations 



• Protocol 1: Markovian process, preparing the post-
measured state

   

Results 



• Protocol 1: Markovian process, preparing the post-
measured state

   
Best result by the handle!

Assymptotic limit given by

Results 



• Measurement protocolos 2 and 3

• These do not determine completely the post-measured State

• Using the symmetries of the N-cycle quantum realization...

Results 



• Measurement protocolos 2 and 3
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• Measurement protocols 2 and 3

Gives the best 
result!

1. 2.  

Results 
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quickly

• Protocols behave 
differently
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• Multiplayers setup as collisional models and multisystem 
environment 

Interpreting as a classical limit 



Spekkens 
Contextuality



Spekkens Contextuality 

Operational Theory

Ontological Model

Procedures
● Preparations,
● Transformations,
● Measurements;

Rule for obtaining behaviours;
Equivalences

18



Spekkens Contextuality 

Operational Theory

Ontological Model

Procedures
● Preparations,
● Transformations,
● Measurements;

Rule for obtaining behaviours;
Equivalences

18



Spekkens Contextuality 

Operational Theory

Ontological Model

Procedures
● Preparations,
● Transformations,
● Measurements;

Rule for obtaining behaviours;
Equivalences

18



Spekkens Contextuality 

Operational Theory

Ontological Model

Procedures
● Preparations,
● Transformations,
● Measurements;

Rule for obtaining behaviours;
Equivalences

Quantum Theory

18



Spekkens Contextuality 

Operational Theory

Ontological Model

Procedures
● Preparations,
● Transformations,
● Measurements;

Rule for obtaining behaviours;
Equivalences

18



Spekkens Contextuality 

Operational Theory

Ontological Model

Procedures
● Preparations,
● Transformations,
● Measurements;

Rule for obtaining behaviours;
Equivalences

18



Spekkens Contextuality 

Operational Theory

Ontological Model

Procedures
● Preparations,
● Transformations,
● Measurements;

Rule for obtaining behaviours;
Equivalences

18



Spekkens Contextuality 

Operational Theory

Ontological Model

Procedures
● Preparations,
● Transformations,
● Measurements;

Rule for obtaining behaviours;
Equivalences

18



Spekkens Contextuality 

Definition: a context is a label distinction between elements of a given equivalence class 

19R. Spekkens, Phys. Rev. A 71, 052108



Spekkens Contextuality 

Definition: a context is a label distinction between elements of a given equivalence class 

Operational Theory

Ontological Models

Noncontextual ontological model

19R. Spekkens, Phys. Rev. A 71, 052108



Spekkens Contextuality 

Definition: a context is a label distinction between elements of a given equivalence class 

Operational Theory

Ontological Models

Noncontextual ontological model

19R. Spekkens, Phys. Rev. A 71, 052108



Spekkens Contextuality 

Definition: a context is a label distinction between elements of a given equivalence class 

Operational Theory

Ontological Models

Noncontextual ontological model

Quantum Theory

19R. Spekkens, Phys. Rev. A 71, 052108



Spekkens Contextuality 

Operational Theory

Ontological Model

Procedures
● Preparations,
● Transformations,
● Measurements;

Rule for obtaining behaviours;
Equivalences

16



Spekkens Contextuality 

Operational Theory

Ontological Model

Procedures
● Preparations,
● Transformations,
● Measurements;

Rule for obtaining behaviours;
Equivalences

16



Spekkens Contextuality 

Operational Theory

Ontological Model

Procedures
● Preparations,
● Transformations,
● Measurements;

Rule for obtaining behaviours;
Equivalences

16



Spekkens Contextuality 

Operational Theory

Ontological Model

Procedures
● Preparations,
● Transformations,
● Measurements;

Rule for obtaining behaviours;
Equivalences

16



Spekkens Contextuality 

Operational Theory

Ontological Model

Procedures
● Preparations,
● Transformations,
● Measurements;

Rule for obtaining behaviours;
Equivalences

16



Spekkens Contextuality 

Operational Theory

Ontological Model

Procedures
● Preparations,
● Transformations,
● Measurements;

Rule for obtaining behaviours;
Equivalences

16



Spekkens Contextuality 

Operational Theory

Ontological Model

Procedures
● Preparations,
● Transformations,
● Measurements;

Rule for obtaining behaviours;
Equivalences

16



Appendix 2



  

BPH



BPH formal 



Quantum Darwinism – BPH’s approach 

Prop.(adapt. from ref.*)

Quantum Darwinism: the environment encodes 
information regarding system A

*F. Brandão,M. Piani,P. Horodecki, Nat. Comm. 6 7908(2015)



  

Emergence of 
noncontextuality in QD



Equivalences in QD settings 
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Only Bobs’ perspectives 
matter!
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Only Bobs’ perspectives 
matter!
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Results



Results 

Lemma 1

21RDB, R. Wagner, C. Duarte, B. Amaral, M. Terra Cunha, Arxiv 2104.05734



Results 

Lemma 1

Proof.
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Lemma 1

Proof.
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Proof.
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Lemma 1

Proof.

Noncontextual OM!
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Proof of Lemma 2
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Results 

Proof of relaxation

After relating the 2-norm to the 1-norm,...
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