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Quantum mechanics predicts the existence of processes that are 
neither causally ordered nor a probabilistic mixture of causally ordered 
processes



CAUSALLY UNORDERED PROCESSES

A and B can receive and send a signal, but their laboratories are 
isolated from the rest of the world between these two events  

Local Laboratories: 
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causally ordered

A and B can receive and send a signal, but their laboratories are 
isolated from the rest of the world between these two events  

Local Laboratories: 
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probabilistic mixture of causally ordered processes

A and B can receive and send a signal, but their laboratories are 
isolated from the rest of the world between these two events  

Local Laboratories: 
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What is a quantum SWITCH?
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CAUSALLY UNORDERED PROCESSES

* G. Chiribella, Phys. Rev. A 86, 040301(2012)
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What is a quantum SWITCH?

CAUSALLY UNORDERED PROCESSES
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What is a process matrix?

Dρ(in) (out)

MA

MB

W
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Process Matrices: 

Probability of obtaining the outcomes a and b

where

* O. Oreshkov, F. Costa, and Č. Brukner, Nat. Comm. 3 (2012)
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Causally Separable Process Matrices: 

* M. Araújo, C. Branciard, F. Costa, A. Feix, C. Giarmatzi, and Č. Brukner, 
New Jour. of Phys. 17, 102001 (2015)

A bipartite W is separable if it is writable as

CAUSALLY UNORDERED PROCESSES

W sep := ⇣WA!B + (1� ⇣)WB!A



Causally Separable Process Matrices: 

For all causally-separable W    there exists a Hermitian 
operator S s. t.

and

for all causally non-separable W     . n-sep

* M. Araújo, C. Branciard, F. Costa, A. Feix, C. Giarmatzi, and Č. Brukner, 
New Jour. of Phys. 17, 102001 (2015)

* G. Rubino, L. A. Rozema, A. Feix, M. Araújo, J. M. Zeuner, L. M. Procopio, 
Č. Brukner, and P. Walther, Preprint at arXiv:1608.01683[quant-ph]

Tr(SW sep) > 0 Tr(SW n-sep) < 0

CNS = �Tr
�
SWSWITCH

�
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CAUSALLY UNORDERED PROCESSES
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CNS = 0.202± 0.029



It was shown that superposition of massive objects can 
effectively lead to ‘entanglement’ in the temporal order between 
local operations

A THEORY INDEPENDENT APPROACH



A THEORY INDEPENDENT APPROACH

 1. The initial joint state of the target system is local (i.e., 
it does not violate a Bell inequality).

 3. The order of operations is pre-defined.

Theorem. No states, set of transformations and measurements which 
obey assumptions 1.-3. can result in violation of Bell’s inequalities

 2. The laboratory operations are local transformations of 
the target systems (i.e., they do not increase the amount of 
a violation of Bell inequalities between the two target 
systems). 
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What is a quantum SWITCH?

A THEORY INDEPENDENT APPROACH



A THEORY INDEPENDENT APPROACH



A THEORY INDEPENDENT APPROACH



A THEORY INDEPENDENT APPROACH

The order in which the target qubit in SWITCH 1 passes 
through        and        is entangled with the order in which the 
target qubit in SWITCH 2 passes through        and

U1A U1B

U2BU2A



A THEORY INDEPENDENT APPROACH

Initial state:1) |0iT1 ⌦ |0iT2 ⌦
✓
|0iC1 ⌦ |0iC2 � |1iC1 ⌦ |1iC2p
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A THEORY INDEPENDENT APPROACH

Application of the gates:2)
1p
2

⇣
U1B � U1A |0iT1

⌘
⌦ |0iC1 ⌦

⇣
U2B � U2A |0iT2

⌘
⌦ |0iC2

� 1p
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⇣
U1A � U1B |0iT1

⌘
⌦ |1iC1 ⌦

⇣
U2A � U2B |0iT2

⌘
⌦ |1iC2



A THEORY INDEPENDENT APPROACH

Projection of the control qubit on3) |+iC , |�iC

1p
2

�
U1B � U1A |0iT1 ⌦ U2B � U2A |0iT2

�U1A � U1B |0iT1 ⌦ U2A � U2B |0iT2
�



A THEORY INDEPENDENT APPROACH

Applied Unitaries: 4)

U1A = U2A = �z U1B = U2B =
I + i�xp

2



A THEORY INDEPENDENT APPROACH

Final state:

which violates Bell inequalities

)
1p
2

�
|LiT1 |LiT2 � |RiT1 |RiT2

�



EXPERIMENTAL IMPLEMENTATION



A THEORY INDEPENDENT APPROACH

 1. The initial joint state of the target system is local (i.e., 
it does not violate a Bell inequality).

 3. The order of operations is pre-defined.

Theorem. No states, set of transformations and measurements which 
obey assumptions 1.-3. can result in violation of Bell’s inequalities

 2. The laboratory operations are local transformations of 
the target systems (i.e., they do not increase the amount of 
a violation of Bell inequalities between the two target 
systems). 



RESULTS - VIOLATION OF NO-GO THEOREM

Starget = 2.55± 0.08
<(⇢) =(⇢)

Fidelity = 0.922± 0.005 Concurrence = 0.95± 0.01



A THEORY INDEPENDENT APPROACH

 1. The initial joint state of the target system is local (i.e., 
it does not violate a Bell inequality).

 3. The order of operations is pre-defined.

Theorem. No states, set of transformations and measurements which 
obey assumptions 1.-3. can result in violation of Bell’s inequalities

 2. The laboratory operations are local transformations of 
the target systems (i.e., they do not increase the amount of 
a violation of Bell inequalities between the two target 
systems). 



RESULTS - VERIFICATION OF ASSUMPTION 1.

<(⇢) =(⇢)
Fidelity = 0.935± 0.004 Concurrence = 0.001± 0.010



RESULTS - VERIFICATION OF ASSUMPTION 1.

Probabilities for measurement outcomes as measured on 
reduced states of target system of S1 and S2

p(o1, o2|m1,m2,!
T
1,2) = p(o1|m1,!

T
1 ) · p(o2|m2,!

T
2 )
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The probability for joint outcomes on the composite system 
of the two targets        in the initial state is factorisable!T

1,2
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RESULTS - VERIFICATION OF ASSUMPTION 1.

The distance between these two sets of probabilities is 3.2 · 10�2
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RESULTS - VERIFICATION OF ASSUMPTION 1.

The distance between these two sets of probabilities is 0.13
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 1. The initial joint state of the target system is local (i.e., 
it does not violate a Bell inequality).

 2. The laboratory operations are represented as local 
transformations of the target systems in the GPTs (i.e., they 
do not increase the “amount of a violation” of Bell 
inequalities between the target systems).

 3. The order of operations is pre-defined.

Theorem. No states, set of transformations and measurements which 
obey assumptions 1.-3. can result in violation of Bell’s inequalities

RESULTS - VERIFICATION OF ASSUMPTION 2.



Final state:)
1p
2

�
|LiT1 |LiT2 � |RiT1 |RiT2

�

RESULTS - VERIFICATION OF ASSUMPTION 2.



RESULTS - VERIFICATION OF ASSUMPTION 2.



RESULTS - VERIFICATION OF ASSUMPTION 2.

1.6 · 10�2
<latexit sha1_base64="Nsgw879WCEmGN+Uw1u/jOOuO87s=">AAAB+nicdVDLSgMxFM3UV62vqS7dBIvgxmGmira7ohuXFewD2rFkMpk2NJMMSUYpYz/FjQtF3Pol7vwb04fg88CFwzn3cu89QcKo0q77buUWFpeWV/KrhbX1jc0tu7jdVCKVmDSwYEK2A6QIo5w0NNWMtBNJUBww0gqG5xO/dUOkooJf6VFC/Bj1OY0oRtpIPbvoOSewi0OhoedeZ4flcc8uuU65WnGPqvA38Rx3ihKYo96z37qhwGlMuMYMKdXx3ET7GZKaYkbGhW6qSILwEPVJx1COYqL8bHr6GO4bJYSRkKa4hlP160SGYqVGcWA6Y6QH6qc3Ef/yOqmOKn5GeZJqwvFsUZQyqAWc5ABDKgnWbGQIwpKaWyEeIImwNmkVTAifn8L/SbPseK7jXR6XamfzOPJgF+yBA+CBU1ADF6AOGgCDW3APHsGTdWc9WM/Wy6w1Z81ndsA3WK8fILGSow==</latexit><latexit sha1_base64="Nsgw879WCEmGN+Uw1u/jOOuO87s=">AAAB+nicdVDLSgMxFM3UV62vqS7dBIvgxmGmira7ohuXFewD2rFkMpk2NJMMSUYpYz/FjQtF3Pol7vwb04fg88CFwzn3cu89QcKo0q77buUWFpeWV/KrhbX1jc0tu7jdVCKVmDSwYEK2A6QIo5w0NNWMtBNJUBww0gqG5xO/dUOkooJf6VFC/Bj1OY0oRtpIPbvoOSewi0OhoedeZ4flcc8uuU65WnGPqvA38Rx3ihKYo96z37qhwGlMuMYMKdXx3ET7GZKaYkbGhW6qSILwEPVJx1COYqL8bHr6GO4bJYSRkKa4hlP160SGYqVGcWA6Y6QH6qc3Ef/yOqmOKn5GeZJqwvFsUZQyqAWc5ABDKgnWbGQIwpKaWyEeIImwNmkVTAifn8L/SbPseK7jXR6XamfzOPJgF+yBA+CBU1ADF6AOGgCDW3APHsGTdWc9WM/Wy6w1Z81ndsA3WK8fILGSow==</latexit><latexit sha1_base64="Nsgw879WCEmGN+Uw1u/jOOuO87s=">AAAB+nicdVDLSgMxFM3UV62vqS7dBIvgxmGmira7ohuXFewD2rFkMpk2NJMMSUYpYz/FjQtF3Pol7vwb04fg88CFwzn3cu89QcKo0q77buUWFpeWV/KrhbX1jc0tu7jdVCKVmDSwYEK2A6QIo5w0NNWMtBNJUBww0gqG5xO/dUOkooJf6VFC/Bj1OY0oRtpIPbvoOSewi0OhoedeZ4flcc8uuU65WnGPqvA38Rx3ihKYo96z37qhwGlMuMYMKdXx3ET7GZKaYkbGhW6qSILwEPVJx1COYqL8bHr6GO4bJYSRkKa4hlP160SGYqVGcWA6Y6QH6qc3Ef/yOqmOKn5GeZJqwvFsUZQyqAWc5ABDKgnWbGQIwpKaWyEeIImwNmkVTAifn8L/SbPseK7jXR6XamfzOPJgF+yBA+CBU1ADF6AOGgCDW3APHsGTdWc9WM/Wy6w1Z81ndsA3WK8fILGSow==</latexit><latexit sha1_base64="Nsgw879WCEmGN+Uw1u/jOOuO87s=">AAAB+nicdVDLSgMxFM3UV62vqS7dBIvgxmGmira7ohuXFewD2rFkMpk2NJMMSUYpYz/FjQtF3Pol7vwb04fg88CFwzn3cu89QcKo0q77buUWFpeWV/KrhbX1jc0tu7jdVCKVmDSwYEK2A6QIo5w0NNWMtBNJUBww0gqG5xO/dUOkooJf6VFC/Bj1OY0oRtpIPbvoOSewi0OhoedeZ4flcc8uuU65WnGPqvA38Rx3ihKYo96z37qhwGlMuMYMKdXx3ET7GZKaYkbGhW6qSILwEPVJx1COYqL8bHr6GO4bJYSRkKa4hlP160SGYqVGcWA6Y6QH6qc3Ef/yOqmOKn5GeZJqwvFsUZQyqAWc5ABDKgnWbGQIwpKaWyEeIImwNmkVTAifn8L/SbPseK7jXR6XamfzOPJgF+yBA+CBU1ADF6AOGgCDW3APHsGTdWc9WM/Wy6w1Z81ndsA3WK8fILGSow==</latexit>

The distance between these two sets of probabilities is 
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RESULTS - VERIFICATION OF ASSUMPTION 2.

The distance between these two sets of probabilities is 3.0 · 10�2
<latexit sha1_base64="2IXLOqqCptgkkBGpPtXDRMJgZgQ=">AAAB+nicdVDLSgMxFM3UV62vqS7dBIvgxiHTCra7ohuXFewD2rFkMpk2NDMZkoxSxn6KGxeKuPVL3Pk3pg/B54ELh3Pu5d57/IQzpRF6t3JLyyura/n1wsbm1vaOXdxtKZFKQptEcCE7PlaUs5g2NdOcdhJJceRz2vZH51O/fUOlYiK+0uOEehEexCxkBGsj9e1ixUGwRwKhoYuus+PypG+XkFOuVVGlBn8T10EzlMACjb791gsESSMaa8KxUl0XJdrLsNSMcDop9FJFE0xGeEC7hsY4osrLZqdP4KFRAhgKaSrWcKZ+nchwpNQ48k1nhPVQ/fSm4l9eN9Vh1ctYnKSaxmS+KEw51AJOc4ABk5RoPjYEE8nMrZAMscREm7QKJoTPT+H/pFV2XOS4lyel+tkijjzYBwfgCLjgFNTBBWiAJiDgFtyDR/Bk3VkP1rP1Mm/NWYuZPfAN1usHGm2Snw==</latexit><latexit sha1_base64="2IXLOqqCptgkkBGpPtXDRMJgZgQ=">AAAB+nicdVDLSgMxFM3UV62vqS7dBIvgxiHTCra7ohuXFewD2rFkMpk2NDMZkoxSxn6KGxeKuPVL3Pk3pg/B54ELh3Pu5d57/IQzpRF6t3JLyyura/n1wsbm1vaOXdxtKZFKQptEcCE7PlaUs5g2NdOcdhJJceRz2vZH51O/fUOlYiK+0uOEehEexCxkBGsj9e1ixUGwRwKhoYuus+PypG+XkFOuVVGlBn8T10EzlMACjb791gsESSMaa8KxUl0XJdrLsNSMcDop9FJFE0xGeEC7hsY4osrLZqdP4KFRAhgKaSrWcKZ+nchwpNQ48k1nhPVQ/fSm4l9eN9Vh1ctYnKSaxmS+KEw51AJOc4ABk5RoPjYEE8nMrZAMscREm7QKJoTPT+H/pFV2XOS4lyel+tkijjzYBwfgCLjgFNTBBWiAJiDgFtyDR/Bk3VkP1rP1Mm/NWYuZPfAN1usHGm2Snw==</latexit><latexit sha1_base64="2IXLOqqCptgkkBGpPtXDRMJgZgQ=">AAAB+nicdVDLSgMxFM3UV62vqS7dBIvgxiHTCra7ohuXFewD2rFkMpk2NDMZkoxSxn6KGxeKuPVL3Pk3pg/B54ELh3Pu5d57/IQzpRF6t3JLyyura/n1wsbm1vaOXdxtKZFKQptEcCE7PlaUs5g2NdOcdhJJceRz2vZH51O/fUOlYiK+0uOEehEexCxkBGsj9e1ixUGwRwKhoYuus+PypG+XkFOuVVGlBn8T10EzlMACjb791gsESSMaa8KxUl0XJdrLsNSMcDop9FJFE0xGeEC7hsY4osrLZqdP4KFRAhgKaSrWcKZ+nchwpNQ48k1nhPVQ/fSm4l9eN9Vh1ctYnKSaxmS+KEw51AJOc4ABk5RoPjYEE8nMrZAMscREm7QKJoTPT+H/pFV2XOS4lyel+tkijjzYBwfgCLjgFNTBBWiAJiDgFtyDR/Bk3VkP1rP1Mm/NWYuZPfAN1usHGm2Snw==</latexit><latexit sha1_base64="2IXLOqqCptgkkBGpPtXDRMJgZgQ=">AAAB+nicdVDLSgMxFM3UV62vqS7dBIvgxiHTCra7ohuXFewD2rFkMpk2NDMZkoxSxn6KGxeKuPVL3Pk3pg/B54ELh3Pu5d57/IQzpRF6t3JLyyura/n1wsbm1vaOXdxtKZFKQptEcCE7PlaUs5g2NdOcdhJJceRz2vZH51O/fUOlYiK+0uOEehEexCxkBGsj9e1ixUGwRwKhoYuus+PypG+XkFOuVVGlBn8T10EzlMACjb791gsESSMaa8KxUl0XJdrLsNSMcDop9FJFE0xGeEC7hsY4osrLZqdP4KFRAhgKaSrWcKZ+nchwpNQ48k1nhPVQ/fSm4l9eN9Vh1ctYnKSaxmS+KEw51AJOc4ABk5RoPjYEE8nMrZAMscREm7QKJoTPT+H/pFV2XOS4lyel+tkijjzYBwfgCLjgFNTBBWiAJiDgFtyDR/Bk3VkP1rP1Mm/NWYuZPfAN1usHGm2Snw==</latexit>



RESULTS - PRESENCE OF NOISE IN THE SWITCH



RESULTS - PRESENCE OF NOISE IN THE SOURCE



CONCLUSION AND OUTLOOK

Scaling up the number of parties

What´s next?

First demonstration of a process that is 
incompatible with a large class of theories which 
are local and have a definite temporal order

Entangled quantum SWITCH

Perform more complex operations on the 
control qubit



THANKS FOR YOUR ATTENTION
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