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

Local Laboratories:

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

Q(Y) = ¢ B(A@W)) + (1= ¢) - A(B(v))

probabilistic mixture of causally ordered processes
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target system

control system
0)

* G. Chiribella, Phys. Rev. A 86, 040301(2012)



CAUSALLY UNORDERED PROCESSES

target system

control system

1)




CAUSALLY UNORDERED PROCESSES

target system

control system
0) +11)
V2




CAUSALLY UNORDERED PROCESSES

(in)
-

control system
0) +11)
V2




CAUSALLY UNORDERED PROCESSES

Process Makrices:

Probability of obtaining the outcomes a and b

—— - = - —_— —————— - — e —

where

> pla,bdz,y,z) =1
a,b,d

Q. Oreshkov, F. Costa, and C. Brukner, Nat. Comm. 3 (2012)



CAUSALLY UNORDERED PROCESSES

Causally Sepambte Process Makrices:

A bipartite W is separable if it is writable as

W sep .— CWA—)B + (1 o C)WB—>A

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



CAUSALLY UNORDERED PROCESSES

Causally Seyambte Process Makrices:

For all causally-separable W*7 there exists a Hermitian
operator S s. t.

Tr(SWHP) > 0 an

n-sep

for all causally non-separable W

CNS = —Tr (SWSWITCH)

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

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




== CAUSALLY UNORDERED PROCESSES

CNS

0.202 = 0.029
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A THEORY INDEPENDENT APPROACH

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 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).

3. The order of operations is pre-defined.

— . — e———————— — — E——— — —

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

Control Qubits

0, 10), - 1), 1),
12

Bell Test Stage Qp

Bell Test Stage

The order in which the target qubit in SWITCH 1 passes
through U1 , and U1 ; is entangled with the order in which the
target qubit in SWITCH 2 passes through U> , and Us
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A THEORY INDEPENDENT APPROACH

Control Qubits
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A THEORY INDEPENDENT APPROACH
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A THEORY INDEPENDENT APPROACH
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A THEORY INDEPENDENT APPROACH

10),10), - 1), 11),

Bell Test Stage

— Final state:
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which violates Bell inequalities



== EXPERIMENTAL IMPLEMENTATION
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== A THEORY INDEPENDENT APPROACH

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

a violation of Bell inequalities between the two 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
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== A THEORY INDEPENDENT APPROACH

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

a violation of Bell inequalities between the two 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



<= RESULIS - VERIFICATION OF ASSUMPTION 1.

Fidelity = 0.935 4= 0.004 Concurrence = 0.001 #+ 0.010




<= RESULIS - VERIFICATION OF ASSUMPTION 1.

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

p(o1, 02|mi, mzawir,z) — p(01|m1,wir) 'p(Oz\mzawg)

The probability for joint outcomes on the composite system

of the two targets wa in the initial state is factorisable



<= RESULIS - VERIFICATION OF ASSUMPTION 1.

Measur. || p(wis) | P (w;":% p(wy. 2) p(wﬂﬂl ) p(wi) | plwii) | p(wis)
Basis plwin) | p]) | Pl
H, H 0.03 0.00 0.00 0.03 0.00 0.00
H,V 0.97 0.00 0.00 0.95 0.00 0.00
H, A : 0.41 0.00 0.00 0.39 0.00 0.00
H,D 0.43 0.59 0.00 0.00 0.61 0.00 0.00
H.R 0.39 0.62 0.00 0.00 0.63 0.00 0.00
H, L 0.60 0.38 0.00 0.00 0.37 0.00 0.00
V. H 0.00 0.00 0.97 0.04 0.00 0.98 0.04
V.V 0.00 0.00 0.03 0.96 0.00 0.03 0.95
V. A 0.00 0.00 0.63 0.39 0.00 0.64 0.40
V.D 0.00 0.00 0.37 0.61 0.00 0.37 0.59
V,R 0.00 0.00 0.34 0.63 0.00 0.33 0.62
V.L 0.00 0.00 0.66 0.37 : 0.00 0.68 0.38
A H 0.33 0.01 0.48 0.02 0.27 0.01 0.40 0.01

AV

0.02

0.47

0.01

0.01




<= RESULIS - VERIFICATION OF ASSUMPTION 1.

Measur. | p(wis) | p(w]sr) | P(WlLy) | P(Wiiye) | p(w]) | pw]) | p(wii) | p(w].)
Basis plws) | plws) | plws) | plws.)
H.H || 002 | 050 0.44 0.24 0.28 0.22 0.26
H,V | 0.04 0.04 0.23 0.25 0.24 0.28
V.V 0.47 0.48 0.24 0.24 0.26 0.26
V.H 0.03 0.04 0.19 0.25 0.25 0.31
R.H || 024 | 038 0.22 0.28 0.33 0.18 0.21
R.V || 032 | 030 0.17 0.30 0.32 0.18 0.19
D.V || 018 | 033 0.30 0.24 0.26 0.24 0.26
D.H | 024 | 028 0.23 0.24 0.28 0.22 0.25
D,R || 03I 0.21 0.30 0.32 0.20 0.30 0.19
D.D || 047 | 0.03 0.03 0.25 0.25 0.25 0.25
R.D || 030 | 032 0.20 0.31 0.31 0.19 0.19
H.D | 028 | 024 0.24 0.27 0.25 0.25 0.23
V.D 020 | 026 0.31 0.24 0.23 0.27 0.26
V.L 0.16 | 031 0.20 0.17 0.30 0.19 0.34
17 1 N YN N 2N N 12 M 10 n 77" N 10 n 7"




<= RESULIS - VERIFICATION OF ASSUMPTION 2.

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



<= RESULIS - VERIFICATION OF ASSUMPTION 2.

’UlA

SWITCH S1 SWITCH S2

—  Final state:




<= RESULIS - VERIFICATION OF ASSUMPTION 2.

Measur. || p(w{,) | p(wiy.) | P(WiL,) | PW]i,0) || PW]) | pw]) | p(w]) | p(wi.)
Basis plwy) | Plwye) | plwz) | -plwse)
H.H | 023 | 024 0.25 0.27 023 | 025 | 025 | 027
H.V || 025 | 023 0.28 0.25 025 | 023 | 027 | 025
V,V || 024 | 023 0.28 0.26 024 | 022 | 028 | 0.26
V,H | 021 | 023 0.27 0.29 0.21 023 | 027 | 029
R.H | 048 | 0.0 0.01 0.01 048 | 050 | 0.0l 0.01
R.V || 051 | 047 0.01 0.01 0.51 047 | 0.01 0.01
D.V || 025 | 023 0.27 0.25 025 | 023 | 027 | 025
D.H | 024 | 024 0.25 0.27 024 | 025 | 025 | 0.26
D.R | 047 | 0.02 0.50 0.02 047 | 002 | 050 | 0.02
D.D || 025 | 023 0.27 0.25 025 | 023 | 027 | 0.25
R.D | 051 | 046 0.01 0.01 0.51 0.46 | 0.0l 0.01
H.D | 024 | 023 0.27 0.26 024 | 023 | 027 | 0.26
V,.D | 024 | o021 0.29 0.26 024 | 022 | 029 | 0.26
V,L | 0.0l 0.01 0.54 0.01 0.01 0.54
H.L | 0.01 0.01 0.51 0.01 0.01 0.51
R.L | 002 0.00 0.02 0.02 0.00 | 0.02




<= RESULIS - VERIFICATION OF ASSUMPTION 2.

Measur. || p(w{,) | p(wiy.) | P(WiL,) | PW]i,0) || PW]) | pw]) | p(w]) | p(wi.)
Basis plws ) | plws) | plws) | -plws.)
H, H 0.23 0.24 0.25 0.27 0.23 0.25 0.25 0.27
H,V 0.25 0.23 0.28 0.25 0.25 0.23 0.27 0.25
V.V 0.24 0.23 0.28 0.26 0.24 0.22 0.28 0.26
V.H 0.21 0.23 0.27 0.29 0.21 0.23 0.27 0.29
R, H 0.48 0.50 0.01 0.01 0.48 0.50 0.01 0.01
R,V 0.51 0.47 0.01 0.01 0.51 0.47 0.01 0.01
D,V 0.25 0.23 0.27 0.25 0.25 0.23 0.27 0.25
D,H 0.24 0.24 0.25 0.27 0.24 0.25 0.25 0.26
D, R 0.47 0.02 0.50 0.02 0.47 0.02 0.50 0.02
D,D 0.25 0.23 0.27 0.25 0.25 0.23 0.27 0.25
R.D 0.51 0.46 0.01 0.01 0.51 0.46 0.01 0.01
H,D 0.24 0.23 0.27 0.26 0.24 0.23 0.27 0.26
V.D 0.24 0.21 0.29 0.26 0.24 0.22 0.29 0.26
V.L 0.01 0.44 0.01 0.54 0.01 0.44 0.01 0.54
H L 0.01 047 0.01 051 0.01 ().47 0.01 .51



<= RESULIS - VERIFICATION OF ASSUMPTION 2.

Measur. || p(wfy) | p(wiy.) | PW]L,) [ PW]i,0) | PW) | pw]) | p(w]) | p(w].)
Basis pws) | plwy) | -plws) | -plws.)
H.H || 031 | 023 0.26 0.20 0.31 023 | 026 | 0.20
HV | 027 | 027 0.23 0.23 026 | 027 | 023 | 023
V.V || 023 | 024 0.26 0.27 023 | 024 | 026 | 027
V.H || 028 | 021 0.29 0.22 028 | 021 029 | 022
R.H || 002 | 001 0.54 0.44 0.02 | 001 0.54 | 043
R.V || 001 | 001 0.49 0.49 0.01 0.01 049 | 0.49
D.V | 026 | 027 0.23 0.24 026 | 027 | 023 | 0.4
D.H | 031 | 023 0.26 0.20 030 | 024 | 026 | 0.20
D.R || 002 | 050 0.02 0.46 0.02 | 051 0.02 | 045
D.D | 028 | 024 0.26 0.21 020 | 024 | 026 | 0.22
R.D | 001 | 001 0.54 0.44 0.01 0.01 0.54 | 0.44
H.D | 031 | 024 0.24 0.21 0.31 024 | 025 | 020
V.D | 028 | 021 0.28 0.23 027 | 022 | 028 | 023
V.L || 047 | 002 0.50 0.02 047 | 002 | 050 | 0.02
HL | 052 | 002 | 044 | 002 052 | 002 | 044 | 0.02
R.L | 003 | 000 | 10930 ]| o004 003 | 000 |10930]| 0.04




<= RESULIS - VERIFICATION OF ASSUMPTION 2.

The distance between these two sets of probabilities is 3.0 - 107

Measur. || p(w{,) | p(wiy.) | P(W]i,) | PW]i,0) || PWw]) | pw]) | p(w]) | p(wi.)
Basis plwy) | plwye) | plwz) | -plws.)
HoH | 031 | 023 0.26 0.20 031 | 023 | 026 | 0.20
HV || 027 | 027 0.23 0.23 026 | 027 | 023 | 0.23
V,V | 023 | 024 0.26 0.27 023 | 024 | 026 | 0.27
V,H | 028 | o021 0.29 0.22 028 | 021 | 029 | 0.22
R.H | 002 | o001 0.54 0.44 0.02 | 001 | 054 | 043
R,V | 001 | o001 0.49 0.49 0.01 | 001 | 049 | 0.49
D,V | 026 | 027 0.23 0.24 026 | 027 | 023 | 0.4
D.H | 031 | 023 0.26 0.20 030 | 024 | 026 | 0.20
D.R | 002 | 0.50 0.02 0.46 0.02 | 051 | 002 | 045
D.D | 028 | 024 0.26 0.21 029 | 024 | 026 | 0.22
R.D | 001 | 00l 0.54 0.44 0.01 | 001 | 054 | 0.44
H.D | 031 | 024 0.24 0.21 031 | 024 | 025 | 0.20
Vv,D | 028 | o021 0.28 0.23 027 | 022 | 028 | 0.23
V.L || 047 | 0.02 0.50 0.02 047 | 002 | 050 | 0.02
JOJI | N <" N nn M 1A | N NN | N <N N NN M 1A | N n




== RESULTS - PRESENCE OF NOISE IN THE SWITCH

281
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<= RESULTS - PRESENCE OF NOISE IN THE SOURCE

281

o Bell with control qubits in input

261
© Bell with target qubits in output
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== CONCLUSION AND OUTLOOK

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

What's nexk?
Scaling up the number of parties

Perform more complex operations on the
control qubit
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