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Classical causal relations

A
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Lebs enter bhe qu&h&um world...



Motivakiown

o In quantum mechanics, some variables may be

indefinite (e.q. X, 7)
o What about causal relakions?

> In “skbandard QM”, measurements are downe in
spa«cew&ama
Fixed measurement positions, time evolution,
tensor produ,ﬁ& structure... assume a fixed causal
structure

» Caln we 90 bejc:-v\d Ehis?
Remove bime and causal sktructure from Qm?

o What new Pkev\omenctogv arises?
Exp&rimam&s, QFPR&QRQMS?



Oukline

o The process makrix framewori

o Analogy with entanglement .
Bell Mo%io&&ii&j

o The “"Quankum swiktch” as a
causally mamsaparabi& process
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The process makbrix fr&maworw

[0. Oreshiov, F. Costa, C. Brukner,
Nat, Commun, 3, 1092 (2012)]
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o No shared reference frame, no global time

o  Assuming “local qu&mmw\ mechanics”: CP map Malx



The process makbrix fr&maworw

[0. Oreshiov, F. Costa, C. Brukner,
Nat, Commun, 3, 1092 (2012)]
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o Correlations are bilinear functions of Alice and Bob’s CP maps:

?(Q,blx,v) = Trl Majx ©® Mpjy . W]

> W = “"Process wakrix”
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o Some W matrices are compatible with a definite causal
order: WA*® or WA (e.9. standard quantum circuits)

o The causal order may only be knowi with some
prababdi&j q:
wsey - q wAéB i (1-“%) wBSA

» W matrices of this form are said to be causally separable

> Otherwise, they are causally nonseparable, and are
LMﬂomFaﬁbie with a definite causal order

» Those may generate correlations with no definite
cousal order, which violate “causal inequalities”



A causal gJame [0CB 2012]

o CGame: i
> If y'=0, Alice must guess Bob’s input bik j
> If y'=1, Bob must guess Alice’s inpub bit x
o Success probability: paucc = 1/2 [ plazyly’=0) + plb=x]y’=1) ]
o Assuming a definite causal order (— no 2-way signaling):

P F"sw:-c :?-(- 3/4
k.~ A causal imequ&ii&v



A causal game

[0CB 2012 ]

®  Poucc = 1R [ p(&:jb':ﬂ) + P(blev'zl) 1< 3/4

W= -

» Can be violated in the process makrix framework:
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Process makrices
vs correlakions

o 2 kinds of objects which are “incompatible with any definite
cousal order”:

process makrices / correlakions

» Do we need ko violake a causal E,Mequati,&v ko prove the
causal nonseparability of a W makrix?

» Do all causally Monseparabie W wakrices violake
a causal Lmegu&ii&v?

» How to test for causal nonseparability otherwise?

What could be observed in khe Lab?

Could we demonstrate causal nonseparability in practice,
even i we dont kiow how ko violate a causal imequati&v?



Oukline

o Analogy with entanglement .
Bell Mo%io&&ii&j



/ Entanglement
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A rich amatogv

Causally Momseparabte

Entangled states

process nakrices

e

Coausal wiklhesses (U > Entanglement withesses

Correlations with no | Bell-nownlocal

definite causal order | correlations

|

Causal imequ&t&&es Rell imegu&ti&ies

D M. Aradjo, CB et al., New 2. Phys. 17, 102001 (2018)]



A rich amatogv

Causally Momseparabte

process makrices Entangled states

Coausal wiklhesses (U =) Entanglement wibthnesses

Poep

Entanglement withess S:
]S F@&] <0 and Tr[S. FSQP] 2 o for all Picp

D M. Aradjo, CB et al., New 2. Phys. 17, 102001 (2018)]



Waey

A rich amatogv

Causally Momseparabte

Entangled states

process nakrices
Causal wikhesses (1 | Entanglement withesses

)( WV\OV\SQP
% 9 WASE 4 (1-q> WBA

> for any Wuonsep, there exists
a causal wikthness S such that

TT{S«WV\OV\SQP] <0 and
TrtSQWSQPJ Z O ‘FC}T' OJJ. WSEP

»  Can be constructed efficiently

D M. Aradjo, CB et al., New 2. Phys. 17, 102001 (2018)]



A rich &v\amgv _

Bell nonlocal correlation

X Bell w\equ,ai.d:v
/

focets of the
“Local peLonpe"

Correlations with no ‘ ' Bell-nonlocal

definite causal order correlations

Causal inequalities &) Rell ihequalities



X

A rich amatogv

/ correlation with no definite causal order

W

causal Lhequ&ii&v

-3 E.9. U the case of
binary tnputs $ oubpubst®;

focets of the plazy,b=x) € 1/2
“causal Pot:j&ope" (1)

Correlations with no ‘ Bell-nonlocal

definite causal order correlakions

Causal &Mequ&ii&ies | Rell imequ&ti&ies

W TCR ek al., New 2. Phys. (A press, 2015); arXiv:180%.01704 (qu&m&-[ah)]
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A rich amatogv

Causally Momseparabte

Entangled states

process nakrices

e

Causal wikhesses > Entanglement withnesses

Correlations with o o Bell-nownlocal

definite causal order | correlations

|

Causal imequ&t&&es Rell imegu&ti&ies



Oukline

o The process makrix framework

o Analogy with entanglement :
Bell nonlocality

o The “"Quankum swiktch” as a
causally mov\separabia process



The “qu&h&um switkch”

[&. Chiribella et al., PRA g%, 02231% (2013);
Aradjo et al,, PRL 113, 250402 (2014);
‘Praaopio ek al., Nak. Commun, &, 7913 (2018)]
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The “quam%um switbech”

[&. Chiribella et al., PRA g%, 02231% (R013);
Aradjo et al., PRL 113, 250402 (2014);
Procopio et al., Nat. Commun. &, 7913 (ro158)Y]
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The “qu&h&um switkch”

[&. Chiribella et al., PRA g%, 02231% (2013);
Aradjo et al,, PRL 113, 250402 (2014);
‘Praaopio ek al., Nak. Commun, &, 7913 (2018)]
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(IH) + V) ® [¥) = |H) ® BA|Y) + |V) ® AB|))

> As a process nakrix:

wy = |H)T|gp)Ar [1)40Br|1)BoCr W = |w)uw|
_I_‘V>C’} ‘¢>BI ‘]1>BOAI ‘]1>AOCI

» causally Mamseparabte!



The “quam%um switbech”

[, Chiribella et al.,, PRA ¥¥%, o2231% (R013),;
Aradjo et al.,, PRL 113, 250402 (2014);
‘Prc:-c:opio ek al., Nak. Commun, &, 7913 (2018)]

“-" \. / H
V¢ i
(1) + V) & ) /?vég\ = /X\_

> A cousal wikness O can be conskructed and measured

TrSWesiten] < ©  and T"“{&Wsef?] 2 o for all Wsep

> The quah&um swiktch does nobk violake any causal imaquo\u%j (1,2)

@ [M. Aradjo, CB et al., New 3, Phys, 17, 102001 (2015)]
@ T0. Oreshikov, C. Giarmakzi, arXiv:1806,05449 (2015)]



Conclusion - Qutloolk

New causal relations in the qu&h&um world: C’.ausattj non separabi& processes
Gave some physical content to the process matrix formalism

Clarified the Link between causal nonseparability
of a process and violation of a causal inequality

Rich &v\aiogv with entanglement and Bell sr\omtc:-f:ai,i%j:
to be exploited further!

Applications for Quantum Informabkion? — Beyond quantum computers!

Other examples of nonseparable processes?
Bipartite example that can be implemented?

Violation of a causal inequality in practice???



Thank you for your attention



