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MOTIVATION

Given a set of probability distributions (behaviour)

{p(ablzy)}

what conclusions can be taken from it by making

different assumptions about how it was obtained?
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PROCESS MATRIX FORMALISM

» Most general operation in quantum mechanics: a set of instruments

{Ia|x}, Ia|x - ﬁ(?‘ll X HO)

[a\a: D O, \Y a,x

TIO Z[a‘x — ]lI, \Y 2z,

r € {1,....,1} labels the instruments
a € {1,...,0}labels their outcomes
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PROCESS MATRIX FORMALISM

» Extracting sets of probability distributions from instruments:

The most general bilinear function f : (Aa‘m, Bb|y) — R that

extracts valid sets of probability distributions from sets of quantum
instruments {Aaz}y Aalx € HY @ H*° and {By|y}, By)y € H°" @ H"js

p(ablzy) = Tr|(Aqe @ Bypy) W1,
where W € H*' @ H?° @ HP' @ HB° is a process matrix.

0. Oreshkov, F. Costa, C. Brukner, Nat. Comm. 3, 1092 (2012)



PROCESS MATRIX FORMALISM

p(ablzy) = Tr

L

AAIAOA’

alx

0. Oreshkov, F. Costa, C. Brukner, Nat. Comm. 3, 1092 (2012)

X B

B;Bo B’
bly

A; Ao BB A'B’
)WI ODJ O®p




PROCESS MATRIX FORMALISM

W e HA @ H4° @ HB' @ HBo

W >0
Tr W = dAodBo
AAoW =a,40B0 W

B;BoW =aoB;Bo W
W=p, W4+, W —a,B, W,

X
where xW ="TrxW & ]ch_X 1s the trace-and-replace operation.

M. Araujo, C. Branciard, F. Costa, A. Feix, C. Giarmatzi, C. Brukner, New J. Phys. 17, 102001 (2015)
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CAUSALITY PROPERTIES

» At the level of probability distributions:

A<B(

A behaviour{p ab|xy)}is causally ordered from Alice to Bob if it satisfies

/
ZPAKB(ab‘x?/) = ZPA<B(ab\xy’), Va,z,y,y
b b

causal(

A behaviour {p ab|xy)} is causal if it can be expressed as a conv. comb. of

ordered behaviours, i.e.,

p (ablxy) == qp” =P (ablzy) + (1 — @)p"~Hablzy), Y a b,z
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CAUSALITY PROPERTIES

» At the level of process matrices:

A process matrix WA=B that is causally ordered from Alice to Bob is the most
general operator that takes pairs of instruments to behaviours that are causally

ordered from Alice to Bob, according to

pA<B(ab|:L'y) = Tr [(Aaklj X Bb|y) W’LHB]

0. Oreshkov, F. Costa, C. Brukner, Nat. Comm. 3, 1092 (2012)
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» At the level of process matrices:

WA<B

G. Chiribella, G. M. D’Ariano, P. Perinotti, EPL 83, 3 (2008)



CAUSALITY PROPERTIES

» At the level of process matrices:

A process matrix W*=°P is causally separable if it can be expressed as a convex

combination of ordered process matrices, i.e.,

T/ SeP —. qu<B 4 (1 o q)WBKA’

where 0 < q < 11is a real number.
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CAUSALITY PROPERTIES

Known advantages of indefinite causal order:

»  Channel discrimination: G. Chiribella, PRA 86, 040301 (2012)

»  Quantum computation: M. Araujo, et al., PRL 113, 250402 (2014)

»  Communication complexity: P. A. Guérin, et al., PRL 117, 100502 (2016)
»  Enhanced channel capacity: D. Ebler, et al., PRL 120, 120502 (2018)

»  Unitary inversion: M. T. Quintino, ef al., PRL 123, 210502 (2019)
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THEORY GAP

DEVICE DEPENDENT

THEORETICAL FRAMEWORK
(CAUSAL WITNESSES)'

SOME EXPERIMENTAL
PROPOSALS AND
IMPLEMENTATIONS?

'M. Aradjo, C. Branciard, F. Costa, A. Feix, C. Giarmatzi, C. Brukner, New J. Phys. 17, 102001 (2015)

SEMI-DEVICE INDEPENDENT

DEVICE INDEPENDENT

THEORETICAL FRAMEWORK
(CAUSAL INEQUALITIES)?

NO KNOWN
EXPERIMENTAL
IMPLEMENTATION

’L.. M. Procopio, et al., Nat. Comm. 6, 7913 (2015). G. Rubino, et al., Science Advances 3, 3 (2017). K. Goswami et al., PRL 121, 090503 (2018).
3C. Branciard, M. Ara(jo, A. Feix, F. Costa, C. Brukner, New, J, Phys. 18, 013008 (2016)



GOALS

»  Efficiently check whether a given behaviour certifies that the process matrix that gave

rise to 1t 1s causally non-separable in a DD, SDI, and DI way.

»  Characterise which sets of causally non-separable process matrices can be certified in

each scenario.






Device-dependent

Given quantities Variables

{p® (ablzy)} W
{Aaiz}, {Bsjy}




Device-dependent

Given quantities Variables

p®(abl Ay ., Byjy) # Tr [(Aye @ By, ) WP

{p? (abzy)} W
{Aaa}, {Boy)} vV WP




Device-dependent

Given quantities Variables
{p® (ablzy)} W
{Aajz}, {Beiy}
Semi-device-independent
Given quantities Variables
{p(ab|zy)} dag; dao
{Bbjy} {Ag)z}

W

p®(ab| Ay, Bypy) # T [(Auje @ By )WP]
Vv WP



Device-dependent

Given quantities Variables
{p® (ablzy)} W
{Aajz}, {Beiy}
Semi-device-independent
Given quantities Variables
{p(ab|zy)} dag; dao
{Bbjy} {Ag)z}

W

p®(ab| Ay, Bypy) # T [(Auje @ By )WP]
Vv WP

pQ(ab\f va\y) # Tr [(Aa\a: X §b|y)Wsep]
V1A zf, WP



Device-dependent

(Given quantities Variables Q — — — S o
{p®(ablzy)} 1% p~(ab | b|y) 7 [( | bly) ]
{Zalw}v {Ebly} \V/ Wsep

Semi-device-independent

(Given quantities Variables S — o
(p° (abloy)} dar dag p“(ablz, Byyy) # Tr [(Aaje ® By )W
{Ebly} {Aajz} \v/ {Aa|$}7 Wsep
%4

Device-independent

Given quantities Variables

{pQ(ab|a:y)} da;, Ay, By, dBg

{Aalw}a {Bbly}
%4




Device-dependent

Given quantities Variables
{p® (ablzy)} W
{Aajz}, {Beiy}
Semi-device-independent
Given quantities Variables
{p(ab|zy)} dag; dao
{Bbjy} {Ag)z}
%4
Device-independent
Given quantities Variables

{p®(ab|zy)}

da;, da,, dB;, dB,

{Aalw}a {Bbl’y}
%4

p®(ab| Ay, Bypy) # T [(Auje @ By )WP]
Vv WP

pQ(ab\f va\y) # Tr [(Aa\az X §b|y)Wsep]
Vi s, WP

pQ(ab|a’;y) # 1r [(Aalaz Q) Bbly)Wsep}

v {Aa\m}a {Bb\y}v WP



DEVICE DEPENDENT {p®(ablzy)}, {Aaiz}s { By}

pQ (ab‘zam 7§b|y) # Ir [(za‘x 0% Ebly)wsep}



DEVICE DEPENDENT {p®(ablzy)}, {Aaiz}s { By}

Deciding if a behaviour comes from a causally non-sep W: SDP

given {pQ (ab‘xy)}v {Za\x}v {Eb\y}
find W

subject to p@(ablry) = Tr [(Zam R Fb‘y)W] Va,b,x,vy
W e SEP,

M. Araujo, C. Branciard, F. Costa, A. Feix, C. Giarmatzi, C. Brukner, New J. Phys. 17, 102001 (2015)



DEVICE DEPENDENT {p®(ablzy)}, {Aaiz}s { By}

Can all causally non-sep process matrices be DD-certified?

Yes.



DEVICE DEPENDENT {p®(ablzy)}, {Aaiz}s { By}

Can all causally non-sep process matrices be DD-certified?

Yes.

(tomographically complete instruments)
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DEVICE INDEPENDENT {p®(ablzy)}

pQ(ab|$y) # Ir [(Aa|a: 0 Bb‘y)Wsep}

» All causal behaviours can be attained by causally separable process matrices and pairs of

instruments.

vV {p**¥ (ablzy)}, I {Aaz}, {Boy}, WP 5 p" (ablzy) = Tr [(Agjz ® Byjy) WP



DEVICE INDEPENDENT {p® (ablzy)}

pQ(ab|$y) # Ir [(Aa\a: 0 Bb‘y)Wsep}

A process matrix can be (DI) certified to be causally

non-separable iff it generates a non-causal behaviour.



DEVICE INDEPENDENT {p®(ablzy)}

Deciding if a behaviour came from a causally non-sep W: LIN-PROG

given  {p“(ab|ry)}
find g, {p? =" (ablzy)}, {p” " (ablzy)}
st. p@(abley) = qp =P (ablzy) + (1 — q)p”~*(ablzy) Va,b,x,y

3C. Branciard, M. Ara(jo, A. Feix, F. Costa, C. Brukner, New, J, Phys. 18, 013008 (2016)
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Is there a causally non-sep process matrix that can be DI-certified?

Yes.

WOCB violates the GYNI inequality

0. Oreshkov, F. Costa, C. Brukner, Nat. Comm. 3, 1092 (2012)
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DEVICE INDEPENDENT {p®(ablzy)}

Can all causally non-sep process matrices be DI-certified?

No.

There exists causally non-separable process matrices that

cannot generate non-causal behaviours.

WFAB

‘causal’ process matrices, do not violate any causal inequality

A. Feix, M. Aratjo, C. Brukner. New J. Phys. 18, 083040 (2016)
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SEMI-DEVICE INDEPENDENT {p®(ablzy)}, {By,}

p(ab|x 7§b|y) — Ir [(Aa|$ X §b|y)W]

Cannot be related to the probabilities alone;

cannot be related to the process matrix alone.

» Need new mathematical object.
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p(ab\x 7§b\y) — Ir [(Aa\a: X Eb‘y)W}

— Ir [Eb\yTrAIAO (Aa|a: R 1P W)]
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p(ab\x 7§b\y) — Ir [(Aa\a: X Eb‘y)W}

{p®(ablzy)}, { By }

— Ir [Eb\yTrAIAO (Aa|a: R 1P W)]

— IT

-—

Bb‘yw

O

alx



SEMI-DEVICE INDEPENDENT {p®(ablzy)}, { By, }

p(ablx ,Fb‘y) — T¥r [(Aa‘x R Eb‘y)W}

— Ir [Fb\yTrAIAO (Aa|$ R 1P W)]
%_/
4

= 1T _Eb\wa

alx

Process assemblage
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a\az alx
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SEMI-DEVICE INDEPENDENT

Causally ordered assemblage:

process matrix

{ QA<B} wQ A<B L(HBIBO)

a\az alx

a|x

Q A<B TrAIAO [(Aa|x 2 ]IB) WA<B]

Causally ordered assemblage:

probabilities

Most general set of operators

{wA<B} : wA-<B c L(HBIBO)

alx alx
that takes a set of instruments to a

causally ordered behaviour:

pA<B(ab‘xy) = 1r [Bb\ywA<Ba\a:}
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Causally ordered assemblage: Causally ordered assemblage:
process matrix probabilities
{ g‘foB} wcc;g‘xA<B L(HBIBO) {wgll;B} : wf';B = L(HBIBO)
w;“:B — BOwQ:B Va,zx

Q A<B TrAIAO [(Aa|;c 2 ]IB) WA<B]

a|a:

{wB<A} : wB<A c L(HBIBO)

alx alx

UJB-<A _ wB-<A \/ T, .CU
2 : alx 2 : alx’
a a
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Causally ordered assemblage: Causally ordered assemblage:
process matrix probabilities
{ g‘foB} wcc;g‘xA<B L(HBIBO) L {wgll;B} : wf':B = L(HBIBO)
w;“:B — BOwQ:B Va,zx

Q A<B TrAIAO [(Aa|x 2 ]IB) WA<B]

a|x

{wB<A} : wB<A c L(HBIBO)

alx alx

UJB-<A _ wB-<A \/ T, .CU
2 : alx 2 : alx’
a a



SEMI-DEVICE INDEPENDENT {p®(ablzy)}, { By, }

A process matrix can be (SDI) certified to be non-causally

separable iff it can generate a non-causal assemblage
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p®(ablz, Byy,) # Tr [(Ags ® By, )WEeP]



SEMI-DEVICE INDEPENDENT {p®(ablzy)}, {By,}

Deciding if an assemblage came from a causally non-sep W: SDP

given {p®(ablzy)}, {Bejy}
find {wa‘x}
s.t. p@(ablzy) = TT(Ebw Welz) Va,b,x,y
{wg|z § € CAUSAL,
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DlI-certifiable is also SDI-certifiable.
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Can all causally non-sep process matrices be SDI-certified?

No.

There exists causally non-separable process matrices that

cannot generate non-causal assemblages.

W & SEP; W14 ¢ SEP

Not only these process matrices cannot the certified in a DI way,

WFAB .

but also not in a SDI way.
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Is there a causally non-sep process matrix that can be SDI-certified

but that cannot be DI-certified?

Yes.
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Is there a causally non-sep process matrix that can be SDI-certified

but that cannot be DI-certified?

Yes.
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THE QUANTUM SWITCH

SOURCE: G. Chiribella, G. M. D'Ariano, P. Perinotti, B. Valiron, Phys. Rev. A 88, 022318 (2013) - FIG. 02


https://arxiv.org/search/quant-ph?searchtype=author&query=Chiribella%2C+G
https://arxiv.org/search/quant-ph?searchtype=author&query=Perinotti,+P
https://arxiv.org/search/quant-ph?searchtype=author&query=Valiron,+B

THE QUANTUM SWITCH
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SOURCE: G. Chiribella,G. M. D’'Ariano, P. Perinotti, B. Valiron, Phys. Rev. A 88, 022318 (2013) - FIG. 03


https://arxiv.org/search/quant-ph?searchtype=author&query=Chiribella%2C+G
https://arxiv.org/search/quant-ph?searchtype=author&query=D%27Ariano%2C+G+M
https://arxiv.org/search/quant-ph?searchtype=author&query=Perinotti,+P
https://arxiv.org/search/quant-ph?searchtype=author&query=Valiron,+B

THE QUANTUM SWITCH

Device-dependent experiments based on the quantum switch.:

» L. M. Procopio, et al., Nat. Comm. 6, 7913 (2015)

» G. Rubino, et al., Science Advances 3, 3 (2017)

» K. Goswamu, et al., PRL 121, 090503 (2018)

» G. Rubino, eral., QIM V: Quantum Tech., S3B.3. (2019)
» K. Goswami, et al., arXi1v: 1807.07383 (2018)

» M. Taddeu, et al., arXiv: 2002.07817 (2020)


https://arxiv.org/abs/1807.07383

THE QUANTUM SWITCH

f» control

Wawiteh € L(HA140 @ HP1Bo g g)

Wswitch # q WA<B<C i (1 L q)WB<A<C









THE QUANTUM SWITCH

M. Araujo, C. Branciard, F. Costa, A. Feix, C. Giarmatzi,
C. Brukner, New J. Phys. 17, 102001 (2015)

C. Branciard, Scientific Reports 6, 26018 (2016)

1T

UuTT

TTU

uuT

TUU

Uuu




THE QUANTUM SWITCH: UUT

Any tripartite process matrix W € L(H*140B180 @ HY) that satisfies the property

Tr[(Ag Ao @B Po @ I€)WAIAc BB — ¢ pA=B(ablry) + (1 — q)p” = (ablay),

cannot be certified to be causally non-separable in a UUT scenario.
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THE QUANTUM SWITCH: UTT, TTU, AND TUU

The quantum switch can be certified in the UTT, TTU, and TUU scenarios.



THE QUANTUM SWITCH: UTT, TTU, AND TUU

The quantum switch can be certified in the UTT, TTU, and TUU scenarios.

C

AgiAe = BEtBo = 0)(0] ® [0)(0], My, = |+)(+],
C

AﬁBAo — Bﬁ(I)BO = [1)(1] ® |1)(1], Mo = |=){-I,

ATA BB
Ag"? = Byp ¢ = [R){H @ [+){+],

ArA
AjT0 = Bﬁ{BO = | =) (= ® [=)(—],
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CONCLUSION

DEVICE S e
DEPENDENT P (ablAajs s Bojy) # Tt [(Aaje © Bojy ) W]
EMI-DEVICE _ o
ISNDEPEND(E:NT p®(ablz, Byjy) # Tr [(Aaje © Bojy ) W]

DEVICE

Q sep
INDEPENDENT p~(ablay) # Tr [(Aaja ® Byjy )W



CONCLUSION

DEVICE L o - -
DEPENDENT pQ(ab‘AaW ’Bb|y) # Ir [(Aa|33 ) Bb|y)W p} pQ(ab|Aa|az 7Bb|y) 7& 1 [(Aa|a: 0 Bb|y)Wsep]
S I | sl Buy) # T [(Auge @ By )W) p2ablz, Byy,) # Tr By i
DEVICE pQ(CLb‘ZUy) # Ty [(Aa|ac 2 Bb|y)Wsep} pQ(O,b‘ZEy) # pcausal(ab‘$y)

INDEPENDENT












Thank you.



