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Abstract: Three-partite quantum systems exhibit interesting features that are absent in bipartite ones. Several instances are classics by now: the GHZ
argument, the W state, the UPB bound entangled states, Svetlichny inequalities... In thistalk, | shall discuss some on-going research projects that we
are pursuing in my group (in collaboration, or in friendly competition, with other groups) and that involve three-partite entanglement or non-locality:
* Activation of non-locality in networks. * Device-independent assessment of the entangling power of a measurement. * Can one falsify all models
of hidden communication with finite speed? * Information causality in the three-partite scenario. | shal conclude by a blind excursion into
uncertainty relations and cryptography, which also shows 3& gt;& gt;2 albeit with a different meaning.
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i examples of 3>>2

* Non-locality
— GHZ argument
— Svetlichny

 Entanglement theory

— Unequivalent classes of entanglement
(GHZ and W)

— Bound entanglement for qubits
— Bound information proved to exist




Here: four topics

1. Activation of non-locality in networks

2. Device-independent tests of entangling
measurements

-alsify “hidden signaling”

=, §
4. Information causality in the 3-partite
scenario




ACTIVATION OF NON-LOCALITY
INNETWORKS

Bk Cavalcanti, M. Almeida, V.S., A. Acin, Nature Comm. 2, 184 (2011)
“ B abelo, D. Cavalcanti, V.S_, in preparation



Can be “local” even If p is entangled
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« Can one see non-locality better with many copies?
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= Not equivalent to entg distillation: CC not allowed




« Can one see non-locality better with many copies?
= Not equivalent to entg distillation: CC not allowed
= Problem basically open (Navascues-Vertesi: CHSH...)




p Is a “non-local resource” if it can provide non-locality for some
network



If there exist local measurements by k parties such that, for one
measurement outcome, the resuiting state among the remaining N-
k parties violates a Bell inequality, then the initial N-party state
violates a Bell inequality.

Rk stronger requirement than hidden-non-locality (Popescu;
Masanes-Liang-Doherty)
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If there exist local measurements by k parties such that, for one
measurement outcome, the resulting state among the remaining N-
k parties violates a Bell inequality, then the initial N-party state

violates a Bell inequality.
Rk stronger requirement than hidden-non-locality (Popescu;

Masanes-Liang-Doherty)

In the case the N-party
state is constructed as a
network of p, this criterion
can be used to prove that
p is a non-local resource
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An example of activation of non-locality:
Take the state produced by an erasure channel:
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An example of activation of non-locality:
Take the state produced by an erasure channel.

* is one-way distillable B—A for all k = is a non-local
resource V

* IS k-shareable between Alice and k Bobs — cannot
violate any Bell inequality with kK measurements on Bob
and arbitrarily many on Alice v










@ates = depolarizing channel
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Violation of Bell's inequalities in a shopping mall (Kurtsiefer et al )

Local states (like Wemer states) can lead to

violation of Bell's inequalities if shared among
more than two parties.




DEVICE-INDEPENDENTTES
ENTANGLING MEASUREM
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n: circuit testing
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entangled pairs’, “local unitaries”. ..
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entangled pairs’, “local unitaries”. ..

's this box performing a Bell-state measurement?
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How close Is this box from performing a Bell-state measurement on some
2-dimensional sub-systems in the incoming signals?




circuit testing

A vendor sells allegedly quantum devices: you can buy “sources of
entangled pairs’, “local unitaries”. ..

's this box performing a Bell-state measurement?
- A perfect one? Certainly notl
- What is 2 BSM if | don’'t know the dimensionality of the signals?

How close Is this box from performing a Bell-state measurement on some
2-dimensional sub-systems in the incoming signals?

Of course. evervthinag must be checked with the same vendor’'s products!



‘does not work

0. Buy a “source”, “local measurements”, a “local unitary” and a “BSM”
1. Check the entanglement of the source (e.g. Bardyn et al PRA 2009)

2. Set the local unitary to |, X, Y, Z and check that one light
clicks deterministically for each
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1. Check the entanglement of the source (e.g. Bardyn et al PRA 2009)
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1a. Check CHSH (A0,A1:80.B1)
1b. Check CHSH (C0.C1:80,81)



1a. Check CHSH (A0,A1:80.B1)

1b. Check CHSH (C0,C1.80,B1)
2. Check CHSH (A0,A1.C0;C1) conditioned on B2 = b2
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CHSH(A,B) = 22
CHSH(C,B) =22

If B2 = perfect BSM:
CHSH(A,C|b2) = 2v2

If B2 = separable:
CHSH(A,C|b2) < 2
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What QM can do: entanglement swapping of two singlets

CHSH(A B) ;E@
CHSH(C,B) = 212

If B2 = perfect BSM:
CHSH(A C|b2) = 22

If B2 = separable:
CHSH(A,C|b2) < 2

A Is measuring on an effective qubit, max mt”' ith
'opescu-Rohrlich, McKague) — not entg with C before B2.
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What QM can do: entanglement swapping of two singlets
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If B2 = separable:
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ituition

What QM can do: entanglement swapping of two singlets

CHSH(A,B); L2y
CHSH(C B) = 2v2 "
LS,

If B2 = perfect BSM:
CHSH(A,C|b2) = 2v2

If B2 = separable:
CHSH(A,C|b2) <

— A S T—:::LJI"’W] -:’w jr‘- ~ﬁ—x,t1 e qubit, max entg with
Popesc | not entg with C before B2
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(1) One needs CHSH(A,B) and CHSH(B,C): the condition
CHSH(A,C|b2) = 2+2 alone can be met without any BSM.
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firee remarks
b (1) One needs CHSH(A,B) and CHSH(B.C): the condition
CHSH(A,C|b2) = 2v2 alone can be met without any BSM.
(2) Sao far, quantitative bounds anly under the assumption that
either CHSH(A.B) or CHSH(B,C) is exactly 2v2.
(3) In a qubit model (i.e. not DI) one can see that this test is going

to be very demanding on the company:

Certify BSM at 5% of

failure probability
U

CHSH > 2v2-0.5%

Distance from perfect BSM

CHSHI(ACIbZ2



Device-dependent group excursion

After QKD, randomness & state estimation. here
Is another device-independent task.




FALSIFY HIDDEN SIGNZ
WITH FINITE SPEEL

£S_ N. Gisin, Braz_ J. Phys. 33, 328 (20095)
R oretti. E. Hanggi, S. Wolf, arXiv:1102.5685



=_Bell” theorem

Vo s

' Pre-established agreement (LHV)

Correlations at distance — -
Communication (signal)

" NO LHV- Bell violation

| NO hidden signal: Correlation with space-like separation

no “signal” can travel faster than light
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Can one assume “hidden signaling models” and falsify them by a
direct look at the statistics, without ruling them out by a principle?




3_Bell” theorem

Pre-established agreement (LHV)

Correlations at distance «— -

Communication (signal)

* NO LHV- Bell violation

—

NO hidden signal: - .Correlation with space-like separation
- ' no “signal” can travel faster than light |

Can one assume “hidden signaling models” and falsify them by a
direct look at the statistics, without ruling them out by a principle?

For v=a= | there is a model equivalent to QM: Bohmian mechanics.
What about c<v< « iIn some (unspecified) preferred frame?















The configuration (a,b) may violate Bell
The configuration (a,b") should not




The configuration (a,b) may violate Bell
The configuration (a,b’) should not

Departure from QM if A and B measure “simultaneously enough” in scme
frame sofar it :’:u|j be made consistent. ..



... but a three-party configuration may allow testing the consistency cf the
alternative theorv iiself- hidden siagnaling mav not remain hiddenl
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Suppose there exist Pg(a,b,c) such that: ALL P(a,b,c) satisfying [*]

have P(a,b) violating Bell. Then:

(1) Either the violation of Bell is not due to the signal, i.e. hidden
signaling is falsified as a mechanism;

(2 Or the model must break [*]. 1.e. signaling is not hidden.




 |f one restricts the possible P’s to those that
can be written as Tr(some state...), then
hidden signaling falsified
— V.S, Gisin, Braz_ J. Phys. 2005

* There exist no-signaling distributions with the
desired property, but it is not known if they can
be obtained by measuring a quantum system
— Coretti, Hanggi, Wolf, arXiv 2011

« Last step: find a Pq such that...




Starting point: if all hidden signails
arrive in sequence, we have QM-
Pala.b.c)=Tr(p A.B:C.)

Then evenif Aand B are
simultaneous:

No macroscopic signaling —
P(a,c)=Pgla.c) & P(b,c)=Pq(b.c) [*]

o -
E °* =

Suppose there exist Pg(a,b,c) such that: ALL P(a,b,c) satisfying [*]

have P(a,b) violating Bell. Then:

(1) Either the violation of Bell is not due to the signal, i.e. hidden
signaling is falsified as a mechanism;

(2) Or the model must break [*]. 1.e. signaling is not hidden.
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 |f one restricts the possible P’s to those that
can be written as Tr(some state...), then
hidden signaling falsified
— V.S, Gisin, Braz_ J. Phys. 2005

* There exist no-signaling distributions with the
desired property, but it is not known if they can
be obtained by measuring a quantum system
— Coretti, Hanggi, Wolf, arXiv 2011

« Last step: find a P4 such that...




Just graduated (hmmm maybe with 4 parnes |fs even better?)

X

e

Faisifying hidden communication

It looked impossibie, but hopefully YES, we canl



INFORMATION CAUSALITY IN

THE THREE-PAR OSUENARIC
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Guess a,
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A < \::ﬂ

No-signaling

imited signaling (m bits)

N
IC respected if Zl(ak flb=k)<m
=
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n do for you

0,1} 0,1}
Consider (2,2:2.2) IR '

~ No-signaling

{0,1} & \’{0,1}

No-signaling polytope

Violates IC

We don't know. ..
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There is hope...

But it is an open problem even in the (2,2;2,2)
scenario.

Very partial knowledge for (d,2;d,d)

— Cavalcanti. Salles. V.S.. Nat. Comm. 2010

Ultimately, one would like to find a solution
without having to study each scenario
separately...

And — hey! QM allows more than two
parties...



Consider (2,2,2,2.2.2)
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Consider (2,2,2,2.2.2)

“Bell'sinequalities™: the local polytope has
93856 facets. belonging to 46 inequivalent
classes (1 trtviai 45 non-trivial)

“"PR-boxes™: The no-signaling polytope has
23856 extremai points, belonging to 46
inequivalent classes (1 local, 45 non-local)
NO obwvious correspondence between boxes
and facets =

W

[Lazy -artist representation]
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Consider (2,2,2,2.2.2)

‘Bell'sinequalities™: the local polytope has
93856 facets. belonging to 46 inequivalent
classes (1 trivial, 45 non-trivial)
“PR-boxes™: The no-signaling polytope has
93856 extremal points, belonging to 46 0.1~
inequivalent classes (1 local, 45 non-local)
NO obwvious correspondence between boxes L)
. {01}
and facefs &

{0.1}
-

{0,1}

{0,1}

K"{"«",1}

IC: even the complete study
of this special case seems
hopeless... but one has to
start somewhere. ..

[Lazy-artist representation]
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artial results

1. 43 exiremal non-local points violate bipartite IC

2. For the following two points, we don't know:

One of the two above the GYNI facet
One that cannot be simulated by sharing infinitely many bipartite PR-boxes

3. IC is violated if the

Uffink inequality is

violated = if the i
Svetlichny is violated

above the quantum bound
(true also for N>3)

4_There Is a non-exiremal
point that certainly won't
- violate bipartite IC (Acin)




In Singapore, we care for the principles of physics!

f
_

If we hope to prove IC=QM, we need:
() a multipartite definition of IC
(i) Go beyond case-by-case studies
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Looon Informskon
waeria is loooed an 2= 07031 776 valeno.
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=2 the Task Manager o dose a0 spplicaton that i= not responding.

§ LockCompuber | | Log OFF.... | ShwtDown...

| hengePassward... | | Task Manaager |




Lewzey Information
waeria is loooed on &= (07031 7576 valenio.

Lognm Dabe: SILLIPNIT 1047311 PM

|2 the Task Manager o dose a0 applicaton that i= not responding.




Shut Down Windows

‘whaat do vou wank the computer o do?

T,

Ends vour session and shuks dowsn Windows so that

ol
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Hope to falsify hidden
signaling

Activation of non-
locality in networks

o refamn fo Windows and check the: stabus of the

g = ; Imarel.p... fd|
f"‘!r = _- 1 h spshem canmot end this oroaram tecause it iz walting _-H-"“—-_.__‘ 3
A\_, . % or & response: from pou b

i program: chck Cancel =
- i 11
* L
If wous chooze to end the CrOgraEm immediaiehs, sou will loss X Ead
any unsaved dat= Ta end the program now, cick End
T [
24

=2
Dev -i nd e p E Erud Miows m’ = = ”
measuremern rmation causality
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