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Abstract: <span>Quantum theory is successfully tested in any experimental lab every day. Apart from its experimental validity, quantum theo
constitutes a robust theoretical framework: small variations of its formalism often lead to highly implausible consequences, such as violation
no-signalling principle or a significant increase of the computational power. In fact, it has been argued that quantum theory may represent a
in theory space. We show that, at the level of correlations, quantum theory may not be as special as initially thought. In order to do so, we de
set of almost quantum correlations and prove that this set is (i) strictly larger than the set of quantum correlations but (ii) satisfies most
information principles introduced to characterize quantum correlations, such as local orthogonality, macroscopic locality, no advantage for ne
computation or non-trivial communication complexity. We also provide numerical evidence that the set is compatible with information caus
Finally, we briefly discuss how the set of almost quantum correlations naturally emerges in the consistent histories approach to qu
physics.</span>
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Correlations

One of the main goals of a scientific theory is to predict the correlations
between events in different space-time locations:

If one performs a given action x at (¢,t) getting result », what'’s the
probability of getting result > when performing action y at (¢’,7)?
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Correlations

One of the main goals of a scientific theory is to predict the correlations
between events in different space-time locations:

If one performs a given action x at (¢,t) getting result », what'’s the
probability of getting result > when performing action y at (¢’,7)?

1 x,=1,...,m 1 x;=1,...,m l xy=1,...m

Correlations: p(a,,...,aN |Xl,...,XN)
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Correlations

In this talk, we consider only causally disconnected events. That is, the
devices do not communicate during the input/output process.

1 '\‘I: ]1-.-5’}’ 1 N\.j: ]"'""JJ.] 1 '\-J’V: ]".",,?

-

= Q=
Leyr \ | 4= 1/

No communication!

Physically, this can be enforced by synchronizing well enough the
processes so that they are space-like separated.

l, B = Lyoosl
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Box-world scenario

l X1="1yeeam 1 Xr= LyuussiM l xy=1,....m

1a]:l,...,r la,-: | SO l A= L,...7

p(a],...,aN|x,,...,xN)

Formally, correlations are described by the different conditional
probabilities observed in the experiment. They can be collected into a
vector of positive numbers satisfying some normalization conditions.

No assumption or modeling on the devices is made. They are seen as
back boxes processing classical information.
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Physical correlations

Physical principles translate into limits on correlations.

No-signalling correlations: correlations compatible with the no-signalling
principle, i.e. the impossibility of instantaneous communication.

Ep(a],...,ale,,...,xN) =p(a,,...,aq,|X,...,X;)
a,

Al 5o+

p(a|x)
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Physical correlations

Classical correlations: correlations established by classical means.

p(a,, . aN‘ 5 2 p(A ”z|‘1~ ) : D(aN|xN,)L)

These are the standard “EPR” correlations. Independently of fundamental
issues, these are the correlations achievable by classical resources. Bell
inequalities define the limits on these correlations.
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Physical correlations

Quantum correlations: correlations established by quantum means.

p(alﬂ""aN’xla--.,xN) = tl‘(pM(':'l' @@M(:: )

YMi=1  MiM;=6,,M;

!“1 ”r

Everything is expressed in terms of operators (the quantum state and the
measurement projectors) acting on a Hilbert space.
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Physical correlations

Tsirelson

Bell CCQCNS

Popescu-Rohrlich

There exist correlations that are

compatible with the no-signalling
NS principle but cannot be obtained by

performing local measurements on a
7\ Q quantum (entangled) state.
/ / C \

There exist correlations that cannot be explained by a classical model in which
(deterministic) classical instructions specify the outcomes of the devices. These

quantum correlations are known as non-local and they are detected by the
violation of a Bell inequality.
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Characterization of
Quantum Correlations




Characterizing quantum correlations

Given p(a,b|x,y), does 1t have a quantum realization?

| | M =1
x,y)=tr(,0ABM; ®Mi1) 2’:
MM =0,M,

pla.b

Example:

pla,500.0)= pla,b(0,1) = pla,b1,0)= (2 + 43,2 -v3,2-3.2+3)

1
8
pla,blL,1)=(0.245,0.255,0.255,0.245)
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Motivation

* What are the allowed correlations within our
current quantum description of nature?

* How can we detect the non-quantumness of
some observed correlations? Quantum
analogues of Bell inequalities.

* What are the limits on correlations associated
to the quantum formalism?

* To which extent Quantum Mechanics is useful
for information tasks?

Previous work by Tsirelson
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Device-independent quantum
information processing
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Quantum hacking

Hacking commercial quantum cryptography systems by
tailored bright illumination

Lars Lydersen, Carlos Wiechers, Christoffer Wittmann, Dominique Elser, Johannes Skaar & Vadim

Makarov

Published online 29 August 2010 | Nature | doi;10.1038/news.2010.436

Zeaya Merali

How come?!
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Quantum hacking

Quantum hacking attacks break the implementation, not the principle.

Theory

* Prepare states in a Hilbert space
of dimension two.

* Measure observables in the
same space, e.g. spin-1/2
measurements.

Implementation

Prepare states using an
attenuated laser source.
Measure polarization of light

using single-photon detectors.

Moral: the unavoidable mismatch between theoretical requirements and
implementation is an important weakness in quantum information protocols,

especially in adversarial scenarios.
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A solution to the hacking problem

Device-Independent Quantum Key Distribution

1 x=1.....m )'Zl,...,ml

Alice p(a’ b‘x’ y) Bob

1(1—],....;' b=1,....r l

Protocols that establish a secure key only from the observed correlations
and without making any assumption about the internal working of the
devices used to obtain these correlations.

A. Acin et al., Phys. Rev. Lett. 98, 230501 (2007)
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Bell inequality violation

Bell inequality violation is a necessary condition for security.

v.A)

X, /‘L)q(b

If the correlations are local: p(a./?

X,)) = zﬂ» p(ﬂ.)p(a

A perfect copy of the local instructions can go to Eve.

Barrett, Hardy, Kent, PRL 95; Ekert PRL 91
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DI quantum information processing

Develop a new form of quantum information theory in a scenario where
the users’ devices are just seen as (quantum) black boxes processing
classical information. The resulting protocols have self-certification.

1 xi= L. oyt

l ay= Ly

1 X = Lyuei s

$a=1..r

Observed correlations

1 Xn=1,...,m

p(al,...,aN‘x,,...,xN)

l A= Lyaoul
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Characterization of
Quantum Correlations




NPA hierarchy

Given a probability distribution p(a,b|x,y), we have
defined a hierarchy consisting of a series of tests based on
semi-definite programming techniques allowing the
detection of supra-quantum correlations.

e ey
l NO l NO l NO

The hierarchy is asymptotically convergent.

Navascués, Pironio, Acin, PRL 2007

Related work by Doherty, Liang, Toner and Wehner
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NPA hierarchy

Quantum correlations

Every step in the hierarchy defines a convex set that is included in the previous
step. Convergence is provably attained asymptotically.

In many situations convergence is attained after a few steps. But there is
evidence that there may be situations that require an infinite number of steps.
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Characterizing quantum correlations

Example:

pla.b 10)= (2 +v3.2-43.2-3.243)

0,0) = p(a, hl(),l) = p(a,h

1
8
1,1)=(0.245,0.255,0.255,0.245)

p (a, b

Solution: it is not quantum, that is, there exists no quantum state of two particles and
local measurements acting on them that produce these correlations.

The experimental observation of these correlations would imply the failure of
quantum physics, as Bell violations did for classical physics.
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Why quantum correlations?

Popescu and Rohrlich, Found. Phys. 1994

Q: Why are these correlations not

\ possible in Nature?
/_a\ A: They are incompatible with
quantum laws. That is, there is no

L quantum state and measurements
able to reproduce them.

What would their existence imply operationally?

Information principles have been proposed as the mechanism to bound quantum
correlations. Examples: non-trivial communication complexity, information

causality, macroscopic locality or local orthogonality.
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Non-trivial communication complexity

Alice Bob

ce {0V il > ye{o)

f(x,y)€{0,1}

NTCC: Bob cannot guess the value of the function with worst-case
probability p>1/2 for all functions and input sizes.

There exist supra-quantum non-signalling correlations that make
communication complexity trivial.
Van Dam, PhD Thesis, arXiv:quant-ph/0501159
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Non-trivial communication complexity

A€ No-signalling CHSH < 4

<€ NTCC CHSH £4v2/3 = 3.2659

_ Quantum Mechanics CHSH < 2v2
ﬁ
/o \

CHSH=AB +AB,+AB -A,B, <2

G. Brassard, H. Buhrman, N. Linden, A. A. Methot, A. Tapp and F. Unger,
Phys. Rev. Lett., 96 250401, (2006).
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Information causality

€ {0‘1}/ Referee
m bits

Alice > Bob

!

b

k E{O,...,n}

Goal: b=1x,

The message by Alice should not reveal more than m of her bits: z [(b « X ‘!‘) =m
k

M. Pawlowski, T. Paterek, D. Kaszlikowski, V. Scarani, A. Winter, and M.
Zukowski, Nature 461, 1101 (2009).

Pirsa: 14040065 Page 27/54



Pirsa: 14040065

Information causality

No-signalling

T > CHSH <4
condition
IC > CHSH < 2v2
Quantum
Mechanics > CHSH < 2v2

Yet, there are regions in the space of correlations where, at the moment,
there is a gap between quantum correlations and information causality.
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Macroscopic Locality

Non-local correlations cannot be observed in macroscopic experiments.
M. Navascués and H. Wunderlich, Proc. Royal Soc. A 466, 881-890 (2009).

N independent particle pairs

. Alice Bob i
X IJA %

Measurement precision O(\//V)
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Macroscopic Locality

No-signalling

N > CHSH<4
condition
ML >  CHSH < 2v2
Quantum S
. CHSH < 2v2
Mechanics

The principle is known to be larger than the quantum set.
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Local orthogonality: a multipartite principle

Local orthogonality: different outcomes of the same measurement by one of the
observers define orthogonal events, independently of the rest of measurements.

Event Input Output
e, X, a;..a..dy
e, X'p XXy a’;.a’y..a’y

1. Nevents are orthogonal if they are pairwise orthogonal.

2. The sum of probabilities of orthogonal events is bounded by 1. 2 p((’f) =<1
i

T. Fritz, A. B. Sainz, R. Augusiak, J. B. Brask, R. Chaves, A. Leverrier and A.
Acin, Nature Communications 4, 2263 (2013) .
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Local Orthogonality

No-signalling 5  CHsH<4

condition

LO > CHSH < 2.88
Quantum > CHSH < 2Vv2
Mechanics

We know examples of supra-quantum correlations not
detectable by any bipartite principle that violate LO.
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Will this ever stop?

* On the one hand, it seems very difficult to
extract the Hilbert space formalism only from
information principles acting on the
correlations.

* On the other hand, it appears very difficult to
prove that an information principle is not
good, as one has to consider all possible
applications of the principle.
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Almost quantum correlations

We have identified the set of almost quantum correlations, a set
of non-signalling correlations with the following properties:

* |tis provably supra-quantum.

* |t can be proven to satisfy all known information principles
proposed for quantum correlations, except information
causality.

* The existing numerical evidence suggests that it also satisfies
information causality.
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Almost quantum correlations

The set Q of almost quantum correlations is defined as:

Definition 1. Let P(ay,...,a,|z1,...,z,) be an n-partite non-signalling distribution. We say
that Pl(ay,...,an|z1,...,2,) is almost quantum iff there exist a Hilbert space H, a normalized
state Ilf. 57_ H p’:rif.’ Pr'ulf('r'fu." (.'Pr mtors {[“"J } Z: lrh H :' H‘.i”! f})i ;H"H}H rties:

(3) > . E." =1, for all z, k.

vy 2 S w(1)+Fx(1) 1Cw(n)+Twi(n) | o g ]
(1) 1",1' ',,Af‘.l" *n ) = ]'_n_ T ..,!".1.1 . @), where ™ € S, is an arbitrary permutation

of the parties {1,....,n}.
(i) Plag,...;0:1%5, 0 25) = ($I TLi_ EL***

Property (ii) implies that the projectors “commute only when acting on the state”.

The set of almost quantum correlations contains the set of quantum correlations {.
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Almost quantum correlations

The set O of almost quantum correlations can be alternatively defined as:

Lemma 3. Let P(ay,...,an|x1,...,xs) be a non-signalling n-partite distribution. P(ay,...,an|T1,...,Tn) €
Q iff, for any event (a|x) with ai # 0 for all parties k involved, there exists a vector \u. r) e H
with the properties

(a) (@', Z'|la,x) =0, if (a’|z') L (a|z).

(b) P(a|x) (d|la, x), where |¢) is the (normalized) vector corresponding to the null event,
i.e., none of the parties measures.

A Pl =t "

"y (a,a’,x,x'|a”,x"), where (a|lx) is any event

§ ’ ’ "W o= = =1 =t n = =
(c) (a,&,z, 3 a a",z,z") (@', %'|a,a",z,1

I
®

not involving the measuring parties in the events (a'|x’) and (a"|a

The set admits an efficient SDP characterization: it corresponds to the level 1+AB of
the NPA hierarchy. M. Navascués, S. Pironio and A. Acin, New J. Phys. (2008).
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O is larger than the quantum set

1 x,=0,1 1 x;=0,]

1(1120,1 1(1220,1

30 167 167 30 174
——Pi(110) + — P (1|1) + —PFP»(1|0) — —P»(1|1) — —P(1.1]0,0) —
31 | ‘ 'l 9 1 ‘ ) 9 2( I ) 51 2| | ) 11 | | )

.) ~

74 174
P(1,1|1,0) + —P(1,1/0,1) - —P(1,1]|1, 1
(1,1|1,0) ¥ (1,1/0,1) ¥ (1,1]1,1)

I

-)l))

-

For quantum correlations this quantity is lower bounded by -1.
There exist almost quantum correlations that give / = -1.052.
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