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Abstract

This thesis is dedicated to the study of foundational concepts in quantum
theory from a perspective of quantum information theory. We consider the
measurement statistics obtained from multipartite quantum systems within
the frameworks of Bell nonlocality and EPR steering (Part I), and the com-
munication and processing of single quantum systems in networks of devices
(Part IT).

One of the most striking aspects of quantum theory is its departure from
classical notions of locality. A typical state in quantum theory cannot be
written as the product of its local subsystems, but instead must be described
by a global state of which the local subsystems are said to be entangled. This
inseparability at the mathematical level of the theory is known to persist even
at the observational level, where certain entangled quantum states, via the
violation of Bell inequalities, display correlations that defy any explanation
satisfying classical notions of local causality.

Interestingly however, it is known that not all entangled quantum states
lead to Bell inequality violation, showing that entanglement and Bell nonlocal-
ity are in general different resources. Whereas much effort has been devoted to
studying the set of states that violate a Bell inequality, relatively little effort
has been given to the converse question of characterising those states which
do not. The central focus of Part I is thus an investigation into the sets of
entangled states in quantum theory that do not allow for any Bell inequality
violation. Our motivation is in part fundamental, since a better understanding
of such sets allows for a better understanding of the relationship between the
fields of entanglement and Bell nonlocality, and in part practical, since Bell
nonlocality serves as the resource for so called device-independent protocols in
quantum information processing.

After introducing Bell nonlocality (Chapter 2), our starting point will be
the recently developed field of EPR steering (Chapter 3). We first present
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two results relating specifically to this field, namely demonstration of asym-
metric EPR steering (Chapter 4) and a criterion which serves as a necessary
condition for EPR steering for two-qubit states (Chapter 5). We then exploit
a connection to Bell nonlocality, allowing us to use the tools of EPR steering
to answer fundamental questions relating to Bell nonlocality. This proves to
be particularly fruitful, leading to a number of applications (Chapter 4) and
allowing one to prove an in-equivalence between entanglement and nonlocality
for quantum systems of arbitrary numbers of parties (Chapter 6). We then
explore the classical resources required to simulate entanglement (Chapter 7),
our main result being the first example of an entangled quantum state that
can be simulated using classical resources of finite dimension.

Part II switches the focus to single quantum systems and the processing
of these systems in communication networks. Here, quantum theory is known
to provide significant advantages over classical information processing, for ex-
ample through algorithms of quantum computing, communication complexity,
cryptography and random number generation.

An important resource of interest for such tasks is dimension, i.e. Hilbert
space dimension of the quantum systems used in the networks. We present
methods to certify the dimension of quantum systems processed by networks
of devices, tailored to the case where the devices share classical correlations
(Chapter 7), and the case in which they are independent (Chapter 8). We
also use these tests to compare the power of quantum vs classical communi-
cation, and show that quantum systems outperform classical systems of the
same dimension under significant experimental noise. This leads to a quan-
tum random number certification protocol that is extremely tolerant to noise

(Chapter 8).

While the thesis should serve as a concise overview of all main results, the
reader is directed towards the published papers for some additional results and
detailed proofs.



Résumé

Cette these est consacrée a I’étude des concepts fondamentaux de la physique
quantique d’un point de vue de I'information quantique. Les statistiques de
mesures obtenues via des systemes quantiques multipartites sont étudiées dans
le cadre de la nonlocalité de Bell et du steering EPR (Partie I). Par ailleurs,
nous discutons des concepts de dimension et d’aléa dans des réseaux quantiques
(Partie II).

Un des aspects les plus étonnants de la mécanique quantique est son
désaccord avec la notion classique de localité. Un état quantique typique
ne peut pas étre décrit comme le produit de sous-systemes locaux, mais par
un état global dont les sous-systemes sont intriqués. Cette inséparabilité au
niveau mathématique persiste méme au niveau de l'observation. En effet, cer-
tains états intriqués, via la violation des inégalités de Bell, demontrent des
fortes corrélations qui défient toute explication par une théorie locale.

Il existe pourtant des états quantiques intriqués qui ne violent aucune
inégalité de Bell, ce qui montre que I'intrication et la nonlocalité sont en général
des ressources différentes. Tandis que beaucoup d’effort a été dédié a 1’étude
des états qui violent des inégalités de Bell, relativement peu est connu a propos
des états intriqués, dits locaux, qui ne violent aucune inégalité de Bell. Le fo-
cus de la premiere partie de la these est I’'étude de ces états. Notre motivation
est en partie fondamentale, car cet étude permet une meilleure compréhension
de la relation entre les concepts de l'intrication et de la nonlocalité de Bell, et
en partie pratique puisque la nonlocalité de Bell constitue une ressource pour
les protocoles de I'information quantiques dits “device-independent”.

Apres avoir rappelé les concepts de la nonlocalité de Bell (Chapitre 2), notre
point de départ sera le domaine récement développé du steering EPR (Chapitre
3). Nous présentons d’abord deux résultats relatifs a ce sujet. Le premier
démontre que le steering EPR est fondamentalement asymétrique (Chapitre 4).
Le second est un critere nécessaire pour montrer qu'un état de deux qubits est



une ressource pour le steering EPR, (Chapitre 5). Ensuite, nous exploitons une
connexion avec la nonlocalité de Bell, ce qui nous permet d’utiliser les outils du
steering EPR pour répondre a des questions fondamentales de la nonlocalité
de Bell. Ceci s’avere particulierement fructueux, permettant plusieurs appli-
cations (Chapter 5) et une démonstration de I'inéquivalence entre 'intrication
et la nonlocalité pour les systemes quantiques d’'un nombre arbitraire de sous-
systemes (Chapter 6). La Partie I est conclut en explorant les ressources
classiques nécessaires pour la simulation de l'intrication (Chapitre 7). Notre
résultat central est la démonstration de I'existence d’états intriqués admettant
une simulation classique avec des ressources de dimension finie.

La second partie de la these se concentre sur les systemes quantiques
uniques dans les réseaux de communication. Dans ce scenario, les états quan-
tiques offrent des avantages considérables sur leurs contreparties classiques, par
exemple dans les domaines du calcul, de la cryptographie et de la géneration
de nombres aléatoires.

Une ressource importante pour de telles taches est la dimension, i.e. la
dimension de l'espace de Hilbert des systemes quantiques utilisés dans ces
réseaux. Nous présentons des méthodes pour certifier la dimension d’états
quantiques traités par des réseaux de communication. Ces méthodes sont
adaptées au cas ou les appareils partagent des correlations classiques (Chapitre
7), et au cas ou ils sont indépendants (Chapitre 8). On compare la puissance
de la communication quantique avec la communication classique, démontrant
ainsi que la performance des systemes quantiques surpasse celle des systemes
classique de méme dimension, méme en présence d’un fort bruit experimental.
Ces résultats menent également un protocole pour la certification de nom-
bres aléatoires quantiques qui est extrémement robuste au bruit experimental

(Chapitre 8).
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Chapter 1

Overview

Part I: Outline

The early 20" century was an exciting time for physics. Whereas Einstein
was creating a revolution in our understanding of space, time and gravity,
an independent quantum revolution was under way. The year 1900 saw the
publication of Planck’s work on the quantum nature of energy exchange [1],
followed in 1905 by Einstein’s proposal of the quantisation of radiation as
an explanation of the photoelectric effect |2]. The work eventually resulted
in the Heisenberg and Schrédinger formalisms of quantum mechanics |3} 4]
marking a profound paradigm shift in physics. Quantum theory has since been
unprecedented in its predictive power, providing breakthroughs spanning all
areas of physics.

Despite its undeniable success at observational predictions, questions were
being raised about the foundations of the theory. In their famous 1935 pa-
per, Einstein, Podolsky and Rosen (EPR) [5] put forward their belief as to
why quantum theory cannot be considered a complete theory of nature. Un-
derpinning their argument was the notion of local causality, that operations
performed in one local laboratory should not influence the state of a system
at another distant laboratory. Under this assumption, the nonlocal nature of
wavefunction collapse suggests that the theory is incomplete, in the sense that
new additional variables should be added to render it consistent.

In the same year, Schrodinger [6] expanded on the ideas of EPR and showed
that such a phenomenon arises from a property of certain quantum states
known as entanglement: such states cannot be understood as the sum of their
individual subsystems but rather by a global state which encompasses all sub-
systems. With the continuing success of quantum mechanics as a predictive
tool however, the conclusion of EPR was mostly considered a philosophical
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12 Chapter 1

footnote of the theory and went largely ignored. It was not until 1964 that
John Bell offered a conclusive reply [7], leading to the field of Bell nonlocality
to which Part I of the thesis is dedicated and which we introduce in Chapter 2.
Bell proved that no theory satisfying the notion of local causality can repro-
duce the correlations of separated measurements on certain quantum states.
Consequently, orthodox pictures of the nature of physics in space and time as
favoured by EPR had to be abandoned. Moreover, such claims soon became
experimentally testable via the violation of so-called Bell inequalities [89] and
have been recently demonstrated beyond all reasonable doubt via loophole free
experiments [10-12].

The phenomenon of Bell nonlocality can be seen as a consequence of the ex-
istence of entangled states in quantum theory as introduced by Schrédinger [6],
and for a time it was presumed that entanglement and nonlocality were two
sides of the same coin. It was not until 1989 that the the precise relation-
ship between the state dependent notion of entanglement and the possibility
of nonlocality (i.e. Bell inequality violation) was investigated by Werner [13].
There, he showed the existence of entangled quantum states which do not
lead to Bell inequality violation. Hence, although entanglement is necessary
for nonlocality, in some cases it is not sufficient. 30 years on from Werner’s
result, a precise understanding of the relationship between entanglement and
nonlocality is still missing. In Part I of the thesis we present progress in this
direction, as outlined below.

Local hidden variable models

In order to prove that a particular quantum state does not violate any Bell
inequality, one must construct a local hidden variable (LHV) model, which
guarantees that all possible correlations from the state satisfy the notion of
local causality. This is typically a difficult task since the LHV model must
be guaranteed to work for all choices of measurements, and consequently rel-
atively few states admitting LHV models are known. Much of Part I of this
thesis is dedicated to studying the set of states admitting LHV models, and
presenting new methods for their construction. This then allows us to answer
fundamental questions about the relationship between entanglement and non-
locality.

EPR Steering as a tool for the study of Bell nonlocality

The phenomenon discussed by EPR and expanded on by Schrodinger has
recently been formalised in quantum information theory under the name of
EPR steering [14]. The previous years have seen a large volume of work focused
on this subject, which we introduce in Chapter 3. Importantly for us, EPR
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steering can be linked to Bell nonlocality. Fundamental questions about Bell
nonlocality can then be tackled with the tools of EPR steering, which we
exploit in later chapters.

In Chapter 4 we demonstrate asymmetric steering, that is, a quantum state
for which EPR steering is possible in only one direction. This settles a ques-
tion that was open since the beginning of the field [14]. Chapter 5 presents
a sufficient criterion which guarantees that a two-qubit state does not lead to
EPR steering. This in turn implies that such states do not exhibit Bell non-
locality and provides general classes of entangled quantum states admitting
LHV models. We then present some applications of this result to the fields of
Bell nonlocality and measurement incompatibility. Some further applications
of this result are then presented. In Chapter 6 we consider multipartite sys-
tems. Here, we present a family of genuinely multipartite entangled states for
any number of parties which admit LHV models, proving an in-equivalence of
entanglement and nonlocality for any number of parties. Our construction is
based upon ideas of EPR steering and uses states obtained from the criterion
of Chapter 5.

LHYV models using finite resources

Although it is known that certain entangled states admit LHV models, a
common feature of all previously known models is that they require shared
classical resources of infinite dimension, despite the corresponding simulated
quantum state having finite Hilbert space dimension. In Chapter 8 we in-
vestigate whether this is necessarily the case of all LHV models. We prove
the existence of entangled quantum states admitting LHV models that can be
constructed using shared classical resources of finite dimension, and discuss
the case of simulating nonlocal quantum states using classical communication.

Part II: Outline

The second half of the thesis is focused on the certification of dimension and
randomness from quantum systems.

Certification of dimension

The concept of dimension (i.e. the number of independent degrees of freedom
of a system) plays a vital role in many areas of physics and information theory.
Given the fragile nature of quantum systems however, creating and controlling
systems of high dimension becomes increasingly difficult, and experimentalists
are constantly pushing to manipulate quantum systems of ever higher dimen-
sion. This has its motivation, for example, in the practical implementation of
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quantum computing or communication protocols, where quantum systems of
a given dimension are known to dramatically outperform their classical coun-
terparts.

It is thus desirable to develop methods to certify the dimension of physical
systems produced in the laboratory. Chapter 8 and Chapter 9 are focused on
this problem. We work in the “device-independent” framework, whereby one
does not assume precise experimental control over the devices and works only
with the statistics of the experimental data. This is of practical significance
since experimental implementations are typically subject to sources of error.

In Chapter 8 we outline the general framework, building on that of [15].
We consider networks of preparation, transformation and measurement de-
vices which model the physical devices used in a laboratory experiment and
develop tests of dimension for these networks. We also investigate the power
of quantum vs classical systems in such networks and show that quantum sys-
tems can significantly outperform classical systems of the same dimension at
certain tasks. In Chapter 9 we consider a related problem featuring a simple
network of two devices, under the additional assumption that the devices act
independently. We show that here, quantum systems can outperform classical
systems, even under arbitrary large sources of background noise.

Certification of randomness

The generation of high quality random numbers is an important problem that
finds application in cryptography, simulation and gambling. However, prac-
tically all commercial methods used to generate random numbers use classi-
cal pseudo-random functions, which are fundamentally deterministic, or noise
from complex physical processes (such as thermal/electronic noise), which is
impossible to fully characterise. This makes for a reliable estimate on the
quality of such sources particularly troublesome. The fact that the outcomes
of measurements on quantum systems are inherently probabilistic has sparked
a field of research focused on exploiting quantum systems for the generation
and certification of random numbers |16-20]. In this way, reliable bounds of
the quality of a source of random numbers can be guaranteed.

In the final part of Chapter 9 we present a protocol that allows one to
certify the quality of random numbers produced when qubit quantum systems
are prepared and subsequently measured. The protocol is based on the tests
of dimension presented in the same chapter. We work in the “semi-device-
independent” scenario, where total experimental control over the quantum
systems is not required. As with our tests of dimension, true randomness can
be certified under large experimental noise and low detection efficiency, which
has made possible a corresponding experimental realisation.
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Chapter 2

Bell nonlocality

2.1 The Bell scenario

Consider two parties (which we will call Alice and Bob from here on in) at sep-
arate locations in space. A source is located between the two which provides
them with some shared physical system (see Fig. . Alice receives a uni-
formly chosen classical variable x € {0,--- ,n—1} (called her input) and must
return another classical variable a = {0, --- ,m —1} (called her output). Simi-
larly, Bob receives his input y = {0, -+ ,n—1}, outputting b = {0,--- ,m—1}.
The labels of the inputs/outputs do not carry any particular significance but
simply refer abstractly to a number of possible measurements that could be
performed on some shared system held by Alice and Bob, and their corre-
sponding outcomes (for example polarisation measurements on a system of
two photons). We make the additional assumption that Alice and Bob can-
not communicate their given inputs to each other. This is somewhat natural
given that they are separated spatially, but can be enforced, for example, by
ensuring that the space-time event where Alice receives her input is space-like
separated from the event where Bob gives his output and vice-versa.

This process is then repeated many times; in each round Alice and Bob
receive their inputs and must give their outputs. In the limit of infinitely
many roundq'] we may thus define the conditional probability distributions
p(ab|zy), i.e. the probability that in a given round Alice and Bob give the
outputs a,b upon receiving the inputs x,y. Throughout this thesis, we will
generally refer to the set of these distributions as the correlations produced in
a Bell scenario. As we will see, a striking feature of quantum theory is that it

'Note that we are making an assumption of independent, identically distributed rounds.
For a discussion of memory effects in Bell tests, see for example [21].
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x Yy
-l
) source )

Figure 2.1: The Bell scenario. Two separated parties (called Alice and Bob)
represented by the black boxes share a physical system provided by a source,
then receive inputs z and y and provide outcomes a and b.

can produce correlations strictly stronger than those allowed by any classical
theory.

2.1.1 Classical correlations

Our aim here is to characterise the most general correlations that can result
from the laws of classical physics in a Bell scenario. Following Bell [7], this
can be formalised as follows. Given her input z, Alice outputs a according to
a probability distribution p(a|z). Similarly, Bob outputs according to p(b|y).
Note that at this stage we have assumed a notion of locality: since Alice does
not know Bob’s input y, her output can depend only on her input x and so
p(alry) = p(alx) (and likewise for Bob p(blzy) = p(bly)). We further assume
that these distributions are deterministic, i.e. for a given input x, Alice will
return some output a with probability 1. At this stage we therefore have

p(ablzy) = p(alz)p(bly), (2.1)

which will also be a deterministic function since it is a product of deterministic
functions.

In a typical experiment, the observed correlations will neither be of the
above form (i.e. product form) nor deterministic since there may be some
unobserved or unknown classical variables leading to correlations and/or noise.
This can be taken care of by introducing a shared classical random variable
A € A (which may take a potentially continuous range of values), which Alice
and Bob can use to probabilistically mix deterministic strategies. Denoting
the probability density of this random variable by ¢, so that [ AdA =1, we
thus have

p(ablzy) = / opr(alz)pably)dA, (2.2)
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Figure 2.2: Representation of a LHV model which defines the set of classical
correlations in a Bell scenario.

where each py(a|z), pa(bly) is a deterministic function] If we have a finite
number of inputs and outputs, we have a finite number of possible deterministic
functions py(a|x), pr(bly) and so one can replace the above integral by a finite
sum without loss of generality:

plablzy) = qapalalz)pa(bly). (2.3)

Here, X is summed over all possible combinations of deterministic functions
for Alice and Bob. For historical reasons, the shared variable A is called a local
hidden variable and a local hidden variable model for the correlations (see
Fig. for a graphical representation of the above).

With a little thought, one can convince oneself that any correlations arising
from the laws of classical physics (classical mechanics and special relativity,
for example) must give rise to correlations of this form. More generally, any
theory satisfying the above principle of locality will produce such correlations.
Such correlations are hence termed local, and throughout this thesis we will
use the words classical and local synonymously to describe correlations of the
form (2.2)).

2.1.2 Quantum correlations

We now wish to provide the same analysis for quantum theory (see Fig. .
Alice and Bob’s local measurements will be governed by measurement opera-
tors My, > 0, My, > 0 acting on the local Hilbert spaces of Alice and Bob
and such that > My, = >, My, = 1 (where the identity acts on the relevant

2Note that we could allow these functions to be non-deterministic. However, we can
always hide any indeterminism by adding some classical random variables to A that simulate
this indeterminism (since any finite distribution p(a|z) can be written as a convex mixture
over the deterministic functions py(a|z))
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x Yy
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plablzy) = Tr[p My, @ My),]

Figure 2.3: Bipartite correlations attainable in a Bell test using quantum
theory.

Hilbert space). Since we have the full power of quantum mechanics, we replace
the classical hidden variable A by any valid bipartite quantum state p acting
on the joint Hilbert space of Alice and Bob. This state, can, for example, be
entangled between the Hilbert spaces of Alice and Bob. The correlations are
then given via the Born rule as

plablzy) = Tr [My, @ My p) - (2.4)

It is a simple exercise to showﬁ that any correlations of the form can be
written in the form . Whether the converse question is true, i.e. whether
quantum correlations admit a local hidden variable model explanation and if
so when, will be the general question of interest of this part of the thesis.

2.2 The CHSH inequality

We start by rewriting (2.3)) as

plabley) = qxDa(ablay), (2.5)

where D) (ab|zy) = pa(alz)pa(bly) and ), g» = 1. Equation can thus be
seen as the convex hull of a finite number of possible deterministic distributions
indexed by the variable A. This allows for a rather elegant description of the
set of classical correlations in terms of convex polytopes. As an illustrative
example, we take the simplest nontrivial scenario where both Alice and Bob
receive one of two possible inputs, giving one of two possible outcomes (that
is, n=m =2).

3for example, the classical hidden variable can be modelled as a diagonal (hence separa-
ble) quantum state of sufficiently high dimension p =", gx|A)}A[.
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One possible deterministic strategy for Alice is to output a = 0 for x = 0, 1,
that is [p(0]0),p(0|1)] = [1,1]. Another is given by the case where she outputs
a=1for x =0,1, so [p(0|0),p(0]1)] = [0,0]. Finally we have the cases where
she outputs a = 0 for one input and a = 1 for the other, corresponding to [0, 1]
and [1,0]. Hence, we have 4 possible deterministic strategies for Alice’s local
function p(alxr). For Bob we have the same and so we have a total of 4 x 4
deterministic functions D) (ablzy), A =1, -, 16.

We now define the “correlation vector”

p = [p(00]00), p(01]00), p(10/00), - - -, p(11[11)] (2.6)

whose elements are the values of the conditional probability distribution p(ablzy).
Since we have m = n = 2 this vector lives in a space of dimension 16 and ev-
ery possible set of correlations p(ab|zy) corresponds to a point in this space.
In fact, we can reduce the size of this space by exploiting some known linear
dependencies between the p(ab|zy). The first four of these are given by the
normalisation of the probabilities, that is

> plablry) =1 Va,y. (2.7)

The second set of dependencies are given by no-signalling, reflecting the fact
that Alice cannot communicate her input to Bob (and vice-versa). Math-
ematically, this means that Bob’s (Alice’s) marginal distribution should be
independent of Alice’s (Bob’s) choice of input, giving us

> plablzy) = p(bly) Vy,b (2.8)

Zp(ab|xy) =pl(alr) Vz,a. (2.9)

This gives us another 4 dependencies (we can consider e.g. a = 0,b = 0 due to
normalisation). We may therefore reduce the size of our space by 8 so that p
now lives in a space of dimension 8.

The set of classical correlations is then the convex hull of the 16 determin-
istic vectors py, which geometrically forms a convex polytope in dimension 8
(see Fig.
for a graphical representation of this). This polytope is completely charac-
terised by a finite set of inequalities that are linear in the probabilities, which
define the facets of the polytope. For our simple case, one finds a number of
facets corresponding to the normalisation of probabilities and a single facet
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Figure 2.4: Graphical (two dimensional) representation of the set of Bell local,
quantum and non-signalling correlations p for the two inputs, two outputs.
The vertices of the central square represent the deterministic classical correla-
tions. The set of Bell local correlations, £, is the convex hull of these vertices
(dark grey square). Note that the full space is actually 8-dimensional and
we have more deterministic vertices than shown. The facets of this polytope
are called Bell inequalities. Outside of this lies the set of correlations achiev-
able using quantum systems, Q. Finally, the set of non-signalling correlations
NS (those which respect ) is also a polytope lying outside of the quan-
tum set. The point pgo corresponds to the maximal quantum violation of the
CHSH inequality.

inequality (up to relabelling of input/outputs) given by

Zlp(ablzy)] = Eoo + Eor + Ero — Eni < 2, (2.10)

where E;; = > . (—1)*"p(ab|zy). This is known as the CHSH Bell inequality

8], and is hence satisfied by all correlations of the form (2.2). Since (2.10) is
linear in the probabilities, one may alternatively write

p-IT<2 (2.11)

for some real vector Z of the same dimension of p.
For the case with n inputs and m outputs the procedure is much the same,
and we arrive at a local polytope P (of much higher dimension) whose non-
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normalisation facets we call Bell inequalities] A set of distributions p(ab|zy)
given by a correlation vector p is then Bell local iff it belongs to the polytope
P and hence satisfies all facet Bell inequalities Z™ (indexed by n):

peP «— p-ITW <Cc™ vn. (2.12)

Computational methods [22}23] can be used for finding such facets, however
quickly become infeasible so that only simple scenarios can be solved (in gen-
eral the problem is known to be NP-hard in the number of inputs [24]).

2.3 Quantum nonlocality

We have now done all the necessary work to lead us to Bell’s famous theorem
ik

Theorem 2.3.1 (Bell’s Theorem). There exist correlations p(ab|zy) arising
from local measurements on bipartite quantum states that cannot be written
in the form ([2.2)).

To see this, consider the (maximally entangled) pure state

p=R" XY, (2.13)
where
1
V2

Parameterise measurements using the Bloch vector notation:

[¥7) (101) — [10)). (2.14)

1+m,- -0
where m; is a normalised Bloch vector and ¢ = (0,, 0, 0,) is the vector of Pauli
matricies. The state (2.14) has the interesting property that E,, = —a, - b,

where a,, l;y are the Bloch vectors of Alice and Bob’s measurements. If we
chose Alice’s measurement Bloch vectors to be in the z and x directions, a; =
€., 4y = é,, and Bob’s measurement Bloch vectors to be b, = (é, £ éx)/\/ﬁ,
we find

Z[p(ablzy)] = 2V2, (2.16)

4 Facets of the local polytope P are generally called tight Bell inequalities. More generally,
any function f(p(ab|zy)) such that f(p(ablxy) > L for some L implies that the correlations
lie outside of P (and are hence nonlocal) is called a Bell inequality
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hence violating the CHSH Bell inequality. For obvious reasons, such cor-
relations are termed nonlocal. It hence follows that no classical theory can
reproduce the correlations of quantum mechanics.

Experimental observation of the violation of the CHSH Bell inequality was
made soon after its discovery [25] using entangled photons pairs, and eventually
enforcing space like separation between the measurement events [26]. More
recently, a number of experimental groups have achieved a so called “loophole
free” violation of the CHSH inequality [10-12], confirming that nature is indeed
nonlocal.

2.4 Not all entangled states are nonlocal: Werner’s
model

Since separable states always give rise to local correlations, the violation of
a Bell inequality can be seen as a certification of entanglement. A relevant
question is then: does entanglement always lead to nonlocality? That is, given
any entangled state, can one always find local measurements such that
is not satisfied?

It turns out that the answer to this question is no, as first shown by Werner
[13] in 1989. Consider the one parameter family of two qubit mixed states (now
called Werner states):

pa = "N [+ (1 — a)1/4. (2.17)

These states are entangled for o« > 1/3 (as verified, for example, via the PPT
criterion [27]). For a > 14/2 the state violates the CHSH Bell inequality.
Werner showed that for @ < 1/2, all the correlations obtained from p,, using
projective measurements satisfy and thus never lead to Bell inequality
violation.

In order to prove this, we need to exhibit an explicit local hidden variable
(LHV) model for the state, i.e. some hidden variable A with distribution gy
and local distributions py(a|Z), pa(b]y) for the measurements Mz, Myy of
Alice/Bob with Bloch vectors ¥, ¥ such that

Tr [P%Maw@ Mbw] = /AQAP,\(GW)PA([)W)d)\ (2.18)

(the case a < 1/2 is straightforward since it corresponds to adding white

noise). This can be achieved by choosing A to be a unit vector on the 3-

sphere, which we write as A = X, distributed uniformly ¢; = ﬁ. Intuitively,
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Figure 2.5: Representation of the sets of separable, local (states admitting
LHV models), and nonlocal quantum states.

X can be thought to represent a qubit pure state with Bloch vector X. The
distributions py(a|Z) and p;(b|y) are given by

1— (—1)%sgn[Z - X 14— X
- AL el = FHETA

(2.19)

Hence, the state p, does not violate any Bell inequality for a < % if ar-
bitrary projective measurements are performed. One may further wonder
whether may be violated if one is allowed to perform general measure-
ments (positive-operator valued measures, or POVMs) on the same state. Bar-
rett |28] proved that if & < 5/12 this is not the case, and we hence have a class
of entangled state that admits a LHV model even for general measurements.

Since there exist entangled quantum states admitting LHV models, the set
of states admitting a LHV model is a superset the set of separable states (see
Fig.[2.5]). However, relatively few such states are known [29-32]. Much of this
half of the thesis will be dedicated to the study of the LHV set, i.e. finding
entangled quantum states admitting LHV models, with an aim of better un-
derstanding the relationship between entanglement and nonlocality. In order
to do this we will use tools from the newly developed field of EPR steering,
which we introduce in the following chapter.
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EPR steering

At the heart of the EPR argument [5] lies the fact that one party, by mak-
ing measurements on one half of an entangled state, can non-locally influence
the reduced state of the other party’s subsystem. This concept was proposed
by Schrodinger [6] and first explored in continuous variable systems [33,[34].
Recently, the phenomenon has been formalised in the quantum information
setting [14] (we focus on a more recent, although essentially equivalent ap-
proach, see [35] for a review), which we briefly outline here.

Again we have two parties, Alice and Bob, that share some bipartite quan-
tum state p. Alice performs a measurement on her half of the state given by
the measurement operators M,,. We then define the resulting subnormalised
reduced state on Bob’s subsystem

Oaz = Tt [Ma‘x ®1 ,0] , (3.1)

where we have p(a|r) = Tro,,. The set of matrices {04, }q for fixed z is
called a measurement ensemble and the set of all measurement ensembles an
assemblage. Notice that since Y My, =1, >, 04 = Tralp] = pp for all z.
Formally, we say that an assemblage demonstrates EPR steering from Alice to
Bob (shortened to steering from Alice to Bob from here on in) if it does not
admit a decomposition of the form

aax:/q,\p,\(a|m)a)\d)\, Va,x (3.2)
A

where ¢, is again a normalised distribution over A\ € A, py(a|z) is an arbitrary
probability distribution, and o) is a quantum state (called a local hidden state)
acting on the Hilbert space of Bob. The right hand side of the above can be
understood as follows (see Fig. [3.1)). A source between Alice and Bob chooses

27
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-( 4 @ 2 » Oala

Figure 3.1: Representation of (3.2). The source prepares the classical variable
A, and sends this to Alice. To Bob, the local hidden state o, is sent. If
Alice outputs with probability py(a|xz) Bob receives the state 0,4,/ Tr 04, (after
averaging over \) with probability Tr ;.

the local hidden variable A with probability density ¢, and sends to Bob the
local hidden state o) and to Alice the variable A. Alice, upon receiving her
input x, outputs a with probability py(a|z). The corresponding state held by
Bob is then o4,/ Tro,),] occurring probability p(a|z) = Tro,,. To simplify
things slightly, one can further absorb the ¢, into the oy, defining ) = g)0.
Equivalently to (3.2), one then has

7o = [ mlalordr Vo, (3.3)
A

with 6, > 0 and fTr&,\ =1.

Since all separable state lead to assemblages of the form ({3.3), it follows
that if the assemblage {0, } demonstrates steering then the state p must be
entangled. One also sees that Alice and Bob play asymmetric roles. Generally,
one refers to Alice as the untrusted party and Bob the trusted party. The
reason for this is that we do not assume anything about the distributions
pa(alx), but we assume we know the reduced states o4/ Tr 04, of Bob via
tomography. Contrasting this with Bell nonlocality, for example, both parties
are untrusted. In the following chapter we will explore this asymmetry in more
detail.

3.1 EPR steering and LHV models

If all assemblages that can be produced from a state p admit a decomposition
of the form (3.2) (i.e. for all possible measurements M,|,) then the state p is

called unsteerable from Alice to Bob. Every state which is unsteerable admits
a LHV model, which can be seen as follows. Define py(bly) = Tr[oxMy,]|. This
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Figure 3.2: Representation of the sets of separable, unsteerable (LHS), Bell
local (LHV) and nonlocal states. The set of unsteerable states is a subset of
the set of local states.

then defines a LHV model

p(abley) = / pa(a]z) Tr [0y My, ] A
A

=Tr [(/A QAPA(a\x)UAd)‘) Mbly}

= Tr (00 M| = Tr [Tra [Mope @ 1 p] My, ]
=Tr [Mam & Mb|y ,0} , (34)

hence reproducing the correlations of the state p. Consequently, unsteeable
states occupy a middle ground between separable and nonlocal states (see
figure ) This allows one to study fundamental questions related to Bell
nonlocality whilst working in the steering framework. As we will see in this
and later chapters, this can be a particularly fruitful approach.

The first line of ((3.4)):
p(ablzy) = / apa(alz) Tr [or My, | dX (3.5)
A

is called a local hidden state (LHS) model, since it is a special case of a LHV
model where Bob’s response function takes the form py(bly) = Tr[o\ My, ], with
oy called the local hidden state (in comparison to a local hidden variable).
The above can be seen as the definition of steering for correlations: a set of
correlations p(ab|ry) demonstrates steering from Alice to Bob iff they do not
admit a decomposition of the form (3.5]).
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3.2 EPR steering and one-sided maps

The fact that one of the parties in the steering scenario is trusted allows one
to define a useful lemma (see also [36,137]):

Lemma 3.2.1. Let Q be a positive linear map, and let {0, } be an assemblage
that does not demonstrate steering from Alice to Bob (i.e. that admits a
decomposition (3.3])). Then the assemblage {aﬁx} given by

Q Qo]

%ol = Ty [lpg]] (3.6)

where pp = ), 04, does also not demonstrate steering from Alice to Bob.
Furthermore, if € is invertible and its inverse map positive, then {o,|, } demon-
strates steering form Alice to Bob if and only if {af}'x} demonstrates steering
from Alice to Bob.

Proof. Using ({3.3)) we find

Qogs)] iy 6] _ .
Tr [2[p5]] _/Ap)\< | )TI[Q[pB”d/\ /APA( |2)a5dA. (3.7)

Note that 55! > 0 and

oy T[]
/AT ) = e =1 (3.8)

since by summing (3.3) over a we have

A
If the map €2 is invertible then one has
Ot [UQ| }
Tr [Q—l [UﬁmH .

Hence, if Q7' positive then {o,,} demonstrates steering if and only if {Jﬁx}
demonstrates steering. O]

(3.10)

Oalz =

From this we can prove the following Theorem, which will be of use throughout
this part of the thesis.
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Theorem 3.2.1. Let () be a positive linear map. If the state p admits a LHS
model from Alice to Bob, then the state

14 ®Q[p]

P2 = T [lps] (3.11)

admits a LHS model from Alice to Bob. Furthermore, if € is invertible and
its inverse map positive then the statement is if and only if.

Proof. The proof of this follows from the fact that

Try [Mae @1 po] = M (3.12)
Tr [Qps]]
which by Lemma does not demomstrate steering for all M,, and hence
admits a LHS model. To prove the if and only if condition, one uses the fact
that

14097 po]
RETICRr) (3.13)

with p$t = Tra pq. O]

3.3 Steering as a semi-definite program

Many problems in steering can be tackled using the tools of semi-definite
programming (SDP) optimisation [38]. For example, for a finite number of
inputs and outputs, deciding if is satisfied can be cast as a semi-definite
program feasibility problem [39,/40]. This follows from that fact that for a
fixed number of inputs and outputs, one may take the functions p,(a|x) to be
the set of all deterministic functions (as was the case in Bell nonlocality). We
must then check

Talz = Zp,\(cdx)&,\d)\ Va,z ; ZTT[5A] =1; a,>0 VA (3.14)
B ;y

The first two of these conditions are linear in the optimisation variables &)
and the final a semi-definite constraint, hence the above can be solved with
a semi-definite program. SDP methods for steering go far beyond this simple
example - see [35] for a review.
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One-way EPR steering

Alice and Bob play asymmetric roles in the steering scenario. A natural ques-
tion is whether there exist states that are steerable uniquely in one direc-
tion [14]. That is, does there exist a state p that admits a LHS model from
Bob to Alice, however does not admit a LHS model from Alice to Bob. This
has fundamental interest, since it would show an inherent asymmetry of quan-
tum steering for quantum states, but also of potential practical interest, since
there are many quantum information tasks in which one party is trusted (your-
self, for example), but not the other. The existence of one-way steering was
proven for the set of gaussian measurements on a family of continuous variable
states [41,/42] (with corresponding experimental observation [43]). Considering
non-gaussian measurements however, the result was not known to hold, and
indeed for Bell nonlocality it is known that for certain states non-guassian mea-
surements can be necessary to violate a Bell inequality [44]. Considering more
general measurements on quantum states the question thus remained open,
mainly due to the difficulty in constructing LHS models for all measurements
for (necessarily asymmetric) quantum states.

We answer the question of one-way EPR steering [Paper A], considering
arbitrary projective measurements on the two qubit state given by:

—

o 1
pla) = alv™ Y|+ —

(2 00| ® % + 3% 8 |1><1|) )

This state is entangled in the range o > 1/19(—6 + 5v/6) ~ 0.3288 (as verified
using the positive partial transpose criterion [27]). For o < 1/2, p(«) we show
that p(a) admits a LHS model from Bob to Alice, however for o 2 0.4983 no
model can exist from Alice to Bob (i.e. the state is steerable from A — B).
Hence in the range 0.4983 < o < 1/2 the state is one-way steerable from Alice
to Bob. Below we show this in two parts, first focusing on the LHS model
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from Bob to Alice, then the demonstration of steering from Alice to Bob. In
the following chapter (Section , we present the simplest possible example
of one-way steering based on a different class of two-qubit states.

4.1 No steering from Bob to Alice

We wish to provide a LHS model for p(a) for o = 1/2. We therefore need
to define the hidden states o, distribution ¢, and response functions p, (b|Z)
such that

plablzy) = Tr [p(1/2)Mayz © My (4.2)
- / 0 Tt [o3Moz] pa(bly)d, (4.3)

(see Eq. where we take a = £1, b = +1. For projective measurements
with Bloch vectors &, i, the correlations of this state are completely defined
by

1 Z3

where (ab) = >, abp(ab|Zy) is the expectation value of the product of out-
comes ab (and similarly for (a), (b)), and x3, y3 are the z-components of the
Bloch vectors &, 1.

To simulate these statistics, we chose the LHS model

= I ar= T b= —desen(z ), (45)
where X = (sin 6 cos ¢, sin 6 sin ¢, cos 8) is the Bloch vector for the hidden state
and \g = *1 is a local variable for Bob. For now we assume A = 1 always.
Unlike before, the shared variable is not uniformly distributed on the sphere,
but is weighted towards to top of the sphere due to the term 3. Working in
spherical co-ordinates one has \3 = cos 6 and

(ab) = — / / H—COSQ T [A:| X)X sanly - X sin6dodo  (4.6)
/ / 1 +cosb 7+ Xsgn[7 - X sin 0d6d¢ (4.7)

= —/ —x Xsgn[7 - A sin 6dfd¢
¢

9477'

(4.4)

/ / €osY . Xsen[j- X sin 0ddo. (4.8)
6 Jo 47T
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Here Az = M1z — M_yz is Alice’s observable. The second of these two terms
is equal to zero. This can easily be seen since if the vector X has angle 6, the
flipped vector —X has angle m — 6. Under this transformation 6§ — 7 — 6 one
has cosf — —cosf, sinf — sin6, ¥- X — —7 - X and sgnly - X] — —sgnly - X]
It follows that the contribution to the second term of (ab) coming from X is
precisely equal and opposite than the contribution from X, and the integral
vanishes. We are thus left with

1 d -,
(ab) = —/ — &+ Asgn[y - A] sin 6dfde (4.9)
o Jo AT
1

which follows from the fact that the above is precisely the same correlation
predicted by Werner’s model (see (2.19)) with the uniform distribution g5 =
1/4m.

The marginal term (a) for Alice is a straightforward integration of trigono-
metric functions

<a):§/ <M{/ $n9d01+¥mse X (4.11)
:%. (4.12)

To calculate Bob’s marginal (b} is a little more involved. Since the function
sgn(i7- ) is symmetric about X = 7, it is useful to rotate into the frame (6, ¢)
in which the § = 0 direction is aligned with ¢. This will involve rotating the
original frame by an angle 0z, where 0 is the angle of ¥ to the (original) z
direction. In this frame, the distribution g5 is given by

1 —sinfp singbsiné—l— cosfp cos 6

- (4.13)

q(0,) =

This frame has the advantage that sgn(7-X) = +1 for 0 < § < 7/2 and
sgn(y-A) = —1 for 7/2 < 6 < 7. We may thus split the integral in two so that

o [ pmi2 o L o
(b) = —/0 d¢ [/o q(0, @) sin 6dg — //2 q(6, ¢) sin 0d9] : (4.14)

This involves only integration over trigonometric functions and gives

<®=—%- (4.15)
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Hence the above model produces the correct joint correlations (ab) but not the
marginal statistics (a) . This can be remedied by using the variable Ay (which
we previously set to 1). This is due to the fact that the marginal statistics
predicted by the model are in fact too strong. If we chose a distribution
p(Ao = —1) = f then one finds

(@) =(1-2H)F: (B)=01-2H% (4.16)

Thus, if we chose f =
that the joint statistics

we obtain the correct statistics for the state. Note
ab) do not depend on on f.

~ =

4.2 Steering from Alice to Bob

The next step involves showing that no LHS model can exist from Alice to
Bob. This can be achieved using semi-definite programming (SDP) techniques.
We perform a fixed number m of measurements given by the observables M;
for Alice, and the three Pauli observables o;, j = 1,2,3 for Bob. We further
define g = 1. We then have

(ab) = Tr[p(o)M; ® 0] 7>0; (b) =Tr[p(a)l® gy]. (4.17)

One has (a); = (ab);p. We may then use use the following SDP [39] (which is
essentially the same SDP as Section for deciding if a given assemblage is
steerable or not.

o = max«a

56 ) E\(i) Tr[paoy] = (ab)ij, > Trlpaoy] = (b); (4.18)
Y Trloa]=1; 0x>0 Vo (4.19)

Here E, (i) = %1 represent the deterministic response functions of Alice (given
now as correlators), and the summation over \ is over all such deterministic
strategies for her inputs. The value of a* gives upper bounds to the critical
value at which the state demonstrates steering for a given set of measurements.
In table upper bounds for a* obtained via SDP optimisation are presented.
For m > 14 one sees that the state is steerable for o > 0.4983. This therefore
proves that in the range 0.4983 < a < 0.5, the state is one-way steerable.
This result can be made analytic via the construction of a steering inequality
which guarantees that the assemblage demonstrates steering (See Paper A
Appendix).
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m| 2 3 4 5 6 7 8
a* [0.6951 0.5661 0.5424 0.5302 0.5156 0.5120 0.5088
m| 9 10 11 12 13 14

a*\0.5037 0.5030 0.5014 0.5005 0.4993 0.4983

Table 4.1: Threshold values a* for which the state p(«a) is steerable from Alice
to Bob. The optimisation is conducted over all possible steering tests where
Alice performs m = 2,...,14 projective measurements.

4.2.1 A stronger example

One can in fact obtain a stronger example of one-way steering using essentially
the same LHS model as above (although this was no realised at the time of
publication). If one fixes A\g = 1, the correlations (4.9)), (4.11)), (4.15)) simulate

the correlations of the state (written in the Pauli basis)
S Py 1 ® Z ® (4.20)
P=7 30z o, — 00| . .

This state has stronger asymmetry than (4.1)) and steering from Alice to Bob
can be more easily demonstrated using the same SDP techniques (six mea-
surements for Alice are enough here).

4.3 Outlook

This work has inspired a number of subsequent works. Notably, one way
steering has been extended to the scenario in which the LHS model for the
unsteerable direction is valid even if general measurements (POVMs) are per-
formed [36]. There have also been experimental realisations of one-way steering
for finite dimensional quantum states [45},46].

Given the asymmetric nature of one-way steering, one could imagine ap-
plications in asymetric quantum information processing tasks. This is at the
moment somewhat missing and would be an interesting avenue of research.
Finally, EPR steering has recently been formalised in the multipartite set-
ting [47]. A natural extension to this work would be to explore assymetric
steering in multipartite states. For example, does there exist a tripartite state
(with parties ABC), such that A can steer to B, B to C, C to A, but not in
the reverse direction?

In Section of the following chapter, we present the simplest possible
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demonstration of one-way EPR steering, based on a different set of unsteerable
states.
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Sufficient condition for
unsteerability

Whereas it is relatively easy to verify if a state is steerable (e.g. via SDP meth-
ods for a fixed number of measurements [39]), it is generally much harder to
guarantee that a state is unsteerable. This is due to the fact that one must
verify that is satisfied for all possible measurements. For this reason, rel-
atively few states admitting LHS [13,29,48], or more general LHV models are
known [31,149,/50]. In [Paper B], we present a simple sufficient criterion for
a state of two-qubits to be unsteerable for arbitrary projective measurements,
hence implying that p admits a LHS model for projective measurements. This
provides one with the possibility of finding new families of states admitting
LHS (and hence LHV) models. One important concept needed to prove this
criterion is that of canonical states, as described in the following section. We
then apply our criterion to a family of two-qubit states, which leads to a num-
ber of applications in both Bell nonlocality and measurement incompatibility.

5.1 Canonical states for steering

Consider a mixed entangled state p of two qubits, with reduced state for Bob
pp = Trap]. Define the (state dependent) positive linear map

1 1

Qo] = pp® ppg* (5.1)
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Note that €2 is invertible since pg is full rank. It follows from Theorem [3.2.1]
that the state

1 1
1 2 1 2

- _1 1
Tr1®pp* pl®@pp’

is unsteerable from Alice to Bob if and only if p is unsteerable from Alice to
Bob. Hence, if we aim to prove the unsteerability of a two-qubit mixed Stateﬂ
p, we may focus our attention on the corresponding canonical state p’ defined
above. Since by construction we have Tru[p/]| = plz = 1/2 it follows that

1

where @ is Alice’s local Bloch vector and T = diag(71, Tz, T3) is the diagonal
correlation matrix of the state (which can always be made diagonal by local
unitaries [51]).

5.2 Criterion for unsteerability
The criterion is as follows:

Theorem 5.2.1. Let p be a two-qubit state with corresponding canonical

form p' given by (5.3). If

max [ (@-7)” + 2 ||T4]| ] < 1, (5.4)

where Z is a normalized vector and || - || the euclidean vector norm, then p is
unsteerable from Alice to Bob, considering arbitrary projective measurements.

Proof. We first characterize the assemblage resulting from projective measure-
ments on a state in the canonical form p’. Alice’s measurement is given by
a Bloch vector 7 and output @ = %1, corresponding to operators Myz =
(14 2-5)/2. For a = +1, the steered state in Bloch vector notation is (see
for example [48])

1
U+|f:TI'A(M+|f®1pI) = Z[(l—i—ﬁ-f)l—{—Tf-&]. (5.5)

!The case of pure states is irrelevant here since all entangled pure states are steerable [39)
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Notice that the above state is diagonal in the basis {|5),|—5)}, with Bloch
vector § = H’f:_%l; we omit the ¥ dependence to ease notation. The eigenvalues

of oz are
o1 Lo L o1 - "
a(f) = 1(1 +a-Z+||TZ|), B(Z) = Z(l +a-z—||TZ|]). (5.6)

Note that by construction o(Z) > 5(Z). One can then find o_yz from oz by
using o_1jz = pB — O41jz-

To prove unsteerability of p we may focus on the unsteerability of the
canonical state p’. We therefore construct a LHS for the assemblage given by
(5.5)), which can be seen as a generalisation of Werner’s model. Notice that
Werner’s model (Eq. can be seen as a local hidden state model with
local hidden states given by the pure states

a5 = [N (5.7)
with a uniform distribution
45 = % (5.8)
This ensures that
/qx oy X = % = pB (5.9)

as required by summing over a. Our canonical states p' are defined
precisely so that Tru[p] = pjz = 1/2. We also therefore take the the same
hidden states and (uniform) distribution as Werner. However, we modify the
response function py(a = £|Z) such that

ps(17) = 1+ sgn(:?(fz) A — c(:?))’ (5.10)

where § given by § = T'%/||TZ|| defines the direction of the steered state for a
given ¥ and ¢(¥) € [—1, 1] (to be chosen). The intuition (see also Fig. is
that with this choice of §, the steered state in our LHS model (after averaging
over X) will have Bloch vector in the direction s, as required from . The
number ¢(Z) can be used to make the marginal distribution p(a|Z) for Alice
non-uniform without modifying the direction of the Bloch vector of the steered
state (e.g. for ¢(Z) = —1 we have p(a|Z) = 1). For each measurement ¥, we
thus need to find §(Z) and ¢(Z) such that the LHS model reproduces the steered

state (5.5)).
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Figure 5.1: Tllustration of Alice’s response function (5.10) in our LHS model.
If sgn(5(Z) - X — ¢(%)) > 0 then a = +1 (shaded spherical cap, with angle
0. = arccos|c]), otherwise a = —1. The steered state then corresponds to the
average (sub-normalized) density matrix obtained by integrating pure qubit
states |X> over the shaded region.

To do this, note that we need only concentrate on the case a = +1; the
case a = —1 is automatically satisfied from o1z + 0_17 = pp and (5.9). We
now calculate the assemblage predicted by this model, given by

Oill{ﬁc:/%\ px(+]2)d X: /|/\ )\|p)\ (5.11)

We parameterise the state |X> using the Bloch decomposition in the basis

{15),1=5)}:

—

IX) = |X(0,0)) = cosg|§'> + sin gei¢|—§>. (5.12)

Working in this basis and integrating over the spherical cap of Fig. for
which a = +1, we have

20 0 qin 0 =i :
oL / / 3 cospsinge) sinddgdf
1
iz cos sin ¢ e’¢ 311129 dr

where . = arccos|c(Z)] is the angle of the spherical cap. Since fo% edg = 0,

the off-diagonal components will be zero, and Jfﬁf is therefore diagonal in
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Figure 5.2: Plot of the achievable range of eigenvalues (o/, ') in our LHS
model (for a fixed direction §). The upper blue curve corresponds to the
condition o/ = /2’ — 3’ and is achieved by the response functions ; any
point in the light blue area below may be achieved by taking a suitable convex
combination of these functions (e.g. dashed line). Since we have o/ > ', the
grey area is not of interest.

the {[5), [—5)} basis, as desired. From this, the eigenvalues of o1}, o/(Z) and
B'(Z), are given by

0. _
(%) + (7)) = 1/ sin 6d6 = 1;Osec; (5.13)
2 )y 2

1 [ 1 — cos®

o (@) = 0'(%) = —/ cos 6 sin 6df = 1= cos™be (5.14)
Upon using 6, = arccos[c(Z)] one then finds
= 1= 1 —
a/(Z) + B(7) = (1~ ¢(2)); (5.15)
1

o/ (7) ~ B(@) = +(1 - (@) (5.16)

from which we get the eigenvalues as a function of ¢(¥) as

o) = V@) - 8@ F@0) =0 —e@P, (37)

corresponding to the curve of Fig. [5.2] Since this curve is concave, by fixing §
and taking convex combinations of the response functions ({5.10]) with different
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c(Z), we may prepare any steered states corresponding to (o, ") below this
curve, leading finally to

B(Z) < V20(%) — B'(@). (5.18)

This corresponds to the blue area in Fig. We thus conclude that the model
reproduces the assemblage of any canonical state p, as long as its eigenvalues
satisfy the above relation, i.e. a(¥) < /28(Z , for any measurement
vector &, or equivalently

max [(a(Z) + B(2))* — 28(Z)] <0. (5.19)

Using (5.6 to convert this maximisation into Bloch vector notation we arrive
at Theorem [(£.2.1]
O

One natural question is whether our criterion is both necessary and suffi-
cient, i.e. whether it completely characterises the set of unsteerable two-qubit
states. Using the criterion alone, we know this to not be the case. For exam-
ple take the classically correlated state p = $[|00)X00] 4 [11)(11]] and choose

= (0,0,1). One easily sees that our criterion is violated, however the state
is separable and thus clearly unsteerable. However, it may be possible to in-
corporate other ideas in order to make the condition necessary and sufficient.
For example, one could consider the set of states given by

p = ppus + (1 — p)psEp, (5.20)

where pyg is a state satisfying our criterion, psgp a separable state and 0 < p <
1. Since mixing an unsteerable state with a separable state does not change
its steerability, this also defines a (larger) set of unsteerable states which could
potentially include all unsteerable two-qubit states. Whether this is the case
is still unknown.

5.2.1 A useful example

The criterion can be used to prove analytically the unsteerability of
families of two qubit states for projective measurements. Here, we give one
such example which will prove to be useful in later chapters of the thesis. Our
states of interest are the two parameter family of “generalised Werner states”:

1

p(p,x) = Pl + (1 = )PX®§ (5.21)
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Figure 5.3: Characterisation of entanglement and steering for states p(p, x).
The solid black curve corresponds to , obtained from our unsteerability
criterion. The state is separable in the light orange region, unsteerable (in
both directions) in the dark blue region, unsteerable only from Alice to Bob
(hence one-way steerable) in the light blue region, and two-way steerable in
the white region (obtained from equation 19 of [48]). What happens in the
grey region is an interesting open question.

with p € [0,1] and x € [0,7/4]. Note that for x = 7/4 we recover the two-
qubit Werner states. Using our criterion, we are able to prove unsteerability
form Alice to Bob in the range

2p —1

COSQ(ZX) Z W,

(5.22)

see the thick black curve of Fig. for a graph of this curve. For a proof of
the above see Appendix [A]

5.3 Applications

The state (5.21)) has a number of interesting applications. This is due in part
to the fact that for very small y, the state is highly asymmetric yet remains
entangled. We now present a number of these applications.
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5.3.1 Simplest one-way steering

The states in fact provide another example of one-way steering for two-
qubit states. From these we can construct the simplest example possible of
one-way steering, that is, a two-qubit state that is one-way steerable, where
only two measurement settings are needed to prove steering in one direction.
Note that by applying the filter F) = diag(1/cos x, 1/sinx) we obtain

% ¥ @ Lp(p, X)) Ex @ 1 = plp,7/4), (5.23)
which is a Werner state with visibility p. Since this state is steerable (in both
directions) for p > 1/2 [14], it follows from Theorem and the fact that F),
is invertible that the state p(p, x) is steerable from Bob to Alice for p > 1/2 for
X > 0. Hence, for the parameter range x > 0, 1/2 < p < p*(x), where p*(x)
is determined by , the states p(p, x) are one-way steerable (for projective
measurements) from Bob to Alice only (see Fig. [5.22)).

Furthermore, the Werner state violates the CHSH Bell inequality for p >
1/4/2. Since Bell nonlocality is strictly stronger than EPR steering, any Bell
nonlocal state is steerable. The state p(p,m/4) is therefore steerable (in both
directions) for only two measurement settings for p > 1/v/2. Again by using
F, one has from Theorem that p(p, x) is steerable for two measurement
settings from Bob to Alice for y > 0. This can also be extended to the
case where the LHS model for the state is valid for POVM measurements by
considering the states

1 1
provm(p: x) = 50(p,x) + 510X0[ © pi (5.24)
where one can show (see Paper B Section IVA) one-way steering for two mea-
surements settings in the range p > 0.83353 and corresponding y given by
(15.22)).

5.3.2 Sufficient condition for joint measurability

The above criterion also finds application in quantum measurement theory.
This follows from the direct connection existing between steering and the no-
tion of joint measurability of a set of quantum measurements [5253|, which has
already found applications, see e.g. [54]. A collection of projective measure-
ments are said to be compatible if their corresponding observables commute
(i.e. they share the same eigenvectors). For POVM measurements, this can be
generalised to a notion of joint measurability. A set of measurements {M,,}
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is said to be jointly measurable [55] if there exists a joint POVM {G,} with
outcomes A and probability distributions p(a|z, A), from which the statistics
of any of the measurements {M,,} can be recovered by a suitable post pro-
cessing, that is

Mgz = /G,\p(a|x,)\)d/\ Va,zx. (5.25)

It has been shown that a set of POVMs is non-jointly measurable if and only
if it can be used to demonstrate steering on some bipartite entangled state
[52,/53]. In this sense steering and measurement incompatible are very closely
related.

From this, one can convert our criterion for unsteerability into a criterion
for joint measurability of a (potentially continuous) set of POVM measure-
ments. Let {My,} be a set of dichotomic qubit POVMs with

1
My = 5 (kel 417, - ) (5.26)

with [|mg|| < ky <2 — |||, and M_j; =1 — M, |,. Then the set {M,} is
jointly measurable if

for all x. This can be seen as follows. A set of measurements { My, } is jointly

measurable if and only if the assemblage given by o, = p%Mﬂxp%, where p
is a full-rank quantum state [56], is unsteerable. Choosing p = 1/2 we get the
corresponding assemblage o, = p*/? My, p'/* = 1M,,. Following Theorem
1, condition ensures the unsteerability of o4|,, and consequently the
joint measurability of {My,}. As with our criterion for unsteerability, it is
not known if the above leads to a necessary and sufficient condition for joint

measurability.

5.3.3 LHYV model for incompatible measurements

In the bipartite scenario, if one party has a set of jointly measurable POV Ms,
it follows that the statistics must be local [53]. Like entanglement, then, non-
joint measurability for both parties is a necessary requirement for nonlocality.
Using our criterion, one can show that there exist non-jointly measurable sets
of measurements for Alice that do not lead to nonlocal correlations, considering
arbitrary dihcotomic measurements for Bob and an arbitrary shared entangled
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state. Hence, for arbitrary dihcotomic measurements for Bob, non-joint mea-
surability of measurements is not sufficient for nonlocality. This includes the
case, for example, where the parties share an arbitrary two-qubit entangled
state and Bob performs arbitrary projective measurements. This can be con-
trasted with the existence of entangled quantum states that admit LHV models
and thus do not lead to nonlocality. Specifically, we consider the (continuous)
set of noisy projective measurements

Mﬁ

Li=50+n7-5). (5.28)

N —

This set of measurements is jointly measurable iff n < 1/2 [54]. Note that

Tr [Milf ® le |¢x><¢x|] = Tr [Myz @ Myzp(n,x)] (5.29)

where p(n, x) is given by (5.21). One can thus recast the problem of the LHV
simulation of the set of noisy projective measurements and arbitrary
projective measurements for Alice on any bipartite state as finding a LHV
model for the state for all y for a given p = 7. This eventually leads to
a proof [Paper C] that the set of measurements with n < 0.503 (or n < 0.515 if
SDP methods are used) admits a LHV model for any state where Bob performs
arbitrary dihcotomic measurements. Extending this to POVM measurements
for Bob is currently a work in progress and would lead to a proof that non-joint
measurability does not imply Bell inequality violation in general.

5.3.4 No hidden nonlocality for qubits

A bipartite state is said to have hidden nonlocality if p admits a LHV model
however the state

Fi® FppFl ® F}
PF = Z AT BT (530)
Tr[Fy ® FppF, @ Fp]

does not admit a LHV model, hence violates some Bell inequality. The ma-
trices F4, Fp are called local filters. The filtering operation, for example,
corresponds to making the local measurements {Fa,1— Fu}, {Fp,1— Fg} on
the state p and postselecting the first outcomes. In the context of sequential
measurement scenarios, hidden nonlocality gives a sufficient condition for the
state not to admit a so-called sequential LHV model (see [57]). Hidden non-
locality was first shown to exist by Popescu [58|, where the state before the
filtering admits a LHV model for projective measurements. We then extended
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this result to the case in which the LHV model before filtering is valid for
general POVM measurements [Paper D]. One may wonder whether all en-
tangled states could have their nonlocality revealed in such a way, i.e. for any
entangled state, can one always find local filters that reveal the nonlocality
of the state? For the case of projective measurements, the criterion can
be used to show that this is not the case. Specifically, consider the two-qubit
Werner states

pp =pl" X~ + (1 —p)%. (5.31)

We first consider a filter on Alice’s subsystem:

Fya@1lp, Fi®l
PFry, = A Pria . (532)
Tr FA®1ppF/§®1]

Due to the U ® U symmetry of the Werner state, it is sufficient to restrict to
diagonal filters Fy = diag(cos x, sin x) for x € [0,7/4]. One then finds

1
P = Pl ] + (1= p)pf @ 5 = Pp.x). (5.33)

Hence, this state is precisely the state . From the condition , one
sees that this state admits a LHS model from Alice to Bob for all y if p < 1/2.
From Theorem (3.2.1)) we may therefore apply any filter to Bob’s subsystem
and still have a LHS model for the filtered state. From this it follows that the
filtered state

Fx@Fpp, Fl© F}
Tr [FA ® Fy p, Fl ® FJ,

pr = (5.34)

admits a LHS model from Alice to Bob for projective measurements (and
thus a LHV model) for all possible filters for p < 1/2. This state therefore
does not violate any Bell inequality for arbitrary projective measurements.
This result can thus be seen as a generalisation of Werner’s original result,
extended to include hidden nonlocality. The case where one demands that the
filtered state remains local even for POVM measurements can be tackled using
a combination of the above and SDP techniques (work in progress).

5.4 QOutlook

Related work has also discussed the LHS simulation of two-qubit states, no-
tably for Bell diagonal states [48] and more recently general two-quibt states
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[59]. One common property of all these works (including this chapter) is that
only steering under projective measurements is considered. Naturally, one
would therefore like to extend our criterion and others to include POVM mea-
surements. This seems somewhat challenging given the added complexity of
the set of POVM measurements. An alternative possibility to proving a sim-
ilar result would be to look at whether POVM measurements are useful for
steering. Evidence suggests that POVMs are generally not useful for steering,
that is, a given state is steerable if and only if it is steerable using projective
measurements. Proving this would therefore immediately generalise any result
holding for projective measurements. Similarly, one would like to find criteria
which extend beyond the qubit-qubit case. It is unlikely that our criterion can
be straightforwardly extended to higher dimensional systems since it uses as a
central tool the Bloch sphere representation which is applicable only to qubit
systems.



Chapter 6

LHYV simulation of multipartite
entangled quantum states

So far our discussion of nonlocality has been limited to bipartite states. Con-
sidering multipartite states, the relationship between entanglement and nonlo-
cality is far less explored. One important question here is whether there exist
multipartite entangled states that admit LHV models, as we have seen is the
case in the bipartite scenario. To make the question nontrivial it is necessary
to consider states that have genuine multipartite entanglement, the strongest
form of multipartite entanglement. This question has been explored for the
case of tripartite states, where it was shown that such states exist [60], and
another work has explored the link between genuine multipartite entanglement
and genuine multipartite nonlocality [61]. We present progress in this direc-
tion [Paper E] by using tools from EPR steering to show the existence of a
family of genuinely multipartite entangled states that admit LHV models, for
any number of parties. Thus, the strongest form of multipartite entanglement
does not lead to any nonlocality if one considers non-sequential local measure-
ments. Considering sequential measurements however, we will see that our
construction allows us to prove the existence of multipartite hidden nonlocal-
ity. This therefore highlights the potential importance of performing sequential
measurements to reveal the nonlocality of entangled quantum states.

6.1 Multipartite LHV models

Consider a state p of N parties, where party ¢ can make measurements labelled
r; obtaining outcomes a;, specified by the measurement operators M,,|,,, with
Mg, = 0 and Zai M,, ., = 1. The probability to see the outputs a =

o1
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(ay,--- ,an) given the inputs x = (z1,--- ,xy) is given by
p(alx) = Tr [p (&2 Maya,)] - (6.1)

The state p is called (fully) local if, for all possible measurement operators
Ma,|z,, the statistics p(a]x) can be reproduced by a local hidden variable
(LHV) model:

p(alx) = /ACIAP,\(G1|$1)PA(CL2’$2)"'P,\(GN|$N)d)\a (6.2)

where ¢, is a probability density over the shared variable A € A and the
palai|x;)’s are probability distributions, called local response functions. Like-
wise, if the above cannot be satisfied then the state is said to be nonlocal, as
witnessed by the violation of (some) Bell inequality.

One may also consider a weaker notion of locality, whereby the correla-
tions are not demanded to be local with respect to all parties (as in (6.2))), but
instead to be (mixtures of ) correlations that are each local across some bipar-
tition. Denoting by (b,b) € B a bipartition of the parties, these correlations
take the form

pak) = Y n / a2 ]x)pa (az]35) AN, (6.3)
wpes UM

where a;, x; denote the inputs and outputs for the bipartition b, p;, is a prob-
ability distribution and ¢} is a probability density over A\ € A, for each b.
Note that implies but not necessarily the converse. Correlations
which cannot be written in the above form are called genuinely multipartite
nonlocal (GMNL) and represent the strongest form of multipartite nonlocal-
ity [62]. Here, for simplicity, we put no restrictions on the probability distribu-
tions py(ap|xp), pa(az|x;) other than positivity and normalisation (for example
they may be signalling); note that more sophisticated definitions of GMNL
were proposed [63,64]. The N-party Greenberger-Horne-Zeilinger (GHZ) state
IGHZ) = (|0)*™ + ]1)®*Y)/v/2 is known to produce correlations which are
GMNTL, as proven by the violation of the Svetlichny inequalities [62}/65]66].

Recall that we would like to find multipartite entangled states admitting
LHV models, i.e. satisfying for all local measurements. Trivially, one
can achieve this by taking a bipartite state p4, 4, admitting a LHV model and
constructing the state

PAAny = PA A D PAz D Paz @ @ pay. (64)
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Since pa, 4, is entangled, so is pa,..a,, and the LHV model for pa, 4, can
be easily extended to the whole state as the remaining subsystems are in a
separable state. To make the question relevant, we therefore require a stronger
notion of multipartite entanglement, called genuine multipartite entanglement.

6.2 (Genuine multipartite entanglement

Consider N parties sharing a multipartite quantum state p acting on H; ®
-+ ® Hy, where H; is the local Hilbert space of party . Denote again by
(b,b) € B a bipartition of the N parties. If p can be decomposed as a mixture
of states that are each separable on some bipartition of the Hilbert space then
we have

p=> m (Z q512;)(®;l, ® |<I>j><<1>j\b> ) (6.5)

(b,b)eB J

with >, pp = 32,45 = 1 and [®;)(®;], acts on the Hilbert space specified
by the partition b (and similarly for [®;}®;|;). If p does not admit such a
decomposition then it is genuinely multipartite entangled (GME). Such states
can thus not be created via local operations and communication using only
biseparable states.

Determining whether a given state is GME is challenging, as one must
search over all possible decompositions . However, there are sufficient
conditions for an N-qubit state to be GME [67-69] (see also [70]).

One such condition, which can be seen as a generalisation of concurrence
for multi-qubit systems, is given be the following [67-69]. Write the state p in

the canonical basis |0,0,---,0),|0,0,---,1),--- /|1,1,--- 1) as
C1 21
Co 22
p= - (6.6)
25 dy
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(we only write the elements of interest), where n = 2¥~1. Then p is GME if

C(p) = 2miax{|zi\ —w;} >0, (6.7)

where w; = » 77, \/c;d;. For the case of qubit X-matrices (of the above form),
the above condition is both necessary and sufficient. Below we will use this
condition to ensure that a state is GME.

6.3 Method

Our construction will make use of tools from EPR steering and the following
generalisation of Theorem 1 for multiple copies of a bipartite state. The
basic idea is that by taking many copies of an unsteerable state in a star-
network configuration (see Fig. , one may make a joint measurement on
the central parties, swapping the entanglement to the remaining parties such
that they are projected on to a state that is GME. Importantly, if the original
state is unsteerable, the swapped state admits a LHV model. Concretely, we
have the following lemma:

Lemma 6.3.1. Let p be a quantum state acting on H 4, @ Hp,. The state p=V
therefore acts on Hy, @ QHa, QHp, @ -QHpy, = Ha®Hp. Furthermore
let Q25 be a completely positive linear map acting on Hpg. If p is unsteerable
from A; to By, then the N-party state

o TI‘B [1,4 (24 QB<p®N)}
PA AN = TI'[lA ® QB(p®N>]

admits a local hidden variable model, of the form (6.2]), on the N-partition
AyJAs) - JAN_1/AN.

The set of measurements for which the multipartite LHV model will hold will
depend on the original LHS model for p, e.g. if the LHS model for p is valid
for projective/POVM measurements, then the LHV model for pa,..a, will be
valid for projective/POVM measurements.

The LHV model for py4, .., is constructed as follows. Denote the i" state
of p®N by p;. Since p; is unsteerable, it admits a LHS model with local
hidden states o), distributed according to gy,, and local response functions
P, (a;|x;). The LHV model for py,..a, then has a local hidden variable X =
(A1, A2, -+, Ay) distributed according to

(6.8)

o = Lt nias@0,), (6.9)



LHV simulation of multipartite entangled quantum states 55

where N ensures the normalisation of (). One sees that the initially uncorre-
lated variables \; of the shared variable X in the multipartite LHV model are
correlated using the map {2 and the local hidden states. This can be seen
as a classical analogue of entanglement swapping whereby a local CP map
on the central parties is used to quantumly correlate a collection of initially
uncorrelated quantum systems. For a full proof of the above lemma see the
Appendix of [Paper E].

6.4 GME states with fully local models

6.4.1 Projective measurements

We now use Lemma to construct N-qubit GME states which admit fully
local models for projective measurements for all N. Specifically, consider the
class of two-qubit states (defined previously in (5.21)))

p(p; X) = Pl XUy + (1 —p)p) ® L (6.10)

57
where 0 < p < 1, 0 < x < 7/4, |¢b) = cosx|00) + sin x|11), and p} =
Trp [1)y)(1y|. These states are entangled for all x €]0,7/4] if p > 1/3. As we
have seen (Eq. [5.22)) these states admit a LHS model for projective measure-
ments from Alice to Bob if

2p—1
(2—p)p*

Hence, for any 0 < p < 1 one may find a corresponding x > 0 such that p(p, x)
is unsteerable. We define the completely positive linear map

cos?(2y) > (6.11)

Qp(0) = FgoFl,, Fg=|0)[(0,0,---,0/ 4+ (1,1,---,1]],

which projects the systems of B; --- By onto a N-qubit GHZ state. We may
now define the N-party state pa,..a, by using p(p, x) and Qp in (6.8). One
can show (see [Paper E] Appendix B) that the concurrence of this state for a
fixed N, p, x is given by

2sin™ (2x) (pN + [#}N + [%”]N - 1)

6.12
[1+ peos2x]™Y + [1 — peos2x]V (6.12)

C(pAl"‘AN) =

It follows that for any N, one can find parameters p,x such that (i) con-
dition (6.11)) is satisfied (ensuring that p(p,x) has a LHS model), and (ii)
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Figure 6.1: Construction of multipartite states admitting a fully local model.
(a) Construction of the state. First, place N copies of a bipartite state p in a
star-shaped network. Then, apply a map Qp at the central node (i.e. on parties
By --- By), and trace out these parties. We thus obtain an N-partite state,
pa,.-Ay (represented by the blue wiggly line), shared by parties A --- Ay.
(b) LHV model. If p admits a LHS model, one can simulate the correlations
of the star-shaped network for p®V, whereby the central node receives the
hidden states o), independently from each source and the parties A; receive
hidden variables );. One may now correlate the individual \;’s by having the
map {1z act on the hidden states, i.e. we can define a new distribution over
X = (A,--+,Ay) that depends on Tr[Qp(®; 04,)]. If cach party A; uses the
same response function as in the LHS model for p, then the resulting statistics
on parties A, --- Ay simulate exactly the state pa,..a,-
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C(pa,--ay) > 0, proving that pa,..a, is GME. To give a specific example, take
p=1—1/N? and x > 0 such that ((6.11]) is saturated. One sees that the
denominator of (6.12) and sin’¥ 2 are both positive. We therefore need

1+p1Y [1-p1V
PN+ [;p] + [21)] >1 (6.13)

to be positive for all N > 2. For the case N = 2 one has p = 3/4 and this is
easily verified. For N > 2, upon substituting p = 1 — 1/N? the left hand side

becomes
11y 1Y 1Y
1— — 1—

>2[1—]\1[2]N>2[1—H>1 (6.14)

where for the first inequality use the fact that [1—1/N?]N < [1—1/2N?]" and
[1/2N2Y > 0, and the second inequality follows from Bernoulli’s inequality.
Thus, these states are GME and admit a LHV model for projective measure-
ments.

6.4.2 POVM measurements

Since the LHS model for p(p, x) is valid only for projective measurements, the
previous model is only valid for local projective measurements pg,..a,. One
would therefore like to extend this to include POVM measurements. While the
states p(p, x) are not known to admit a LHS model for POVMSs, we can nev-
ertheless proceed differently. Starting from pa,...4,, We can construct another
state, peue, which is both GME and local for POVM measurements.

Specifically, define pa,..a, = Tra, ,..ay[pa,..ay] and denote by O [p] the
unnormalised and symmetrised version of p. Then the state

N-1
PemE = 2LN [PAl---AN + Z O [pA1---Aj ® ’2><2’®N_]:|] (615)
=0
admits a fully local model, for arbitrary local POVMs. Note that |2)(2| denotes
the projector onto a subspace orthogonal to the qubit subpace. The above
follows from a straightforward extension of Protocol 2 of Ref. [49] to the case
of N parties.

Finally, we have to show that the state is GME. Note that if each party
makes a local projection on the qubit subspace |0)X0| +|1)(1| then the resulting
(renormalised) state is pa,..a,, which is GME. Since one cannot create GME
using stochastic local operations, it follows that pgyy is GME.
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6.5 (Genuine multipartite hidden nonlocality

We have shown that GME states can admit a fully local LHV models for
arbitrary non-sequential measurements. A natural question now is whether
these states have hidden nonlocality |49,57,/58]. This is possible if one can
transform the original state via local stochastic operations, i.e. local filters,
to another state that violates some Bell inequality. Below we will see that
the states pgur have genuine multipartite hidden nonlocality. Furthermore,
the activation of nonlocality is maximal, in the sense that the filtered state
exhibits GMNL, despite the initial state being fully local.

Consider N parties sharing poyui. Let each party perform a local filtering
operation given by

Ge = €|0)0] + [1)(1], (6.16)
hence transforming pqyr to the state

_ G?NpGME G?N
e Tr[GEN pore GEN] .

(6.17)

For e = tan x (where x is the parameter in (6.10))), the filtered states is essen-
tially a pure N-party GHZ state [J0)*" + [1)®"]/v/2. Specifically, the fidelity
between the two states is given by

F(p, |GHZYGHZ|) = (GHZ|p|GHZ)

1+p N 1—p N
N
— — . 6.18
(50 + (S (6.18)
which tends to 1 when p is sufficiently close to 1 (p is the parameter appearing
in the state (6.10) used to construct peyg). Since the GHZ state is known
to exhibit GMNL for any N, in particular via violation of the Svetlichny

inequalities [65,66] (which are robust to noise), it follows that p. can also be
made GMNL.

1
2

6.6 Outlook

The study of LHV models for multipartite entangled states is almost unex-
plored. The tools in this chapter (i.e. Lemma are likely to be useful in
future studies. Even in the simplest case where one starts with two unsteerable
states and obtains a bipartite state after the map €2p, we have explored very
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little the set of possible states one could obtain. Our methods could thus find
new LHV models for entangled quantum states even in the bipartite scenario,
as well as the multipartite scenario. The concept of steering has also recently
been extended to the multipartite setting [47] and our tools may also prove to
be useful here.

Finally, we note that even though the states presented here admit LHV
models for single measurements, this fails dramatically when sequential mea-
surements are made, since the state becomes GMNL. It is thus desirable to
look for multipartite entangled states (if such states exist) that remain local
even if sequences of measurements are performed. Note that this is still open
even in the bipartite scenario - for progress here see the previous section
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Chapter 7

Simulation of entangled
quantum states with finite
resources

By this point it is well established that there exist entangled quantum states
that admit LHV models and thus do not violate any Bell inequality. In this
sense, these states can be seen as classical since they can be simulated using
purely classical resources (namely classical shared randomness). However, all
examples presented thus far (and in all other works) share one property in
common: they all require a shared classical variable of infinite dimension.
What precisely we mean by dimension is as follows. Consider a LHV model
which makes use of a shared variable A\ € A. Define the dimension of the
shared variable to be the cardinality of the set A, D = |A], that is, the number
of labels that we need to describe a general A. Since all models presented thus
far use a continuous shared variable X = (sin @ cos ¢, sin 0 sin ¢, cos @) requiring
two real numbers 6, ¢, for these we have |A| = co.

One could thus argue that such models are in some sense unphysical, since
they require the transmission of an infinite amount of classical information.
This disparity is particularly evident when one compares to the case of quan-
tum systems: to produce the correlations of a (Bell local) two-qubit Werner
state we require an entangled quantum system of total Hilbert space dimen-
sion 4, or, using Werner’s LHV model, classical systems of infinite dimension.
The central motivation of this work is to investigate the classical cost of simu-
lating correlations of entangled states: is it possible to construct LHV models
for entangled quantum states with D < oo? And if so, what is the minimum
D required to simulate these states? We prove the existence of entangled
quantum states that can be simulated by LHV models with classical shared
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resources of finite dimension [Paper F]. We also consider a related problem
of simulating the correlations of nonlocal quantum states using finite classical
communication and finite classical shared resources.

7.1 Simulating separable states

Any separable state is trivially local and can decomposed as [71}72]

D

p=D PAPA® Pl (7.1)
A=1

where D = d* is the local Hilbert space dimension of p. This follows from
Carathéodory’s theorem [73] since the set of d x d states lives in a convex
space of dimension d?> — 1. Hence we have a shared variable \, distributed
according to py. Choosing py(alz) = Tr[p} M,,] and py(bly) = Tr[pyMy,] for
Bob, we simulate the state p. Hence, for separable states we have D < d*
(note that for two-qubit separable states D = 4 is enough [74]).

7.2 Simulating entangled Werner states

If we wish to simulate an entangled state using a A of finite dimension, we
clearly cannot use the same method as for separable states, since by definition
they do not admit a separable decomposition. We nevertheless show that this
can be done, first by considering the simulation of entangled two-qubit Werner
states of a finite number of measurements for one party, then extending this
to the set of all measurements on a more noisy version of the state. After this
we present a general construction. For more details see Appendix [Paper F].

7.2.1 Fixed measurements

Consider measurements for Alice given by Mgz = 3[1 + aZ; - 7] with a = £1.
We restrict ourselves to a finite number of measurements given by the Bloch
vectors {7;}, i = 1,---,12 which are the vertices of a icosahedron inscribed
inside the Bloch sphere (see Fig. . For now, Alice will be restricted to
making only measurements from this set and no others. For Bob, we allow
arbitrary projective measurements My = %[1 + by - &], 1 given by Bloch
vectors ¢f. Our aim is to reproduce the correlations of the Werner state

1

o= @O+ (1= ) (72)
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Figure 7.1: Vertices of the icosahedron inscribed in the Bloch sphere used as
finite shared randomness to construct our LHV model for the Werner state.

whose correlations for local projective measurements given by Bloch vectors
%, y are defined by:

(ab) = —aZ-y; (a)=(b) =0. (7.3)

Here, (ab) = )", abp(ab|Zy) is the expectation value of the product of out-
comes a,b = +1 (and similarly for (a), (b)).

We now describe the LHV model for these measurements. We introduce
the local hidden variable A = 1,--- |12 distributed uniformly, ¢, = 1—12 Since
D = 12 we are using a finite amount of shared randomness. Each value of A
corresponds to each of the ¥, from Alice’s measurement set. Hence, the shared
randomness can be thought of as a uniform distribution over the vertices of
the same icosahedron. We then define the response functions

. 1 — asgnl|T; - 7y . 1+by- 2y
pafalsy) = LU DL gy S LIRS gy
Notice that the icosahedron is such that
VEy ATy st Ty = =Ty Y d=vF Vi (7.5)

As.t i‘Af]ZO

The second condition says that if one sums all the vectors in one half of the
sphere defined by Z;, one recovers a vector proportional to Z; given by the
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factor . For the icosahedron, one has

y=14+5. (7.6)
With these properties it is then easy to see that
1 L 1 Lo
(a}zEZ—sgn[xi~xA] =0; <b):EZy-x,\:O. (7.7)
A A
and that
1 Y a1 o
(ab) = D z)\: —sgn(T; - T)| ¥ - T
1 — — — —
>\s4tf)\~fi20 )\stl')\ ;<0
1 L
:_6 Z A'?/Z—gwi'y- (7.8)
As,tf)\~fi20

For these measurements we therefore simulate the Werner state with a =
v/6 ~ 0.54. Note that we could have chosen other polyhedra satisfying the
properties (such as all platonic solids except the tetrahedron), resulting
in different visibilities (see Table I of Appendix [Paper FJ).

7.2.2 Shrinking the sphere

We now explain how this may be extended to all projective measurements.
Our first step is to notice that the noisy projective measurement

(7.9)

can be simulated if (7 lies inside the convex hull of {Z;}, that is, if one can
find a decomposition

This follows from the linearity of quantum mechanics since using the above
one has

Tr [Mlyz ® Mygp] = Y wiTr [Myz, ® My p) (7.11)

:q,\z
A

Zwim(a\@)] pA(]F), (7.12)
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where in the last line we have used the fact that the state admits a model
for the fixed measurements {Z;}. Hence, if upon receiving A Alice chooses to
simulate the measurement of Z; with probability w;, we simulate M zfl 7

For any polyhedron there will be a maximum ¢ such that all vectors ¥ admit
a decomposition . We call this ¢ the shrinking factor of the polyhedron.
Geometrically this corresponds to the radius of the largest sphere centred on
the origin that one can inscribe inside the polyhedron. For the icosahedron we

find
0 =1/(5+2V5)/15 ~ 0.795. (7.13)

It follows that given a model for the fixed measurements {Z;} for Alice, one
has a model for all noisy measurements M f| =z Where / is the shrinking factor
of the polyhedron.

The final ingredient is to realise that this noise in the measurements can
be passed onto the state, since one has

1
Tr [M(ﬁf ® Mb|y~p} =Tr Ma|£ & Mb|gj (fp + (1 - 6)5 & pB) . (7.14)

The statistics are therefore equivalent to the projective measurements M,z
on the state {p 4+ (1 — )1 ® pp. Since we have the Werner state, which has
pp = 1/2 this noise changes the state p, to

1
pa%gpaJr(l—g)Z:Péa, (7‘15)

i.e. we reduce the visibility by a factor ¢. For the fixed icosahedron one
therefore finds a final visibility

0
g ~ 0.43, (7.16)

which is larger than % hence entangled. Compactly, we have the full protocol:

Protocol 1. Alice and Bob share A € {1,...,12}, uniformly distributed.
Upon receiving setting Z, Alice calculates the subnormalised vector 77 = (2.
This ensures that 2’ lies inside the convex hull of V' and so Alice can find a
convex decomposition ¥ = Y w;Z; with > . w; = 1 and w; > 0. Then, with
probability w;, she outputs a = +1 with probability (1 F sgn[Z) - z;])/2. Bob,
upon receiving ¢/, outputs b = +1 with probability (1 + ¢ - v))/2.



66 Chapter 7

7.2.3 General construction for Werner states

The above model will not work for general polyhedra, since they will not nec-
essarily satisfy the properties . One can, however, relax these conditions
and work with polyhedra satisfying only the first of the two conditions. We
thus now have polyhedra, defined by a set of normalised vertices {v,} such
that

VUAHJX S.t.ﬁ)\ = —?7)\/. (717)

Again, we will first be interested in a finite set of measurements {Z;} for Alice

and arbitrary projective measurements for Bob, however this time the set {z;}
is defined by

oo =i (7.18)
)\sAt’D‘)\-’UiZO

Hence, for each v; we have a corresponding z; and ~;. We further define
Ymin = Mmin; ;. Following a similar reasoning to before, we see that if we take
the uniform distribution ¢, = 1/D and Alice outputs with

1 — a sgn[7; - 7]
2

pa(alT;) = (7.19)

with probability ~min/7: and uniformly p,(£|Z;) = 1/2 otherwise, we find (see
[Paper F])

(ab) = —’Vfg“@ g (7.20)

Hence, we simulate a Werner state with o = ~y;,,/D. Again the property
ensures that (a) = (b) = 0. Finally we may extend this to all projective
measurements for Alice at the cost of reducing the overall visibility by consid-
ering the convex hull M of the set of fixed measurements &; with corresponding
shrinking factor ¢. This leads to a final visibility

20
- min - 21
‘D’ (7.21)

The full protocol is as follows:

Protocol 2. Alice and Bob share A € {1,...,D} uniformly distributed.
Upon receiving setting &, Alice calculates the subnormalised vector ¥ = (7
where £ is the radius of the largest sphere fitting inside M and centred on the
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Figure 7.2: Visibility of the Werner state simulated using finite shared ran-
domness as a function of the number of bits needed to encode A. The rounded
dots correspond to the model described here. Higher visibilities (crosses) can
be obtained by generalising this idea and using linear programming techniques

(see Section [7.3).

origin. This ensures that 7’ lies inside the convex hull of M and Alice can
therefore find a convex decomposition ¥ = Zil w;Z;. Then, with probability
Pi = WiYmin/ Vi she outputs a = —sgn(7; - U), and with probability (1 — ", p;)
she outputs a random bit. Bob, upon receiving 5, outputs b = +1 with prob-
ability (1+ b-7))/2.

One can now define a sequence of polyhedra tending to a sphere such that

7;“ = 111 Ly (7.22)
as D — oo. In this limit we thus recover Werner’s model oo = 1/2 and for all
other polyhedra we have a < % An example of such a sequence is as follows
(for example, starting from the icosahedron). Define a polyhedron that is the
union of the icosahedron and its normalised dual (which is the dodecahedron).
This defines the next polyhedron in the sequence. This is then repeated, at
each step taking the union of the current polyhedron and its normalised dual.
In Fig. (round dots) the visibility versus the number of bits required
to encode the shared randomness is plotted for the first 5 members of this
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sequence.

7.3 General method

The above ideas can be generalised to find LHV simulations of other entangled
quantum states. Specifically we have the following

Theorem 7.3.1. Consider a state p (of dimension d x d) admitting a LHV
model for all projective measurements. Then, a LHV model using only finite
shared randomness can simulate all projective measurements on the state

1 1 191
p(n) =n*p+n(1 —n) (3®p3+p,4®3) +(1—mn)° pE

for any 0 <7 < 1. Here pa g = Trp a(p).

Proof. Notice that the ability to pass noise in the measurements on to noise on
the state works for general quantum states. Consider the set of all projective
measurements {A,} for Alice and {B,} for Bob. Define the sets of noisy
projective measurements {A,(n)} and {By(n)} given by

A =nAat (L=m)ss Bl =Byt (L-m)z (729)
Then one has
Tr[A, ® Byp(n)] = Tr[Aa(n) @ By(n)pl, (7.24)

i.e. one can pass noise in the measurement on to the state, resulting in a new
state p(n). Now, for any n one can find a finite set of projective measurements
such that the set of noisy projective measurements lies inside their convex hull,
that is

D wi My = Ma(n); Y v M = My(n), (7.25)

One can thus simulate the noisy measurements using a LHV for the fixed set
of measurements since via the linearity of quantum mechanics

Tr [Ma(n) © My(n) p] = Y wiv; Tr [M} @ Mjp] . (7.26)

ij
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Hence to simulate M,(n) Alice should used the LHV simulation for the fixed
measurement M! with probability given by w; (and similarly for Bob). Fi-
nally, if the probability distribution p(ab|zy) resulting from these fixed sets of
measurements admits a LHV model, then it can be decomposed as the convex
combination of a finite set of local deterministic functions (since the set of local
distributions forms a polytope). Hence, one can simulate these measurements
(and therefore the set of noisy measurements) using a finite amount of shared
randomness. Passing this noise on to the state completes the proof. O

Using tools of linear programming and the above method, we are then able
to extend the range of « for which we simulate the Werner state past o = 1/2.
This is presented in Fig[7.2]

7.3.1 Extension to POVM measurements

So far we have been considering the simulation of the set of projective mea-
surements only. Using the tools of [Paper D] (protocol 2) one can extend our
results to POVM measurements. Specifically, one has that if the state p admits
a LHV with finite shared randomness then the state

= d F+F dI’F®F 7.27
p <d+1>2(p+ (pA® F+F ©pp) + d°F ® F) (7.27)
admits a local model for POVMs using also k bits of shared randomness. Here
F = |d+1){d+ 1| denotes a projector onto a subspace orthogonal to the

support of p, hence p’ is entangled iff p is entangled and of local dimension
d+1.

7.4 Classical communication cost of simulat-
ing nonlocal correlations

We now discuss the case of simulating nonlocal (i.e. Bell inequality violating
quantum states). Here, we will need classical communication since no LHV
model exists. Previous protocols required either infinite communication or
infinite shared randomness (see e.g. [75-77]). Here we construct protocols
using finite classical resources.
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7.4.1 Communication protocols without shared random-
ness

We first note that any full rank quantum state can be simulated using finite
(although potentially large) classical communication and no shared random-
ness. This is achieved as follows. Any full rank state can be written in the form
p=a|P)(¥|+(1—a)l/d? where |¥) is an arbitrary entangled state of dimen-
sion d x d, and o < 1. Upon receiving her measurement setting A = {A,},
Alice outputs a according to the distribution p(a) = Tr(paA,) where py is
Alice’s reduced state. For output a, Bob should hold the (normalized) state
ph = Tra(A, ® 1p)/p(a). Since p% is full-rank (by construction), then for any
a < 1, there exists a polyhedron V' (with D vertices, each representing a pure
quantum state |¢;)¢;| € V of dimension d) such that Alice can decompose p%
as a convex combination

Pp = szkbzx@\ (7.28)

of the vertices of V. With probability w; (the coefficient of vertex i in the
decomposition) Alice sends label i to Bob, who can then locally reconstruct
the corresponding pure state (knowing V). The model thus reproduces the
statistics of p using log,(D) bits of communication, however this will diverge
when « is large.

7.4.2 Communication protocols with shared random-
ness

We now consider the case where we allow for a finite amount of shared random-
ness. This allows us to reduce the dimension of the classical communication
needed to simulate entanglement. Specifically, we construct communication
models for Werner states using finite communication and finite shared ran-
domness. Consider a polyhedron V' with D vertices satisfying (7.17), with
corresponding i, and shrinking factor £. Our model uses nlog,(D) bits of
shared randomness and log, n bits of communication (in the worst case), and
simulates py () for

o “Ymin o i 2’)/min n 2
a= (1 1 D ] >€ (7.29)

'-)/max

where Y. = max;(7;). Note that by choosing a symmetric enough polyhedron
with £ ~ 1 and 29mim/D ~ 1/2 we can simulate a pw(a) for a — 3/4 with
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n =2 (when D — o0). Hence, using finite shared randomness and a single bit

of communication suffices to simulate a nonlocal quantum state. See [Paper
F] Appendix D for details.

7.5 Outlook

This work has inspired subsequent work on algorithmic methods for the con-
struction of LHV models of entangled quantum states [78,/79]. Here, the ideas
of above are generalised so that linear programming and SDP methods can
be used to computationally find LHV and LHS models for entangled states
of (in principle) any dimension. This has led to the first LHV simulation of
non-full rank and bound entangled states [78], as well as thousands of new
examples of bipartite and genuinely multipartite entangled states admitting
LHV models [79]. However fundamental questions still remain. For example,
what is the absolute minimum required number of bits needed to simulate en-
tangled states of dimension d? Is it strictly larger than the 2log, d bits needed
to simulate a separable state? Similarly, do there exist entangled states that
necessarily require an infinite amount of shared randomness to simulate?
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Chapter 8

Certification of dimension in
network scenarios

The concept of dimension plays a important role in the areas of computation,
communication, complexity, to the physics of thermodynamics/statistical me-
chanics. From a quantum information processing perspective, dimension (that
is, Hilbert space dimension) is a valuable resource and it is therefore desirable
to develop methods that can be used to certify the dimension of a given phys-
ical system under consideration, which is precisely the aim of this chapter.

Here we will work in the device-independent framework, which means that
we may treat the devices used in the certification protocol as black boxes and
work only with the statistics of measurement outcomes. Interestingly, one can
stil certify the dimension of physical systems in this scenario. This problem
was originally posed in the Bell scenario [80-82], where the amount of violation
of certain Bell inequalities can be used as a certification of the dimension of
bipartite entangled quantum states. These ideas were then later formalised in
a prepare-and-measure scenario, where devices prepare, communicate and sub-
sequently measure physical systems [15]. Here, we develop this latter scenario,
extending the prepare-and-measure scenario to include networks of devices
that can communicate and process physical systems [Paper G|. We construct
new tests which certify the dimension of the systems used in several simple
networks involving three devices. We also study the relative power of quan-
tum and classical systems, and show that quantum systems can outperform
classical systems of the same dimension. We then show that the advantage
offered by quantum systems of a given dimension over their classical counter-
parts is significantly stronger in our simple networks of devices compared to
the original prepare-and-measure scenario.

We will focus on a device independent approach, first introduced in [15],

5
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Preparation Transformation ' Measurement

Figure 8.1: A possible network scenario featuring preparation, transforma-
tion and measurement. Vertical arrows represent classical inputs and outputs
into the devices. Horizontal lines represent communication channels (either
quantum or classical) between devices

where one makes very few assumptions on the functioning of the devices used.

8.1 General scenario

The general scenario we wish to consider is a network of devices exchanging
and processing information, as represented in Fig.[8.1] Devices are represented
by black boxes. An arrow connecting two devices represents a (one-way) com-
munication channel between them.

A network consists of three levels: (i) a number of preparation devices,
(ii) a number of transformation devices and (iii) a number of measurement
devices. In each round of the experiment, the observer chooses the preparations
x, the transformations t and the measurement settings y. He then obtains
measurement outcomes b; note that transformation devices can also provide
outcomes, denoted s. More precisely, we have that the choice of preparations
is given by x = {x;}, where x; denotes the input for device i. The choice of
transformations is t = {¢;}, where t; denotes the input for device j, and the
(possible) outcomes are s = {s;}, where s; denotes the output of device j.
Finally, the choice of measurement settings is y = {yx}, where y; denotes the
input for measurement device k, and gives outcomes b = {b;}, where by, is the
output of measurement device k. The experiment is therefore characterized
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by the data

p(b,s|x, t,y), (8.1)

that is, the conditional probabilities of observing outputs b,s given inputs
x,t,y. A general scenario is thus specified by a directed graph representing
the network, and the number of inputs and outputs for each of the devices
(which we will here consider to be finite).

In this network, the devices exchange information encoded in physical sys-
tems. For instance, upon receiving input x;, each preparation device emits a
system, the state of which is adapted depending on z;. Which physical system
is used, and what mechanism is used to encode information in it, is completely
unknown to the observer, who has only access to inputs and outputs of the
black boxes. That is, we work in a device-independent scenario.

Now the main point is the following. Clearly, the amount of information
about z; which can be encoded in the system will depend on its dimension
(i.e. the number of independent degrees of freedom of the system). Therefore,
we expect that a restriction on the dimension will in general limit the possible
observable data . Consider for instance the case in which the outputs b
contain all information about the inputs x. This implies that the mediating
physical systems had enough dimensions for encoding x perfectly.

The main question we will discuss in the present work is to understand
the limitations on the data, arising from constraints on the dimension of the
mediating systems. This will allow us to find lower bounds on the dimension
of the systems present in a network for given data (8.1]). In particular, we will
discuss bounds for both classical and quantum systems. Notably, we will see
that for a fixed dimension, quantum systems outperform classical ones.

8.2 Classical networks

For the sake of clarity, we will focus on the network consisting of one prepa-
ration device, followed by a single transformation device, and finally a single
measurement device (see Fig. . The data is thus given by the conditional
distribution p(b, s|z, t,y); we consider a finite (but otherwise unspecified) num-
ber of inputs and outputs. Note that the methods discussed below can be
straightforwardly generalised to more general networks.
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Figure 8.2: A simple network consisting of a preparation, a transformation
and a measurement device. The set of possible distributions of inputs and
outputs, p(bs|zty), will depend on the dimension of the communication allowed
between the devices and whether the communication is classical or quantum.

8.2.1 Basics

We start our analysis by considering classical communication between the de-
vices. Denote by ¢y the communication sent from the preparation device to the
transformation device, and ¢; the communication sent from the transformation
device to the measurement device. We consider communication of bounded
dimension d, that is

Cp,C1 € {1, ,d} (82)

Upon receiving input z, the preparation device sends communication ¢y, with
probability p(cg|z). In turn, upon receiving input ¢ and communication cg
(from the preparation device), the transformation device outputs s and sends
communication ¢; to the measurement device with probability p(s, ci|t, o).
Finally, upon receiving measurement setting y and communication c;, the
measurement device outputs b with probability p(bly, c;). We thus have that

d
pbslz,ty) = D pleolz)p(s, eilt, co)p(bly, c1)- (8.3)

co,c1=1

We first consider the case in which all devices act deterministically. That
is, each of the previously mentioned probabilities are either 0 or 1. It follows
that each probability p(b, s|x,t,y) also takes only values 0 or 1. We refer to
these sets of data as ‘deterministic strategies’.

In general, we also want to include the possibility that the devices in the
network output probabilistically, and moreover that they follow a common
strategy. That is, the behaviour of the devices might be correlated, due to some
(common) internal variable A € A (referred to as shared randomness). The set
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of possible distributions now becomes all convex combinations of deterministic
strategies:

d
sl ) = [ axdh S paleolodna(s.cultcolpa P,
A

co,c1=1

where ¢y is a normalized probability density over A and py(co|x) denotes the
probability for the preparation device to send ¢y, given input x and internal
variable A, and so on.

Any set of data that cannot be decomposed in the form therefore
requires the use of communication (¢y and/or ¢;) of dimension strictly greater
than d. In the next sections we will see how to test whether a given set of data
can be decomposed in the above form or not. This will provide the ‘dimension
witnesses” we are looking for.

8.2.2 Geometrical interpretation

The above ideas admit an elegant description in geometrical terms. The idea
is essentially the same as for Bell nonlocality as described in chapter 1 adapted
here to the prepare-and measure-scenario [15].

The goal is to characterize the set of distributions in geometrical
terms. Consider first one particular set of data p(b, s|z,t,y). This distribution
can be viewed as a vector p where each component of the vector corresponds
to one of the probabilities p(b, s|z,t,y) appearing in the data. Hence p € RP,
where

D = [b] [s] |=[ [¢| [y] (8:4)

with |b| denoting the alphabet size of b, that is the number of possible outcomes
b, and similarly for other symbols.

Next, consider the entire set of distributions admitting a decomposition
of the form (8.4), that is, all sets of data that can be obtained by using
communication ¢y and ¢; of dimension d. This set, denoted P4, thus forms
a subspace of RP. In fact, P4 forms a convex polytope. Its extremal points
(or vertices) correspond to the deterministic strategies, that is, the set of
distributions of the form (8.3)), for which p(b, s|z,¢,y) € {0,1} for all b, s, z, ¢, y.
Alternatively, the polytope P4 can also be characterized by its facets (of which
there is a finite number, since the number of vertices is finite). Formally, facets
are given by linear inequalities

pI= ) ogi,pb sty <C (8.5)

b787x7t7y
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h b,s
where o,y ,
b,s

vector, with components «,; ,, associated to the facet, i.e. orthogonal to the
hyperplane given by the facet. Therefore we have that

and Cy are real numbers (usually integers). Z is the D-dimensional

peEP; < p- I <Y (8.6)

where the Z"’s represent all the facet inequalities (labelled by n). Moreover,
we have that P; C P4y, since all strategies involving d-dimensional com-
munication can always be realised using communication of dimension d + 1.
Note also the similarity to , since the set of local distributions in a Bell
scenario also forms a convex polytope.

In practice, the polytope P, can be constructed for simple networks, i.e.
few devices and small alphabets for the inputs and outputs. Specifically, one
starts by listing the deterministic strategies, i.e. the vertices of the polytope.
Then, appropriate software (see e.g. [22],23]) allows one to find the facets of
the polytope. As with nonlocality, the problem however becomes intractable
beyond simple scenarios on standard computers.

Finally, note that one can slightly reduce the complexity of the problem by
taking into account certain constraints on the data p(b, s|z,t,y). This allows
one to discard certain (redundant) components of p. In particular, we have
here the normalization conditions

> (b sle,ty) =1 Vaty (8.7)
b,s
and the condition that
> p(b,slet,y) = p(sle,t) s,z ty. (8.8)
b

That is, the output s of the transformation device does not depend on the
choice of input y for the measuring device. This follows from the fact that y
can in principle be chosen after the output s is obtained. For more general
networks, it is important to take all such ‘no-signaling’ conditions into account
in order to reduce the complexity of the problem.

8.2.3 Classical dimension witnesses

Our main goal is to develop methods for testing whether a given set of data
p(b, s|x,t,y) is compatible with a particular network sending communication of
bounded dimension. To address this question, we will now discuss the concept
of ‘dimension witnesses’, hence generalising the ideas of Ref. [15] to networks.
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Counsider linear combinations of the form:

W=w-p= Z wz‘iyp(b, sz, t,y) < Cy, (8.9)

b7s7x7t7y

where w is a D-dimensional vector, with real components w’ , and Cy is a

real number. We say that an inequality of the above form is a linear classical
dimension witness of dimension d, if (i) the inequality holds for any distri-
bution p(b, s|z,t,y) realisable with classical communication of dimension d,
and (ii) there exists at least one distribution p(b, s|x,t,y) (involving systems
of dimension at least d + 1) for which the inequality is violated.

The geometrical ideas discussed in the previous subsection are relevant
here, as they will allow us to construct dimension witnesses. Take one facet
inequality of the polytope Py : property (i) above will immediately be satisfied.
In general, there will also exist a vector p € Py with d < d’ that will violate
the facet inequality, and hence (ii) is also satisfied. Such facet inequalities will
be called ‘tight dimension witnesses’. In fact, the complete list of the facets of
P, will provide a complete list of dimension witnesses, which allow one to find
the minimal dimension of the communication necessary to reproduce a given
set of data.

In the section we will present several examples of dimension witnesses.

8.3 Quantum networks

We now move to the case of quantum communication networks. Here, the
classical channels are replaced by quantum channels. Our goal is thus to
characterize the sets of data compatible with sending quantum communication
of bounded Hilbert space dimension in the network. For the sake of clarity,
we will also focus on the simple network of Fig. [8.2

8.3.1 Basics

Consider again the network consisting of one preparation device, followed by
a transformation device, and finally by a measurement device. The devices
can now produce, process, and measure quantum systems. The constraint we
consider is that the quantum systems transmitting information between the
devices are of Hilbert space dimension bounded by d.

Let us first consider the preparation device. Upon receiving input x, the
device prepares a d-dimensional quantum system in state p,, which is sent to
the transformation device. In turn, the transformation device receives input ¢,
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as well as the quantum communication p,, produces an outcome s, and sends a
d-dimensional quantum system to the measurement device. The action of the
transformation device can thus be represented by a set of completely positive
(CP) maps {®,;} (acting on C?%), such that Y P is completely positive and
trace preserving (CPTP): this ensures that ) p(s|z,t) =1 for all z,t. Note
that, since we impose that all communication is of bounded dimension d, we
restrict to CP maps which do not increase the Hilbert space dimension. With
probability Tr[®,.(p,)] the transformation device outputs s, and sends the
quantum state

Dyje(pa)/ Tr[Pype ()] (8.10)

to the measuring device. Finally, upon receiving this quantum communication
and the input y, the measuring device provides an output b. This is represented
by a set of measurement operators M, (acting on C%), such that My, > 0
and ), My, = 1.

Putting all this together we obtain that

p(b7 8‘33', t y) =Tr ((I)s|t(p:1:)Mb|y) . (811)

Any set of data admitting a decomposition of this form is thus realisable
with quantum communication of dimension d. On the contrary, if such a
decomposition cannot be found, then higher dimensional quantum systems
must have been used.

As in the case of classical networks, it is also relevant to allow for the devices
to act according to a common strategy A. In this case, the set of compatible
distributions is therefore the convex hull of those of the form (8.11)):

bt = [ T (@UIR) 7NN (8.12)

where now the states, transformations and measurements are written with A
dependence. Finally, note that one could also consider the case in which the
devices share quantum correlations, i.e. initial entanglement (see Section w
for an example).

8.3.2 Quantum dimension witnesses

The problem is now to test whether a given set of data p(b, s|z, t,y) is compat-
ible with a particular network sending quantum communication of bounded
Hilbert space dimension. Similarly to the classical case discussed above, we
now define ‘quantum dimension witnesses’.



Certification of dimension in network scenarios 83

Consider again linear inequalities of the form

W=w-p= Z wgiyp(b, slz,t,y) < Qu, (8.13)

b7s7w7t7y

with w a D-dimensional vector, with real components wfciy, and (g a real

number. In analogy to the classical case, W is a linear quantum dimension
witness of dimension d if (i) the above inequality is satisfied by all sets of
data p(b, s|z,t,y) realisable with quantum communication of dimension d, and
(ii) using quantum communication of dimension greater than d allows one
to violate the inequality. Note that the set of distributions p admitting a
quantum d-dimensional realisation is generally not a polytope. Therefore a
more efficient characterisation of these sets involve witnesses that are nonlinear
in the observed probabilities, see for example [83].

Finding quantum dimension witnesses is generally a harder task than in the
classical case. To the best of our knowledge, there are no known efficient com-
putational methods for this problem; see however Refs [84] for recent progress.

8.4 Testing non-classicality

An interesting development related to dimension tests is the possibility of certi-
fying non-classicality of communication in a device-independent way, assuming
an upper-bound on the dimension. This aspect was discussed in Ref. [15] for
simple prepare-and-measure scenarios. Here we consider this problem in the
context of more general networks.

Before moving on, it is important to understand why an assumption on
the dimension is necessary in order to make the problem non-trivial. Consider
for instance the network of Fig. 2. If the dimension is not limited, then the
input settings of the preparation and transformation devices, x and ¢, can be
perfectly transmitted to the final measurement device. Since the transforma-
tion device has all information about z and ¢, and the measuring device has
all information about z,t,y, it follows that any possible statistics p(b, s|z,t,y)
can be reproduced. This implies that nontrivial bounds can only be placed if
lco| < |x| and/or |e1| < |x]|[¢].

8.4.1 Non-classicality tests based on dimension witnesses

Considering systems of a fixed dimension, quantum communication can out-
perform classical communication. This advantage can be revealed by using
dimension witnesses. Specifically, by using a well-chosen quantum strategy
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involving states of Hilbert space dimension d, it is possible to violate certain
classical dimension witnesses of dimension d. More formally, we say that a
dimension witness with the following property

W=w-p<Cy<Qq (814)

can be used as non-classicality tests for systems of dimension d. Consider
a set of data pg such that W = w - pg > C;. This implies the use of
genuinely quantum systems for reproducing pg, under the assumption that
the experiment involves systems of dimension d. In Section [8.5] we will discuss
several examples.

8.4.2 Quantifying quantum advantage

It is useful to quantify the advantage offered by quantum resources over clas-
sical ones. In the present context, several figures of merit can be considered.
First, the amount of violation of a given dimension witness could be used,
however this will generally depend on how the witness is expressed, and will
not allow one to compare different witnesses. Hence, here we use the notion
of noise tolerance, which has a more physical interpretation, and will allow us
to compare various witnesses.

Consider a quantum experiment (with systems of dimension d) and its
corresponding set of data pg, which is found to violate a classical dimension
witness, i.e. W = w - pg > Cy. The noise tolerance of the quantum point pg
for this dimension witness is defined as the minimal fraction of white noise, 7,
such that the distribution

Po = (1 —7n)pg + 7P1 (8.15)

does not violate the witness, i.e. W = w - pg = Cy. Here p; denotes white
noise, i.e. p1(b, slx,t,y) = ﬁ is the uniform distribution for all z,¢,y. In
a practical context, considering noisy distributions of the form is quite
natural, due to unavoidable technical imperfections, e.g. losses or misalignment
of the preparations.

8.4.3 Bounded noise tolerance in prepare-and-measure
scenarios involving qubits

It turns out that the noise tolerance of qubit strategies is bounded for any di-
mension witness in the prepare-and-measure scenario. More precisely, any set



Certification of dimension in network scenarios 85

of data obtained from qubits and projective measurements can be reproduced
using one classical bit if the noise level 7 satisfies

1
n>n"=1- T ~ 0.34, (8.16)

where k3 is the Grothendieck constant [85] of order threeE]. Hence, in the
prepare-and-measure scenario, no dimension witness for classical bits and pro-
jective measurements can be violated for n > n*. This can be proven using
a known LHV model for projective measurements for the Werner state of di-
mension 2 for weight é [31]. For a proof of the above see Paper G Section
V.

As mentioned, the above result holds only if the measurement device per-
forms a projective measurement. Since any two outcome qubit measurement
can be written as a convex mixture of projective measurements, the result can
be extended to all two outcome scenarios. One can extend further to gen-

eral positive operator-valued measurements at the cost of a larger n* by using
Werner’s model [13] for the state (2.17) with o = 3, leading to n* = 3.

8.5 Case studies

We now present several case studies, illustrating the relevance of the concepts
and tools discussed above. We first discuss two examples of networks where
preparation, transformation, and measurement devices are ‘in a line’. We
then discuss two examples based on a different network, featuring two sep-
arate preparations devices and one measurement device. Note that such a
network has been considered in different contexts. Notably, this was studied
in communication complexity, in the so-called simultaneous message passing
model [86], e.g. quantum fingerprinting [87], but also for the black-box certi-
fication of entangled measurements [88-90], and the Pusey-Barrett-Rudolph
theorem [91].

In all cases quantum systems are shown to provide significant advantage
over classical systems of the same dimension. Moreover, in all examples (except
for the third one), this quantum advantage is stronger compared to the simple
prepare-and-measure scenario, in terms of noise tolerance. This suggests that
the simulation of quantum strategies becomes significantly harder in the case
of networks, even if they feature only few devices.

'Note that only upper and lower bounds are known for ks3; see e.g. T. Vértesi, Phys.
Rev. A 78, 032112 (2008).
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8.5.1 Three devices in a line: simple case

We start with the network of Fig. , considering one of the simplest (non-
trivial) configurations in terms of the number of inputs and outputs. Specif-
ically, we have |z| = 3 and |t| = |y| = |b] = 2. Note that the transformation
device does not give any outcome (i.e. |s| = 1). We label the inputs and
outputs: = € {0,1,2} and ¢,y,b € {0,1}. Hence a set of data is charac-
terised by D = 24 probabilities p(b|x,t,y). However, considering normalisa-
tion conditions, this number is reduced to 12; specifically, the probabilities
p(llx,t,y) =1 — p(0|z, t,y) are redundant and can thus be omitted.

Applying the method described in Section we have fully characterised
the polytope Po, that is, the set of distributions achievable for ¢y, ¢; € {0,1}.
Using the software PORTA, we could find the complete list of facets of P,
which can be grouped (under relabeling of inputs and outputs) into 1870 in-
equivalent classes of dimension witnesses?]

Here, we present one class of tight dimension witnesses, a member of which
can be written in simple form:

Wy =po11 + Pio1 + P11o + P200 — Pooo — Poo1 — Poio — Po1 < 2, (8.17)

where we write p,, = p(b = 0|z,t,y). Using qubits we can significantly
outperform this bound. Consider general pure qubit preparations:

0 .0 .
90, 6)) = cos(5)10) + sin(5) exp(i6)|1). (3.1
Specifically, for preparations z = 0, 1, 2 take |[/(7,0)), [¥(5, %)) and [1)(7, ’T&T»
respectively. Next consider the transformation device, parametrized by

D=1, , D = exp(—igaz), (8.19)

where o, = diag(1, —1) is the Pauli z matrix. Finally, for the measuring device,
we have the measurement operators

T 3

3T
I))WJ(? Z”' (8.20)

3 T =37 T

Moo = W(ga _T»W(? T)! ;Mo = W’(a,

Calculating the resulting probabilities, via Eq. (8.11)), and inserting them into

(8.17)), we obtain
Wy =2+ V2~ 341 (8.21)

2For the full list of inequalities, contact joseph.bowles@unige.ch



Certification of dimension in network scenarios 87

The above qubit strategy thus clearly violates the witness , and can

therefore not be reproduced with classical bits; classical trits must be used.

Numerical optimization strongly suggests that this qubit strategy is optimal.
The noise tolerance of the above qubit strategy is

n=1+2—-1~04l. (8.22)

Notably, this value exceeds the bound n* =~ 0.34 (see Section for any
prepare-and-measure scenario. Hence the advantage offered by qubits com-
pared to classical bits is stronger compared to any witness in the prepare-and-
measure scenario.

8.5.2 Distributed 3 — 1 random access code

As a second example, we consider a task inspired from the information-theoretic
task of a random access code (RAC) [92]. Specifically, we consider a dis-
tributed version of the 3 — 1 RAC featuring three devices in a line. Consider
3 bits ag, a1, as randomly taken from a uniform distribution. These bits will
determine the inputs of the preparation and transformation devices, namely:
xr = (ag,ay) and t = ap @ az. Again, the transformation device has no output.
The measuring devices has a ternary input y = 0, 1, 2. Similarly to a RAC, the
goal is to have the output b = a,. Hence we can define the following witness
(for the scenario || = 4, |[t| = |b] = 2, |y| = 3, and |s| = 1) which is the
average success probability:

1
Whirae = ﬁ Z p(b = Gy\x = (a0>a1>7t = (ao S a2)7y> < Cy. (823)
apail
a2y

We first discuss the case of classical communication. For bits we obtain the
bound Cy = 2. For the case of classical trits, co,c1 € {0,1,2}, we get Cy =
19/24. In order to achieve success with probability one, i.e. Wy = 1, eight-
dimensional systems are required. Using qubits, we can achieve up to

1 1
L= =—(14—)=0.79. .24
WD—RA( Q2 9 ( + \/§> 0.79 (8 )

For the quantum strategy which achieves this see Paper E. The noise tolerance
of this strategy is given by

1

which again exceeds the bound for the prepare-and-measure scenario, n* =
0.34.



88 Chapter 8

8.5.3 Two preparation devices, one measurement de-
vice: simple case

Finally we consider a scenario with two preparation devices sending communi-
cation to a measurement device (see Fig.[8.3|(a)). A simple non-trival scenario
here is one in which both preparation devices receive a ternary input. We de-
note the input of the first device zo € {0, 1,2}, and the input of the second
z1 € {0,1,2}. The measurement device has no input (i.e. a fixed measurement)
and provides a binary output b = {0,1}. That is, we have |z¢| = |z1] = 3,
ly| =1 and |b] = 2.

We consider the case in which the channels carry classical bits, i.e. ¢g, c; €
{0,1}. In this case we have fully characterised the polytope P,: it features
13 non-trivial classes of facets (see Paper E Appendix). Here we focus on one
particular class (witness 1 in Appendix), represented by the following witness:

Wk = —poo + Po1 + Po2 — P10 — P12 + P2o + P21 — P22 < 2.

With qubit strategies one can achieve a value of g with a corresponding noise
tolerance n = 0.2 (See Paper E).

One can derive an upper bound on Wy for separable measurement opera-
tors of the form M, = 3", M{, ® M, where My, is a positive operator acting
on the system sent by preparation device k. Numerical tests suggest that the
optimal value is Wy ~ 2.337. This suggests that Wi may also be used as a
test of the non-separability of a set of measurement operators.

8.5.4 Nonlocal dense coding

As the last example, we present a dimension witness for a task which can be
viewed as a nonlocal version of dense coding [93]. As in the previous example,
we consider the case of two preparation devices and one measuring device.

Here each preparation device receives two input bits: xg = (ug, u1) for the
first and x1 = (vg, v1) for the second. The measurement device receives y = 0, 1
as input, and provides two output bits b = (bg, b1). The rules of the game are
the following (see Fig.[8.3[b)). On the one hand, for y = 0, the outputs should
satisfy (bo,b1) = (up @ vo, w1 @ v1). On the other hand, for y = 1, the output
bits should satisfy (bg, b1) = (uo @ v1, u; D). Furthermore, there is a penalty
if both by and b, are guessed incorrectly. This corresponds to the witness

Wp =((bo, b1) = (uo ® vy ® v1y, u1 © 117 D voy))
— ((bo, b1) = (up B vo¥ S V1Y, U1 B V17 B voy)) < Cl, (8.26)
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a)
v v v
b) xr = (UO,Ul)

by = ug @ vy G 1Y
by = u1 © 11y D voy

Figure 8.3: (a) A simple network involving two preparation devices (left and
right) and a single measurement device (center). (b) A dimension witness for
this network, referred to as nonlocal dense coding.

where § = y @ 1, and the average (-) is taken over all inputs:

<(b07b1> Zp bo,b1|U0,U1,U0,'U1 y) (827)

uo,uU1
V0,V1,Y

32

For classical bits, we have Cy = i. Using classical trits, we get C3 = %.
Sending four dimensional systems achieves success probability one. Consider-
ing qubit strategies (see Paper E Appendix) we can achieve

which appears optimal from numerical tests. This corresponds to a noise tol-
erance of n = 5, which represents a considerable improvement over the simple

prepare-and- measure scenario. Additionally, one may also wish to consider the
possibility that the devices share quantum correlations (i.e. initial entangle-
ment). Allowing for this considerably enhances the success probability (still
using qubit communication), which becomes maximal, that is W = 1. The
strategy is the following. The preparation devices now share a singlet state.
Upon receiving the inputs zg = (ug,u;) and z; = (v, v1), the preparation
devices locally rotate the singlet state to

(0707°) @ (07 a) 7). (8.29)
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The measurement device then performs a projective measurement onto the
entangled basis

Mygp,py = 020 @ HY |7, (8.30)

1
Hadamard matrix. The noise tolerance for this strategy is n = %.

where |¢p7) = \%(|01> — |10)) is the singlet state and H = \%(1 _11> is the

8.6 Outlook

Most of the work on dimension witnesses (and related work on communication
complexity) has so far focused on the prepare-and-measure scenario [83,84}94-
97]. One notable exception is that of [98], which looks are a sequence of N
devices in a line and shows that in the limit N — oo one requires classical
systems of infinite dimension in order to simulate the communication of a
qubit. Given that we have seen a significant improvement over the prepare-
and-measure scenario by adding a third device, it would be interesting to
investigate whether qubit communication requires infinite classical dimension
in a network featuring a finite number of devices, with continuous inputs. For
example, how much communication is needed to simulate the preparation of
an arbitrary qubit, arbitrary unitary, followed by arbitrary measurement in
the line network of Section R.5.1?

Going to more complex networks, the computational techniques used here
to find dimension witnesses will no longer be tractable. It is therefore desirable
to develop methods to construct dimension witnesses for networks

The techniques of dimension witnesses can also be used to construct quan-
tum randomness certification [99,|100] as well as quantum key distribution
protocols |101], where one makes an assumption of an upper bound of the
dimension of the communicated systems (see also the following chapter). It
is likely that the witnesses presented in this section could also be of use here,
and would likely have higher tolerances to experimental errors.
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Certification of dimension and
randomness using independent
devices

In the previous chapter we presented methods to certify device independently
the dimension of physical systems placed in a network of devices. Here, we
consider a similar problem in which the devices are independent, meaning
that they do not have access to shared classical randomness. This renders the
problem somewhat difficult mathematically, since it introduces non-convexity
into the sets of probability distributions obtainable using a given dimension.
Nevertheless, we find families of (nonlinear) dimension witnesses that charac-
terise these sets [Paper H] (see also [102]). The performance of classical vs
quantum systems of the same dimension was also discussed in the previous
chapter. Here, we will see that under the assumption of independence, quan-
tum systems vastly outperform classical systems of the same dimension and
allow for arbitrary tolerance to noise.

To tools of dimension certification have also recently been applied to the
certification of random numbers from quantum systems [99,|100]. We present
random number certification protocols based on our tests of dimension un-
der the assumption that we have independent preparation and measurement
devices [Paper J]. Unlike previous protocols, the additional assumption of
independence allows for extremely high tolerance to experimental noise, which
has made possible a corresponding experimental implementation [Paper J].

91
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x Yy

4 1 4

= - D = -
o—>

Vo

Figure 9.1: The prepare-and-measure scenario. Alice receives a classical input
x and sends the d-dimensional state p, to Bob. Bob, upon receiving his classi-
cal input y and the sent state, outputs b. The experiment is then characterised
by the probability distribution p(b|zy).

9.1 The prepare-and-measure scenario

We consider the simplest possible scenario of a single preparation and mea-
surement device (see Fig. , which we call a prepare-and-measure scenario.
Alice receives an input x and sends a system of dimension d to Bob. Bob then
receives his input y and outputs b by performing a measurement on the system
sent by Alice. We hence obtain a set of distributions p(b|zy) from which we
would like to conclude something about the dimension of sent system.

9.1.1 Classical systems

We first consider deterministic strategies. Alice receives z, sends a classical
message m = 1,---d to Bob, who outputs b given y and m. Summing over the
possible messages we have

p(blzy) =Y p(mlz)p(blym) (9.1)

where p(m|x), p(blym) = 0,1 are deterministic functions. We can then intro-
duce local variables A € A and p € M for Alice/Bob with joint distribution
Q. to allow for mixed strategies:

polen) = [ [ Qu S palmlom blym)apar 92)

Here, we will be interested in independent devices. This means that the vari-
ables A, pu should be uncorrelated @5, = ¢\7,. Integrating the above over A,
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i one then obtains

U

p(blzy) = Z/Aq,\pk(mh:)d/\/ P (blym)dpu (9.3)

m=1 M

U

= 3 p(mla)p(blym). (9.4)

m=1

That is, we have the same form as (9.1)), however p(m|x), p(blym) can now
be arbitrary probability distributions. Note that since in general one has

PuTu + (1 = P)uTus # @rs7ps the set of distributions given by (9.3)) is non-
convex.

9.1.2 Quantum systems

In the case of independent quantum systems Alice prepares a state p, and Bob
measures according to measurement operators Mp,. We therefore have

p(blzy) = Tr [pa My, ] | (9.5)

where p and My, act on ce.

9.2 C(Classical dimension witnesses for dimen-
sion 2

9.2.1 BDB84 witness

We first focus of the case of dimension 2 with four preparations x = 0, ..., 3
and two measurements y = 0, 1. Consider the following matrix

_ p(070) _p<170) p(270) _p<370)
Wa = <p<o,1>—p<1,1) p<2,1>—p<3,1>) (9.6)

where we write p(x,y) = p(b = 0|z, y) for simplicity. For any strategy involving
a classical bit (i.e. its statistics admits a decomposition of the form (9.3) with
d = 2), one has that

The proof is straightforward. Note that for any statistics of the form (9.3
with d = 2, we have that using p(1]|z) = 1 — p(0]x)

p(x,y) = p(0]z)[p(0]0,y) — p(0[1,y)] + p(0|1,y). (9.8)
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§01 X §23

Figure 9.2:  Qubit strategy that achieves |detWy| = 1. Note that due to the
rotational invariance (in the plane) of the vector cross product, the angle ¢
can be chosen freely.

Hence we write
p(z,y) —p(@',y) = [5(0]x) — s(0[z")][t(0]0,y) — t(0|1,y)] = Sz Ty (9.9)
from which it follows that

SOITO SZ3T0

Wo =
2 SOlTl 823T1

= 0. (9.10)

Note that due to the non-convexity of the set of classical distributions using a
classical bit, the witness is nonlinear (quadratic) in the observed probabilities
p(blzy). In fact, this witness turns out to characterise fully the set of ex-
periments involving a classical bit. Specifically, for any experiment achieving
Wy = 0 (for all relabelings of the preparation x), there exists a decomposition
of the form ((9.3) with d = 2 (see Paper F Appendix A).

Next we consider the performance of qubit strategies, i.e. statistics of the
form with d = 2. States are given by density matrices p, = (I + 8, -7)/2
and measurement operators by My, = ¢l + T;, - d/2, where §, and T;, are
Bloch vectors and |fy\ <lgy| £1— |fy|/2 Similarly to above, we write

p(x,y) — p(a’,y) = Tt[(ps — pu) Mojy) = S - T, (9.11)
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where S, = (S — 5p)/2. Finally, we get

501 . fO S23 TO

Wy=|2" =
? STy Sos-Th

(Sgl X 523) (TD X Tl) S 1 (912)
since |Syp X Sys| < 1 and |T) x Ty| < 1. This bound for qubit strategies is tight,
and can be reached as follows: choose the preparations to be the pure qubit
states given by 5§y = —§; = 2, § = —§3 = I, and the measurements by the
vectors fo = cos 02 +sin 04 and T} = sin 02 — cos 02. Notice that we are free to
choose any angle 6 here, due to the rotational invariance of the cross product
in the plane. For § = 0 we get the usual BB84 states and measurements.
The value of W5 for qubit strategies has a simple geometrical interpretation
presented in Fig[0.2]

9.2.2 Tetrahedral witness

We now consider a second witness which appears to be maximally violated
by choosing preparations that form a tetrahedron in the Bloch sphere and
measurements of o, 0y, 0,. We therefore have 4 preparations = 0,1, 2,3 and
3 measurements y = 0, 1, 2. Define the matrix

p<070> _p<170) p(LO) _p<2a0) p<270) _p<3a0)
Wit = | p(0,1) = p(1,1)  p(1,1) —p(2,1)  p(2,1) =p3,1) |. (9.13)
The witness is then again determined by taking the determinant Wi, =
|detW e |. Converting this to Bloch vector notation we have

5j01 '733 512 7?o 523 To
Wiet = €o1 '7:1 512 Tl 523 Tl (9.14)
Soi-To ST Sy-Th
This can be expressed using the generahsed cross product defined as follows.
The cross product So X S X ee % Sk 1 of k vectors in RFT! is defined as
the unique vector @ € R¥! such that V - @ = det(V, Sy, S1, - , Sp_1) for all
V € RFHL (see e.g. [103]). We may therefore rewrite the above as

Wtet = (501 X 512 X ggg) . (Ti) X fl X TQ) (915)

Here, one must extend all vectors so that they are defined in R* so that the
cross product is properly defined. Numerical evidence strongly suggests that
this is maximised by taking preparations §, that form a tetrahedron in the
Bloch sphere and measurements in the directions x, y, z. This strategy scores

2
Wtet - —3\/5.
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9.3 Tolerance to noise

In the previous section ((8.4.3])), we saw that assuming the devices have ac-
cess to shared classical randomness, the maximum tolerance to white noise
in the prepare-and-measure scenario is n* = 0.34 for projective measurements
and n* = 0.5 for POVM measurements (although smaller bounds may be
achievable). Note that if one assumes the devices are independent as above,
essentially any qubit strategy scores |Ws| > 0, suggesting a high tolerance to
noise of qubits compared to classical bits. Indeed, one finds that if one starts
with a distribution pg(z,y) which achieves |Ws| = @, then the noisy strategy

p(x,y) = (1 —n)pg +npn(y) (9.16)

achieves |[Wa| = (1 — n)?Q. Here, py is any noise distribution which depends
upon y only (the same result also holds for the witness W for the same
reasons). Hence, one may tolerate an arbitrary amount of noise, such as low
detector efficiencies or background noise. This is in stark contrast to the case
where the devices share classical correlations where typically high efficiencies
are required [102].

The above witnesses also display interesting tolerance to misalignment er-
rors in the preparations/measurements. Note that due to the rotational in-
variance (in the plane) of the cross product, the value of W, is unaffected by
applying any unitary rotation (in the relevant plane) to either the preparations
of measurements. For example, this corresponds to the freedom of choosing
in Fig.[9.2] For the witnesss Wi this is even more extreme. Since both cross
products appearing in are by definition orthogonal to the subspaces de-
fined by {5,} and {m,} (i.e. they both point into the 4™ dimension), one may
apply an arbitrary unitary to all preparations and/or measurements without
affecting the value of the witness. This is of practical interest since there is
therefore no need to align the preparation and measurement devices.

9.4 Dimension witnesses for all dimensions

We now generalise the above witness for testing classical and quantum sys-
tems of arbitrary dimension (we again consider binary outcomes). Consider
a scenario with 2k preparations and k binary measurements. Construct the
k x k matrix

Wi(i,j) = p(25,1) — p(2) + 1,4) (9.17)



Certification of dimension and randomness using independent devices 97

with 0 <i,j <k — 1. As above, the witness is given by W}, = |det(Wy)|. For
classical systems of dimension d, one has that

Wi =0 ford<k, (9.18)

while one can have Wj > 1 for d > k. For quantum systems of dimension d,
we get

W, =0 ford<Vk, (9.19)

while W), > 0 is possible whenever d > v/k. Hence we obtain a quadratic sep-
aration between classical and quantum dimensions, using a number of prepa-
rations and measurements that grows only linearly with the dimension. The
origin of the quadratic separation arises from the fact that quantum systems
require quadratically many more real parameters (d*> — 1 for Hilbert space
dimension d) to parameterise them than their classical counterparts (which
require only d — 1).

9.5 Semi-device independent randomness cer-
tification

The generation of high quality random numbers is an important problem that
finds application in cryptography, simulation and gambling. However, essen-
tially all methods used commercially to generate random numbers use classical
processes (for example complex mathematical functions or electronic/atmospheric
noise) and are hence fundamentally deterministic. This makes for a reliable
estimate on the quality of such sources particularly troublesome.

The fact that the outcomes of measurements on quantum systems are inher-
ently probabilistic has sparked a field of research focused on exploiting quan-
tum systems for the generation and certification of random numbers [16-20].
In this section we apply the techniques of dimension witnesses to the certifi-
cation of randomness in prepare-and-measure scenarios (see [Paper I]).

9.5.1 The semi-device independent scenario

One may easily generate perfect random numbers if one assumes perfect control
and knowledge of the experimental setup: simply prepare for example the qubit
state |0) and measure in the o, basis. The Born rule then tells us that the
outcome of the measurement of o,

p(Elo) = (£} = 7 (9.20)



98 Chapter 9

is uniform and random (here |+) denote the £ eigenstates of o,). In prac-
tice, however, one cannot prepare perfect eigenstates and the certification of
randomness becomes more difficult. For example, if the preparation device
malfunctions and instead prepares the state |+) with probability ; and |—)
with probability % (say due to some classical source of noise in the prepa-
ration device) then one will also find p(+|o,) = 1. Hence, upon observing
p(xlos) = % one cannot be sure if the corresponding bits produced by the ex-
periment come from the intrinsic randomness present in quantum mechanics
or from some classical source of noise present in the devices.

The aim of the semi-device independent scenario is to overcome this diffi-
culty by relaxing some of the experimental requirements, so that randomness
can still be certified if the experimenters do not have perfect control over the
devices. Specifically we work in the prepare-and-measure scenario and assume

the following:

e Settings z, y may be chosen independently of the devices. i.e. the devices
do not know x, y prior to inputting.

e Independent, identically distributed rounds (i.i.d).

e Independent preparation and measurement devices (i.e. the devices do
not share classical correlations).

e Qubit channel capacity: The information about the choice of preparation
x retrieved by the measurement device (via a measurement on the sent
particle) is contained in a 2-dimensional quantum subspace (a qubit).

Hence, one does not assume perfect knowledge of the functioning of the devices,
but simply the above list of assumptions which must be justified by a particular
experimental setup (see [Paper I] for an in depth discussion of this). The aim
is now to certify quantum randomness under these assumptions, which we do
with the aid of the witness W,.

9.5.2 Randomness certification based on W,

Defining again A and p to be local classical variables for the preparation and
measurement devices, a general experiment satisfying the above can be written

p(blzy) = Z TP (b]TY) (9.21)
A
where py,(blzy) = Tr[p;‘MéTy] and p,, Mlﬁy act on C%. We would like to ensure

that the randomness produced in the experiment does not come from the
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cos?(¢/2)

Figure 9.3: Measurement vectors are given by the vectors fb“ and their cor-
responding probabilities given a state [¢). In order to maximise the second
line of one should chose a state which lies in the middle of these two
vectors. This gives guessing probability (1 + cos(6,/2))/2.

classical random variables A\, u. We therefore define the guessing probability
for a given strategy and inputs x,y

Py’ = quru mbaxpm(b\xy). (9.22)
A

If the probabilities py, are deterministic then one has max; py,(b|zy) = 1 and
any indeterminism in the statistics can be explained by the classical random
variable A, u. The corresponding guessing probability is therefore 1. Any
py” < 1 therefore indicates genuine quantum randomness.

Given some experimental data p(b|zy), in order to certify randomness, we
need to maximise this guessing probability over all possible strategies. Fur-
thermore, we take the average over the uniformly chosen inputs z =0,--- , 3,
y = 0,1. The maximal average guessing probability associated to the data
p(blzy) is therefore

E3 1 X
pylp(bley)l = max oy g, (9.23)
lIAyrmpa:’“Mﬁy Ty

such that (9.21)) is satisfied. One may now use the witness W5 given in (9.12))
to certify randomness. We first fix a particular choice of the variables A, pu.



100 Chapter 9

We then have

1
Po =3 D maxpyu(bl, y) (9.24)
T,y
1
< g max > max px, (b|z, y) (9.25)
Yy

< 1+ cos(6,/2) (9.26)
2

where 0, denotes the angle between Bob’s two measurement. The reasoning
of the derivation is as follows. The best guessing probability averaged over
inputs of Alice is bounded by the maximum over her inputs. This gives the
first inequality and allows us to focus on the best possible state that Alice
can send. Next, Bob has two measurements described by Bloch vectors Tﬁo” 15
and 6, is the angle between them. The best guessing probability averaged
over his inputs is obtained by sending a state which lies in the middle between
his measurements on the Bloch sphere (see Fig. 9.3). For such a state, the
outcome probabilities for the two values of b are cos?(6,/4), and sin®(6,/4).
Choosing the larger value and using the double-angle formula, one arrives at
the second inequality.

Next, we note that from (9.12)) for fixed A, u one has
Wy < [T x TF| < sinf,. (9.27)

After some basic trigonometry, combining this with the above expression for
Dy glves

1 1+ /1 — W2
Py <5 1+\/f2 . (9.28)

Finally, to remove the assumption of fixed A\, u, one can use concavity argu-
ments to show that this bound holds in general, allowing for arbitrary distri-
butions ¢, r,, of the classical random variables. We thus have

— 112

Py <

Finally, one must also take into account a small correction due to the effect of
finite statistics (see Appendix [Paper I]). The amount of extractable random-
ness (in bits) is then given by the min entropy — log, p,, plotted in figure .
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Min Entropy (bits)

0.201

0.15¢

0.10F

0.05-
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Figure 9.4: Min entropy —log,(p,) as a function of Ws, where p, is given
by (9.29). The actual min entropy of the source will be slightly smaller after
finite size effects are taken into account.

The data can then be fed into a randomness extractor to produce a uniformly
random seed given a short random seed.

As expected, the ability to extract randomness from W5 is very robust to
experimental noise. In [Paper I| an all optical experiment implementing the
above randomness certification protocol is presented, generating 23 bits/sec of
certified randomness.

9.6 Outlook

Other works have also investigated the problem of testing dimension using in-
dependent devices. Notably, in [102], the tolerance to detector inefficiencies in
semi-device independent protocols based on dimension was discussed, where
it was also found that extremely high tolerances are possible. Other protocols
for randomness certification based on the assumption of independent devices
have been developed in the semi-device-independent scenario [104-106]. No-
tably, [105] work in the same scenario as we do, however their methods have
the disadvantage that they are based on numerics. Ref. [104] considers a sce-
nario in which the measurement device is assumed to perform measurements
on to a qubit subspace, which effectively fixes the preparation device to pre-
pare qubit states. Their assumptions are thus stronger than those presented
here, leading to higher rates. Further to this, quantum key distribution has
also been considered, assuming independent devices in a prepare-and-measure
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scenario [107].

There is still much work to be done in characterising the set of distributions
obtainable from finite dimensional quantum systems. In the case where the de-
vices are correlated, the problem is known to admit semi-definite programming
relaxations [84], however this is unlikely to be the case for independent devices
due to the non-convexity of the sets. It would be interesting to know, for ex-
ample, if the witnesses |Wj| give a complete characterisation, as was the case
for Wy (although this will probably need dimension witnesses featuring more
than only binary outputs). Also, can one find nonlinear dimension witness
which characterise the set of quantum, rather than classical distributions?

From a semi-device independent perspective, one could argue that the as-
sumptions of independent devices and i.i.d. rounds are too strong. It would
therefore be interesting to either remove the assumption of i.i.d. or develop
sets of different assumptions which can be more easily justified in experimen-
tal setups.

Finally, our methods may be of use in other problems with non-convex
geometry. One possibility is that of the nonlocality in networks of independent
sources [108-111], where new techniques are much needed.
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Conclusion and Future
Directions

The results presented in this thesis shed new light on fundamental questions
about quantum correlations. From the perspective of Bell nonlocality, our
work, as well as settling certain questions, naturally leads to new unanswered
ones, many of which can be found in the outlook sections following each chap-
ter. For example, questions regarding the precise relationship between entan-
glement and Bell nonlocality remain. Perhaps the holy grail in this respect
would be a definitive answer as to whether entanglement always leads to cor-
relations that are in disagreement with any local hidden variable description,
and if so, what is the simplest scenario in which such a demonstration is pos-
sible? Whereas we have seen many examples in this thesis that this is not
the case in the standard Bell scenario of non-sequential measurements on a
single copy of the state, considering more general scenarios relatively little is
known. If one extends the standard scenario to include hidden nonlocality
(i.e. preprocessing of the state by local filters), then we have given consid-
erable evidence that entanglement does not always lead to nonlocality (see
Section . Whether this is also the case if one considers the complete
set of probability distributions resulting from an arbitrary number of sequen-
tial measurements is still unknown. Moving to more complex scenarios, one
could also consider taking multiple copies of the state and performing joint
measurements, combining this with the filtering operations or sequential mea-
surements or consider networks of states subject to independence conditions as
is the case with N-locality [110,112]. Constructing LHV models (if they exist)
for such scenarios is understandably a formidable task, however the tools of
EPR steering may again prove useful here.

We have also seen that it is possible to simulate entangled quantum states

103
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with finite classical resources (Chapter 7). However, in our general construc-
tion, when one approaches the surface of the set of local states, an infinite
amount of shared randomness is needed. It is therefore of interest to know
whether this will always be the case, or on the contrary, if finite dimensional
local quantum states can always be simulated with finite classical resources.
Similarly, it would be interesting to get lower bounds on the dimension of the
shared randomness needed to simulate a d-dimensional entangled states, and
to know if this is strictly larger than that needed for separable states of the
same dimension. Answers to either of these questions would provide insight
into the connection between entanglement and nonlocality.

Moving to the certification of dimension in networks, much work is still to
be done. The computational methods of Chapter 8 quickly become infeasible,
and so developing more powerful tests in more complex scenarios will require
new ideas. The simple examples presented here may provide the intuition
from which these ideas may come. This is also the case for the scenario of
independent devices of Chapter 9, where it is desirable to extend our witnesses
to handle a larger number of outputs, as this is likely to be more relevant when
considering higher dimensional systems than qubits. Another possible avenue
of research here is the possibility of using such witnesses for the self-testing
of certain ensembles of states and measurements. For example, the witnesses
of Section [9.2] could potentially be used to self-test BB84 type setups and the
preparation of the “tetrahedral” qubit states discussed therein. Progress here
would also likely be useful for constructing more powerful protocols for random
number certification.
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Proof of the unsteerability of
p(p; X)

Here we show that for the class of states (6.10), Theorem 1 implies that the
p(p, x) is unsteerable if

2p —1

2
cos“ 2y > —. Al
2-p)p’ (A1)
To do this, we first consider states in canonical form (5.3]), which satisfy @ =
(0,0, a,) and |T;| = |T,|. In order to perform the maximisation of Theorem 1,

we parameterize & using spherical co-ordinates & = (sin 6 cos ¢, sin 0 sin ¢, cos ).
Our criterion may now be written as

max F(0,4) <1, (A.2)
F(0,¢) = (a- )" +2||T|]
= cos?0 a® + 2+/T2 + cos? 6 (T2 — T2).

Unsurprisingly, F' depends only on € since the problem is symmetric with
respect to the x and y directions and we may ignore the maximisation over

¢. Note that if |T,| = |T,| then the maximisation occurs at # = 0 and our
condition for unsteerability becomes
a? +2|T.| < 1. (A.3)

In the case |T,| # |T%|, one should find the extremal points of F'(f) and prove
that they do not exceed 1. To find these extrema we solve

F T? — T2
= _ sin 26 (az + = = ) = 0. (A.4)

do VT2 + cos? O(T2 — T2)

105



106 Chapter A

From sin 26 = 0 we have solutions § = 0,7/2, 7, and possibly other solutions
given by
T? -T2
ag 4 z T
VT2 + cos? (T2 — T2)

~0. (A.5)

We now derive conditions such that (A.5)) has no solution. After rearranging
(A.5) we have

T? T? - T?
20 x x z
cos” 0 = o g (A.6)

z

This has no solution if the RHS is greater than 1 or less than 0. Hence we
have two conditions

-T2 T T
Tg—T3< o or Tl?—T3> . (A.7)

z

If one of the above conditions is fulfilled we therefore have extrema for 6 =
0,7/2, 7 only. In this case, and since F'(0) = F(m), our condition for unsteer-
ability becomes

meaXF(G) =max{ a? +2|T3| , 2|T,| } < 1. (A.8)

We now move to the explicit case of p(p,x). We find a canonical state with
|T,| =|T,], @ = (0,0,a,) and

_a — p®) cos2x T p(1 —cos®2x) T — \/p2(1 — cos? 2x)

T 1—p2cos22y 7 1—p2cos?2y’ 1 —p2cos?2y
(A.9)
We now introduce the ansatz (for p > )
2p — 1
cos® 2y = @]iw (A.10)
Eliminating the variable xy we find
o (2-p)2p-1) (1-p)*

a? = . T = . T,=1-p. (A.11)

p p
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For the case p = 1 we have |T}| = |T}| and one finds that (A.3) is satisfied.
For p > 3 we show that the second condition of (A.7) holds. To this end, we
calculate

R -T  B-pl-p’

T2 — T2 al (p—2)22p—-1)

z

(A.12)

This is easily seen to be positive for p €]1,1], and so F(6) has extrema at
0 = 0,7, 7/2 only. It therefore remains to prove (A.8). We find

a?+ 2T, =1, 2[T,|=2(1-p). (A.13)

and so (A.8)) is satisfied for p > % This proves that the state p(p,x) is
unsteerable if p > % and p and y satisfy (A.10]), which corresponds to the
black curve of Fig. [5.22] in the main text. Finally, we note that for a fixed Y,
lowering p amounts to putting more weight on the separable part of the state.
Since a convex combination of an unsteerable state with a separable state is

also unsteerable, all points below the curve of Fig. |5.22] are also unsteerable.

Hence, we arrive at (5.22)).
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Einstein-Podolsky-Rosen steering is a form of quantum nonlocality exhibiting an inherent asymmetry
between the observers, Alice and Bob. A natural question is then whether there exist entangled states which
are one-way steerable, that is, Alice can steer Bob’s state, but it is impossible for Bob to steer the state
of Alice. So far, such a phenomenon has been demonstrated for continuous variable systems, but with a
strong restriction on allowed measurements, namely, considering only Gaussian measurements. Here we
present a simple class of entangled two-qubit states which are one-way steerable, considering arbitrary
projective measurements. This shows that the nonlocal properties of entangled states can be fundamentally

asymmetrical.

DOI: 10.1103/PhysRevLett.112.200402

The nonlocality of entangled quantum states, first
pointed out by Finstein, Podolsky, and Rosen [1], was
later proven by Bell [2] to be an inherent feature of the
theory. Nowadays quantum nonlocality is considered as a
fundamental aspect of the theory and plays a central role in
quantum information processing [3,4].

The concept of steering (or Einstein-Podolsky-Rosen
steering), proposed by Schrodinger [S5], brings an alter-
native approach to this phenomenon. Consider two remote
observers, Alice and Bob, who share a pair of entangled
particles. By performing a measurement on her system,
Alice can steer the state of Bob’s system. Importantly, it is
the intrinsic randomness of quantum theory that prevents
this effect from leading to instantaneous signaling. First
explored in the context of continuous variable systems
[6,7], quantum steering was recently formalized as an
information-theoretic task by Wiseman er al. [8]. Steering
finds applications in quantum information processing, e.g.,
for cryptography [9] and randomness generation [10].
Experimental investigations have been reported [11] with,
notably, arecent loophole-free experiment [ 12]. Steering has
also been discussed for detecting entanglement in Bose-
Einstein condensates [13] and atomic ensembles [14].

A characteristic trait of steering—distinguishing it from
both entanglement and Bell nonlocality—is an asymmetry
between the observers. As formalized in [8], a steering test
can be viewed as the distribution of entanglement from an
untrusted party. Hence, in this protocol, Alice and Bob play
different roles which are not interchangeable. Specifically,
Alice tries to convince Bob that they share an entangled
state. However, Bob does not trust Alice, and thus asks her
to remotely steer the state of his particle according to a
different measurement basis. Bob can then verify Alice’s
claim by checking a steering inequality [15], as the
violation of such an inequality implies the presence of

0031-9007/14/112(20)/200402(5)

200402-1

PACS numbers: 03.65.Ud

entanglement. Conversely, if the inequality is satisfied, Bob
will not be convinced that entanglement is present, since a
local state strategy can, in principle, reproduce the observed
data. Interestingly, steering turns out to be a form of
quantum nonlocality that is intermediate between entan-
glement and Bell nonlocality, in the sense that not all
entangled states lead to steering, and not all steerable states
violate a Bell inequality [8,11].

A natural question, already raised in Ref. [8], is then
whether there exists one-way quantum steering. That is, are
there entangled states such that steering can occur from
Alice to Bob, but not from Bob to Alice? The properties of
such states would thus be fundamentally different depend-
ing on the role of the observers. On the one hand Alice
can convince Bob that the state they share is entangled. On
the other hand, it is impossible for Bob to convince Alice
that the state is entangled since the observed behavior
can be reproduced by a local state model. Note that such a
phenomenon cannot occur for pure entangled states, which
can always be brought to a symmetric form via local basis
change (using the so-called Schmidt decomposition).
Hence, one-way quantum steering requires mixed entangled
states. So far, it was shown theoretically [16,17] and
experimentally [18] that such phenomena can occur in
continuous variable systems. However, these results hold
only forarestricted class of measurements, namely, Gaussian
measurements, and there is no evidence that this asymmetry
will persist for more general measurements. In fact, it is
known that non-Gaussian measurements are useful in this
context, as they are necessary to reveal the nonlocality of
certain entangled states [19].

Here we present a simple class of two-qubit entangled
states with one-way steering for arbitrary projective mea-
surements. First we show that steering is not possible from
Bob to Alice by constructing an explicit local hidden state

© 2014 American Physical Society
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model. Then we show that the state is nevertheless steerable
when the roles of the parties are interchanged. Making use
of techniques recently introduced in Skrzypczyk er al. [20],
we construct a steering test for demonstrating steering
from Alice to Bob. The present work thus demonstrates a
fundamental asymmetry in the nonlocal properties of
certain entangled states.

We start by introducing the scenario and fixing notations.
Consider two remote parties, Alice and Bob, sharing
an entangled quantum state p,p. By performing a local
measurement on her particle, Alice can prepare the state of
Bob’s particle in different ways. In this work we will focus
on the case of two-qubit states p,p and local qubit
projective measurements. Consider that Alice measures
the observable X - ¢ and obtains outcome a = +1; here X
denotes a vector on the Bloch sphere and 6 = (o}, 65, 63) is
the vector of Pauli matrices. Then, Bob’s particle is left in
the (unnormalized) state

Pajz = try (pABMa\} ® l])’ (1)

where Mz = (I + ax - 6)/2 is the projector corresponding
to outcome a. The set of unnormalized states {p,;},
referred to as an assemblage, thus characterizes the experi-
ment [8,20,21]. The assemblage characterizes both the
conditional probability of Alice’s outcome, p(a|x) = tr(p,pz),
and the (normalized) conditional state prepared for Bob
Pl = Paji/P(alX). Note that all assemblages satisfy

aPali = Y_aPalv for all measurement directions x and X/,
ensuring that Alice cannot signal to Bob.

In a steering test [8], Alice wants to convince Bob that
she can steer his state. Bob, who does not fully trust Alice,
wants to verify her claim. In order to do so, he asks Alice to
make a measurement in a given direction X (chosen from a
given set of measurements) and then to announce her result
a. By repeating this procedure a sufficient number of times,
Bob can estimate the assemblage {pa‘;(}, e.g., via quantum
state tomography. Bob’s goal is now to find out whether
(1) Alice did indeed steer his state by making a measure-
ment on an entangled state p, 5, or whether (ii) she cheated
by using a local hidden state (LHS) strategy, in which no
entanglement is involved. In this second case, Alice would
prepare a single qubit state p, and send it to Bob; here 4
represents a classical variable known to Alice, with an
arbitrary distribution w(4). Upon receiving a measurement
direction x from Bob, Alice announces an outcome a
according to a predetermined strategy p,(a|x). Hence Bob
holds the state

pai = Y _o(A)p;(al¥)p;. 2)
A

Therefore, the problem for Bob is to determine whether the
states in the assemblage {p,;} admit a decomposition of
the form of equation (2). If this is the case, then Bob will

not be convinced that Alice can steer his state. On the other
hand, if no decomposition of the form of equation (2) is
possible, then Bob will be convinced that Alice did steer his
state. More generally, we say that a state p, is unsteerable
from Alice to Bob, if the assemblage {p,z} admits a
decomposition of the form of equation (2) for all possible
measurement directions X. On the other hand, if there exists
a set of measurement directions such that the corresponding
assemblage {pa‘;{} does not admit a decomposition of the
form of equation (2), we say that p,p is steerable from Alice
to Bob.

A steering test is thus clearly asymmetrical, as the roles
played by Alice and Bob are different. Hence it is natural
to ask whether there exist entangled states p,p that can be
steered only in one direction, say from Alice to Bob but not
from Bob to Alice. Here we show that such a phenomenon
of one-way steering occurs for simple two-qubit entangled
states, considering arbitrary projective measurements.

Specifically, we consider states of the form

l-a

pap(a) = a¥_ + 5

(2|o><0 ®%+3g® |1><1|>,
3)

where W_ = |y~ ) (y~| denotes the projector on the singlet
state [y~) = (|0, 1) = |1,0))/v/2 and 0 < & < 1. The state
pap(@) is entangled for a > 1/19(—6 + 51/6) = 0.3288,
as can be checked via partial transposition [4]. We will see
that in the range 0.4983 < a < 1/2, the state p,z(a) is one-
way steerable. The proof is divided into two parts. First,
we show that the state is unsteerable from Bob to Alice
by constructing a LHS model for p,z(1/2). Second, we
show that steering can nevertheless occur from Alice to
Bob by showing that the assemblage resulting from 14
well-chosen projective measurements on the state p,z(@)
with a 2 0.4983 does not admit a decomposition of the
form of equation (2).

No steering from B to A.—We construct a LHS model,
from Bob to Alice, for arbitrary local projective measure-
ments on p,p(1/2). The model works as follows. Bob first
sends to Alice a pure qubit state of the form

py = (14 4d-5)/2, )

where Ay = +1, and 1= (A1, 22, 43) = (cos ¢ sin 6,
sin ¢ sin @, cos 0) is a vector on the Bloch sphere distributed
according to the density

1
(0, p) = Ecosz(9/2). 5)

That is, the probability of using a given vector 1 depends on
its height on the Bloch sphere. Note that 4, and A represent
here the classical variables available to Bob. Upon receiv-
ing an arbitrary measurement direction y = (y;,y,,y3)
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from Alice, _ Bob then announces outcome
b = —Jgsgn(y - 1). Finally, Alice characterizes her state.
For convenience, we consider here the case where she
performs an arbitrary projective measurement along direc-
tion X = (x;, x,, x3) with outcome a.

Now we compute the statistics of the above model,
focusing first on the case 1, = 1. Because of the form of the
state, Eq. (3), we can take y = (0, sin 0, cos 0) without
loss of generality. Moreover, it will be convenient to use a
new reference frame such that the é; = (0,0, 1) axis is
aligned on Bob’s vector y. Angles and axes in the new
frame are denoted with a tilde. First we evaluate the
distribution of 1i in the new frame. That is, we compute

(6’ 4)) with 1= (/11,/12,13) (cosd)sm& sin ¢ sin 0,
cos®). Since the new frame is obtained by performing
a rotation of —@ around the &; = (1,0,0) axis, we
have that A3 = —sinfgd, + cosfzl;. Moreover, since
6 = arcos(43), we have that

,farcos(A3)\ 1443
os< e O

w(0.4) = 5

Hence we get that

w(6,¢) = (1 — sin O sin ¢ sin 6 + cos O cos 0) /4.

Next, we write Alice’s vector in the new frame,

X = (cos qu sin 9A, sin ¢A sin 9A, cos QA) Using the fact
that tr(x - 6p;) = X - J, we obtain the correlation

(ab) = — /0 " 4d A " sin0d0w(0, §) (% - Dsen(5 - 2)

2r o~ 3 o~ o~ ~ ~ -
= / d¢< / sin 0dOw (0, §) (% - 1)
0 /2
_/“gwwma@aao. )
0

Since X -1 = sin®sin 0, cos(¢p — ) + cosBcosb,, we
find after a lengthy but straightforward calculation

cos HA fc
2

=l

{ab) = ®)

[\) ‘

Note that éA is the angle between vectors X and .
Finally, we calculate the marginals, i.e., the local expect-
ation values for Bob

->

(b) = — A 7 dp /) " sin 0d0eo(®, §)sen(5 - 1)

cosfp V3

-5 =% ©

and for Alice

(a) = A " dg [) " sin 0d6w(0, ) (% - 1)

cosf, x3
== =3 (10)
Note that for computing Alice’s marginal, it is more
convenient to use the original reference frame.

At this point, it is useful to note that the correlations,
Eq. (8), correspond exactly to those of the state p,(1/2).
Moreover, the marginals, Egs. (9) and (10), have the right
form, but are in fact slightly stronger than those of
pag(1/2). In order to weaken the marginals, while keeping
the correlation unchanged, we now use the variable Aj.
Specifically, consider the distribution p(ly = —1) = f.
Hence, the marginals are decreased to (a) =(1—-2f)x3/3
and (b) = (1 —2f)y3/2. Choosing a flipping probability
of f=1/5, we finally get

=l

3y3 5& .

@=2 =22 (== ap

N ’

Hence, the model simulates exactly the statistics of local
projective measurements on the state p,p(1/2). The
assemblage {p,;} observed by Alice is thus identical to
the assemblage expected for the state p,z(1/2), that is,
Poly = trp(pap(1/2)1 ® My;), where M5 = (I+by-6)/2.
Therefore, the state p,z(1/2) is unsteerable from Bob to
Alice. The extension to the case a < 1/2 is straightforward.

Finally, note that the above model can also be understood
as a local hidden variable model; thus, the statistics of local
projective measurements on puz(a) with a < 1/2 cannot
violate any Bell inequality [22]. This complements a series
of works describing entangled states admitting a local
hidden variable model [23-26].

Steering from A to B.—We will see now that the situation
is completely different when the roles of Alice and Bob
are interchanged. Specifically, the state pyp(a) with
a = 0.4983 is steerable from Alice to Bob. In order to
prove this, we will show that, for a well-chosen set of m
projective measurements for Alice, the resulting assem-
blage {p,z} obtained on Bob’s side cannot be reproduced
by any LHS model.

The observables measured by Alice are denoted A; =
X;-o with i = 1,...,m and outcome a = £1. Bob char-
acterizes the state p,z, by tomography, making measure-
ments represented by the Pauli matrices 6;, with j = 1,2, 3,
outcome b = +1, and oy = . The observed statistics are
then given by

{ab);; = wr(pag(@)A; ® o)),

(b); = tr(pap(a@)l ® 5;). (12)
Alice’s marginals are given by (a); = (ab),.

Considering a given number of measurements m, we
now aim at finding the largest value of a, denoted a*, for
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which the state p,p(a) is unsteerable from Alice to Bob.
That is, we want to determine the largest a such that the
statistics (12) can be reproduced by a LHS model, i.e.,

(ab);; = ZEA@U(PAU;), (b); = th(ﬂszj)v (13)
7 7

where E,(i) = p,(a = 1]i) — p,(a = —1[i) is the expect-
ation value of Alice’s outcome a for a given A and
measurement i. Note that here the local states p, are not
normalized, and one has that > _,tr(p;) = 1.

To solve this problem we make use of a semi-definite
programming (SDP) technique recently developed in [20],
for deciding whether a given assemblage {pa‘;} belongs to
the set of “unsteerable assemblages,” that is, whether {p | }
admits a decomposition of the form equation (2). Our
present problem can be solved by the following SDP:

a* = maxa s.t.ZEl(i)tr(ploj) = (ab);;,
7
Ztr(mf’j) = <b>,~,ter =1
p 7

(14)
p,20 VA4,

where the optimization variables are a and p,, and the
quantities (ab),; and (b); are computed as in Eq. (12). Note
that we can focus here on LHS strategies for which Alice
provides a deterministic outcome a given 4 and i [20], that
is E;(i) = £1 for i = 1, ..., m. Hence, we have altogether
2™ possible strategies for Alice to consider. The above SDP
is then implemented for each strategy.

Using the above SDP, we can thus estimate, for a
particular choice of m measurement directions X; (with
i=1,...,m), the threshold value a* for which the state
pag(a) is steerable from Alice to Bob. For fixed m, we then
minimize o over all possible choices of measurement
operators for Alice, using a hill-climbing heuristic algo-
rithm. Results for m up to 14 are presented in Table I.
Notably, for m = 14 we get a* = 0.4983, thus implying
that the state p,p(a) with a 2 0.4983 is steerable from
Alice to Bob.

Finally, from the result of the above optimization
procedure, it is in fact possible to extract an explicit

TABLE 1. Threshold values a* for which the state pp(a) is
steerable from Alice to Bob. The optimization is conducted over
all possible steering tests where Alice performs m =2, ..., 14
projective measurements.

m 2 3 4 5 6 7 8
a* 0.6951 0.5661 0.5424 0.5302 0.5156 0.5120 0.5088

m 9 10 11 12 13 14
a* 05037 05030 0.5014 0.5005 0.4993 0.4983

steering inequality. Once the optimal measurement direc-
tions X; (i = 1, ..., m) have been found via the hill-climbing
algorithm, the dual of the SDP problem (14) allows us to
extract a linear steering inequality [20] of the form

3 m 3

i D silab)y+ Y sia)+ > sEb); <L (15)

i=1 j=1 i=1 j=1

Such an inequality is characterized by (i) a set of real
coefficients: s;;, sf‘, and sf, and (ii) a bound L which holds
for any LHS strategy. In the Supplemental Material [27],
we follow the above method to give explicitly a steering
inequality featuring m = 13 measurements, which is vio-
lated by performing appropriate measurements (which we
give as well) on the state py(1/2).

Discussion.—We have shown the existence of entangled
states which are one-way steerable when considering
arbitrary projective measurements. That is, the nonlocal
properties of such states depend on the role played by
the parties: while Alice can steer the state of Bob, it is
impossible for Bob to steer Alice’s state. This shows that
quantum nonlocality can be fundamentally asymmetrical.
An interesting open question is whether the present result
can be extended to the most general measurements, i.e.,
positive operator valued measures. Moreover, it would be
interesting to find an application, e.g., in quantum infor-
mation processing, of the phenomenon of one-way
steering.
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Here we describe explicitly the steering test wit-
nessing the fact that the state p4p(a) (see eq. (3) of
main text) with « > 1/2 (more precisely the proof
works for @ > (2268/2269)(1/2) ~ 0.4998) is steer-
able from Alice to Bob.

Here we consider the case of m = 13 measure-
ment settings for Alice, characterized by operators of
the form A; = X; - ¢ with i = 1,...,m with outcome
a = £1. Bob performs tomography, making measure-
ments in the Pauli basis 0 with j = 1,2,3, outcome
b = £1. The observed data is then given by

(ab)ij = tr(pap(a)A; @ o)) (1)
(b); = tr(pap(@)I® 07) )
(a); = tr(pap(a)A; ®1). (©)

We now construct a linear steering inequality of the
form

The inequality is characterized by the matrix S, with
real coefficients Sijs and the vectors S and SB, with

real elements s/ and s]B , respectively. Specifically, we

have that
1 6 12 1
578 i :
16 193 76 A 100 B
gj;ll 1i —5195
g i
2% 20 8 13
10 9 -13 T
HoH % 3
107 139 Te6l 95
@)

The local bound of the above inequality, which holds
for any possible LHS model, is L = 1. This can be
verified using e.g. the techniques of Refs [1, 2].

Now we give the measurement operators for Alice,
characterized by Bloch vectors ¥; withi =1, ..., 13. We
have that

=2 2L oz
B ¥
2 T 2
= &= Z
i1, 73
83 69 45
A
V= By & 47 |- (6)
! 1 8
785
7,
Z11
5 121 <12
13 7%
23 137 413

where the k-th row of the above matrix is understood
to be Xy. By normalization of the vectors, we have that
Z% =1- vil — viz where v;; denote the elements of
matrix V, and z; is chosen to be positive. With this
set of measurements performed on the state p o5(1/2),
we can evaluate the right hand side of (4) giving us
the value S; > % > 1 = L hence demonstrating

steering from Alice to Bob.
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[2] MLE. Pusey, Phys. Rev. A 88, 032313 (2013).
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Quantum steering can be detected via the violation of steering inequalities, which provide sufficient conditions
for the steerability of quantum states. Here we discuss the converse problem, namely, ensuring that an entangled
state is unsteerable and hence Bell local. We present a simple criterion, applicable to any two-qubit state, that
guarantees that the state admits a local hidden state model for arbitrary projective measurements. Specifically, we
construct local hidden state models for a large class of entangled states, which thus cannot violate any steering
or Bell inequality. In turn, this leads to sufficient conditions for a state to be only one-way steerable and provides
the simplest possible example of one-way steering. Finally, by exploiting the connection between steering and
measurement incompatibility, we give a sufficient criterion for a continuous set of qubit measurements to be

jointly measurable.

DOI: 10.1103/PhysRevA.93.022121

I. INTRODUCTION

Entanglement lies at the heart of quantum physics. Notably,
correlations arising from local measurements performed on
separated entangled systems can exhibit nonlocal correlations
[1,2]. Specifically, the observed statistics cannot be reproduced
using a local hidden variable model, as witnessed by violation
of a Bell inequality.

Recently, the effect of Einstein-Podolsky-Rosen steering
has brought novel insight into quantum nonlocality. Originally
discussed by Schrodinger [3] and used in quantum optics [4],
the effect was recently formalized in a quantum information-
theoretic setting [5]. Considering two distant observers sharing
an entangled state, steering captures the fact that one observer,
by performing a local measurement on one’s subsystem, can
nonlocally steer the state of the other subsystem. Steering can
be understood as a form of quantum nonlocality intermediate
between entanglement and Bell nonlocality [5,6] and is
useful to explore the relation between these concepts. It
was demonstrated experimentally (see, e.g., [7]) and finds
application in quantum information processing [8—10].

Steering can be detected via steering inequalities (analo-
gous to Bell inequalities) [11], the violation of which provides
a sufficient condition for a given quantum state to be steerable.
Derived for both discrete and continuous variable quantum
systems [11-13], such inequalities can be obtained using
semidefinite programming [14—17].

Interestingly, whereas the effect of steering implies the
presence of entanglement, the converse does not hold [5].
Specifically, there exist entangled states that provably cannot
give rise to steering (and hence are referred to as unsteerable)
[5,18], even when general measurements are considered [6].
The correlations of such states can in fact be reproduced
without entanglement, using a so-called local hidden state
(LHS) model [5], and therefore can never violate any steering
inequality. Since a LHS model is a particular case of a local
hidden variable model, any unsteerable state is Bell local.

Determining which entangled states are steerable and which
ones are not is a challenging problem in general. This is mainly
due to the fact that, when constructing a LHS model, one
must ensure that the model reproduces the desired quantum
correlations for any possible measurements. Local hidden state

2469-9926/2016/93(2)/022121(7)
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models have been constructed for entangled states featuring a
high level of symmetry [18-22] (see [23] for a review). For
more general states very little is known, even for the simplest
case of two-qubit states. Based on the concept of the steering
ellipsoid [24], Ref. [25] derived a condition guaranteeing
unsteerability of Bell diagonal two-qubit state. This method,
however, is not applicable to general two-qubit states, for
which unsteerability conditions are still missing.

Here, via the construction of a class of LHS models, we
derive a simple criterion sufficient for guaranteeing that a
two-qubit state is unsteerable, considering arbitrary projective
measurements. In turn, this criterion can also be used to
guarantee one-way steerability [22,26], a weak form of
steering where only one of the observers can steer the state
of the other. We illustrate the relevance of the criterion
with examples, providing in particular the simplest possible
example of one-way steering. Finally, by exploiting the strong
connection between steering and measurement incompatibility
[27,28], we provide a sufficient condition for a continuous
set of dichotomic qubit positive-operator-valued measures
(POVMs) to be jointly measurable.

II. PRELIMINARIES

Consider two distant parties, Alice and Bob, sharing an
entangled quantum state p. On her subsystem, Alice makes
measurements, described by operators {M,,}, with M, > 0
and ), M, =1, where x denotes the measurement setting
and a its outcome. The possible states of Bob’s subsystem,
conditioned on Alice’s measurement x and her output a,
are characterized by a collection of (subnormalized) density
matrices {0y|x }4,x, called an assemblage, with

Oa|lx = TrA(Ma\x & ]1:0) (1)

Note that it also includes Alice’s marginal statistics p(alx) =
Tr o). The assemblage {0y, } is called unsteerable if it can be
reproduced by a LHS model, i.e., it admits a decomposition

Oglx = aaL‘iIS = /oxp(alx)\)dk Va,x, 2)

where {0, } is a set of positive matrices such that f Trowdi =1
and the p(a|x,A)’s are probability distributions. The

©2016 American Physical Society
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right-hand side of (2) can be understood as follows. Alice sends
the quantum state o,/ Tro; to Bob with probability density
Tr 0;.. Given her measurement input x, she then outputs a with
probability p(a|x,)). In this way, Alice can prepare the same
assemblage for Bob as if the state p had been used, without the
need for entanglement. Bob will thus be unable to distinguish
whether he and Alice share the entangled state p or if the above
LHS strategy were used. In contrast, if a decomposition of the
form (2) does not exist, which can be certified, for example, via
violation of a steering inequality [11], the use of an entangled
state is certified. In this case, p is termed steerable from Alice
to Bob.

Interestingly, not all entangled states are steerable. That is,
there exist entangled states, called unsteerable, which admit a
LHS model for all projective measurements [5,18] and even
considering general POVMs [6]. A natural question is thus
to determine which entangled states are steerable and which
ones are not. This is a challenging problem, mainly due to the
difficulty of constructing LHS models for a continuous set of
measurements.

III. SUFFICIENT CRITERION FOR UNSTEERABILITY

Our main result is a simple criterion, sufficient for a
two-qubit state to admit a LHS model for arbitrary projective
measurements. Consider a general two-qubit state, expressed
in the local Pauli basis

1 I -
po:z ]1+a0-0®]1+11®b0-a+ Z 7-;(1)40‘,‘@0"/' s
i,j=x,y,2

3)

where ag and l;o are Alice and Bob’s local Bloch vectors and
o= (0y,0y,0;) is the vector of Pauli matrices. Our criterion
for unsteerability is simply based on the local Bloch vectors
and the correlation matrix 7).

The first step consists in converting the state py into a
canonical form. For this, based on previous work [6,29], we
make the following observation.

Lemma 1. Let A be a positive linear map on the set of
quantum states and

pa =1Q A(p)/ Tr[1 ® A(p)] 4

be a valid bipartite quantum state. If p is unsteerable from
Alice to Bob, then p, is also unsteerable from Alice to Bob.
Furthermore, if A is invertible and its inverse map positive,
then p is unsteerable from Alice to Bob if and only if p, is
unsteerable from Alice to Bob.

Note that A does not have to be completely positive and may
therefore correspond to a nonquantum operation. For a proof
see, e.g., Lemma 2 of [6], where the condition of complete
positivity can simply be relaxed.

Let us now consider the positive linear map

1® Alpo) =1® py *pol ® p"°. )
where pp = Tral[po]. This map is invertible as long as pp is
mixed with the inverse (positive) map given by

1® A~ (p0) = 1® py*pol @ py°. (©6)
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The interesting property of this map is that when applied
to an arbitrary state pp, the resulting state has b= 0, ie.,
Bob’s reduced state is maximally mixed [30]. Given the above
lemma, the application of the map preserves the steerability
(or unsteerability) of py.

Finally, we apply local unitaries (which also cannot change
the steerability of the state) so that our state has a diagonal T
matrix, giving us the canonical form

l+d-6@1+ ) To®ol|l. ()

i=x,y,2

'O:Z

where a and T; are in general different from the original o and
T. Below we give a sufficient criterion for the unsteerability
of any state p expressed in the canonical form. In turn this
provides a sufficient criterion for unsteerability of any two-
qubit state.

Theorem 1. Let py be a two-qubit state with corresponding
canonical form p as given in Eq. (7). If

max[(@ - £)* + 2 T%)] < 1, ®)

where X is a normalized vector and || - || the Euclidean vector
norm, then p is unsteerable from Alice to Bob, considering
arbitrary projective measurements.

Proof. We first characterize the assemblage resulting from
projective measurements on a state in the canonical form p.
Alice’s measurement is given by a Bloch vector £ and output
a = %1, corresponding to operators My z = (1 £ % -0)/2.
For a = +1, the steered state is (see, for example, [25])

ops = Tra(Mys ® Ip) = j[(1+a- DI+ T2-6]. (9)

Notice that the above state is diagonal in the basis {|5), |—5)},
with Bloch vector § = ”;—;”; we omit the £ dependence to
simplify notation. The corresponding eigenvalues are

a®) =11 +a-2+ T2, BE) =10 +a -£—|T£].
(10)

Note that by construction a(X) > B(X).

Our goal is now to construct a LHS model for this
assemblage. First, the local hidden states o, are taken to be pure
qubit states and hence are represented by unit Bloch vectors A
and uniformly distributed over the sphere

Y

Normalization is ensured as f Tr[ai]di = 1. This ensures that
we obtain the correct reduced state for Bob:

1 !
— [ 1A (Aldh = = = pg. 12
4n/l)(l 5 =P8 (12)

Next we define Alice’s response function to be given by the
distribution

o LEsgnls- A —c@)]

2 9
parametrized by the function —1 < ¢(%) < 1, with § the Bloch
vector of the eigenvector of oz with the largest eigen-
value. The Afunction (13) can be understood as follows (see
Fig. 1). If A is in the spherical cap centered on § such that

13)
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FIG. 1. Illustration of Alice’s response function (13) in our LHS
model. If sgn[s - - c(%)] = 0 then @ = +1 (shaded spherical cap,
with angle 6, = arccos[c]); otherwise a = —1. The assemblage (14)
then corresponds to the average (subnormalized) density matrix
obtained by integrating pure qubit states |A) over the shaded region.

*e§ > c®), the output is @ = +1; otherwise a = —1. Note
that we need only concentrate on the case a = +1; the case
a = —1 is automatically satisfied from o3 +0_1 1 = pp

and (12). We now calculate the assemblage predicted by this
model, given by

A A 1 ~ A ~ A
ol = / o3 p(+12 Ak = — / 1A (A p(+12,0)dA.

We parametrize the state |1) using the Bloch decomposition in
the basis {|5), |—5)}:

- A 0 0 .
|A) = |A(0,¢)) = cos > [§) + sin Ee”’ |—8) . (14)

Working in this basis and integrating over the spherical cap for
which a = +1 (see Fig. 1), (14) becomes

/271 / cos? cos §sin $e7'*\ sin6 dg do
cos & sin § e”‘> sin? § 4

where 6, = arccos[c(%)] is the angle of the spherical cap. Since

foh e'?d¢ = 0, the off-diagonal components will be zero and

oM ig therefore diagonal in the {|§), |—5)} basis, as desired.

+1|x
From this, the eigenvalues of U+Hx, ie., &/(%) and B/(%), are
given by
e R Y 1 —cosf,
a(X)+ B =< sinf df = ——, (15)
2 Jo 2
1 [% 1 — cos2 6,
o &) — BR) = —/ cossinfdo = — 2% (1¢)
2 Jo 4
Upon using 6, = arccos[c(%)] one then finds
(%) + /(%) = 311 — c(®)], (17)
o (£) — B'(%) = 311 — F®)], (18)
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/
0.5 ﬁ

FIG. 2. Plot of the achievable range of eigenvalues (¢’, ") in our
LHS model (for a fixed direction §). The upper blue curve corresponds
to the condition o’ = /28" — B’ and is achieved by the response
functions (13); any point in the light blue area below may be achieved
by taking a suitable convex combination of these functions (e.g., the
dashed line). Since we have o’ > f’, the gray area is not of interest.

0.1 0.2 03 04

from which we get the eigenvalues as a function of ¢(%) as

V2B = B'@), BE) =3[l —c@®P, (19
corresponding to the curve of Fig. 2. Since this curve is
concave, by fixing § and taking convex combinations of the
response functions (13) with different c(X), we may prepare

any steered states corresponding to (', 8’) below this curve,
leading finally to

B'(®) < < V2B () = B'(R). (20)
This corresponds to the blue area in Fig. 2. We thus conclude
that the model reproduces the assemblage of any canonical
state p, as long as its eigenvalues satisfy the above relation,
ie., a(X) < 4/28(x) — B(X), for any measurement vector £,
or equivalently

max{[a(X) + B(X)]* — 2B(¥)} < 0. 1)

o' (%) =

o' (%)

Using (10) to convert this maximization into Bloch vector
notation, we arrive at (8). |

A natural question is whether condition (8) is also necessary
for unsteerability. Unfortunately, this is not the case. Consider
the state p. = %(|OO) (00| + |11) (11]), which does not satisfy
(8) [choose, e.g., £ = (0,0,1)], but is separable and hence
clearly unsteerable. Note however that condition (8) can in fact
be strengthened by considering convex combinations with sep-
arable states (see Appendix A). An interesting open question
is then whether there exist unsteerable states, which cannot be
written as convex combinations of unsteerable states satisfying
condition (8) and separable states. Nevertheless, condition
(8) turns out to be useful for proving the unsteerability of
interesting classes of states, as we illustrate below.

IV. APPLICATIONS

We now illustrate the relevance of the above result with
some applications. We consider the class of states

p(p.x) = plYy) (Ul + (1= po) ®1/2,  (22)

where |, ) = cos x |00) 4+ sin x [11) is a partially entan-
gled two-qubit state, p;‘ =Trg [¥y) (¥4I, p€[0,1], and

022121-3



BOWLES, HIRSCH, QUINTINO, AND BRUNNER

Steerable A<»B
0.8

UNS A—B
Steerable B—A

0.6

04 UNS A+B

SEP

0.2 X
00 0.1 02 03 04 0.5 0.6 0.7

FIG. 3. Characterization of entanglement and steering for states
p(p,x)- The solid black curve corresponds to (23), obtained from our
unsteerability criterion. The state is separable in the light orange
region, unsteerable (in both directions) in the dark blue region,
unsteerable only from Alice to Bob (hence one-way steerable) in the
light blue region, and two-way steerable in the white region [obtained
from Eq. (19) of Ref. [25]]. What happens in the gray region is an
interesting open question.

x €10, /4]. The state is entangled for p > 1/3. From Theo-
rem 1 it follows that p(p, x) is unsteerable from Alice to Bob
if

2p—1
2-pp*

as we show in Appendix B. This result is illustrated in Fig. 3
(black solid line). Note that our result recovers the case of
a two-qubit Werner state p(1/2,7/4), which admits a LHS
model [18] (in both directions).

cos’(2x) > (23)

A. One-way steering

Alice and Bob play different roles in the steering scenario.
Hence steerability in one direction (say from Alice to Bob)
does not necessarily imply steerability in the other direction
(from Bob to Alice). This effect of one-way steering was first
observed in the context of continuous variable systems and
Gaussian measurements [26]. More recently, an example of a
two-qubit one-way steerable state was presented considering
arbitrary projective measurements [22]. That is, while Alice
can steer Bob using a finite number of measurements, it would
be impossible for Bob to steer Alice as the state admits a LHS
model (Bob to Alice). Moreover, a qutrit-qubit state was shown
to be one-way steerable considering POVMs [6].

Clearly, our results are also useful for capturing one-way
steering. Consider a given state p, the canonical form of
which is found to satisfy condition (8). From Theorem 1 it
follows that p is unsteerable from Alice to Bob. Moreover,
if steerability from Bob to Alice can be verified using
standard methods, e.g., via violation of a steering inequality
or using semidefinite programming methods [14,15], one-way
steerability of p is proven.

We present different examples of one-way steering. Our
states of interest will be the states p(p,x) defined above.
This state is unsteerable from Alice to Bob for projective
measurements when (23) is satisfied, corresponding to the
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area below the thick black line of Fig. 3. The steerability from
Bob to Alice of the above state was discussed in previous
works. In particular it was shown that p(p, x) is unsteerable
if p <1/2 for all x [20]. However, for p > 1/2, the state
becomes steerable from Bob to Alice for all x. This can
be seen as follows. By applying on Alice’s side the filter
F, = diag(1/cos x,1/ sin x), we obtain the state

1Fy ®1p(p, x)Fy ® 1= p(p,7/4), (24)

which is simply a Werner state with visibility p. Since this state
is steerable for p > 1/2 [5], it follows from Lemma 1 that all
states p(p, x) with p > 1/2 and satisfying (23) are one-way
steerable from Bob to Alice for projective measurements.

Simplest one-way steering

A relevant question to ask is how many measurements
are needed in order to demonstrate one-way steering. So far,
the only known examples for a two-qubit state required as
many as 13 measurements [22] and considered only projective
measurements and similarly for the qutrit-qubit example of
Ref. [6]. Here we present the simplest possible example of
one-way steering, that is, a two-qubit state such that Alice
cannot steer Bob even with POVMs, although Bob can steer
Alice using only two measurement settings.

We start with the case of projective measurements. We
show that the states p(p,x) with p > 1/+/2 and satisfying
(23) are one-way steerable and only two measurements are
required for demonstrating steering from Bob to Alice. To
prove this we proceed as follows. First, from Lemma 1 it is
sufficient to consider the state p(p,m/4), i.e., a Werner state
[see Eq. (24)]. Since this state violates the Clauser-Horne-
Shimony-Holt (CHSH) Bell inequality for p > 1/+/2 [2], it
is nonlocal and thus steerable from Bob to Alice with two
measurements.

Next we move to the case of POVMs, building on the above
example. Following protocol 2 of [31], we construct the state

provm(p;X) = 30(p,x) + 310)(0] ® p5, (25)

where pg = Tra p(p, x), which is now unsteerable from Alice
to Bob for POVMs, for p and yx satisfying (23). We now show
that steering from Bob to Alice is possible using only two
measurements. From Lemma 1 we can focus our analysis on
the state
_ Fy®lppoymFy ®1

Tr (Fy ® lppovmF, ® 1)

cos? x(plo™ )@ T| + (1 — p)1/4) + 310)(0| ® p5
cos?y +1/2 '

PF

(26)

Using the CHSH violation criterion [32], one can find the range
of parameters such that pg violates the CHSH inequality and
is thus steerable form Bob to Alice with two measurements.
We find a parameter range p > 0.833 53 and corresponding x
given by condition (23).

B. Sufficient condition for joint measurability

Theorem 1 also finds application in quantum measurement
theory. This follows from the direct connection existing

022121-4



SUFFICIENT CRITERION FOR GUARANTEEING THAT A ...

between steering and the notion of joint measurability of
a set of quantum measurements [27,28], which has already
found applications (see, e.g., [33]). This allows us to convert
our sufficient condition for unsteerability into a sufficient
condition for joint measurability of a set of qubit dichotomic
POVMs. Notably, this condition is applicable to continuous
sets of POVMs.

A set of measurements {M,.} is said to be jointly
measurable [34] if there exists a joint POVM {G,} with
outcomes X and probability distributions p(a|x,)), from which
the statistics of any of the measurements {M,.} can be
recovered by a suitable postprocessing, that is,

Mg, =/ka(a|x,)n)dk‘v’a,x. 27

Let {M,} be a set of dichotomic qubit POVMs
M+|x = %(kx]l + r;:lx . &)a (28)

with ||/, || < ky < 2 — |Imy|land M_|, = 1 — M4, Then the
set {My} is jointly measurable if

kx(ky —2) +2[lm. | <0 (29)

for all x. This can be seen as follows. A set of measurements
{M,} is jointly measurable if and only the assemblage given
by o4 = p'/?My | p'/?, where p is a full-rank quantum state
[35], is unsteerable. Choosing p = 1/2 we get the correspond-
ing assemblage oy, = p'/?Myp"/? = IMy,,. Following
Theorem 1, condition (29) ensures the unsteerability of o,
and consequently the joint measurability of {My,}.

V. CONCLUSION

We have presented a simple criterion sufficient for a qubit
assemblage to admit a LHS model. Notably, our method can
guarantee the unsteerability of a general two-qubit state and
should thus find applications. We have shown that the criterion
allows one to detect entangled states that are only one-way
steerable and provides the simplest such examples. Moreover,
the criterion is relevant to quantum measurement theory, as
it provides a sufficient condition for a continuous set of
dichotomic qubit POVMs to be jointly measurable. Further to
this, our criterion has also found applications in the connection
between measurement incompatibility and nonlocality [36]
and multipartite nonlocality [37].

It would be interesting to extend this criterion in several
directions. First, can the criterion be strengthened, e.g.,
by considering convex combinations, in order to become
necessary and sufficient? Also, while we focused here on
projective measurements, generalizing the method to POVMs
would be useful.! Whether the present ideas can be adapted to
the case of higher-dimensional systems (beyond qubits) is also
a natural question. In particular, a natural case to consider is
that of entangled states of dimension d x 2, where our method
should be directly applicable. Applications to multipartite
steering [38,39] would also be interesting.

"Note that, starting from our result, one can construct new entangled
states admitting a LHS model for all POVMs, using Protocol 2 of
Ref. [31].
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APPENDIX A: CONVEX COMBINATIONS
OF UNSTEERABLE STATES

Since our criterion (8) is not linear and since it does not
detect all separable states, it can be useful to consider convex
combination of states. Specifically, consider an entangled
unsteerable state of the form

p = po + (1 — p)psep, (A1)

where psgp is a separable (hence unsteerable) state and o is
an unspecified state. If o is unsteerable, then it follows that
p is unsteerable. However, it could be that, while p violates
condition (8), o does not. In this case, the unsteerability of p
can be shown by finding suitable p and psgp such that

o = p— = p)pser (A2)

p
satisfies condition (8).
As a simple example, consider the state

p =30 + 5(3100) (00] + 3 [11) (11]),

where o is the two-qubit isotropic state o = (|¢™) (¢p™| +
1/4)/2. Hence p is an equal mixture of o and the separable
classically correlated state. One finds that for p, 7, = 3/4 and
so p violates (8) for £ = (0,0,1). However, the state o has
T =1/2 and a = 0 and therefore satisfies (8), hence proving
the unsteerability of p.

(A3)

APPENDIX B: PROOF OF UNSTEERABILITY OF p(p, x)

Here we show that for the class of states (22), Theorem 1
implies that the p(p, x) is unsteerable if

2p—1
2-pp*
To do this, we first consider states in canonical form (7), which
satisfy @ = (0,0,a;) and |Ty| = |Ty|. In order to perform the
maximization of Theorem 1, we parametrize X using spherical

coordinates X = (sin 8 cos ¢, sinf sin ¢, cos #). Our criterion
(8) may now be written as

F <1,
max 0,0)

cos? 2y > (B1)

F0,¢) = (@- %) +2|Tx|

= cos’ 6 aZ -1-2\/T)(2—|-c:0s2 0 (T2-T7). (B2)

Unsurprisingly, F depends only on 6 since the problem is
symmetric with respect to the x and y directions and we
may ignore the maximization over ¢. Note that if |T,| = |T|
then the maximization occurs at & = 0 and our condition for

unsteerability becomes
al+2|T,| < 1. (B3)

In the case |T;| # |T|, one should find the extremal points
of F(0) and prove that they do not exceed 1. To find these
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extrema we solve

dF
20 = —sin260 a?—i—

Tzz — sz

=0.
JT2 +cos?0(12 - T2)

(B4)

From sin 20 = 0 we have solutions & = 0,7 /2,7 and possibly
other solutions given by

T? —T?

a? + 4 X

\/TXZ + cos?0(T2? — T?)

=0. (BS)

We now derive conditions such that (B5) has no solution. After
rearranging (B5) we have
T? T? - T?

X

2 _ 712 4
TX TZ aZ

cos’ o = (B6)

This has no solution if the right-hand side is greater than 1 or
less than 0. Hence we have two conditions

T? T? - T? T? T2 — T? B

< *  or ' > =

sz - Tz2 a? sz - Tzz at

Z

If one of the above conditions is fulfilled we therefore
have extrema for 6 = 0,7/2,7 only. In this case, since
F(0)= F (), our condition for unsteerability becomes

max F(0) = max {aZ + 2|T.|.2|T;|} < 1. (B8)

We now move to the explicit case of p(p,x). We find a

canonical state with |T,| = |T,|, @ = (0,0,a;), and
(1 — p?)cos2y
a, = ——"—-——"=
© 11— p2cos?2y
1 —cos?2
T, = p( x) (B9)

1— p2cos?2y’

T p3(1 —cos?2y)
* 1 —p2cos?2y
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We now introduce the ansatz (for p > %)

2 2p—1
cos“2x = _— (B10)
C-pr
Eliminating the variable x we find
2 C=p)Cp-1
a; = ——————,
p
1— 2
== (B11)
p
T, =1—p.

For the case p = % we have |T,| = |T,| and we find that (B3)

is satisfied. For p > % we show that the second condition of

(B7) holds. To this end, we calculate

T’ T2 -T2  (3-p)l—p)

< —_ = .
T2 —T? a? (p—22Q2p—-1

(B12)

This is easily seen to be positive for p e]%, 1] and so F(0) has
extrema at 0 = 0,7,77/2 only. It therefore remains to prove
(B8). We find

a?+ 2T =1, 2T, =2(1-p) (B13)

and so (B8) is satisfied for p > % This proves that the state
p(p,x) is unsteerable if p > % and p and yx satisfy (B10),
which corresponds to the black curve of Fig. 3. Finally, we note
that for a fixed x, lowering p amounts to putting more weight
on the separable part of the state. Since a convex combination
of an unsteerable state with a separable state is also unsteerable,
all points below the curve of Fig. 3 are also unsteerable. Hence,
we arrive at (23).
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The observation of quantum nonlocality, i.e., quantum correlations violating a Bell inequality, implies the
use of incompatible local quantum measurements. Here we consider the converse question. That is, can any set
of incompatible measurements be used in order to demonstrate Bell inequality violation? Our main result is to
construct a local hidden variable model for an incompatible set of qubit measurements. Specifically, we show that
if Alice uses this set of measurements, then for any possible shared entangled state and any possible dichotomic
measurements performed by Bob, the resulting statistics are local. This represents significant progress towards
proving that measurement incompatibility does not imply Bell nonlocality in general.
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I. INTRODUCTION

A key aspect of quantum theory is that certain observables
cannot be jointly measured, in strong contrast with classical
physics. This leads to many prominent quantum features, such
as the uncertainty principle and information gain vs distur-
bance tradeoff, and plays a central role in quantum information
processing [1]. The incompatibility of quantum observables is
usually captured via the notion of commutativity: incompatible
observables do not commute. However, quantum theory allows
for more general measurements, so-called positive-operator
valued measures (POVM), the incompatibility of which cannot
be properly captured using commutativity [2]. Here a natural
concept is that of joint measurability [3]. A set of POVMs
is said to be jointly measurable if each one of them can
be derived from coarse graining of one common POVM.
Conversely, if such a joint POVM does not exist, the set is
considered incompatible. The concept of joint measurability
thus arguably provides a natural separation between classical
and nonclassical sets of measurements.

A longstanding question is to understand the relation
between the incompatibility of quantum measurements and
quantum nonlocality [4,5], another key feature of quantum
theory. When performing a set of well-chosen measurements
on a shared entangled state, two distant observers can observe
nonlocal correlations, i.e., which cannot be explained by a local
(i.e., classical) model. The question is then how the nonclas-
sicality of quantum measurements (i.e., their incompatibility)
relates to the nonclassicality of quantum correlations detected
via violation of a Bell inequality. While the observation of
nonlocality implies the use of incompatible measurements (for
both observers), the converse is not known. Specifically, the
question is the following. For any possible set of incompatible
measurements performed by one observer, can we always find
a shared entangled state and a set of measurements for the
second observer such that the resulting statistics will lead to
Bell inequality violation?

In the case of projective measurements, the answer is
positive, as proven many years ago [6]. For the case of POVMs,
however, the question is much more difficult. In the simplest
case of two dichotomic POVMs, Wolf et al. [7] proved that
incompatibility is equivalent to violation of the Clauser-Horne-
Shimony-Holt [8] inequality, confirming previous evidence
[9,10]. However, their proof cannot be extended to the general
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case, as the joint measurability problem cannot be reduced
to a pair of POVMs only [2]. For instance, it is possible to
have a set of three POVMs which is incompatible, although
any pair (among the three) is jointly measurable [11,12].
Recently, a strong connection between joint measurability
and Finstein-Podolsky-Rosen (EPR) steering [13], a form of
quantum nonlocality strictly weaker than Bell nonlocality [14],
has been demonstrated [15-17], leading to interesting results
in both areas [18]. More generally, the connection between
measurement uncertainty and nonlocality in no-signaling
theories has been discussed [19-21].

In the present work we show that a set of incompatible
quantum measurements can admit a local-hidden-variable
(LHV) model. Specifically, we consider a bipartite Bell test
in which Alice performs a given nonjointly measurable set
of qubit POVMs. We then show that the statistics of such
an experiment, considering an arbitrary shared entangled
state and any possible dichotomic measurements performed
by Bob, can be exactly reproduced using only classical
shared resources. In other words, this set of incompatible
measurements, despite having some nonclassical feature, can
never lead to nonlocal correlations (considering dichotomic
measurements for Bob). A parallel can be drawn to the study,
initiated by Werner [22], of quantum states which are entangled
(hence nonclassical) but nevertheless admit a LHV model;

(@)
—_ All
Measurements

All <——rv
Measurements

(b)

All
-— —_ Al
states
Measurements

FIG. 1. The problem of classically simulating quantum corre-
lations has two facets. (a) Constructing a LHV model for a given
entangled quantum state p, considering arbitrary local measurements
for Alice and Bob. (b) Constructing a LHV model for a given set of
incompatible measurements M (performed by Alice), considering
arbitrary entangled states and arbitrary local measurements Bob.
While question (a) has been extensively studied, much less is known
about question (b), which is the focus of this work.

©2016 American Physical Society



QUINTINO, BOWLES, HIRSCH, AND BRUNNER

see, e.g., [23-28] and [29] for a recent review. In contrast,
we show that a set of nonclassical measurements admits a
LHV model (see Fig. 1). Finally, we discuss the perspective
of extending our result to the most general Bell test, which
would thus demonstrate that incompatibility does not imply
Bell nonlocality in general.

II. PRELIMINARIES

We start by introducing concepts and notations. Consider
a set of N POVMs, given by operators M, satisfying
> a My =1, M, >0forx € {l,...,N}. This set is said to
be jointly measurable if there exists one common POVM, M;,
with outcomes @ = [a;—1,a,—, ... ,a,—y], where a, gives the
outcome of measurement x, that is,

Mi>0, Y Ma=1, Y Mi=My, ()

a\a,

where d \ a, stands for the elements of a except for a,.
Hence, all POVM elements M, are recovered as marginals
of the joint observable M;. Notably, joint measurability of
a set of POVMs does not imply that they commute [30].
Moreover, partial joint measurability does not imply full
joint measurability in general [2], contrary to commutation.
More generally, any partial compatibility configuration can be
realized in quantum theory [31].

The focus of this work is to connect the incompatibility
of a set of measurements to quantum nonlocality. We thus
consider a Bell scenario featuring two observers, Alice and
Bob, sharing an entangled state p. Alice and Bob perform local
measurements, represented by operators M, |, and Mj,. Here
x and y denote the choice of measurement settings, while @ and
b denote the outcomes. The resulting probability distribution is
thus given by p(ab|xy) = tr(o Mg, ® Mjy). This distribution
is local (in the sense of Bell) if it admits a decomposition of
the form

plablxy) = /d?»q(?»)pA(aIx,k)PB(bly,U 2)

Here the local model consists of a classical (hidden) variable
A, distributed according to density g(A), and Alice’s and
Bob’s local response functions represented by the probability
distributions p4(a|x,A) and pp(b|y,r). On the contrary, if a
decomposition of the form (2) cannot be found, the distribution
p(ab|xy) is termed nonlocal and violates (at least) one Bell
inequality [4,5].

It is straightforward to show that if the set of Alice’s mea-
surements, M4 = {M,,}, is jointly measurable, the resulting
distribution p(ab|xy) is local, for any possible entangled
state p and arbitrary measurements of Bob; see, e.g., [16].
Indeed, if the set M 4 is compatible, then Alice can recover all
statistics from one joint observable. Clearly, no Bell inequality
violation can be obtained if Alice always performs the same
measurement.

The main goal of this work is to discuss the converse prob-
lem. Specifically, given that the set M 4 is incompatible, what
can we say about the locality of the distribution p(ab|xy)?
Previous work [7] demonstrated a striking connection in the
simplest case, when M 4 consists of two dichotomic POVMs.
Any set M, that is not jointly measurable can be used to
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demonstrate nonlocality. Whether this connection holds for
more general sets of POVMs has been an open question
since then. Here we show that for certain incompatible sets
of POVMs, the resulting distribution p(ab|xy) is always
local, considering arbitrary entangled states p and arbitrary
dichotomic measurements on Bob’s side [32].

III. MAIN RESULT

We consider the continuous set of dichotomic qubit
POVMs, M = {le}’ with elements
Ml;=30+n%-5) 3)
with binary outcome a = £1. Here % is any vector on the
Bloch sphere denoting the measurement direction, and 6 =
(01,02,03) is the vector of Pauli matrices. Note that the set My
features a parameter 0 < n < 1, representing basically the
purity of the POVM elements. For n = 1, all POVM elements
are projectors,

My =11+ %-0). 4)

The set MZ:l is simply the set of all qubit projective
measurements and is thus clearly incompatible. For n = 0,
the set contains only the identity (thus clearly compatible).
In general the set M’} contains noisy measurements, with
elements simply given by Ml‘)? =nlly + (1 —n)l/2. In
fact, the set M’} is jointly measurable if and only if n < 1/2
[15,16].

Below we will show that there is n* > 1/2 such that the
set MZ* is local in any Bell test, considering arbitrary states p

and arbitrary dichotomic measurements for Bob. Since MZ*
is not jointly measurable, this shows that incompatibility is
not sufficient for Bell inequality violation in this case. Below
we give a full proof of the result, proceeding in several
steps.

The first step consists in exploiting the symmetries of the
problem in order to find the minimal set of states p we need
to consider. By linearity of the problem—the probabilities
p(ab|xy) are linear in p, and the set of local correlations is
convex, see, e.g., [S]—we can safely focus on pure states.
Indeed, if there was a mixed state p leading to Bell inequality
violation using measurements M"* , there would also be a pure
state doing so.

Next, given that MZ* consists only of qubit measurements,
Alice’s subsystem can be considered to be a qubit. Moreover,
since we are free to choose convenient local reference frames
(i.e., we can apply any local unitaries on Alice and Bob’s
systems), the shared state p (of dimension 2 x d) can therefore
be expressed in the Schmidt form [1], i.e., p = |¢g){(ds]
with

) = cos 0]00) + sinO|11) )

and 0 € [0,7/4].

Now we introduce the measurements on Bob’s side. Since
Bob’s system is of rank 2, we can focus here on dichotomic
qubit measurements. As any such POVM can be viewed
as a projective qubit measurement followed by classical
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postprocessing [33], it is sufficient to discuss projective qubit
measurements I1y; = (14 b § - )/2, where § is any vector
on the Bloch sphere and b = +1.

Our goal is thus to show that there exists n* > 1/2 such
that the distribution

plab|xy) =tr (|¢9>(¢9|Mg\; ® Hbl&') ©)

is local for any measurement directions X and y, and any state
|@g). In other words we would like to construct a LHV model
for the incompatible set of measurements MZ*. In order to do
so, we start by reformulating the problem by making use of
the following relation:

tr (160) (oI My ® Tpp5) = tr (05 Taje ® o) (7)

where

g = nlde) (el + (1 — i @ pp (8)

and pp = tra(|¢e) (Ps|). Thus, the problem of constructing a
LHV model for MZ* (considering dichotomic measurements
for Bob) is equivalent to the problem of constructing a
LHYV model for the class of states pg* (for all 8 € [0,r/4])
with arbitrary projective measurements for Alice and Bob.
Importantly, it must be shown that pg* admits a LHV model
for all 6 € [0,7/4] and for a fixed n* > 1/2 (independent
of 6).

The locality of the states pg* must be discussed in two
steps for different ranges of the parameter 6. First consider the
range 0 € [0,m/4 — €] with € > 0. Recently, we presented a
sufficient condition for a two-qubit state to admit a LHV model
for projective measurements [28]. For states of the form pj, a
LHV model was shown to exist given that

2n —1
Q—mn*
Hence for any 6, we get a corresponding value of n for which

the state is provably local; see Fig. 2. This clearly guarantees
that for 0 € [0,7/4 — €], with € > 0 fixed, we can find

cos?(20) > &)

0.5 : I I e
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0

FIG. 2. Parameter region for which the state p, admits a LHV
model: first, below the green curve, as given by Eq. (9), and second,
below the blue dashed curve, as found via the SDP (14). The two
curves cross at * =~ 0.515. It follows that the state p, is local for
n < n*andforall 0, i.e., in the shaded region, below the red horizontal
line.
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n* > 1/2 such that pg* is local. However, when 6 gets closer
to v /4, this approach will not work. Indeed, there is no fixed
value n* > 1/2 for which locality can be guaranteed for any
0 € [0,7r/4], as can be seen by continuity of Eq. (9) or from
Fig. 2. We thus need to find a different approach for this
regime.

We proceed as follows. First note that for the case 6 = 7 /4,
the state p, is simply a two-qubit Werner state,

Pl = wlds) (@] + (1 — )k, (10)

with |¢,) = (|00) + |11))/ﬁ. Coincidentally, such states
admit a LHV model for p < upyy =~ 0.66, considering
arbitrary projective measurements [24]. The case 6 = 7 /4
is thus covered. Let us next discuss the case of 6 in the
neighborhood of /4. To do so we consider the problem
of decomposing the target state p, as a mixture of states
admitting a LHV model. Specifically, we demand for which
values of 8 and 5, we can find a convex combination of the
form

Pl = apl™ +(1—a)o (1n)

with 0 < o < 1. Here o is an unspecified two-qubit state,
which we are free to choose. As long as o admits a LHV
model, this implies that p, is local. In order to do so, we
simply ensure that

n_ KLHV
o= Po —%Pw (12)
l—«

is a valid separable state. By setting o = ﬁn sin(26), we
obtain a diagonal matrix o (for all n and @). It is straightforward
to check that the eigenvalues of o are positive when
< KHLHYV .
(I 4+ pruv)cotd — urpy

(13)

By combining condition (9) and the above result, it follows
that the state p, admits a LHV model for any 6 and for
n < n* >~ 0.503. Note that a better bound can be obtained
using numerical methods. Consider again the problem of
finding a decomposition of the form (11) with o a separable
state. For fixed 6, the optimal decomposition can be found via
semidefinite programming (SDP):

max n

s.t.pp = apy" +o

a>0. (14)

Here 0?7 denotes the partial transpose [34] of o. Verifying
that 0¥ is positive ensures here that o is separable [35].
The result of this optimization procedure is shown in Fig. 2.
Combining again with condition (9) we get that p, admits a
LHV model for n < n* >~ 0.515 (for any ), for all projective
measurements for Alice and Bob.

We therefore conclude that in the range 1/2 < n* < 0.515,
the set of measurements MT is incompatible and admits

a LHV model. Specifically, Mf: can never lead to Bell
inequality violation, considering arbitrary shared entangled
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states and arbitrary dichotomic measurements performed by
the second observers.

Finally, it is worth mentioning that this result can be
straightforwardly extended to the case of a set containing only
a finite number of incompatible measurements. For instance,
we have checked that a set of 12 well-chosen POVMs in M}
(chosen rather uniformly on the Bloch sphere) is incompatible
for n > 0.512 via standard SDP techniques [7]. However, this
set clearly admits a LHV model for n < 0.515.

It would be interesting to see if the result also holds in
the simplest case of a set of only three POVMs. Consider,
for instance, the three Pauli operators: oy, oy, and o,. Adding
noise as in Eq. (3), the resulting POVMs are pairwise jointly
measurable, but still not fully jointly measurable, in the range
1/+/3 < n < 1/+/2[11,12]. Could such a set of three POVMs
admit a LHV model?

IV. DISCUSSION

We discussed the relation between measurement incom-
patibility and Bell nonlocality. Specifically, we showed that a
given set of incompatible qubit measurements can never lead
to Bell inequality violation, as it admits a LHV model. Our
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construction covers the case of any possible shared entangled
state and all possible dichotomic measurements performed by
the second observer.

The main open question now is whether our result can be
extended to nondichotomic measurements on Bob’s side. If
possible, this would then prove that measurement incompati-
bility does not imply Bell nonlocality in general [36].

We believe that the prospects for extending our LHV model
for the set of measurements M’} to general measurements
on Bob’s side is promising. More precisely, following our
approach, this amounts to show that the states p, of Eq. (8)
(forafixedn > 1/2 and all #) admita LHV model, considering
arbitrary projective measurements for Alice and arbitrary
POVMs for Bob [37]. We conjecture that this is the case,
which is also supported by the fact that, so far, there is no
example of an entangled state admitting a LHV model for
projective measurements but not for POVMs.
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The nonlocality of certain quantum states can be revealed by using local filters before performing a
standard Bell test. This phenomenon, known as hidden nonlocality, has been so far demonstrated only for
a restricted class of measurements, namely, projective measurements. Here, we prove the existence of
genuine hidden nonlocality. Specifically, we present a class of two-qubit entangled states, for which we
construct a local model for the most general local measurements, and show that the states violate a Bell
inequality after local filtering. Hence, there exist entangled states, the nonlocality of which can be revealed
only by using a sequence of measurements. Finally, we show that genuine hidden nonlocality can be
maximal. There exist entangled states for which a sequence of measurements can lead to maximal
violation of a Bell inequality, while the statistics of nonsequential measurements is always local.
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Performing local measurements on separated entangled
particles can lead to nonlocal correlations, as witnessed
by the violation of a Bell inequality [1]. This phenomenon,
termed quantum nonlocality, has received strong
experimental confirmation. Moreover, entanglement and
nonlocality are now viewed as fundamental aspects of
quantum theory and play a prominent role in quantum
information [2,3].

However, 50 years after the discovery of Bell’s theorem,
we still do not fully understand the relation between entan-
glement and nonlocality, although significant progress was
made [3]. In particular, the most natural question, of which
entangled states can lead to nonlocal correlations and
which ones cannot, is still open. While it is known that
nonlocality is a generic feature for pure entangled states
[4,5], the situation for mixed states turns out to be much
more complex. First, Werner [6] showed that there exist
mixed entangled states (so-called Werner states) that admit
a local model for projective measurements. However, it
could still be the case that such states violate a Bell
inequality when more general measurements, i.e. positive
operator value measures (POVMs), are considered.
Motivated by this question, Barrett [7] showed that certain
noisy Werner states (but nevertheless entangled) admit a
local model even when POVMs are considered (see also
Ref. [8]).

Another twist to this question was given in Refs. [9,10],
proposing Bell tests where observers perform a sequence
of measurements—rather than a single measurement.
Notably, Popescu [9] showed that Werner states of local
dimension d = 5 can violate a Bell inequality when judi-
cious local filters are applied to the state before performing
a standard Bell test. Hence, the local filters reveal the
hidden nonlocality of the quantum state. Importantly,
the use of local filters does not open any loophole, since
the choice of local measurement settings (for the second
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measurement) can be performed after applying the filters
[9,11,12]. While this result shows that sequential measure-
ments can be beneficial in Bell tests, it raises the question
of whether they are necessary. Indeed, the crucial point
here is that hidden nonlocality has been so far demon-
strated only for a restricted class of measurements, namely,
projective measurements. Specifically, the Werner states
considered by Popescu admit a local model for projective
measurements but could in principle violate a Bell inequal-
ity when POVMs are considered. Indeed, POVMs are
proven to be relevant in Bell tests, as they can increase
Bell violation compared to projective measurements [13].
Hence, this raises the question of whether there exists
genuine hidden nonlocality. That is, do there exist
entangled states, the nonlocality of which can be observed
only if sequential measurements are used?

Here, we prove the existence of genuine hidden non-
locality. Specifically, we start by presenting a simple class
of two-qubit entangled states, for which we construct a
local model for POVMs, i.e., arbitrary nonsequential mea-
surements. Next, we show that these states violate the
Clauser-Horne-Shimony-Holt (CHSH) [14] Bell inequality
when a judiciously chosen sequence of measurements is
performed. Hence, this shows that sequential measure-
ments outperform nonsequential ones, and that the non-
locality of certain entangled states can be revealed only
through a sequence of measurements. Moreover, our con-
struction provides the simplest example of hidden non-
locality known so far. A central tool for deriving our
result is a technique which allows us, starting from a local
model for simulating dichotomic projective measurements
on a given state, to construct a local model for simulating
POVMs on arelated (but in general different) state. Finally,
we demonstrate that genuine hidden nonlocality can be
maximal. Specifically, we present a simple class of qutrit-
qutrit entangled states which admit a local model for

© 2013 American Physical Society
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POVMs but violate maximally the CHSH inequality when
a sequence of measurements is used. Hence, such states are
useful resources for information-theoretic tasks based on
nonlocality [2,3], although they seem useless at first sight.
These results highlight novel aspects of the subtle relation
between entanglement and nonlocality.

We start by introducing the scenario and notations.
Consider a bipartite Bell scenario in which distant parties,
Alice and Bob, perform local measurements on an
entangled state p of local Hilbert space dimension d. The
choice of measurement setting is denoted by x for Alice
(y for Bob), and the measurement outcome by a (b for
Bob). Each setting is represented by a collection of positive
operators acting on C¢, denoted here as M, and My,,,
satisfying the relations Y M, =1 and Y ,M,;, = 1,
where 1 denotes the identity operator in dimension d.
The experiment is then characterized by the joint proba-
bility distribution

P(ab|x)’) = Tr(Malx ® Mhl)p) (1

If the distribution p(ab|xy) violates (at least) one Bell
inequality, the state p is said to be nonlocal. If, on the
other hand, the distribution admits a decomposition

plablxy) = [ dAoNplalxpblyr) @)

for all possible measurements, the state p admits a local
model and cannot violate any Bell inequality. Here, A
represents the local hidden variable, distributed according
to the density w(A). We will consider two separate cases.
First, when a decomposition of the form (2) can be found
for all projective measurements (i.e., M M, and

Mily = M,,), we say that p is local for projective mea-

surements. Second, if a decomposition of the form (2) can
be found for all POVMs (arbitrary nonsequential measure-
ments), we say that p is local for POVMs.

So far, we have considered a Bell scenario in which each
party performs a single measurement on its particle. One
can, however, consider a more general measurement sce-
nario, in which each party performs a sequence of mea-
surements [9,10]. For instance, upon receiving their
particle, the parties apply a local filtering. In the case that
the filtering succeeds on both sides, the parties now hold
the “filtered” state

2 =
alx

1
p = l(Fa® Fp)p(F}® F})) 3)

where N=Ti[(F, ® F B)p(F); ® F};)] is a normalization
factor, and F, and Fj are positive operators acting on C?
representing the local filtering of Alice and Bob. Finally,
the parties perform local measurements on g and can test a
Bell inequality. Here, we will see that such a sequence of
measurements is necessary in certain cases. More pre-
cisely, there exist entangled quantum states, the nonlocality
of which can only be revealed by performing sequential

measurements. Thus, such states exhibit genuine hidden
nonlocality.

To demonstrate our main result, we proceed in several
steps. First, we consider a simple class of entangled two-
qubit states, of the form

1
p=q¥_ +(1—¢q)0X0l e “)

where W_ = |y )iy _| denotes the projector on the sin-
glet state [¢_)=(]0,1)—]1,0))/v2, and 0 =g = 1.
Building upon the models discussed in Refs [15,16], we
will see now that state (4) admits a local model for projec-
tive measurements when g < 1/2, although it is entangled
for all ¢ > 0. Specifically, Alice and Bob receive as input a
vector X and y and should simulate the statistics of mea-
suring qubit observables X+ & and ¥+ ¢ on p; here, &
denotes the vector of Pauli matrices; hence, the measure-
ment outcomes are *1.

Protocol 1.—Alice and Bob share a three-dimensional

unit vector A, uniformly distributed on the sphere. Upon
receiving X, Alice tests the shared vector X. With proba-
bility |% - Al, she “accepts” A and outputs a= —sgn(¥- A);
otherwise, she outputs @ = =1 with probability (1=
{0]x - 710))/2. Bob simply outputs b = sgn(y - X.

The protocol consists of two parts. First, when Alice
accepts X, which occurs on average with probability 1/2
(independently of X), X is distributed according to the
density w(X) = |% - A|/24 [15,16]. In this case, the corre-
lation between Alice’s and Bob’s outcomes is

1 L N A
(ab) = = fd)tlic’- Alsgn(¥ - A)sgn(y - A) = =X - ¥,
T
5

where the integral is taken over the sphere. As the margin-
als are uniform, i.e., (a) = (b) = 0, we recover the singlet
correlations. Second, when Alice rejects X, she simulates
locally the statistics of the state |0), while Bob’s outcome is
uncorrelated. Hence, the model reproduces exactly the
statistics of the state (4) for g = 1/2, ie., {ab) =
(=X-¥)/2,{a) = x,/2, and (b) = 0. The case g < 1/2 is
a trivial extension.

At this point, it is relevant to note that after local filter-
ing, the state (4) violates the CHSH inequality |S| = 2
[14], where S=FE,; +E\, +Ey,; —E;, and E,, =
> .p—=1(ab)p(ablxy). Specifically, applying filters of the
form

Fy = €|0)0] + [1X1], Fg = 8|0)X0| + [1X1], (6)
with § = €/ \/q to state (4), we obtain the filtered state

. |0, 1X0, 1] + |1, 0)(1, 0|
PGV + (- Q) .

which violates CHSH up to S =2,/1 + g (for € — 0)
according the Horodecki criterion [17]. Note that filters
(6) are optimal here [18]. Hence, the state (4) exhibits

+ O(€?),
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hidden nonlocality for projective measurements. This
shows that hidden nonlocality exists for two-qubit
states—the previous example [9] considered Werner states
of local dimension d = 5. However, at this point, we
cannot ensure that the state (4) is local for all nonsequential
measurements, since Bell violation could in principle be
obtained using POVMs. Nevertheless, we will now build
upon the above construction to present a state featuring
genuine hidden nonlocality.

Our main tool is a protocol for constructing a state which
admits a local model for POVMs. Specifically, starting
from a state p, of local dimension d which is local for
dichotomic projective measurements, we construct the
state

1
p = ?[Po +(d—1)(ps® s+ 049 pp)
+(d—1) 0, ®0p) (7

which is local for POVMs. Here, o4 p are arbitrary
d-dimensional states, and p, p = Trp 4(po)-

Alice receives as input a POVM {M,,} (from now on, we
omit the subscript x). Without loss of generality, each
POVM element M, can be taken to be proportional to a
rank-one projector P, (see, e.g., Ref. [7]),i.e., M, = a,P,
with @, =0 and Y, @, = d by normalization of the
POVM. Bob receives POVM {M,} (with M, = B,P}).
The protocol is explained below for Alice; Bob follows
the same procedure.

Protocol 2.—(i) Alice chooses projector P, with proba-
bility a,/d (note that ¥ ,a,/d = 1). (ii) She simulates the
dichotomic projective measurement {P,, 1 — P,} on state
po- (iii) If the output of the simulation corresponds to P,
she outputs a. (iv) Otherwise, she outputs (any) a with
probability Tr(M, o).

Let us now show that the protocol simulates p’. Note
first that the probability that Alice outputs in step (iii) is
given by ¥ a,/dTt(P,p,) = 1/d. We will now evaluate
the probability that the parties output given values a and b
in the protocol. Four cases are possible: 1. Both Alice and
Bob output in step (iii), which occurs with probability
(a,/d)(By/d)Tr(P, ® Pypo) = (1/d*)Tr(M, ® M,p,). 2.
Alice outputs in step (iii) and Bob in step (iv), which occurs
with probability

3 L TP = PpITH O,
_d-1 Tr(M,pA)Tr(M o p). ®)

d?

3. Alice outputs in step (iv), and Bob in step (iii) has
probability (d — 1/d*)Tr(M o ,)Tr(M,pg). 4. Both Alice
and Bob output in step (iv), which occurs with probability
[(d — 1)?/d*]Tr(M ,04,)Tr(M, o). Altogether, we have
that p(ab) = Tr(M, ® M, p’). Hence, the model reprodu-
ces the statistics of arbitrary POVMs on the state p’.

We are now ready to show our main result. We use
protocol 2 with p, given by the state of Eq. (4), which is

local for projective measurements for ¢ = 1/2, and choos-
ing o4 3 = |0)(0], we obtain a state of the form

1 1 1
pG:ZPW_+Q—qWMM®§+q§®W®|

+ (2 = ¢)10, 0)0, OI] ©)

which is local for POVMs by construction for ¢ = 1/2.
Nevertheless, pg is nonlocal for any g > 0 when an appro-
priate sequence of measurements is used. In particular,
applying filters of the form (6) with § = €/./g to state
PG, We obtain

Ja J2\10,1)(0, 1]+ [1,0%1,0]
_T‘P‘ + (1 7) 3 + O(€?),

which violates CHSH up to § = 24/1 + ¢g/4 (for € — 0),
according the criteria of Ref. [17]. Hence, sequential
measurements are necessary to reveal the nonlocality of
the state (9), which therefore exhibits genuine hidden
nonlocality.

Finally, we present a stronger version of this phenome-
non, showing that there exist quantum states with genuine
and maximal hidden nonlocality. That is, although the state
admits a local model for POVME, it violates maximally the
CHSH inequality when sequential measurements are used,
as the state after filtering is a pure singlet state.

We start here by considering the qutrit-qubit state

1
pr=q¥_ +(1—q)2)X2| ®§, (10)

where 1, denotes the identity in the |0), |1) qubit subspace.
This state is usually referred to as the ‘“‘erasure state,” as it
can be obtained by sending half of a singlet state W_
through an erasure channel; with probability g, the singlet
state remains intact, and with probability (1 — g), Alice’s
qubit is lost and replaced by the state |2)(2| (orthogonal to
the qubit subspace).

The state (10) is local for dichotomic projective mea-
surements when g = 1/2. Consider Alice receiving an
observable with eigenvalues *1, which can always be
written as an operator of the form cyX-d + ¢;1, + R,
where ¢, c; € [0, 1], operators X - & and 1, act on the
|0), |1) qubit subspace, and operator R has no support in
the qubit subspace. The protocol is similar to protocol 1.
Alice and Bob share a vector A. Alice accepts X
with probability |% - A, in which case she outputs a =
—sgn(% - A) with probability c,, and a random bit other-
wise. If she rejects X, she outputs *1 with probability
[1 = (¢, + TrR)/2]/2. Bob receives observable y - & and
outputs b = sgn(3 - A).

Noting that Alice accepts X with probability 1/2
on average, we obtain (ab) = —cy(x-7)/2, {(a)=
(¢ + TrR)/2, and (b) = 0, which is the statistics of di-
chotomic projective measurements on state pp for g =
1/2. Next, we apply protocol 2 to pp, taking o, p =
[2){2|. Hence, the state
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I,
2

® [2)Q2] + (6 — 292,22, 2]] (1)

pow = gla¥- + G - gl2l®

1,
2
is local for POVMs for ¢ = 1/2. To reveal the nonlocality
of the above state, we apply filters of the form Fy = Fp =
|0)0| + |1)(1|. Hence, after successful filtering, we obtain
a pure singlet state, i.e., pgyy = V¥_. By performing suit-
able measurements on jg, Alice and Bob can now get
maximal violation of the CHSH inequality, i.e., S = 2+/2
[19]. Therefore, the state (11) has genuine and maximal
hidden nonlocality.

Note also that applying the above filters to the erasure
state (10) gives a pure singlet state for any ¢ > 0. Thus, the
erasure state with 0 < ¢ =< 1/2 has hidden nonlocality for
dichotomic measurements. Moreover, for g < 1/6, the
erasure state admits a local model for projective measure-
ments, as can be shown by using protocol 2 [20]. Hence,
such states feature hidden nonlocality for projective
measurements.

To summarize, we have shown the existence of genuine
hidden nonlocality. That is, there exist entangled quantum
states the nonlocality of which can be revealed only via
sequential measurements. In certain cases, this nonlocality
can even be maximal.

In the present Letter, we have focused on Bell tests in
which a single copy of an entangled state is measured in
each run of the experiment. It is, however, also relevant to
consider the case in which several copies of the state can be
measured jointly in each run [21-24]. Notably, it has been
shown recently that nonlocality can be superactivated in
this scenario [25]. That is, by performing judicious joint
measurements on sufficiently many copies of a state p, it
becomes possible to violate a Bell inequality (with non-
sequential measurements), although the state p admits a
local model for POVMs. More generally, this phenomenon
occurs for any entangled state p that is useful for tele-
portation [26]. It is thus interesting to ask whether the
nonlocality of the states considered here could also be
revealed by allowing for many copies to be measured
jointly. However, the current results on superactivation of
quantum nonlocality do not detect the states presented here
[27], thus leaving the question open. Another point worth
mentioning is activation of nonlocality in quantum net-
works. It would also be relevant to see whether the non-
locality of the states presented here can be activated by
placing several copies of them in a quantum network [28].
Concerning the erasure state, Ref. [29] shows that it is a
nonlocal resource when placed in a tripartite network;
hence, the local model constructed here confirms that
activation of nonlocality does indeed occur.

Finally, an interesting open question is whether there
exist entangled states for which nonlocality cannot be
observed, even considering sequential measurements on
an arbitrary number of copies of the state.
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The relation between entanglement and nonlocality is discussed in the case of multipartite quantum
systems. We show that, for any number of parties, there exist genuinely multipartite entangled states that
admit a fully local hidden variable model, i.e., where all parties are separated. Hence, although these states
exhibit the strongest form of multipartite entanglement, they cannot lead to Bell inequality violation
considering general nonsequential local measurements. Then, we show that the nonlocality of these states
can nevertheless be activated using sequences of local measurements, thus revealing genuine multipartite

hidden nonlocality.
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The relation between quantum entanglement and
nonlocality has been studied extensively in recent years;
see, e.g., Refs. [1,2]. While both notions turn out to be
equivalent for pure states [3,4], the case of a mixed state is
still not understood. This is nevertheless desirable given
the importance of entanglement and nonlocality from the
point of view of the foundations of quantum theory and for
quantum information processing [1].

This research was initiated by Werner [5], who presented
a class of bipartite entangled states admitting a local hidden
variable (LHV) model. This proved that the correlations
obtained by performing arbitrary local projective measure-
ments on such states can be perfectly simulated by a
LHV model, hence using only classical resources. This was
later extended to general nonsequential measurements, i.e.,
positive operator valued measures (POVMs) [6]. Since such
states cannot lead to Bell inequality violation [7], they are
referred to as “local” entangled states [8].

It turns out, however, that certain local entangled states
can nevertheless lead to nonlocality when a sequence of
local measurements is performed [9]. That is, the use of
local filters can help to reveal (or activate) the nonlocality
of the entangled state. This phenomenon, termed ‘“hidden
nonlocality,” occurs even for entangled states admitting a
LHV model for POVMs [10]. Other works showed that
the nonlocality of local entangled states can be activated
by performing joint measurements on several copies of the
state [11-13], or by placing many copies of the state in a
quantum network [14,15].

Whereas the above questions have been intensively
discussed for bipartite states, the relation between entan-
glement and nonlocality for multipartite systems is almost
unexplored thus far. Here, one should nevertheless expect
interesting and novel phenomenona, due to the rich
structure of multipartite entanglement. In particular, there
is a hierarchy of different forms of entanglement in
multipartite systems, the strongest of which is genuine

0031-9007/16/116(13)/130401(5)
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multipartite entanglement (GME). Similarly, the notion
of genuine multipartite nonlocality (GMNL) has been
discussed [16-18], which represents the strongest form
of nonlocality for multipartite systems. A first natural
question is then whether there exist GME states, the
correlations of which can be simulated by a LHV model.
This was first discussed by Té6th and Acin [19], who
presented a GME state of 3 qubits admitting a LHV model,
but could not extend their construction to more parties.
More recently, Augusiak ef al. [20] showed the existence of
GME states of any number of parties that cannot lead to
GMNL. Specifically, the authors discussed a class of GME
states of N parties, and constructed a LHV model in which
the parties are separated into two groups. However,
this model is essentially bipartite, as the N parties cannot
be completely separated. Beyond these few exploratory
works, nothing is known. to the best of our knowledge.

Here we report progress in understanding the relation
between GME and nonlocality. First, we present a general
technique for constructing multipartite entangled states
admitting a fully LHV model, i.e., where all parties are
separated. This allows us to show that there exist GME states
of an arbitrary number of systems, which admit a fully LHV
model for arbitrary POVM measurements. Moreover, we
show that the nonlocality of these states can be activated
using sequential measurements. Notably, the use of local
filters allows us to obtain GMNL. To summarize, there exist
multipartite states, entangled in the strongest possible sense,
that do not exhibit even the weakest form of nonlocality
when considering nonsequential measurements. However,
when using sequences of measurements, the strongest form
of multipartite nonlocality can be obtained. We conclude
with a series of open questions.

Genuine multipartite entanglement.—Consider N parties
sharing a multipartite quantum state p acting on
Hi ® - ® Hy, where H; is the local Hilbert space of
party i. Denote by (b, b) € B a bipartition of the N parties.

© 2016 American Physical Society
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If p can be decomposed as a mixture of states that are each
separable on some bipartition of the Hilbert space, then we
have

o= 5 n(Tam)@l o). 0

(b,b)eB J

with Y2, p, = 3,45 = 1, and |®;)(®,],, acts on the Hilbert
space specified by the partition b (and similarly for
|®;)(®,[5). If p does not admit such a decomposition, then
it is GME. Such states can thus not be created via local
operations and classical communication (LOCC) using
only biseparable states.

Determining whether a given state is GME is challeng-
ing, as one must search over all possible decompositions
[Eq. (1)]. However, there are sufficient conditions for
an N-qubit state to be GME [21-23] (see also
Ref. [24]). Write the state p in the canonical basis

|0,0,...,0),]0,0,....1),....]1,1,...,1) as
C 21
Cy 22
Cﬂ Zn
= 2
p o od (2)
25 dy
b4t d;

(we only write the elements of interest), where n = 2V~1,
Then p is GME if

Clp) = 2m?X{|Zi| —w;} >0, (3)

where w; = . | /c;d;. Below, we will use this condition
to ensure that a state is GME. Note that the value of C(p)
can also be used to quantify GME [25], an aspect that,
however, will not be discussed here.

Nonlocality.—Consider again the state p, where now each
party can make measurements labeled x; obtaining outcomes
a;, specified by the measurement operators M., with
Mg, 20 and >, M, = 1. The probability to see the
outputsa = (ay, ..., ay) giventhe inputs x = (x1, ..., xy) is
given by

p(alx) = Trlp(®L; Mq,,)]. (4)

The state p is called (fully) local if, for all possible
measurement operators M, ., the statistics p(a|x) can be
reproduced by a LHV model:

P(3|X):Asz(al|xl)m(az|x2)“'PA(“N|XN)‘M7 (5)

where g, is a probability density over the shared variable A
and p;(a;|x;) are probability distributions, called local

response functions. Likewise, if Eq. (5) cannot be satisfied,
then the state is said to be nonlocal, as witnessed by the
violation of (some) Bell inequality.

One may also consider a weaker notion of locality,
whereby the correlations are not demanded to be local with
respect to all parties [as in Eq. (5)], but instead to be
(mixtures of) correlations that are each local across some
bipartition. Again denoting by (b, b) € B a bipartition of
the parties, these correlations take the form

palx) = 3 p / 420 (a5 1%5) pa(az x5)dA. (6)

(b,b)eB

where a,, X, denote the inputs and outputs for the
bipartition b. Note that Eq. (5) implies Eq. (6), but not
necessarily the converse. Correlations that cannot be
written in the above form are called genuinely multipartite
nonlocal and represent the strongest form of multipartite
nonlocality [16]. Here, for simplicity, we put no restrictions
on the probability distributions p;(a,|x,), p;(az|x;)
other than positivity and normalization (for example,
they may be signaling); note that more sophisticated
definitions of GMNL were proposed [17,18]. The N-party
Greenberger-Horne—Zeilinger (GHZ) state, |GHZ) =
(|0)Y®N +|1)®V)//2, is known to produce correlations
that are GMNL, as proven by the violation of the Svetlichny
inequalities [16,27,28].

GME and nonlocality.—The link between GME and
nonlocality is almost unexplored thus far. For N = 3, Téth
and Acin constructed a genuine tripartite entangled state
admitting a fully LHV model [i.e., of the form Eq. (5)]
for arbitrary local projective measurements [19]. Recently,
Augusiak et al. [20] presented GME states of N qubits
which cannot lead to GMNL. More precisely, they con-
structed a LHV model for some bipartition of N qubits, i.e.,
of the form Eq. (6). However, it is still unknown if there
exist GME states that admit LHV models that are fully
local, i.e., that satisfy Eq. (5), for any possible measure-
ments. This is what we show in the next section.

Method.—Our main tool is a simple method to construct
entangled N-party states which admit a LHV model.
Specifically, we start by considering a bipartite entangled
state p which is “unsteerable,” that is, which cannot be used
to demonstrate steering. Formally, this means that p admits
as so-called local hidden state (LHS) model [29]; hence, its
correlations can be decomposed as

p(ab|xy) = TrVMapc ® Mb\y]
- / Gpia)Telo My ldt, (7)

where o, is the local hidden state, distributed with density
q;, and By, denotes Bob’s measurement operator. Clearly,
an unsteerable state is local (with p(b|y, 1) = Tro;M,,)),
while the opposite may not hold in general.
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(a)

FIG. 1.

(b) ©
(1) ? (1)
@, 8,0

Construction of multipartite states admitting a fully local model. (a) Construction of the state. First, place N copies of a bipartite

state p in a star-shaped network. Then, apply a map Ay at the central node (i.e., on parties B, ...By), and trace out these parties. We thus
obtain an N-partite state, py, ..., (represented by the blue wiggly line), shared by parties A;...Ay. (b) LHV model. If p admits a LHS model,
one can simulate the correlations of the star-shaped network for p®", whereby the central node receives the hidden states o), independently
from each source and the parties A; receive hidden variables 4;. One may now correlate the individual 2;’s by having the map A act on

the hidden states; i.e., we can define a new distribution over 4 = (41, ..., Ay) that depends on Tr[A(®; o;,)]. If each party A; uses the
same response function as in the LHS model for p, then the resulting statistics on parties A;...Ay simulate exactly the state p4, .4, -

Next, we combine several copies of p in a star-shaped
network (see Fig. 1). This allows one to construct a
multipartite entangled state admitting a fully local model.
Specifically, we have the following.

Lemma I.—Let p be a quantum state acting on
Ha, ® Hp,. The state p®N  therefore acts on
HA] ®"'®HAN ®H31 ®"'®HBN =H, @ Hp.
Furthermore, let Az be a completely positive linear map
acting on Hp. If p is unsteerable from A to By, i.e., admits
a decomposition [Eq. (7)], then the N-party state,

p _ Trply ® Ap(p®Y)]
AT (1, @ Ag(p®)]

(8)

admits a local hidden variable model, of the form Eq. (5),
on the N-partition A;/A,/ - /An_1/AnN.

The intuition behind the above lemma is given in Fig. 1.
A complete proof is given in Appendix A in Supplemental
Material [30].

Note that we have not specified the class of local
measurements for which the LHV model is valid in the
above lemma. If p has a LHS model for projective
measurements, then py .4, will have a LHV model for
projective measurements, and similarly for POVMs. Note
also that one can generalize slightly the result of Lemma 1
(see Appendix A in Supplemental Material [30]).
Specifically, one can use different unsteerable states in
each arm of the star-shaped network rather than the same
state NV times, and one can choose not to perform the trace
over B and keep the center party.

GME states with fully local model—We now use
Lemma 1 to construct N-qubit states which admit a fully
local model. We then prove these states to be GME for all
N. Specifically, consider the class of two-qubit states,

1
Pas = alwe) (Wol + (1 —a)pf ® 5 )

where 0 <a<1,0<0<x/4,|yy) = cosB|00) + sinf|11),
and pf = Trp|ys)(pe|. These states are entangled for all
0 €]0, z/4], if @ > 1/3. Furthermore, they are unsteerable
from Alice to Bob for arbitrary projective measurements if
the relation

20— 1
cos?(20) > a

_m (10)

holds [31]. Hence, for any 0 < @ < 1, one may find a
corresponding @ > 0 such that p, 4 is unsteerable. We now
define the completely positive linear map,

Ag(6) = FyoFy,  Fp=10)[(0,0,....0] + (1,1,.... 1],
which projects the systems of By...By onto an N-qubit
GHZ state. We may now define the N-party state py, ..,
by using p,o and Ap in Eq. (8). In Appendix B in
Supplemental Material [30] we show that the concurrence
of this state for a fixed N, a, 8 is given by

2sin" (20) (aN + [ + 59" - 1)

[1+acos20]N + [1 — acos 260V

C(pAl---AN) =
(11)

It follows that for any N, one can find parameters a, 8 such
that (i) condition (10) is satisfied (ensuring that p, » has a
LHS model) and (i) C(py,..4,) > 0, proving that p4 ..., is
GME. To give a specific example, take « = 1 — 1/N? and
6 > 0, such that Eq. (10) is saturated. One sees that the
denominator of Eq. (11) and sin” 26 are both positive. We
therefore need
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to be positive for all N > 2. For the case N = 2, one has
a=3/4 and we find 43/32 > 1. For N > 2, upon sub-
stituting @ = 1 — 1/N? the left-hand side becomes

] e e
>2{1—$}N>2[1—H>1, (13)

where for the first inequality we use the fact that
[1=1/N*N <[1=1/2N?" and [1/2N?]Y > 0, and the
second inequality follows from Bernoulli’s inequality.

Extension to general measurements.—A natural question
is now to find a GME state with a fully local model,
considering general POVMs. While the states p, ¢ are not
known to admit a LHS model for POVMs, we can
nevertheless proceed differently. Starting from py, .4,
we can in fact construct another state, pgyg, Which is both
GME and local for POVM measurements.

Specifically, define py,..a, = Tra, ,..a[P4,-.4,] and
denote by O[p] the unnormalized and symmetrized version
of p. Then the state

1 = .
PGME = 5 [pAl---AN + Zo Olpa,-a, ® [2)(2[BN]| (14)
=

admits a fully local model, for arbitrary local POVMs. Note
that |2) (2| denotes the projector onto a subspace orthogonal
to the qubit subpace. The above follows from a straightfor-
ward extension of Protocol 2 of Ref. [10] to the case of N
parties.

To conclude, we have to show that the state is GME.
Note that if each party makes a local projection on the qubit
subspace |0)(0| + |1)(1], then the resulting (renormalized)
state iS py,...a,,» Which is GME. Since one cannot create
GME using stochastic local operations, it follows that pgug
is GME.

Hidden genuine multipartite nonlocality.—We showed
that GME states can admit a fully LHV model for arbitrary
nonsequential measurements. A natural question now is
whether these states have hidden nonlocality [9], that is,
whether nonlocality could be revealed via sequences of
measurements. A sufficient condition for the existence of
hidden nonlocality is the possibility of transforming the
initial state using local stochastic operations, i.e., local
filters, to another state that violates some Bell inequality
(see, e.g., Ref. [32]). Below, we will see that the states pgug
have genuine multipartite hidden nonlocality. Furthermore,
the activation of nonlocality is maximal, in the sense that
the filtered state exhibits GMNL, despite the initial state
being fully local.

Consider N parties sharing pgvg. Let each party perform
a local filtering operation given by

hence transforming pgyg to the state

G2 pempGEY
Pe = N ®NT * (16)
Tr[G® pome G2]

In Appendix C of Supplemental Material [30] we prove
that for ¢ = tan@ [where 6 is the parameter in Eq. (9)]
the filtered state is essentially a pure N-party GHZ state

[[0)®Y 4 [1)®N]/+/2. Specifically, the fidelity between the
two states is given by

F(p..|GHZ)(GHZ]) = (GHZIp, |GHZ)

sl () (5]

(17)

which tends to 1 when a is sufficiently close to 1. Since the
GHZ state is known to exhibit GMNL for any AN, in
particular, via violation of the Svetlichny inequalities
[27,28] (which are robust to noise), it follows that p,
can also be made GMNL.

Conclusion.—We showed that GME states can admit a
fully LHV model, for any number of parties. Thus, while
exhibiting the strongest form of multipartite entanglement
(GME), these states can never lead to any Bell inequality
violation, considering general nonsequential measurements.
This can be viewed as a maximal inequivalence between
multipartite entanglement and nonlocality. Interestingly,
this gap can disappear when sequential measurements are
considered, and the strongest form of nonlocality can be
activated, thus highlighting the relevance of sequential
measurements in multipartite nonlocality.

In the future, it would be interesting to investigate the
above questions in quantitative terms. For instance, could
one find examples of highly entangled GME states admitting
aLLHV model? In order to do so, one should choose a specific
measure of GME [24] (as there exist no unique measure).

Also, the method we presented for constructing multi-
partite local entangled states could be further explored.
Firstly, one could start from different bipartite unsteerable
states; see, e.g., Refs. [33,34]. Secondly, by keeping the
central node in the network, one can construct multipartite
LHS models where one of the parties has a quantum
response function, and hence may prove useful in the study
of multipartite steering [35].

Finally, one could ask if there exist GME states admitting
LHV models for sequential measurements, although this
question is in fact still open even in the bipartite case.

We thank Marco Tilio Quintino for discussions. We
acknowledge financial support from the Swiss National
Science Foundation (Grant No. PPO0P2_138917 and
Starting Grant DIAQ) and EU SIQS.
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Genuinely multipartite entangled quantum states with fully local hidden variable
models and hidden multipartite nonlocality: Supplementary material

Appendix A: General method proof

Here we give a complete proof of Lemma 1. We define the state pj as

or = %m’ (A1)
where
N =Till4 @ Ap(p®Y)] = TrlAp(pY) (A2)

with pg = Tralp]. Note that pa,..a, = Trg[pal.
We first show that the N 4 1 party distribution

p(ablxy) = Tr (@71, Ma,jz,) @ M)y pa] (A3)

admits a LHV model on the N + 1 partition A;/As/---/ANn/B. Note that since the parties By - -- By = B now form
a single party, the operator My, acts on the Hilbert space Hp, ® --- ® Hp, and may be entangled across this space.
Since a LHV model for a state clearly implies a LHV model for any subsystems of that state, proving a LHV model
for pp then implies a LHV model for Trg[pa] = pa,...an, proving Lemma 1. To this end, we show the existence of
a shared variable X with corresponding normalised probability density Q(X) and response functions for the N + 1
parties such that the corresponding LHV model reproduces the statistics (A3).

Replacing pp by (Al) and denoting the dual map of A by Al we have

1 1
p(ablxy) = L= Tr (@i Ma,j2,) © Mgy 14 © Ap (o)) = 7 Tr [(@iMa,1z,) © Ap(Ma,)p™"]
1 1
=y [Tra [(®iMa,0,)p®" ] A (Myy,)] = v I [(®i Tra, [Ma;)z;, @ 1p]) Ap(My,)] - (A4)

Since we assume the state p to be unsteerable, it follows that (for examples see [1])

Tra, [Mai\a:i ® ]lp] = /inpAi(ani)cr)\id)\i. (A5)

Combining this with the above we have

1
platixg) = T | (@ [ o (almondns) A, )|

= [ [P (o) ey Gl T | (9102 A5 (M) [ -y
A1 AN
— [ QU oy (@rfo) - (anlen) Tr oMy ) X (A6)
X
where X = (A1, -+, Ay) and we have
Ap(®ioy,) w_ ILa
= """ A) = L Tr[A O\, )]- A
U)\ Tr[AB((X)zU)\L)] Q( ) N I‘[ B(® O’>\7,)] ( 7)
Equation (A6) is now in the precise form of a LHV model. The shared variable consists of the vector X = (Ay, -+ , Ay)

which is distributed to the N parties with probability density Q(X) Conditioned on X, the response functions for
parties A; --- Ay remain unchanged whereas party B outputs according to p(bly, A) = Tr[oyMy),], which is a valid

probability distribution since o5 is a normalised quantum state. Furthermore since Ap is positive we have Q(X) >0
and

/x QAN = / H/(‘[‘” Te[Ap (@003, )]dX = - T {AB <®2— A | inaMd)\iﬂ - T (Y] =1 ()

where the third line follows from (A5) by setting say A;|,, = 1 and consequently p(1]z1,A) = 1. Hence Q(X) is indeed
a probability density.



Appendix B: Calculation of C(pa,..a,)

Here we give a detailed derivation of (11). We first write the state (9) as

Pad = [1 ; O‘} (¢*|00)Y00[ + s*[11)11[) + [120‘} (¢*|01)01] + s*[10X10]) + cees (|00X 11| + [11)00]) (B1)
where ¢, s denote cos f and sin 6 respectively. To begin, we consider the unormalised state
pr ="Trp {[11,4 ® Fp| ng 14 ® FB]} ) (B2)
where
Fp =10%00---0] + [0)11---1| (B3)

acts on Hp. Notice that pa,..ay = pr/Trlpr| and so C(pa,..ay) = C(pr)/ Tr[pr]. After performing the partial
trace of (B2) we obtain

pr= 1a@(00-- 0|5 pEF 1A@[00---0)y +1a @ (11--- 1|5 pEF L4 @ [11-- 1)
1A @ (000l pJ5 La@ (11 1)p +La® (11 1| pTf 1a @ [00---0) . (B4)
We consider each of these four terms separately. For the first term, the only non-zero contributions coming from
pf’]g will correspond the N-fold tensor product of combinations of the projectors |00)00| and |[10)10| with their

corresponding weights. Hence, this will contribute diagonal terms to pr. For example, the diagonal term corresponding
to

|01---0)X01---0] (B5)
where the projector contains m 1’s and N —m 0’s, will have a corresponding weight
N—m m
1+a l1-a
2(N—m) .2m . B6
e[S =

For the second term of (B4) we will have a similar situation, this time contributing

m N—m
AN=m) g2m {1 + a} [1 — a] (B7)

2 2

to the same diagonal element. Adding these two contributions, each diagonal entry of pp containing m 1’s and N —m

0’s will have weight
N—m m m N—m
—m) 2m 14+« 11—« 14+« l—«a
o= (S [ ) ®

Turning to the third and fourth terms of (B4) we see that the only nonzero contributions from pg correspond to the
N-fold tensor products of |00)(11| and |11)00| respectively. These contribute to pp the two off-diagonal terms

(acs)™[00---0)11--- 1], (aes)™[11---1)00- - - 0. (B9)
Hence, we have a pp of the form

~(0) (acs)™

PF =

We now define the quantity

wo = Z \/dej, (BlO)
j=1



where ¢; d; correspond to entries in (3). Calculating this for pr we obtain

wo= Y Voh =;Z_< VA =)

j=1

(GO SO LT )

<.

m=0
N
1 1-—
_ ( 42- . 204> _ NN (B11)
Due to the form of pp, we see that |z;| — w; can only be positive for ¢ = 1. We have
wy =wy — crdy = sV 7(0)v(NV)
N
1 1-—
:chN<1—{ ;a] +{ za} ) (B12)

We may now calculate

21| —wy = NV

1
ey

5 N+[1;O‘}N—1]. (B13)

Finally, to calculate C'(pa,..ay) = C(pr)/ Tr[pr] we need to calculate the normalisation Tr[pp|. This is given by

N N N
N 1+« 1—-a 1+a -«
Trlpr] = E <m>’y(m) = |:C22 + 52 5 } + [822 + 022}

m=0

- B(l + arcos 29)] L B(l — arcos 29)} " (B14)

Combining this with (B13) and using cos #sin = £ sin 26, we arrive at (11). For pa,...a, we thus have
. N —alN
25in™ 20 (¥ + [H]V 4+ [152)V —1)
N N ‘
[14+ acos26]” + [1 — acos 20

C(pAl“‘AN) =

Appendix C: Genuine multipartite hidden nonlocality

Here we calculate the fidelity between piang and the N-party GHZ state. The state p. is given by

G§>NPGME G§N
Tr[G?NpGME G§)N}

pe = (C1)

with
Ge = €|0)0[ + [1)(1]. (C2)

Note that since G, has no support on the |2)(2| subspace, only the first term of (14) will survive the filter. We may
therefore replace peye in (C1) by pa,...ay. To make calculations easier, we begin by working with the unormalised
state

pe=GENpa,..ay GEV. (C3)

Since the filter (C2) is diagonal, j. will have the same structure as pa,...a,. It is easy to see that after the filter,
a diagonal element which contains m 1’s and N — m 0’s picks up a factor of €2V =™) whereas the two off-diagonal
elements pick up each a factor of €V. We now use the ansatz € = tan . With this we have

7'(0) al

~ 2N o
Ptand = S . 5



where

- e e P

For this state we have Tr[ftan o] = 252N and so after renormalising we obtain

[ + 159" =

1 .
Ptand = 5 ’Y/ (m)

a [ + e

One can now easily see how this state can be made arbitrarily close to the GHZ state. Taking « close to zero forces
the extreme diagonal and off diagonal elements to % while forcing all others to zero. Making this quantitative, we

compute the fidelity between pgang and the pure GHZ state |GHZ) = (|0)*™ + |1)®V)/v/2:

aN+<1;a>N+<1;a>N] (C5)

1
]:(ptan% |GHZ><GHZ|) = <GHZ‘ptan9|GHZ> = 5

which tends to 1 when « tends to 1.
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The statistics of local measurements performed on certain entangled states can be reproduced using a
local hidden variable (LHV) model. While all known models make use of an infinite amount of shared
randomness, we show that essentially all entangled states admitting a LHV model can be simulated with
finite shared randomness. Our most economical model simulates noisy two-qubit Werner states using only
log,(12) = 3.58 bits of shared randomness. We also discuss the case of positive operator valued measures,
and the simulation of nonlocal states with finite shared randomness and finite communication. Our work
represents a first step towards quantifying the cost of LHV models for entangled quantum states.
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Introduction.—Quantum systems exhibit a wide range
of nonclassical and counterintuitive phenomena, such as
quantum entanglement [1] and Bell nonlocality [2,3].
In recent years, considerable effort has been devoted
to understanding the relation between entanglement and
nonlocality; see [3]. While entanglement is necessary to
demonstrate nonlocality (i.e., violation of a Bell inequal-
ity), it is not yet clear whether all entangled states can lead
to nonlocality when considering the most general scenario
[4,5]. Nevertheless, entanglement and nonlocality are
proven to be different in the simplest scenario in which
local (nonsequential) measurements are performed on a
single copy of an entangled state. As discovered by Werner
[6], there exist entangled states that can provably not violate
any Bell inequality, since the state admits a local hidden
variable (LHV) model. While Werner focused on projective
measurements, Barrett [7] showed that the result holds for
the most general nonsequential measurements, so-called
positive operator valued measures (POVMs).

Following these early results, plenty of works have
investigated these ideas; see [8] for a recent review.
LHV models were reported for entangled states with less
symmetry than Werner states [9-13]. Multipartite states
were discussed as well [14,15]. Interestingly, it was shown
that in certain cases, the nonlocality of local entangled
states can be activated, e.g., by considering sequential
measurements [11,16]. More recently, interest was devoted
to a special class of LHV models, referred to as local hidden
state (LHS) models, which naturally arise in the context
of Einstein-Podolsky-Rosen (EPR) steering [17,18], and
essentially require that the local variable represents a
quantum state; see [17] for details, and [6,7,9,12,19] for
examples of LHS models.

Here we discuss novel types of questions in this context,
namely that of quantifying LHV models. Specifically, given
a local entangled state, we ask what resources are required to
construct a LHV model; i.e., what is the cost of classically

0031-9007/15/114(12)/120401(5)
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simulating the correlations of the state? As a figure of merit,
we consider the minimal dimension of the shared local
(hidden) variable that is needed; that is, how much classical
information (how many bits) is necessary to encode the local
variable? Note that all LHV models constructed so far are
maximally costly according to our measure as they make use
of shared variables which are continuous. Hence, such
models would require a communication channel of infinite
capacity, the physical relevance of which is questionable. For
instance, in Werner’s model, the local variables are unit

vectors 4 (e.g., vectors on the Bloch sphere). Importantly,
although these vectors are of a given dimension, the model

requires an infinite number of them, as vectors :1 are taken
from the uniform distribution over the sphere.

Hence, a natural question is whether it would be in fact
possible to simulate the correlations of an entangled state
using shared variables of finite dimension (i.e., a finite
number of shared random bits). Here we show that essen-
tially any entangled state admitting a LHV model can be
simulated with finite shared randomness, considering arbi-
trary local projective measurements. We discuss in detail the
case of Werner states of two qubits. We also show that the
simulation of arbitrary POVMs on certain entangled states is
possible using finite shared randomness. Finally, we con-
sider the simulation of nonlocal entangled states (i.e., which
can violate a Bell inequality), in which case communication
between the parties is necessary. In particular, we show that
the simulation of any full rank entangled state can be
achieved using only finite communication.

Our work provides a perspective on understanding how
the correlations of local entangled states differ from those
of fully separable states. On the one hand, it shows that
there is no fundamental difference between the two cases,
in the sense that finite shared randomness is enough for
both (at least for certain entangled states). Recall that the
correlations of separable states can always be simulated

© 2015 American Physical Society
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using 4log, (d) bits [20], where d denotes the local Hilbert
space dimension of the state. On the other hand, our results
suggest that the simulation of entangled states is in general
more costly compared to that of separable states—despite
the fact that both classes of states can never lead to Bell
inequality violation.

Preliminaries.—We consider a bipartite Bell scenario.
Two distant observers, Alice and Bob, share a quantum
state p (of Hilbert space dimension d x d) and perform
local measurements A = {A,} and B = {B, }, respectively.
The observed statistics are local (in the sense of Bell),
if they can be decomposed as follows [2,3]:

Tr(A, ® Byp) = / 2(0)palalA. D) pa(blB.A)d, (1)

where A represents a shared (hidden) variable, distributed
according to density z(4). If a decomposition of the form
(1) exists for all possible local measurements, we say that
the state p is local as it will never violate any Bell
inequality. The LHV model is then characterized by the
distributions z(4), and p4(alA, 1), pg(b|B,1) which are
Alice’s and Bob’s local response functions.

Trivially, any state p that is separable is local. Indeed, one
canwrite p = >°% | p,ph ® py [20,21] with Y-, p, = 1 and
p, > 0 (note that for two-qubit states, a more economical
decomposition exists, involving only four product states
[22]). Here the local variable A is distributed according to p,,
and the local response functions are simply p4(alA, 1) =
Tr(A,p}) for Alice and similarly for Bob. Note that the
shared variable takes only d* different values here, and can
thus be encoded in 4 log, (d) bits (for two-qubit states 2 bits
are enough). More interestingly, there exist entangled states
p which are local. The most famous example is the Werner
state, which for the case d = 2 takes the form

pw(a) = aly™)(y~| + (1 - a)l/4, (2)

where [y~) = (|01) — |10))/+/2 is the singlet state and /4
is the maximally mixed two-qubit state. After showing
that the state py(a) is entangled for a > 1/3, Werner [6]
constructed a local model for arbitrary projective measure-
ments for a < 1/2; later another local model was con-
structed for a < 0.66 [10]. Considering the most general
nonsequential measurements, i.e., POVMs, a local model
was presented for @ < 5/12 [7].

A common feature of these local models (and to the best
of our knowledge, of all known LHV models) is the fact
that the shared variable A takes an infinite number of
different values; typically, A denotes a (unit) vector, which
is taken randomly from a uniform distribution over the
sphere. Hence 4 requires an infinite number of bits to be
encoded, in stark contrast with the case of separable states,
where 41log,(d) bits are enough. Therefore, it is rather
natural to ask if this represents a fundamental difference
between local entangled states and separable ones. Below

we will show that this is not the case, by exhibiting LHV
models for entangled states requiring only finite resources,
i.e., where A can be encoded with a finite number of bits.

Simulating Werner states with finite shared randomness.—
We present local models using a finite amount of shared
randomness, simulating the correlations of Werner states
pw(a) for a < 0.5 for all projective measurements; exten-
sions to @ < 0.66 are given in the next section. Alice and

Bob receive here Bloch vectors @ and b (representing
observables A = a - ¢ and similarly for Bob) and should
provide outcomes a, b = =£1 such that

(@) = (b) =0,  (ab) = —aq - b. (3)

For clarity, we start by presenting a simple model using
only log,(12) bits of shared randomness, which works for
a < 0.43. Our model uses the icosahedron, one of the 5
platonic solids in dimension 3. The icosahedron has 12
vertices represented by the normalized vectors v, € V,
which satisfy the following properties:

V1,3 7%; suchthat (s.t.) v = —7; (4)
Z vy =yi; YA, (5)
Jst.0;0,20

with y = 1 4+ /3. Note that the radius of a sphere inscribed

\/(5+2V5)/15.In
our model the shared variable 1 € {1, ..., 12} is distributed
uniformly and represents one of the 12 vertices of the
icosahedron. That is, when Alice and Bob receive 4, they
will use vector 7,.

Protocol 1.—Alice and Bob share A € {1, ..., 12}, uni-
formly distributed. Upon receiving setting a, Alice calcu-
lates the subnormalized vector @’ = Za. This ensures that @’
lies inside the convex hull of V; hence, Alice can find a
convex decomposition @’ = Y ,w;v; with > .w; =1 and
w; >0 (note that any convex decomposition can be
chosen). Then, with probability w;, she outputs a = +1
with probability (1 + sgn[v; - v;])/2. Bob, upon receiving
b, outputs b = 1 with probability (1 F 5 - 7,)/2.

We now show that the protocol reproduces the desired
statistics. We start with the correlator:

1 oL -
(ab) = _EZ Za)isgn(vi 0,)0; - b. (6)
PR

inside the icosahedron is given by £ =

Interchanging the sums, we first calculate
D sen(Bi - 9,)i, b =277 b, (7)
7

which follows from (4) and (5); see details in the
Supplemental Material [23]. Inserting the last expression
in (6), we get
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I L =
<ab>:—%Zmivi-b:—%a-bz—&%a-b. (8)

Finally, we compute Alice’s marginal

(@)=~ S osen(i ) =0, (9)
A i

which can be seen from (4). Similarly, we get that (b) = 0.
Therefore, the model simulates py(a) for a=0.43.
Extension to smaller values of « is straightforward.

The above protocol can be adapted to any polyhedron
satisfying conditions (4) and (5). Natural candidates are the
Platonic solids, except for the tetrahedron which does not
satisfy (4). Among these, the icosahedron turns out to be
optimal here; see Supplemental Material [23]. Hence, in
order to simulate Werner states which are more entangled,
i.e., going beyond a = 0.43, we need another method.

We now present a protocol, which will allow us to relax
condition (5). Specifically, we consider again a three-
dimensional polyhedron V with D vertices 7;, but only
demand that is satisfy condition (4) (which can always be
achieved at the expense of doubling the number of vertices
of a given polyhedron). As before, the shared variable
A€ {l,...,D} encodes the choice of vertex, and is uni-
formly distributed. Having abandoned condition (5), we
have for each vertex 7,:

Z 5,‘ = 7, (10)

JsL 01,20

where 711, is a normalized vector and generally 711, # ;.
Let us define y,,;, = min,(y,). Note that there are now two
polyhedra of interest: (i) V, that is defined by the vertices 7,
and (ii) M, defined by the vertices 71,, which are in one-to-
one correspondence with the v,. Consider the following
protocol.

Protocol 2.—Alice and Bob share A € {1, ..., D} uni-
formly distributed. Upon receiving setting a, Alice calcu-
lates the subnormalized vector d' = #a where £ is the
radius of the largest sphere fitting inside M and centered on
the origin. This ensures that a’ lies inside the convex hull
of M and Alice can therefore find a convex decomposition
@ =P w;m;. Then, with probability p; = @;¥min/7i
she outputs a =sgn(v;-v;), and with probability
(1 =>",p;) she outputs a random bit. Bob, upon receiving
b, outputs b = +1 with probability (1 F b- v;)/2.

The resulting correlations are given by

1 i s o \D =
(ab) = —B;Zwi 7mi1n sgn(v; - 0,)b - v,

14
27minza)i Z - 7
=—— — v, b
D =i At 5520
2¢ I
:_Bymina'b’ (]l)

where we have used Eq. (10) in the last step; see
Supplemental Material [23] for details. As for protocol 1,
using Eq. (4) we get that the marginals (a) = (b) = 0.
Hence, the model reproduces the statistics of py(a)
for a = (2£/D)¥ min-

Starting from a sufficiently regular polyhedron with a
large number D of vertices 7,, we can approximate the unit
sphere and the factor £ can become arbitrary close to one.
In the limit D — oo we expect to recover the uniform
distribution over the sphere and our model therefore
becomes equivalent to Werner’s model for py(1/2) [6].
In Fig. 1 we plot upper bounds on the required shared
randomness to simulate p(a) as a function of « obtained
via protocol 2. We use a family of polyhedra, generated
iteratively and starting from the icosahedron. To generate
the second polyhedron, we take the union of the icosahe-
dron and its normalized dual (which is the dodecahedron),
and so on. One can verify that these polyhedra respect
condition (4).

Note that the above protocols are LHS models. Hence
the above results can be straightforwardly extended to
the simulation of entangled states which are obtained via
local filtering on the Werner state, e.g., Ref. [9] (see
Supplemental Material [23]). Also, it would be interesting
to see if more economical models (i.e., using less shared
randomness) exist, and if local entangled states require

T
0.6 - -
N Steerable
205 .
E
R
>
04 -
R Entangled
T Separable
1 1 1
0'30 5 10 15 20

Shared Randomness (# of bits)

FIG. 1 (color online). Simulation of two-qubit Werner states
pw(a) with finite shared randomness. The graph shows the
relation between the visibility a (essentially the degree of
entanglement) and the amount of shared randomness, quantified
in bits. For @ < 1/3 (below the solid line) the state is separable;
hence 2 bits of shared randomness suffice (triangle). For
1/3 < a £ 0.43, the state can be simulated with log,(12) bits
of shared randomness using protocol 1. For 0.43 < a < 0.66,
pw(a) can be simulated with a larger (but nevertheless finite)
amount of shared randomness. For 0.43 < a < 0.5, we have a
LHS model (using protocol 2). For 0.5 < a <0.66 the state
becomes steerable but can nevertheless be simulated by a LHV
model using finite shared randomness, by applying Result 1 to
the model of Ref. [10] (see main text).
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more shared randomness compared to separable states.
For Werner states, this translates to whether we expect to
see a discontinuity at the separable-entangled boundary for
a = 1/3 (see Fig. 1). We give two partial answers in this
direction: (i) for LHS models, the maximum a one can
simulate with D = 4 is the separable state a = 1/3 (see
Supplemental Material [23]); (ii) Restricting to equatorial
measurements one can achieve @« = 1/2 with only D =4
(see Supplemental Material [23]).

General results.—In the above, we have focused on a
class of highly symmetric states, namely Werner states, and
considered only projective measurements. Here we show
how local models with finite shared randomness can be
constructed for essentially any state that admits a LHV
model. We also discuss the case of general measurements,
i.e., POVMs.

Result 1: Consider a state p (of dimension d X d)
admitting a LHV model for all projective measurements.
Then, a LHV model using only finite shared randomness
can simulate all projective measurements on the state

I I
p(n) =n*p+n(1 —17)(6—1@/)3 + pa ®5)

I
1-n)?—
+(=-n*—p
for any 0 <# < 1. Here p,y g = Trp 4(p).
Proof.—First, note that it follows from the relation

tr[A, ® Byp(n)] = tr[A,(n) ® By(n)p] (12)

that the simulation of projective measurements (given by
operators A, and B;,) on p(1) is equivalent to the simulation
of noisy measurements, given by operators A,(n) = nA, +
(1 =n)(1/d) and B,() = nBy, + (1 —n)(1/d) on the state
p. Next, since A,(n) and B,(n) are full rank for any 7 < 1,
they are not on the border on the set of measurements [24],
and can thus be decomposed as convex mixtures over a
single set of finitely many projective measurements (more
details in the Supplemental Material [23]). Finally, note that
the simulation of a finite number of projective measure-
ments on p requires only finite shared randomness. This
follows from the fact (i) the resulting distribution is local
(as p admits a LHV model), and (ii) the set of local
distributions forms a polytope [3].

Note that the amount of shared randomness needed will
depend on the value of # and diverges as n — 1.

Result 2: Let us now discuss more general measure-
ments, i.e., POVMs. Consider an entangled state p
(of dimension d x d) admitting a local model with k bits
of shared randomness for projective measurements. We can
then construct the state

/) 1 2
p ——(dH)z[ﬂer(pA®F+F®p3)+dF®F],

which admits a local model with & bits of shared random-
ness for POVMs. Here F = |d+ 1)(d + 1| denotes a
projector onto a subspace orthogonal to the support of p;
hence, p’ is entangled by construction and of local dimension
d + 1. This result follows straightforwardly from Protocol 2
of Ref. [11], since the local model obtained for p’ makes use
of the same shared randomness as the one for p.

Finally, we present two examples illustrating the above
results. First, applying Result 1 the local model of Ref. [25]
allows us to extend our result for two-qubit Werner states.
Specifically, we show that py(a) can be simulated with
finite shared randomness for @ < 0.66. Upper bounds on
the amount of shared randomness are given in Fig. 1 (using
again an iterative procedure based on the icosahedron).
Notably, this shows that certain states useful for EPR
steering can be simulated with finite shared randomness.
Second, applying Result 2 to the state [26] py(0.43), we
obtain that the state p =1[py(0.43) +22)(2| ® (1/2)]
can be simulated for arbitrary POVMs using log,(12) bits
of shared randomness.

Simulating nonlocal states with finite resources.—
Finally, we discuss the simulation of entangled states
which are nonlocal. In this case, classical communication
from (say) Alice to Bob is required. This communication is
sent after Alice has received her input. Two cases can be
considered: (i) Alice and Bob are initially uncorrelated
(i.e., have no shared randomness), and Alice sends classical
information to Bob, (ii) Alice and Bob have access to
shared randomness, and Alice sends classical information
to Bob. Reference [27] presents a model using no shared
randomness and finite expected communication. Other
known protocols (see, e.g., [25,28,29]) require, for case
(i1), finite communication assisted with infinite shared
randomness—hence infinite communication for case (i).
Here we present protocols using only finite resources, even
in the worst-case scenario.

Considering case (i), we first show that the statistics of
any bipartite entangled state p of dimension d x d that is
full rank can be simulated with finite communication. Note
that a state of full rank does not lie on the border of the set
of quantum states [20]. Upon receiving her measurement
setting A = {A,}, Alice outputs a according to the dis-
tribution p(a) = Tr(psA,), where p, is Alice’s reduced
state. For output a, Bob should hold the (normalized) state
p% =Try(A, ® lIp)/p(a). Since p4 is full rank (by con-
struction) there exists a polyhedron V (with D vertices,
each representing a pure quantum state of dimension d)
such that Alice can decompose p§ as a convex combination
of the vertices of V. With probability w; (the coefficient of
vertex 7 in the decomposition) Alice sends label i to Bob,
who can then locally reconstruct the corresponding pure
state (knowing V). The model thus reproduces the statistics
of p using log, (D) bits of communication.

For case (ii), we show that any state py () [see Eq. (2)],
with a@ < 1, can be simulated with finite shared randomness
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and finite communication (worst case). In particular, for
a < 3/4 a single bit suffices. To construct such a model, we
combine the ideas of Protocol 1 and the simulation model
(using 1 bit of communication) for the singlet state of
Ref. [28]. See Supplemental Material [23] for details.

Conclusion.—We have shown that the correlations of
essentially all entangled states that admit a LHV model can
be simulated with finite shared randomness for the case of
projective measurements. This shows that the requirement
of infinite shared randomness (hence channels with infinite
capacity) used in previous models can in fact be dispensed
with. Whether this result can be extended to the case of
POVMs is a relevant issue.

An interesting open question is to find the minimal
amount of shared randomness required to simulate a local
entangled state. For a state of local dimension d, are more
than 41og,(d) bits of shared randomness always required,
that is, is the simulation of local entangled states strictly
more costly than that of separable states? We presented a
model using only 2 bits for Werner states of two qubits, but
our model works only for equatorial measurements; hence,
the question remains open.
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I. LHS MODELS FOR WERNER STATES
USING FINITE SHARED RANDOMNESS

Here, we describe in detail the protocols 1 and 2 of the
main text for the simulation of Werner states py (o) with
a<1/2.

Protocol 1. Consider V to be any of the platonic solids
(except for the tetrahedron) with D vertices ¥;, satisfying
conditions:

\ 17)\ 3 1_}3‘ s.t. 17)\ = 71_}‘]‘ (1)

S b =i VA . (2)

j s.t. ’L_)'_]"’L_)‘) >0

The shared variable is given by A € {1,---, D}, uni-
formly distributed. Upon receiving A, Alice and Bob use
vector Uy, and output according to the following response
functions:

1+ asgn(v) - @)
_ 3
2 ? ( )

- 1 —b(vy - b)
To begin with, consider the case where Alice’s measure-
ments corresponds to one of the vertices of V', i.e. @ = ;.

palalA @) =

Bob’s measurement b is arbitrary. We obtain the correl-
ator:

(ab>:—5;sgn(vl Ta)b - Oy
1 R R
=—p( 2. Wb ) Beb)
|05 >0 |53 <0

From equation (1) we have that

Yoot== > i (6)

hence implying that
2 L o> 2 . -
R S

A|T;-T5 >0

* These authors contributed equally to this work.

where we used equation (2) in the last step. Next we
compute the marginals:

(a) = > san(i - 53) = 0 (7)
A

since for each #; there is an opposite vector ¥}, = —j;.
Similarly for Bob:

(b-) =0. (8)

Hence the model simulates a Werner state for a = %7,
for the case in which Alice’s measurement is one of the
vertices of V.

Next we extend the model to an arbitrary projective
measurement for Alice, represented by vector d. Note
that for any @ one can find a set {w; };=1,....p, with w; > 0

and Zi’;l w; = 1 such that

D
D wit =, (9)
i=1

with ¢ < 1. That is, for each @ one can find a vector lying
in the convex hull of V' that lies parallel to @ and has length
¢. Hence, ¢ is precisely the radius of the sphere (centered
in the origin) inscribed inside V. If upon receiving @ Alice
uses local randomness to simulate the measurement of ¥;
with probability w; the overall correlator is given by

D
(ab) = " with - b=La-b. (10)
i=1

The marginal remains unchanged, i.e. (a) = 0. Hence, the
model now simulates a Werner state py (o) with visibility
o= %E. Indeed the ’shrinking factor’ ¢ depends on the
choice of polyhedron V.

For each platonic solid, we give the visibility « of the
Werner state that is simulated, and the required amount
of shared randomness (see Table I). For the dodecahedron
and the icosahedron, the model simulates the correla-
tions of an entangled state. Note that the visibility «
depends on the ratio of various parameters, hence using
a polyhedron with more vertices may result in a lower
visibility.

Protocol 2. Protocol 1 can be extended to any poly-
hedron V' (with D vertices) satisfying (1). Hence we now



Shared randomness (bits)| a | Sep/Ent

Octahedron 2.58 0.19|separable
Cube 3 0.29|separable
Dodecahedron 4.32 0.41|entangled
Icosahedron 3.58 0.43 |entangled

Table I. For each platonic solid, we give the visibility « of the
simulated Werner state. The amount of required shared ran-
domness is given by the number of vertices of the polyhedron.

relax condition (2), and have the relation

> T =i (11)

§ st T;-0x>0

where m1) is a normalized vector and generally ) #*
Ux. Define ymin = miny(vy). Hence we obtain a second
polyhedron M, defined by the vertices m), which are in
one-to-one correspondence with the ).

Upon receiving A € {1, ..., D}, Alice and Bob use vector
¥Uy. Similarly to above, let us start with the case where
Alice’s measurement corresponds to one of the vectors of
M, a = m;. Here we will slightly modify Alice’s response
function compared to protocol 1. Specifically, Alice now
outputs according to

. 1+ asgn(v) - v;
pa(alA, ;) = % (12)
with probability Yimin/7:, and outputs randomly otherwise.

Bob receives an arbitrary projective measurement b and
outputs as in protocol 1. The correlator is thus given by

1 “Ymin N N
(ab) = ) ; - sgn(U; - Ux)b - Uy (13)

:-%%( S oab- Y B

A\ﬁi~m20 )\‘I_)'i~l7)\<0

2’Ymin Z JEN T
= - U - b
Dri Al -5 >0
2 L -
= —=="Ymin T * b.

D

Note that condition (1) again ensures that the marginals
are uniform. Hence, the model simulates the correlations
of a Werner state py () with visibility o = %vmin when
Alice’s measurement corresponds to one of the vertices of
M. Following the same reasoning as above (for protocol
1), we can extend the simulation model to the case of an
arbitrary projective measurement for Alice. Similarly to
above, the resulting visibility is found to be o = 2ymint/ D,
where ¢ is the radius of the sphere inscribed inside M
centered on the origin.

Ezxtensions. Protocols 1 and 2 are LHS models. Hence,
they can be extended to the simulation of other entangled
states, which can be obtained from Werner state via a
filtering operation on Bob’s side (the trusted party). For

instance, Ref. [1] discussed states of the form

pus = aU)tol + (1 —0)g ©p5  (14)
where [ig) = cos(0)]00) + sin(f)|11) and pp =
Tra(J1e){be|). Our model can be straightforwardly adap-
ted to the above class of states. For a given amount of
shared randomness, the model will simulate p, ¢ with the
same visibility « as for the Werner state.

II. LHS MODELS FOR ENTANGLED WERNER
STATES REQUIRE MORE THAN TWO BITS OF
SHARED RANDOMNESS

Consider LHS models. Bob’s response function is
quantum mechanical, given by the trace rule. In order to
simulate a Werner state py (o) with such a model using
only two bits of shared randomness, we must have that

4
(ab) =Y paAx(@) (Gx - b) = —a @b (15)
A=1

where >, px = 1 and py > 0. Here A)(@) denotes an
arbitrary response function for Alice. For the particular
case of b = a, this implies

4
S peAn(@) (7 - @) = —a (16)
k=1
hence we obtain
a < mftx(w)\ -dl). (17)

As this holds for all @, we have that

a< n%n[m}a\mxﬂﬁ)\ -dl)]. (18)

Here the best strategy consists in using the tetrahedron,
leading to o < 1/3. Consequently, any LHS model re-
producing the correlations of an entangled Werner state,
i.e. pw(a) with a > 1/3, requires more than two bits of
shared randomness.

III. SIMULATING EQUATORIAL
MEASUREMENTS ON WERNER STATES WITH
TWO BITS OF SHARED RANDOMNESS

Here we present a model to simulate the statistics of the
state pw () for o < 1/2, where all measurement Bloch
vectors lie in a plane (taken here to be the z — y plane).
Surprisingly, the model only uses two bits of shared ran-
domness. We parametrize Alice’s and Bob’s measurement
vectors on the Bloch equator as @ = (cos(f,), sin(6,)) and
b = (cos(6),sin(6)). Imagine the following model which
uses a single bit of shared randomness A = 0,1 with equal



probability. For A = 0, Alice outputs according to the
probability distribution

1
palald =0,a) = 5(1 + acos(fy)) (19)
whereas for A = 1 she outputs according to
1
palaldh=1,a) = 5(1+asin(0a)). (20)

Bob does exactly the same up to a flip of his output:

-,

(b = 0,5) = %(1 — beos(0y)) (21)
pe(b|A =1,b) = %(1 — bsin(6y)). (22)

A short calculation shows that this gives the correlator

(ab) = ——=(cos(0,) cos(By) + sin(f,,) sin(6y)) (23)

a-b.

N~ N~

In order to ensure that we have the correct marginals, we
add an additional bit of shared randomness to the model
p#=0,1 (again uniform). If we have p = 1 then Alice and
Bob should both flip their output, i.e.

palalA =0, p,d) = %(1 + a(—=1)" cos(6,)); (24)
palaA =108 = (1 +a(-)sin(0)  (25)

and equivalently for Bob. This then gives uniform margin-
als (a) = (b) = 0 while keeping the correlator unchanged.
Hence, we simulate exactly the statistics of projective
equatorial measurements on the state py (1/2).

It would be interesting to see whether this model can
be extended to the whole sphere. Using the techniques of
Ref. [2], we did not manage to solve the problem, as the
visibility « is reduced in the procedure.

IV. DETAILS OF THE PROOF OF RESULT 1

Here we show that noisy measurements can always be
decomposed using a fixed set of finitely many extremal
measurements.

Let A be a projective measurement (acting on C%)
with projectors A, with a = 1,..,d. Let now A(n) be a
d-outcome POVM with elements

I
Aa(n) = nAa + (1 —n)7 (26)
where 1 < 1. This POVM can be decomposed as
A(n) =nA+ (1 —-n)I (27)

where Z = {I/d, ...,I/d} is the identity measurement. It is
proven in [3] that a POVM is extremal (i.e. in the border

of the set of POVMs) if and only if one of its elements
is not full-rank. Hence POVM A(n) is not extremal,
since n < 1. Considering now all possible projective
measurements A, and a fixed n < 1, the set of POVMs
A(n) forms a hyper-surface which is strictly contained
in the set of all d-outcome POVMs acting on C¢ (i.e.
this hyper-surface does not touch the border of the set).
Therefore it is possible to construct a polyhedron V made
of finitely many points on the border of the set of POVMs
which contains this hyper-surface. Hence any point on
the hyper-surface (or inside) belongs to the convex hull of
V and can then be decomposed as convex combinations
of the vertices of V.

V. SIMULATING NONLOCAL WERNER
STATES WITH FINITE COMMUNICATION AND
FINITE SHARED RANDOMNESS

We now discuss the simulation of a two-qubit Werner
state pw () for all @ < 1 with finite communication
and finite shared randomness. Consider a polyhedron V
with D vertices satisfying (1), with corresponding Ymin
and shrinking factor £. Our model uses nlog, (D) bits of
shared randomness and log, n bits of communication (in
the worst case), and simulates py («) for

a:’Ymin ( [1_

’Ymax

2,ymin n 2
i) )z (28)

where Ymax = max;(y;). Note that by choosing a sym-
metric enough polyhedron with ¢ ~ 1 and 2y, /D ~ 1/2
we can simulate a pw (o) for @ — 3/4 with n = 2 (when
D — o). Hence, using finite shared randomness and a
single bit of communication suffices to simulate a nonlocal
quantum state.

Again we consider a polyhedron V' with D vertices sat-
isfying (1) from which we can define a second polyhedron
M via equation:

Z 17]' = ’)/)\T?L)\ . (29)

§ st T;-0x>0

Let us first discuss the case in which both Alice and
Bob’s measurement Bloch vectors correspond to one of
the vertices of M, i.e. Alice gets vector @ = m; and Bob
b = 1. The protocol is then as follows:

Protocol 4. In each round Alice and Bob receive n
numbers {1, A2, -, Ay}, where each )\; is uniformly
distributed with A\; € {1,--- , D}. Either Alice will select
one of the A\; or she will reject all of them. Consider
a variable T to denote Alice’s selection, with T = 0
corresponding to rejection. In the first step, Alice
concentrates on A; and does one of the following: (i) with
probability |7 - U, [Ymin/Ymax She selects A1 and sets
T = 1 and moves to the final step, (ii) with probability
1 — |7y - U, |Ymin/7i she discards A; and moves to the
second step (concentrating now on Ag), (iii) she rejects,



sets T = 0 and moves to the final step. Hence, at step
j (if it is reached), Alice concentrates on A;. In the
final step, Alice may have selected Ar or she may have
rejected. In the case of rejection (T' = 0), Alice sends
¢ = 1 to Bob and outputs randomly. Otherwise, she
sends ¢ =T to Bob and outputs a = sgn[m; - vy,]. Bob
then outputs b = —sgn[vy, - ¥)\,] with probability Yimin/Vk,
and otherwise outputs randomly.

For the correlator we have

(ab) = (30)
o 'Ymm Zzp — t‘{)\} ml)sgn(ml Ukt)5gn('Uk ’U)\t)
7 {x;} t=1
n D
- gr:im DO sen( - By, )sen(@ - By,
Tk t=1 At
x Z p(T = tl{\i}, 7).
{Nizt}

From the protocol we have that

P(T = {0, my) = 222 iy 0, | [ (1= 222 - ).
i<t
(31)
From (13) it follows that
"Ymin — — — — — -
— my - Uy, |sgn(my - Uy, )sgn(vx - U 32
’Ykz‘l Ao |sgn(imiy - Oy, )sgn (T - Ux,) (32)

At

’len
E my - U, sgn (T - U,)
:2'Yminml . mk-

We then have

n
_ 72’Ymm = - Ymin | —
(ab> mml mktz_: Z H(l — 7|ml "UAJ-D

{ iz} i<t
(33)
and so we simulate a Werner state with a given by
2’Ymm ’Ymm _, —
- D ID I | (LR NN

t=1 {X;2¢} J<t

We now proceed to simplify the above expression for o and
show that it is independent of 7m;. Since each term in the
product depends only on a single A\; we have:

292 N
a=21 ZDn 1 Z HZ

“Ymax
{Xise} i<t A=1

’Ymm m

- U, ).

From the definition of ~;, it follows that S el dmin

Ux,;| = 29min/D, and so summing over the {\;>;} as well

my -
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Figure 1. Visibility o of the Werner state pw («) as a function
of the average number of communication (c).

we get

_ M Z T1( — 27mia/D) (35)

D’Ymax o1
292 &
_ min 1-2 min D t—1
D'Ymax tz::l( 7 / )
_ “Ymin n
= (1= (1 = 2ymin/D)"),
Ymax

where in the last line we have used the fact that Y., (1—
2)=Y = (1 — (1 — 2)")/x. Using similar reasoning it is
lengthy but straightforward to check that both Alice and
Bob’s marginals are uniform, i.e. (a) = (b) = 0. Finally,
we note that we can extend this model to a model for all
projective measurements in the same way as previously
if Alice and Bob decompose their measurement vectors
as convex combinations of vertices of the polyhedron M.
This will add a factor ¢2 giving the final visibility

o = Jmin (1 . 21‘;““] >e2 (36)

meaX

Average communication. Although the above protocol
requires log,(n) bits of communication in the worst case,
the average amount of communication is typically much
smaller, as each )\; is decreasingly less likely to be selected
by Alice. To quantify this, we calculate the average
label that is sent by Alice. i.e. the average value of the
communication c:

in Y > inle=il{A}a) (37)

o=t
=14(1- x)xi (z)
= dxgn

with € = 1 — 2vymin/D and g, (z) = 11__””:. In the limit of
large shared randomness, i.e. D — 0o, we get
14+n

2n

() =2— (38)



Hence, in this regime, the average value of the commu-
nication ¢ remains smaller than 2. Figure 2 shows the
visibility « of the simulated state as a function of (c).

Thus we expect that the model requires only a small
amount of average bits of communication although the
worst case communication is logy n bits.
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We consider networks featuring preparation, transformation, and measurement devices, in which devices
exchange communication via mediating physical systems. We investigate the problem of testing the dimension
of the mediating systems in the device-independent scenario, that is, based on observable data alone. A general
framework for tackling this problem is presented, considering both classical and quantum systems. These methods
can then also be used to certify the nonclassicality of the mediating systems, given an upper bound on their
dimension. Several case studies are reported, which illustrate the relevance of the framework. These examples
also show that, for fixed dimension, quantum systems largely outperform classical ones. Moreover, the use of
a transformation device considerably improves noise tolerance when compared to simple prepare-and-measure
networks. These results suggest that the classical simulation of quantum systems becomes costly in terms of

dimension, even for simple networks.

DOI: 10.1103/PhysRevA.92.022351

I. INTRODUCTION

The problem of estimating the dimension of an unknown
physical system has attracted attention recently. Following
early works discussing the problem in the context of Bell
inequalities [1-3], a framework was presented for the simplest
case of a prepare-and-measure scenario [4]. Such a setup
features two devices. First a preparation device, which allows
the observers to prepare a physical system in various ways.
Second, a measurement device, which allows the observer
to perform a measurement on the prepared physical system.
It is then possible to find the minimal dimension of the
physical system that is compatible with the data. The method
is device independent (DI), in the sense that dimension can
be certified from the data alone. Techniques tailored for
classical [4,5] and quantum [6-8] systems were reported, as
well as for the case in which the devices are assumed to be
independent [9,10]. The practical relevance of these ideas was
recently illustrated [12,13]. Also, the notion of dimension was
discussed in more general models beyond quantum theory [11].

A closely related problem is that of testing the nonclassi-
cality of communication. More specifically, considering again
the prepare-and-measure setup, it is possible to guarantee
the use of quantum communication, under the assumption
that the dimension of the system is upper bounded [4].
From a conceptual point of view, this approach aims at
quantifying how much classical communication is required to
simulate quantum communication [14,15], a relevant problem
in the foundations of quantum theory and in communication
complexity [16]. Moreover, these ideas are relevant for “semi-
device-independent” quantum information processing [17].
Here the correct implementation of a protocol can be
guaranteed in a device-independent way, with an additional
assumption on the Hilbert space dimension. Protocols for
semi-DI quantum key distribution [17-19], randomness cer-
tification [20,21], and the characterization of quantum sys-
tems [22,23] were discussed, with experimental implementa-
tions recently reported [24-26].

More generally, it is natural to consider the problem of test-
ing dimension and nonclassicality in general communication

1050-2947/2015/92(2)/022351(10)

022351-1

PACS number(s): 03.67.Hk, 03.65.—w

networks, in which black-box devices exchange and process
information. To model such a situation, we consider a network
composed of preparation devices, transformation devices,
and measurement devices (see Fig. 1). First, the preparation
devices send out information encoded in physical systems of
certain dimension. In turn, these physical systems (and the
information they carry) are processed in transformation de-
vices. Finally, the systems are measured (i.e., the information
is extracted) using measurement devices. Since we work in
the device-independent picture, all devices are represented by
black boxes. We therefore have access only to measurement
data, that is, the probabilities of obtaining certain measurement
results, given the choices of preparations, transformations, and
measurements made by the observer. From this data, our goal
is then to infer a lower bound on the dimension of the physical
systems mediating the information. We will here consider both
the case of classical and quantum systems. Moreover, we
discuss testing the nonclassicality of communication under
the assumption that the dimension is upper bounded. Note that
the definition of dimension that we employ here is related
to the number of perfectly distinguishable states, i.e., that
there should be precisely d perfectly distinguishable states
in dimension d. For classical and quantum systems this will
coincide with the classical alphabet size and Hilbert space
dimension, respectively.

We start by describing the general scenario we consider in
Sec. II. Next, we discuss a general framework for addressing
this problem for the case of classical systems (Sec. III) and
quantum systems (Sec. IV). For the sake of clarity, we present
the framework in detail for a simple network, featuring one
preparation, one transformation, and one measurement device.
We show that the idea of dimension witnesses [4] can be
generalized to arbitrary networks, and present methods for
deriving optimal witnesses. In Sec. V, we show how dimension
witnesses can be used to certify and measure nonclassicality
of communication. In order to illustrate the relevance of these
methods, we discuss several case studies in Sec. VI, deriving
and characterizing dimension witnesses for simple networks.
An interesting feature shared by most of these examples is
the fact that quantum systems strongly outperform classical

©2015 American Physical Society
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FIG. 1. (Color online) We consider networks featuring prepara-
tion, transformation, and measurement devices. All devices receive
classical inputs. Transformation and measurement devices provide
classical outputs. The arrows between the devices represent commu-
nication channels, either quantum or classical.

systems of the same dimension. In fact, we observe a
significant enhancement of the advantage offered by quantum
systems over classical ones compared to the usual prepare-and-
measure scenario. This suggests interesting possibilities for
quantum information protocols, and for addressing questions
in the foundations of quantum theory. These issues are
discussed at the end of the paper, in Sec. VII.

II. GENERAL SCENARIO

The general scenario we wish to consider is a network of de-
vices exchanging and processing information, as represented
in Fig. 1. Devices are represented by black boxes. An arrow
connecting two devices represents a (one-way) communication
channel between them [27].

A network consists of three levels: (i) a number of
preparation devices, (ii) a number of transformation devices,
and (iii) a number of measurement devices. In each round of
the experiment, the observer chooses the preparations x, the
transformations t, and the measurement settings y. He then
obtains measurement outcomes b; note that transformation
devices can also provide outcomes, denoted s. More precisely,
we have that the choice of preparations is given by x = {x;},
where x; denotes the input for device i. The choice of
transformations is t = {¢;}, where ¢; denotes the input for
device j, and the (possible) outcomes are s = {s;}, where
s; denotes the output of device j. Finally, the choice of
measurement settings is y = {yx}, where y; denotes the
input for measurement device k, and gives outcomes b =
{br}, where by is the output of measurement device k. The
experiment is therefore characterized by the data

p(b,s[x.t.y), ey

that is, the conditional probabilities of observing outputs b,s
given inputs x,t,y. A general scenario is thus specified by a
directed graph representing the network, and the number of
inputs and outputs for each of the devices (which we will here
consider to be finite).

In this network, the devices exchange information encoded
in physical systems. For instance, upon receiving input x;,

PHYSICAL REVIEW A 92, 022351 (2015)

each preparation device emits a system, the state of which
is adapted depending on x;. Which physical system is used,
and what mechanism is used to encode information in it, is
completely unknown to the observer, who has only access to
inputs and outputs of the black boxes. That is, we work in a
device-independent scenario.

Now the main point is the following. Clearly, the amount
of information about x; which can be encoded in the system
will depend on its dimension (i.e., the number of independent
degrees of freedom of the system). Therefore, we expect
that a restriction on the dimension will in general limit the
possible observable data (1). Consider, for instance, the case
in which the outputs b contain all information about the inputs
x. This implies that the mediating physical systems had enough
dimensions for encoding x perfectly.

The main question we will discuss in the present work is to
understand the limitations on the data, arising from constraints
on the dimension of the mediating systems. This will allow
us to find lower bounds on the dimension of the systems
present in a network for given data (1). In particular, we
will discuss bounds for both classical and quantum systems.
Notably, we will see that for a fixed dimension, quantum
systems outperform classical ones.

III. CLASSICAL NETWORKS

For the sake of clarity, we will focus on the network
consisting of one preparation device, followed by a single
transformation device, and finally a single measurement device
(see Fig. 2). The data is thus given by the conditional
distribution p(b,s|x,t,y); we consider a finite (but otherwise
unspecified) number of inputs and outputs. Note that the
methods discussed below can be straightforwardly generalized
to more general networks.

A. Basics

We start our analysis by considering classical communi-
cation between the devices. Denote by ¢, the communication
sent from the preparation device to the transformation device,
and ¢, the communication sent from the transformation device
to the measurement device. We consider communication of
bounded dimension d, that is,

co,c; € {1,....,d}. 2

Upon receiving input x, the preparation device sends commu-
nication cg, with probability p(co|x). In turn, upon receiving

€T t Y
4

4

b

FIG. 2. A simple network consisting of a preparation, a transfor-
mation, and a measurement device. The set of possible distributions
of inputs and outputs, p(bs|xty), will depend on the dimension of
the communication allowed between the devices, and whether the
communication is classical or quantum.

S
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input ¢ and communication ¢y (from the preparation device),
the transformation device outputs s and sends communication
c1 to the measurement device with probability p(s,c;|t,co).
Finally, upon receiving measurement setting y and communi-
cation ¢y, the measurement device outputs b with probability
p(bly,c1). We thus have that

d
pbuslx,t,y) = Y pleolx)p(s,cilt,co)p(bly,cr).  (3)

Co,C]:l

We first consider the case in which all devices act
deterministically. That is, each of the previously mentioned
probabilities are either O or 1. It follows that each probability
p(b,s|x,t,y) also takes only values O or 1. We refer to these
sets of data as “deterministic strategies.”

In general, we also want to include the possibility that the
devices in the network output probabilistically, and moreover
that they follow a common strategy. That is, the behavior
of the devices might be correlated, due to some (common)
internal variable A (referred to as shared randomness). The set
of possible distributions now becomes all convex combinations
of deterministic strategies:

p(b,s|x,t,y)
d
=‘/7T()»)d)L Z pi(colx)pils.cilt,co)pa(bly,cr),
A co,c1=1

“4)

where (1) is a normalized probability density over A and
pa(colx) denotes the probability for the preparation device to
send ¢y, given input x and internal variable A, and so on.

Any set of data that cannot be decomposed in the form (4)
therefore requires the use of communication (¢ and/or c;) of
dimension strictly greater than d. In the next sections we will
see how to test whether a given set of data can be decomposed
in the above form or not. This will provide the “dimension
witnesses” we are looking for.

B. Geometrical interpretation

The above ideas admit an elegant description in geometrical
terms. Initially developed in the context of Bell nonlocal-
ity [28], these ideas were also adapted to the prepare-and-
measure scenario [4].

The goal here is to characterize the set of distributions (4)
in geometrical terms. Consider first one particular set of data
p(b,s|x,t,y). This distribution can be viewed as a vector p
where each component of the vector corresponds to one of
the probabilities p(b,s|x,t,y) appearing in the data. Hence
p € RP, where

D = [b||s[lx| ]yl ®)

with |b| denoting the alphabet size of b, that is, the number of
possible outcomes b, and similarly for other symbols.

Next, consider the entire set of distributions admitting a
decomposition of the form (4), that is, all sets of data that can
be obtained by using communication ¢y and ¢; of dimension
d. This set, denoted IP;, thus forms a subspace of R?. In fact,
P, forms a convex polytope. Its extremal points (or vertices)
correspond to the deterministic strategies, that is, the set of
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distributions of the form (3), for which p(b,s|x,z,y) € {0,1}
for all b,s,x,t,y. Alternatively, the polytope P, can also be
characterized by its facets (of which there is a finite number,
since the number of vertices is finite). Formally, facets are
given by linear inequalities

p-A= Y ol pbslxiy) < Cu ©6)

b,s,x,t,y

where af:fﬁ y and C, are real numbers (usually integers). A is

the D-dimensional vector, with components oei’j‘,"’ y» associated
to the facet, i.e., orthogonal to the hyperplane given by the
facet. Therefore we have that

pely < p-A<Cy, (N

where the right-hand side means that all facet inequalities
are satisfied. Moreover, we have that P; C P, , since all
strategies involving d-dimensional communication can always
be realized using communication of dimension d + 1.

In practice, the polytope P; can be constructed for simple
networks, i.e., few devices and small alphabets for the inputs
and outputs. Specifically, one starts by listing the deterministic
strategies, i.e., the vertices of the polytope. Then, appropriate
software (see, e.g., [29,30]) allows one to find the facets of the
polytope. Beyond simple cases, however, the problem becomes
intractable on standard computers.

Finally, note that one can slightly reduce the complexity
of the problem by taking into account certain constraints
on the data p(b,s|x,t,y). This allows one to discard certain
(redundant) components of p. In particular, we have here the
normalization conditions

D pbuslxty) =1 Vx.ty 8)
b,s

and the condition that

Y pbsix.ty) = plslx,f) Vs,xty. ©)
b

That is, the output s of the transformation device does not
depend on the choice of input y for the measuring device. This
follows from the fact that y can in principle be chosen after the
output s is obtained. For more general networks, it is important
to take all such “no-signaling” conditions into account in order
to reduce the complexity of the problem.

C. Classical dimension witnesses

Our main goal is to develop methods for testing whether a
given set of data p(b,s|x,t,y) is compatible with a particular
network sending communication of bounded dimension. To
address this question, we will now discuss the concept of
“dimension witnesses,” hence generalizing the ideas of Ref. [4]
to networks.

Consider linear combinations of the form

W=w-p= > ol pbslx.t.y)<Cs  (10)

b,s,x,t,y

where w is a D-dimensional vector, with real components
o, and Cy, is a real number. We say that an inequality of
the above form is a linear classical dimension witness of

dimension d, if (i) the inequality holds for any distribution
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p(b,s|x,t,y) realizable with communication of dimension d,
and (ii) there exists at least one distribution p(b,s|x,t,y)
(involving systems of dimension at least d + 1) for which
the inequality is violated.

The geometrical ideas discussed in the previous section are
relevant here, as they will allow us to construct dimension
witnesses. Take one facet inequality of the polytope P,:
property (i) above will immediately be satisfied. In general,
there will also exist a vector p € Py with d < d’ that will
violate the facet inequality, and hence (ii) is also satisfied. Such
facet inequalities will be called “tight dimension witnesses.”
In fact, the complete list of the facets of P; will provide a
complete list of dimension witnesses, which allow one to find
the minimal dimension of the communication necessary to
reproduce a given set of data.

In Sec. VI, we will present several examples of dimension
witnesses.

IV. QUANTUM NETWORKS

We now move to the case of quantum communication
networks. Here, the classical channels are replaced by quantum
channels. Our goal is thus to characterize the sets of data
compatible with sending quantum communication of bounded
Hilbert space dimension in the network. For the sake of clarity,
we will also focus on the simple network of Fig. 2.

A. Basics

Consider again the network consisting of one preparation
device, followed by a transformation device, and finally by a
measurement device. The devices can now produce, process,
and measure quantum systems. The constraint we consider is
that the quantum systems transmitting information between
the devices are of Hilbert space dimension bounded by d.

Let us first consider the preparation device. Upon receiving
input x, the device prepares a d-dimensional quantum system
in state p,, which is sent to the transformation device. In
turn, the transformation device receives input ¢, as well as
the quantum communication p,, produces an outcome s, and
sends a d-dimensional quantum system to the measurement
device. The action of the transformation device can thus be
represented by a set of completely positive (CP) maps {®,}
(acting on C?), such that >, @y, is completely positive and
trace preserving: this ensures that ) p(s|x,r) = 1 for all
x,t. Note that, since we impose that all communication is
of bounded dimension d, we restrict to CP maps which do not
increase the Hilbert space dimension [31]. With probability
Tr[®y;(px)] the transformation device outputs s, and sends
the quantum state

(Dslt(:ox)/ Tr[chlt(px)] (11)

to the measuring device. Finally, upon receiving this quantum
communication and the input y, the measuring device provides
an output b. This is represented by a set of measurement
operators My, (acting on C¢), such that My, >0 and
2 My =1L

Putting all this together we obtain that

p(b,slx,t,y) = Tr(Py (o) Mpyy). 12)
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Any set of data admitting a decomposition of this form is thus
realizable with quantum communication of dimension d. On
the contrary, if such a decomposition cannot be found, then
higher dimensional quantum systems must have been used.

As in the case of classical networks, it is also relevant to
allow for the devices to act according to a common strategy A.
In this case, the set of compatible distributions is therefore the
convex hull of those of the form (12):

p(b,s|x,t,y) = /Tr (%, (0F) My, )T (Md, (13)
A :

where now the states, transformations, and measurements
are written with A dependence. Finally, note that one could
also consider the case in which the devices share quantum
correlations, i.e., initial entanglement (see Sec. VID for an
example).

B. Quantum dimension witnesses

The problem is now to test whether a given set of data
p(b,s|x,t,y) is compatible with a particular network sending
quantum communication of bounded Hilbert space dimension.
Similarly to the classical case discussed above, we now define
“quantum dimension witnesses.”

Consider again linear inequalities of the form

W=w-p= Y o pbsxt.y)<Qs (14
b,s,x,t,y

with w a D-dimensional vector, with real components a)ﬁfy,
and Q. a real number. In analogy to the classical case, W is
a linear quantum dimension witness of dimension d if (i) the
above inequality is satisfied by all sets of data p(b,s|x,z,y)
realizable with quantum communication of dimension d, and
(i1) using quantum communication of dimension greater than
d allows one to violate the inequality.

Finding quantum dimension witnesses is generally a harder
task than in the classical case. To the best of our knowledge,
there are no known efficient computational methods for this
problem; see, however, Ref. [8] for recent progress.

V. TESTING NONCLASSICALITY

An interesting development related to dimension tests is the
possibility of certifying nonclassicality of communication in
a device-independent way, assuming an upper bound on the
dimension. This aspect was discussed in Ref. [4] for simple
prepare-and-measure scenarios. Here we consider this problem
in the context of more general networks.

Before moving on, it is important to understand why an
assumption on the dimension is necessary in order to make
the problem nontrivial. Consider, for instance, the network of
Fig. 2. If the dimension is not limited, then the input settings
of the preparation and transformation devices, x and ¢, can be
perfectly transmitted to the final measurement device. Since
the transformation device has all information about x and ¢z, and
the measuring device has all information about x,¢, y, it follows
that any possible statistics p(b,s|x,t,y) can be reproduced.
This implies that nontrivial bounds can only be placed if |cg| <
|x] and/or |c1] < |x]|t].
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A. Nonclassicality tests based on dimension witnesses

Considering systems of a fixed dimension, quantum com-
munication can outperform classical communication. This
advantage can be revealed by using dimension witnesses.
Specifically, by using a well-chosen quantum strategy involv-
ing states of Hilbert space dimension d, it is possible to violate
certain classical dimension witnesses of dimension d. More
formally, we say that a dimension witness with the property

W=w-p<Cy< 0Oy (15)

can be used as nonclassicality tests for systems of dimension
d. Consider a set of data py such that W = w - po > Cy. This
implies the use of genuinely quantum systems for reproducing
P o, under the assumption that the experiment involves systems
of dimension d. In Sec. VI, we will discuss several examples.

B. Quantifying quantum advantage

It is useful to quantify the advantage offered by quantum
resources over classical ones. In the present context, several
figures of merit can be considered. First, the amount of
violation of a given dimension witness could be used, however
this will generally depend on how the witness is expressed, and
will not allow one to compare different witnesses. Hence, here
we use the notion of noise tolerance, which has a more physical
interpretation, and will allow us to compare various witnesses.

Consider a quantum experiment (with systems of dimension
d) and its corresponding set of data py, which is found to
violate a classical dimension witness, i.e., W = w-pg > Cy.
The noise tolerance of the quantum point p for this dimension
witness is defined as the minimal fraction of white noise, 7,
such that the distribution

Po = (1 —n)po + np1 (16)
does not violate the witness, i.e., W = w - pp = C4. Here pr
denotes white noise, i.e., pr(b,s|x,t,y) = m is the uniform

distribution for all x,z,y.

In a practical context, considering noisy distributions of
the form (16) is quite natural, due to unavoidable technical
imperfections, e.g., losses or misalignment of the preparations.

C. Bounded noise tolerance in prepare-and-measure
scenarios involving qubits

It turns out that the noise tolerance of qubit strategies
is bounded for any dimension witness in the prepare-and-
measure scenario. More precisely, any set of data obtained
from qubits and projective measurements can be reproduced
using one classical bit if the noise level 7 satisfies

n}n*:l—i%0.34, 17
ks
where kj is the Grothendieck constant [32] of order three [33].
Hence, in the prepare-and-measure scenario, no dimension
witness for classical bits and projective measurements can be
violated for n > n*.

We give a proof of the above statement. Consider that the
choice of preparation is specified by a vector ¥ € R3, which
represents the Bloch vector of the desired qubit state. Similarly
the measurement is specified by a Bloch vector ¥, representing
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the observable My = ¥ - o (with outcomes b = +1), where
o= (0x,0y,0;) denotes the vector of Pauli matrices. The
expected data is therefore

1+bx-y

p(blx.y) = — (18)

Any such data can be reproduced classically by send-
ing two bits [34]. In order to see this, consider that the
preparation and measurement devices share a singlet state

W) = L2(|01) — 110)). In order to prepare a qubit state

corresponding to vector X, measure the observable X - G on
(half of) the singlet. The result of this measurementisa = *£1.
Then, the state of the other half of the singlet (held by the
measuring device) is given by the Bloch vector —aXx. By
performing a measurement of the observable —ay - ¢ on this
half of the state, we recover the data (18). The protocol thus
requires one bit of communication (to send a), and one singlet
state. Using only classical resources, the protocol requires two
bits of communication (as the simulation of the singlet state
can be done with one bit of communication [34]).

Now, let us see what one can do using only a single bit
of communication. The main point is that the simulation
of a sufficiently noisy singlet state can be done without
communication. That is, there exists a local hidden variable
model (for projective measurements) for the state

p=wly ) [+ A —-wl/4 (19)

for w < 1/k3 < 0.66 [35]. Considering such a noisy singlet
state in the above protocol, we see that it is possible to simulate
the data (18) with probability w; with probability 1 — w we
obtain the distribution py. Hence, with a noise level n > n* =
1-— %, any qubit strategy can be simulated with one classical
bit (and shared randomness).

As mentioned, the above result holds only if the measure-
ment device performs a projective measurement. Since any
two outcome qubit measurement can be written as a convex
mixture of projective measurements, the result can be extended
to all two outcome scenarios. One can extend further to general
positive operator-valued measurements at the cost of a larger
n* by using Werner’s model [36] for the state (19) with w = %
leading to n* = 1. This follows from the fact that Werner’s
model can be seen as a local hidden state model [37], hence
the model is valid if general measurements are performed on
one side (the trusted party).

VI. CASE STUDIES

We now present several case studies, illustrating the
relevance of the concepts and tools discussed above. We
first discuss two examples of networks of the form Fig. 2,
where preparation, transformation, and measurement devices
are “in a line.” We then discuss two examples based on a
different network, featuring two separate preparation devices
and one measurement device. Note that such a network
has been considered in different contexts. Notably, this
was studied in communication complexity, in the so-called
simultaneous message passing model [16], e.g., quantum
fingerprinting [38], but also for the black-box certification of
entangled measurements [23,26,39], and the Pusey-Barrett-
Rudolph theorem [40].
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In all cases quantum systems are shown to provide
significant advantage over classical systems of the same
dimension. Moreover, in all examples (except for the third
one), this quantum advantage is stronger compared to the
simple prepare-and-measure scenario, in terms of noise toler-
ance. This suggests that the simulation of quantum strategies
becomes significantly harder in the case of networks, even if
they feature only few devices.

A. Three devices in a line: Simple case

We start with the network of Fig. 2, considering one
of the simplest (nontrivial) configurations in terms of the
number of inputs and outputs. Specifically, we have |x| = 3
and |¢] = |y| = |b] = 2. Note that the transformation device
does not give any outcome (i.e., |s| = 1). We label the inputs
and outputs: x € {0,1,2} and ¢,y,b € {0,1}. Hence a set of
data is characterized by D = 24 probabilities p(b|x,t,y).
However, considering normalization conditions, this number
is reduced to 12; specifically, the probabilities p(1|x,t,y) =
1 — p(0lx,t,y) are redundant and can thus be omitted.

Applying the method described in Sec. III B we have fully
characterized the polytope PP, that is, the set of distributions
achievable for cp,c; € {0,1}. Using the software PORTA, we
could find the complete list of facets of P, which can be
grouped (under relabeling of inputs and outputs) into 1870
inequivalent classes of dimension witnesses [41].

Here, we present one class of tight dimension witnesses, a
member of which can be written in simple form:

W; = poi1 + pio1 + Prio + P20o
— Pooo — Poo1 — Poto — P211 < 2, (20)

where we write py,, = p(b =0|x,t,y). A simple strategy
using co,c; € {0,1} that reaches W; =2 is as follows. The
preparation device sends ¢y =0 for inputs x = 0,2, but
sends c¢op = 1 if x = 1. Upon receiving ¢y and input ¢, the
transformation device sends ¢; = ¢y @ ¢ to the measurement
device (where @ denotes addition modulo 2). Finally, the
measurement device outputs b = ¢; @ y. Note also that using
classical trits, cg,c; € {0,1,2}, we can achieve W; = 4, the
maximal possible value.

Using qubits we can significantly outperform classical bits.
Consider general pure qubit preparations:

0 0
[ (6,9)) = cos (5) |0) + sin (5) exp(ig)|1). (21)

Specifically, for preparations x =0,1,2 take |¢¥(Z,0)),

|1/f(%,37” ), and |¢(%,_4ﬁ ), respectively. Next consider the

transformation device, parametrized by

®_o=1T5, ®_j=exp (—i%az), (22)

where o, = diag(1,—1) is the Pauli z matrix. Finally, for the
measuring device, we have the measurement operators

Moo = ¥ (5, =F)v (5. =5)I; (23)
Moy = v (5. )v (5.5)]- 24)
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Calculating the resulting probabilities, via Eq. (12), and
inserting them into Eq. (20), we obtain

W, =2+ 2~ 341. (25)

The above qubit strategy thus clearly violates the witness (20),
and can therefore not be reproduced with classical bits;
classical trits must be used. Numerical optimization strongly
suggests that this qubit strategy is optimal.

The noise tolerance of the above qubit strategy is

n=+2—1~04l1. (26)

Notably, this value exceeds the bound n* ~ 0.34 (see Sec. V B)
for any prepare-and-measure scenario. Hence the advantage
offered by qubits compared to classical bits is stronger
compared to what is possible in the prepare-and-measure
scenario.

B. Distributed 3 — 1 random access code

As a second example, we consider a task inspired from
the information-theoretic task of a random-access code
(RAC) [42].

Specifically, we consider a distributed version of the 3 — 1
RAC featuring three devices in a line [see Fig. 3(a)]. Consider
three bits ag,a;,a, randomly taken from a uniform distribution.
These bits will determine the inputs of the preparation and
transformation devices, namely, x = (ag,a;) and t = ay D as.
Again, the transformation device has no output. The measuring
device has a ternary input y = 0,1,2. Similarly to a RAC,
the goal is to have the output b = a,. Hence we can define
the following witness (for the scenario |x| = 4, |t| = |b| = 2,
|y| = 3, and |s| = 1) which is the average success probability:

Wprac = ﬁ Z pb = ay|x = (ap,a1),t = (ap ® a2),y)
apa)

ay

< Gy

We first discuss the case of classical communication. For
bits we obtain the bound C, = % which can be achieved
as follows. The preparation device sends cy = ap to the
transformation device, who in turn sends c¢; = ¢y to the
measurement device for both inputs # = 0, 1. The measurement
device outputs b = ¢; = ay. Hence, for y = 0 we always have
b = a,. However, for y = 1,2, success is only achieved with
probability 1/2. Overall, this leads to C, = % For the case of
classical trits, cg,c; € {0,1,2}, we get C3 = 19/24. In order
to achieve success with probability one, i.e., Wprac = 1,
eight-dimensional systems are required.

Next, we discuss quantum strategies. Using qubits, we can
achieve up to

1

1
Wh. = =—(14+—]=0.79. 27)
D-RAC = 02 2< «/5)

The optimal strategy is the following. For input x = (ag,a),
choose preparations

‘gb((—l)”' arccos (%) + nal,% + nao>>, (28)
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(a)
x = (ap,ar) t=ag®ay

4 v

M 4
b=ay
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z
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0.0)

(1,1)

©.1)

FIG. 3. (Color online) (a) The network corresponding to the distributed 3 — 1 random-access code (case study B). Three random bits
ap,a,,a, are used to generate the inputs x and . Upon receiving input y = 0, 1,2, the measurement device should output b = a,. The dimension
witness Wp.rac [see Eq. (28)] quantifies the average success probability. (b) Optimal qubit strategy. The four qubit preparations [red dots,
corresponding to (ag,a;)] are given by the vertices of a cube inscribed inside the Bloch sphere. Upon receiving input t = ay @ a; = 1, the
transformation device performs a rotation of 7 /2 around the z axis if # = 1, and the identity otherwise. Finally, by performing a measurement
in the x,y,z directions, maximal information about ay,a;,a, (respectively) is obtained.

which lie at four of the vertices of the cube inscribed inside the
Bloch sphere [see Fig. 3(b)]. The transformations are given by

(29)

E
®,9=10, &1 =exp (1 Zaz).

Finally, the measuring device performs a measurement in one
of three mutually unbiased bases:

Mop = |¥(5.0)){¥(5.0)| = [+x) (+xl,
Mo = |¥(0,0)) (¥ (0,0)] = |+z) (+z],

Mop = [v (3. 2NV (5. 5)] = 149 (31 (30)
The noise tolerance of this strategy is given by
1 ! 0.43 (€20)
n= — — =X 0. s
V3

which again exceeds the bound for the prepare-and-measure
scenario, n* ~ 0.34.

Finally, let us comment on the relation of the above
game and the standard (prepare-and-measure) 3 — 1 RAC.
We first note that the optimal qubit strategies for Wp.grac
and the standard RAC are in fact essentially the same [43].
Specifically, the qubit states arriving at the measuring device
are identical in both cases [given inputs (ag,a;,a»)]. Hence,
this qubit is unaffected by the fact that the inputs are now dis-
tributed between the preparation and transformation devices.
Indeed, the ability of implementing unitary transformations is
central here.

Interestingly, the situation is very different for the case
of classical bits. While the average probability of success is
3/4 in the standard RAC, the fact that the inputs are now
distributed decreases the average score to 2/3. The reason
for this is that the optimal strategy in the standard RAC is
to send ¢ = maj(ap,a;,az), where maj(-) denotes the majority
function. However, using this strategy requires access to all the
input bits ag,a;,a, which none of the devices in distributed
RAC has. The consequence of this is that the noise tolerance
of qubit strategies is enhanced in the distributed version of the
game, as we showed above.

C. Two preparation devices, one measurement
device: Simple case

We now consider a scenario with two preparation de-
vices sending communication to a measurement device [see
Fig. 4(a)]. A simple nontrival scenario here is one in which both
preparation devices receive a ternary input. We denote the input
of the first device xy € {0,1,2}, and the input of the second
x1 € {0,1,2}. The measurement device has no input (i.e., a
fixed measurement) and provides a binary output » = {0,1}.
That is, we have |xo| = |x;] =3, |y| = 1, and |b| = 2.

We consider the case in which the channels carry classical
bits, i.e., cg,c1 € {0,1}. In this case we have fully characterized
the polytope PP,: it features 13 nontrivial classes of facets
which we present in Appendix A. Here we focus on one
particular class (witness 1 in Appendix A), represented by the
following witness:

Wk = —poo + po1 + P2 — P1o
— p12+ p+ pa—pn <2,

(a) Zo

Ty = (Uo,vl)

v

®) 2y = (ug,u;)

y=20,1
v

by = uy @ voY D V1Y
by = u1 @1y D voy

FIG. 4. (a) A simple network involving two preparation devices
(left and right) and a single measurement device (center). (b) In case
study D, we discuss a dimension witness for this network, referred to
as nonlocal dense coding.
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where pyx, = p(b =0|xp,x1). An optimal classical bit
strategy is as follows. The first preparation device sends
co=0 for x=0,1 and ¢y =1 for xo =2. The second
preparation device sends ¢; = 1 for x; = 0,1 and ¢; = 0 for
x1 = 2. The measurement device then outputs b = coc; @ 1.
Clearly, sending classical trits achieves the maximum Wx = 4.
Let us now discuss strategies involving qubits. Via numer-
ical optimization we expect a maximal quantum violation of

Wi =0, =3. (32)

This can be achieved using the following strategy. The two
preparation devices prepare the same states, i.e., we have p,, =
px, for x; = x,. For inputs x; = x, = 0, 1,2, the preparations
are

[V (=,0)), 10), [|¥(x.0)), (33)

respectively, with o = 2 arccos \/g . The measurement oper-

ator for outcome b = 0 is a projection onto the entangled
subspace:

My =1¢7) (@~ [+ 1EW)) (EWI, (34)
with y = arccos \/% and where
1§(y)) = cosy |01) —siny [10). (35)

The corresponding noise tolerance is n = 0.2.

It is relevant to consider a situation in which one channel
sends a qubit, while the other one sends a classical bit.
Performing numerical optimization, we find a maximal value
of Wg ~ 2.337 for this case.

Finally, one may also ask if this witness could be
used to detect entangled measurements, similarly to
Ref. [23]. Specifically, one can derive an upper bound on
Wk for separable measurement operators of the form M), =
> M, ® M, , where M,  is a positive operator acting on the
system sent by preparation device k. Numerical tests suggest
that the optimal value is Wg & 2.337. Hence we find the
same value as for the above case of hybrid qubit/bit channels.
Therefore, we expect that a value Wx > 2.337 certifies that
(i) both channels send qubits and (ii) the measurement is
nonseparable, i.e., has (at least) one entangled eigenstate.
Note that the witness (33) has been discussed before in [44]
in a similar context, where upper bounds of Wg = 2.506
and Wg = 2.377 were found for the case of general and
unentangled measurements, supporting our findings.

D. Nonlocal dense coding

As the last example, we present a dimension witness for
a task which can be viewed as a nonlocal version of dense
coding [45]. As in the previous example, we consider the case
of two preparation devices and one measuring device.

Here each preparation device receives two input bits:
xo = (ug,u;) for the first and x; = (vg,v;) for the second.
The measurement device receives y = 0,1 as input, and
provides two output bits b = (bg,b;). The rules of the game
are the following [see Fig. 4(b)]. On the one hand, for
y = 0, the outputs should satisfy (by,b1) = (ug ® vo,u; @ vy).
On the other hand, for y = 1, the output bits should satisfy
(bo,b1) = (ug ® vy,u; @ vo). Furthermore, there is a penalty
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if both by and b, are guessed incorrectly. This corresponds to
the witness

Wp = ((bo,b1) = (o @ voy @ v1y,u1 ® v1y @ voy))
—((bo,b1) = (uo ® voy B viy,u1 B v1y ® voy)) < Cy,
(36)

where y = y @ 1, and the average (-) is taken over all inputs:

1
(bo.b0) = 35 3 plbo,biluo,uvo,01y). (37)

uo,uy
Vo, U1,y

Let us discuss the case of classical communication. For bits,
we have C, = % which can be achieved as follows. The first
preparation device sends communication ¢y = uou . Similarly,
the second device sends ¢; = vgv;. The measurement device
then outputs (bg,b1) = (co @ c1,c0 D c1). Using classical trits,
we get C3 = %. Indeed, sending four-dimensional systems
achieves success probability 1.

Next, consider qubit strategies (see Appendix B for more
details). Here we can achieve

Wp =0, =1, (38)

which appears optimal from numerical tests. This corresponds
to a noise tolerance of n = % which represents a considerable
improvement over the simple prepare-and-measure scenario.
The strategy is the following. The preparation devices send
qubit states

o' |y (3.0)) (39)

ooy (= 5.0) (40)

for the first and second preparation devices, respectively. The
measurement device then performs a projective measurement
onto the entangled basis

My, 1y = 1¢(bo,b1,y)) (¢(bo,br,y)l, (41)
where

l¢(bo.b1.y)) = o' @ HY [y7), (42)
[¥~) = -=(|01) — |10)) is the singlet state, and H =

2
%(i _11) is the Hadamard matrix. Note that by using
qutrits, one can reach Q3 = 0.598 according to numerical
optimization. Hence we obtain the following relations C, <
0> < C3 < Q3.

Additionally, one may also wish to consider the possibility
that the devices share quantum correlations (i.e., initial entan-
glement). Allowing for this considerably enhances the success
probability (still using qubit communication), which becomes
maximal, that is Wp = 1. The strategy is the following. The
preparation devices now share a singlet state. Upon receiving
the inputs xo = (ug,u;) and x; = (vo,v1), the preparation
devices locally rotate the singlet state to

(62101) @ (o020 [¥) 43)

The measurement device performs the same measurement as
above [see (41)]. The noise tolerance for this strategy is n = %.
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VII. DISCUSSION

We have discussed the problem of testing the dimension
and nonclassicality in communication networks. We have
presented methods for addressing these problems, generalizing
the concept of dimension witnesses to networks, and discussed
several illustrative examples.

We believe our results raise several natural questions. First,
it would be interesting to investigate the separation between
classical and quantum dimension in more general networks.
In particular, what is the classical communication cost (i.e.,
how many classical dimensions are required) for simulating
qubit networks? A potential direction for tackling this problem
would be to find a family of dimension witnesses for a scenario
featuring one preparation device and one measurement device,
but any number of transformation devices in between (here we
gave examples for the case of a single transformation device).
Notably, Galvao and Hardy [14] proved that, in the case of an
infinite number of transformation devices, classical systems of
infinite dimension are required for simulating a single qubit.
The game discussed in [14] can be recast as a dimension
witness. Proving a similar result for the case of a finite number
of transformation devices would be relevant. Going beyond
qubits is also interesting. In fact, for quantum systems of
dimension d > 3, it is not known whether an exact simulation
is possible with classical systems of finite dimension, even in
the simplest prepare-and-measure scenario.

From a more applied perspective, the ideas discussed could
find applications in quantum information processing. Recent
works discussed protocols for which the security is based
on dimension witnesses, so-called semi-device-independent
protocols [17,19-22]. For instance, quantum key distribution
and randomness expansion can be achieved, assuming only
that the devices prepare and measure qubit systems. Moving to
more general networks may allow for more robust and efficient
protocols, and other information-theoretic tasks.

ACKNOWLEDGMENTS

This work is supported by FNP programme TEAM and
NCN through Grant No. 2014/14/E/ST2/00020, the Swiss
National Science Foundation (Grant No. PPOOP2 138917 and
Starting Grant DIAQ), and SEFRI (COST action MP1006).

APPENDIX A: ALL DIMENSION WITNESSES
FOR A SIMPLE NETWORK

Here we present all dimension witnesses for the scenario
of Fig. 4(a) with |xo| = |x;| =3, |y| =1, and |b| =2. In
this scenario, considering classical communication cg,c; €
{0,1}, there exist 13 nontrivial facets (i.e., facets that do not
correspond to the normalization of probabilities). We present
the witnesses in tabular form, using the notation

Woo Wor  Wo2

wip wy wp | <G (A1)
Wy W21 W22
to describe the witness
2 2
D) Wi POIX,X1) < Ca (A2)

x0=0x1=0
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The 13 witnesses are

-1 1 1 2 -1 1
Mml-1 0o —-1]<2, @2 o -2]<4
11 -1 0 -1 1
1 -1 1 1 1 0
@1 —2 3l<2 @1 -1 o] <3,
0 2 -2 0 1 -1
2 2 0 1 —2 3
&l 1 =2 ol<4 ©| 2 0o —2]<es,
-1 1 -1 -1 2 1
1 -1 2 1 -1 2
Dl 1 o -1]<4 ®| 2 o0 —2]<4,
-1 1 1 -1 1 0
2 -2 4 1 -1 2
o 4 -1 =5]<6, (10 -3 -5]<3,
2 1 -1 -1 3 -3
2 2 -1
an| 1 -1 ol <4
- 1 0
1 -2 3 1 -1 1
a»n| 3 1 —2)<s @»|t o -1]<2
-2 3 1 0 0

Note that the last witness, (13), is in fact a lifting from
the simplest prepare-and-measure scenario featuring three
preparations and two binary measurements. This can be seen
by imagining that the first preparation device in our scenario
simply acts as a classical input for the measurement device,
i.e., x| takes the role of y in the prepare-and-measure scenario.
Since the channel supports bits, then we must have y = 0,1.
In the final witness we see that x; = 0,1 corresponds to
y =0,1 and x; =2 is never used (since we have all zeros
on the bottom row of the witness). Upon interpreting x; as
y in a prepare-and-measure scenario, the final witness then
corresponds to Eq. (6) of [4].

APPENDIX B: QUANTUM VIOLATION IN NONLOCAL
DENSE CODING

Here we calculate explicitly the values of (36) for strategies
using qubits. We first consider the case where the devices do
not share initial entanglement. To ease notation we define

hy = [v(§.0);  1h)=|v(=3.0) ®BD

Following the preparations and measurements given in the
main text, we have

p(bo,b1lug,ur,vo,v1,y)
= (¥~ oo™ @ HYo o |hy) [ho)
= | (Y| UxblEBul@vlyﬂavoyazbo@uo@voy@vly @1 |hy)|h) |2’
(B2)
where in the last line we have used

Ho!'o =o00'H (B3)
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and
H |hy) = £ |hg) . (B4)

By writing [ ~) = %(Vl# |[h_) — |h_) |hy)) we see that the
probability that (bg,b1) = (1o @ voy B v1y,u; D V1Y D VoY)
is given by

(W ) ho) P = 3. (B5)

The  probability that both  bits are  guessed
incorrectly, i.e., (bo,b1) = (ug @ voy D v1y,u; D vy D vyy)

PHYSICAL REVIEW A 92, 022351 (2015)

is
(Y~ loxo, @ Llhy)|h_)* = 0. (B6)

Hence, we achieve Wp = % In order to treat the case in
which the preparation devices share entanglement, we need to
replace the state |h) |h_) by the singlet state [/ ~). Hence the
probability that (bg,b1) = (ug @ voy B viy,u; B v1y B vyy)
becomes

[ ) P=1 (B7)

and the game is won perfectly.
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We consider the problem of testing the dimension of uncharacterized classical and quantum systems in a
prepare-and-measure setup. Here we assume the preparation and measurement devices to be independent,
thereby making the problem nonconvex. We present a simple method for generating nonlinear dimension
witnesses for systems of arbitrary dimension. The simplest of our witnesses is highly robust to technical
imperfections, and can certify the use of qubits in the presence of arbitrary noise and arbitrarily low
detection efficiency. Finally, we show that this witness can be used to certify the presence of randomness,
suggesting applications in quantum information processing.

DOI: 10.1103/PhysRevLett.112.140407

The problem of estimating the dimension of uncharac-
terized physical systems has recently attracted attention.
From a fundamental point of view, this problem is well
motivated, as it shows that dimension—the number of
(relevant) degrees of freedom—of an unknown system can
be determined in a device-independent way. That is,
dimension can be tested from measurement data alone,
in a scenario in which all devices used in the experiment,
including the measurement device, are uncharacterized;
i.e., no assumption about the internal working of the
devices is needed. Beyond the fundamental interest, this
problem is also relevant in the context of quantum
information, where the dimension of quantum systems—
i.e., the Hilbert space dimension—represents a resource
for performing information-theoretic tasks. Specifically,
higher dimensional quantum systems can increase the
performance of certain protocols, and/or simplify their
implementation.

First approaches to this problem considered Bell inequal-
ity tests [1-6], random access codes [7], and monitoring of
an observable of a dynamic system [8]. More recently, a
general formalism was developed to estimate the dimension
of classical and quantum systems in a prepare-and-measure
setup [9], the simplest but also the most general scenario.
Consider two uncharacterized devices, hence described as
black boxes (see Fig. 1). The first device prepares upon
request a physical system in an unknown state p . A second
device then performs a measurement on the system. The
observer tests the devices, by choosing a preparation x and
a measurement y, then receiving measurement outcome b.
Repeating the experiment many times, the observer obtains
the probability distribution p(b|x,y), called here the data.
The goal for the observer is then to give a lower bound
on the dimension of the unknown set of states {p,} from
the data alone. This can be achieved using “dimension
witnesses” [9-11] (see also Refs. [12,13] for different

0031-9007/14/112(14)/140407(5)
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approaches). These ideas were shown to be relevant
experimentally [14,15], and for quantum information
processing [16,17].

Here we discuss this problem assuming the preparation and
measurement devices to be independent. This assumption is
rather natural in a device-independent estimation scenario,
where devices are uncharacterized but do not conspire
maliciously against the observer. The main difficulty of this
problem is that it is nonconvex, a feature that makes generic
problems with independent variables hard to tackle. Note that
previous works on dimension witnesses allowed the devices to
be correlated via shared randomness (hence relaxing the
independence assumption), making the problem convex.
Although these techniques can in principle be applied in
our case, they are far from optimal, as we shall see below.

It is therefore desirable to develop novel methods, which
is the goal of this work. Specifically, we present a simple
technique for deriving nonlinear dimension witnesses,
tailored for device-independent tests of dimension assum-
ing independent devices. We derive witnesses for systems
of arbitrary dimension, obtaining a quadratic gap between
classical and quantum dimensions. The simplest witness is
discussed in detail. We show that it is extremely robust to
technical imperfections, and can be used to certify the
presence of randomness.

Scenario.—We consider the setup of Fig. 1. The experi-
ment is characterized by the set of conditional probabilities

T Y
4 ¥
e ), Yol
o—>
b
FIG. 1. Prepare-and-measure setup.

© 2014 American Physical Society
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p(b|x,y) (i.e., the data) which gives the probability of
obtaining outcome b when performing measurement y on
preparation x.

Consider first the case of quantum systems. We say that
the experiment admits a d-dimensional quantum represen-
tation when there exist states p, and measurement operators
My, both acting on C?, such that

p(b|x7y) :Tr(/)be\y)' (D
Next consider the situation of classical systems of dimen-
sion d. Given the choice of preparation x, the first device
sends a classical message m =0, ...,d — 1. Note that the
device may have an internal source of randomness (rep-
resented by a random variable 4,). Hence, which message
m is sent depends on both x and 4;. The measurement
device, upon receiving message m, and input y from the
observer, delivers an outcome b. As it also features a source
of randomness (random variable 4,), the output b depends
on m, y, and 4,. The behavior observed in the experiment is
then given by

d-1
, )=/dﬂ diap(n.3a) S plim

m=0

p(blm,y,2).

p(

The main point now is to consider the joint distribution of
random variables ;5. If p(41.4;) # p1(41)pa(da), the
variables are correlated; hence, the devices may follow a
(preestablished) correlated strategy. Previous works
focused on this situation. As the set of behaviors of the
above form is convex, it can be fully characterized with
linear dimension witnesses [9].

Here we consider the situation in which the devices
are independent, i.e., p(41,4,) = pi(41)p2(4,). That is,
although each device features an internal source of random-
ness, the devices have no shared randomness. In this case,
the observed statistics can be written as

d-1
p(blx,y) = s(m[x)i(b|m,y) )
m=0
where s(m|x) = [dA;p(A)p(ml|x,A;) is the distribution

of possible messages m for each preparation x, and
1(blm,y) = [dAps(dy) p(blm,y,2;) is the distribution
of outcomes b for measurement y when receiving message
m. Below we will see how to characterize the set of
behaviors of the form Eq. (2). This will require nonlinear
dimension witnesses as the set is nonconvex.

Determinant witness.—In this work we focus on experi-
ments with binary outcomes, denoted b =0, 1. We will
construct nonlinear witnesses based on the determinant of a
matrix. We first discuss the simplest case, with four
preparations x =0, ...,3 and two measurements y = 0,
1. Consider the following matrix

_ ( p(0,0)=p(1,0) p(2,0)-p(3,0)
Wo = (p<o,1>—p<1,1> ,,(2,1>_p<3,1)) ©

where we write p(x,y) = p(b = 0lx,y) for simplicity. For
any strategy involving a classical bit [i.e., its statistics
admits a decomposition of the form Eq. (2) with d = 2],
one has that

The proof is straightforward. Note that for any statistics of

the form Eq. (2) with d =2, we have that p(x,y) =
5(0|x)[2(0]0, y) — #(0]1, y)] + ¢(0|1, y). Hence we write

p(x,y) = p(x',y) = [s(0lx) = s(0x")][£(0[0, y) — #(O[1, y)]
= ST, 5)

from which it follows that

So1Ty
Soi1Ty

S23 TO

=0. 6
83T ©)

W2 :‘

An interesting feature of the above witness is that it is given
by an equality, whereas linear witnesses are given by
inequalities [9]. Moreover, our witness turns out to char-
acterize fully the set of experiments involving a classical
bit. Specifically, for any experiment achieving W, = 0 (for
all relabelings of the preparation x), there exists a decom-
position of the form Eq. (2) with d = 2 (see Supplemental
Material [18]). Note that if the preparation and measure-
ment devices are correlated, then classical bit strategies can
reach W, = 1. Consider for instance the equal mixture of
the two following deterministic strategies: (i) s(0|x) = 1 iff
x=0,3 and #(0|m,y) = m + y mod 2, (ii) s(0|x) = 1 iff
x =0, 2 and #(0|m,y) = m. Hence we get W, = [, and
W, = 1. This shows that our witness is tailored for the case
in which the devices are independent.

Next we investigate the performance of qubit strategies,
i.e., statistics of the form Eq. (1) with d = 2. States are
given by density matrices p, = (I, + 5, - 6)/2 and meas-
urement operators by My, = ¢,l, 4 T, - 6/2, where 5, and
T, are Bloch vectors and |c,| < 1 [19]. Similarly to above,
we write

-

- Tr[(px - px’)MO\y] = Sxx’ . Ty (7)

1

p(x,y) = p(x,y)

where S, = (5, — 5)/2. Finally, we get

W2:§01'7:0 S5+ To = (So1 x 833) - (Ty x Ty) < 1
Sot- Ty Sx3-T)

®)

since |3‘01 X 3‘23| <1 and ﬁo X %1| < 1. This bound for
qubit strategies is tight, and can be reached as follows:
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choose the preparatlons to be the pure qubit states given by
So = —sl = 2,5, = —s3 = %, and the measurements by the
vectors TO = cosfzZ + sinfx and Tl = sin#Z — cos Ox.
Notice that we are free to choose any angle € here, due
to the rotational invariance of the cross product in the plane.
For 0 = 0 we get the usual BB84 states and measurements.

It is relevant to note that essentially any qubit strategy
achieves |W,| > 0. Only very specific alignments of the
qubit preparations and measurements (a set of measure
zero) achieve W, = 0. Therefore, a generic qubit strategy
always outperforms the most general strategy involving
a bit.

This suggests that our witness is well suited for dis-
tinguishing data involving classical bits and qubits. To
illustrate the robustness of our witness, we investigate the
effect of technical imperfections, such as background noise
and limited detection efficiency (of the detector inside the
measurement device), on a generic qubit strategy given by
the data py(x,y) achieving |W,| = Q > 0. Say that an
error occurs with probability 1 — #, for instance the emitted
particle is lost. Hence the observed statistics is given by

p(x.y) = npo(x,y) + (1 =n)pyn(y), )

where we consider a noise model of the form
pn(x,y) = py(y); ie., the noise is independent of the
choice of preparation x. The difference in probabilities
entering the witness is then independent of the noise term:
p(x.y) = p(x",y) = nlpo(x,y) — po(x'.y)], and thus the
observed value of the witness is W, = #*>Q, which is
strictly positive whenever Q > 0. Hence, for an arbitrary
amount of background noise and/or an arbitrarily low
efficiency, a generic qubit strategy will outperform any
classical bit strategy; see Ref. [20] for a related result. This
is indeed in stark contrast with previous witnesses, which
can only tolerate a finite amount of noise and require a high
efficiency [11].

Finally, we comment on strategies involving higher
dimensional systems. Using a classical trit one achieves
|W,| < 1[21], while numerical analysis shows that |W,| <
1.299 for qutrit strategies. This shows that the value of W,
is useful to assess dimension. To reach the algebraic
maximum of W, =2, systems of dimension (at least)
d = 4 (either classical or quantum) are required.

Determinant witness for all dimensions.—We now gen-
eralize the above witness for testing classical and quantum
systems of arbitrary dimension. Consider a scenario with
2k preparations and k binary measurements. Construct the
k x k matrix

Wi(ij) = p(2).1) = p(2j+ 1.7) (10)
with 0 <i,j <k—1. As above, the witness is given by
W, = | det(W)|. We will see that, for classical systems of
dimension d, one has that

=0 ford<k, (11)

while one can have W, > 1 for d > k. For quantum systems
of dimension d, we get

W, =0 ford< vk (12)

while W, > 0 is possible whenever d > v/k. Hence we
obtain a quadratic separation between classical and quan-
tum dimensions, using a number of preparations and
measurements that grows only linearly.

To prove the above claims, it is enough to focus on
quantum strategies. Consider matrices of the form

Px :é(ud—’—d)d}x ﬂ“)? (13)
with 5, € R®~1, [5.| < 1, 4 the vector of the d2 — 1 Gell-
Mann matrices (generalized Pauli matrices, satisfying
tr(4;) = 0 and tr(4;4;) = 26;;) and ¢, = +/[d(d — 1)]/2.
While all matrices of the above form are valid quantum
density matrices for |s,| < 2/d [22], this is not the case in
general (although this will not affect our argument).

Similarly we write measurement operators as Mg, =
el + T, - A/d with T, € R®~', |T,|,|c,| < 1[19], and
get that

-

Wi (i, j) = Tr[(paj = paji1)Moil = S; - T; (14)
with S'j = (1= (1/d))(52; — 55j41)- Thus, as before, the
entries of the matrix W, are given by scalar products of
vectors. Similarly to the qubit construction of Eq. (8), the
witness W, can be expressed using cross products, gener-

alized here to arbitrary dimensions.

Specifically, the cross product Sy x S; x -+ % S'k_ L of k
vectors in R**! is defined as the unique vector u € R**!

such that V - i —det(§0,§1,~- S'k 1) for all V € Rk
(see e.g., Ref. [23]). It follows that SO X oee X Sk 1 = 0iff

SO, Sk | are linearly dependent. Furthermore, similarly
to Eq. (8), we have that

Wi = | det(Wy)|

=[(Sox - x8p_y) - (Tox - xT_y)l.

To conclude, we relate the dimension of the quantum
systems to the linear (in)dependence of the set of vectors §;

and i",-. Note that we must ensure here that the vectors S, i",-

are in R**!, via an embedding or by using only a restricted
set of parameters. As d-dimensional quantum systems have

d* — 1 parameters, we see that the vectors S ; (and similarly

for i‘) can span a subspace of dimension at most d> — 1.
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Hence, if d <k, the vectors S ; cannot be linearly
independent, and we get W, =0. On the contrary if

d > /k, the vectors S ; and i",- can be chosen to be linearly
independent, and we have W; > 0. Take for instance 3‘ ; to

be parallel to T;, and 5,1, |i| <2/d ensuring that all
preparations and measurements are represented by valid
operators. Note, however, that this construction is sub-
optimal in general, as one can obtain W = 1 with quantum

states of dimension d > v/k (with d an integer prime
power), using a mutually unbiased basis (see
Supplemental Material [18]).

The proof for classical systems can be derived by noting
that any classical strategy using d-dimensional states can be
recast as a quantum strategy using diagonal density
matrices acting on C¢. Since we have only d — 1 parameters
in this case, it follows from the above that W, = 0 when
d < k. For d > k, one can get W, > 1. The lower bound is
obtained by considering the following strategy: if x is even,
then send m = x/2, else send m = d; for the measurement
device, output b = 0 iff y = m. Note that for this strategy,
we get W, = [, hence W; = 1. An interesting question is
to find the algebraic maximum of W,, and the minimal
dimension for classical and quantum systems required to
attain it. Note that this problem is related to that of finding
the determinant of a Hadamard matrix. Hence we get the
bound W, < k*/2_ which is tight iff there exists a Hadamard
matrix of size k x k.

Certifying randomness.—The fact that the determinant
witness can distinguish between classical and quantum
systems (given a bound on the dimension) suggests
applications in randomness certification. Here we inves-
tigate the connection between the amount of violation of
the witness W, and the intrinsic randomness of the of the
underlying statistics, assuming that the preparation device
emits qubit states.

Consider the quantity

1

p=7 > maxp(blx.y). (15)

x,y=0,1

i.e., the average guessing probability of the outcome b for
preparations x = 0, 1. Randomness can be quantified by
the min-entropy of p, i.e., Hy,(p) = —logy(p), which
gives the number of random bits extractable from the
experiment (per run). Now for a given amount of violation
of the witness W, = Q > 0, we want to find out the
maximal value of p over all qubit strategies which are
compatible with the value W, = Q > 0. In other words,
what is the minimal amount of randomness compatible with
a certain violation of the witness? To answer this question,
we solve numerically the following problem. We maximize
p subject to the constraints: W, = Q, p(blx,y) =
Tr(pM,)y) where p,, M, are arbitrary qubit states and
measurement operators.

02|
0.15 |-
=
=
S [
< 01
5.1072 |-
0
0

Q

FIG. 2 (color online). Average certifiable randomness H ;,(p)
using the witness W,. For any amount of violation of the witness
W, = Q > 0, randomness can be certified.

In Figure 2, we plot the amount of randomness H ,;,(p)
as a function of the value Q of the witness W,. We see that
for any amount of violation, randomness can be certified. In
other words, from the sole knowledge of the value of W,,
one can upper bound the probability of correctly guessing
the output b, for any observer knowing the detailed qubit
strategy that is being used. Importantly, the quantity
Hpin(P) captures here the intrinsic quantum randomness
of the experiment, but is independent of any randomness
generated locally in the devices (used, e.g., to create mixed
state preparations). These issues will be discussed in detail
in a forthcoming work [24], where a protocol for random-
ness certification will be presented.

Discussion.—We have presented a method for testing the
dimension of classical and quantum systems of arbitrary
dimension. Moreover, the simplest of our witnesses is
highly robust to noise and can be used to certify random-
ness without the need of high visibilities and efficiencies.
Hence we believe these ideas are relevant in practice. In this
perspective, it will be necessary to make a statistical
analysis in the spirit of Refs. [25] for taking finite size
effects into account [24]. Finally, from a more abstract
point of view, the ideas presented here could be useful in
other nonconvex problems involving independent varia-
bles, such as Bell tests with independent sources [26,27],
and more general marginal problems [28].

We thank J. B. Brask, Ci Wen Lim, M. Pawlowski, S.
Pironio, E. Woodhead, and H. Zbinden for discussions, and
acknowledge financial support from the Swiss National
Science Foundation (Grant No. PPOOP2_138917) and the
EU DIQIP.
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A. Full characterisation of the set of classical bit strate-
gies with the witness Wo— In the main text we showed
that W, = 0 for strategies involving a classical bit.
Here we will see that the converse holds. That is, any
statistics achieving W, = 0 for all possible relabelings
of the preparation label x, can be realised with a clas-

sical bit strategy.
Consider the matrix W5, here rewritten as
_(m—a b—b
Wz o (C] — (2 dl — dz) (1)

with a; = p(0,0), a = p(1,0) and so on. Without
loss of generality, we take dy > d; > cp > ¢ which
can be achieved via a relabelling of the preparations x.
The conditions W, = 0, considering all relabelings of
x, are then given by

(a1 —az)(d1 —da) = (b1 — b2)(c1 — c2)
(a1 = b2)(d1 — c2) = (b1 — a2)(c1 — da) 2)
(a1 —b1)(ca —da) = (a2 — b2)(c1 — dy)

where the second and third equations correspond
to relabelling x according to 1 <« 3 and 1 <«
2 respectively. To show that there exists a de-
composition of the form (??) with d = 2, we
solve for {s(m|x)},{t(0|m,y} (with m = 0,1, x =
0,..,3, and y = 0,1) the set of equations given
by the conditions (2) and the 8 conditions given by
p(x,y) = Ly—oqs(m[x)t(0|m,y). A solution is given
by t(0/0,0) = by, £(0(0,1) = dj, t(0[1,0) = by,
t(0]1,1) = da, s(0|0) = (d2 —c1)/(d2 —d1),5(0[1) =
(dy —cp)/(d2 — dy1),s(0]2) = 1 and s(0|3) = 0. Hence
any matrix (1) satisfying conditions (2) admits a de-
composition of the form (??) with d = 2. Thus the de-
terminant witness characterises fully the set of distri-
butions obtained from strategies involving a classical
bit.

B. Quantum strategy using mutually unbiased bases—
Consider a quantum system of dimension d, for which

we have n < d + 1 mutually unbiased bases (MUBs)
denoted by My = {[¢j,)}, wherea = 0,--- ,n—1
andi = 0,---,d — 1. Due to the properties of MUBs
the projectors 7, = [9jjo) (Pi|a| satisty tr(7;,77,) =
6ij and tr(r;,7jg) = 1/d for & # B. The main idea
now will be to construct a quantum strategy for which
we get Wy, = I[; and so Wy = 1.

Consider first the upper left block of W; of size
d —1xd —1. Concentrating on the first basis My,
we choose the preparations as py; = 710 and ppj11 =
7T4_1)0, (With j = 0, - -, d — 2) and measurement pro-
jectors as My|; = 7;0, (Wherei =0, - - ,d — 2). Hence
for this block we have that

p(2),1) — p(2j + 1,i) = tr([mjj0 — 4_1)0]7Ti0) = 51‘%’3)
since M is an orthonormal basis, and so the first d —
1 x d — 1 block of Wy is the identity matrix I; 1.

We then move on to the next d — 1 preparations and
measurements, keeping the same pattern but using
the next basis M. That is, we choose P2j12(d-1) =
T P2j4142(d-1) = Tg-11 and Myjiq 1 = Ty
(i,j = 0,---,d —2). We continue this pattern un-
til we have used up all # MUBs. This will give us a
(d —1)n x (d — 1)n matrix. Via the same argument as
above, each d — 1 x d — 1 block on the diagonal of Wy
will be equal to I;_;. All off-diagonal blocks are the
zero matrix since they contain preparations and mea-
surements that belong to different MUBs. Indeed we
have that tr([77, — 77jj,]73g) = 0 when a # B.

Hence when (d — 1)n > k, we get that Wy = I,
hence Wy = 1. If the Hilbert space dimension d is
an integer power of a prime, then there exist d 4 1
MUBs [W. Wooters, B. Fields, Annals of Phys. 191,
363 (1989)]. In this case, one has that W, = 1 for
d > vk +1, or equivalently d > V/k.
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The generation of random numbers is a task of paramount importance in modern science. A central
problem for both classical and quantum randomness generation is to estimate the entropy of the data
generated by a given device. Here we present a protocol for self-testing quantum random number
generation, in which the user can monitor the entropy in real time. Based on a few general assumptions, our
protocol guarantees continuous generation of high quality randomness, without the need for a detailed
characterization of the devices. Using a fully optical setup, we implement our protocol and illustrate its self-
testing capacity. Our work thus provides a practical approach to quantum randomness generation in a

scenario of trusted but error-prone devices.

DOI: 10.1103/PhysRevLett.114.150501

Given the importance of randomness in modern science
and beyond, e.g., for simulation algorithms and for cryp-
tography, an intense research effort has been devoted to the
problem of extracting randomness from quantum systems.
Devices for quantum random number generation (QRNG)
are now commercially available. All of these schemes work
essentially according to the same principle, exploiting the
randomness of quantum measurements. A simple realization
consists in sending a single photon on a 50/50 beam splitter
and detecting the output path [1-3]. Other designs were
developed, based on measuring the arrival time of single
photons [4-7], the phase noise of a laser [§—10], vacuum
fluctuations [11,12], and even mobile phone cameras [13].

A central issue in randomness generation is the problem
of estimating the entropy of the bits that are generated by a
device, i.e., how random is the raw output data. When a
good estimate is available, appropriate postprocessing can
be applied to extract true random bits from the raw data (via
a classical procedure termed randomness extractor [14]).
However, poor entropy estimation is one of the main
weaknesses of classical RNG [15], and can have important
consequences. In the context of QRNG, entropy estimates
for specific setups were recently provided using sophisti-
cated theoretical models [16,17]. Nevertheless, this
approach has several drawbacks. First, these techniques
are relatively cumbersome, requiring estimates for numer-
ous experimental parameters which may be difficult to
precisely assess in practice. Second, each study applies to a
specific experimental setup, and cannot be used for other
implementations. Finally, it offers no real-time monitoring
of the quality of the RNG process, hence no protection
against unnoticed misalignment (or even failures) of the
experimental setup.

It is therefore highly desirable to design QRNG tech-
niques which can provide a real-time estimate of the output
entropy. An elegant solution is provided by the concept of

0031-9007/15/114(15)/150501(5)
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device-independent QRNG [18,19], where randomness can
be certified and quantified without relying on a detailed
knowledge of the functioning of the devices used in the
protocol. Nevertheless, the practical implementation of such
protocols is extremely challenging as it requires the genuine
violation of Bell’s inequality [19,20]. Alternative approaches
were proposed [21] but their experimental implementation
suffers from loopholes [22]. More recently, an approach
based on the uncertainty principle was proposed but
requires a fully characterized measurement device [23].

Here, we present a simple and practical protocol for self-
testing QRNG. Based on a prepare-and-measure setup, our
protocol provides a continuous estimate of the output
entropy. Our approach requires only a few general assump-
tions about the devices (such as quantum systems of
bounded dimension) without relying on a detailed model
of their functioning. This setting is relevant to real-world
implementations of randomness generation, and is well
adapted to a scenario of trusted but error-prone providers,
i.e., a setting where the devices used in the protocol are not
actively designed to fool the user, but where implementa-
tion may be imperfect. The key idea behind our protocol is
to certify randomness from a pair of incompatible quantum
measurements. As the incompatibility of the measurements
can be directly quantified from experimental data, our
protocol is self-testing. That is, the amount genuine quan-
tum randomness can be quantified directly from the data,
and can be separated from other sources of randomness
such as fluctuations due to technical imperfections. We
implemented this scheme with standard technology, using a
single photon source and fibered telecommunication com-
ponents. We implement the complete QRNG protocol,
achieving a rate 23 certified random bits per second, with
99% confidence.

Protocol.—Our protocol, sketched in Fig. 1, uses two
devices which, respectively, prepare and measure an

© 2015 American Physical Society
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(1) EXPERIMENT 2) DATA ANALYSIS

(a) Estimate probability p(b|zy)
(b) Estimate entropy H,

min
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Pz J‘ Ll @3) POSTPROCESSING

b Randomness extraction.
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OUTPUT : RANDOM BITSTRING

Data : events {b,z,y} |

FIG. 1 (color online). Sketch of the protocol. The self-testing
QRNG protocol consists of three distinct steps. (1) First, an
experiment is performed where, in each round, the user chooses a
preparation x and a measurement y, and obtains an outcome b.
(2) From the raw data, the distribution p(b|x, y) can be estimated
leading to an estimate for the value of the witness W, from which
the entropy of the raw data can be quantified. (3) Based on the
entropy bound, appropriate postprocessing of the raw data is
performed, in order to extract the final random bit string.

uncharacterized qubit system. In each round of the
protocol, the observer chooses settings among four
possible preparations, x = 0, 1, 2, 3, and two measurements
y = 0, 1, resulting in a binary outcome b = +1. To model
imperfections, we represent the internal state of each device
by a random variable—A for the preparation device and y
for the measurement device—which are unknown to the
observer. As we work in a scenario where the devices are
not maliciously conspiring against the user, we assume the
devices to be independent, i.e., p(4,u) = q(4)r(u), where
Jdiq(A) = [dur(u) = 1.

In each round of the experiment, the preparation device
emits a qubit state p? which depends on the setting x and on
the internal state A. Similarly, the measurement device
performs a measurement M%. Thus the distributions of A
and u determine the distributions of the prepared states and
the measurements. As the observer has no access to the
variables A and p, he will observe

p(blx,y) :/d/ltz(i)/dﬂr(u)p(blx,y,l,ﬂ)

1+bM 1 5o
—Tr< g) = (485,07, (1)

2
where
1 2 o
po= [ =3045.9. @
M, = /d,ur(/,t)M’; = i"y ‘0. (3)

Here, S‘X and f‘y denote the Bloch vectors of the (average)
states and measurements, and 6 = (61,04, 03) is the vector
of Pauli matrices.

The task of the observer is to estimate the amount of
genuine quantum randomness generated in this setup,
based only on the observed distribution p(b|x,y). This

is a nontrivial task as the apparent randomness of the
distribution [0 < p(b|x,y) < 1] can have different origins.
On the one hand, it could be genuine quantum randomness.
That is, if in a given round of the experiment, the state pi
is not an eigenstate of the measurement operator MY,
then the outcome b cannot be predicted with certainty,
even if the internal states A and u are known, i.e.,
0 < p(blx,y,4,4) < 1. On the other hand, the apparent
randomness may be due to technical imperfections, that is,
to fluctuations of the internal states A and u. Consider the
following example: The preparation device emits the states
pr=0 =10)(0| and p/=! = |1)(1| with ¢(A =0,1) = 1/2.
For a measurement of the observable M y =1z 0, one
obtains that p(b|x,y) = 1/2. However, these data clearly
contain no quantum randomness, since the outcome b can
be perfectly guessed if the internal state A is known.

Our protocol allows the observer to separate quantum
randomness from the randomness due to technical noise.
The key technical tool of our protocol is a function recently
presented in [24], which works as a “dimension witness.”
Given data p(b|x,y), the quantity

w | POI0.0=p(ILO) p(120)=p(B.O)|

p(110.1) = p(1]1. 1) p(1]2,1) = p(1[3.1)
captures the quantumness of the preparation and measure-
ments. Specifically, if the preparations are classical (i.e.,
there exists a basis in which all states p/ are diagonal), one
has that W = 0, while a generic qubit strategy achieves
0 < W <1 [24]. W > 0 guarantees that the measurements
performed by Bob are incompatible (see [25]) and since it is
then impossible to simultaneously assign deterministic
outcomes to them, this enables us to bound the guessing
probability and certify randomness. Given x, y, and knowl-
edge of the internal states 4, y, the best guess for b is given
by max,p(b|x,y, A, u). Assuming uniformly distributed x
and y, the average probability of guessing b fulfils the
following inequality (see [25]):

1
Pguess = g Z qﬂrﬂm]flxp(b X, Y, /17.“)

X,V A

s%<1+\/—1+‘/;_—wz>. (5)

Therefore, the guessing probability can be upper bounded
by a function of W, which can be determined directly
from the data p(b|x, y). Finally, to extract random bits from
the raw data, we use a randomness extraction procedure.
The number of random bits that can be extracted per
experimental run is given by the min-entropy H;, =
—logs Pgyess [27]. Hence Hyy, is the relevant parameter
for determining how the raw data must be postprocessed.
Note that randomness can be extracted for any W > 0, since
Pouess < 1 in this case.
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FIG. 2 (color online).

Implementing the self-testing QRNG. (a) Experimental setup. (b) Real-time evolution of the witness value W

(blue) and randomness generation rate (bits extracted per second; red). After 3 h, the air conditioning in the laboratory is switched off,
which leads to misalignment of the optical components. In turn, this leads to a significant drop of the witness value W and corresponding

entropy.

The maximal value of W = 1 can be reached using the set
of preparations and measurements: 3’0 =-5 | = 7"0 = Z and
3’2 = —3’3 =T 1 = X, which correspond to the BB84 QKD
protocol [28]. In this case, we can certify randomness with
min-entropy H ;, = 0.2284. Using other preparations and
measurements, e.g., if the system is noisy or becomes
misaligned, one will typically obtain 0 < W < 1.
Nevertheless, for any value W > 0, randomness can be
certified, and the corresponding min-entropy can be estimated
using Eq. (5). Our protocol is therefore self-testing, since
the evaluation of W allows quantifying the amount
of randomness in the data. In turn, this allows one to perform
adapted postprocessing in order to finally extract random bits.

To conclude this section, we discuss the assumptions
which are required in our protocol: (i) Choice and dis-
tribution of settings.—The devices make no use of any
prior information about the choice of settings x and y.
(ii) Internal states of the devices are independent and
identically distributed (i.i.d).—The distributions ¢(1) and
r(u) do not vary between experimental rounds.
(ii1) Independent devices.—The preparation and measure-
ment devices are independent, in the sense that
p(Au) = q(A)r(p). (iv) Qubit channel capacity.—The
information about the choice of preparation x retrieved
by the measurement device (via a measurement on the
mediating particle) is contained in a two-dimensional
quantum subspace (a qubit).

Assumptions (i) and (iii) are arguably rather natural in a
setting where the devices are produced without malicious
intent. They concern the independence of devices used in
the protocol, namely the preparation and measurement
devices, and the choice of settings. When these are
produced by trusted (or simply different) providers, it is
reasonable to assume that there are no (built-in) preestab-
lished correlations between the devices and that the settings
X, y can be generated independently, e.g., using a pseudo
RNG. Assumptions (ii) and (iv) are stronger, and will have
to be justified for the particular implementation at hand.
The content of assumption (ii) is essentially that the devices

are memoryless (internal states do not depend on previous
events). We believe this assumption can likely be weak-
ened, since randomness can in fact be guaranteed in the
presence of certain memory effects, in particular, the
experimentally relevant afterpulsing effect (see [25]).
Finally, note that assumption (iv) restricts the amount of
information about x that is retrieved by the measuring
device (via a measurement on the mediating particle), but
not the information about x contained in the mediating
particle itself. In other words, it might be the case that
information about x leaks out from the preparation device
via side channels, but we assume that these side channels
are not maliciously exploited by the measurement device.

Experiment.—We implemented the above protocol using
a fully guided optical setup [see Fig. 2(a)]. The qubit
preparations are encoded in the polarization state of single
photons, generated via a heralded single-photon source
based on a continuous wave (CW) spontaneous parametric
down conversion (SPDC) process in a periodically poled
lithium niobate (PPLN) waveguide [29]. The idler photon
is detected with a ID220 free-running InGaAs/InP single-
photon detector (SPD) (herald) with 20% detection effi-
ciency and 20 us dead time. The polarization is rotated
using a polarization controller (PC) and an electro-optical
birefringence modulator (BM) based on a lithium niobate
waveguide phase modulator. The preparations x =
{0,1,2,3} correspond, respectively, to the diagonal (D),
antidiagonal (A), circular right (R), and circular left (L)
polarization states. For the measurement device, polariza-
tion measurements are done using a BM and a PC followed
by a polarization beam splitter and two ID210 InGaAs/InP
SPDs (with a 1.5 ns gate and 25% detection efficiency)
triggered by a detection at the heralding detector. The
measurements y = {0, 1} correspond, respectively, to the
{D, A} basis and the {R, L} basis. The number of photon
pairs generated by the SPDC source is set to obtain a count
rate at the heralding detector of about 30 kHz, which
corresponds to a probability of single photon emission of
p1 = 6.5x 107 per gate, and a two photon emission
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P2 = p3/2=2.1x 1077 per gate. A field-programmable-
gate-array board (FPGA) continuously generates sequences
of three pseudorandom bits. Upon successful heralding,
these three bits are used to choose (x, y). Finally, the FPGA
records the outcome b (whether each ID210 detector has
clicked or not).

We briefly discuss to which extent the assumptions of
the protocol fit to our implementation. First, the choice
of preparation and measurement, x and y, are made by the
FPGA using a linear-feedback shift register pseudo RNG
[30]. This RNG provides a deterministic cyclic function
sampled by the heralding detector. Since the sampling is
asynchronous with respect to the RNG rate, the output is
uniform and (i) is fulfilled. The BMs are separated spatially
by 1 m, their temperature is controlled independently, and
the voltages are applied with independent electronic cir-
cuits. Any cross talk between them, e.g., due to stray
electric fields, can be safely neglected; hence, (iii) is also
satisfied. Concerning assumption (ii), we evaluate the
distribution p(b|x,y) after every minute of acquisition.
Therefore, we need to consider memory effects with time
characteristics shorter than one minute. Two main effects
should be considered: charge accumulation in the birefrin-
gence modulator, and afterpulsing in the detectors, which is
a common issue in standard QRNG approaches [4,16].
Importantly, our protocol is robust to afterpulsing (see
[25]). Charge effects in the modulator are relevant only for
modulation slower than 1 Hz [31]. Finally, the qubit
assumption (iv) is arguably the most delicate one. As
the choice of preparation x is encoded in the polarization
of a single photon, (iv) seems justified. However, a small
fraction of heralded events corresponds to multiphoton
pulses, in which (iv) is not valid. To take these events into
account, we extend our theoretical analysis (see [25]). We
show that quantum randomness can still be guaranteed
even when (iv) is not fulfilled in all experimental events,
provided that the fraction of events violating (iv) can be
bounded and is small enough compared to the total number
of successful events. To verify this assumption, the prob-
ability of single and multiphoton pulses must be properly
calibrated. For our single-photon source, the ratio of multi-
photon events vs heralds is given by ~p, /2 = 3.25 x 1074,
and our method can be applied.

We ran the experiment estimating W for the data
accumulated each minute. As discussed in [25], the estima-
tion of W considers finite-size effects and the size of the
randomness extractor is determined based on the value of W
[16,32]. In the best conditions, our setup generates about
402 bits/s of raw data (before the extractor). The witness
corresponds to a value of W = 0.76. After extraction, we get
final random bits at a rate of 23 bits/s with a confidence of
99%. Note that the confidence level is set when accounting
for finite size effects; a higher confidence can be chosen at
the expense of a lower rate. Note also that this rate is limited
by the slow repetition rate of the experiment (limited by the

dead time of the heralding detector) and by the losses in the
optical implementation (channel transmission is ~8%; total
efficiency ~2%). Figure 2(b) shows the estimated value of W
over 3.5 h and the rate at which the final random bits are
generated. To demonstrate the self-testing capacity of our
protocol, we switched off the air conditioning in the room
after 3 h. This impacts the alignment of the setup. As can be
seen from Fig. 2(b), the witness value W drops, reflecting the
fact that the distributions of internal states [¢(4) and r(p)]
changed. In turn, this forces us to perform more postpro-
cessing, resulting in a lower randomness generation rate.
Nevertheless, the quality of the final random bits is still
guaranteed. This shows that our setup can warrant the
generation of high quality randomness, without active
stabilization or precise modeling of the impact of the
temperature increase.

The quality of the generated randomness can be assessed
by checking for patterns and correlations in the extracted
bits. We performed standard statistical tests, as defined by
NIST, and although not all tests could be performed due to
the small size of the sample, all performed tests were
successful (see [25]). We stress that these tests do not
constitute a proof of randomness (which is impossible);
however, failure to pass any of them would indicate the
presence of correlations among the output bits.

Finally, we comment on the influence of losses. In the
above analysis, we discarded inconclusive events in which
the photon was not detected at the measuring device,
although the emission of a single photon was heralded
by the source. Therefore, our analysis is subject to an
additional assumption, namely, that of fair sampling, which
we believe is rather natural in the case of nonmalicious
devices. Note, however, that this is not necessary strictly
speaking, as our protocol is in principle robust to arbitrarily
low detection efficiency [24]. Performing the data analysis
without the fair-sampling assumption (in which case the
inconclusive events are attributed the outcome —1) we
obtain witness values of W ~ 1.5 x 107#, corresponding to
Hin ~2.0 x 107°. In this case, the rate for generating
random bits drops considerably to 6 x 107> bits/s, but
importantly does not vanish. Hence, our setup can be used
to certify randomness without requiring the fair-sampling
assumption. We note that even a small increase in efficiency
would lead to a large improvement in rate. E.g., an increase
from our current 2% to 10% would already give
~0.04 bits/s while an overall efficiency of 50% would
be enough to reach 23 bits/s without postselection, equal
to our current postselected rate.

Conclusion.—We have presented a protocol for self-
testing QRNG, which allows for real-time monitoring of
the entropy of the raw data. This allows adapting the
randomness extraction procedure in order to continuously
generate high quality random bits. Using a fully optical
guided implementation, we have demonstrated that our
protocol is practical and efficient, and illustrated its
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self-testing capacity. Our work thus provides an approach
to QRNG, which can be viewed as intermediate between
the standard (device-dependent) approach and the device-
independent one.

Compared to the device-dependent approach, our pro-
tocol delivers a stronger form of security requiring less
characterization of the physical implementation, at the price
of a reduced rate compared to commercial QRNGs such as
ID Quantique QUANTIS which reaches 4 Mbits/s. A fully
device-independent approach [18,19], on the other hand,
offers even stronger security [in particular assumptions
(i1)—(iv) can be relaxed, hence offering robustness to side
channels and memory effects], but its practical implemen-
tation is extremely challenging. Proof-of-principle experi-
ments require state-of-the-art setups but could achieve only
very low rates [19,20]. Our approach arguably offers a
weaker form of security, but can be implemented with
standard technology. Our work considers a scenario of
trusted but error-prone devices, which we believe to be
relevant in practice.
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In this Supplementary material we provide a proof of randomness for our protocol along with
the required assumptions in Sec. I. We show that our protocol is robust to detector afterpulsing in
Sec. II. We show how to account for multi-photon events in Sec. III, and we account for finite-size

effects in Sec. IV. Finally, we discuss statistical tests applied to the output data.

I. PROOF OF RANDOMNESS

Here we provide a lower bound on the randomness
in the observed output using the dimension witness of
Ref. [1]. The devices are assumed to be independent,
but each device features an internal source of random-
ness, represented by the variable A for Alice, and variable
w for Bob. Our goal is to upper bound the probability of
guessing the output b that one would have if A and p were
known, averaged over all inputs and values of the local
random variables. Before proceeding with the proof, we
first establish the setting in which we will work and state
the assumptions made.

A. Setting and assumptions

A priori, the probability of observing a certain output
in a given round of the experiment could depend on ev-
erything that happened before, and later events could be
correlated with the observation of a certain output. How-
ever, we will introduce several assumptions which ensure
that we can speak about output probabilities without re-
ferring to specific rounds as well as the independence of
the devices. Let us associate random variables B;, X,
Y:, A;, M; with the output, the inputs, and the internal
variables in round i, and let us write B; for the set of
variables By, ..., B; etc. Also, let us denote the probabil-
ities for the random variables to take on specific values
by lower case symbols, e.g. p(xz;) = P(X; = x;) and
p(bi| @i, i) = P(B; = b;| X; = %3, Y = ;).

Our first assumption is that all inputs are independent
of each other and the devices. Formally, X; is indepen-
dent of X; for any j # 4 and of Y;_1, Ai_1, M;_1, and
similarly for Y;. Our second assumption is that the out-
put in a given round depends only on the inputs in that
round and the current state of the devices. Formally, B;is
condltlonally independent of Bl 1, XZ 1 K 1, AZ 1, and
Ml,l given X;, Y;, A;, and M;. Our third assumption is
that the devices do not record the outputs. Formally, A;
and M; are independent of Ei,l. Under these assump-
tions, the probability for a certain string of outputs to

* These authors contributed equally to this work.

occur factorises
p(bnlfnagnv)‘nvﬁn) = Hp(bl|x17yu)‘l7ul) (1)
i=1

This can be seen by repeated application of Bayes’ rule.
The probability to correctly guess the output string l;n
knowing all the inputs and internal variables in an ex-
periment with n rounds is

P(On|Zn, Ty Ay i)
max p (blwi, yi, Ny i), (2)

= max
bn
n

and it follows that

log( S fin :Zlog(mgixp(bmi,yi,,\Z.”ui))
i=1
< nlog(; Z (Bl iy Ais 1)
nlogl— ma Liy Yiy Niy hi))-
o & n pxp Y H

i=1

3)

We now assume that the distribution of the internal ran-
domness is fized for the duration of the experiment. For-
mally, the A,, are identically distributed, and the M, as
well. With this assumption, for n — oo the sum in the
last line above is equivalent to averaging over the inputs
and internal variables, that is, it equals

> > maxp(ble,y, A wp(x, y)p(\, ). (4)

Y A p

With the final assumption that the devices are inde-
pendent, formally that the X, are independent of the
Mn, it follows from our proof below that this quantity
is bounded by a function of the observed witness value
f(W). This implies that in the limit of large n

Pl o o S fN) (5)

ZnYnAnfin

and hence the entropy per bit in the output string is
bounded by

—logy(f(W)).  (6)

TnYnAnln

1
__ = g
H= nlogQ(pq 5 ) >



We have assumed that the internal random variables
are identically distributed in every round. On the phys-
ical level, the corresponding requirement is that any ex-
ternal parameters which influence the distributions gy,
r,, such as e.g. temperature, vary slowly on the time-
scale of one experimental run, i.e. the time required to
gather enough data to estimate the witness value W. In
our experimental implementation this time-scale is about
one minute. Between different experimental runs there
is no requirement for ¢y, r, to stay unchanged. We have
also assumed that the internal variables are independent
of the outputs. Note however that we believe that these
assumptions can be relaxed. For example, detector after-
pulsing breaks the second assumption, but randomness
can nevertheless be certified in our protocol as demon-
strated in Sec. II.

B. Proof

Having established the above assumptions, we can now
go ahead with our randomness proof without reference to
any specific round of the experiment, i.e. we can work just
with the distribution p(b|z,y, A, u). For given inputs and
A, i, the guessing probability for this distribution is

Payap = maxp(bla, y, A, p)- (7)

The average guessing probability pY is the average of
piyx . over the distribution of inputs and local random-
ness. To proceed, however, we will first derive an upper
bound on pf o defined to be the average over the inputs
only.

We consider the witness W of the main text. We thus
have four preparations, x = 0,1,2,3 and two measure-
ments y = 0,1. Consider choices of preparations and
measurements which are uniformly random (as explained
in the main text, pseudorandomness is sufficient here),
i.e. each combination z,y occurs with probability 1/8.
We have that

1
p?\u =3 ngxxp(mx,y, A, )

z,Y

1
5 max Y maxp(blz,y, A, p) (8)
Y

IN

< 1+ cos(6,,/2)

- 2
where 6,, denotes the angle between Bob’s two measure-
ment. The reasoning of the derivation is as follows. The
best guessing probability averaged over inputs of Alice
is bounded by the maximum over her inputs. This gives
the first inequality and allows us to focus on the best
possible state that Alice can send. Next, Bob has two
measurements described by Bloch vectors f§ 1, and 0, is
the angle between them. The best guessing probability
averaged over his inputs is obtained by sending a state
which lies in the middle between his measurements on

cos®(¢/2)

FIG. 1. Cut through the Bloch sphere showing the measure-
ments of Bob, and a state |¢) lying in the same plane. The
probabilities of outcome, say, b = 1 are given by the projec-
tions of |¢)) onto T¢';. The probabilities when |+)) makes an
angle ¢ with T} are indicated. To maximise the average of
these, one must choose ¢ = 6,,/2. Note that choosing a state
out of the plane of the measurements can only decrease the
guessing probability.

the Bloch sphere (see Fig. 1). For such a state, the out-
come probabilities for the two values of b are cos®(6,,/4),
and sin®(0,,/4). Choosing the larger value and using the
double-angle formula, one arrives at the second inequal-
ity.

Now we use the fact that a bound on the angle 6,, can
be derived from the witness value for fixed local random-
ness Wy ,. One has that (see [1])

Wy, < |TV x TV < sind), (9)

For maximally anti-commuting measurements, we get
W, = 1. Combining (8) and (9), we get

L+ /1-w3,
T4\ ———F—

1
2 2

pg,(,# < = f(W)\,p,)- (10)

We note that the function f is concave and decreasing.

Next, we establish the following convexity property of
the witness (in a slight abuse of notation, W denotes the
observed value of the witness when A, p are not known)

w < Zq)\ruw)\,u- (11)
Ap

To see that this holds, consider the entries of the matrix
defining W. They are of the form p(1|z,y) — p(1]2’,y).



When the devices have internal randomness, we can write

p(tlz,y) —p(1l2',y) = > aaru (ﬂ[pﬁﬂ‘ﬂy] - Tr[pifﬂ’f\y])

A
=> .Sy, T
A
A Iz
=S, T, (12)

where p) are the states produced by Alice’s box, and

H‘f‘y = (1 + M}')/2 are the projection operators of Bob

corresponding to outcome 1, fi is the Bloch vector cor-
responding to M/’ and S, is the difference of the Bloch
vectors for p) and p), (see [1]). Now, from [1] it follows
that

W = (501 X 523) . (TO X Tl) (13)

= 3 ganrrw(Sh xS - (T < T (14)
AN !

= Z qumuls& X SQA:;HTéL X TIH | COS PN i,
AN !

(15)

where ¢y x v denotes the angle between the vectors
(S3, x S33) and (T} x Tl’/). Next we notice that, for
fixed A, 1, 11/, there will be a value of X’ such that |S§; x
S35 €S Panr i is maximal. If we label this value A
and set ¢y» = 1 when )\ = X\ this can only increase the
expression. We thus obtain:

W< Z Oty |Soy % Sasl|Tg x T1 | cos g (16)
A,/

Using a similar argument, we can eliminate p’:

W <Y aarul Sy x So3l|T4 x Tf | cosd (17)
A,

= Z QATMWA,M- (18)
A

We are now ready to bound the guessing probability p?.
Using the definition of p9, (10), and (11) we have

P’ => o, (19)
A p
<D araf (W) (20)
A
< f(z QATMWA,M> (21)
A p
< f(w) (22)

where in the third line we have used Jensen’s inequality
and concavity of f, and in the last line we have used that
f is decreasing. Hence, we finally get

Ly VI

1
9< = 23
<3 5 (23)

which gives the desired upper bound on the guessing
probability as a function of the observed value of the
witness W. This bound is tight when maximal viola-
tion of the witness is achieved, i.e. W = 1. In Sec. 1V,
we provide the calculation for the maximum number of
extractable random bits.

Finally, we provide a proof of the relation between W
and the commutativity of the measurements. We write
M} = T;ﬁ‘ -7, and we have

[ duroll 32291 = [ aurio |75 5.7 6] |
— [ duroli2icTy < 71 -3
—2 [ dur(u)| T} < 7Y

> 9 / AAdpg(N)r ()W,

> 2W, (24)

where we have used (9) and (11).

II. CERTIFYING RANDOMNESS IN THE
PRESENCE OF AFTERPULSING

In the following we show that although afterpulsing a
priory violates the i.i.d. assumption (%ii), the self-testing
nature of our protocol captures the effect. When after-
pulsing is present, the witness value is reduced corre-
spondingly and randomness can still be certified.

To see this, we first consider a hypothetical experi-
ment in which the outputs are generated as follows: in
a fraction 7 of events, the experiment follows and ideal
quantum qubit implementation while for the remaining
events an outcome is generated at random by the mea-
surement device, determined only by some internal ran-
dom variable p independent of the inputs. Let us denote
the witness value computed from the whole dataset W,
and the value which would be obtained from only the
quantum events W. To an observer who does not know
i, the non-quantum events look just like uniform noise
and the witness values fulfil W = n?W [1]. At the same
time, this scenario meets all of the assumptions in the
proof of randomness of Sec. I. Therefore, for an observer
with perfect knowledge of u, who can hence perfectly pre-
dict the output for the non-quantum events, the guessing
probability on the whole dataset is bounded by

P < F(W) = f(*W). (25)



We now show that the witness value is reduced in a sim-
ilar way for afterpulsing, and hence even if the outputs
from afterpulsing events can be perfectly predicted, our
bound on the randomness still holds.

Consider an experiment generating a set S =
{(b1,z1,y1)s---, (bN,zN,yn)} of N events. The first
thing to notice is that afterpulsing is probabilistic: in
any given event either there is an afterpulse or there is
not. We can therefore think of S as consisting of a set S
of N events with no afterpulse and N — N additional af-
terpulsing events. Let Npy,y denote the number of events
in S with outcome b and inputs z, y, and Nbxy the events
in S, and define Nyy, qu similarly. For simplicity let us
consider the limit of large N such that finite size effects
can be neglected. Since the inputs are chosen uniformly
N,y = N/8. We note that the probability for an af-
terpulse to occur in a given round i of the experiment
does not depend on the inputs x;, y; in that round. The
number of afterpulses is therefore the same for all com-
binations of z,y, and Ny, = nN/8 with n = N/N. In
any afterpulsing event, the outcome b; is also uncorre-
lated to the inputs z;, y; in that round (since b; = b;_1).
This means that the effect of afterpulsing when counting
events can be written

Ny = Noay + b, (26)

where, importantly, ¢, is independent of x (also of y and
indeed it may be independent of b, but this is not impor-
tant in the following).

The witness value on the dataset S is computed from
the frequencies vy|zy = Ny z,y/Ne,y. Using the above, we
can write

Nozw+co  Nowy Scp - 8cy
— Phadt] — Iy — 27

where Up|z, = szy/ny is the frequency one would
have obtained considering only the set S. Now, since the
last term above is independent of x and since the witness
is computed solely from terms of the form vy, — 151y,
we have that

W =W, (28)

where W is the witness value which one would obtain
from the events S without afterpulsing. Since the re-
duction in W when afterpulses are added is exactly the
same as in the scenario above where events with perfectly
predictable outputs were added, it follows that even if af-
terpulse events would be perfectly predictable, the bound
(25) on the guessing probability still holds.

III. ACCOUNTING FOR MULTI-PHOTON
EVENTS

For real-world sources it is challenging to guarantee
that they are of qubit nature. In particular, single-
photon sources based on spontaneous parametric down

conversion process or weak coherent sources have non-
zero probability of emitting more than one photon, vio-
lating the qubit assumption.

Given an imperfect source which does not always sat-
isfy the qubit assumption, we would like to say something
about the witness violation corresponding to events that
do satisfy the assumption. In particular, we would like a
lower bound on this violation in terms of the observed,
experimental probability distribution and some guaran-
tee on the fraction of non-qubit events. Even without a
detailed model of the source, it is possible to determine
this fraction e.g. using knowledge of the photon statistics.

A. Bounding the violation for given qubit fraction

To derive a bound on the quantum violation, we will
assume that each experimental round either satisfies the
qubit assumption, or not. That is, the conditional prob-
ability distribution for the experiment can be modeled
as

p(blzz) = apga(blzz) + (1 — @)pga(bl22), (29)

where « is the fraction of qubit events, py, is the distri-
bution corresponding to the qubit events, and pg is an
unrestricted distribution. The witness value is given in
terms of the probabilities by |W|, where

—p(1]1
—p(1]1

w — [P(1]0,0) =p(1]1,0)  pf
p(110,1) — p(1]1,1) p

)
) = p(1[1,1)

From the model (29), it follows that the expected witness
value must satisfy

W = |a®Wya + (1 — a)?* Wy + a(l — a)(G+ G|, (31)

where Wy,, Wy, are the determinants corresponding to
distributions py, and pg, respectively, and

G — Pqa(1]0,0) = pga(1]1,0)  pga(12,0) —an(1|370)’
Pga(110,1) = pgu(1]1,1)  pga(1]2,1) — pga(1]3,1)
' — |Paa(1]0,0) = pga(1]1,0)  pga(1]2,0) = pga(1|3,0)
Pqa 1|0, 1) _pqa(l‘lv 1) Pqa 1|2a 1) _pqa(1|37 1)

To bound the qubit violation for a given expected ob-
served violation we should minimise |Wy,| subject to the
constraint (31). However, if a certain value W can be at-
tained for a fixed value of |Wg,|, then attaining all smaller
values requires even less qubit violation. We may there-
fore just as well look for the maximal W for fixed |W,|.
Any value above this maximum guarantees a qubit viola-
tion of at least |Wy,|. The maximum has a simple form.
It is given by

4o(l —a) + a2a — 1)Wy,
maxW:maX{ (2(1)704)J(r04an) } (32)



The first thing we notice is that when max W in (32) is
less than 1, it is always given by the first line. This is the
relevant case for certifying randomness in practice. Solv-
ing for the qubit violation, given an observed violation
less than unity we have the bound

1
Wia > —o——
= a2a—1)

W —4a(l — o). (33)
Second, we note that for & > 1/2 the maximum (32) is
always larger than 1. This means that to be able to cer-
tify randomness in practice, we need a minimal fraction
of events satisfying the qubit assumption of

1
> —. 34
o> (34)
Third, for a given value of « there is a minimal observed
violation below which the bound (33) becomes trivial and
no randomness can be certified. We must have

W > 4a(l — ). (35)

B. Estimating the qubit fraction

For an implementation with a particular source, we
need an estimate or a lower bound on the fraction of qubit
events a. Source and detector inefficiency, and transmis-
sion losses lead to inconclusive events, and our estimate
of a should be consistent with how these events are dealt
with.

In the scenario of non-malicious, error-prone devices
considered here, it is rather natural to discard inconclu-
sive events (e.g. assuming fair-sampling) and then com-
pute W from the remaining data. To be able to evaluate
(33) in this case, one needs to estimate o when incon-
clusive events are discarded. It is also natural to assume
that all events with at most one photon emitted obey the
qubit assumption.

With these assumptions, let ¢ denote the probability
for the source to emit at most one photon and consider an
experiment with N events and M conclusive events. Be-
fore post-selection, asymptotically the fraction of events
that obey the qubit assumption is then o = ¢q. For a
finite number of events, we can put a conservative esti-
mate, i.e., a lower bound, on the number of events N,
that satisfy the qubit assumption, within a given confi-
dence. In particular, under the assumption that we know
q, the behaviour of the source is modelled by a family
of N Bernoulli trials parameterized by ¢, and thus the
estimation problem can be solved by using the Chernoff-
Hoeffding tail inequality. More formally, let v > 0 be the
failure probability of the estimation process and ¢ > 0 be
the margin parameter, then

P(N4 < gN —t) < exp(—2Nt?) = v, (36)

which implies that N, > gN —t is true with probability
at least 1 — v. Equivalently, the fraction of qubit events

without post-selection is & > ¢ —t/N with probability at
least 1 — v. The margin parameter ¢ can be expressed in
terms of N and v as t = /1/(2N)log(1/v).

To account for post-selection, we conservatively as-
sume that all multi-photon events are conclusive.
Asymptotically, the fraction of non-qubit events will be
(1—-q)N/M,soa=1-(1—-¢)N/M. For finite N we
have that after post-selection

N t
>1-(1—-¢q)— — —
a>1-(1-q)7 — - (37)
with probability at least 1 — v, with v and ¢ given by
(36).

IV. SECURITY ANALYSIS

In this section, we show that with the observed ex-
perimental statistics, it is possible to provide a bound
on the number of random bits that can be extracted
from the raw data set, Z, which takes values from a set
of all binary strings, Z of length m. Our approach es-
sentially uses the (quantum) leftover hash lemma, which
states that the amount of private randomness is approx-
imately equal to the min-entropy characterization of the
raw data Z. More specifically, it says that the number
of extractable random bits (that is independent of vari-
ables X,Y, L) is roughly given by Huin (Z|XYL). Here,
we recall that variables X and Y are the inputs of Alice
and Bob, respectively, and L is the classical register cap-
turing all information about the local variables A and p.
The min-entropy of Z given XY L has a clear operational
meaning when casted in terms of the guessing probabil-
ity, i.e., Hnin(Z|XY L) = —m10gy Pguess: it measures the
probability of correctly guessing Z when given access to
classical side-information XY L.

On a more concrete level, the leftover hash lemma em-
ploys a family of universal hash functions to convert Z
into an output string S (of size ¢) that is close to a
uniform string conditioned on side-information XY L. In
particular, we say that the output string S is A-close to
uniform conditioned on XY L, if

1
3 Z |Psxyr —UsPxvir| <A, (38)

$,2,Y,1

where Ug is the uniform distribution of S. The quality
of the output string is directly related to the number of
extractable random bits, i.e.,

1
0= {Hmin(Z|XYL) —2log, MJ . (39)

Therefore, to bound ¢, we only need to fix a security level
€sec > A and find a lower bound on the min-entropy term.
Using the definition of conditional min-entropy and the
assumption that Z is generated from an iid process, we



have

1+v1—-W?2 1
———F— | —2logy —
2 2A

(10)
Accordingly, the rate of extraction is ¢/m, and it con-
verges to the min-entropy rate when m — oo (therefore
A — 0). At the moment, our bound on ¢ is written in
terms of the expected value of W, which is not directly
accessible in the experiment. In order to relate the W to
the set of experimental statistics € := {n; /s y}z ., we
first use the Chernoff-Hoeffding tail inequality [2], which
provides an upper bound on the probability that the sum
of random variables deviates from its expected value. We
get

{=|m—mlogy [ 1+

€pe + €pe
P(1[2,9) = Heper ) £ 22 L p(1]ay) + tepes ),
z,

i (41)
where t(€pe,Nay) = +/10g(1/€pe)/(2n5y). Here, re-
lations with oversetting €, means that the relations
are probabilistically true, i.e., the relations hold except
with probability €,.. For our purposes later, we denote
piy :=p(1]z,y) £ t(epe, Nay). In the following, we intro-
duce an estimate of the expected W, i.e.,

6I
W > Wain i= min

in - W, hl,  (42)
G2,y €(Pz,y:P2,y)
where ¢ = 8¢, and
qo,0 — 41,0 42,0 — 43,0
W({q. = det ’ ) ’ gl I 43
({2 }) ¢ go,1 — 41,1 q2,1 — q3,1 (43)

Next, we need to bound the maximum fraction of non
qubit events, 1 — «. Following the discussion in Sec. III,
with post-selection we expect o to be 1— plp_fm (p2 and pq
are the probabilities of the SPDC to emit, respectively,
a double pair or a single-photon pair). In the scenario
where N preparations are made, by using the Chernoff-
Hoedffing tail inequality, we have that

1"

€
D2 +

a>d&=1- t(e’,N)|. 44
- D1+ P2 ( ) (44)

Plugging this into Eq. (C5), we get

¢ +e’ Winin — 4&(1 - 6‘)

%% 45
= &(2a —1) (45)
Therefore, the effective violation is
[~ Wmin —4a(1 — &
Weg = ¢l - &) (46)

2a -1

Note that the effective violation is obtained by fixing the
violation due to non qubit contribution to be zero. In

(a)
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FIG. 2. (a) NIST tests of the data at the output of the ex-
tractor. (b) Binary image (500x500) of the extracted random
bits.

other words, the effective violation measures the amount
of randomness in Z. That is, we have

= |m—mlog, | 1+

1
-2 10g2 ﬁ

Finally, by choosing A = ¢ and fixing €pe = €’ = ¢, the
output string S is 10e-close to uniform conditioned on
XY L. In the actual implementation we chose € = 1073,

V. OUTPUT DATA ANALYSIS

We performed tests for assessing the quality of the gen-
erated randomness, looking for patterns and correlations
in the output data. We performed standard statistical
test, as defined by NIST. For each test, the p-value is the
result of the Kolmogorov-Smirnov test, and must satisfy
0.01 < p < 0.99 to be considered successful. Although



Measurement
D/A R/L
Dy | Dy | Dy | Do

5903| 97 |3515|2485

172 1582829503050

2825(3175(5914| 86

Preparation
c|=™|»>|Z

35652435 199 |5801

TABLE 1. Sample of raw data taken during one minute under
good alignment conditions.

not all tests could be performed due to the small size
of the sample, all performed tests were successful (see
FIG. 2-(a)). A more visual approach to detecting pat-
terns is illustrated in FIG. 2-(b), where we display 250000
bits in a 500x500 matrix as a black-and-white image.
Any repeated pattern or regular structure in the image
would indicate correlations among the bits. No pattern
appears.

VI. EXAMPLE OF RAW DATA

Here, for completeness, we present an extract of the
raw data from our experiment, see Tab. I. The data cor-

responds to one minute of integration, under good align-
ment conditions. We give the detector counts observed
for each detector (D; and Dsy), for each measurement
setting y and preparation setting x. As mentioned in the
main text, the preparations z = {0,1,2,3} correspond
respectively to the diagonal (D), anti-diagonal (A), cir-
cular right (R) and circular left (L) polarization states.
The measurements y = {0, 1} correspond respectively to
the {D,A} basis and the {R,L} basis. In other words,
we use the preparations and measurements of the BB84
protocol.

Based on the raw data, we evaluate the asymptotic
probability distribution p(b|z,y) using the method pre-
sented in Section IV, and then evaluate the witness value
W. While perfect BB84 preparations and measurements
would give W =1 in the asymptotic limit, the observed
value is reduced. This is partly due to alignment errors,
but especially to finite-size effects. To illustrate, we com-
pute the W wvalue corresponding to the data in Tab. I
with and without accounting for finite-size effects. We
find W = 0.92 and W = 0.79 respectively. These val-
ues correspond to visibilities of V' = vW & 0.96 and
V' = 0.89 respectively, with respect to the ideal BB84
preparations and measurements mixed with white noise.
Note that W = 0.79 is not far from the average W = 0.76
observed under good conditions (see the main text).

[1] J. Bowles, M. T. Quintino, and N. Brunner, Phys. Rev.
Lett. 112, 140407 (2014).

[2] W. Hoeffding, Journal of the American Statistical Associ-
ation 58, 13 (1963).
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Abstract

Motivated by recent progress in electron quantum optics, we revisit the question of single-electron
entanglement, specifically whether the state of a single electron in a superposition of two separate
spatial modes should be considered entangled. We first discuss a gedanken experiment with single-
electron sources and detectors, and demonstrate deterministic (i. e. without post-selection) Bell
inequality violation. This implies that the single-electron state is indeed entangled and, furthermore,
nonlocal. We then present an experimental scheme where single-electron entanglement can be
observed via measurements of the average currents and zero-frequency current cross-correlators in an
electronic Hanbury Brown—Twiss interferometer driven by Lorentzian voltage pulses. We show that
single-electron entanglement is detectable under realistic operating conditions. Our work settles the
question of single-electron entanglement and opens promising perspectives for future experiments.

1. Introduction

The field of electron quantum optics has witnessed strong experimental advances over a short period of time [1].
Electronic analogues of the Mach—Zehnder [2], Hanbury Brown—Twiss [3] and Hong-Ou-Mandel
interferometers [4] can now be implemented with edge channels of the integer quantum hall effect functioning
as wave guides for electrons. At the same time, the recent realization of coherent single-electron emitters is
opening up avenues for the controlled manipulation of few-particle electronic states [5—8]. In parallel to these
developments, a number of theoretical proposals have been put forward to entangle electrons, e.g. in edge
channels [9-13], using either the electron spin or the orbital degrees of freedom. The entanglement is detected by
violating a Bell inequality [14, 15] formulated in terms of zero-frequency current cross-correlations [16—18].
While early proposals focus on electron sources driven by static voltages, more recent works investigate the on-
demand generation of entangled states using dynamic single-electron emitters [19-23].

For spin or orbital entanglement, several particles are involved and the particles are entangled in the spin or
the orbital degrees of freedom, respectively. A conceptually different notion of entanglement is provided by
entangled states of different occupation numbers. In this case, the entanglement is between different modes, and
the relevant degree of freedom is the particle number in each mode. It is a question that has been much debated
whether a state of a single particle in a superposition of two spatially separate modes should be considered
entangled [24-30]. For photons (and other Bosons) it is by now well established that the answer is yes, and that
the entanglement is in fact useful in quantum communication applications [31, 32]. For electrons (and other
Fermions), the situation is different because of charge and parity superselection rules, and the question still
causes controversy [33-37].

Here, we revisit this question motivated by the recent development of dynamic single-particle sources in
electron quantum optics. We demonstrate rigorously that the answer for electrons is affirmative based on the
situation sketched in figure 1(a): two independent sources each produce a single electron which is delocalized
with one part transmitted to location A and the other to B. Using only local operations (LOs) and measurements
at each location, a Bell inequality between A and Bis violated deterministically, i.e. without post-selection. This

©2016 IOP Publishing Ltd and Deutsche Physikalische Gesellschaft
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Figure 1. Schematic setup. (a) Two independent single-electron sources emit delocalized electrons towards the locations A and B.

A Bell test is performed using local operations and measurements at A and B. If the resulting data p (ab|xy) violates a Bell inequality,

A and B necessarily share entanglement. Hence, the sources must emit entangled states. (b) Electronic Hanbury Brown—Twiss
interferometer realizing the idea in (a) for an experimental demonstration of single-electron entanglement. Single-electron excitations
are generated at the source contacts S; and S, and travel to the outputs A, and B,.. The contacts G; and G, are grounded.

necessarily implies that there is entanglement between A and B. Since the sources are independent this in turn
implies that the state emitted by a single source is entangled between regions A and B. Specifically, we show that
such a situation can be realized in an electronic Hanbury Brown—Twiss interferometer driven by Lorentzian
voltage pulses as illustrated in figure 1(b). Notably, the single-electron entanglement can be observed from
current cross-correlation measurements at the outputs of the interferometer.

2. Single-particle entanglement

We start with a brief introduction to single-particle entanglement. A single particle in a superposition of two
different locations can be described by the state

1

) = —

(10)a |11)g + [1)4 [0)5), (D

where the numbers in the kets indicate the particle numbers in the spatially separated modes. The basic question
is whether such a state is entangled. One can ask the question both for Bosons and for Fermions, in particular for
photons and electrons. To answer affirmatively, the entanglement must be experimentally detectable.

Entanglement should be verified directly from measurements on each spatial mode in equation (1), e.g. by
testing the observations against a Bell inequality [ 14, 15]. If arbitrary measurements were possible, equation (1)
should indeed be considered entangled since it for example violates the Clauser—Horne—Shimony-Holt (CHSH)
Bell inequality [38]. However, the possible measurements may be limited because the state equation (1)isa
single-particle state. Violating the CHSH inequality requires measurements which are not diagonal in the
occupation number basis, i.e. they should contain projections onto superpositions of states with different
particle numbers such as (|0) + |1))/~/2. One may therefore expect a fundamental difference between
photons and electrons because global charge conservation and parity superselection [39, 40] forbids such
superpositions for electrons [30, 41].




I0P Publishing

NewJ. Phys. 18 (2016) 043036 D Dasenbrook et al

For photons it is by now established that the state given in equation (1) is entangled and in fact useful for
applications in quantum communication [32, 42]. Experimental demonstrations of single-photon
entanglement have been reported using homodyne [43, 44] and weak displacement measurements [45, 46].
These measurements require the use of coherent states of light (laser light), which introduces additional
particles. These particles provide a reference frame between the observers [30, 47]. Alternatively, single-photon
entanglement can be converted into entanglement between two atoms [31]. In equation (1), the numbers 0, 1
then represent internal atomic states and entanglement can be verified straightforwardly. Importantly, since the
conversion process involves only LOs, one concludes that the original single-photon state given in equation (1)
must have been entangled. These procedures, however, cannot be straightforwardly applied to Fermions (for
example, there is no equivalent of coherent states for Fermions). Hence, a more careful analysis is necessary as we
show in the following.

3. Single-electron entanglement and nonlocality

We consider the experiment pictured in figure 1(b) and now argue that single-electron entanglement is
observable. To keep the analysis simple, we work at zero temperature and assume that the sources create single
electronic excitations above the Fermi sea which can be detected one by one. These assumptions do not
contradict any fundamental principle such as charge conservation. We consider the possibility of an
experimental implementation with current technology later on.

Single electrons are excited above the Fermi sea at the sources S; and S,, and are coherently splitand
interferred on electronic beamsplitters—quantum point contacts (QPCs) tuned to half transmission. Tunable
phases ¢, and ¢ can be applied in one arm on either side of the interferometer. The phases can be tuned using
side gates or by changing the magnetic flux ® through the device. In the latter case, we have
2@/ Py = ¢, + g, where &y = h/e is the magnetic flux quantum.

Labelling the modes as indicated in the figure, in second quantized notation the top beam splitter
implements the transformation a Si — (ajil +a g] ) / V2, a'G"1 — (aj;1 —a gl ) / 2 and similarly for the others.
Here, we have introduced the Fermionic creation and annihilation operators a; and a,, for electrons above the
Fermi sea in mode .. Considering just the top source (S;), the state created after the beam splitter is thus

1
V2
where the state |0) represents the undisturbed Fermi sea. This is the electronic version of equation (1), and we
use the interferometer to demonstrate that the state indeed is entangled between the regions A and B.

The joint initial state of the two sources is a S‘l a Slz |0), and the state evolution up to the output of the

interferometer is then

(aj, + aj)10), 2)

1,4 .
aS‘L1 ast |0) — E(a;{l e + a;)(a;ﬂ2 + ag, e'¥#)|0)
1 PR .
— Z[a;’\+aé+(e‘¢ -1+ aLagi (e¥+1)

+ aj;ia;; (e + 1) + alﬁi‘{ (e — 1)

- 2ei%\a:£+ajL + Zei’%a];a;] |0), (3)
where ¢ = ¢, + @5 and we have used the Fermionic anti-commutation relations {a], aj} = éjand
{a iT, a JT} = {a;, a;} = 0. We omit terms where two electrons go to the same output since these are ruled out by
the Pauli exclusion principle”.

Assuming that single-electron detection is possible, the state given in equation (3) can be seen to violate the
CHSH inequality using the following strategy: the phases ¢’ and 7, are determined by the inputs x, y = 0, 1,
and the binary outputs a, b = +1 are determined by outputting +1 when one click is observed in detector A,
(similarly for B). In cases where both or none of the detectors click, the outputs are defined to be +1 and —1
respectively. We denote the probability for outputs a, b given inputs x, y by P (ab|xy). The correlator defined as

Ey = ZabP (ablxy) 4)
a,b

4 . .. . . .
Such terms vanish due to the Fermionic anti-commutation relations, e.g. 2 (a};l )2 = {u:{l , a);l }=0.
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is then given by
By = — 1+ cos(fj + ga};)‘ )
If the experiment can be explained by alocal hidden variable model, then the CHSH inequality holds [38]
S = |Eoo + Eo1 + Eio — Enl < 2. (6)
Now, with the choice gpi =0, golA =7/2, <pOB = —3m/4,and gog = 37 /4, wefind
S=1++2>2. (7)

Thus, the CHSH inequality is clearly violated. Since the state given in equation (3) violates a Bell inequality
between A and B, it must necessarily be entangled. Note that this Bell inequality violation is not subjected to the
detection loophole [15], as our scheme does not involve any post-selection. Furthermore, the state given in
equation (3) was created by LOs on two copies of the state given in equation (2) coming from two independent
sources. Since any product of separable states is separable, it follows that the state given in equation (2) must
itself be entangled. We thus conclude that the state of a single electron split between two modes is entangled.

It should be pointed out that the setup in figure 1(b) is similar to the Hanbury Brown-Twiss interferometer
for electrons, as theoretically proposed [12] and experimentally realized [3] using edge states of a two-
dimensional electron gas in the integer quantum hall regime. However, in these works maximal CHSH
inequality violation (S = 2+/2)is achieved by post-selection on the subspace of one electron on each side of the
interferometer (effectively post-selecting a maximally entangled state), which is interpreted as two-electron
orbital entanglement. Here, by contrast, our scheme involves no post-selection and we do not achieve maximal
CHSH violation, but in turn we can demonstrate single-electron entanglement.

It should also be noted that the possibility of using two copies of a single electron entangled state in order to
distill one entangled two-electron state has been discussed in [29, 48]. There, the idea is that each observer
performs a nondemolition measurement of the local electron number and then post-selects on the cases where a
single electron is detected on each side. Alternatively, the distilled entanglement can be transferred to a pair of
additional target particles [49], in which case however single-electron nonlocality cannot be unambiguously
concluded. Again, as argued above, our setup involves no post-selection and is thus conceptually different.
Moreover, the setup does not require nondemolition measurements.

The scheme described so far is a thought experiment, demonstrating that single-electron entanglement in
theory is observable. In principle, nothing prevents its realization. Single-electron sources [5, 7, 8] and electronic
beam splitters have been experimentally realized and the first steps towards single-electron detectors [6, 50] have
recently been taken. Still, realizing our thought experiment is at present challenging, mainly because of the
requirement to detect single electrons. To relax this constraint, we discuss in the next section an experiment
which only relies on measurements of the average current and the zero-frequency current-correlators. These are
standard measurements which would also demonstrate single-electron entanglement, albeit under slightly
stronger assumptions about the experimental implementation.

4. Observing single-electron entanglement

We consider again the setup in figure 1(b), but now discuss a detection scheme which is feasible using existing
technology. Specifically, we consider measurements of zero-frequency currents and current correlators as an
alternative to single-electron detection. We give a detailed description of the single-electron sources and the
interferometer based on Floquet scattering theory [51-54]. This allows us to investigate realistic operating
conditions such as finite electronic temperatures and dephasing. As we will see, it is possible to demonstrate
single-electron entanglement under one additional assumption, namely that the measurement of the mean
current and the zero-frequency current correlators amounts to taking ensemble averages over the state in each
period of the driving. This is a reasonable assumption if the period of the driving is so long that only one electron
from each source is traversing the interferometer at any given time.

For the single-electron sources, we consider the application of Lorentzian-shaped voltage pulses to the
contacts [7, 8, 55-58]. A driven mesoscopic capacitor [5] can be used instead. Electrons leaving a contact pick up
atime-dependent phase

e INE,
e =—+ [ v, ®)
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where the voltage applied to the contact has the form

> 24T

ev()= Y,

=T+ T ©

Atzero temperature, this results in the excitation of exactly one electron out of the Fermi sea (and one hole going
into the contact) without any additional electron-hole pairs. This quasiparticle is called aleviton [7, 8]. In
equation (9), the temporal width of the pulse is denoted as I"and 7 is the period of the driving.

Floquet scattering theory provides us with a convenient theoretical framework to describe the periodically
driven interferometer [51-54]. By Fourier transforming equation (8), we obtain the Floquet scattering matrix of
the driven contacts as

— 2 Wginh (L) n >0
81(11) =g n=20 (10)
0 n < 0.

These are the amplitudes for an electron at energy E to leave the contact at energy E, = E + n/ (2, having
absorbed (n > 0) or emitted (n < 0) |n| energy quanta of size /22, where {2 = 27/7 isthe frequency of the
driving.

The scattering matrix of the interferometer can be found as follows. Since there are eight terminals in total
(four inputs and four outputs), the scattering matrix of the interferometerisan 8 x 8 matrix. However, due to
the chirality of the edge states, electrons leaving an input contact can only travel to an output. This allows us to
work with an effective 4 x 4 scattering matrix connecting every possible input to every possible output.
Including the phases ¢, and ¢y, that the particles pick up when travelling from input 1 to location A or from
input 2 to B, the scattering matrix reads

fraef rity el htg h1g
S— tIT’ACiV’QA tltAei”A — ntp — 11y (11)
N thta — Hhry — Nty el¥s nip el¥s '
— ity nmra — trgel¥s tytgelds

Here, 1 5 refers to the transmission amplitude of the QPCs after source 1(2) and t, (5 is the amplitude for the
QPClocated at A(B). The r’s are the corresponding reflection amplitudes. The rows number the possible inputs
S1, Gy, S; and G, (in this order) and the columns the possible outputs A+, A—, B+ and B—. We have chosen all
amplitudes to be real and inserted factors of —1 for half of the reflection amplitudes to ensure the unitarity of the
scattering matrix. Below, we consider only half-transparent beam splitters and thus set all amplitudes to 1,/~/2.

To obtain the combined Floquet scattering matrix of the interferometer and the single-electron sources, we
multiply every matrix element of the stationary S-matrix corresponding to a voltage-biased input (i. e. the first
and third rows) by S;(n) and every element corresponding to a grounded input (i. e. the second and fourth rows)
by 0. In doing so, we assume that the two electron sources are perfectly synchronized and all arms of the
interferometer have the same length. The resulting Floquet scattering matrix Sg(E,, E) = Sg(n) is the basis of
all calculations below.

The current operator in output v is given by [59]

=7 [ ®ea® - Bl Bba @) E, (12)
where the operators ¢, (E) (b, (E)) annihilate an incoming (outgoing) electron in lead «v at energy E. Outgoing
electrons from the leads are distributed according to the Fermi—Dirac distribution function

1

Y(E)bg(E")) = 6,36 (E — E)——————
(b, (E)bs (E)) = bapd (E E)eE/<kBT>+1’

(13)
where T'is the electronic temperature and we have set the Fermi level in all reservoirs to Er = 0. The scattered
electrons are not in thermal equilibrium. We find their distribution by relating the incoming electrons to the
outgoing ones via the Floquet scattering matrix as [53]

ca(E) = Z Z[SF(E: E)las bﬁ (En). (14)

n=—oo 3

4.1. Zero temperature
Atzero temperature, the average currents and the zero-frequency current correlators can be calculated
analytically using equations (12) and (14). For example, the average current at output A+ reads

5
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e

(Iay) = ,]—,(TzTA + TiRy), (15)
where T; = |t;?and R; = |r* (i = 1, 2, A, B).Thezero-frequency current cross-correlator is defined as

g = <Ialﬁ> - <Ia><Id> (16)

For the cross-correlator between the A+ and B+ outputs we obtain

2
€ i —io
PA+3+ = —? |t2tAT'2tB€l*’B + franrge 19,A|2' (17)

Note that the average currents are insensitive to the phases ¢, and y,, whereas the current cross-correlators
depend on their sum ¢, + . This is known as the two-particle Aharonov—Bohm effect [12].
We now formulate the CHSH inequality [38] for our system. The leviton annihilation operator is [58]
aq = N2T Y e 1B/ 7p, (E). (18)

E>0
At zero temperature, we can express the operator of the number of levitons emitted from lead « per period in
terms of the current operator as

T
a;aa = ;Ia. (19)

This allows us to relate the current operator for a given detector at A or B to an operator on the modes on side A
or Bbefore the final beam splitter and the phase shift, see figure 1(b). Taking for instance the detector A and
transforming equation (19) through the beam splitter and the phase shift, we get

Voig 1 A
al‘am — E(e"“’/\aA1 + ay)(€eay + aqa,)
Liat i Leieagt iong |
= E(aAlaA, +ayaa) + E(e “ray aa, + e¥aa, ag). (20)

To gain an intuitive understanding of this operator, we consider its restriction to the single-electron
subspace, i.e. the case where there is exactly one electron on side A of the interferometer. In this case, the first
term in equation (20) is just 1/2. The Hilbert space is two-dimensional and the states a §, [0), a} |0)forma
basis. In this basis, the second term in equation (20) is (cos(,) oy + sin(p,)0,)/2, with oy, 0, 0, being the usual
Pauli matrices. Thus, in the single-electron subspace we have

Iy, = 2iT(l +od), 1)
A
A
we see that, in the single-electron subspace, measuring I, is equivalent to measuring O’?A . Similar expressions
can be obtained for the currents at the other detectors, and thus, by measuring the currents at the four outputs,
we can measure any combination of Pauli operators in the two-qubit subspace with a single electron on each side
of the interferometer.

With this in mind, we define the observables

where 0, = cos(g,) o+ sin(¢,) Uf is the rotated Pauli matrix in the x—y plane, acting on side A. From this

X = 71;& -1, X5 = ZTTIg”f -1, (22)
where the current for a given phase setting ¢ is denoted as I?. In the subspace with one electron on each side of
the interferometer, these correspond to measuring (rotated) Pauli operators. Events where two or no electrons
arrive on the same side will give contributions of +1 or —1 respectively, see equation (19), independent of the
phase settings, analogously to the output strategy in the previous section. At zero temperature the correlator
becomes

1+ cos(p, + @)
2 bl

showing that the joint statistics is the same as in section 3, where single-electron detection was assumed. Here,
however, we interpret the current expectation values entering in the correlator, such as (Ifi ), as the result of
time-integrated measurements. We thus assume that a measurement of the time-integrated current and the
zero-frequency current correlators amounts to taking ensemble averages over the state in each period of the
driving. The statistics obtained from the time-integrated current measurement is then the same as what one
would obtain by averaging over several periods of the driving with single-electron detection. Under this
assumption, we can again consider the CHSH inequality

(XQXg?) =

(23)

0 A Al 0 1 b
S = [(XPXP + XP X5+ X XP0 — X5 x| < 2. (24)
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Figure 2. Maximal value of the CHSH parameter as a function of temperature. The Bell angles are ¢, = 0, 4,9; = / 2,05 =—7/4
and 90; =57 / 4. The dephasing parameter ¢ is the variance of the distribution of the sum of the phases ¢, + (. The dashed line
indicates the CHSH bound.

Itis easy to see that the choice @i =0, @Z =m/2, 4,0% = —37/4, gpg = 37 /4 leads to aviolation, giving
S=1+4+2>2. (25)

This finally shows us that this scheme makes it possible to observe single-electron entanglement using zero-
frequency measurements only.

We note that our results for the current and the zero-frequency noise do not depend on the pulse width I". As
such, our measurement strategy based on equation (22) would also work with constant voltages as realized in the
experiment by Neder et al [3], and the CHSH violation of equation (25) would be obtained. However, to
unambiguously demonstrate single-electron entanglement, in line with the thought experiment described in
section 3, itis important that only one electron from each source is traversing the interferometer at any given
time. We therefore need to work with along period and well-separated pulses, as opposed to constant voltages.

Itis instructive to compare our proposal to the previous work of Samuelsson et al [12]. Although the two
setups are similar, the detection scheme discussed here is different. This significantly changes the interpretation
of the observations. The measurement scheme suggested by Samuelsson et al is formulated in terms of
coincidence rates [ 12, 60]. The corresponding observable is then sensitive only to the part of the state with a
single electron on each side of the interferometer. Thus, the measurement effectively corresponds to performing
post-selection, discarding the part of the state where two electrons are on the same side. In this case, the CHSH
inequality is maximally violated (S = 2+/2), as the post-selected state is a maximally entangled two-qubit state.
The Bell inequality is then violated because of the two-electron orbital entanglement [12]. By contrast, our
measurement strategy is sensitive to the entire state (including terms with two electrons on the same side) and
does not imply any effective post-selection. For this reason we reach alower CHSH violation, S = 1 4 /2.
However, we observe in turn single-electron entanglement.

4.2, Finite temperatures and dephasing

At finite temperatures, additional excitations in terms of electron-hole pairs are expected. Consequently,
equation (19) does not hold any longer. The operators in equation (22) are thus not strictly bounded between —1
and +1, although values outside this range should be rare at low temperatures. Since the CHSH parameter Sis a
monotonically decreasing function of temperature, a violation of the CHSH inequality at finite temperatures
indicates that the corresponding zero temperature state is unambiguously entangled. We will thus continue to
use equation (24) to detect single-particle entanglement.

At finite temperatures, the average current and the zero-frequency current correlators can be calculated
numerically. Figure 2 shows the maximal value of the CHSH parameter (using the same phase settings as above)
as a function of the electronic temperature. In the absence of any additional dephasing mechanisms (blue curve),
the CHSH inequality can be violated up to a temperature of kg T & 0.5/ €. For a typical driving frequency of
5 GHz[7, 8], this corresponds to a temperature of about 120 mK, which is well within experimental reach.

Due to interactions with the electrons in the underlying Fermi sea as well as with nearby conductors, the
injected single-electron states may experience decoherence and dephasing. Here we do not give a microscopic

7
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model for theses interactions, but instead we introduce a phenomenological dephasing parameter o> which
denotes the variance of the total phase ¢, + ¢;; in amodel thatleads to Gaussian phase averaging. Previous

experiments have shown that this is the dominant effect of the interaction of electronic interferometers with
their environments [2, 61]. At zero temperature, the correlator in equation (23) then becomes

_ 14 e Tcos(p + vp)
2 bl

making a Bell violation possible up to o> < 0.35. At finite temperatures, an analogous expression can be found
[60] and the dephasing has a similar qualitative effect. Figure 2 shows that for small values of the dephasing
parameter, a CHSH violation is still possible at low enough temperatures, while for 2 > 0.35, the entanglement
cannot be detected any longer. We note that the visibility of the current correlators observed in the experiment
by Neder et al [3] is too low to violate equation (24) in this setup. It corresponds to a dephasing parameter of

o? =~ 1.39 (light blue line in figure 2). Nevertheless, by a careful design of the interferometer the dephasing may
be further reduced, bringing the measurement described here within experimental reach.

(X7 X5") (26)

5. Conclusions

We have revisited the question of single-electron entanglement. Specifically, we have demonstrated theoretically
that the state of a single electron in a superposition of two separate spatial modes is entangled. As we have shown,
single-electron entanglement can in principle be observed in an electronic Hanbury Brown—Twiss
interferometer based on single-electron sources, electronic beam splitters, and single-electron detectors. Unlike
earlier proposals for generating entanglement in electronic conductors, our scheme does not rely on any post-
selection procedures. Since single-electron detectors are still under development, we have devised an alternative
experimental scheme based on existing technology using average current and cross-correlation measurements.
With these developments, the experimental perspectives for observing single-electron entanglement seem
promising.
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We investigate the phenomenon of anonymous quantum nonlocality, which refers to the existence of
multipartite quantum correlations that are not local in the sense of being Bell-inequality-violating but where
the nonlocality is—due to its biseparability with respect to all bipartitions—seemingly nowhere to be
found. Such correlations can be produced by the nonlocal collaboration involving definite subset(s) of
parties but to an outsider, the identity of these nonlocally correlated parties is completely anonymous. For
all n > 3, we present an example of an n-partite quantum correlation exhibiting anonymous nonlocality
derived from the n-partite Greenberger-Horne-Zeilinger state. An explicit biseparable decomposition of
these correlations is provided for any partitioning of the n parties into two groups. Two applications of these
anonymous Greenberger-Horne-Zeilinger correlations in the device-independent setting are discussed:
multipartite secret sharing between any two groups of parties and bipartite quantum key distribution that is
robust against nearly arbitrary leakage of information.
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Quantum correlations that violate a Bell inequality [1],
a constraint first derived in the studies of local-hidden-
variable theories, were initially perceived only as a
counterintuitive feature with no classical analog. With
the discovery of quantum information science, these
intriguing correlations have taken the new role as a
resource. For instance, in nonlocal games [2], the presence
of a Bell-inequality-violating (hereafter, referred to as
nonlocal) correlation signifies the usage of strategies that
cannot be achieved using only shared randomness. They
are also an indispensable resource in quantum information
and communication tasks such as the reduction of com-
munication complexity [3], the distribution of secret keys
using untrusted devices [4,5], as well as the certification
and expansion of randomness [6], etc. (see [7] for a review).

Thus far, prior studies of quantum nonlocality have
focussed predominantly on the bipartite setup. However, as
with quantum entanglement [8,9], correlations between
measurement outcomes can exhibit a much richer structure
in the multipartite setup. Consider a multipartite Bell-type
experiment with the ith party’s choice of measurement
setting (input) denoted by x; = 0, 1 and the corresponding
outcome (output) by a; = £1. Already in the tripartite
setting [10], quantum mechanics allows for correlations—a
collection of joint conditional probability distributions
P= {P(alx)} = {P(ajayaz|x;x,x3)}—that cannot be
reproduced even when subsets of the parties are allowed
to share some nonlocal resource R [11,12]. (Throughout,
we focus on nonlocal resources R that respect the non-
signaling conditions [13,14] which dictate, e.g., that each
marginal distribution of PF(a;a;|x;x;) can be defined

0031-9007/14/113(13)/130401(5)
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independent of the input of the other party.) Such genuinely
tripartite nonlocal correlations are, by definition, those that
cannot be written in the so-called biseparable form:

(alx) # Zm
+ Zp”Pﬂ(aﬂxz)P
u

(ay|x,)P (a2a3|x2x3)

P (ayaz|x;x3)

+Y paPiasa) PR (aaalnx), (1)
A

where > ey, pi =1, p; 20 for all i € {4, u,v} and
PR (ajay|x;x;) is any bipartite correlation allowed by the
resource R [11,12]. In a Bell-type experiment, the presence
of genuine multipartite nonlocality [15—-19] is a manifes-
tation of genuine multipartite entanglement [8]; it thus
facilitates the detection of the latter in a device-independent
manner, i.e., without relying on any assumption about the
measurements being performed nor the dimension of the
underlying Hilbert space. (It is also possible to detect
genuine multipartite entanglement in a device-independent
manner without the detection of genuine multipartite
nonlocality; see [18,20]). In contrast, correlations that are
biseparable, cf. Eq. (1), receive almost no attention. Apart
from being a tool in the derivation of Bell-type inequalities
for genuine multipartite nonlocality, is this kind of correla-
tion interesting in its own right? Here, we answer this
question affirmatively via the phenomenon of anonymous
nonlocality (ANL), an intriguing feature that is only present
in biseparable correlations. We will also provide evidence
showing that ANL can be a powerful resource, allowing
one to design device-independent quantum cryptographic

© 2014 American Physical Society
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protocols that can guard against a particular kind of attack by
any postquantum, but nonsignaling adversary.

Biseparable correlations and anonymous nonlocality.—
To appreciate the peculiarity manifested by ANL, let us
start by considering the simplest, tripartite scenario.
Clearly, among the subsets of correlations that can be
decomposed in the form of the right-hand side of Eq. (1) are
those that satisfy

Zpy (a)]x1) P (aza3]x,x3), (2a)

= puPu(ar]x2) PR (ayas|xix3), (2b)
U

= ZPAPA(%|x3)PZ1€(ala2|x1X2)v (2¢)
A

where p,, p,, p; 2 0 for all v, u, and 4, but in contrast with
Eq. (1), we now have > p,=> p,=> p,=1
Equations (2a)—(2c) imply that the correlation can be
produced without having any nonlocal collaboration
between the isolated party and the remaining two parties
(as a group). Naively, one may thus expect that all
correlations satisfying these equations must also be local
in the sense of being non-Bell-inequality-violating (hence-
forth abbreviated as local). However, there exist [21]
quantum correlations that satisfy Eqs. (2a)—(2c) as well as

P(a[%) # Y _poPo(a;|x1)Po(as|x,)Po(as|x;),  (2d)
7

for any conditional distributions Pg( i|x;) and any normal-

ized weights p,. In other words, P satisfying Eq. (2) is
nonlocal but this nonlocality is (i) not genuinely tripartite (it
is biseparable), (ii) not attributable to any of the two-partite
marginals [Eqs. (2a)—(2c) imply that all marginals are local],
and (iii) not attributable to any bipartition of the three parties.
The nonlocality present in any correlations satisfying Eq. (2)
is thus in some sense nowhere to be found.

We now provide a very simple example of a correlation
satisfying Eq. (2), and more generally the property of
being (1) nonlocal and (2) biseparable with respect to all
bipartitions in an arbitrary n-partite scenario. Consider the
n-partite Greenberger-Horne-Zeilinger (GHZ) state [22]
|GHZ), = 1/v/2(|0)®" + |1)®") and the local measure-
ment of 6, and o,. The resulting correlation is

:% [1 + cos (x%) ga] (3)

where x = > _.x;, and we have identified x; = 0 (1) as the
o, (0,) measurement [see, e.g., Eq. (23) of [23]]. For all
n > 3, we show [24] that n-partite correlations of the form
of Eq. (3) admit a biseparable decomposition with respect
to any partitioning of the n parties into two groups.
Specifically, for n = 3, this decomposition, cf. Eq. (2a),
involves p, =% for all v, P,(ay|x;)=0,1 and
PR(ayas|x,x3) is the correlation associated with the

P(am = PEHZ(Z”})

so-called Popescu-Rohrlich (PR) box [13]—a hypothetical,
stronger-than-quantum, but nonsignaling resource. [In the
tripartite scenario, the biseparability of the GHZ correlation
was also discovered independently in [25] (see also [26])].
To see that these correlations are nonlocal, it suffices to
note [24] that Eq. (3) violates the Mermin-Ardehali-
Belinskii-Klyshko-Bell inequality [27,28] (even maximally
[29] for all odd n > 3).

Consider now an alternative way to understand the
nonlocality associated with Eq. (2). Operationally, Eq. (2¢)
implies that P can be produced by, e.g., party 1 signaling
classically to party 2, and all parties responding according
to the information that they received and some predefined
strategy 4. By symmetry of Egs. (2a)—(2c), the same can
be achieved by having only nonlocal collaboration between
any two out of the three parties. Thus, while the correlation
can be produced by having only a definite subset of parties
collaborating nonlocally, the identity of these nonlocally
collaborating parties is anonymous to an outsider who only
has access to P. Indeed, even if an outsider is given the
promise that a fixed subset of the parties have collaborated
nonlocally, it is impossible for him to tell if, say, party 1 and 2
have collaborated nonlocally in generating P. Importantly,
the anonymity present in these correlations differs from the
case where a classical mixture of the different bipartitions
is necessary, cf. Fig. 1 (see [30,31] for examples of such
classical anonymity). In this latter case, it is indeed possible
to identify the parties that must have collaborated non-
locally, even though this identification is generally not
possible at any single run of the experiment.

As noted above, for all n > 3, the GHZ correlations of
Eq. (3) are nonlocal but can nevertheless be produced by
splitting the parties into any two groups, and disallowing
any nonlocal collaboration between these groups. Thus, the

2[13

123

FIG. 1 (color online). Schematic representation of the various
sets of tripartite correlations. Correlations biseparable with
respect to party i in one group and parties j and k in the other
lie in the (light blue) rectangle labeled by “i| jk”. The convex hull
of the three biseparable sets i|jk, where i,j,k € {1,2,3} is
represented by the filled convex region and gives correlations
decomposable as the right-hand side of Eq. (1). The blank region
between the outermost box and the filled convex region represents
correlations that are genuinely tripartite nonlocal. Intersection of
the three biseparable subsets i|jk gives correlations satisfying
Eqgs. (2a)—(2c¢); its subset featuring ANL is the tiled region while
local correlations lie in the (cyan) rectangle L. Hatched regions
represent biseparable correlations where classical mixture of
different bipartitions is necessary for their production.
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FIG. 2.  ANL in the quadripartite scenario. Each participating
party is abstractly represented by a box labeled by the party
number. The correlations were produced by having parties 1 and
2, as well as 3 and 4 collaborated nonlocally (symbolized by ~).
To an outsider who only has access to @ and X, even if one is given
the promise that the correlations were produced by the four parties
separated into two fixed groups, it is impossible to tell which
actual partitioning of the parties generated these correlations.

anonymity present in these correlations is even more striking
in the n > 3 scenarios: not only are the groups of parties
sharing R unidentifiable in an unambiguous manner, even
the size of the groups are also not identifiable (see Fig. 2).
For example, when n = 4, the correlations satisfy

P(alx) = ZCIA,PM (ar|x))PF(azazaylnyxsxy),  (4a)
A

= quzPlz(az|x2)PZ(ala3a4|x1x3x4), (4b)
A

—_—— (4c)

= ZqMSPZ(a1a4|x1x4)P,7§(a2a3|x2x3), (4d)

3 4
P(alx) # Zfla HPa(ai\xi)’ (4e)
7 il

where >, p;, = Zﬂjpﬂj =1, p;>0forallij,and “-.”
indicates other possible biseparable decompositions that
have been omitted. From Eq. (4), we see that the quadri-
partite GHZ correlation could have been produced by having
any three parties collaborating nonlocally, or any two groups
of two parties collaborating nonlocally within each group.
From the correlation itself, it is simply impossible to
distinguish these possibilities apart (Fig. 2).

Let us now briefly comment on the relationship between
ANL and multipartite entanglement. Clearly, one expects that
there must also be features analogous to ANL in the studies
of multipartite entanglement. Indeed, the first of such
examples dates back to the three-qubit bound entangled
[32] SHIFT state [33] where its entanglement was dubbed
delocalized [34] since it is separable with respect to all
bipartitions, yet not fully separable. A more recent example
[21] involves a three-qubit bound entangled state which even
violates a Bell inequality, thus giving also an example of
anonymous quantum correlation. An important difference
between their example and the tripartite case of our GHZ
example is that their correlation can be produced by a
biseparable tripartite entangled state whereas ours necessarily
requires a genuinely tripartite entangled state. More gener-
ally, for all odd n > 3, we show [24] that the correlations

of Eq. (3) can only be produced by genuinely n-partite
entangled state. Our examples thus show that the generation
of ANL does not require delocalized entanglement.

Perfect correlations with uniform marginals.—From
Eq. (3), we see that whenever an odd number of parties
measure in the ¢, basis, the product of outcomes [ [;a; gives
41 with equal probability; otherwise, it is either perfectly
correlated or perfectly anticorrelated. Moreover, it follows
from Eq. (3) that all marginal distributions of these
correlations are uniformly random. Next, we present two
quantum cryptography protocols that exploit these strong
but anonymous correlations.

Application I: Multipartite secret sharing (MSS).—
Imagine that n parties wanted to share a secret message
between any two complementary subgroups as they desire,
i.e., between any subgroup of k parties (k < n — 1) and the
subgroup formed by the remaining parties. Suppose, more-
over, that the shared secret is to be recovered by these
subgroups only when all parties within each group collabo-
rate (so that it is unnecessary to trust all parties within each
group). A possibility to achieve this consists of (i) the n
parties share (many copies of) |GHZ,), (ii) each party
randomly measures either the o, or the o, observable,
(iii) the n parties are randomly separated into two groups
and all parties assigned to the same group collaborate to
compare their inputs and outputs, (iv) both groups announce
their sum of inputs, (v) parties in the same group compute the
product of their measurement outcome and deduce, using
Eq. (3), the shared secret bit upon learning the sum of inputs
of the other group, (vi) parties in one group use the shared
secret keys to encrypt the message and send it to the other.

In the device-independent setting, security analysis is
carried out by treating each physical subsystem together
with their measurement device as a black box; conclusions
are drawn directly from the measurement statistics. Indeed,
the above protocol does not rely on the assumption of a GHZ
state nor the particular measurements being performed, but
rather the strong correlation present in Eq. (3)—for the right
combination of inputs, the product of outputs are perfectly
(anti-) correlated. (This happens in half the cases. In the
other cases, the correlation is useless for key generation.)
Thus, the protocol essentially works by first distributing the
correlated data needed to establish the secret keys, and
performing the secret sharing [35] between any two com-
plementary subgroups of the n participating parties as they
deem fit. Since the product of outcomes for each group is
uniformly random, the protocol is secure against cheating by
any dishonest parties within the group; no one can retrieve
the shared key without collaborating with everyone else
within the same group. What about eavesdropping by an
external, postquantum but nonsignaling adversary Eve?

Since the GHZ correlations of Eq. (3) are biseparable, a
naive attack by Eve may consist in preparing for the n
parties the biseparable, nonsignaling boxes that reproduces
exactly Eq. (3). For instance, in the tripartite case, in
accordance with the biseparable decomposition, she would
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prepare with equal probability four different versions of a
deterministic box for one of the parties, and, correspond-
ingly, four different versions of a PR box for the remaining
two parties. If the decomposition that she chooses matches
exactly the way the parties are separated into two groups,
then after step (iv), she learns exactly the key and hence the
message shared by these parties. In this case, the product of
outcomes for each group is a deterministic function
(of the sum of inputs) known to Eve. The secret sharing
protocol of Hillery, Buzek, and Berthiaume [36] is thus
insecure against this kind of attack by a nonsignaling
adversary. However, as the grouping is decided only after
the measurement phase, she can guess the bipartition
correctly only with a chance of % in the tripartite case,
and more generally (2"~! — 1)~! in the n-partite scenario.
Evidently, this guessing probability rapidly approaches O
as n increases, making it extremely difficult for Eve to
succeed with this eavesdropping strategy for large n.

Application II: Bipartite leakage-resilient QKD.—Next,
let us describe a quantum key distribution (QKD) protocol
between two parties, A and B, which is as leakage resilient
[37] as one could hope for. The protocol consists of
(i) preparation of many copies of |GHZ,), (ii) for each
of these n-partite systems, a randomly chosen subset,
say, k of the n subsystems are distributed to A, while
the remaining n — k subsystems are distributed to B, (iii) for
each of these subsystems, A and B randomly measure o, or
oy, (iv) both parties announce their sum of inputs, (v) for
each n-partite system distributed from the source, A and B
compute the product of their local measurement outcomes
and deduce, using Eq. (3), the shared secret bit upon
learning the sum of inputs of the other party.

As with the MSS protocol described above, the secret
key is established through the perfect (anti-) correlation
present in the product of the outputs. Moreover, the gist of
the protocol only relies on the correlation given by Eq. (3),
rather than the actual state and measurement giving rise to
this correlation, rendering the protocol ideal for device-
independent analysis. However, in contrast with usual
device-independent cryptography where leakage of informa-
tion is not allowed, the above protocol is as leakage resilient
as one can hope for—the adversary Eve can certainly recover
the secret key if all the output bits from either party leak to
her, but if she misses merely one output bit from each party,
the additional information that she gains from the leakage
cannot improve her guess of the secret key. Now, if we
assume that Eve has no control over how the subsystems are
distributed in step (ii) [38], but otherwise only constrained by
the nonsignaling principle, then as with the MSS protocol,
for n sufficiently large, her advantage of preparing some
biseparable, nonsignaling boxes for A and B is minimal.

Discussion.—Let us now comment on some possible
directions for future research. Clearly, we have only provided
intuitions on why the protocols proposed above may be secure
even in a device-independent setting. For odd n > 3, since the
GHZ correlations violate the Mermin-Bell inequality

maximally (see [24]), the result of Franz ef al. [39] implies
that these correlations are necessarily monogamous with
respect to any potential quantum eavesdropper. This strongly
suggests that if we assume an independent and identically
distributed scenario, a formal security proof of these protocols
against a quantum adversary may be given even in the case
with noisy correlations (because of the noise robustness of the
Mermin-Bell violation of Pgyy(a|X), the ANL of Pz (a|x)
is also extremely robust to noise), and in a device-independent
setting. Evidently, a security proof without this assumption is
even more desirable, and a possible path towards this is to
prove that the protocols are even secure against an adversary
that is only constrained by the nonsignaling principle [13].
Our arguments as to why the protocols are not immediately
susceptible to a straightforward attack by such an eaves-
dropper, despite the fact that the correlations are biseparable,
is an evidence pointing in this direction.

For leakage-resilient QKD, one could also imagine,
instead of the above protocol, doing an existing QKD
protocol many times in parallel and then using the XOR of
the secret key bits to generate the final secret key. Although
such a protocol requires many more qubits to establish the
final secret key, it can clearly offer a high level of leakage
resilience. How would such a protocol perform compared
with the above protocol based on |GHZ,)? This certainly
deserves some further investigation.

Coming back to ANL itself, let us note that the require-
ment of (1) nonlocality and (2) biseparability with respect
to all bipartitions may arguably not, by themselves, imply
that an outsider cannot attribute unambiguously the non-
locality to any definite subset(s) of the n parties. For
instance, one may start with the tripartite GHZ correlation
P}y, (alx), cf. Eq. (3), and trivially construct an example
P' = P}, (alx) [T, P(a;|x;) for arbitrary n parties by
introducing parties that are uncorrelated with the first three.
While such an n-partite correlation P’ indeed satisfies the
two requirements stated above, one can unambiguously
attribute the nonlocality present only to the three parties
that give rise to P¥y,(a|x). Note, however, that such an
identification is incomplete since the production of such a
biseparable correlation only requires the nonlocal collabo-
ration between two parties, and it is still impossible for an
outsider to determine which two parties have collaborated
nonlocally in producing the given correlation (Fig. 1 and
Fig. 2). A more precise definition of ANL may thus require
also a specification of the extent (size) of the nonlocal
resource needed in producing the given correlation, a task
that shall be pursued elsewhere [31]. For our GHZ
examples, except for the cases where n is even with n/2
odd, it can be shown [24] using the result of [16] that the
correlations of Eq. (3) are not triseparable, i.e., not
producible by a partitioning of the parties into three groups
(where only parties within the same group are allowed to
collaborate nonlocally). Hence, the generation of these
correlations indeed requires the nonlocal collaboration of at
least [n/2] parties in one group; an analogous statement for
the remaining cases would be desirable.
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Appendix A: An explicit biseparable decomposition
of the n-partite GHZ correlations

For the n-partite Greenberger-Horne-Zeilinger
(GHZ) [1] state and the situation where all parties mea-
sure either the Oth-observable o, or the 1st observable
oy, the resulting correlation of Eq. (3) can be rewritten
in terms of the correlator, i.e., the expectation value of
the product of outcomes:!

E(&) = >

U / o —
ay,ah,...,a;, =0,1

(—1)Z: % P(@'|7) = cos (xg) (3)

where for conciseness of subsequent presentation we have
used, instead, a; = ‘“TH =0, 1 to denote the output and
as before, x = >, x; to denote the sum of inputs. Note
that all the full n-partite correlators depend only on the
parity of x and x/2 whereas all the marginal correlators
vanish.

We now move on to the proof that the correlation (3)
is biseparable with respect to all bipartitions whenever
parties in each group are allowed to share arbitrary
post-quantum but non-signaling [3, 4] (NS) resources,
while parties in different groups can only be correlated
through shared randomness. Note that the biseparability
of Eq. (3) under the NS constraint implies that if parties
in the same group are allowed to share a stronger re-
source, such as a Svetlichny resource [5], or some other
one-way signaling resource discussed in [6, 7], the corre-
lation must remain biseparable.

For clarity we first give a proof for the 3-partite case.
The extension to arbitrary numbers of parties follows by
generalizing these ideas. We note that for the three party
GHZ state, if we have x = 0 modulo 2, the correlation
can be written as:

T\ x=
ay + ay + afy = cos (xa) *20,2 T2 + T3, (A1)
where the addition is modulo 2. For the other choices
of inputs with x = 1 there is zero correlation, and
all one and two party marginals are random for all
inputs. We note 4 different strategies that are capa-

ble of reproducing the correlation (A1) for the case x = 0:
(i) Parties 1 & 2 share a Popescu-Rohrlich (PR)

box [3] a} + ab = x1x2 and the third party owns a
deterministic box af = x3.

1 To arrive at this n-partite correlator, see, eg., Eq. (23) of [2].

(ii) Parties 1 & 2 share an ‘anti’ PR box a} +af = z1z0+1
and the third party owns a deterministic box a = zg+1.
(ili) Parties 1 & 2 share an input flipped PR box
ay + ay = (z1 + 1)(z2 + 1) and party 3 owns the
deterministic box aj = 1.

(iv) Parties 1 & 2 share an ‘anti’ input flipped PR box
ay +ah = (z1 + 1)(z2 + 1) + 1 and party 3 owns the
deterministic box af = 0.

From the form of Eq. (Al) it is clear that strategy
(i) and (ii) will give the correct full correlation. Strate-
gies (iii) and (iv) follow from the fact that if x = 0 we
have z1xo + x5 = x129 + 1 + 22 = (21 + 1) (22 + 1) + 1.
Hence for x = 0 we always simulate the correct
correlation. For the cases x = 1, we note that now
122 + x3 = (21 + 1)(x2 + 1) and so strategies (iii)
and (iv) will give exactly the opposite correlation to
strategies (i) and (ii) for these inputs. Mixing equally
all four strategies therefore gives no correlation for these
inputs. The mixture of the different PR box symmetries
and deterministic strategies for party 3 then ensures that
all 1 and two party marginals are random. Due to the
symmetry of the GHZ correlation, the same construction
will therefore work for any bipartition of the 3 parties.

Let us now give a proof for the n-partite case. Consider
the four families of n-partite NS boxes, labeled by 1, s,
pg and pg:

1
n (=2 2\
Ph@NT) = 5051, ol Hy (8) ~ Hy (2) mod 2

o 1

P, (@) = 271——152:’;1 al—Hp (&)—H?(Z) mod 2>
1 (A2)

Pi@|%) = 5o=g05, a1y (8)— 13 () mod 25

o 1
PLL(@17) = 5i=1051, 0y - 1y (8) mod 2,
n—~
where H (7) = Y55 | F(4j + €,2),

F(k,@)=> [ [] (@i +1) (A3)

G i€G  jEG!

and the sum ) is over all G C [n] = {1,2,...,n} with
group size |G| = k, and G’ is the complement of G in
[n]. Essentially, each term involved in the summand in
F(k,Z), and hence H}*(Z) defines a distinct combination
of inputs & = &’ such that H}(#') = 1mod 2, and hence
making the outputs anti-correlated. For instance, F'(0, &)
only makes a nontrivial combination to Hg(Z) if all the
inputs x; are 0.

From Eq. (A2), it is easy to verify that for all 1 <
k <n—1, the k-partite marginals of PJ(@'|Z) are 1/2"



and these correlations indeed define NS probability dis-
tributions. Moreover, from Eq. (A2) and these marginal
distributions, one can show that these NS boxes give rise
to vanishing marginal correlators and the following full
n-partite correlators:

E(&)u, = (-1)T @D = —B(7),,, (A4)
E(@), = ()@@ = —p(z)

a4

where in Eq. (A4), & denotes sum modulo 2 and in ar-
riving at the second equality in each line, we have em-

ployed the identity 327, F(j) = 1 that holds for all

n-bit strings .2 To gain some intuition on these NS

boxes, we note that for n = 1, the u;,3 boxes correspond
to the deterministic strategies a’ = z ® 1 and ' = =z
whereas the p/4 boxes correspond to the determinis-
tic strategies @’ = 1 and @’ = 0. Similarly, for n = 2,
the f11/3 boxes correspond to the PR boxes defined by
ai+adh = (x141)(z2+1) and aj +a5 = (x1+1)(z2+1)B1
whereas the pi5,4 boxes correspond to the PR boxes de-
fined by @} + a, = 122 ® 1 and a} + a}, = z122. For
n = 3, all these NS boxes correspond to some version of
NS box 46 described in [8]. It is conceivable that these
boxes are extremal NS distributions for all n.

To reproduce the correlations given in Eq. (3) using
biseparable A'S resources with k parties in one group and
the remaining (n—k) parties in the other group, it suffices
to consider an equal-weight mixture of the following four
strategies:

1. The group of k parties share the k-partite version
of the uy box and the remaining parties share the
(n — k)-partite version of the us box.

2. The group of k parties share the k-partite version
of the p3 box and the remaining parties share the
(n — k)-partite version of the u4 box.

3. The group of k parties share the k-partite version
of the uo box and the remaining parties share the
(n — k)-partite version of the p; box.

4. The group of k parties share the k-partite version
of the py box and the remaining parties share the
(n — k)-partite version of the uz box.

For n = 3, the above strategy corresponds to a mix-
ture of 4 different versions of the NS box 2 in [8]. In
general, to verify that the above strategy indeed gives
rise to Eq. (3), we first remark that each of these strate-
gies also reproduces Eq. (3) for the case when ), x; is
even. To see this, we use the fact that NS box p gives
anti-correlation (i.e., expectation value -1) only if either
>iwif20or (14>, 2;)/2 is even; NS box o gives anti-
correlation only if ), ; /2 is even or (14, ;)/2 is odd;
NS box pg gives anti-correlation only if either ). x;/2 or

2 This last sum involves all possible combinations of inputs and
thus for all input bit strings &, there is exactly one term in the
expression that does not vanish, therefore giving the identity.

(I+>,2:)/2 is odd; NS box p4 gives anti-correlation
only if >~ x;/2 is odd or (1 + >, ;)/2 is even. More-
over, since strategy 1 and 3 are such that the correlation
produced by parties in the same group are exactly op-
posite (likewise for strategy 2 and 4), we see that all
the less-than-n-partite correlators, as well as the full n-
partite correlator when Y . | x; is odd, indeed vanishes
as claimed.

Appendix B: Mermin-Bell violation of the GHZ
correlations

Here, we compute the quantum expectation value of
the GHZ correlations for the Mermin Bell inequality [9,
10] (here written in the form derived in [2])3

Bz =2 Y cos{% 1+ (n— 2x)]}E(:E)’ <1
ze{0,1}m
(B1)
The above Bell expression can be rewritten as:
25 |BL| :’ 3 Cos{g [+ (n— ZX)}}E(QE)‘,
#e{0,1}n
:’ Z cos {g(l + n)} cos (xg)E(i’)
z£e{0,1}m
+ Z sin [2(1 =+ n)} sin (xg)E(f)‘
ze{0,1}™

For the GHZ correlation of Eq. (3), this simplifies to
Z cos [%(1 + n)} cos? (xg) ',
7e{0,1}", x even

2"z ‘cos [%(1 + n)} ‘,

1—n

5| =2

giving

2”2 :nodd
miax|Bl| = { 2";; no

i.e., achieving maximal [11] possible quantum value of
|Bi| for odd n.

; (B2)

:noeven

Appendix C: Quantum biseparable bound of the
n-partite Mermin-Bell expression

For arbitrary odd n > 3, the Mermin-Bell expression
B! given on the left-hand-side of Eq. (B1) is equivalent
to a special case of a general family of permutationally
invariant Bell expression described in Eq. (22) of [12],

Qpoosor =27 22" BT

(C1)

3 B7 is the same Bell expression as the usual one obtained through
the recursive formula [10]; it can also be obtained by flipping all
the inputs in B™.



From Eq. (23) of [12], it can be shown that the above
expression admits the following upper bound on the
quantum biseparable bound:

D2 26000 2 27722 V2). (C2)

Combining these two equations and after some straight-

forward computations, we get the following upper bound

on the quantum biseparable bound for the Mermin-Bell
expression:

B <2571 (C3)

For arbitrary even n > 2, the Mermin-Bell expression
BT given on the left-hand-side of Eq. (B1) is equivalent to
the following Bell expression described in Eq. (1) of [12],

Tpoo=2""1 =27 B (C4)
From Eq. (25) of [12], we know that the above expres-

sion admits the following upper bound on the quantum
biseparable bound:

In,2,2 Z 2n72. (05)
Combining these two equations, we arrive, again, at
Eq. (C3).

To see that the biseparable bound of Eq. (C3) is tight,
it suffices to note that the biseparable quantum state

[v) = |GHZy,—1) ®10) (C6)
and the local observables
A, =cosay, 0, +sinag, o, Vi=1,...,n—1,
i i . iy (C7>
Ag, = B, 1 for i=n.
with ao = — 555y, a1 = =5 = 457y fo = —V2sin 7

and B = V2 cos ZF indeed give rise to a quantum value
of BY of 2571, Since B™ can be obtained from B by
flipping all the inputs, the same quantum biseparable
bound holds for B™.

Since the GHZ correlations of Eq. (3) give Eq. (B2),
we see that for odd n, the generation of these correlations
necessarily requires a genuinely n-partite entangled state,
independent of the underlying Hilbert space dimension.

Appendix D: m-separability and multipartite
nonlocality underlying the n-partite GHZ
correlations

For odd n, we know from the main theorem of [13]
that a quantum violation of |BZ| = 2"z implies that it

is impossible to reproduce these GHZ correlations using
any 3-separable resource (i.e., a partitioning of the par-
ties into three groups, and where the parties within each
group can share even arbitrary nonlocal resource).

For even n, let us evaluate the the quantum value of
the following Bell expression [13]:

1
B2l =— |B" +Bz ,
| 2‘ \/§| + |
> cos%[l +(—1)*(n — 2x)] E(Z)
#€{0,1}m s=0,1

‘ Z ZCos%cos [%(n - 2X)}E(f)‘;

ze{0,1}n

)

1
:%‘

1
2

S

:‘ Z cos [g(n — 2X)}E(f)‘

ze{0,1}n

(D1)

For even n and E(Z) of Eq. (3), this becomes

)

nmw T _ nmw
E COS—COSQX—) =2" 1‘cos—
4 2 4

Ze{0,1}",xeven

giving a value of 2"~ for even 5 and 0 for odd 3.
Again, note from the main theorem of [13] that for
even n, any correlation producible by a partition of the
n parties into 3 groups (each sharing some Svetlichny re-
source S [5-7]) can at most give a value of BE = 2772,
This means that, as with odd n, the n-partite GHZ cor-
relation for even n with even 7 is not producible by any
partition of the parties into 3 groups, even if parties in
each group are allowed to share whatever nonlocal re-

source.

Together with the biseparable decomposition obtained
for these correlations, the above results on m-separability
imply that for (1) odd n and (2) even n with even Z,
generation of the GHZ correlations of Eq. (3) requires
the nonlocal collaboration of at least [4] parties in one

group.
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