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ABSTRACT

Quantum mechanics is nonlocal, which makes it different from classical mechanics.
Quantum information and quantum computation is a promising frontier science
which is based on quantum mechanics. The nonlocality of quantum mechanics
is the fundamental reason that many quantum information processing tasks have
significant advantages over their classical counterparts.

In this dissertation, we study three aspects of quantum nonlocality, which in-
clude the quantitative relationship between entanglement and nonlocality, the quan-
tification of genuine tripartite nonlocality and the distribution of nonlocal quantum

resources. To be specific,

e We investigate the quantitative relationship between entanglement and nonlo-
cality of bipartite quantum systems. We start by exploiting the condition that
the nonlocality of two different two-qubit states can be optimally examined
by a same nonlocality test setting. Via numerical simulation, we find that
the nonlocality of a generic two-qubit state is upper bounded by a function of
the corresponding entanglement. Further, we give an analytical proof for the
upper bound and find the class of two-qubit states that can reach the upper
bound.

e We analyze the quantification of genuine tripartite nonlocality of a generic
three-qubit state. We find a method to solve the problem for a special class
of three-qubit states which include not only pure states but also mixed states.
Applying the method, we drive analytical results for the genuine tripartite
nonlocality of generalized GHZ states, generalized Werner states and two class

of mixed states with special correlation matrices.

e We investigate the distribution of nonlocal quantum resources. To distribute

bipartite nonlocal quantum resources, we design an efficient quantum repeater



scheme, which not only achieves the optimal transmission rate but also con-
sumes less resources of local operations and classical communication, for the
case of general pure states of two-qubit system. We also analyze the case of
bipartite pure states of arbitrary dimensional quantum system and get an up-
per bound on the probability of a successful projection operation to produce a
maximally nonlocal state. To distribute tripartite nonlocal resources, we pro-
pose a simple scenario to generate tripartite nonlocal resources from bipartite
nonlocal resources. As examples, we examine the cases that two-qubit Werner
states and general two-qubit pure states are prepared as resources, respective-
ly. We get the upper bounds on the genuine tripartite nonlocality that can be
generated in the scenario. We also provide the optimal measurement settings

to achieve the upper bounds.

Keywords: Quantum mechanics; quantum information; local hidden vari-
able model; CHSH inequality;  Svetlichny inequality;  genuine tripartite non-
locality.



1. INTRODUCTION AND BACKGROUNDS

Quantum mechanics and computer science are two of the most significant achieve-
ments of human being in the 20th century. Max Planck’s contribution in 1900 led to
the development of quantum mechanics. With the effort of a number of scientists for
more than one century, quantum mechanics has fundamentally changed the human’s
view of the world and taught us to think the unthinkable. In 1965, Gordon Moore
predicted the growth of computational power from the observation that the number
of transistors in a dense integrated circuit doubles approximately every two years.
This prediction is known as Moore’s Law. In the last five decades, Moore’s Law has
been reliably predicted the pace of computer technology. The computational power
of computers and the technology of communication not only continually speed up
human’s ability of understanding the nature but also make our everyday life more
efficient and plenty.

Unfortunately, many scientists pointed out that Moore’s Law would end in near
future because that the classical computer technology is approaching its physical
limitation. However, the continuous development of human being society has a
thirst for faster and more powerful computers. Due to the indispensable significance
of computational power, it is urgent to find a practical solution for improving the
computational technology.

A possible solution to the failure of Moore’s Law is to move to a new paradia-
gram which is based on the idea of using quantum mechanics to perform computa-
tional tasks, instead of classical physics. This paradiagram, which is a combination
of quantum mechanical theory and computation theory, is known as quantum com-
putation. The corresponding paradiagram for communication is known as quantum
information.

Quantum computation and quantum information would have unimaginable ad-

vantages over their classical counterparts. Thus, the development of quantum com-



putation and quantum information will probably cause a new technological revolu-
tion. The fundamental reason of those advantages is that quantum mechanics have

the characteristics of entanglement and nonlocality.

1.1 Quantum computation and quantum information

As a potential substitution of classical computation technology, quantum computa-
tion is mainly motivated by two reasons. On one hand, there are many practical
tasks that could not be solved by classical computers. One of the most important
evidences is that there are essential difficulties in simulating quantum mechanical
systems on classical computers. Due to this reason, the Nobel laureate Richard
Feynman suggested that building computers based on the principles of quantum
mechanics would allow us to void those difficulties [1].

On the other hand, physical theories give a limitation on the integration density
of computer chips, which forecasts the failure of Moore’s Law in near future [2, 3].
The major reason is that thermal fluctuations (Johnson-Nyquist noise) would case
false bit. Another challenge is that the constrain of using lower supply voltages to
keep power dissipation manageable contradicts with the requirement of increasing
clock frequency. In recent years, industry practice also indicates that it becomes
more and more difficult to follow Moore’s Law [1, 5].

Feynman’s proposition initiated the research field of quantum computation and
quantum information. The potential failure of Moore’s Law causes more attention
of whole society on the research of the field. All of the world powers have put heavy
investment on research programs related to quantum computation and quantum
information. In the last three decades, remarkable progresses have been achieved in
both theoretical and experimental aspects.

In classical computation, the Turing machine, which was invented in 1936 and
named after its inventor, is a mathematical model of computation [6]. The Church-
Turing thesis defined the mechanical computability of a Turing machine [7]. The
Church-Turing principle indicates that every finitely realizable physical system can
be perfectly simulated by a universal Turing machine operating by finite mean-
s. However, classical physics and the universal Turing machine do not obey the

principle because that classical physics is continuous while the universal Turing
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machine is discrete [¢]. Motivated by this drawback, a class of quantum Turing ma-
chines, the quantum analogues of Turing machines, have been proposed in the early
1980s [1, 9, 10]. In 1985, Deutsch defined a universal quantum Turing machine which
is compatible with the Church-Turing principle [8]. The quantum Turing machine
has many remarkable properties which are not reproducible by any classical Turing
machine. It turns out that any function, which is computable in polynomial time by
a quantum Turing machine, has a polynomial size quantum circuit [11]. This fact
provides the theoretical possibility to construct a universal quantum computer. Not
only the academia but also industry has great interest on realization of quantum
computers. The first experimental quantum computer was demonstrated by Chuang
et al. in 1998 [12]. Since the first demonstration of a 16-qubit quantum processor in
2007, the Canadian company D-Wave has updated its commercially available quan-
tum computers for several rounds. In the early 2017, D-Wave released a quantum
computer which is composed of 2000 qubits and has new control features [13]. The
D-Wave quantum computers are specialized for the quantum annealing algorithm
which is a method for finding the global minimum of a given function [11]. IBM
scientists are aiming to build a universal quantum computer and recently released
a 50-qubit quantum computer [15].

An algorithm is a sequence of step-by-step instructions for solving a practical
problem. Algorithms are so important that they are known as the sprit of physical
computers. The design of efficient quantum algorithms is the key for exploiting the
magic power of quantum computers. Many clever quantum algorithms have been
proposed in the last three decades. The first exponentially faster quantum algo-
rithm is the Deutsch-Jozsa algorithm which was proposed by Deutsch and Jozsa in
1992 [16]. The most profound one is Shor’s algorithm for factoring a large number in
polynomial time [17]. RSA public-key cryptography scheme is difficult to be broken
by a classical computer and widely used thereby. However, Shor’s algorithm could
be applied to break the RSA scheme. Shor’s algorithm was firstly experimentally
demonstrated in 2001 by factoring the number 15 on a nuclear magnetic resonance
machine [18]. There are more significant quantum algorithms such as Grover algo-
rithm for searching database [19], quantum walk algorithm for solving the element

distinctness problem [20] and HHL algorithm for solving linear systems of equation-



s [21]. All of them exhibit quadratic or even exponential quantum speedup over
their best known classical counterparts.

In the last three decades, many significant quantum information processing pro-
tocols have been proposed. The first quantum key distribution protocol, proposed
by Bennett and Brassard proposed in 1984, is usually referred as BB84 which is
named after its inventors [22]. The BB84 protocol has been proved to be uncon-
ditional secure [23, 24]. In 1993, Bennett et al. designed a protocol to transmit
quantum information via only local operations and classical communication (LOC-
C) and the help of the previously shared entanglement between the two ends [25].
This protocol achieves the transmission of unknown quantum information without
directly sending a quantum system to the receiver, which is known as quantum tele-
portation. The speed of quantum teleportation is still limited by the speed of light
because that classical communication is required in the process. Superdense coding
is a quantum protocol to send two classical bits of information via transmitting only
one qubit, which is somewhat like the inverse of quantum teleportation [26, 27].
The first experiment of quantum teleportation was realized by Bouwmeester et al.
in 1997 [28]. In the August of 2016, Chinese scientists lunched a quantum science
experiment satellite nicknamed Micius. According to the latest report, the distance
of quantum teleportation was extended to 1400 km [29] and that of quantum key

distribution was extended to 1200 km [30] by taking the ground-to-satellite diagram.

1.2 Quantum nonlocality

We have introduced quantum computation and quantum information which have
greater advantage over their classical counterparts. One of the fundamental reasons
of this advantage is that quantum mechanics has the characteristics of entangle-
ment and nonlocality. In this section, we will give a brief introduction on quantum
nonlocality.

In 1930s, physicists had concluded two basic principles for classical mechanics,
namely locality and realism. The locality principle states that any property of
an object is only determined by its immediate surroundings. In other words, the
measurement outcome on one system would not be influenced by the measurement

outcome of another remotely located system. The realism principle claims that any
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object must have a pre-existing value for any possible measurement before which is
made. In 1935, Einstein, Podolsky and Rosen constructed a thought experiment to
show that the theory of quantum mechanics contradicted with the theory of local
realism. Therefore, they concluded that quantum mechanics was incomplete and
should be supplemented with additional variables [31]. This thought experiment is
also known as EPR paradox. Thereafter the EPR paper, Schrodinger pointed out
that the phenomenon in EPR paradox was the characteristic of quantum mechanics
and named it as entanglement [32].

In 1964, around 30 years after the publication of EPR paper, physicist John
Stewart Bell from University of Wisconsin gave a negative answer to the EPR para-
dox [33]. Bell formulated the prediction of classical mechanics as a mathematical
model which contains a hidden variable for restoring the theory of causality and
locality. The model is also known as local hidden variable model (LHVM). Bell
showed that the prediction based on quantum mechanics was impossible to coincide
with that of LHVM, thereby concluding that quantum mechanics is nonlocal! Bell’s
groundbreaking work opens a new door for the research of quantum physics. In 1969,
Clauser et al. proposed an inequality to certify the nonlocality of quantum mechan-
ics in a simpler way [341]. Any prediction of LHVM satisfies the inequality while
the prediction of quantum mechanics could violate it. Thus, the violation of the
inequality by quantum predictions indicates that quantum mechanics is nonlocal.
This inequality is known as CHSH inequality, named after its inventors. There are
many inequalities which can confirm the nonlocality of quantum mechanics. Those
inequalities are all known as Bell inequalities to commemorate the groundbreaking
contribution of John Stewart Bell [35].

The predictions are usually expressed as conditional probability distributions
which are also known as correlations. A correlation is local if it admits a LHVM.
Otherwise, the correlation is nonlocal. The quantum state that can only generate
local correlations is local state. If a quantum state can generate nonlocal correlation,
then the state is said to be nonlocal quantum state. As nonlocal quantum states
can generate correlations that cannot be created via classical experiments, they are
a kind of precious resource for designing powerful protocols. Therefore, it is of prac-

tical significance to exploit the nonlocality of quantum states in both perspectives



of qualitative verification and quantitative analysis.

It is difficult to verify the nonlocality of a quantum state via the LHVM. A clever
way for the verification is through the violation of Bell-type inequalities which give
upper bounds on all local quantum states. Thus, the violation of any Bell inequality
is a sufficient condition for the state being nonlocal. Nonlocality of a correlation
could be operationally measured by the tolerance of nonlocal correlations to the
addition of noise[36, 37] or the amount of classical communication which has to be
supplemented for reproducing the correlation from a local model [35]. A common
choice for quantifying the nonlocality of a quantum state is through the amount of
violation of a Bell inequality.

Recall that entanglement and nonlocality are the basic characteristics of quan-
tum mechanics. The relationship between quantum entanglement and quantum
nonlocality is a longstanding problem in the quantum foundation research. In the
earlier years since Bell’s proposal of nonlocality, entanglement and nonlocality were
thought to be the same concept. Indeed, all entangled pure states are also nonlo-
cal states [39]. However, this result is not true for mixed states. In 1989, Werner
found a class of quantum states which are entangled but admits some LHVM [10].
Those quantum states are known as Werner states. The presence of Werner states
indicates that being entangled is not a sufficient condition to be nonlocal. By quan-
titatively analyzing the nonlocality of general two-qubit pure states, Brunner et al.
concluded that entanglement and nonlocality are different resources [11]. It is shown
that all quantum states which are useful for quantum teleportation are nonlocal re-
sources [12] while not all entangled states are useful for teleportation [13].

The simplest nonlocality test scenario is the one with two parties each of whom
has two possible dichotomic measurement settings. CHSH inequality is the only
nontrivial Bell inequality for the bipartite nonlocality test scenario [11]. The non-
locality of this scenario has been extensively studied in the last five decades. In
1995, Horodecki et al. found a necessary and sufficient condition for violating the
CHSH inequality [15]. They got an analytical expression for the maximal violation
of the CHSH inequality by an arbitrary two-qubit state. The violation of CHSH in-
equality was firstly demonstrated in physical experiment by Freedman and Clauser

in 1972 [16]. In recent years, many research groups have been concentrating on the



1. Introduction and backgrounds 7

loophole free test of Bell’s theorem [17, 18, 19, 50].

The nonlocality of multipartite scenario has a much more complex structure
than the case of bipartite scenario, which makes the research of multipartite non-
locality an interesting but challenging work. The simplest multipartite nonlocality
test scenario is the one with three participants. Different notations of tripartite
nonlocality can be defined based on the nonsignaling constraint between partici-
pants or the order of test measurements [51]. The genuine tripartite nonlocality, a
more precious nonlocal resource, is based on a LHVM proposed by Svetlichny in
1987 [52]. Svetlichny also constructed a Bell inequality, known as Svetlichny in-
equality, to detect the genuine tripartite nonlocality. Svetlichny’s tripartite genuine
nonlocality model has been generalized to n parties and the corresponding Bell-type
inequality has been derived [53, 51]. We will focus on Svetlichny’s definition in this
dissertation.

Due to the complex structure, the genuine tripartite nonlocality has not been
fully understood, even for the three-qubit system. In the simplest nonlocality test
scenario, a three-qubit quantum system is shared by the participants in the scenario
and each participant performs a dichotomic measurement chosen from two possible
measurement settings. The genuine tripartite nonlocality of the three-qubit system
can be quantified by the maximal Svetlichny inequality violation of the state. A
comprehensive measure can be further constructed from the maximal violation. Note
that the Svetlichny inequality gives an upper bound 4 for any local correlation that
admits a tripartite LHVM. However, the inequality can be violated when quantum
resource is shared in the scenario. The maximal violation of the inequality is 4v/2,
which can be achieved by the GHZ state.

It is difficult to analytically analyze the genuine nonlocality of a general three-
qubit state. Progress was achieved in 2009 when Ghose et al. derived an analytical
expression of genuine nonlocality for the generalized GHZ states and W states [55].
They also found the quantitative relationship between the entanglement and nonlo-
cality of the states. Later in 2010, Ajoy and Rungta [70] extended this result to a
set of more general GHZ-class states and W-class states. The genuine nonlocality
of three-mode Gaussian states of continuous variable systems was investigated by

Adesso and Piano in 2014 [57]. In 2016, Paul et al. investigated different notions of



nonlocality of the three-qubit GHZ-symmetric states [53]. Recently, a tight upper
bound for the genuine nonlocality of general three-qubit states was obtained by Li et
al. [59]. In experiment, three-photon GHZ states are generated to test the genuine

Y ]

The quantitative relationship between entanglement and nonlocality of a three-

tripartite nonlocality through the violation of the Svetlichny inequality |

qubit system is an interesting problem. However, few progresses have been achieved
on this problem because of the difficulty of quantifying tripartite nonlocality. Nu-
merical analysis shows that there are upper and lower bounds on entanglement for
a three-qubit state with given nonlocality [62]. The analytical relationship for a
special class of three-qubit pure state were found [55, 56]. It is still an open problem
to find an analytical relationship for general two-qubit states.

Interestingly, nonlocality could be super-activated from local resources. In 1995,
Popescu firstly noticed that a class of quantum states are classical when single
measurement is considered while they present non-classical feature when each system
is subjected to a sequence of ideal measurements [63]. This type of nonlocality is
known as hidden nonlocality. Further, it also shows that bipartite nonlocality can be
enhanced by collective measurements [64]. More surprisingly, quantum nonlocality
can be super-activated from classical resources in a quantum network [65].

Despite LHVM, nonlocality can also be operationally interpreted. Inspired
by the operational definition of quantum entanglement, Gallego et al. concluded
that nonlocality is a resource that could not be created by the operation of wirings
and classical communications prior to the inputs [06]. They also systematically
studied the nonlocality generated by the sequential quantum measurements, which is
known as the time ordered framework of quantum nonlocality [67]. The operational
definition of quantum nonlocality turns out to be equivalent to the time ordered
framework of nonlocality. Those interpretations of quantum nonlocality enrich our

understanding of quantum mechanics.

1.3 Motivations and contributions

In the previous sections, we have seen that quantum nonlocality not only plays an
indispensable role in the application of quantum processing tasks but also has the

fundamental importance in the theory of quantum mechanics. However, there are
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important issues to be resolved both in fundamental theories and practical applica-
tions.

In particular, there are problems not well understood with respect to quantum
entanglement and nonlocality. Such as the relationship between nonlocality and
entanglement of a quantum system, the quantification of the genuine nonlocality in
a tripartite quantum system and the distribution of nonlocal quantum resources.

We consider three problems in this dissertation. The first concern is the rela-
tionship between the nonlocality and the entanglement of a general two-qubit state.
The qualitative relationship have been extensively studied in literatures. The quan-
titative relationship of the class of two-qubit pure states is also simple to verify.
However, the quantitative relationship between the nonlocality and entanglement of

a general two-qubit state is unclear. This led to the question listed as follows:

Question 1. Can we quantitatively drive a more close relationship between the

nonlocality and entanglement of a general two-qubit state?

Our second concern is the quantification of the genuine tripartite nonlocality of a
general three-qubit state, which is a complex and long standing problem. According
to the aforementioned references, analytical results of this problem have been only
examined for a few of very simple three-qubit states. Thus, it naturally leads to the

following question.

Question 2. Can we find a method for quantitatively analyzing the genuine tripartite

nonlocality of a general three-qubit state?

The last concern is the distribution of nonlocal quantum resources. The nonlo-
cal quantum resources are indispensable for many important quantum information
processing tasks. In most quantum information applications, the nonlocal quantum
resources should be distributed in a network which consists of many separated par-
ticipants. Note that nonlocality is a type of resource that could not be created via
LOCC. Namely, quantum nonlocal resource is originally created at a same place and
then sent to different participants.

However, in experimental practice, it is difficult to transmit quantum resources
over long distance. There is a trade-off between the distance and the rate of the

transmission of quantum states. A practical solution to this problem is the scheme



of quantum repeaters which extend the distance of quantum resource distribution
with acceptable transmission rate. In the aforementioned references of quantum
repeaters, LOCC is considered as an unlimited resource. Thus, we propose a question

listed as follows:

Question 3. Utilizing the basic scheme of quantum repeaters, can we design a more

effective protocol to distribute nonlocal quantum resources?

In this dissertation, we exploit the questions described above. The main con-

tributions of this dissertation are summarised as follows:

1. For Question 1, we find out that the nonlocality of a general two-qubit state is
upper bounded by a function of the corresponding entanglement. Further, we
figure out the class of two-qubit states that can achieve the upper bound. As a
prerequisite question, we also exploit the possibility of testing the nonlocality
of different two-qubit states by the same nonlocality test setting. We give
the condition that two different general two-qubit states could have the same
optimal nonlocality test setting. We prove that at most two different two-qubit
pure states can share the same optimal nonlocality test setting. Moreover, we
find out the class of such two-qubit pairs.

Related publication:

e Zhaofeng Su and Lvzhou Li. The nonlocality of two-qubit system is upper

bounded by the entanglement. (Pending submission)

2. For Question 2, we find a more practical method to quantitatively analyze
the genuine tripartite nonlocality of a general three-qubit states. Applying
the method, we can get the analytical results for a class of special three-qubit
states. The method applies not only for all three-qubit states which have been
analyzed in literatures, but also for a more general class of three-qubit states.
The class of three-qubit states include generalized GHZ states, generalized

Werner states and two classes of mixed states with special correlation matrices.

Related publication:

e Zhaofeng Su, Lvzhou Li, and Jie Ling. An approach for quantitatively

analyzing the genuine tripartite nonlocality of general three-qubit states.
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Quantum Information Processing, 17: 85, April 2018. DOI:10.1007 /s11128-
018-1852-7

3. For Question 3, we design effective protocols for the distribution of both bi-

partite and tripartite nonlocal quantum resources.

To distribute bipartite quantum resources, we present some effective quantum
repeaters with respects to both transmission rate of quantum resources and
LOCC complexity. We construct a protocol to distribute two-qubit maximally
entangled states at optimal transmission rate with less LOCC complexity. We
also analyze the distribution of a general bipartite pure state and get the upper
bound on the probability of a successful projection to produce a maximally

entangled state.

To distribute tripartite quantum resources, we propose a simple scenario to
generate genuinely tripartite nonlocal state from bipartite nonlocal states. We
analyze the resources of general pure states and Werner states of a two-qubit
system. We get the upper bounds on the genuine tripartite nonlocality that
can be generated in the scenario and provide the optimal measurement settings

to achieve the upper bound.
Related publications:
e Zhaofeng Su, Ji Guan, and Lvzhou Li, Efficient quantum repeater in per-
spective of both entanglement concentration rate and LOCC complexi-

ty, Physical Review A, 97:012325, January 2018. DOI: 10.1103/PhysRe-
vA.97.012325

e Zhaofeng Su. Generating tripartite nonlocality from bipartite resources.
Quantum Information Processing, 16: 28, January 2017. DOI:10.1007/s11128-
016-1493-7

1.4 Outline of the thesis

The remainder of the dissertation is organized as follows:

1. Chapter 2 introduces the preliminaries of the dissertation which include the

mathematical tools, the fundamental theory of quantum mechanics, the ba-


https://doi.org/10.1007/s11128-018-1852-7
https://doi.org/10.1007/s11128-018-1852-7
https://link.aps.org/doi/10.1103/PhysRevA.97.012325
https://link.aps.org/doi/10.1103/PhysRevA.97.012325
https://doi.org/10.1007/s11128-016-1493-7
https://doi.org/10.1007/s11128-016-1493-7

sic ideas of quantum information and the technical introduction of bipartite

nonlocality.

. Chapter 3 firstly reviews the measures of entanglement and nonlocality of
a two-qubit system. Then, we discuss the problem of optimally testing the
nonlocality of different two-qubit states by the same measurement setting.
Finally, we get a quantitative relationship between the nonlocality and the

entanglement of a two-qubit state.

. Chapter 4 discusses the quantification of genuine tripartite nonlocality of the
general three-qubit states. As the first step, we introduce the definition and
verification of genuine tripartite nonlocality. Then, we quantitatively analyze
the genuine tripartite nonlocality of a general three-qubit state. We propose
a strategy for quantifying the genuine tripartite nonlocality and find several
properties to simplify the problem. At last, we apply the strategy and prop-
erties to derive analytical results of the genuine tripartite nonlocality for four

important classes of three-qubit states.

. Chapter 5 discusses the distribution of nonlocal quantum resources. We ana-
lyze the challenges and possible solutions of the problem. We propose an effec-
tive quantum repeater scheme for distributing two-qubit nonlocal resources,
which not only achieves the optimal transmission rate but also consumes less
resources of LOCC. We also propose a scenario for distributing tripartite non-
local resources which is realized by generating tripartite nonlocality from bi-
partite nonlocal resources. We analyze the cases of preparing two-qubit Werner

states and general two-qubit pure states as resources.

. Chapter 6 concludes the dissertation and proposes the problems for future

research.



2. PRELIMINARIES

Nonlocality is a unique characteristic of quantum mechanics, which makes quantum
computation and quantum information have great advantages over their classical
counterparts. To have a better understand and further research on quantum non-
locality and its applications, it is necessary to know some preliminaries about the
related subjects. This chapter contains the necessary preliminary knowledge for
understanding the dissertation.

In Section 2.1, we give a brief introduction on linear algebra which is the mathe-
matical foundation for the theory of quantum mechanics and the theory of quantum
computation and information. Then, we introduce the fundamental theory of quan-
tum mechanics in Section 2.2 and the preliminary knowledge of quantum information
in Section 2.3. Finally, we technically explicate the theory of nonlocality by intro-
ducing the bipartite nonlocality in Section 2.4. Most of the preliminaries can be
found in the book Quantum Computation and Quantum Information [08], which is

regarded as a standard text on the subject.

2.1 Linear algebra

Linear algebra is a discipline that deals with vectors, vector spaces and operators.
Quantum mechanics is highly inspired by the notations of linear algebra. Thus,
linear algebra also acts as a fundamental mathematics tool for describing quantum
mechanics. Dirac notation, named after its inventor, is very useful in quantum
mechanics. We will inherit this notation for the description of linear algebra and
quantum information.

Any vector space, denoted by V, is associated with a field F'. The elements of
the vector space are vectors while the elements of the field are known as scalars. In
quantum mechanics, the field is usually the field of complex numbers. Thus, the

field considered in this dissertation is the complex field if no further specification is



given. A vector space is equipped with two operations, namely vector addition and
scalar multiplication. A vector in V' is denoted by a ket |¢)) where the notation |-)
indicates that the object is a vector and v is the label of the vector. A vector space
is closed under the two operations. That is, a|¢) + b|¢) is an element of V' for any
vectors [¢), |¢) € V and scalars a,b € F.

A set of vectors {|¢1), [12), -+, |¥n)} is called a spanning set of the space V' if
any vector |¢) in the space can be written as a linear combination [¢)) = > 7, a|vy)
of the vectors in the set where a, € F for all k£ ranging from 1 to n. We also say
that the space V' is spanned by the spanning set. If n is the minimum number such
that the set is a spanning set for the space V', we say that the set of vectors is a
basis of the space and the number n is the space’s dimension.

Suppose V and W are two vector spaces over the same filed F'. A linear operator
A between V' and W is defined as a function A : V' — W which takes any vector |v)

in V' to the corresponding vector A(|v)) in W. The function is linearly in its inputs,
A ajlv)) =D ajA(lv)). (2.1)
J J

We usually denote the function A(|v)) as Alv). When W is the same vector space
as V | we say that A is a linear operator defined on the vector space V. Identity
operator I and zero operator 0 are two special linear operators on a vector space.
Any input vector in the vector space is invariant under the identity operator and is
transformed to zero vector by the zero operator.

An inner product of the vector space V' is a function (|v), |w)) which maps two
vectors |v) and |w) of V to a complex number. The inner product function is required
to be conjugate symmetric and linear in the second argument. It is also required that
(Jv),|v)) > 0 with equality if and only if |v) = 0. The standard quantum mechanical
notation for the inner product is (v|w) where (v| is the dual vector to |v). The dual
vector (v| is also known as a bra. The bra-ket notation was introduced by Pual Dirac
in 1939 for describing quantum states [09] which are standard notations in modern
quantum mechanics. A vector space with inner product is known as Hilbert space
which is an indispensable tool in the theory of quantum mechanics. We usually
denote a Hilbert space of dimension n as H,,. Tow vectors are said to be orthogonal
if their inner product is equal to 0. A norm is a function that signs a strictly positive

length to each vector in the space. Based on the definition of inner product, we can
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define the norm of a vector |v) as ||[v)|| = v/(v[v). A vector with norm being 1 is
called unit vector. A set of vectors is said to be an orthonormal set if all vectors
in the set are unit vectors and they are orthogonal to each other. If a basis of a
vector space is an orthonormal set, we say that the set is an orthonormal basis of
the vector space.

The concepts we have introduced are consistent with the matrix notations for
linear algebra. Suppose {|t1),--- ,|¥n)} and {|¢1), -+, |dm)} are orthonormal ba-
sis for the vector spaces V' and W, respectively. Any vector |v) in V' can be writ-
ten as |v) = > ,_, vgltk). We can think the ket |v) as a column vector. The
coefficients vy, -+ , v, can be viewed as the column elements of |v) under the ba-
sis {|Y1), -+ ,|¥n)}. The corresponding bra (v| can be defined as a row vector

*

(v| = [vf, -+ ,v%] which is the conjugate transpose of the column vector of |v). The
similar consistences apply for the vector space W. Suppose A is a linear operator
from V to W. As A1) is a vector in W, there is a unique collection of numbers a;;
withi=1,--- nand j=1,--- ,msuch that Al¢);) = >°"" | a;i|¢;). The behavior of
A is completely described by the collection of numbers a;;. Thus, we can also think
A as a m x n matrix with elements a;;. We will interchangeably use the notation

A for operator and matrix. Suppose |[v') = >"7'_, v, |[¢y) is an arbitrary vector in V.

An inner product of the space V' can be defined as

(lo') =D vk, (2.2)
k=1

which is equal to the matrix production of the corresponding row vector and column
vector. A norm of the vector [v) is ||[v)]| = D 5, vkl

Suppose A is any linear operator on a Hilbert space V. An eigenvector of A is a
nonzero vector |a) such that Aja) = A|a) where ) is a scalar known as the eigenvalue
of A corresponding to the eigenvector ). A popular way to find out the eigenvalues
of A is to solve the characteristic equation det|A — M| = 0. The adjoint of A,
denoted as AT, is a unique linear operator such that (Jv), Av')) = (Af|v), o)) for all
vectors |v),|v') € V. The matrix representation of A" is the conjugate transpose of
A’s matrix representation, namely, AT = (A*)T. There are classes of special linear
operators. Those that are frequently used in quantum mechanics and quantum

computation are introduced as follows:



e Hermitian operator. A is called a Hermitian operator if AT = A.
e Normal operator. A is called a normal operator if ATA = AAT.
e Unitary operator. A is called a unitary operator if ATA = AAt = 1.

e Positive operator. A is called a positive operator if (v|Ajv) > 0 for any

vector |v) € V.

e Projector. Suppose W is a subspace of V. {|wy),--- ,|wy)} is an orthonor-
mal basis of W. Let P = >/, |wy){(wg|. Then, we say that P is a projector

onto the vector space W.

It turns out that any positive operator is also a Hermitian operator. Both Hermitian
operators and unitary operators are normal operators. Any normal operator A on

the vector space V' has a spectral decomposition of the form as
A= Melow) (e, (2.3)
k

where every )y is the eigenvalue of the operator A and |py) is the eigenvector of A
with the eigenvalue ;. The set of eigenvectors {|py)} forms an orthonormal basis
for the space V.

Trace is an operation which maps a linear operator on a vector space to a

complex number. The trace of an operator A on the vector space V is defined as
tr(A) = Z(@MAWQ’ (2.4)
k

where {|¢;)} is an orthonormal basis for the space V. The trace of an operator
is invariant to the orthonormal basis chosen for the corresponding vector space.
Suppose B is another linear operator on V', |¢) is an arbitrary vector in V' and z is
a complex number. It is obvious that the trace operation has some properties listed

as follows:
o tr(A+ B) =tr(A) +tr(B),
e ir(AB) =tr(BA),

o ir(zA) = ztr(A),



2. Preliminaries 17

o tr(Alp)(Y]) = (Y[Al¢).

Considering in perspective of matrix representation, tr(A) is equal to the sum of the
diagonal elements of matrix A.

Pauli matrices is a set of three 2 x 2 complex matrices. Together with the
identity matrix, Pauli matrices play an important role in quantum mechanics and

quantum information. They are defined as follows:

10 01
oo=1= , or=0,=X= ,
01 10
0 —2 1 0
op =0, =Y = - , o3=0,=4= 0 1
/l/ J—

Note that Pauli matrices are Hermitian and unitary. They form a basis for the
vector space of 2 x 2 Hermitian matrices with real coefficients. Any 2 x 2 Hermitian
matrix H can be written as H = 22:0 rror where r, € R for all £ = 0,1,2 and
3. Pauli matrices also form a basis for the space of all 2 x 2 matrices with complex
coefficients.

Tensor product, denoted by ®, is a method for generating a larger vector space
by associating two small vector spaces together. Taking the assumptions we have
made, V and W are two vector spaces over complex field with the orthonormal
basis {|¢1), -, |¢¥n)} and {|¢1), -+ ,|dm)|}, respectively. Then, V @ W is a vector
space of dimension m * n. For any vectors |v) € V and |w) € W, their tensor
product |v) ® |w), usually denoted as |v)|w) or |v,w), is an element of the vector
space V @ W. An orthonormal basis for the vector space V @ W is {|¢;) ® |¢y)|j =
l,---,nand k=1,---m}.

2.2 The basic theory of quantum mechanics

Due to the special role of quantum mechanics in nonlocality and quantum informa-
tion, it is necessary to understand the basic theory of quantum mechanics. However,
quantum mechanics is one of the most difficult subjects for those who do not have
any background on physics. This is because that quantum mechanics is always in-
troduced in the perspective of wave functions in traditional course. Fortunately,

scientists have concluded quantum mechanics with four postulates which are easily



grappled by the non-expert. The postulates act as an interface between the theory
of quantum mechanics and the research of quantum computation and quantum in-
formation. Benefitted from such an interface, more and more researchers with the
background of computer science get involved in the research work of quantum com-
putation and quantum information. In this section, we will introduce the postulates

of quantum mechanics.

Postulate 1 (Quantum state space). Any isolated quantum system is associated
with a Hilbert space which is known as the state space of the system. The system
18 completely described by a unit vector, which is known as the state vector of the

system, in the system’s state space.

This postulate defines the mathematical arena where quantum mechanics takes
place. The following postulates describe how a quantum system evolves over time

and what it will happen when we measure it.

Postulate 2 (Quantum evolution). The evolution of a closed quantum system is
described by a unitary operator. Suppose the state of the system at time ty is |i))
and it becomes |Y') at time ty. Then, the states of the system at different times is

related by a unitary U which only depends on the times t, and ty such that

[¢) = Ul). (2.5)

Postulate 3 (Quantum measurement). Any quantum measurement is described by
a collection { M,,} of measurement operators which satisfy the completeness relation
S, MY M, = I. Those operators act on the state space of the quantum system.
Each index m corresponds to a measurement outcome which may occur in the quan-
tum measurement experiment. Suppose the system is in the state |1) immediately

before the measurement. Then, the probability of observing the result m s

p(m) = (Y| M} M), (2.6)

If we have observed the outcome m, the system would be in the state

Ym) = Mul) (2.7)
p(m)
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The measurement defined in Postulate 3 is known as general quantum measure-
ment. A special quantum measurement is projective measurement which is known
as von Neumann measurement.

(Projective measurement) A projective measurement on a quantum system
is described by a Hermitian operator M, which is known as an observable, on the
state space. The observable has a spectral decomposition of the form M =" mP,,
where P,, is the projector onto the eigenspace of M with eigenvalue m. Every
eigenvalue m corresponds to a possible measurement outcome. Measuring the state

|1) with the observable M, the probability of observing result m is

p(m) = ([ Pn|t)). (2.8)

On condition that the result m is observed, the state of the system after the mea-

surement is

V) = . (2.9)

Projective measurements are frequently concerned in many applications of quan-
tum computation and quantum information. It turns out that any general measure-
ment is equivalent to a projective measurement with assistance of unitary transfor-
mations.

The basic quantum system is the one corresponding to the Hilbert space of
dimension 2. Any observable with eigenvalues +1 and —1 of the basic system can
be represented by a three dimensional real unit vector 7 = (r1,r9,r3). The corre-

sponding observable reads
70 = 1r10] + re0g + r303. (2.10)

The projectors corresponding to eigenvalues +1 and —1 of the observable - & are

P, =3(I+7-d)and P. = (I — - G), respectively.

Postulate 4 (Composite systems). A composite quantum system can be built-up
by bringing a collection of independent quantum systems. The state space of the
composite system is the tensor product of the state space of the individual systems.

The composite system can be described by a unit vector in the state space.



The above postulate tells us that serval individual quantum systems can be
viewed as a larger quantum system. Suppose a collection of quantum systems
Hy,--- , Hy are in the states [11),- - , [1);), respectively. Then, the composite system
H; ®---® H; is in the state |¢1) @ - -+ @ [1)y).

The quantum states introduced in the above postulates are pure states. Math-
ematically, they are represented by unit vectors in Hilbert spaces. In fact, there
are quantum systems that cannot be described by pure states. Namely, they are
in mixed states. Mixed states can be interpreted in perspective of a probabilistic
quantum source. Suppose we have a black box in which there are n quantum devices
which can emit quantum states |¢q),-- -, |¢,) with probability py,--- ,p,, respec-
tively. When the black box emits a quantum system, we only know the state of the
system probabilistically. Thus, we say that the system is in a mixed state. Such a

mixed state can be described by an operator defined as

p=> prlti) (Wl (2.11)

k=1
The operator p of the above form is known as a density operator. The statistics
{pk, |x)} of the system is called an ensemble of pure states. Note that any mixture
of quantum states is again a valid quantum state. Any quantum state that cannot
be written as a mixture of other states is a pure state. Otherwise, it is a mixed
state.

Any density operator is a positive operator with trace 1. The converse is also
true. The purity of a quantum state p is defined as tr(p?) [70]. The value of tr(p?)
ranges from é to 1 where d is the dimension of the system’s state space. The state p
is a pure state if and only if the purity ¢r(p?) = 1. The lower bound is obtained by
the maximally mixed state, represented by %d. A density operator may correspond
to different ensembles. Two different ensembles {py, |¢x) } and {g;, |¢x)} give rise to
a same density operator if and only there is a unitary matrix with elements uy; such
that v/pelvr) = 32, wkj /5l k)

The density operator language is a more general description for quantum sys-
tems. Any quantum system in a pure state can be described by a density operator.
In the following, we reformulate the postulates of quantum mechanics in terms of

the density operator language.
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Postulate 1'. Associated to any isolated quantum system is a Hilbert space which
is known the state space of the system. The system is completely described by a

density operator acting on the state space.

Postulate 2. The evolution of a closed quantum system is described by a unitary
transformation . Suppose the system is in the states p and p' at time t and t',
respectively. Then, the states of the system is related by a unitary operator U on the

state space in the form as follows
p = U'pU. (2.12)

Postulate 3'. The experimental measurement of a quantum system can be described
by a collection {M,,} of measurement operators which act on the state space of the
quantum system and satisfy the completeness relation Y. M} M,, = I. Each index
m of the measurement operators corresponds to a possible measurement outcome
which may be observed in the quantum measurement experiment. Suppose the sys-
tem is in the state p immediately before the measurement. Then, the probability of

observing outcome m is
p(m) = tr(M} M,.p), (2.13)

and the state of the system after observing m is
M,,pM]
o = P m (2.14)
p(m)
Postulate 4'. A composite quantum system can be built-up by bringing a collection
of independent quantum systems. The state space of the composite system is the

tensor product of the state space of the individual systems. The composite system

can be described by a density operator on the state space.

The Postulate 4’ can interpret the fact that any global phase of a pure does not
make sense. Namely, the state €|1)) has the same experimental statistics with the
state |¢)). One should note that the two pure states correspond to a same density

operator.

2.3 Foundations of quantum information theory

Quantum nonlocality and quantum entanglement are indispensable resources for

quantum computation and quantum information, which makes the research of non-



locality have excess practical significance. In this section, we will give a brief intro-

duction on the preliminary of quantum information.

2.3.1 Quantum bit and Bloch sphere

In classical computer science, the basic unit of information is called a bit which takes
value 0 or 1. In quantum computation and quantum information, the basic unit of
information is a quantum bit which is abbreviated as qubit. Utilizing the notations
of quantum mechanics, the state of a qubit is represented by Dirac notation |-). A
qubit not only can be in the state |0) or |1), but also can be in a superposition

represented as

[¥) = al0) + Bl1), (2.15)

where a and 8 are complex numbers with the unit constraint |a|* + |5]? = 1.

The physical object of a qubit is a quantum system of which the state space is
of dimension 2. The states |0) and |1) forms an orthonormal basis of the state space.
Thus, the state shown in Eq. (2.15) is the general pure state of a qubit system. Up to
some ignorable global phase, the state of a general qubit system can be equivalently

written as
6 i . 0
|v) :cos§|0)+e“"81n§|1>, (2.16)

where 6 € [0,27] and ¢ € [0, 27).

It is interesting that any pure state corresponds to a point on the unit three-
dimensional sphere which is known as Bloch sphere. The Bloch sphere provide
a geometrical representation of the state of a single qubit. Many properties and
operations on single qubits can be conveniently described with the Bloch sphere.
The general pure state [¢)) can be visualized on the Bloch sphere showen in the
Figure 2.1. The coordinate corresponding to the state |1) is (1,6, ) in perspective of
spherical coordinate system while that is (sinf cos g, sinf sin @, cos §) in perspective
of Cartesian coordinate system.

A qubit system could also be in a mixed state. Any mixed state p of a qubit can
be represented by a three-dimensional real vector 7= (r1, 72, 73) with norm [|7]| <1

such that

p==(I+7-37), (2.17)
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Fig. 2.1: Bloch sphere representation of a qubit.

where ¢ = (01, 09,03) is the vector of Pauli matrices. The elements of 7 can be
obtained through the relation ry = tr(ogp) for k = 1,2,3. Thus, any mixed state of
a single qubit can be visualized as a point insider the Bloch sphere. ||7]| = 1, which
indicates the point is on the surface of the Bloch sphere, if and only if when p is a
pure state.

Analogous with the classical computer science, there are gates in quantum
computation for the manipulations of information. Mathematically, any quantum
gate is represented by a unitary matrix on the corresponding state space. The
quantum gates on a single qubit are 2 x 2 unitary matrices. All Pauli matrices
represent important quantum gates. We need to point out that the gate represented

by Pauli matrix X is known as quantum NOT gate. Another important quantum

gate is Hadamard gate, represented by H = \/Li . The Hadamard gate
1 -1

transform the states |0) and |1) to |[+) = (|0) + [1))/v/2 and |=) = (|0) — |1))/V/2,
respectively. {|+),|—)} also acts as an orthonormal basis of the state space of a
qubit system.

Geometrically, unitary transformation on a single qubit system corresponds to

a rotation of the system’s state vector on the Bloch sphere. Any unitary U on Hs

can written as U = e R;;(6) where R;(6) = cos 41 — isin 4(ii - &) is a rotation by 6
about the 7 axis where 7 is a unit vector in R . Suppose the spectral decomposition

of U is U = e |1y ) (11| + €2[1h3) (1)5|. Then, the axis 7 is the vector representation



of the pure state |¢1) on the Bloch sphere. The rotation angle is § = 6, — 6, and
the phase of the unitary is a = 61 + 65.

2.3.2 Quantum register of multiple qubits

In classical computer science, the term register stands for a physical device where
some finite data can be stored and manipulated. Any compound of registers is also
a register. The quantum analog of the classical register is quantum register where
quantum information may be stored and manipulated. A quantum register is a
system comprising multiple qubits [71].

The most basic register of multiple qubits is the one that contains two qubits.
Any density operator p on the state space of the basic register can be equivalently

written as

3
1 oL -
p:Z(I®]+T'U®I—|—I®S'U+thkaj@)ak‘)a (2.18)
jk=1

where 7 and § are vectors in R® with norm no greater than one and ¢;; = tr(o;@oyp)
are real numbers.

An important quantum gate on two-qubit systems is the controlled-NOT, which
is often referred as CNOT. The CNOT gate has two input qubits where the first input
qubit is known as control qubit while the second one is known as target qubit. The
target qubit will be flipped only when the control qubit is activated. Mathematically,
the CNOT gate can be represented written as CNOT = |0)(0|®1+|1)(1|® X which
is a unitary operator on the state space of a two-qubit system. The controlled-CNOT
is a quantum gate on three-qubit systems, which is known Toffoli gate. The third
input qubit of a Toffoli gate will be flipped only when the first and the second input
qubits are simultaneously activated.

A set of quantum gates is universal if any unitary gate which acts on arbitrary
number of qubits can be implemented by the gates from the set. Combining unitary
gates on single qubit, the CNOT gate is universal for quantum computing [72]. The
Toffoli gate is universal if Hadamard gate can be used as a kind of free resource [73].
A Toffoli gate can be implemented by a collection of two-qubit gates. It turns out
that five tow-qubit gates are necessary for the implementation [74].

One reason that quantum computer will have speed advantage on computation
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is that quantum state can be in superposition. The superposition of quantum s-
tates provides the possibility of realizing real parallelism computing, thereby speed-
ing up the computation. We consider a general quantum register composed of n
qubits. Suppose each qubit of the register is initialized in the state |0). By apply-
ing Hadamard gate on each qubit, the state of the register can be transformed to
|U,) = |+) X --- @ |+). The state |¥,,) can be equivalently written as

2" —1

v,,) \/2_11 Z k), (2.19)

which is in a superposition of 2" basis states. Suppose the unitary U; standards
for a quantum circuit of realizing the transformation Uy : |k)|0) — |k)|f(k)) where
the first register contains the input state and the second one is used to store the
computational result. Taking the superposition state |¥,,) as an input of the circuit,
the final state of the registers would be |f(¥,,)) = \/27 S22 LR £(K)). The output
register simultaneously contains 2" results of the function f(k). It is amazing that
we get exponential many results of the function through only one run of the circuit!
By measuring the first register in the standard basis, the output register would be in
the state | f(k)) if the outcome k was observed. Although a specific result can only be
obtained probabilistically, the quantum superposition theory provides the possibility
for achieving dramatic improvement on computational speed. One of the main tasks
is to design quantum algorithm to make the measurement probability of observing
the target result as high as possible. This is possible at least in some specific
applications. One successful example is Shor’s quantum algorithm for factoring
large numbers [17].

The pure state of a general n-qubit system can be written as [¢)) = Zin:_ol o k)
where «y, € C and Zii_ol |a|?> = 1. Thus, the representation of an n-qubit quantum
system on a classical computer requires the storage of 2" complex coefficient num-
bers. Note that a classical n-bit system only represents a number of binary length
n. This is the main reason that it is quite inefficient to simulate quantum system

on classical computers.



2.3.3 Quantum entanglement

Quantum entanglement is a "spooky” feature of quantum mechanics. Entanglement
phenomenon can exist between groups of particles even when the particles are sep-
arated by a large distance [21]. To illustrate the phenomenon of entanglement, let
us consider a quantum system of two qubits which is in the state

1
V2

We independently measure the subsystems in the computational basis. Although

|Boo) = —=(100) +[11)). (2.20)

it is known that the two subsystems are simultaneously in the same state 0 or
1, we could not deterministically predict the results of the measurements. Any
attempt to determine the state of one subsystem will destroy the knowledge of
another subsystem. The observations contradict with the local realism principle of
classical physics. This phenomenon was firstly recognized by Einstein, Podolsky and
Rosen in the well-known EPR paper [31]. Schrédinger named the phenomenon as
entanglement [32].

The entanglement illustrated in Eq. (2.20) is a purely entangled state which
exists within a two-qubit system. In fact, quantum entanglement can exist between
multipartite quantum system which is in a mixed state. We consider a bipartite
quantum system which is composed of two subsystem A and B. Suppose the joint
system A ® B is in the state pag. If we ignore the subsystem B and only consider
the subsystem A, the state p4 of the subsystem A is described by the partial trace
of density operator pap over state space B, which is denoted as ps = trg(pap). The
partial trace is defined as trg(pap) = >, (k|pap|k) where {|k)} is an orthonormal
basis of the state space of system B. Similarly, the state pp of the subsystem B is
pp = tra(pap). If the state of the joint system can be written as pap = pa ® pg,
we say that the joint system is in a product state. The joint system is in a separable

state if the state p4p can be written as
pas =Y _peph ® pl, (2.21)
k

which means that the joint system is in the product state p% @ p% with probability
pr- If the state of the system cannot be written as the form in Eq. (2.21), we say that

the bipartite system is entangled [21]. Operationally, quantum entanglement is a
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resource that could not be created via local operations and classical communication
(LOCC) [75].

A class of important entangled two-qubit states are Bell states which are also
known as EPR pairs. One of the Bell states is defined in Eq. (2.20). The others are

as follows:

1

o) =—=(01) + [10))
1

10) =—7=(100) — 1)

Bu1) = (jo1) — |10)).

QI

2

Bell states are not only maximally entangled but also of maximal nonlocality.

2.4 Bipartite nonlocality

The nonlocality between two participants, usually referred as bipartite nonlocality,
is the basis for exploiting more complex nonlocality. Bipartite nonlocality has been
extensively studied in the last five decades. We will give a technical introduction on

bipartite nonlocality in this section.

2.4.1 Local hidden variable model of a bipartite scenario

We consider a classical scenario where two participants, say Alice and Bob, are
separated. Suppose Alice receives an input information labelled by x. Then, she
performs a strategy based on the input information and obtains an output labelled
by a. Bob plays a similar role as Alice. Suppose the corresponding input and output
of Bob are labelled by y and b, respectively. Let p(a,b|z,y) be the probability that
Alice and Bob obtain outputs a and b while their inputs are x and y, respectively.
The statistical characteristics of this scenario is completely described by the con-
ditional probability p(a, b|z,y), which is also known as the correlation between the
two participants. The scenario is depicted in Figure 2.2.

Einstein’s theory of local realism is the combination of the locality principle
and the reality principle, which is a fundamental feature of classical mechanics. Ac-
cording to the local realism theory, the action at one participant could not influence

the output of the separated participant, which implies that the output statistics of
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Fig. 2.2: The standard bipartite nonlocality test scenario.

Alice and Bob should be independent. However, there is an argument that there
may be inaccessible variables which could influence the correlations between the
outputs. John Stewart Bell mathematically formulized those inaccessible variables
as a single variable, which is also known hidden variable [33]. With the supplement
by Bell, the outputs of the participants are independent to each other and they are
only determined by the value of the hidden variable and the corresponding input.
Suppose the value of the hidden variable is denoted by A. Then, the local realism
principle implies that it should have

pla,blz, y, A) = plalz, \)p(bly, A). (2.22)

Suppose p(A) is the probability of the hidden variable having value A\. Thus, the
correlation p(a, b|x,y) between Alice and Bob should be equivalently written as the
following decomposition
pla,blz,y) = > p(\plala, Np(bly, A). (2.23)
A
The mathematical model described in Eq. (2.23) is known as local hidden variable
model (LHVM) of the scenario. With the supplemented hidden variable, the LHVM
is consistent with the local realism theory. Conversely, any prediction of the scenario
which is consistent with the local realism theory should admit a LHVM. Otherwise, if
there is a correlation generated from the scenario which does not admit any LHVM,
it would indicate that either the locality principle or the realism principle does not
hold true.
For the scenario discussed above, we image that each received input indicates
a measurement operation and the output is the outcome of the corresponding mea-

surement. To consider the simplest scenario, we set a constrict that each partic-
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ipant performs a dichotomic measurement chosen from two possible measurement
settings. Suppose x € {xg,x1} is the measurement setting for Alice and that for
Bob is y € {yo,41}. The possible two outcomes of a measurement operation are
labelled by +1 and —1. Let E(z,y) be the expectation value of the product of Alice
and Bob’s measurement outcomes on condition that they choose the measurement
settings = and y, respectively. Namely, E(x,y) = >, ,a xb* p(a,blz,y). As the
prediction admits the LHVM described in Eq. (2.23), the expectation value can be
equivalently rewritten as

E(z,y) =Y _p(NE(z|\)E(y|\), (2.24)

where E(z|\) = > a* p(alz,\) and E(y|A) = >, b * p(bly,\). Due to a,b €
{+1,—1}, it implies that |E(z|\)| < 1 and |E(y|A\)] < 1 which can result the

following inequality
E(xolA)E(yo|A) + E(x0| ) E(y1|A) + E(21|A) E(yolA) — E(z1| M) E(y1|A) < 2.

Multiplying the probability p(A) and then sum up them over all possible A on both

side of the above inequality, we will have the following inequality
E(zo,y0) + E(zo, y1) + E(z1,90) — E(21,51) < 2. (2.25)

The inequality in Eq. (2.25) is known as CHSH inequality, named after its inven-
tors [34]. Any prediction based on local realism theory, namely it admits a LHVM,
would satisfy the CHSH inequality.

2.4.2 Bipartite quantum correlations and the violation of LHVM

In the scenario described in Figure 2.2, suppose Alice and Bob share a bipartite
quantum state pap. Alice performs a quantum measurement described by the mea-
surement operators { M7} where = stands for the the measurement setting and a
indicates the measurement outcome. The corresponding measurement operators of
Bob are N/. According to the theory of quantum mechanics, a quantum correlation

can be generated from the scenario as follows

pla,blz,y) = tr((Mg © Ny)pap). (2.26)



Quantum correlations can violate the CHSH inequality, thereby indicating that
quantum mechanics is nonlocal! An example for demonstrating the nonlocality of
quantum mechanics is the EPR state |®) = (|00) + [11))/v/2 of a two-qubit system.
Suppose each of Alice and Bob owns a qubit of the two-qubit system. We consider
dichotomic projective measurements in the scenario. Recall that a measurement
observable on a single qubit system with eigenvalues being +1 can be represented
by a unit vector in R3. Suppose Alice and Bob perform measurements described by

—»

the unit vectors 7,/ € R3, respectively. A simple calculation shows that E(Z, )
settings such that @ is orthogonal to 2. Further let g5 = —(2p + 21)/v/2 and

Suppose x € {zg,z1} and y € {yo,y1}. We set Alice’s measurement

i = — (24 — 41)/v/2. Then, the combination of the expectations in the left side of
the CHSH inequality is

E(.To, Z/O) + E(‘r()’ yl) + E(:Chy()) - E(xla yl)

—2V/2. (2.27)

Surprisingly, the result is 24/2 which means that the CHSH inequality in Eq. (2.25) is
violated! Thus, the predictions generated from scenario with the quantum resource
|®) does not admit a LHVM any more.

This observation indicates that the theory of quantum mechanics is not consis-

tent with the theory of local realism. Therefore, quantum mechanics is nonlocal.



3. RELATIONSHIP BETWEEN ENTANGLEMENT AND
NONLOCALITY OF A BIPARTITE QUANTUM SYSTEM

Entanglement and nonlocality are two of the most fundamental characteristics of
quantum mechanics [21, 35]. Beside the fundamental significance for quantum me-
chanics, they are core inherent reasons that make quantum information processing
tasks having great advantages over their classical counterparts [(63]. The relationship
between quantum entanglement and nonlocality is always of hot research interests.

In this chapter, we firstly considered the question whether a collection of quan-
tum measurement settings is the best one for different quantum states in perspective
of stimulating the most nonlocality. Note that the optimal measurement setting for
stimulating the most nonlocality of a quantum state plays a significant role in prac-
tice. In many quantum information processing tasks, different quantum resources
are also involved. It will take more effort to prepare the nonlocality test settings for
different quantum resources. Thus, it is of practical significance if there are some
quantum resources where the nonlocality could be optimally stimulated by the same
nonlocality test setting.

Secondly, we quantitatively exploit the relationship between entanglement and
nonlocality. To fully figure out the relationship between quantum nonlocality and
entanglement is of great significance in perspective of understanding the nature.
The qualitative relationship has been extensively studied in the last three decades.
However, the quantitative relationship is not clear. This is the main motivation of
this chapter.

The chapter is organized as follows. In Section 3.1, we give a brief introduction
to the quantitative measures of quantum entanglement and quantum nonlocality.
Further, we get an analytical expression of the quantum setting which can optimal
test the nonlocality of a general two-qubit state. In Section 3.2, we exploit the

condition that two different general two-qubit states could have the same optimal



nonlocality test setting. In Section 3.3, we figure out all the pairs of two-qubit pure
states which have the same optimal nonlocality test setting. In Section 3.4, we find
out that the nonlocality of a general two-qubit state is upper bounded by a function
of the entanglement. Note that this is an independent research with Verstraete’s
work. Based on the outcomes in Sections 3.2 and 3.3, we further find the necessary
and sufficient condition for a two-qubit state to achieve the upper bound which is

specified by its entanglement.

3.1 Measures of entanglement and nonlocality

As quantum entanglement and nonlocality are indispensable resources for quantum
information processing tasks, quantifying the amount of entanglement and nonlo-
cality that are contained in a bipartite quantum system are of both theoretical and
practical significance.

In this section, we give a brief introduction on the quantitative measures of
quantum entanglement and quantum nonlocality of an arbitrary two-qubit states,
respectively. We also find out the specific quantum measurement setting that stim-

ulates the most nonlocality from a quantum state.

3.1.1 Entanglement of two-qubit state

Entanglement of a bipartite quantum system A® B is quantified by entanglement of
formation [70], denoted as E(-). In the following discussions, we refer ”entanglement
of formation” simply as "entanglement”.

The entanglement E(1)) of a bipartite pure state [¢) is the asymptotic number
of standard singlets required to locally prepare the state. It also equals the von

Neumann entropy of either of the two subsystems. Namely,

E(p) = —tr(palogapa) = —tr(pglogaps), (3.1)

where pa = trg(|¥)(¥|) and pg = tra(|1)(¢)]) are the corresponding density opera-
tors of two subsystems, respectively. For a general bipartite quantum system, F/(v))
is a quantity that ranges from zero to log, N where N is the dimension of the subsys-

tem. E(1)) reaches log, N for the maximally entangled state |Q2) = \/LN S K E)
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while it is zero for any product state. In the case of two-qubit system, the dimension
N = 2 and the entanglement ranges from 0 to 1.

The entanglement of mixed states is much more complicated. The entanglement
of the bipartite state pap is defined as the least expected entanglement of any

ensemble of pure states that realizes the state pap. That is
E(pap) = min ZpkE(¢k)> (3.2)
k

where the minimization is over all possible purely decomposition of p4p such that
paB = Y i Pklr) (Yrl-

The entanglement of a two-qubit system is closely related to concurrence, which
is a quantity proposed by Hill and Wootters [77]. The concurrence of a two-qubit
pure state [¢) is defined as

C(1h) = [(W])], (3.3)

where [{)) = (0,®0,)|1*). Note that [¢/*) is the complex conjugate of |1/). Tt is trivial
to find out that the entanglement of a two-qubit pure state and its concurrence is

related by the following relation

1+ 12— CWP| 3.4

where h(-) is a binary function defined as h(z) = —zlog, x — (1 — x) logy (1 — z) with

x € [0,1]. One usually denotes that log, 0 = 0 in order to keep the completeness
of the definition of h(z). The function h(x) is known as Shannon’s binary entropy
function [78].

Later, Wootters showed that the formula for the entanglement of two-qubit
pure state in Eq. (3.4) also applies for that of mixed state [79]. To achieve this, he
derived an analytical expression for the concurrence of a two-qubit state p. Define
p = (0, ® 0)p*(0, ® 0,) as the spin-flipped state of p where p* is the complex
conjugate of the density operator p. Then, the concurrence of p can be equivalently

written as
C(p) = m(m{O, )\1 - )\2 - )\3 - )\4}, (35)

where Ay > Ay > A3 > A4 are the eigenvalues of the Hermitian matrix v/pp. Finally,

the entanglement of a general two-qubit state p can be written as

_ ity 12_ Clry (3.6)

E(p)




The key of evidencing this result is that Wootters noticed the existence of a
special decomposition of the general two-qubit state. We conclude the decomposition

in Lemma 1.

Lemma 1. Suppose p is an arbitrary density operator of a two-qubit system. There
is an ensemble of pure states {p, |1x) } for p such that the concurrence C (i) = C(p)
for each state |y).

Note that the concurrence of a density operator is a quantity ranging from 0 to 1.
The separable states correspond to concurrence 0 and the maximally entangled states
correspond to concurrence 1. The entanglement F(p) is monotonically increasing
as C(p) goes from 0 to 1. Therefore, concurrence can also act as a measure of

entanglement in its own right.

3.1.2 Nonlocality of two-qubit state

We admit the standard bipartite scenario described in Section 2.4, which consist of
two separated participants Alice and Bob. In a simplest scenario for generating bi-
partite quantum correlations, each participant performs a dichotomic measurement
which is taken from two possible choices. We only consider projective measurements
on single qubit systems where the outcomes are labelled by +1 and —1. Note that
such a measurement can be completely described by an observable, which is a Her-
mitian on the state space Hs. The observable can be equivalently represented by a
unit vector in R3.

Suppose Alice and Bob share a two-qubit state p. The observables for Alice’s
measurement observables are denoted by A and A’ while that of Bob are denoted by
B and B’. Then, the corresponding CHSH inequality can be equivalently rewritten

as
tr(pS) <2, (3.7)

where S is a CHSH operator of the form
S=A®B+B)+A®(B-B). (3.8)

A bipartite local state p admits the CHSH inequality for any possible CHSH operator
S while it is nonlocal if there is a CHSH operator S such that the CHSH inequality
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can be violated. Thus, the violation of the CHSH inequality is a sufficient evidence
that the state p is nonlocal.

Recall that a common choice for quantifying the nonlocality of a quantum state
is through the maximal violation of the corresponding Bell inequality. Thus, the
nonlocality of the two-qubit state p can be quantitatively defined as the maximal

value of the CHSH expression. Namely,
N(p) = mgxtr(pS), (3.9)

where the maximum is over all possible CHSH operators. In the following discussion,
we refer the nonlocality of a state as the quantity N (-). We also refer the CHSH
operator that can achieve the nonlocality N (p) as the optimal CHSH operator of
state p.

It is obvious that the measure N/ (-) of bipartite nonlocality is a convex function
of bipartite density operators on H52. Suppose pP is a density operator that can
be generated from the ensemble {g, p?}, namely pA% = 3", qpit?. Let S be the
optimal CHSH operator of the state pAZ. Then, the convexity of nonlocality can be

convinced by the following equation

N aot®) = 3 autr(p2"5) < 3 aN (o1t?). (3.10)

The equality in Eq. (3.10) holds if and only if the equation N(pff) = N(p*P)

applies for all constituent state pjiZ.

3.1.3 'The optimal CHSH operator

Horodecki et al. got an analytical expression for the nonlocality of a general two-
qubit state [45]. In this subsection, we review the process of analyzing the nonlocality
and further work out the mathematical expression of the corresponding optimal
CHSH operator.

Any density operator p of a two-qubit quantum system can be represented by
the combination of the identity operator and the generators of the SU(2) algebra [30]

as follows

3
1
=Uel+7del+Ias Z Tjxo; @ 0%, (3.11)



where ¢ = (01, 09,03) is the vector of Pauli matrices and the coefficient T}, =
tr(o; ® ogp) is the element of a 3 x 3 real matrix 7. The vectors 7 and § only
determine the properties of the two subsystems, respectively. The global properties
between the joint system are contained in the matrix 7. Thus, we call matrix T" the
correlation matrix of the two-qubit state p.

Note that the measurement observable A of a qubit system can be represented
by a unit column vector @ € R3 such that A = @ -&. Let c?,c?,l; and ¥ be the
corresponding vectors of the measurement observables A, A’, B and B’, respectively.
Then, the expectation value of the joint measurement observable A ® B can be
written as

tr(A® Bp) = Z a; Tjeby, = (a|T|b). (3.12)
k=1
Here we abuse the Dirac notation |a), which usually stands for the pure state of
a quantum system, for the unit column vector a@. In the following discussions, we
will interchangeably use the two kinds of notations based on the convenience of
expression.

Let b+b = 2cos §Zand b—b = 2sin A for some 6 € [0, 7) and & ¢ € R are unit
vectors. Note that the vectors & and ¢ are orthogonal. Let T7T = 370 Al ) (|
be the spectral decomposition of the Hermitian matrix T77. With out loss of
generality, suppose the eigenvalues )\, are in the nonincreasing order, namely A\; >

A2 > A3 > 0. Then, we can get inequalities as follows

tr(Sp) =tr(A® (B+ B')p) +tr(A' @ (B — B')p)

= 2cos@{a|T|c) + 2sin6{(d'|T|)

< 2V/((alT]e))? + ((a/|T]¢))? (3.13)
<2V/(IT[)]2 + || T]e)][? (3.14)
< 2v/A1 + Aa. (3.15)

The inequality in Eq. (3.15) is with equation when |¢) = n|u1) and |¢/) = n/|u2)
with 7,7 € {+1,—1} being signs. In this case, || T|c)||* = (c|TTT|c) = A\ and
IT|)? = (<|TTT|c) = A2 . The equality of Eq. (3.14) holds when [a) = 057y Tle

IT]e)
and |a') = 5’”ﬂc with signs 6,0" € {+1,—1}. And the equality in Eq. (3.13) holds
when cosf = {alTle) and sinf = (a|Tlc’) The upper bound

V(alTle)?+(a/|T]e')? VAalTle)? +(a/|T|e')?”
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2V + A of tr(Sp) can be achieved when the equalities in Eqs. (3.13)-(3.15) hold
simultaneously. Namely, tr(Sp) = 24/A; + A2 when cos = \/‘i\\lﬁ%, sinf = \/‘5%,
la) = (577%, la") = 5/77’%, lc) = n|p) and |¢) = n'|uz). Thus, the nonlocality

of state p is N(p) = 2v/A\1 + A2. And the corresponding optimal CHSH operator of

state p is

S =2cosfARC+2sinbA @ C’

=20 —T)-o® -0+
>\1+)\2(\/)\—1 Nl) a (77”1) g
26"+ / A2 (ﬁT*).(}’@(/*).g
M+ g 2 M2
2

= (T 6@ &+ Ty G iy 7). (3.16)

VAL A
Let wjy, = 1tr(So; @ 03,) be the Pauli coefficients of the optimal CHSH operator S.
Namely, S = Z?,k:l w;,0; @ 0. Thus, the optimal CHSH operator S of state p is
uniquely corresponding to a 3 x 3 real matrix W = (wjx)s«3. Taking the standard

basis, the matrix W can be written as

W= wili)(k

jk=1

_ ﬁ S (Tl + (Tl )l o

ﬁﬂww + lp2) ).

We conclude the above analysis as the following lemma, which is the main result

of this section.

Lemma 2. Suppose p is an arbitrary two-qubit state with correlation matriz T and
the eigenvalues in the spectral decomposition TTT = S0 Ne|ur) (ue| are in the
nonincreasing order. Then, the nonlocality of state p is N'(p) = 2v/ A\ + Aa. The
optimal CHSH operator of state p is S = Z?,k:l w;,0; Q0 which s uniquely specified

by the corresponding Pauli coefficients matriz

2

W= \/ﬁT(Wl)(Mﬂ + [2) (pea)- (3.17)



3.2 Two different states having the same optimal CHSH operator

In this section, we research the question whether the nonlocality of different quantum
states can be stimulated by the same quantum nonlocality test setting. Let T and
F be correlation matrices of two-qubit states p and o, respectively. We try to work
out the condition that the optimal CHSH operators of the states p and ¢ can be the
same.

Suppose the singular value decomposition of T is T = UDV where U =
S )kl V=322 [k) (v are orthogonal matrices and D = 30_ tx|k) (k| is
a diagonal matrix. Then, we have T = 3" _ t;|ux) (o] and TTT = 370 _ 2 |ug) (r].
With out loss of generality, suppose |t1] > [ta| > |t3]. According to Lemma 2, the
corresponding Pauli coefficients matrix of the optimal CHSH operator for state p

can be written as

2
\/tz—?(tl\uﬁ@l! + to| pi2) (v2]).
1 2

Suppose the singular value decomposition of F'is F' = PEQ where P = 370 |ag) (],
Q= > |k)(Be] and E = >;_, filk)(k|. Further suppose |f| are in the nonin-

(3.18)

creasing order. Similarly, the corresponding matrix of the optimal CHSH operator

for state p can be written as

2
R=——— 1| 1 2|02 21)- 3.19
m(ﬂ Y(Bil + f2laz) (B2]) (3.19)

The preset condition that the optimal CHSH operators of two-qubit states p

. . . _ . tl
and p are the same is equivalent to the relation W = R. Let cost = T

ty h i Then, the relation W = R can

sint = ,cos f = and sin f = .
Vit / VI3 / VIE+HE

be equivalently written as

cos t|pa) (] + sint|pg) (vo| = cos flan)(Bi] + sin flaz) (Bl (3.20)

Let M = (my;) be a 2 x 2 matrix where my; = (ux|a;)(5;|vk). Then, some equations

can be derived from Eq. (3.20) as follows

cost = maqy cos f + mqgsin f,

o
B
N

sint = may cos f + mas sin f,

@
)
w

cos f = myy cost + moq sint,

sin f = myg cost + magg sin t.
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Denote [t) = cost|0) + sint|1) and |f) = cos f|0) + sin f|1). The Egs. (3.21)-(3.24)

can be equivalently written as
t) = M|f) and |f) = MT|t). (3.25)

It follows that [t) = MMT|t) and |f) = MTM]|f) for all possible vectors |t) and |f).
Thus, it must have MTM = MM?" = I, which means M is an orthogonal matrix.
Namely, m?, + m?, = 1 and m3, + m3, = 1.

However, we note that

mi) +miy = ((paloa) (Br|))? + ((palez)(Balin))? < 1, (3.26)

and

miyy + may = ((p2fon) (B1|va))? + ((paloz)(Balva))? < 1. (3.27)

Thus, the equalities in Eqgs. (3.26) and (3.27) must hold simultaneously. The con-
ditions that the equalities hold true are |ug) = 0x|ag), |vk) = 0,|5k) for kK = 1,2 or
lp1) = 01|an), |u2) = dalan), [v1) = 81| Ba), |u2) = da]ar) where i, 6;, € {£1} are sign-
s. With out loss of generality, we can set §; = J;, = 1 and pat the signs into the sin-
gular values. In the former case of conditions, it follows that |ux) = |aw), [vk) = |Bk)
for k = 1,2,3 and cost = cos f, sint = sin f. Hence, the correlation matrices of

states p and p are related as follows:
3
T =" tulpm) (il
k=1
=/t + t3(cos t|ar)(Bi| + sint|as)(Bo]) + ts]as) (B3

— JEEE a8l + falas) (Ba]) + talas) (sl (3.28)
fE+ f3

In the later case of conditions, we get the same relation as that of the former case
which is shown in Eq. (3.28).

A more general case is that [t1], |to| and |t3] are in a specified order, say de-
creasing order, while |fi], |f2| and |fs] are in an arbitrary order. Without loss of
generality, suppose | f5] is the minimum in {|fx|}. With similar analysis, we find out

that the relation W = R can be equivalently written as

t+ 13
T = m<fll0ﬂ><ﬂl| + f3|0[3><53‘) + t3’0&2><ﬂ2|. (329)



Obviously, the absolute values of correlation matrices T’s and F’s singular values
are in the same order.

Based on the above analysis, we can conclude the conditions for the situation
that two different general two-qubit states have the same optimal CHSH operator

in the following theorem.

Theorem 1. Suppose T is the correlation matriz of the two-qubit state p and F is
that of the two-qubit state p. Let t1, to, t3 and fi, fo, f3 be singular values of the
correlation matrices T and F, respectively. Then, the states p and o have a same
optimal CHSH operator if and only if they satisfy three conditions which are listed

as follows:

(1) T and F have the same orthogonal matrices in the singular value decompositions.

Namely, the singular value decomposition of T and F can be written as
T=UDV and F = UEV, (3.30)

where D = S0 tulk) k|, F=S0_, fulk)(k| , U and V are orthogonal matri-

ces.

(2) The absolute values of two sets of singular values, {|ty|} and {|fk|}, are of the

same order.

(3) Without loss of generality, suppose {|tx|} and {|fx|} are in the nonincreasing

orders. Then, it should have

ty o 3 + 3
-2 _ 3.31
i fe i+ (3:51)

3.3 The collection of two-qubit pure states that share the same

optimal CHSH operator

Recall that any mixed state can be viewed as an ensemble of pure states. Suppose
p is an arbitrary two-qubit state which is generated from the ensemble {py, [1%)}.
Namely, p = >, pe|tr) (¥r| where p, > 0 and >, pr = 1. The convexity of nonlo-
cality indicates that

N(p) <> peN (). (3.32)
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The equality holds if and only if the optimal CHSH operator of p also acts as
the optimal CHSH operator of |¢y) for all k. In other words, it requires that the
collection of pure states {|¢x)} have the same optimal CHSH operator.

In this section, we exploit the collection of two-qubit pure states which have

the same optimal CHSH operator.

3.3.1 The role of local unitary operations

Suppose the two-qubit state p is shared by Alice and Bob. U, and Ug are uni-
tary operators which act on Alice’s and Bob’s subsystems, respectively. They can

transform the state p into another state
= (Ua®Up)p(Us® Up)'. (3.33)

Suppose the optimal CHSH operators for p and p’ are S and S, respectively. Then,
it follows that

N(p') = tr(S'p)
= tr((Ua® Up)'S"(Us @ Up)p)
< N(p)
=tr(Sp).

Similarly, it has tr(Sp) < tr((Ua ® Ug)'S"(Ua ® Ug)p). Thus, the equality should
holds, namely tr(Sp) = tr((Us @ U)'S'(Us @ Ug)p). Therefore, it should have
N()=N(p)and §" = (U4 @ Up)S(Us @ Ug)'. Tt also indicates that local unitary
operations do not affect the nonlocality of the shared state.

Suppose the correlation matrices of the states p and p’ are T' = (T};)3x3 and
T" = (T};)3x3, respectively. Then, any element T}; of the correlation matrix 7" can

be equivalently rewritten as

Ty; =tr(p'ox @ o)
=tr(p(UyoUa @ Ulo;Up))

3
1
:Z_l Z Tyflf’/’(O'yULO’kUA)tT(O'j/ ;O'jUB). (334)

K ,j'=1
Let R4 and Rp be two matrices with elements defined as (R4 = %tr(akUAak/ UL)
and (RB)jj’ = %tT(O'jUBO'j/U;>, respectively. It follows that T/j = Zi’,j’:l (RA)kk’Tk’j’(RB>jj’ =



(RATRYE)kj. Thus, it has
T' = R,TRE. (3.35)

Note that SU(NN) matrices have the completeness relation as follows [31]:

N2-1

2
Z (Uj>ki<0j)mn = 2AimAkn - N(sszmm (336)

j=1
where Aj; = 11if j =k and A, = 0 otherwise. Applying the completeness relation
in Eq. (3.36), it can be shown that R* and RP are orthogonal matrices.

We can conclude the above analysis as the following lemma.

Lemma 3. Suppose Alice and Bob apply the local unitaries Uy and Ug on subsys-
tems of the shared two-qubit state p, respectively. Suppose the correlation matriz of

the state p is T. Then, the correlation matriz of the final state p' is
T' = RaTRE, (3.37)
where Ra and Rp’ are two 3 x 3 orthogonal real matrices defined as
_1 t
(RA)kk’ :§tT(O'kUAO'k/UA), (338)
and
1 i
(RB)]']'/ :§tT(OjUBO'j/UB), (339)
respectively.
3.3.2 'The class of two-qubit pure state pairs with the same optimal CHSH

operators

We consider a general two-qubit pure state |¢)) with correlation matrix 7. Suppose
the singular value decomposition of T"is T'= R4 D Rp where D is a diagonal matrix
and R,, Rp are orthogonal matrices. Let Uy and Up be the unitary operators
that generate the orthogonal matrices Ry and Rp according to the definitions in
Egs. (3.38) and (3.39), respectively. According to Lemma 3, the correlation matrix
of the state (Us ® Up)|v) is the diagonal matrix D. Namely, any two-qubit pure
state can transformed into another pure state with diagonal correlation matrix via

local unitary operations.
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Suppose |¢) is a two-qubit pure state which has the same optimal CHSH op-
erator with [¢). Combining the Theorem 1, it is obviously that any two-qubit pure
states [10) and |p) can be simultaneously transformed into the states which have
diagonal correlation matrices, by applying the same local unitary operations. Thus,
we only need to look into the kind of two-qubit states with diagonal correlation
matrices in order to analyze the class of two-qubit pure state pairs which have the
same optimal CHSH operators.

Up to an ignorable global phase, a general two-qubit pure state can be equiva-

lently written as

where the variables are all real numbers that satisfy the unit condition a® + 0?2 +
b2+ 2 + 2+ d3 +di = 1. The elements of the corresponding correlation matrix

T = (T;j)gxg are

Tis = 2(—ads — bycy + bics),
= 2(ac; — bydy — bady),
Ty = 2(—ads + bycy — bies),
= 2(—acy — bady + bidy),
Ty = 2(—aby — cady + c1da),
T11 = 2(ady + bicy + bacs),

(—
(
(—
(—
= 2(aby — c1dy — cady),
(—
(
= 2(—ady + bycy + bycy),
(

=2(a*+d; +d5) — 1.

By setting Ty; = 0 for all k # j € {1,2, 3}, we derive that any two-qubit pure state,

of which the correlation matrix is diagonal, should be in one of the forms listed as

follows:
| (g)) = cos 6]00) + sin B]11), (3.40)
Qg)) = cos0]01) + sin 6]10), (3.41)
|Ap.5)) = cos0(|00) + 6]11))/v/2 + isin 6(|01) — 6]10))/v/2, (3.42)
T (g.5)) = cos 0(|00) + 8[11))/v/2 + sin O(|01) + 8]10))/v/2, (3.43)



where 6 € [0,7) and § = £1. The corresponding correlation matrices are

sin 260 0 0
Tq, (9) = 0 —sin20 0 )
0 0 1

sin20 0O 0

To(0) = 0 sin20 0 |,
0 0 -1
i dcos26 0 0
Tr(0.0) = 0o -5 0 |,
0 0 cos20 .

) 0 0
Tu(0,0) = | 0 —dcos26 0
0 0 cos 20

Applying Theorem 1, we find out that there is no pair of two-qubit pure states which
are of the different forms in Eqgs. (3.40)-(3.43) and have the same optimal CHSH
operator. For the pair (|®)), |€2))), the corresponding ratio is negative, which
contradicts with the third condition in Theorem 1. Although matrices Tg(f) and
—Tq(0) satisty the conditions listed in Theorem 1, —T(€) is not a correlation matrix
of any valid two-qubit pure state. If the pair (|®)),|A,s))) of states have the same
optimal CHSH operators, it should have 0 sin 26 cos 26 = 1 which is impossible. The
same reason stops the pairs (|P)), [Hws)), (|Q0)), |Aw,s)) and (|Q)), [Hs)) to
have the same optimal CHSH operators. If the pair (|As)), |I(s,5))) have the same
optimal CHSH operators, it follows that cos? 20 = 1, namely sin # = 0, which is is a
trivial case.

However, there are pairs of states which are of the same form in Eqs. (3.40)-
(3.43) and have the same optimal CHSH operator. The collections of such states

pairs are listed as follows
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Moreover, we could not find out any three two-qubit states which are of the same
form and have the same optimal CHSH operator. Thus, at most two different two-
qubit pure states could have the same optimal CHSH operator.

Note that any two-qubit pure state can be written as |® () = cos #|00)+sin 0|11)
up to some local unitaries. Applying Lemma 3, we find out that any pair of two-
qubit states in the sets 2, A and II can be transformed into a pair of states in the set
® via the same local unitary operations. Thus, we only need to consider the pairs
of states in the collection ® in order to figure out all pairs of two-qubit states that
have the same optimal CHSH operators. Applying Lemma 2, we find out that the
two-qubit pure states |®()) and [®(z_g)) share the same optimal CHSH operators

Soy = \/ﬁ(sin 200,20,+0.%0,) and Sy_ = \/;7(— sin 200,®0,+0,R0.,).

1+sin? 26
We conclude the above analysis as the following theorem which is the main

result of this subsection.

Theorem 2. Two different two-qubit pure states |¢) and |1)") have the same optimal
CHSH operator if and only if they can be written as

19) = (Ua @ Ug)(cos0|00) + sin6|11)) and
1) = (Ua @ Ug)(sin 8]00) + cos f]11)),

where Uy, Ug are some unitaries on Hy and 6 € [0, 7). The optimal CHSH operators
for both 1) and |¢') are (Us ® Up)Spy(Ua ®@ Up)' and (Us @ Up)Sy—(Uas @ Up)t

where
2 )
Spr = ————(sin200, ® 0, + 0, ® 0,) and
1 + sin®26
2
Sp- = ————(—sin200, @ 0, + 0, R 7).

V1 + sin® 26

At most two of two-qubit pure states can have a same optimal CHSH operator.

3.4 The nonlocality is upper bounded by entanglement

In this section, we show that the nonlocality of a general two-qubit state is upper
bounded by a function of the corresponding entanglement. We further figure out the

class of two-qubit states of which the upper bound of nonlocality can be reached.



According to the Schmidt decomposition [68], any pure state of a two-qubit

system can be written as
|g) = cos 0]00) + sin0[11),6 € [0, g], (3.44)

upper to some local unitary transformations. As the entanglement and nonlocality
are invariant under local unitary transformations, it is sufficient to investigate the
state |®g) in order to qualitatively analyze the entanglement and nonlocality of an
arbitrary two-qubit pure state.

In the last section, we have figured out that the correlation matrix of the state
|®y) is a diagonal matrix with diagonal entries being sin 26, —sin26 and 1. By

applying Lemma 2, it is obvious that the nonlocality of the state |®y) is
N(®g) = 2v/1 + sin? 26. (3.45)

According to the definition in Eq. (3.3), we get the concurrence of the state

|®g) as follows
C(Pg) = [tr(|Po) (Po]Y @ Y)| = |The| = |sin26)|. (3.46)

Thus, it is straightforward to get the relationship between the nonlocality and
entanglement of a two-qubit pure state. We conclude the above analysis as the

following lemma.

Lemma 4. Suppose 1)) is an arbitrary pure state of a two-qubit system. The non-

locality and concurrence of 1) is related by the following equation

N@) =2y/11 C@). (3.47)

This simple relationship between the nonlocality and concurrence of a general
two-qubit pure state has been mentioned in literatures [32, 83].

Now, we consider the relationship between the nonlocality and entanglement of
a general two-qubit state. Inspired by that relationship of an arbitrary pure state,
we conjecture that the nonlocality of a mixed two-qubit state is closely related to the
function 2\/T0(p) of the concurrence C(p). Hence, we numerically compare the
values NV(p) and %/TC’(p) over 5000 randomly generated two-qubit mixed states
through computer simulation, which are plotted in Fig. 3.1. Each red point stand-

s for a randomly generated state with the corresponding coordinate being (C(p),
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Fig. 3.1: A numerical illustration of the relationship between nonloclaity and concurrence

of general two-qubit states.

N(p)). The blue points are generated according to the function 2./1 4 C(p) of the
concurrence C'(p). Obviously, the nonlocality of a general two-qubit state p is upper
bounded by the value 2\/TC(p) . When the state is pure, the nonlocality reaches
the upper bound, which has been mathematically proved and further concluded in
Lemma 4.

We conclude the observation as the following theorem and further give an an-

alytical proof.

Theorem 3. Suppose p is an arbitrary density operator of a two-qubit system with

concurrence being C'. Then, the nonlocality of p is upper bounded by
N(p) <2v1+ C? (3.48)

where the equality holds if and only if p € Q. The set Q of density operators on
HS? is defined as follows

Q = {(Ua @ Up)(plor) (w1l + (1 = p)la) (w2)(Ua ® Up)'},

where Ua, Up are arbitrary unitaries on Ho, p € [0,1], [¢1) = cosf|00) + sinf|11)
and |pq) = sin 0|00) + cos @|11) for some 6 € [0, ).



Proof. According to Lemma 1, there is a decomposition p = ), p|t) (x|, where
pr > 0 and >, pr = 1, such that C(¢p;) = C for all states |[¢);). Combining the

convexity of nonlocality and Lemma 4, we have
N(p) < peN(vn) (3.49)
k
=> 21+ C ()’
k
=2V1+C2

The equality in Eq. (3.49) holds if and only if the optimal CHSH operator of the
state p also acts as the optimal CHSH operator for the state |¢x) for all k. Namely,
all pure states |1;) should have a same optimal CHSH operator in order to achieve
the equality. Through the discussion in Section 3.3, we find that at most two different
two-qubit pure states could have the same optimal CHSH operator. According to
Theorem 2, any two different two-qubit pure states have the same optimal CHSH
operator if and only if they can be written as Uy ® Ug(cosf]00) 4 sin@|11)) and
Ua ® Up(sin0]00) + cosf|11)) for some local unitary operators Uy and U on H,y
and 0 € [0, 7). Equivalently, the equality in Eq. (3.49) holds if and only if the state
p € Q, namely p can be written as a mixture of |p;) and |ps) up to some local
unitaries.

Therefore, we have

N(p) < 2V1+ C?, (3.50)

with equality if and only if p € Q. m



4. QUANTIFICATION OF GENUINE TRIPARTITE
NONLOCALITY

We have discussed the nonlocality generated from bipartite quantum resources in
the last chapter. The definitions and basic results for the nonlocality of bipartite
scenario can be extended to that of multipartite scenarios. The simplest multipartite
nonlocality test scenario is the one consisted with three participants, which is also
known as tripartite nonlocality.

In this chapter, we will exploit the tripartite nonlocality. Our research is mainly
focused on the detection and quantification of genuine tripartite nonlocality. The
work reported in this chapter is based our publication in Quantum Information

Processing [31].

4.1 Definition of tripartite nonlocality

The nonlocality of tripartite scenario has a more complex structure than that of bi-
partite scenario, which makes it an interesting but difficult question for understand-
ing. Similarly with the research of bipartite nonlocality, the objects of tripartite
nonlocality research are correlations generated from the tripartite nonlocality test
scenario. The tripartite nonlocal correlations could be generated from the scenario
when resources share between participants are quantum states. The existence of
tripartite nonlocality could be sufficiently convinced by the violation of the corre-
sponding Bell inequalities.

In a tripartite nonlocality test scenario, there are three separated participants,
say Alice, Bob and Clare. Suppose measurement settings of Alice, Bob and Clare are
denoted by z, y and z while the corresponding measurement outcomes are denoted by
a, b and ¢, respectively. The stochastic characteristics of the scenario is completely
described by the correlation p(a, b, c|z,y, z).

The tripartite nonlocality has several different definitions. A natural general-



ization of the basic LHVM, which is defined in Eq. (2.23) for bipartite scenario, to

the tripartite scenario is
pla,b,cla, y, 2) Zp plalz, p(bly. Ap(clz, V), (4.1)

where A is the hidden variable shared by the three participants and p(\) is the
corresponding probability distribution. Any tripartite correlation that can be de-
composed into the form of Eq. (4.1) is local. Otherwise, it is nonlocal. This kind of
nonlocality is known as standard tripartite nonlocality. However, this definition is
only sufficient to characterize the two-way nonlocality where only two parties share
nonlocal resource and they are classically correlated to the third party. For exam-
ple, the three parties share the correlation p(a, b, c|x,y, z) = p(a|z)p(b, c|y, z) where
p(b, cly, z) is a bipartite nonlocal correlation. Although Alice is not nonlocally cor-
related to Bob and Clare, the correlation is nonlocal according to the definition in
Eq. (4.1).

A kind of more interesting LHVM is the one where some common resources
are shared by the three participants. The correlations that do not coincide with
this LHVM are a class of more precious nonlocal resource. Thus, this kind of
nonlocality is also known as genuine tripartite nonlocality. The first definition of
genuine tripartite nonlocality is proposed by Svetlichny in 1987 [52]. According to
Svetlichny’s definition, a tripartite correlation is local if it admits a LHVM defined

as follows:

pla,b,clz,y, z) Zp plalz, Np(b, cly, 2, A)
+Zp p(bly, wp(a, clz, z, 1) (4.2)

+Zp p(clz, v)p(a, blz, y,v),

where A, 4 and v are shared hidden variables and 3, p(A)+>_, p(1) + >, p(v) =

This is a convex combination of three terms, in each of which at most two parties are
nonlocally correlated. The local correlation defined in Eq. (4.2) is known as Ss local.
A correlation is genuinely nonlocal if it cannot be written as the decomposition of
S5 local definition. This definition of nonlocality prevents the two-way nonlocality.
Thus, this kind of nonlocality is also known as genuine tripartite nonlocality or

Svetlichny nonlocality.
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Definitions of weaker genuine tripartite nonlocality can be given when con-
straints are added to the bipartite correlation in each term of Svetlichny’s LHVM [51].
A correlation of the form of Eq. (4.2) is NS, local if the bipartite terms are nonsignal-
ing. Otherwise, it is genuinely three-way N.S nonlocal. Correlation of the form of
Eq. (4.2) are T3 local if the time ordering of the measurements are considered. Oth-
erwise, they are said to be genuinely three-way nonlocal. Let Ty, NSy and Sy stand
for the set of T5 local correlations, NSy local correlations and S5 local correlations,
respectively. The relationship of the sets is NSy C Ty C S5 where the inclusion is
strict [51].

Detecting and quantifying the tripartite nonlocality are tasks of practical signif-
icance. A sufficient condition for detecting the tripartite nonlocality is the violation
of the Bell inequalities. And the nonlocality of a tripartite correlation can be quanti-
fied by the amount of the maximal violation of the corresponding Bell inequality. T-
wo popular Bell inequalities for the tripartite nonlocality are Mermin inequality [$5]
and Svetlichny inequality [52]. Any standard tripartite local correlation, defined in
Eq. (4.1), satisfies the Mermin inequality. However, there are tripartite correlations
which can maximally violate the Mermin inequality but admit the Svetlichny in-
equality [36]. Namely, the Mermin inequality is not strong enough to detect the
genuine tripartite nonlocality. The drawback of Mermin inequality can be made up
by the Svetlichny inequality. The tripartite local correlations with perspective to
any of the LHVM definitions we have discussed satisfy the Svetlichny inequality.
Svetlichny inequality not only can detect the genuinely three-way nonlocality and
the genuinely three-way N .S nonlocality, but also can detect the Svetlichny’s genuine
tripartite nonlocality. Therefore, the violation of Svetlichny inequality is a sufficient
condition to detect the genuine tripartite nonlocal, which is the strongest form of
tripartite nonlocality.

In this chapter, we will concentrate on Svetlichny’s definition of tripartite non-
locality, also referred as genuine tripartite nonlocality. Svetlichny inequality is the
corresponding Bell inequality for detecting and quantifying the genuine tripartite
nonlocality. We will investigate the genuine tripartite nonlocality of a three-qubit

system.



4.2 Tripartite nonlocality test scenario and Svetlichny inequality

In this section, we first review the quantum experimental scenario for testing gen-
uine tripartite nonlocality. Then, we introduce a Bell inequality for detecting and
quantifying the genuine tripartite nonlocality generated from the scenario, namely
Svetlichny inequality.

Suppose that Alice, Bob and Clare are three seperated participants in the tri-
partite nonlocality test scenario. A joint quantum system consisted of three-qubit
is shared by the participants. And each participant owns a single qubit quantum
system. Every participant performs a dichotomic projective measurement which is
chosen from two possible measurement settings. Recall that any projective measure-
ment on a single qubit system can be described by an observable which is a Hermitian
operator with eigenvalues +1 and —1. The observable can be equivalently repre-
sented as 7+ & where 7 is a three dimensional real unit vector and ¢ = (01, 09, 03) is
the vector of Pauli matrices. In the following discussion, we denote the elements of
a row vector 7 € R? as rp with k = 1,2, 3, namely 7= (11, 7r9,73).

Without loss of generality, suppose the two measurement observables for Alice’s
system are X = 7-6 and X' = #'-& where ¥ and 2/ are unit vectors in R3. Similarly,
let Y =¢-0 and Y/ = y7 - ¢ be measurement observables for Bob’s system, and
Z =7-Gand Z' = 2 - @ be that for Clare’s system. Note that 7,1/, Z, 2/ are all
unit vectors in R3. Suppose p is the three-qubit quantum state shared by the three
participants. And the outcomes of Alice, Bob and Clare’s measurement operations

are denoted by a, b and c, respectively. The scenario can be depicted in Figure. 4.1.

(77) t+1.-1)
(%) )

Fig. 4.1: The scenario of testing genuine tripartite nonlocality.
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According to the theory of quantum mechanics, a quantum correlation can be

generated from the scenario, which is shown as follows:
pla,b,cl,y, =) = tr((XZ ® Y © Z:)p), (4.3)

where X7 is the measurement operator corresponding to the measurement outcome
a on condition that Alice chooses the measurement observable X and the similar
definitions apply for the measurement operators Y;’ and Z?Z.

A quantum state p is said to be Sy local if any correlation generated from
the scenario with the state p admits the Svetlichny’s LHVM defined in Eq. (4.2).
Otherwise, the state p is said to be genuinely tripartite nonlocal. Any S, local

quantum state p satisfies the Svetlichny inequality
tr(Sp) <4, (4.4)
for all possible Svetlichny operators
S=X+X)eo¥YeZ4+Y )+ X-X)eoYeZ-Y'®Z)  (45)

Conversely, the violation of this inequality for some Svetlichny operator S is a suf-
ficient evidence that the state is genuinely tripartite nonlocal.

A common choice for quantifying the genuine tripartite nonlocality of a three-
qubit state is the maximal violation of the Svetlichny inequality by the state [55].
Let S(p) denote the maximal violation of the Svetlichny inequality of the state p.
Namely,

S(p) = rngmxtr(Sp), (4.6)

where the maximum is over all possible Svetlichny operators. Then, S(p) can be
regarded as the quantity of the genuine nonlocality of the state p.

A more comprehensive measure for quantifying the genuine tripartite nonlocal-
ity can be based on the amount of maximal violation of the Svetlichny inequality.
Note that the maximal violation of the Svetlichny inequality over all three-qubit
states 1S Spmar = 4v/2 and the maximal violation value can be obtained by setting
the GHZ state |GHZ) = (]000)+|111))/+/2 as the quantum resource for the genuine

tripartite nonlocality test scenario [52]. Thus, we can define a quantity Ng(p) to



measure the nonlocality of the state p as follows:

Ne(p) = max {o, %} : (4.7)

It is obvious that Ng(p) is monotonically increasing and ranges from 0 to 1 as S(p)
goes from 4 to Spue. Ng(p) equals 0 if and only if the Svetlichny inequality of p
holds for any possible Svetlichny operators while it equals 1 when the violation of
Svetlichny inequality reaches the maximal violation value S,,4.. Therefore, Ng(p) is
a comprehensive measure of the genuine tripartite nonlocality for a three-qubit state
p. And Ng(p) > 0 is a sufficient condition for the three-qubit state p exhibiting
genuine tripartite nonlocality.

Note that calculating S(p) is a necessary step to get the measure Ng(p) of the
genuine tripartite nonlocality of the state p. Moreover, the quantity S(p) can be
viewed as a kind of measure of the genuine tripartite nonlocality of p in its own
right. Thus, we will concentrate on calculating S(p) for quantitatively analyzing
the genuine tripartite nonlocality of the state p. In the following discussions, we
will refer S(p) the genuine tripartite nonlocality of the three-qubit state p. The
term genuine tripartite nonlocality will be interchangeably used in perspectives of

qualitative detection and quantitative analysis.

4.3 'The genuine nonlocality of general three-qubit states

Recall that any state p of a three-qubit system can be expressed in the Pauli basis
as follows
B

p= 3 i7§0 tijo; ® 0; X oy, (4.8)
where t;;, = tr(po; ® 0; ® o) € R. Note that the genuine tripartite nonlocality
S(p) defined in Eq. (4.6) is the maximal value of tr(Sp) over all possible Svetlichny
operators. The quantity tr(Sp) is composed of 8 terms each of which is an expecta-
tion value of the multiplication of the corresponding measurement outcomes. Each

term is of the form shown as follows:

3
trip(X @Y ®2)] = Y zyati = (T, 129, (4.9)
ij,k=1
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where Ty, = (t;;%) are 3 by 3 real matrices of Pauli coefficients indexed by i and j for
k =1,2,3 and T, is a combination of the matrices T} with the elements of Z’ being
the corresponding weights, namely T, = Zi:l 2 Ty. Here (-,-) denotes the normal
inner product in R? and we abuse the notation slightly by writing 7.7 for T.%".

It is obviously to notice that the genuine nonlocality of a three-qubit state is only
related to 27 real numbers, which are elements of Pauli coefficient matrices 17,75
and T3, out of the 64 Pauli coefficients defined in Eq. (4.8). Those 27 coefficients
determine the properties of the connection between the whole three joint particles of
the three-qubit system while the others only contain the local information of single-
qubit subsystems or two-qubit subsystems. In the following, we refer 77,7, and T3
the correlation matrices of the three-qubit state p. The three correlation matrices
can form a cube, denoted by 7', which has unique properties with respect to genuine
tripartite nonlocality. The cube and correlation matrices can be depicted in Fig. 4.2.
Elements of matrix 7T are represented in the top layer of the correlation cube. That

of Ty and Tj are represented in the middle and bottom layer, respectively.
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Fig. 4.2: The correlation cube for the genuine nonlocality of a general three-qubit state.

Let €5 and €7 be two unit vectors such that £ + 2’ = 2cosaéy and ¥ — 2/ =



2sin aey for some a € [0, g) Note that €3 and €7 are also orthogonal. Let £ =¢j-0
and E' = €7 - &. Then, the left side of Svetlichny inequality can be equivalently

written as

tr(Sp) =2cosatr(E@ (Y @ Z'+Y' ® Z)) + 2sinatr(F' @ (Y @ Z - Y'® Z'))

=2 cos (€, Ao) + 2sin a(éq, Ay), (4.10)
where vectors /\_g) and /\_1 are defined as follows:

Yo =T+ Ty, (4.11)

M =15 — Toy'. (4.12)

Applying the Cauchy-Schwarz inequality, we get

1r(Sp) < 2/ {60, 30)? + (e, W) (413)

where the equality holds when

cos @ =(ey, Xo)/\/(%, )\_6>2 + (€1, )\Hl)2 and

sina =(é, 1)/ (6, o) + (65, A1)z
To make further optimization, we establish an orthogonal coordinate system
along the plane specified by vectors )\HO and \; with vector )TO being one of the
axes. Let Ag = (1,0,0) and A\; = (v,w,0) where u = |[Ao|l, v = (Ao, A)/|| Mol
and w = ¢/||\||2 — v2. Suppose & = (sin 6y, cos by sin g, cos By cose) and € =
(sin 0y, cos 6y sinny, cos 0y cosny) where parameters 6y, 1o, 61,71 € [0,27). Then, it

follows that

(€9, M) + (€1, \1)?

=u?sinfy? + (vsin B + w cos By sinn;)?

=g(0o, M0, 01, m).- (4.14)

Now, the problem of calculating the genuine tripartite nonlocality S(p) comes to
the problem of optimizing the function g(0, 19,01, 71) with the constraint shown as

follows:

(€0, €1) = sin by sin Oy + cos by cos B cos (g — m1) = 0.
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By applying the method of Lagrange multipliers, we find out that the function
9(00, 10,01, m) is upper bounded as follows:

1
9(0o,m0,01,m) < 5((u2 + 02 + w?) + 1/ (u? — 2 + w?)? + 4v2w?), (4.15)

u2—p2 fqp2 )
\/(UQ —v2+w?)2+4p2w2

and 0y = 6, + 5 . With some simple calculations, we find out that the upper bound

where the equality holds when 7y = 7, = 7, 1 = arccos %(1 +

can be equivalently written as follows:

—

(€6, M) + (61, M)* < 5 ((||>\o||2+ I %) + \/ (ol + X122 = 4(X0, A1)?),

(4.16)
where the equality can be achieved for properly chosen measurement variables &
and 7. In fact, the derivation of the upper bound is the process of optimizing
the quantity (€5, Ao)2 + (€1, A\1)% over the measurement variables Z and 2. Note
that Ao and A; defined in Egs.(4.11) and (4.12) are combinations of the measure-
ment variables 7/, y_7, Z, 2 and the correlation matrices Ty,T5,T5 of the state p. Let
F(Ty, Ty, Ts) represent the maximal value of the quantity (¢, Ao)2 + (€1, A1), which
is only related to the correlation matrices of p. The calculation of F(T3, Ty, T3) is a

further optimization over the measurement variables 7/, ¢/, Z and 2. Formally, it can

be defined as follows

1 ) - R - o
F(T3, T3, Ty) = max, ((HAUH + %) + J (I3l + 1331°) —4<A0,A1>2),

Ty 2z
(4.17)
where the maximum is over all possible measurement variables v/, y7 , Z and 2. Note
that F(T1,T»,Ts) is a function of the correlation matrices of p. Obviously, it follows

that
tT(Sp) S 2 F(Tl, TQ, Tg), (418)

where the equality can be achieved by properly choosing the measurement settings.
According to the definition in Eq. (4.6), the right side of the inequality is the genuine
tripartite nonlocality of the state p. Namely, the genuine nonlocality of the state p

can be equivalently written as

We summarize our main result in this section as the following theorem.



Theorem 4. Suppose p is the density operator of a three-qubit system whose cor-
relation matrices are Ty, Ty and Ts. Then, the genuine tripartite nonlocality of the

state p s

S(p) =2V F(T, T2, T3), (4.20)

where the function F is defined in Eq. (4.17).

4.4 Properties of genuine tripartite nonlocality

In the last section, we have simplified the problem of genuine nonlocality to an
optimization problem with fewer free variables. However, it is still not obvious to
get an analytical expression of the function in Eq. (4.17). In this section, we will

conclude some properties of the genuine nonlocality which can simplify the problem.

Lemma 5. Let p be a three-qubit state with correlation matrices 11, Ty and T;.

Then,
S(p) < max 24/ + X[ (421)

vy 2z

where Xy and Ay are defined in Eqs.(}.11) and ({.12). Furthermore, if the mazimum
on the right-hand side of Eq. (4.21) can be obtained for some )Tg and )Tl with )To 4 )\ﬁl,
then the equality holds.

Proof. Applying the Cauchy-Schwartz inequality, we get an inequality as follows:
(€6, Ao)® + (61, M) < I ll? + 1A

The above inequality is an immediate result of the Eq. (4.16). Combining the
inequality with the Eq. (4.13), it is obvious that the inequality in Eq. (4.21) is true.
Thus, we have proved the upper bound.

Suppose there are unit vectors 7, J’ , Z, and 2/ which achieve the maximum on
the right-hand side of Eq. (4.21) and make Ao L A;. Note that the inner product
(Ao, A1) = 0. Then, it follows that

1 - - . L2 Lo
§<<||>\0||2+||/\1||2> M (115002 + 13312) —4<A0,A1>2)

= Aol + A1)

:F(Th T27 T3)
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Applying Theorem 4, we get that the equality in Eq. (4.21) holds as follows:
F(T17T27T3) =2 ||/\_E)||2+||/\_;‘|2
Therefore, we have proved the lemma. O

The genuine nonlocality of a special class of three-qubit states can be obtained
with this lemma. By applying the above lemma, we can get an analytical expression
of genuine nonlocality for the generalized GHZ states which coincides with the result

obtained by Ghose et al. [55]. This result will be illustrated in the next section.

Lemma 6. Suppose Ty,’T5 and T3 are correlation matrices of a three-qubit state p.
If Ty are correlation matrices of another three-qubit state p' such that Ty, = w1}, k =

1,2,3 for some parameter w € R, the genuine nonlocality of p is related to that of

p' by
S(p) = |w[S(p)- (4.22)
Proof. Combining Eqgs.(4.9), (4.11) and (4.12), we can know that

0 = wh, (4.23)

1= WY, (4.24)

where X, and X, follow the same definition in Eqs.(4.11) and (4.12) while the cor-
relation matrices T are replaced with 7}. By taking Eqs.(4.23) and (4.24) into
Eq. (4.17), we can get

F(T17 T27 T3> - "l,U|2F(T1,, T2,7 Té)
Then, the result can be easily proved by applying Theorem 4. O

A class of important quantum states of a three-qubit system are the generalized

Werner states
I
pws = pIGHZ)(GHZ| + (1 - p)g, (4.25)

where 0 < p < 1 and |GHZ)4 = (]000) & [111))/+/2 are GHZ states. The genuine
nonlocality of GHZ states all equal S,,,, = 4+/2 which is the maximal among the

three-qubit states [52]. As an application of Lemma 6, we get that the genuine



nonlocality of the three-qubit generalized Werner state is S(pws) = 44/2p. And
pws is genuinely tripartite nonlocal when p > \%2

The quantification of the genuine nonlocality of a general three-qubit state is
an optimization problem over 6 measurement settings which correspond to 12 free
real variables. In the discussions of the last section, we have optimized the problem
over the measurement settings of Alice. In fact, we can also start the optimization
from other participant. Note that the Svetlichny operator in Eq. (4.5) is symmetric

and can be equivalently written as:
S=XeY+X'eY)e(Z+Z)+ (XY -X'Y)®(Z-2Z"). (4.26)

And the basic term of the quantification of genuine tripartite nonlocality, which is
shown in Eq. (4.9), is also equivalent to the equation as follows:
3
rp(X @Y @ 2)] = > zyztye = (7, R,E), (4.27)
ij k=1

where R; are 3 by 3 correlation matrices with elements being (R;)r; = ti; and
the matrix R, = Z?Zl y;R; is a combination of the correlation matrices with the
weights taking values according to the elements in the vector 3. Thus,

—

tr(Sp) = (Z+ 2, @) + (- 2, @), (4.28)

where ) = R, @ + Rya’ and &) = R, — R,a’. Note that

F(Ry, Ry, Rs) = max_ o ((lspl® + [wi]l®) + v/(lwoll? + [lor]|2)? — 4(wo, w1)?).

—
/

= -
x7x 7y7y

N —

(4.29)

By applying the same method for the proof of Theorem 4, we find out that the
genuine tripartite nonlocality of the three-qubit state p can be equivalently written

in the form follows:

S(p) = 2/ F(Ry, Ry, Ry). (4.30)

We can also start the optimization of the problem from the measurement set-
tings of Clare’s system. Similarly, we can get the genuine tripartite nonlocality of

the state p as follows:

S(p) =2V F(Q1,Q2,Qs), (4.31)
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where ); = (t;;%) for i = 1,2, 3 are 3 by 3 correlation matrices indexed by j and k.

The elements of the correlation matrices Ry, Ry and R3 correspond to the left,
middle and right layers of correlation cube T"in Fig. 4.2, respectively. The correlation
matrices Q1,2 and ()3 correspond to the back, middle and front layers of the
correlation cube, respectively. Hence, the genuine tripartite nonlocality of a three-
qubit state has inherent symmetry which can also be concluded in the following

lemma.

Lemma 7. The genuine nonlocality of a three-qubit state p is determined by a set
of correlation matrices which can be chosen from the corresponding correlation cube

through any direction. To be specific,

S(ﬂ) =2 F(Tl,Tst)
=2 F(Rl, RQ, Rg) (432)

=2 V F(Ql; QQa Q3)7

where {11, Ty, T3}, {R1, Ra, Rs} and {Q1,Q2,Qs} are sets of correlation matrices

choosing from the correlation cube through different directions.

4.5 Genuine tripartite nonlocality of special classes of three-qubit

states

We have analyzed the genuine tripartite nonlocality of general states of three-qubit
system and got an simplified expression of it in Section 4.3. We have also developed
some properties for the genuine tripartite nonlocality of general three-qubit states
in Section 4.4.

In this section, we apply the theorem and lemmas developed in the previous
sections to analyze the genuine tripartite nonlocality of some special classes of three-
qubit states. We will discuss the generalized GHZ states in subsection 4.5.1, the
GHZ-symmetric states in subsection 4.5.2 and two classes of three-qubit states which
have special correlation matrices in subsections 4.5.3 and 4.5.4. Eventually, ana-
lytical expressions of the genuine tripartite nonlocality of those states will also be

obtained.



4.5.1 'The generalized GHZ states

The pure states of a three-qubit system can be genuinely entangled in two different
ways, namely GHZ-class states and W-class states [37]. By means of stochastic local
operations and classical communication (SLOCC), any entangled three-qubit pure
state can be converted into either GHZ state or W state with nonzero probability. An

important type of GHZ-class states is the generalized GHZ state shown as follows:
|Gg) = cos6|000) + sin §]111).

In this subsection, we analyze and further get an analytical expression of the genuine
tripartite nonlocality of the generalized GHZ state by applying the results obtained
in the previous sections.

Note that the correlation matrices of the generalized GHZ state are T =

sin207}, k = 1,2, 3, where

1 0 0 0 —1 0 00 0
Ti=(0o -1 0|, o= =1 0 0o|, Ts5=100 0
0 0 0 0 0 0 0 0 cot260

Suppose T}, are correlation matrices of a three-qubit state p’. Applying the Lemma 6,
it is obvious that

S(Ge) = |sin20|S(p").

Now, it is equivalent to quantify the genuine tripartite nonlocality of the state
P to get the genuine tripartite nonlocality of the generalized GHZ state. Sup-
pose § = (sin Ssinn,sin 5 cosn, cos 3), y = (sin #’'sin7/,sin 5’ cosn/,cos 3'), 7 =
(sin ~y sin @, sin y cos @, cosy) and 2z = (sin4 sin ¢/, siny cos ¢, cosv'). According
the definitions in Eqs.(4.11) and (4.12), the vectors )\% and N, corresponding to the

correlation matrices 7 are

—sin ' siny cos (' + @) — sin Bsinv’ cos (n + ¢')
)\% = | —sinf'sinysin(n + @) —sinfsiny'sin (n+ ¢’) |
cot 260(cos 8’ cosy + cos [ cosy')

and
—sin Ssinycos (n + ¢) + sin 5’ siny’ cos (7' + ¢')

)\_;1 = | —sinBsinysin(n+ @) +sinf' siny'sin (' +¢') |,
cot 26(cos [ cosy — cos B’ cos ')
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respectively. We further calculate

NI + X1

= cot? 20(cos® B + cos? B')(cos® v + cos®v') + 4sin Bsin B’ sin vy sin v’ sin (n — 1') sin (¢ — ')
+ (sin? 8 4 sin? B')(sin? v + sin? ')

< cot? 20(cos? B 4 cos® B')(cos? v + cos® 7)) + 4| sin B sin 4’ sin vy sin /|
+ (sin® B + sin? B')(sin v + sin®7')

< cot®26(cos® B + cos® ') (cos® v + cos®¥') + 2(sin® B + sin® #') (sin® v + sin® '),
where the last inequality is from the fact that

4sin Bsin B sinysiny’ < (sin? 8 + sin® ) (sin* v + sin®4/),
for any 3, /3,7, and 7. Let = sin? 8 + sin? 8’ and y = sin®y + sin® 7. Then,

1N + 1A
< (2 + cot? 20)zy — 2 cot? 20(x + y) + 4 cot? 20

= f(z,y).

Note that the function f(x,y) is symmetric with respect to « and y, and if x < y,
then f(z + €,y —€) > f(x,y) whenever 0 < € < y — x. Thus, f(z,y) reaches its
maximum at some point with x = y. Inserting x = y into the formula, and noting

that x,y € [0,2], we have

8 if cot?26 < 2
flz,y) <
4cot?20 if cot?20 > 2,

where for the above case, the equality holds when x = y = 2, while for the below
one, it holds when z =y = 0.

When cot? 26 < 2, a simple calculation shows that the maximum of ||/\_{’)||2 +
H)\_’;H2 can be achieved by taking f = '=~v=+"=n=¢ =7n/2 while y/ = ¢’ = 0.
In this case, N, = (0, —2,0) and X = (2,0,0). Thus, A, L X', and by Lemma 5, we
derive S(Gy) = 4+/2| sin 26|

When cot?26 > 2, the maximum of | N} [|2+|| X} ||2 can be achieved by taking 3 =
B =~ =" =0 while other parameters arbitrarily. In this case, )\% = (0,0,2cot 20)

and X = (0,0,0). Thus, )\% 1 X, and by Lemma 5, we derive S(Gy) = 4| cos 26).



Note that the condition cot? 26 > 2 is equivalent to sin® 26 < %. Therefore, the
genuine tripartite nonlocality, namely the maximal violation of Svetlichny inequali-

ties, of the generalized GHZ states is

4| cos 20| if sin®26 < 3
S(Gy) =
4v/2]sin26| if sin®26 > 1,
which coincides the result obtained by Ghose et al. [55]. The generalized GHZ state

|Gy) is genuinely tripartite nonlocal when sin®26 > 1.

4.5.2 Three-qubit GHZ-symmetric states

GHZ-symmetric states is a class of mixed states which play an important role in
quantum information research. Eltschka et al. completely characterized the three-
qubit GHZ-symmetric states [35]. The three-tangle, a quantitative measure of entan-
glement for three-qubit state, of three-qubit GHZ-symmetric states has been derived
by Siewert et al. [29]. In 2016, Paul et al. analyzed the nonlocality of three-qubit
GHZ-symmetric states [53].

As an application of the techniques developed in the previous sections, we work
out the genuine nonlocality of three-qubit GHZ-symmetric states in a dramatically
simple way in this subsection.

The three-qubit GHZ-symmetric states can be represented as

o(.0) = (CL 4 p)|GHZ) (CHZ| + (2L — p)|GHZ)_(GHZ| + (1 - L)

V3 V3 V3

I
87
(4.33)

where the parameter ¢ ranges in the interval _ﬁg < q < \/Tg and for given g,
the parameter p is constrained by |p| < (@ + £). This family of states forms a
plain triangle which is depicted in Fig. 4.3. Any point in this triangle represents a
three-qubit GHZ-symmetric state, which not only includes GHZ states, but also the
generalized Werner states, W states, biseparable states and separable states.

The correlation matrices of the state p(p, q) are
2p 0 0 0 —2p 0

=10 -2 0|, To=| -2p 0 0| andT3=0,
0 0 0 0 0 0
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04 -02 00 02 04
p

Fig. 4.3: The triangle of GHZ-symmetric states [38, 58].

which can be represented as T}, = 2pT} for k =1,2,3 and

1 0 0 0 -1 0
i=10 -1 0|, Ts=| -1 0 0| andT5=0.
0 0 O 0O 0 0

It is interesting to note that matrices 77, T3 and T3 are the same with correlation
matrices of the GHZ state |GHZ), = (]000) + |111))/v/2 of which the genuine
tripartite nonlocality achieves the maximum value S,,., = 4v/2. Applying Lemma
6, we can get the genuine tripartite nonlocality of the GHZ-symmetric state p(p, q)

as follows:

S(p(p,q)) = 8v2[p|. (4.34)

Thus, it is trivial to conclude that the three-qubit GHZ-symmetric state p(p, q) is

genuinely tripartite nonlocal if |p| > \/Ti. This result is consistent with the one

obtained by Paul et al. [58].

4.5.3 The state with only one nonzero correlation matrix

In this subsection, we will discuss the genuine tripartite nonlocality of a class of

three-qubit states which have only one nonzero correlation matrix.



Suppose p is a three-qubit state with correlation matrices 17, T; and T3. With-
out loss of generality, let T} be the only nonzero correlation matrix, namely Tp =
T3 = 0. Then, the important vectors defined in Eqs. (4.11) and (4.12) can be

equivalently written as

Xo =T (2 7+ xy) and

M o=Ti(2§ - 2y).
Suppose the real normal matrix T T, has a spectral decomposition of the form
TIT, = 22:1 pkqﬁ_;;Tgb_/; where {gb_)l, gb_;, qb_;,} is an orthonormal basis for vector spece

R? and the corresponding eigenvalues are in nondecreasing order i1 > pg > 3 > 0.

With this, we can get the following inequality

Poll® + 1IN 1* = (=5 + 21°) (7. TY i) + (v, T Tvy))

< 2max((§, T/ Tvi)) + (o, T{ Ty/)) (4.35)
vy’

< dmax(y, T{ Thy) (4.36)
Y

= 4lu17

where the equality in Eq. (4.35) holds when 22 = 2> = 1 and the equality in
Eq. (4.36) holds when 77, 4/ € {£=¢}. Thus, the relationship ||Xo||2 =+ [|A1]|2 < 4p1 is
with equality when both equality in Eqs. (4.35) and (4.36) hold. With some simple
calculations, we can find that the inner product (AB,)G) — 0 when 22 = 2/*> = 1
and 7/, yﬂ’ € {:l:c;;l} Applying Lemma 5, we get the genuine tripartite nonlocality
S(p) = 4y/p11. The three-qubit state p violates the Svetlichny inequality if and only
if puy > 1.

We conclude the above discussion as the following theorem.

Theorem 5. Suppose p is a density operator of a three-qubit quantum system with
correlation matrices 11, Ty and Ty where Ty = T3 = 0. Then, the genuine tripartite

nonlocality of the state p is

S(p) = 4/, (4.37)

where iy is the largest eigenvalue of the 3 by 3 real normal matriz TET,. Moreover,
the state p is genuinely tripartite nonlocal and violates the Svetlichny inequality if

,u1>1.
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4.5.4 The class of three-qubit states with simultaneously diagonalizable

correlation matrices

Theorem 6. Given p is a three-qubit state with simultaneously diagonalizable cor-
ST -

relation matrices Ty, Ty and Ts. Suppose T), = 233':1 WiV Vv, k= 1,2,3 for an

orthonormal basis {1/71, 152, 153} Then, the genuine tripartite nonlocality of the state

p 18

S(p) = dmax{ |||, |, [lws] }, (4.38)

where vectors W are defined as W = (wyj, wa;, ws;) for j = 1,2,3 and || - || stands
for the corresponding Fuclidean norm. The state p is genuinely tripartite nonlocal

resource if
max{||ai [, [, [|s([} > 1.

Proof. We consider the nonlocality test scenario discussed in Section 4.2 and inherit
the notations defined in Section 4.3. As the measurement parameters 7/, gj’ ,Zand 2/
are arbitrary unit vectors chosen from the vector space R? in this problem, we can
assume the vectors are represented in the basis {1/)3}3‘:1 Then, it follows that 7,7 =
Z%zl Zkijij = Z;Fl zkijkj@. Note that Zij:l Zkwy; 1s equal to the inner
product (Z,wj;). Thus, the basic term can be written as T,y = 2?21 yj<2,a7j>1fj.

The vectors defined in Eqgs. (4.11) and (4.12) can be equivalently written as

3
Ao =Y ({2, @) + yj(Z,&))d;  and
j=1
3
M=) (W7 @) — i, W)y

.
Il
—

Further, we get the following inequality

3
Poll” + I 12 =D (] +u ) E )P + [, @) 1)

Jj=1

3
2 JEF
< 2max Y (y7 +y;)|(Z,w)[ (4.39)
vy 2 j=1

3
=dmax Y y?|(Z.0)
Y,z =1

= dmax{|[w||?, [|]2 || ]2}



Without loss of generality, suppose [|w1]|? is the maximal one in the set {||w |2, ||w3]|?, |3 ]*}
Namely, || Ao|2 + [|A1]|2 < 4]|wi||2. The equality in Eq. (4.39) holds when 32 = /% =
1, 7= £ and 2/ = £;. Further, we find out that the inner product <A?), /\_1> =0
when the equality [|Xo||2 + [|A1]|2 = 4||w:||? holds. Applying Lemma 5, we get the

genuine tripartite nonlocality of the state p
S(p) = 4ljwr].

The state p is genuinely tripartite nonlocal if ||w}|| is greater than one. Therefore,

we have proved the theorem. O



5. DISTRIBUTING NONLOCAL RESOURCE OVER LONG
DISTANCE

As the most basic and counterintuitive characteristic of quantum mechanics, quan-
tum nonlocality, a stranger resource than quantum entanglement, plays an indis-
pensable role in most of the quantum information processing applications. Unfortu-
nately, there are insurmountable difficulties in the distribution of quantum resource
over remotely located participants.

In this chapter, we concentrate on the problem of distributing nonlocal re-
sources, which include the bipartite nonlocal resources and tripartite genuine nonlo-
cal resources, over distantly separated participants. We propose an effective quan-
tum repeater scheme to distribute bipartite nonlocal quantum resources [90]. We
also design a simple protocol to generate the tripartite genuine nonlocal resources
from bipartite resources with assistance of LOCC [91].

First, we analyze the challenges in the distribution of quantum resources and
then propose possible solutions in Section 5.1. We also review the progresses that
have been achieved.

Second, we consider the problem of distributing bipartite nonlocal resources over
remotely located participants. We present some basic quantum repeater schemes
which consider not only the entanglement-concentration rate but also the LOCC
complexity. In Section 5.2, we exploit the basic scenario of quantum repeaters where
two different two-qubit pure states are prepared. We construct a protocol which can
create maximal entanglement between Alice and Bob at the optimal rate and with
less consumption of LOCC resources. A criterion for the projective measurements
which are able to achieve the optimal rate of entanglement concentration is prosed
in Section 5.3. In Section 5.4, we consider the case in which two general pure
states are prepared and general measurements are allowed. We get an upper bound

on the probability for a successful measurement operation to produce a maximally



entangled state between Alice and Bob.

Last, we consider the problem of distributing genuinely tripartite nonlocal re-
sources over distantly located participants. We propose a simple setting to generate
tripartite nonlocality from bipartite resources in Section 5.5. For the scenario, we
analyze two classes of bipartite resources, namely two-qubit entangled pure states
and Werner states. Upper bounds on the tripartite genuine nonlocality, character-
ized by the maximal violation of Svetlichny inequalities, are given, and the optimal
measurements to achieve these bounds are provided.

The work reported in this chapter is based our publications in Physical Review

A [92] and Quantum Information Processing [91]

5.1 The challenge and solution to the distribution of nonlocal

resource

The first step towards the implementation of these applications is to distribute quan-
tum nonlocal resource over remotely located participants. However, there are two
basic bottlenecks to directly sending quantum states over a long distance [90]. On
one hand, the probability of absorption when transmitting a photon increases ex-
ponentially with the distance. For example, a 1-km-long fiber has a transmission
of 95%, while the rate for a 1000-km fiber is 107!° Hz, which means that a pho-
ton will be transmitted successfully every 300 years [93]. On the other hand, even
when a photon arrives at the destination, the fidelity of the transmitted state de-
creases exponentially with the distance because of the noise in quantum channels.
Theoretical results also indicate that it is impossible to find a revised protocol to
circumvent this rate-distance trade-off in the application of the quantum key dis-
tribution (QKD) [94, 957 | 96, 97, 98]. The ultimate limits for the rate-distance
trade-off in QKD have been fully established, which include the maximum achiev-
able QKD rate (lower bound) [97] and the tightest upper bound for the rate (upper
bound) [98]. For a lossy channel, the upper bound coincides with the lower bound.
Thus, this result is the ultimate secret key capacity of a lossy channel, which is also
known as PLOB bound.

For the distribution of bipartite quantum resources, an effective solution to
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overcome the rate-distance trade-off is to use quantum repeaters to divide the long
distance into many shorter segments. Each of the segments has a tolerable prob-
ability for absorption and noise. In the basic scenario of quantum repeaters, two
copies of a bipartite quantum state p are shared by three participants, say Alice,
Clare, and Bob. Alice and Clare share the copy pac, and Clare and Bob share pcp.
By performing local operations and classical communication (LOCC) between these
three parties, quantum entanglement can be created between Alice and Bob, thereby
extending the distance of the entanglement distribution [93]. The basic scenario is

depicted in Fig 5.1.

Alice Clare Bob .
o Pac ?? Pcp o LOoCC A|I?CE P Bc;:)
, > ZYL
L L

Fig. 5.1: Basic scenario of quantum repeaters.

Since the first protocol was proposed by Briegel in 1998 [90], many schemes for
realizing quantum repeaters have been developed [99, , , , |. Significant
experimental progress has also been made in the last two decades [104, , , ,

, ]. The performance of quantum repeaters can be assessed by using bounds
on the secret-key-agreement capacity of quantum communication channels [? 95].

The basic scenario of quantum repeaters is also known as quantum entangle-
ment swapping [110]. When less entangled pure states are initially distributed in
the scenario, the process of concentrating a maximally entangled state is termed
entanglement concentration [111, ]. A simpler scenario is one with only two par-
ticipants, which has been extensively studied [113, , 27, 115]. Many results have
also been achieved for quantum entanglement swapping [1106, , , , |.
Bose et al. considered the case where the same two-qubit pure states were prepared
in each segment [116]. They found the optimal strategy of quantum swapping with
respect to concentrating the most entanglement between Alice and Bob. Shi et al.

considered the case where different two-qubit pure states were prepared [I17]. In

Shi’s strategy, Clare performs a projective measurement in the standard Bell basis.



Then, Alice and Bob perform local operations to create a maximally entangled state
between them. Shi et al. found out that the optimal entanglement-concentration
rate was exactly the same as the concentration rate in the scenario where the less
entangled single copy of resource was directly distributed between Alice and Bob.
Hardy and Song considered the case where general entangled pure states were dis-
tributed in a chain scenario [I18]. Perseguers et al. exploited the scenario where
general two-qubit pure states were distributed in a quantum network [119]. The
quantum entanglement swapping configuration can also be used to activate nonlo-
cality from local resources [120)].

Beside the essential difficulties in the transmission of quantum resources, there
is another important barrier in the distribution of tripartite nonlocality. It is much
harder to produce entangled tripartite systems than that of bipartite systems in
experimental practice. To overcome this difficulty, Zeilinger et al. [121] proposed
a scheme of generating tripartite entanglement from bipartite resources. In the
experimental test of nonlocality in GHZ states, the entanglement preparation can
also benefit from Zeilinger’s scheme [122]. Note that being entangled is the necessary
condition of being nonlocal for quantum systems. Therefore, it is a practical solution
to distribute genuinely tripartite nonlocal systems via the strategy of generating

them from bipartite nonlocal resources.

5.2 Taking different two-qubit pure states as resource

In this section, we consider the case where two different pure states of a two-qubit
system are prepared in the basic quantum repeater configuration. We construct a
protocol to concentrate the maximally entangled two-qubit state between Alice and
Bob at the optimal entanglement-concentration rate and with less LOCC complexity.
Note that the quantum state of a two-qubit system, which is maximal entangled, is
also maximally nonlocal state. Thus, it is identical to distribute quantum resources
with respect to maximal entanglement and the maximal nonlocality.

Up to some local unitary operations, any pure state of a two-qubit system
can be written as |®y) = cos0|00) +sinf|11),0 € [0, 7]. The state |Pg) is said to
be entangled if # € (0,%). Otherwise, it is separable. When 6 = 7, the state is

known as the standard maximally entangled state of a two-qubit system, denoted
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as |®) = (]00) + |11))/+/2. Note that quantum entanglement is a kind of resource
that cannot be created or increased with LOCC [21]. Particularly, local unitary
operations cannot affect the amount of entanglement that exists within entangled
quantum systems. Thus, we only need to consider the case where the entangled
states |®y) and |®,) with 6,1 € (0, 7) are initially distributed in the configuration.
A general two-qubit maximally entangled state is equivalent to |®) up to a local
unitary operation U, denoted as |®y) = (U ® I)|®). By applying LOCC in the
configuration, we expect to obtain a maximally entangled state |®y) between Alice
and Bob such that the rate of entanglement concentration is as high as possible

while the LOCC complexity is as low as possible. The configuration is depicted in

Fig. 5.2. To achieve this goal, we first need to present some lemmas.

_ Bob Alice o Bob
o el %) o _locc [Pu)
Y

—— ® y ?

Y
L L 2L

Fig. 5.2: Quantum repeater scheme with different two-qubit pure states.

Lemma 8. Suppose two parties share a two-qubit state |®,) = cos A|00) + sin A|11)
with A € (0,%). By performing LOCC, the state can be probabilistically transformed
into a maximally entangled state. The probability of a successful transformation is

upper bounded by Pr(®y) = min{2cos? A, 2sin? \}.

Lemma 8, which is an implication of Vidal’s result [113], gives the upper bound
on the entanglement-concentration rate in the scenario where an entangled two-
qubit state |®,) is shared by two parties. With out loss of generality, suppose
cosA > sinA. The upper bound of the concentration rate can be obtained by
performing a general measurement { My, M;}, where My = tan A\|0)(0] + |1)(1] and
M; = +/1 —tan? A\0)(0|, on either party. If the measurement outcome 0 is observed,
the maximally entangled state will be created between them. The corresponding
probability is Pp(®,) = 2sin? \.

Applying Lemma 8, we get the upper bound on the entanglement-concentration

rate for the simplest quantum repeater scenario depicted in Fig. 5.2. The result is



concluded in the following lemma.

Lemma 9. Suppose that the two-qubit states |®g) and |®,) are initially distributed
i the scenario depicted in Fig. 5.2. Let Pyg be the optimal probability that the
maximally entangled state can be created between Alice and Bob by applying LOCC.
Then, Py < min{Pg(®y), Pp(®,)}.

Proof. We prove this lemma via deducing contradictions. Suppose Pys > Pg(®Py).
Then, consider a scenario where the resource |®q) is shared by Alice and Bob. Let
Bob locally prepare an ancilla state |®,). According to the definition, the probability
of creating maximally entangled state between Alice and Bob by applying LOCC
is Pyg, which is greater than Pg(®y). This result contradicts Lemma 8. Thus,
the assumption is not true. It should have Pys < Pg(®y). Similarly, we can get
Pys < Pg(®,).

Therefore, we have Pyrg < min{Pg(®y), Pr(P,)}. O

In our protocol, we consider a projective measurement on Clare’s joint system.
Note that a projective measurement on a two-qubit system consist of four projec-
tions. A successful projection of Clare is one where the maximally entangled state
can be directly created between Alice and Bob without any further local operations.
Our strategy is to construct a projective measurement such that the sum of the
probabilities of the successful projections is as high as possible. For projections that
result in Alice and Bob sharing non-maximally entangled states, we can apply the
probabilistic entanglement concentration by performing a local measurement opera-
tion on either Alice’s or Bob’s system. In general, we can concentrate entanglement
from the scenario at a high rate while less of the LOCC resource is consumed.

In the following lemma, we work out the lower and upper bounds on the prob-

ability of a successful projection.

Lemma 10. Assume that the two-qubit pure states |®g) and |®,) are initially dis-
tributed in the scenario shown in Fig. 5.2. Without loss of generality, suppose
0,m € (0,%]. A mazimally entangled state can be created between Alice and Bob by
projecting Clare’s joint system onto state |@) without any further local operations.

The probability p(p) of the successful projection is bounded by
plp) <

sin? 20 sin? 2n
4(1 — cos 26 cos 2n)

sin? 20 sin? 27 <
4(1 4 cos 26 cos2n) —

(5.1)
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Proof. The initial state of the three participants’ joint quantum system can be

written as
3
b0y anc = > fulk)aslk)c, (5.2)
k=0

where fo = cosfcosn, fi = cosfsinn, fo = sinfcosn and f3 = sinfsinn. Suppose
) = S0 elk) € HS? with the constraint S°o_ [ux]?> = 1. Once the projection
occurred, the state of Alice and Bob’s joint system would be

3

o) (bc|do)apc = k:

As we expect that a maximally entangled state would be created between Alice and

Bob without any further local operations, it should have

[9)ap = (U 1)|®), (5:3)

where U is a unitary operator on Hs.
Let Ay, = (k|(U ® I)|®). Then, the parameters of the projection state and the

corresponding probability are related by the formula as follows:

fk,uk; VD Ak (5-4)

By applying the unit constraint of the projection state |¢), we get the probability

of the successful projection as follows:

(Z A"“|2> . (5.5)

k=

Without loss of generality, let U = |0){(ag|+]1) (1], where |ag) = €7 (cos a|0) +
e”sina|l)) and |ap) = e (sina|0) — €7 cosa|l)) with a, 19, 71,7 € [0,27). It is
trivial to determine that |Ag|> = |A3]* = cos?a and [A|? = |Ayf?* = Isin®a.

Hence, any successful projection state |p) should be equivalently written as
1 1 .oy 1 ]
lp) = M(cosoz(—|00> +eP—[11)) + € sina(—|01) + e —|10))), (5.6)
2 0 I3 S f2

where o, 3,4, 8" € [0,27). The inverse of the probability can be rewritten as

1,1 1 1 5, 1 1 1 1

_1__ P e T
Py =gt tyesalptm-—p-m)



As we have assumed that 0,71 € (0, 7], it follows that
1 1 1 1 16cos20cos2n

J— _'_ —
5B 2 f2 sin?20sin’2n

Hence, the inverse of the successful projection probability p(¢)~! reaches the maxi-

2 2

mum when cos” o = 1 while it reaches the minimum when cos” @ = 0. Namely,

411 1 4(1 4 cos 26 cos 2n)
Lo (4 ) = 5.7
S L e p 57)
and
.11 1 4(1 — cos 26 cos 2n)
s 24 )y = 5.8
) 2 2(f12 * f22) sin? 20 sin? 2y (5.8)
Then, Eq. (5.1) follows Eqgs. (5.7) and (5.8) immediately. Therefore, we have proved

the lemma. N

Suppose Clare performs a projective measurement in the orthonormal basis
{lx) }i—, with p(p) being the probability of projecting the system into state |¢y)
and |¢x) ap being the corresponding post-measurement state of Alice and Bob’s joint
system.

First, let |p1) be the successful projection such that p(y;) reaches the upper
bound of the projection probability in Eq. (5.1). The condition of achieving the
upper bound probability is cos @ = 0 in Eq. (5.6). Thus, the projection state can be

written as
o1) = (f201) + e f1]10) /1) 2+ f3, (5.9)

for an arbitrary phase §; € [0,27). The corresponding projection probability is

___ sin®20sin? 2y
p(gpl) " 4(1—cos 260 cos2n) *

Second, we try to construct another successful projection with the correspond-
ing projection state |p2). The state |¢2) should be of the form of Eq. (5.6). The
orthogonality of the projection states |p2) and |p;) requires that (p1]|¢2) = 0, which

is equivalent to the following constraint:

ple) i oo s 1Y
Vs s e smalf = g) =0

To let the above constraint hold for general resources |®y) and |®,,), it should have

sina = 0. Thus, we get the second projection state as

[02) = (f3100) + ™ fo[11)) /1 / f§ + 3, (5.10)
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where B, € [0,27) is an arbitrary phase. The corresponding probability of the
successful projection is p(y2) = %%77)’ which is exactly the lower bound of
the successful probability.

A simple calculation shows that there is not a third projection state which is

of the form of Eq. (5.6) and orthogonal to the projection states |¢;) and |ps). The

other projection states can be chosen as

[03) =(f1]01) — ™ fo[10)) /) f7 + £, (5.11)
[pa) =(fol00) — 2 f5[11)) /) f3 + £3, (5.12)

4 4 4 4
with the projection probabilities being p(y3) = ;51;22 and p(py) = jj%:t;%, respec-
1 2 0 3

tively. The corresponding post-measurement states of Alice and Bob’s joint system

are

[63)ap =(f7101) — e f7110)) /1) fi + 13, (5.13)

[6a)as =(f3100) — ™ fZ111))/\/ fo + f3. (5.14)

We have figured out a projective measurement for Clare. Two of the projections
would directly leave Alice and Bob’s joint system in maximally entangled states,
while the others would leave them in less entangled states. When the measurement
outcome |p3) or |py) is observed, we can still concentrate some entanglement from
the less entangled state |¢3) or |¢4) by performing local operations on either Alice’s
or Bob’s system.

Let g and ¢’ be the probabilities that we can concentrate the maximally entan-
gled state from |¢3) and |¢4) by performing the corresponding general measurement
on Bob’s qubit, respectively. As we have assumed that 6,7 € (0, %], it follows that
fo > f3. With out loss of generality, we suppose n > 6, which implies that f; > fs.
Applying Lemma 8, we get
e, o
CHAR TR

In general, the maximally entangled resource can be created between Alice and Bob

q

with probability

Puis =p(1) + p(p2) + p(p3)q + p(pa)g’ = 2sin® 6.



Note that 2sin? § also equals the optimal probability Pg(®,) that the maximally en-
tangled state can be concentrated in the scenario where the resource |®y) is directly
prepared between Alice and Bob. Thus, we have Pyg = Pg(®y).

Similarly, we get Pyg = Pg(®,) for the case § > 7. Thus, the maximally en-
tangled resource can be concentrated from the scenario in Fig. 5.2 with probability
Pyrs = min{ Pg(®y), Pe(®P,)}. According to Lemma 9, Pyrg < min{Pg(®y), Pe(®P,)}.
Therefore, the entanglement-concentration rate obtained in our protocol is the op-
timal one for the scenario.

Upon performing the projective measurement on Clare’s joint system, no further
local operation is needed when any of the two successful projections is observed.
Maximally entangled resources will be directly created between Alice and Bob with

sin? 20 sin? 27

5 5—. Assume that the classical communication channel is
1—cos? 20 cos? 27)

probability 57
liable. It is possible to establish an efficient classical communication agreement for
telling Bob to take the corresponding action, namely performs the corresponding
local measurement or does not take any action.

Therefore, we have constructed a protocol for extending the distance of the en-
tanglement distribution, which is optimal with respect to the entanglement-concentration
rate and efficient in perspective LOCC complexity. With this, we have proved the

following theorem, which is the main result of this section.

Theorem 7. Considering a quantum repeater scheme with different two-qubit pure
states |®g) and |®,), the protocol we develop in this section is optimal for perspec-
tives of entanglement-concentration rate, which is Pys = min{Pg(Py), Pp(P,)},

and efficient for perspectives of LOCC' complexity.

5.3 Criterion for optimal projective measurements with respect to

the entanglement-concentration rate

For the scenario depicted in Fig. 5.2, the projective measurement in the standard
Bell basis is also able to achieve the optimal entanglement-concentration rate [117].
Thus, the optimal projective measurement for Clare’s joint system is not unique
with respect to the entanglement-concentration rate. However, not all projective

measurements can achieve that goal. For example, it is impossible to obtain entan-
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glement between Alice and Bob by projecting Clare’s system onto separable states.
Hence, it is a practical problem to verify whether a projective measurements
is able to concentrate entanglement from the scenario with the optimal rate. The

following theorem gives a criterion for such measurements.

Theorem 8. Suppose two-qubil states |®q) and |®,) with 6,m € (0,F] and § < n
are initially prepared in the quantum repeater scenario (Fig. 5.2). Considering a
projective measurement {Py}i_, in our protocol, it is able to achieve the optimal

entanglement-concentration rate if and only if

4
S\ (tr(T1 @ ToP)? + sin? 20]er(10) (1] @ ToP)J2 = cos 20, (5.15)

k=1

where Ty = cos? 0]0)(0] — sin? §]1)(1| and Ty = cos®n|0){0] + sin? n|1)(1].

Proof. Suppose Py = |¢r) (pr| where {|ox)}i_; is an orthonormal basis of the space
H$?. Note that the initial state of the configuration is |®g, @,) = 370, filt)c|t) as.
In the case that the measurement outcome k is observed, the post-measurement

state of Alice and Bob’s joint system will be

3
6e)ap = % > sioul)lthan

where py, is the probability of observing the measurement result k. From Lemma 8,
the probability Pg(¢y) is twice the square of the state’s minimal Schmidt number. It
is also equal to twice the minimal eigenvalue of the density operator of either Alice’s
or Bob’s system. On the condition that Alice and Bob share the state |¢y)ap, the
density operator of Alice’s system is

1

1
Pl = trp(|ok) an(r]) = o > ahlt)(tal,

k t1,ta=0

where af . = 0,04, tr((|t1) (t2] ® To) Py,). For the purpose of convenience, we take the

notation 6y = cosf and 6; = sinf. The eigenvalues of p¥ are

1
N = 2_1%((@]50 +ayy) £ \/(algo — afy)? + 4agaf).

As A8 > NF D we get Pr(gr) = 208,



When all the measurement outcomes are considered, the maximally entangled

state can be concentrated from the scenario at rate

4
k=1

4
= Z((algo + alfl) - \/(ago — afy)? + 4ag; afp).
k=1

Note that Y77 aky = S5, cos?0tr((|0Y(0] ® To)Py) = cos*6. Similarly, we get
S ak, = sin?6. Tt is also trivial to see that af, — a¥, = tr((Ty ® Ty)P:) and
4ak ak, = sin® 20|tr((]0)(1| @ T3) Py,)|>. Thus, the rate p, can be equivalently written

as

pe = 1= 3"/ (tr(Ty © To)P))? + sin® 20]er((0) (1] © To) P .

According to Theorem 7, the optimal entanglement-concentration rate of the
scenario shown in Fig. 5.2 is 2sin? §. Therefore, the projective measurement P is able
to achieve the optimal entanglement-concentration rate, which means p, = 2sin?#6,

if and only if

4
S\ (tr(T @ ToPy)? + sin? 20t (10) (1] © ToP)J? = cos 26.
k=1

m
Simple calculations show that both the projective measurement in the standard

Bell basis and the one we proposed in this section fulfill the criterion.

5.4 The upper bound for the scenario with different general pure

states

In this section, we consider a more general scenario in which different general pure
states are prepared and general measurements are allowed. Suppose a general bi-
partite pure state |t 4p) is shared by Alice and Clare while |¢¢p) is shared by Clare
and Bob. We analyze the measurement outcome which leaves Alice and Bob in a
maximally entangled state without any further local operations. We refer to this
measurement outcome as a successful measurement outcome. The scenario is de-

picted in Fig. 5.3. Note that an arbitrary maximally entangled state can be written
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as |Qu) = (U ® I)|Q2), where U is a local unitary on Hy and |2) = Ld SR E)

is the standard maximally entangled state.

Ali Clare Bob Al Bob
ICe |,/ A e, , LOCC Ice
|Yac) s [YeB) [977)
i , e . * ——) : v ’
L L 2L

Fig. 5.3: Quantum repeater scenario with two general pure states.

The probability of observing a successful measurement outcome varies for dif-
ferent U’s. Theorem 9 gives an upper bound on the probability, which is the main
result in this section. To prove Theorem 9, we need two lemmas. Lemma 11 is
concluded from Wolf’s lecture notes [123]. Lemma 12 is a generalization of a math-
ematical theorem which has been proved by Lewis [124]. We denote A|(A) for the
column vector of operator A’s eigenvalues in nonincreasing order and A (A) for that

in nondecreasing order.

Lemma 11. Suppose |¢) is a bipartite pure state of the joint quantum system A® B.
Let pa = tre(|1)(¥|) be the density operator of subsystem A. Suppose pa can be
expressed as a convexr combination pa = Y, \ip;, where A\; > 0, > .\ =1 and p;

are density operators on Hy. Then, there is a quantum measurement operation on

system B, say T = {T; : B(Hp) — B(Hg)}, such that

Xipi = trp[(1 @ Ty)([¢)(¥])]- (5.16)

The parameter X\; can be interpreted as the probability of observing measurement

outcome i. The upper bound of X\; is as follows:
Nl oo 1 (5.17)

Lemma 12. For Hermitian operators A and B,
tr(AB) > M\ (A)"\(B), (5.18)

with equality if and only if there is a unitary operator U such that UTAU = diag(\(A))
and UTBU = diag(\(B)).



Theorem 9. Suppose the scenario in Fig. 5.5 is prepared with general pure states
[ac) = Y, arlk)[k) and bos) = S22, VBlR)E) where a > - > ag, > 0,
by > - > by, >0 and d=dg > dy. Consider a general measurement {M;} on
Clare’s joint system. Suppose Alice and Bob will share a maximally entangled state
Q) € H?Q after the measurement outcome i is observed by Clare. The correspond-

ing probability p; of observing measurement outcome i is bounded by

Zk 1 akbdA+1 k

_1
The upper bound probability pma. can be achieved if M; = \/Pmaz| ) (Qu|pash where
U= da+1—Fk){k| + ZZ:dAH |k)(k| and pap is the initial state of the Alice

and Bob’s joint system.

Proof. Initially, Alice and Bob’s joint system is in state pap = pa ® pp where
pa = S0 arlk)(k| and pp = 39_ be|k)(k| . Note that we extend p, into the
space Hy by setting ap = 0 for & > dy. In the following discussion, we denote
a,;l = 0 for k such that a; = 0.

According to Lemma 11, the probability p; is upper bounded by

_1 _1
pi <l pagrupaz Nl (5.20)

where the inverse operator is defined on the corresponding support space. The
_1
equality in Eq. (5.20) holds when M = VDPiPapPu- A simple calculation shows
_1 11
that p3[Qu) = 9= 3% oy a; b, 2 (K|U[1)[k)[t). Thus, we get

_1 _1 _1
10430 aB oo =lPa3 Q)|

d
1 1y

= > ag o kU (U IR
k=1

1 - _
:Etr(UpBlUTpAl). (5.21)

The eigenvalues of pzl are a;Al > e > al_l > ay 1+1 = ... = a;l = 0. Those of

Upj_glUT are b;l >...>b;' > 0. Applying Lemma 12, we get

tr(Upp'UTpy") Z

akbdA—l—l k
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where the equality holds when

Uz(ZA]dA+1—k>(k|>@I, (5.22)

where the term in the direct sum acts in the kernel space of p4.

Therefore, we get the upper bound of the probability p; as

Di S da 1 y (523)
PR rywems

where the equality holds when the measurement operator is M; = \/Dmaz |20 ) (Qu|p a3

and U takes the form defined in Eq. (5.22). O

5.5 Generating genuine tripartite nonlocality from bipartite

resource

In this section, we analyze the distribution of genuinely tripartite nonlocal resources.
Recall that it is difficult to directly produce genuinely tripartite nonlocal resources in
experiment. Even if the resource is locally produced, there are essential difficulties to
overcome in transmission. However, we have analyzed the distribution of bipartitely
nonlocal resources via the scheme of quantum repeaters in last section. Thus, we
propose a simple but practical setting, which is shown in Fig. 5.4, for generating
genuine tripartite nonlocality from bipartite nonlocal resources.

Suppose there are three remotely located participants Alice, Bob, and Clare.
Alice and Bob each shares a copy of the two-qubit nonlocal resource p with Clare,
denoted as pac, and ppc,, respectively. Clare then applies a CNOT operation on
(' (the control qubit) and Cy (the target qubit) and measures the system Cy with
some projective measurement. Finally, the genuine tripartite nonlocality can be
generated between the remaining quantum systems ABC) with some probability,
which is quantified by the maximal violation of Svetlichny inequalities.

In the following subsections, two different types of resource states are investi-

gated: two-qubit Werner states

o = pIB) (@] + (1= p), (5.24)
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Fig. 5.4: Setting for tripartite nonlocality generation.

where 0 < p < 1 and |®) = (|00) + |11))/+/2, and arbitrarily entangled two-qubit

pure states with the Schmidt decomposition
|®g) = cos#|00) + sinb|11), (5.25)

where 0 < 0 < %

5.5.1 Werner states as the resource

Werner states are an important class of quantum states which show that, rather
surprisingly, not all entangled states are nonlocal. This indicates that entanglement
and nonlocality are different resources. In this subsection, we consider two-qubit
Werner states as the resource in our setting and analyze the nonlocality of post-
measurement states.

Suppose the projective measurement applied by Clare on system C5 is in the

following orthonormal basis

|tg) = sinT|0) + cosT|1), (5.26)

|Y1) = cosT|0) —sinT|1). (5.27)
If the system is projected to |tg), the post-measurement state of ABC; will be

po = 2 tre, (plo) (tol),

where p = CNOT¢, ¢, (pw ® pw). The correlation matrices of pg are p*Ty, k = 1,2, 3,
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where
1 0 0 0 cos2t 0
=10 -1 0 , Ty = | cos2r 0 01,
0 0 sin27 0 0 0
and T3 = 0.

We admit the measurement settings for the genuine tripartite nonlocality test
scenario which is defined in Section 4. Let )TO and )\: be the vector variables of the
correlation matrices T}, and the measurement vectors according to the definitions in

Egs. (4.11) and (4.12). A routine calculation shows that
IAol* + 1| A2
—cos” 27(y} + 5 +yi b ) (2 + 25+ 2+ )
+28in? 27(22 + %) + 4 cos 27 (i, yp — byyh) (212 — 2, 25).
Note that the above formula is a homogeneous polynomial of degree 2, and it does

not depend on ys, v5, 23, and z;. Thus, the maximum of the formula must be

obtained at some point where y5 = y5 = 23 = 25 = 0. Then,

max (|| Aol + | AL]|?) = 4cos® 27 + 2 max F(Xo, \1),

gy b.y,2,2

where
F()TO, ,\Z) = sin? 27 (2] + zf) +2¢08 27 (Y y2 — y1vs) (2125 — 2122).
To further optimize F (A?), A_i), we need the following lemma.

Lemma 13. For any u,w > 0 and o, B € R,
u(cos® a — sin” B) + wsin(a — ) < Vu2 + w?,

and the equality holds if and only if | cos2a| = \/#W and a + 3 = kn for some

integer k.

Proof. Note that

cos® a — sin® 8 = cos(a + f3) cos(a — f3).

The result is then easy from the Cauchy-Schwarz inequality. m



Let 2y = cosa, 25 = sina, 2] = cos 3, and 2} = sin . Then,

F(Xo, A1)

< sin? 27(cos? a + cos® ) + 2| cos 27| - | sin(a — B

< sin?27 + \/sin4 27 + 4 cos? 2T

=2,

where the first equality is from the fact that b)by — b;b, < 1 which is in turn from
the Cauchy-Schwarz inequality, and the second equality comes from Lemma 13.

Furthermore, it is easy to check that the upper bound can be achieved by taking,

say,
, 1
0 =2 = Y,
V14 cos? 27
, cos 2T
—22 = 22 = —
V1 + cos? 21
= _yé = 17
Yo = 3//1 =0.

In this case, we have
Xo=V1+4cos227 (1,1,0), A =+V1+cos227 (1,-1,0).
Thus, )TO 1L A_i, and by Lemma 5,
S(po) = 4p*V1 + cos? 27.

By a similar calculation, we can show that S(p;) = 4p*>v/1 + cos? 27 as well, where
p1 is the post-measurement state of the joint system ABC) when the system Cj is
projected to |i1).

If we choose cosT = 0 or cos7 = £1, which corresponds to the projective mea-
surement in the standard basis on system C5, the maximal value 4p*v/2 is achieved
for both py and p;.

With this, we have proved the following theorem which is the main result of

this subsection.

Theorem 10. Let p in Fig. 5./ be a Werner state defined in Eq. (5.24), and Clare

15 only allowed to perform projective measurement in the X — Z plane. Then, the
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mazximal Svetlichny inequality violation of the remaining states satisfies
PoS(po) + p1S(p1) < 4p*V2,

where py and py are the post-measurement states of system ABC, with the corre-
sponding probabilities py and py, respectively. The equality holds when the mea-
surement in the standard basis {|0),|1)} is applied. Furthermore, in this case the
mazimal violation 4p*\/2 is achieved for both measurement outcomes; thus, tripartite

nonlocality is generated with certainty if p > 271 ~ 0.8409.

5.5.2 Two-qubit pure states as the resource

Now we turn to the case where an arbitrary two-qubit pure state |®y) described in
Eq. (5.25) serves as the resource in our setting. By applying the CNOT operation,

the initial state |®g) ac, |Pg) pe, Will be transformed to

V) aBcic,
= cos” #]0000) + sin® #|1110) + sin & cos #(|0101) + |1011))

Eh0|q)0>|0> + hl‘q)1>|1>’

where hy = Vcost 8 +sin? 0, hy = V2 cos@sin b, and

|®,) = (]010) + [101))/V/2, (5.29)
with oy = cos?0 and o = sin” ¢

o zo

Suppose Clare measures the system C5 according to the following orthonormal

basis

l0o) = 1o|0) + pa]1),

o) = pl0) = pol1),

where g, 11 € R and pg + 3 = 1. The probability of projecting system Cy into the
state |pg) is po = p2hd + p2h?, and the post-measurement state of system ABC) is

[Wo) = (toho| o) + p1h1|®1))/+/Po. (5.30)



The measurement projects system Cy into |p;) with probability p; = 1 — po and the
state of ABC, becomes

|W1) = (u1ho|Po) — pohi|®1))/ /D1 (5.31)

To evaluate the nonlocality of the states in Eqgs.(5.30) and (5.31), we need a

lemma.

Lemma 14. Let |V) pc = wo|Po) + wi|P1) where |Do) and |P1) are defined in
Eqgs.(5.28) and (5.29) respectively, wy,w; € R, and w} + w? = 1. Then,

1
S(P) < 4\/2 + dapar (1 + 2apaq ) (wg — wi),
20&0051
and the equality holds when
w?\ >
12 (woaoal — é) + 2wiwi(ap + a1)? > 1. (5.32)

Proof. By reordering the systems ABC, the state |¥) can be rewritten as

%) a0 = 100) (1o} + 511 ) + 1) (2410) + wnau)).

Let
Wy OZ()

Tt

2
be a unitary operator, where oy and o3 are Pauli matrices and r = wjag + 5. Then,

U=

(Iac ® Up)|[¥) acs = v/|00)[0) + V1 —r[11)9),

where
’(b) _ \/5(,(}0(,01(0(0 + Oél)|0> + (w% — 26030[00[1)|1> '
2/r(1—r)
Note that local unitary operations do not affect nonlocality. Then, the lemma
holds from [50]. O

1

With Lemma 14, we calculate the quadratic mean' of the genuine tripartite

! For technical reasons, here we consider the quadratic mean, instead of the arithmetic mean as

for the Werner states case, to quantify the tripartite nonlocality of the remaining states.
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nonlocality as

VPoS(Wo)? + p1S(0)?
4 4 2
S 4\/2 -+ 40100&1(20400&1 + 1) <h% (@ + /ﬂ) — ho )

DPo b1 20000

< 44/2+ 2(4030? — )13

.y 2 sin” 26
V1 +cos?20’

where the second inequality comes from the fact that

4 4 2 2
Fo | M1 1 Ho H1 L 2 1
+ = h + h < (/LO + :“1) = .
po p1 hi (1 + (M) 14 (“—Mgh;)2> h3 h§

The equality holds when pZ = 0 or p2 = 1, which correspond to the projective
measurement in the standard basis {|0),[1)}. In this case, the post-measurement
states |Wy) and |¥;) are exactly |®o) and |P;) defined in Eqgs.(5.28) and (5.29),
respectively. If 0.4911 ~ \/% — %\/m < cosf < \/% —i—% 2 — /3 ~ 0.8711,
then Eq. (5.32) holds for both |¥y) and |¥;), and the upper bound 44/ 1%22;2290 is

obtained.

We summarize our main result in this subsection as the following theorem.

Theorem 11. Let p = |Pp)(Py| in Fig. 5.4 where |Pp) is defined in Eq. (5.25) with
0.4911 < cosf < 0.8711, and Clare is only allowed to perform projective measure-
ment in the X — Z plane. Then, the quadratic mean of the maximal Svetlichny

inequality violations of the remaining states satisfies

2sin? 20
U,)2 U 2<4,/—
VPoS(Wo)? + prS(01)? < 1+ cos? 20

where |Wo) and |Vq) are the post-measurement states of system ABCY with the cor-

responding probabilities py and py, respectively. The equality holds when the mea-
surement in the standard basis {|0),|1)} is applied. Furthermore, in this case we

have S(V,) = 4v/2 and
44/2sin® 26
U,) = 22 = .
5(%o) 1 4 cos? 26 (5-33)

Thus, tripartite nonlocality is generated with certainty of

0.5412 ~ {/ 2 _2\/5 < cos < \/g ~ 0.8409.







6. CONCLUSION

Nonlocality, the fundamental feature of quantum mechanics, has been extensively
studied since Bell’s groundbreaking observation in 1964. As an important applica-
tion of quantum mechanics, quantum information and quantum computation is a
promising interdiscipline and becomes a frontier science. Many protocols of quan-
tum information tasks have significant advantages over their classical counterparts.
The core reason behind those advantages is the nonlocality of quantum mechanics.
In this dissertation, we have studied problems related to the nonlocality of quantum
mechanics in perspectives of both fundamental theory of quantum nonlocality and

its applications in quantum information science.

6.1 Conclusion and discussion

The problems studied in this dissertation include the quantitative relationship be-
tween entanglement and nonlocality, the quantification of genuine tripartite nonlo-
cality and the distribution of nonlocal quantum resources.

In Chapter 3, we have researched the problem of the same quantum measure-
ment setting for different two-qubit states in perspective of nonlocality test and
exploited the quantitative relationship between the entanglement and nonlocality
of general two-qubit states. For the former problem, we firstly found the condition
that two different general two-qubit states could have the same optimal nonlocality
test setting. Then, we found out that at most two different two-qubit pure states
could have the same optimal nonlocality test setting and figured out the class of such
state pairs. For the later problem, we found out that the amount of nonlocality is
upper bounded by a function of the entanglement. Based on the research of the first
problem, we analytically proved the fact and found the class of two-qubit states of
which the nonlocality could reach the upper bound.

The above results have practical significance. More efficient quantum informa-



tion processing protocols could be designed by considering the quantum resources of
which the nonlocality feature could be optimally stimulated by a same nonlocality
test setting. In one situation, we only know the amount of entanglement of a given
two-qubit resource while no knowledge about the structure of the state is known.
Thus, it is difficult to get the quantity of the nonlocality. By applying the relation-
ship of the nonlocality and entanglement we find in this dissertation, one would be
able to know an upper bound for the nonlocality of the state without nonlocality
test experiments.

In Chapter 4, we made progress in the quantification of genuine nonlocality of a
general three-qubit state which is measured by the maximal violation of Svetlichny
inequality. The quantity is related to 27 real numbers among the 64 Pauli coefficients
of the state. The quantification of the genuine nonlocality is an optimization prob-
lem over 12 free variables. We firstly reduced the problem into another optimization
problem over 8 free variables and got a simplified formula. We developed three
properties for the genuine nonlocality which could help us to analyze the nonlocali-
ty of complex states and understand the nature of quantum nonlocality. Applying
the properties, we got analytical results for the genuine nonlocality of five classes
of three-qubit states, which include the generalized GHZ states, generalized Wern-
er states, GHZ-symmetric states and two classes of three-qubit states which have
special correlation matrices. Note that the genuine nonlocality of generalized GHZ
states and GHZ-symmetric states are firstly solved by Ghose et al. [55] and Paul et
al. [58], respectively. They could be easily worked out by applying the strategy and
properties developed in the dissertation.

In Chapter 5, we have considered problems in the distributions of quantum
nonlocal resources. We have prosed efficient quantum repeater schemes and a new
scenario to realize the distribution of bipartite and tripartite quantum systems,
respectively.

To distribute the bipartite quantum resources, we designed an quantum repeater
scheme, which was efficient with respects to both entanglement-concentration rate
and LOCC complexity, to extend the distance of quantum resources distribution.
For the scenario with two different two-qubit pure states, we have constructed a

protocol to concentrate entanglement. The protocol is optimal for the perspective
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entanglement-concentration rate and efficient for the perspective LOCC complexity.
Further, we found a criterion for the projective measurement to achieve the opti-
mal entanglement-concentration rate. We also examined the scenario where general
pure states were prepared and general measurements were allowed. We have got the
upper bound on the probability of a successful measurement outcome which pro-
duces a maximally entangled state between participants without any further local
operations.

The protocol is composed of two steps. First, Clare performs a measurement
operation. Second, based on Clare’s measurement outcome, Bob chooses the corre-
sponding strategy; namely, Bob does not do any further local operations or performs
the corresponding general measurements. In general, the protocol can concentrate
entanglement from the scenario with the optimal rate. We reduced the LOCC com-
plexity via the strategy that no further local operation was needed if a maximally
entangled state could be created between Alice and Bob when a measurement out-
come was observed by Clare.

For the scenario with different two-qubit states |®p) and |®,), we have con-
structed a projective measurement such that the maximally entangled state could be

created after two of the four measurement outcomes. Such measurement outcomes

sin? 20 sin? 27
1—cos? 26 cos? 2n)

could be observed with probability 57 If the states for the scenario
are the same, say |®y), we can construct a projective measurement with three suc-

cessful projections to produce maximally entangled states without any further local

sin? 20(3+cos? 26)

operations. The corresponding probability is T(Ttcos? 20)

To distribute the tripartite nonlocal resources, we have proposed a simple s-
cenario to generate tripartite nonlocal quantum states from bipartite nonlocal re-
sources. We analyzed the cases where Werner states and general pure states of two-
qubit system were prepared in the scenario. We found upper bounds the amount of
genuine tripartite nonlocality that could be generated from the different resources.
We also provided the measurement settings to achieve the upper bounds, respective-
ly. Interestingly, we found that projective measurement according to the standard
basis {|0), |1)} achieves the maximal Svetlichny inequality violation of the remaining

states in both cases.



6.2 Open questions

A number of questions are raised in the composition of this dissertation. Specifically,

Question 1'. A more close quantitative relationship between the entanglement and

the nonlocality of an arbitrary two-qubit quantum system.

In this dissertation, we found that the nonlocality of a two-qubit system is
upper bound by the entanglement of the state. It is naturally to ask the question
whether we can find a more close relation between them. Any breakthrough on this
problem would have great significance with respects to both fundamental research of

quantum mechanics and the application of quantum information processing tasks.

Question 2'. Quantitatively analyze the genuine tripartite nonlocality of more com-

plex and important three-qubit states.

The dissertation provide a new methodology to quantitatively analyze the gen-
uine tripartite nonlocality of three-qubit quantum systems. For future work, we are
going to further exploit the power of the strategy and properties we proposed. It
is possible that the genuine nonlocality of more complex and important three-qubit
states could be analyzed by applying the results. To find an analytical expression of

the genuine nonlocality for a general three-qubit state is the interest of our research.

Question 3'. Design efficient quantum repeater schemes to distribute quantum

nonlocality from general quantum resources.

In this dissertation, we have proposed a quantum repeater scheme to distribute
bipartite nonlocality from general two-qubit pure states. We also got partial result
for the case of general bipartite pure states.

However, quantum transmission channel would cause noise to quantum systems
in experimental practice. It is of practical significance to consider similar quantum
repeater scheme but with mixed quantum states being resources. We plan to start
with the case of two-qubit mixed states. Then, we will consider quantum system of

higher dimension.

Question 4'. Inspired the efficient quantum repeater, can we find an efficient tele-

portation protocol?
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In the ordinary sense, teleportation is a scheme that transmits an unknown
quantum system from Alice to Bob by preshared entanglement and LOCC. We set
a scenario where Clare shares entangled resources with Alice and Bob, respectively.
The task is that Alice need to send an unknown quantum system to Bob via LOCC.
This task can be achieved by two steps. Firstly, create entanglement between Alice
and Bob via entanglement swapping. Secondly, apply the normal teleportation
protocol. Thus, it is interesting to ask the question whether there is a more efficient

protocol to achieve the task.
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